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Chapter 1 

Introduction and scope 
 

1.1 The principles of catalysis 

1.1.1 Origin of catalysis 
The word ‘catalysis’ originates from the Greek verb ‘kata-luein’, which translates to 
‘to dissolve’. As such, it refers to one of the principle properties of a catalyst: the 
ability to ‘dissolve’ or break chemical bonds. The term catalysis was defined in 1835 
by the Swedish chemist J.J. Berzelius. He used it to characterize phenomena observed 
by chemists in the late 18th and early 19th centuries. Catalysis itself was first 
recognized and utilized around 1816 by Davy in the mine safety lamp. Nowadays, it is 
virtually impossible to imagine a chemical industry without catalysis: approximately 
85-90 % of the products of the chemical industry are made in catalytic processes. 
Worldwide, it is estimated that every euro spent on catalysts yields 300 euros in 
products and services.[1] 

1.1.2 Definition 
A catalyst is a substance that increases the rate of a chemical reaction by providing 
pathways different from the gas phase reaction. A catalyst can break the chemical 
bonds of reactant species, bring species close together in a position where they can 
react, and let them form new bonds and thus new molecules. The newly formed 
species detach from the catalyst, leaving it unaltered and available for the next 
reaction.  

There is, however, not one universal catalyst; different reactions usually 
require different catalysts. Often transition metals are used as a catalyst. For example 
in the steam reforming process, in which methane is converted into carbon monoxide 
and hydrogen, nickel is used as a catalyst. This catalyst, however, is less suitable 
when nitrogen oxide in the exhaust gas of a car has to be reduced to nitrogen. In that 
case a catalyst based on rhodium is preferred. Although each catalyst has its own 
subtleties, the basic principle remains the same for all.[2-4]  

This principle is shown in Figure 1.1. Consider the reaction between molecule 
A2 and molecule B2 to two molecules AB. Figure 1.1 shows the potential energy 
diagram for the gas phase reaction and the catalytic reaction. It shows that the catalyst 
breaks the A-A and B-B bonds of the molecules, brings A and B together in a position 
adsorbed on the catalyst surface where they can react and AB molecules can be 
formed. The products then desorb from the catalyst, returning it to its original state. 
The Figure clearly shows that the activation barrier for the reaction in the gas phase is 
much higher than for the catalytic reaction. This results in a much higher reaction rate 
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for the catalytic reaction at a given temperature. The catalyst, however, does not affect 
the overall change in free energy: both reaction pathways end at the same energy 
level. The reason for this is that the catalyst does not change the equilibrium constant 
for the overall reaction. This constant is determined solely by thermodynamics. A 
catalyst, therefore, changes the kinetics, but not the thermodynamics. 
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Figure 1.1 Potential energy diagram for the reaction between the molecules A2 and 
B2 to form molecules AB, showing the difference in activation barrier between the gas 
phase and the catalytic reaction. 

 

1.1.3 Catalysis research, different fields 
The ultimate goal of catalysis research is to fully understand catalyst composition and 
behavior on a molecular scale and to be able to use this knowledge to design an 
industrial catalyst that produces only the desired product at the desired operating 
conditions. Commercial catalysts are highly complex systems, consisting of a 
supporting material, the catalyst itself and a wide variety of additives (promoters). As 
such, they are not quite useful to gain an understanding on a molecular scale for 
several reasons. First, the exposed surface area of the catalytically active material is 
usually relatively low, making it hard to use spectroscopic techniques, which usually 
require a high specific surface area. Second, the active part of the catalyst is not well 
defined in the sense that it is influenced by the surrounding material like the support 
and additives, making it hard to assign macroscopic properties of the catalyst to its 
microscopic structure. A solution is to make use of a flat model catalyst system in 
which a flat substrate is covered with a thin layer of supporting material on top of 
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which the active material is deposited.[5] Such a system has a relatively high specific 
surface area of the active material, making it easier to use spectroscopic techniques. 
This approach has been very successful for studying the mechanism of the Phillips 
ethylene polymerization catalyst[6] and the hydrodesulfurization catalyst.[7,8] 
However, the catalyst particles are rather undefined in size and shape and expose 
several surface structures. The most well-defined situation is obtained by making use 
of a single crystal. Such a crystal possesses a highly clean surface with a well-defined 
composition and structure. When cut in a specific direction it only exposes one 
specific surface structure. 

A single crystal may seem far removed from a commercial catalytic system. 
This is not entirely true. In the petrochemical industry a catalyst often consists of a 
metal supported on silica or alumina. The average metal particle size is usually in the 
micro- to nanometer range. These particles are often tiny single crystals and their 
shape is primarily determined by the surface free energy contribution to the total 
energy. This surface energy can be reduced in two ways: by minimizing the exposed 
surface area or by exposing only the surfaces of low surface free energy. Of course 
there are differences between a single crystal and a commercial catalyst. The main 
differences are the following. First, the surface orientation that is exposed to the 
reactants: a single crystal only exposes one specific orientation while a real catalyst 
particle exposes several surfaces simultaneously. Second, the degree in which the 
metal is influenced by the support and the additives. A single crystal surface is a 
highly clean surface of one element and thus the adsorbed species experience no 
influence from additives or support. Third, the pressure difference under operating 
conditions. Single crystal research is usually performed under ultra-high vacuum 
conditions, while industrial reactions take place at much higher pressures. Despite all 
these differences single crystal research is still of invaluable importance in unraveling 
the intrinsic kinetic parameters of a catalytic process and as such it has been used for 
many years. 

In this thesis single crystal research is taken a step further towards the 
industrial situation by investigating the effect of the differences mentioned above. The 
influence of additives can be simulated by coadsorbing different species on the 
surface. Above a certain coverage one species will start to influence the other and thus 
mimic the behavior of an additive. The high pressure at which an industrial catalyst is 
operated will lead to a high surface coverage. The effect of this can be examined by 
single crystal research as well by exposing the surface to high dosages of reactants. 
Especially the interactions between adsorbates can greatly affect the reaction rates on 
the surface or even enable reactions that were otherwise impossible.[9] All of this 
indeed leads to different results than those obtained in the zero-coverage limit, 
showing the difference between standard single crystal research and an industrial 
catalyst. With these results, however, more insight has been gained into the nature and 
effects of these differences. 
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The development of fast computers and improved computational methods has 
enabled researchers to explore a wide range of catalytic systems. Although the 
theoretical approach has come a long way already, we still cannot fully rely on it 
(yet): experiments will always be needed to validate the computational results. 
Theory, however, has been extremely important in catalysis in the last decade. It has 
been used to calculate virtually every quantity of a given system. The absolute 
numbers it produces, however, are not always fully consistent with experiments and 
there are still some unresolved issues like the overbinding effect of CO.[10] Despite 
these shortcomings, theory has proven very successful in predicting trends in catalytic 
reactivity and in establishing general concepts.[11] Although the values (for 
frequencies, bond energies, etc.) usually come very close to the experimentally 
obtained ones, we prefer to focus more on general trends than on numbers. 

 

1.2 Interactions 

1.2.1 What are interactions? 
When species adsorb on a catalyst surface they interact with this surface. However, 
the adsorbed species can also interact with each other. This kind of interaction is often 
called lateral interaction. These interactions can have different origins[12] and are 
usually classified as either direct (“through space”) or indirect (“through metal”) 
interactions. The direct interactions are subdivided into electrostatic interactions and 
orbital interactions. The latter can be attractive, resulting in bond formation or 
repulsive, resulting in steric repulsion. The indirect interactions are subdivided into 
electronic interaction through the metal surface and elastic or lattice-mediated 
interactions. 

To a certain extent this division is arbitrary and not useful. Often it is not 
possible to distinguish between the different contributions and only the overall effect 
of these interactions is a measurable quantity, e.g. in a TPD experiment. One can 
avoid this terminology by considering the effect of adsorbed atoms in terms of newly 
created “surface configurations”.[13] A surface configuration is formed by the pure 
site of the metal (with top, bridge and hollow as extreme cases) combined with the 
atoms adsorbed on the surface or in the subsurface that influence this site. These 
atoms can modify the geometrical structure or the electron density distribution of the 
pure site. They can also directly interact with species adsorbed on this site. 
Experimentally, it is often difficult to distinguish between these contributions. Using 
theoretical approaches, it is easier to assess the relative contribution of each of these 
effects on species adsorbed in these new surface configurations. The difference in 
adsorption energy of a probe molecule in the original pure site and in the new surface 
configuration is called the total interaction energy. This total interaction can either be 
attractive or repulsive, meaning that the adsorbed species will either be stabilized or 
destabilized on the surface. 
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1.2.2 What influence do interactions have? 
These new surface configurations can dramatically change the rate and type of 
reactions that can occur on a specific catalyst surface, sometimes even opening up 
reaction pathways that were impossible before. The most direct way of observing 
lateral interactions is in a temperature programmed desorption (TPD) experiment 
since they have a direct effect on the rate equation. In such an experiment, lateral 
interactions can cause the appearance of new desorption states, a shift in the position 
of the peak maximum or a broadening of the peak. 

Also in a Low Energy Electron Diffraction (LEED) experiment[14] 
interactions become visible. Repulsive interactions between adsorbates will cause the 
formation of an ordered pattern on the surface. If the adsorbates for instance repel 
each other on nearest neighboring positions they will cause a checkerboard-like 
structure. However, when diffusion on the surface is high, this pattern only becomes 
visible at high coverages. At low coverages, the adsorbates simply diffuse away from 
each other as far as possible. The high coverage then forces them into the ordered 
pattern. Attractive interactions on the other hand may lead to the formation of islands. 
If the diffusion rate is sufficiently high, this occurs already at low coverage. When the 
adsorbates adsorb on nearest-neighboring sites in the islands, this pattern is not visible 
in LEED since it overlaps with the metal atoms’ pattern. It can, however, be observed 
by changed reaction kinetics since reactions will typically take place at the edge of the 
island. 

1.2.3 How can interactions be measured? 
Measuring the total interaction energy is rather straightforward. From a TPD 
experiment one can extract the desorption energy from a species on a clean surface. 
Likewise, by adding species that interact with the desorbing species, one can extract 
the desorption energy of this species when interactions are present. The difference 
between these two desorption energies then yields the total interaction energy. 
Obtaining the interaction energy between the desorbing species and one coadsorbed 
atom is not so straightforward and we will elaborate on this point in Chapters 2 and 3.  

In a TPD experiment usually species will have a different desorption energy and 
thus a different desorption temperature. Suppose that two species are adsorbed on the 
surface, A and B. A has the lowest desorption energy and the interaction between A 
and B is repulsive. In the TPD experiment, species A will desorb first with an even 
lower desorption energy than on the clean surface. From this difference the interaction 
energy can be extracted. Species B remains adsorbed on the surface and is no longer 
influenced by species A. Therefore B will desorb at its normal desorption 
temperature. From this experiment we can extract the influence of B on A. The 
influence of A on B cannot be visualized by TPD since A desorbs before B does. 

Throughout this thesis, the interaction energy between an adsorbed molecule 
(usually CO) and a coadsorbed atom is defined as the difference in the adsorption 
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energies of the molecule with and without the coadsorbed atom present. By doing so, 
we obtain an observed value for the interaction energy that is build up from all the 
factors that influence the adsorption energy of this molecule. Therefore, this value is 
far from constant and depends on many properties of the total system. Some of these 
properties have been investigated in this thesis. 

 

1.3 Scope and structure of thesis 
The aim of this thesis is to examine the role of interactions in catalytic surface 
reactions. To achieve this goal, a combination of experimental and theoretical 
techniques has been used. On the experimental side, we have used Temperature 
Programmed Desorption (TPD) to monitor the desorption rate of (newly formed or 
pre-adsorbed) species into the gas phase. This enables the determination of adsorbate-
surface bond strengths. Static Secondary Ion Mass Spectrometry (SSIMS)[15] has 
been used to determine the nature and coverage of species present on the surface 
during a catalytic reaction. Using SSIMS in a temperature-programmed fashion makes 
it possible to monitor surface reactions in real-time. Low Energy Electron Diffraction 
(LEED) has been used to assess whether or not the adsorbates form an ordered pattern 
on the surface. On the theoretical side, Density Functional Theory (DFT) has been 
used, yielding total energies, structure, frequencies, transition states, and activation 
energies. 

In Chapter 2 the experimental and theoretical techniques are discussed. An 
overview is given of the ultra-high vacuum set-up, the single crystal, and the cleaning 
procedure that was used. 

Chapter 3 deals with a well-known phenomenon when extracting kinetic 
parameters, namely the compensation effect. It is shown that when interactions are 
present, a ‘forced’ compensation effect can occur.  

In Chapter 4 the ethylene decomposition on a Rh(100) surface is discussed. 
This is done by combining all the techniques mentioned above. It clearly illustrates 
the power of combining experimental and theoretical methods. Ethylene fully 
decomposes into carbon and hydrogen on the Rh(100) surface. While hydrogen 
desorbs, the carbon does not and remains on the surface. 

Chapter 5 describes the decomposition of acetylene. In several ways it is 
different than ethylene decomposition. First, the saturation coverage of acetylene is 
higher and second the stability range of the adsorbates is different. Nevertheless, also 
acetylene fully decomposes into carbon and hydrogen. 

Adsorbed carbon may to a certain extent diffuse into subsurface or bulk 
positions. To examine this, extensive DFT calculations on this subject have been 
performed. The results of these are presented in Chapter 6. 
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A carbon layer resulting from the decomposition of ethylene is then used to 
perform co-adsorption experiments. This is presented in Chapter 7 where the effect of 
an adlayer of carbon on the desorption of CO is investigated. It will be shown that 
carbon has a profound effect on the CO desorption, shifting the desorption peak 
significantly. Furthermore, the effect of subsurface carbon will become apparent. 

Although experiments are sometimes limiting in the choice of coadsorbates, 
calculations are usually not. Therefore, DFT calculations were performed showing the 
effect of a large number of coadsorbates on the CO adsorption on a Rh(100) surface. 
The lateral interaction energies as well as the effect on the work function were 
calculated. To make the conclusions more general, these calculations were also done 
on two other metals (palladium and iridium) showing the same kind of behavior. 
Furthermore, the effect of changing the coverage of co-adsorbate and/or CO was 
examined. All of this is presented in Chapter 8.  

Finally, Chapter 9 summarizes the most important results and conclusions and 
attempts to generalize them. 

 

References 
 
  1.  J.K. Smith Encyclopedia of Catalysis, John Wiley & Sons, Inc., New York, 2002. 
  2.  I. Chorkendorff, J.W. Niemantsverdriet Concepts of modern catalysis and kinetics, 1 ed.; 

Wiley-VCH, Weinheim, 2003. 
  3.  M. Bowker The basis and applications of heterogeneous catalysis, 1 ed.; Oxford University 

Press, Oxford, 1998. 
  4.  J.M. Thomas, W.J. Thomas Principles and practice of heterogeneous catalysis, 1 ed.; VCH, 

Weinheim, 1997. 
  5.  P.L.J. Gunter, J.W. Niemantsverdriet, F.H. Ribeiro, G.A. Somorjai, Catal.Rev.- Sci.Eng. 39 

(1997) 77. 
  6.  E.M.E. van Kimmenade, A.E.T. Kuiper, Y. Tamminga, P.C. Thüne, J.W. Niemantsverdriet, 

J.Catal. 223 (2004) 134. 
  7.  L. Coulier, V.H.J. de Beer, J.A.R. van Veen, J.W. Niemantsverdriet, Top.Catal. 13 (2000) 99. 
  8.  A. Borgna, E.J.M. Hensen, J.A.R. van Veen, J.W. Niemantsverdriet, J.Catal. 221 (2004) 541. 
  9.  R.M. van Hardeveld, R.A. van Santen, J.W. Niemantsverdriet, J.Phys.Chem.B. 101 (1997) 

7901. 
  10.  G. Kresse, A. Gil, P. Sautet, Phys.Rev.B: Condens.Matter 68 (2003) 73401. 
  11.  J.K. Norskov, T. Bligaard, A. Logadottir, S. Bahn, L.B. Hansen, M. Bollinger, H. Bengaard, 

B. Hammer, Z. Sljivancanin, M. Mavrikakis, J.Catal. 209 (2002) 275. 
  12.  S.J. Lombardo, A.T. Bell, Surface Science Reports 13 (1991) 3. 
  13.  A.P. van Bavel, D. Curulla-Ferré, J.W. Niemantsverdriet, Chem.Phys.Lett. 407 (2005) 227. 
  14.  G. Ertl, J. Küppers Low energy electrons and surface chemistry, VCH, Weinheim, 1985. 
  15.  A. Benninghoven, F.G. Rüdenauer, H.W. Werner Secondary ion mass spectrometry: basic 

concepts, instrumental aspects, applications and trends, 1 ed.; John Wiley & Sons, New York, 
1987. 

 
 
 
 
 
 



Chapter 1 8

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2 

Experimental and computational details 
 

 

In this chapter an overview is given of the experimental and 
computational techniques that were used to study the adsorption, 
reaction, and interaction of species on single crystal surfaces. The 
experimental techniques are: Static Secondary Ion Mass Spectrometry 
(SSIMS), Temperature Programmed Desorption (TPD), and Low 
Energy Electron Diffraction (LEED). The theoretical technique is 
Density Functional Theory (DFT). The Ultra-High Vacuum (UHV) 
system, the cleaning procedure for the Rh(100) single crystal, and the 
principle and physical background of each technique will be 
discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10                                                                                                                       Chapter 2 

2.1 The Ultra-High Vacuum (UHV) set-up  
Ultra-high vacuum (UHV) is needed for nearly all surface science studies[1] for at 
least two reasons. The first reason is that one has to be able to prepare atomically 
clean surfaces and maintain this cleanliness for the duration of an experiment. It can 
be shown that under UHV conditions at a pressure of 10-10 mbar it takes about 104 
seconds to adsorb one monolayer of contaminants. In contrast, when working at 10-6 
mbar it takes about 1 second to adsorb one monolayer of contaminants. The second 
reason for working under UHV conditions is the use of low energy electron and ion 
based experimental techniques without undue interference from gas phase scattering. 

2.1.1 The UHV chamber 
The experiments were carried out in a home-built stainless steel ultra-high vacuum 
(UHV) system with a base pressure of 1 x 10-10 mbar. The system consists of one 
analysis chamber, equipped with facilities for Temperature Programmed Desorption 
(TPD), Low Energy Electron Diffraction (LEED), and Static Secondary Ion Mass 
Spectrometry (SSIMS). 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 in the analysis chamber by two different leak valves. A sputter gun 
(VSW AS10) is present for sample cleaning. 

 

Figure 2.1 Picture of the experimental set-up used. The top picture gives an overview 
of the whole system. The bottom left shows the front side with equipment for TPD and 
LEED. The bottom right shows the backside with the equipment for SIMS. 



Experimental and computational details                                                                      11 

2.1.2 The instruments 
TPD measurements and residual gas analysis are performed with a quadrupole mass 
spectrometer (Balzers, Prisma QMA200) with a mass range m/e = 0-200 amu. LEED 
experiments have been done with a reverse-view four grid AES/LEED retractable 
optics (Spectaleed, Omicron Vacuumphysik GmbH). The integral electron gun in the 
optics can be used for both LEED and AES measurements. LEED patterns are 
acquired and digitized using a CCD camera (Cohu), connected to a PC for analysis 
and storage of images. SIMS measurements have been done using a Balzers QMA400 
mass spectrometer and a differentially pumped ion gun (SPECS PU-IQE 12/38). The 
QMA400 module incorporates three functional groups: an ion optics assembly, a 
quadrupole mass spectrometer (for the mass range m/e = 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) from where it is directed to a PC for storage and analysis. 

2.1.3 The single crystal 
The rhodium single crystal (from Surface Preparation Laboratory, Zaandam), which 
was oriented with a (100) orientation within 0.5° and polished by standard procedures 
with 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 enables resistive heating to 1500 K. The sample could be cooled to 90 K 
by flowing liquid nitrogen through the manipulator. Temperatures were measured 
using a chromel-alumel thermocouple spotwelded to the back of the crystal. The part 
of the sample holder surrounding the crystal was coated with gold to prevent 
adsorption. 

 

Figure 2.2 Picture of the 
single crystal and its position 
in the UHV set-up. The top left 
picture shows the crystal in 
the sample holder. The top 
right picture shows a top view 
of the UHV system at the 
position of the sample holder. 
The bottom picture shows the 
crystal inside the UHV 
chamber. 
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2.1.4 Cleaning procedure 
The crystal surface was cleaned on a daily basis by cycles of argon sputtering and 
annealing under oxygen. Argon sputtering (0.5 keV, 6 µA/cm2) at 920 K was used to 
remove small amounts of impurities, such as boron, sulphur, phosphorus, and 
chlorine, until these were no longer detectable with SIMS. Carbon appeared to be the 
most difficult impurity to remove, since it is known to dissolve into the bulk at 
elevated temperatures (> 700 K) and reappear after cooling down the crystal. Near-
surface carbon was removed by heating the crystal in 2 x 10-7 mbar technical air (80% 
N2 : 20% O2), cycling the temperature between 900 and 1100 K. Oxygen was 
removed, and surface ordering was restored by flashing the crystal to 1400 K. After 
flashing the crystal, a small amount of O2 was adsorbed at low temperature, and the 
crystal was heated to 900 K. This was done to remove small amounts of carbon that 
had diffused to the surface during the flashing and subsequent cooling. Finally CO 
was dosed at 550 K to react away the remaining oxygen on the surface, and a flash to 
900 K removed the excess of CO. After this procedure the SIMS spectra of the crystal 
showed no contamination, and the LEED picture showed a sharp p(1x1) pattern. After 
each experiment the procedure mentioned above (except Argon sputtering) was 
repeated when carbon was created during the experiment. 

 

2.2 The gas phase: Temperature Programmed Desorption (TPD) 

2.2.1 Principle 
Temperature programmed desorption (TPD) is a common technique in surface science 
and heterogeneous catalysis for determining the activation energy and pre-exponential 
factor of desorption of adsorbed molecules. The principle is simple: a gas is adsorbed 
onto a surface at low temperature, the surface is then heated in a controlled fashion 
(often linearly with time) and a mass spectrometer is used to measure the rate at which 
species desorb from the surface. Even though the underlying principle is quite 
straightforward, the interpretation of the data and the extraction of the kinetic 
parameters (i.e. the activation energy and the pre-exponential factor) can be quite 
complicated, especially when lateral interactions between adsorbed species are 
present. 

The desorption rate in a TPD experiment is given by the Arrhenius or Polanyi-
Wigner equation:[2] 

( ) ( ) RTEn
d

n
dd

dek
dt
dr θ−θ⋅θν=θ⋅=
θ

−=                 (2.1) 
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Figure 2.3 Experimental set-up for a temperature programmed desorption (TPD) 
experiment. The single crystal is heated by the heating wires pressed into grooves at 
the side of the crystal. The temperature is measured with a thermocouple spotwelded 
to the back of the crystal. The desorption of gases from the surface is monitored by the 
mass spectrometer. (Adapted from Niemantsverdriet[3]) 

 
in which: 

dr  rate of desorption [the number of desorbing particles per unit time and 

number of substrate atoms] 

θ  surface coverage of the adsorbate [the number of adsorbates per 
number of substrate atoms] 

t  time 

dk  reaction rate constant with unit [s-1] for a first order reaction.  

n  reaction order  

( )θν d  pre-exponential factor [s-1] 

( )θdE  activation energy [J / mole] 

R  gas constant [J / mole / K] 

T  temperature [K]  

 

Temperature and time are linearly related. When re-adsorption is negligible due to a 
high pumping speed, the intensity in the TPD spectra is linearly related to the rate of 
desorption.  
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Over the years, many methods have been derived to determine the kinetic 
parameters. Most of these methods give valid results when applied to desorption 
processes in which the kinetic parameters do not depend on coverage.[4] However, as 
soon as lateral interactions are present, the kinetic parameters may become coverage 
dependent. The interpretation of the data then becomes more complex and some 
methods give erroneous results.[5] The only meaningful results are usually obtained 
in the so-called zero-coverage region and only if the interactions are repulsive in 
nature. The analysis of systems at higher coverages and/or with attractive interactions 
often suffers from the so-called compensation effect. We will elaborate on this subject 
in Chapter 3. 

Besides extracting the kinetic parameters, TPD is used to obtain coverages of 
adsorbates. Exposing the single crystal to different dosages of gas leads to TPD 
spectra with different areas. The exposure is usually expressed in Langmuir (L), 
where one Langmuir equals 1.33*10-6 mbar*s. So, exposing the crystal for one second 
to a pressure of 1.33*10-6 mbar equals a dosage of one Langmuir. The starting point 
of many experiments is trying to relate exposure to surface coverage. The area below 
a TPD curve is linearly related to the amount of gas desorbing from the surface and 
thus to the coverage. However, this is only a relative measure. It is desirable to 
express the coverage in monolayer (ML), i.e. the number of adsorbates per substrate 
(metal) atom. To obtain this absolute value for the coverage, a calibration point is 
needed. For this usually LEED is used. If LEED experiments show an ordering of 
adsorbates, this ordered structure can be easily translated into an absolute coverage. 
This coverage can then be related to the TPD peak area to gain a calibration point for 
other areas. This finally leads to a relation between exposure in Langmuir and 
absolute surface coverage in monolayers. 

2.2.2 The effect of interactions 
The desorption energy Ed and the pre-exponential factor νd can become coverage 
dependent when interactions are present, making it quite difficult to extract the kinetic 
parameters from TPD data, as we will show in Chapter 3. Interactions have a direct 
effect on the rate equation. The effect of interactions on the desorption energy can be 
depicted as follows: 

tot
intdd EEE −= 0                   (2.2) 

in which: 

dE  activation energy for desorption [J / mole] 

0
dE  activation energy for desorption in the zero-coverage limit [J / mole] 

tot
intE  total interaction energy [J / mole] 
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The desorption energy is modified by a total interaction energy. When the 
number of coadsorbed neighbors of a desorbing particle is known, the total interaction 
energy can be divided by this number to yield the interaction energy between the 
desorbing particle and one of the coadsorbed atoms. This interaction energy between 
one desorbing particle and one of the coadsorbed atoms is called a pairwise additive 
interaction ω. Therefore, we write the total interaction energy as follows: 

∑ ω⋅= →
i

jii
tot
int nE                        (2.3) 

in which: 

in  number of neighboring species ‘i’ 

ji→ω  pairwise additive interaction energy between species ‘i’ and species  ‘j’ 

[J / mole]  

 

The validity of this so-called pairwise additivity approach for atom-molecule 
interactions has recently been investigated by Curulla-Ferré et al.[6] and found to hold 
in the cases investigated. 

To check whether or not the adsorbates form an ordered pattern on the surface, 
Low Energy Electron Diffraction (LEED) is an invaluable technique. This strategy for 
determining lateral interactions has proven very successful[7] and will be used 
throughout this thesis in both the experimental as well as the theoretical work. 

 

2.3 The surface: Static Secondary Ion Mass Spectrometry (SSIMS) 
SIMS is one of the most sensitive surface science techniques available. It can detect 
species up to the pbb level.[8] There are three main operating modes: static SIMS, 
dynamic SIMS, and imaging SIMS. All three have in common that the sample surface 
is exposed to a flux of high-energy ions, which is called sputtering. The ions will 
transfer their kinetic energy to the surface region when they collide with the surface. 
This energy is then dispersed throughout the surface layers, leading to a cascade of 
collisions. Some of these branches will lead back to the surface at which point they 
may stimulate the ejection of atoms and/or clusters of atoms. These ejected species 
may be either neutral or charged and are called secondary clusters. These clusters can 
be only surface atoms or a combination of surface atoms and adsorbates. Usually 
argon ions are used for the sputtering process, although other ions can be used as well. 
The analyzer can be either a quadrupole or a time-of-flight analyzer. The latter has a 
much higher sensitivity and wider mass range. A typical set-up is shown in Figure 2.4. 
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Figure 2.4 The principle of SIMS: primary ions cause a collisional cascade in the 
uppermost surface layers of the sample. Some of the branches end up at the surface 
where they stimulate the emission of secondary ion clusters. These are then detected 
with a mass spectrometer. 

 

Dynamic SIMS is a very destructive technique in which a high flux of primary ions is 
used, resulting in a high removal rate of several tens of a monolayer per minute. It is 
used to monitor elemental composition as a function of depth. Imaging SIMS makes 
use of the development of primary ion beams with very small diameters. It generates 
chemical maps of surfaces. 

2.3.1 Static SIMS 
Static SIMS aims at providing compositional information about the surface layer of 
the sample without influencing (damaging) this layer. An increased signal intensity, 
however, usually implies more surface damage. Therefore, this technique is always a 
trade-off between surface damage and signal intensity. The amount of surface damage 
is usually the paramount reason for skepticism about this technique. However, it can 
be readily calculated that the power input to the surface from an XPS experiment is 
considerably higher than that deposited in a SSIMS experiment. However, there is a 
difference: the penetration depth of photons is considerably greater than that of ions. 
Most of the energy during the ion sputtering process is deposited in the surface layers. 
It was thought that this energy would severely disrupt the top layers of the surface and 
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that the emitted particles would in no way be relatable to the surface and adsorbed 
species before impact. However, when static conditions are used (defocused primary 
ion beam, a low current density and short exposure times), it has been shown 
extensively that secondary ion emission relates at least semi-quantitatively to surface 
composition. The reasons are the following[9]: 

1. The detected secondary ions are of low kinetic energy and these ions are 
emitted up to 20 nm from the impact site. 

2. The final cascade collision which results in emission is relatively gentle (10 – 
20 eV). 

3. Under static conditions no spot on the surface is struck more than once. A 
primary ion flux of typically 1 nA/cm2 reaches the sample. This corresponds to 
1010 ions/(cm2*s). A typical temperature programmed experiment runs for 2 
minutes (heating from 100 K to 700 K at 5 K/s). During this time a surface of 
1 cm2 is struck by approximately 1012 argon ions. Statistically, it can be shown 
that each primary ion will hit a part of the surface that has not been hit before. 

4. Surface annealing occurs on a timescale in the order of femto seconds. 

Considering all these points, it is very likely that the secondary ions of interest will be 
emitted from undamaged parts of the surface, and that they will be lifted off the 
surface with relatively small amounts of energy. How delicate the technique exactly 
is, is shown by the possibility to remove vitamin B12 from metallic substrates.[8] 

The other reason for skepticism concerns the sputtering process itself. Some 
theoretical research seemed to suggest that cluster particles were formed by 
recombination of sputtered atomic species above the surface, making the relationship 
between surface chemistry and secondary ion emission rather remote. Though this 
cannot be fully excluded in all situations, the experimental evidence all strongly 
points to a direct relationship between surface chemistry and SSIMS spectra. 

2.3.2 Signal intensity vs. coverage 
The measured signal intensity of a certain secondary ion ±X , emitted from a matrix 
M , is given by[9]: 

( ) ( ) ( ) ( ) ( )±±± η⋅α⋅⋅θ⋅= XM,XM,XYXIXI ps              (2.4) 

in which: 

( )±XI s  measured flux of positive or negative ions ±X  [ion/s] 

pI   flux of primary ions [ion/s] 

( )Xθ   fractional concentration of element X in the surface layer [-] 
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( )M,XY  sputter yield of element X  from matrix M  [number of atoms 
X  per incident ion] 

( M,X±α )  effective ionization probability of element X  ejected from 
matrix M  [-] 

( )±η X  transmission of the mass spectrometer for ion ±X  [-] 

 

Increasing the intensity of the primary beam directly increases the signal obtained. 
However, as explained above, this also reduces the monolayer lifetime. Therefore, 
usually a relatively low value is chosen for the intensity of the primary beam. More 
atoms X on the surface will of course lead to a higher signal intensity for the 
secondary ions containing this atom. The sputter yield is the number of ejected ions 
per incident primary ion. It varies between one and ten depending on the type of 
primary ion. Heavier atoms usually result in a higher sputter yield. Two other 
parameters affecting the yield are the energy of the primary ion and its angle of 
incidence. Measuring the yield as a function of either of these parameters shows an 
optimum in both cases. A heavier atom or a smaller angle with respect to the surface 
normal results in a deeper penetration of the atoms into the surface leading to fewer 
collision cascades reaching the surface and thus to a less efficient sputtering process. 

Not all the ejected particles are ions. Only some of the clusters are ionized in 
the near-surface region before they are detected. The ionization process is very 
complex and not well understood. A general formula showing some of the parameters 
involved is given by Nørskov and Lundqvist[10]: 

( ) ( ) (
( )

)
X

XIMexpM,X
⊥

+

ν
−ϕ

∝α                 (2.5) 

in which: 

( M,X+α )  net positive ionization probability of atom X  ejected from 
matrix M     

( )Mϕ   work function of matrix M  

   ionization potential of the emitted particle ( )XI X  

  velocity component perpendicular to the surface of the emitted 
particle 

( )X⊥ν

X . 

 

The dependence on the ionization potential explains why elements such Li, 
Na, K, and Mg are easily detected in SIMS: they all have a low ionization potential. 
Elements like O, F, and Cl, on the other hand, are very hard to detect since their 
ionization potential is relatively high. A high workfunction of the matrix reduces the 
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chance of a secondary cluster ion being neutralized by electrons from the substrate 
before reaching the detector. This can be demonstrated by adsorbing a small amount 
of CO on a single crystal surface: this greatly enhances the signal intensity, because 
CO increases the work function of the total system. Finally, a high velocity directed 
away from the surface also reduces the chance that the cluster ion is neutralized. 

The fact that the ionization probability of a given atom X  is dependent on its 
surrounding (the matrix M ), makes it very hard to extract quantitative information 
from SIMS. This phenomenon is called the matrix effect. Nevertheless, it is possible 
to use the secondary ions that characterize an adsorbate to monitor its surface 
coverage. When a molecule chemisorbs on a surface, interactions occur which can 
change the electron density distribution of the system. Thus as a molecule adsorbs on 
the surface the intensity of the resulting secondary ion will be a function of coverage 
and the electron density distribution of the surface. The latter may vary in a 
complicated matter as coverage increases. Thus the intensity variation of the 
secondary ions is unlikely to be linearly dependent on coverage. To circumvent this 
problem it has been suggested to use intensity ratios. 

Following this approach the ratio of the metal-adsorbate secondary ion 
intensity and the metal secondary ion intensity is taken. This is then a measure for the 
adsorbate coverage: 

+

+

∝θ
y

y

M

XM
X I

I
                   (2.6) 

in which: 

Xθ  surface coverage of species X  

+XM y
I  signal intensity of the secondary ion  +XM y

+
yMI   signal intensity of the secondary ion  +

yM

 

The rationale behind this approach is that both the metal-adsorbate signal and the 
metal signal are influenced by the matrix effect. If one then assumes that this effect 
will influence both signals in a similar way, the effect is expected to cancel out by 
taking the ratio of both signals. This approach has proven very successful and has 
become a standard procedure in surface science studies.[11-13] 

 The ability to follow the surface coverage of a species as a function of 
temperature in a so-called Temperature Programmed Static SIMS experiment (TP-
SSIMS), has proven very powerful in unraveling surface reactions. Especially so, 
when this technique is combined with Temperature Programmed Desorption. In this 
case a complete picture of concentration as a function of temperature is obtained for 
both the surface species (and intermediates) as well as the gas phase products. 
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Reactions that have successfully been studied with this combination of techniques are 
for example the NO dissociation reaction on Rh(111)[14] or the ethylene 
decomposition on Rh(100)[15]. Many examples of this combination of techniques 
will be shown throughout this work. 

 

2.4 Ordering: Low Energy Electron Diffraction (LEED) 
In a LEED experiment[16], a monochromatic beam of low-energy electrons is 
directed towards the single crystal surface. This beam of electrons can be considered 
as electron waves incident on the sample. Their wavelength is given by the De Broglie 
relation: 

kine Em
h

2
=λ                   (2.7)  

in which: 

λ  wavelength of electron 

h  Planck’s constant 

  mass of electron em

  kinetic energy of electron kinE

 

These waves will be scattered by the surface atoms and/or adsorbates, which 
can be considered as point scatterers. The electrons collide with the surface at normal 
incidence. Since this surface is highly ordered, the electrons that are scattered back 
from the surface generate a diffraction pattern. Interference occurs according to 
Bragg’s law: 

kine Ema
nh

a
nsin

2
=

λ
=θ                  (2.8) 

in which: 

θ  angle between surface normal and scattered electron 

n  diffraction order 

a  distance between scatterers 

 

The scatterers in equation 2.8 are regions of high electron density on the surface. In 
practice these are the positions of the surface atoms and the adsorbates. 
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Low energy electron diffraction (LEED) can be used in two ways: 
qualitatively and quantitatively. In the former case only the spot positions are 
recorded. From these positions, information can be extracted about the nature of the 
adsorbate unit cell with respect to the substrate unit cell. In the latter case, the 
intensities of the diffracted beams are recorded as a function of the incident electron 
beam energy, creating so-called I-V curves. These curves can then be compared with 
theoretical curves to yield information about the exact atomic positions of adsorbates 
like their bond length and bond angle. Throughout this thesis we will only use LEED 
in a qualitative way for obtaining information on ordered structures. 

Only the elastically scattered electrons contribute to the pattern, since the 
lower energy (secondary) electrons are removed by energy filtering grids placed 
between the sample and the fluorescent screen which is used to display the diffraction 
pattern. A schematic picture of a LEED set-up is given in Figure 2.5. 
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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 
show constructive and destructive interference due to the ordered nature of the 
surface atoms (and adsorbates), leading to typical diffraction patterns. These 
diffraction patterns are made visible on a fluorescent screen. 
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2.5 Theory in catalysis 
The theoretical simulation of chemical processes has been a rapidly expanding area of 
catalysis over recent years. This is mainly due to the increasing computational power 
and the development of fast computational codes. Various theoretical approaches are 
possible like for instance ab-initio calculations, Monte-Carlo methods, and molecular 
dynamics. Each method provides certain information on a system but none is able to 
give a complete understanding of it. 

First-principle quantum chemical methods aim at solving ab-initio the 
electronic Schrödinger equation for all particles in the system. This can be done 
analytically only for certain very small systems. Larger or more complicated systems 
require approximations to be made. The most important one is the assumption that 
since the atomic nuclei are much heavier than the electrons they can be treated as 
stationary with only the electrons moving. This is the so-called Born-Oppenheimer 
approximation.[17] This approximation implies that the Schrödinger equation only 
needs to be solved for the wave functions of the electrons. Ab-initio calculations can 
provide information on the potential energy surface, optimized structure of adsorbates 
on surfaces, vibrational frequencies and intensities, ionization potentials and many 
other properties related to the wavefunction. 

One of the most widely used ab-initio approaches in surface science nowadays 
is Density Functional Theory (DFT). One of its most important theorems is the 
Hohenberg and Kohn approximation[18] in which the total energy of the system in the 
ground state is a unique functional of the electron density. In the Density Functional 
Theory (DFT) approach, this energy functional is minimized. This is possible since 
the functional follows the variational principle.[19] The Kohn-Sham equations[20] are 
solved to obtain the total energy. 

In this thesis, the Vienna ab-initio simulation package (VASP)[21,22] has 
been used. This package performs an iterative solution of the Kohn-Sham equations in 
a plane-wave basis set. The many-electron wavefunction for the system is written as a 
product of one-electron wavefunctions. The total energy is split into a kinetic energy 
term, an electrostatic energy term and an exchange-correlation term. The latter 
contains all exchange and correlation effects. The exchange-correlation energy has 
been calculated within the generalized gradient approximation (GGA). This 
approximation includes a density gradient into the functional. It uses the form of the 
functional proposed by Perdew and Wang[23,24], usually referred to as Perdew-Wang 
91 (PW91). The electron-ion interactions are described by the projector augmented 
wave method (PAW) developed by Blöchl.[25] This is essentially an all-electron 
frozen core method combining the accuracy of all-electron methods and the 
computational simplicity of the pseudopotential approach; especially in the 
implementation of Kresse and Joubert.[26] 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 
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automatically generated using the Monkhorst-Pack method.[27] For the calculation of 
the fractional occupancies, a broadening approach proposed by Methfessel and 
Paxton[28] is used. 
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Chapter 3 

The analysis of temperature programmed desorption 
experiments of systems with lateral interactions; 

implications of the compensation effect*

 

 

In this chapter the problems that arise when analyzing TPD spectra of 
desorption processes in which lateral interactions between adsorbed 
species are present have been investigated. Dynamic Monte Carlo 
(DMC) simulations are used to simulate the effect of adsorbate 
interactions on TPD spectra and we applied the most common 
methods to derive the activation energy and the pre-exponential factor. 
The extraction of the kinetic parameters in the zero-coverage limit 
works well for all methods. The extraction of the coverage dependent 
values on the other hand is quite difficult since a ‘forced’ 
compensation effect can occur, leading to false values for the pre-
exponential factor as well as false values for the activation energy. 
Finally, a new approach is suggested that can be used to estimate the 
activation energy over the entire coverage range. 

 

 

 

 

 

 

 

 

 

 

 

 

* The contents of this chapter have been published: D.L.S. Nieskens, A.P. van Bavel, 
and J.W. Niemantsverdriet, Surf.Sci. 564 (2003) 159 
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3.1 Introduction 
Temperature programmed desorption (TPD) is a common technique in surface science 
and heterogeneous catalysis for determining the activation energy and pre-exponential 
factor of desorption.[1,2] The principle is simple: a gas is adsorbed onto a surface at 
low temperature, the surface is then heated in a controlled fashion (often linearly with 
time) and a mass spectrometer is used to measure the rate at which species desorb 
from the surface. Even though the underlying principle is quite straightforward, the 
interpretation of the data and the extraction of the kinetic parameters (i.e. the 
activation energy and the pre-exponential factor) can be quite complicated, especially 
when lateral interactions between adsorbed species are present.  

The starting point of a TPD analysis is the Arrhenius equation[2]: 

( ) ( ) n
dd

n
d kRTE

dt
dr θθνθθ =−=

−
= exp                 (3.1) 

in which: 

r  is the rate of desorption 

νd  the pre-exponential factor [s-1] 

θ  the surface coverage of the adsorbate (defined as the number of 
adsorbates per number of substrate atoms) 

n  the reaction order [-] 

Ed  the activation energy [J / mole]  

R  the gas constant [J / mole / K] 

T  the sample temperature [K]  

kd  the reaction rate constant with unit [s-1] for a first order reaction  

 

Temperature and time are linearly related. Many methods have been derived to 
determine the kinetic parameters. Most of these methods give valid results when 
applied to desorption processes in which the kinetic parameters do not depend on 
coverage. However, as soon as lateral interactions are present, the kinetic parameters 
may become coverage dependent. The interpretation of the data then becomes more 
complex and some methods give erroneous results.[3] Furthermore, a phenomenon 
called ‘compensation effect’ is often observed.[4-8] This is a linear relation between 
the activation energy and the logarithm of the pre-exponential factor over the entire 
coverage range: 

( ) 21 )(ln αθναθ += ddE                  (3.2) 
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with constants α1 and α2. There have been several discussions on the compensation 
effect and on how to distinguish between a ‘true’ (= real or physical) and a ‘false’ (= 
artefact) compensation effect.[6,9-12] 

A trivial, but nevertheless almost always overlooked reason for an artificial 
compensation effect has been demonstrated by Miller et al.[13] The slope of an 
Arrhenius plot (commonly assumed to be proportional to the activation energy) is 
given by: 
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The second term is usually ignored, but this is only permitted when the kinetic 
parameters do not depend on coverage, or when ⎟

⎠
⎞

⎜
⎝
⎛∂∂

T
1θ  is zero, implying a constant 

coverage. If we ignore the second term in all other cases where either one or both the 
kinetic parameters are coverage dependent, we essentially force a compensation effect 
onto the data, because forcing a straight line through the data points means that the 

second term has to cancel. This term only cancels if 
( )

θ
θν

∂
∂ dln

 is set equal to 

( )
⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

θ
θdE

RT
1 , which is equivalent to Equation 3.2. Many reported compensation 

effects in thermal desorption can probably be explained by this cause. This implies, 
however, that kinetic parameters determined from TPD experiments on systems where 
the coverage dependent part of Equation 3.3 has been ignored, are most likely 
incorrect, at least for coverages greater than zero. This artifact can cause a very large 
coverage dependency of the pre-exponential factor and the activation energy. The 
coverage dependency of the pre-exponential factor – if indeed real and not due to the 
artifact discussed above – may, to a certain extent, be rationalized in terms of entropy 
loss for example when adsorbate systems order at higher coverage[14], or go through 
mobile – immobile phase transitions. A very large coverage dependency, however, 
usually points to the occurrence of a forced compensation effect. 

In the past, we have tested the performance of analysis procedures on 
simulated TPD spectra[3] These spectra were simulated on the basis of an empirical 
rate expression where both the activation energy and the pre-exponential factor 
depended linearly on coverage, and were correlated by a presumed compensation 
effect. Hence, these tests had two shortcomings: a) a compensation effect was 
implicitly present in the simulated spectra and hence the performance of methods with 
respect to distinguishing independently between activation energy and pre-
exponential factor was not tested, and b) the effect of lateral interactions was 
incorporated on the basis of a mean-field expression, in which the activation energy 



28                                                                                                                       Chapter 3 

depends linearly on the coverage. This is physically unrealistic, as for example 
repulsive interactions only become apparent at high coverages where adsorbate 
species are forced to reside at neighboring sites. Monte Carlo simulations, taking the 
local effect of configurations into account, give a much better description of how 
interactions affect TPD data. 

There are more reasons why an analytical equation is not a fully adequate 
model for experimental TPD data. An equation shows no noise: it is a smooth curve. 
Curves from experiments or Monte Carlo simulations contain fluctuations. Also, an 
equation defines a curve with an infinite number of data points, whereas experiments 
and Monte Carlo simulations are discrete points, implying that interpolation may be 
needed for analysis. Kang et al.[15] have already shown that a compensation effect 
can arise as a result of the parametrization implicit in the Arrhenius equation. They 
used Monte Carlo sampling to produce TPD spectra and an Arrhenius plot to analyze 
the data. A compensation effect was found only for certain cases. Their model 
consisted of two species on a surface and only an attractive lateral interaction between 
these species resulted in a compensation effect. However, one of the species was not 
allowed to diffuse over the surface, which restricts phenomena such as ordered pattern 
formation. We will show that for our simulations artificial compensation effects arise 
independent of the nature of the lateral interactions, whether they are attractive or 
repulsive. 

The purpose of this research is therefore to evaluate a number of commonly 
used analysis procedures for TPD spectra, simulated with a dynamic Monte Carlo 
method, of adsorbate systems exhibiting lateral interactions. Furthermore, we will 
suggest a new approach to correctly quantify the activation energy over the entire 
coverage range. 

 

3.2 Simulations and analysis methods 
TPD spectra were simulated with a Dynamic Monte Carlo method (also known as 
Kinetic Monte Carlo) described in detail by Jansen[16]. The Dynamic Monte Carlo 
method has been implemented in the computer program CARLOS[17], which is a 
general-purpose program that allows the definition of an adlayer, the microscopic 
reaction steps and all kinetic parameters, including lateral interactions. In order to 
focus on the analysis procedures, we kept the simulations as straightforward as 
possible. We used a square grid of 256 x 256 sites with periodic boundary conditions, 
modeling a (100) metal surface. Only one kind of particle was present at the surface 
and this particle was present in one adsorption site only. The particles could only 
desorb or diffuse: there was no (re-)adsorption and there were no surface reactions 
taking place. The desorption process was first order. The reaction rate constant k for 
the desorption process was given by the Arrhenius expression 

)/exp( RTEk eff
dd −⋅=ν , in which νd is the pre-exponential factor [s-1], the eff

dE
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effective activation energy [J / mole], R the gas constant [J / mole / K], and T the 
temperature [K]. We fixed the pre-exponential factor and introduced a coverage 
dependency solely in the activation energy. By doing so, any variation in the pre-
exponential factor with coverage that may occur during the analysis procedure, 
whether it follows the compensatory relation or not, will be solely due to artifacts in 
the analysis procedure. The effective activation energy for desorption of an adsorbate 
was the sum of the activation energy for desorption in the zero-coverage limit ( ) 

and the total lateral interaction energy for that adsorbate. This total lateral interaction 
energy depended on the direct surrounding of the adsorbed particle. We only took into 
account a nearest neighbor interaction. The total lateral interaction energy for a 
particle was assumed to be a linear additive combination of the pairwise lateral 
interaction energies. The effective activation energy for one adsorbate present and 
interactions with nearest neighbors only is thus: 

0
dE

NN
d

tot
intlatd

eff
d nEEEE ω⋅−=−= 00

               (3.4) 

in which: 
eff
dE   the effective activation energy for desorption 

0
dE   the activation energy in the zero-coverage limit 

tot
intlatE   the total lateral interaction energy 

n  the number of nearest neighboring particles  
NNω   the nearest neighbor (NN) pairwise lateral interaction energy  

 

Diffusion was modeled with a rate constant of 100 s-1, modified by lateral 
interactions in the following way: ( )RTnk NNω⋅×= exp100 . The heating rate for all 
simulated spectra was 5 K / s. We used the same set of simulated TPD spectra for 
each method tested. The activation energy in the zero-coverage limit ( ) was set at 

100 kJ / mole, the pre-exponential factor ν

0
dE

d was fixed at 1014 s-1, the initial coverages 
were 0.10, 0.25, 0.40, 0.50 and 0.60 monolayer (ML) and nearest neighbor pairwise 
lateral interaction energies ω were 5, -5, and 0 kJ / mole per nearest neighbor. A 
positive lateral interaction energy corresponds to repulsion and a negative interaction 
energy to attraction. 

We will now briefly discuss the basic principles of the methods we used for 
the TPD analysis. For a more elaborate description of each method we refer to the 
original papers. 
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3.2.1 Redhead equation[18] 
Redhead derived a simple relation to obtain the activation energy from the 
temperature of the peak maximum: 

( )[ ]46.3ln −= βν mdmd TRTE                             (3.5) 

in which: 

Ed  the activation energy for desorption 

R  the gas constant 

νd  the pre-exponential factor for desorption 

Tm  the temperature of the peak maximum  

β  the heating rate  

 

The pre-exponential factor has to be known or estimated. This is actually an 
approximation of the analytically correct equation: 

( ) ( )md
n

mdd RTERTE exp1
0

2 −= θβν                 (3.6) 

in which θ0 is the initial surface coverage. Equation 3.5 is a valid approximation with 
errors within 1.5% of Equation 3.6. 

3.2.2 The Habenschaden-Küppers (HK) or leading edge analysis[19] 
This method acknowledges the fact that the kinetic parameters may vary with 
temperature and coverage. Therefore it uses only the onset of a TPD spectrum (the 
high coverage and low temperature side). It was argued that during the beginning of 
the desorption process a relatively small amount of species desorbs, which implies 
that the coverage remains more or less constant. An Arrhenius plot (ln (rate) vs. 1/T) 
of this short interval yields a straight line with a slope –Ed(θ) / R and an intercept n * 
ln θ + ln νd(θ,T).  

3.2.3 Chan-Aris-Weinberg method (CAW)[20] 
The method proposed by Chan, Aris and Weinberg uses the temperature of the peak 
maximum and the width of the peak at either half or at three quarters of the maximum 
height. The equations used for a first order desorption and using half the width are the 
following (for other situations we refer to the original article[20]): 
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in which: 

Ed the activation energy for desorption 

R the gas constant 

Tm  the temperature of the peak maximum 

W1/2  the peak width at half the maximum intensity 

νd  the pre-exponential factor for desorption 

β  the heating rate 

 

The authors state that this method should only be used in the limit of zero-coverage, 
so in principle it cannot be used to determine the coverage dependency of the 
activation energy and the pre-exponential factor. Therefore we will evaluate this 
method only in the zero-coverage limit. 

3.2.4 Linear fit in an Arrhenius plot: ln (r / θn) versus 1 / T 
In this method we plot ln (rate / θn) versus 1 / T for the entire TPD curve. By doing so 
we get an average value for the activation energy and the pre-exponential factor from 
the slope and the intercept of the curve, respectively. Hopstaken et al.[21] have given 
an example of this method. 

3.2.5 Complete analysis[2]  
The complete analysis (also known as King’s method or Taylor-Weinberg method[4]) 
does not use a single TPD curve, but a complete family of curves. These curves differ 
only in their initial coverage. First, a coverage is chosen at which the kinetic 
parameters are desired. The rate and corresponding temperature at that coverage are 
extracted from each of the TPD curves. These rates and their corresponding 
temperatures are used for an Arrhenius plot. The slope and the intercept yield the 
activation energy and the pre-exponential factor respectively, for the coverage chosen. 
This procedure can then be repeated for different coverages. The complete analysis 
has been advocated as being the best choice when lateral interactions are present 
because it would not suffer from ‘false’ compensation effects[3,7]. This method has 
for example been used to analyze the desorption of strained monoatomic Ag and Au 
layers from Ru(001).[22] 
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3.3 Results 
Figure 3.1 shows the TPD spectra produced with DMC simulations. We have used 
these simulated TPD spectra to test the different analysis methods. Repulsive lateral 
interactions cause the desorption peaks to shift to lower temperatures and attractive 
interactions will cause them to shift to higher temperatures, compared to the case 
where no interactions are present. The attractive interaction is sufficiently strong for 
the adsorbate layer to form islands. An adsorbate in the center of such an island, 
surrounded by four particles, will experience an additional 4 * 5 kJ / mole = 20 kJ / 
mole activation energy for desorption. As can be seen from Figure 3.1 (C), the 
desorption traces do not show a common leading edge. 

  

Figure 3.1 Simulated thermal 
desorption spectra of a desorbing 
species, obtained with Dynamic 
Monte Carlo simulations, for 
initial coverages of 0.10, 0.25, 
0.40, 0.50 and 0.60 ML. For 
each case the activation energy 
at zero coverage is 100 kJ / mole 
and the pre-exponential factor is 
fixed at 1014 s-1. The heating rate 
was 5 K / s. The graphs show the 
influence of lateral interactions 
on the TPD curves for: (A) 
repulsive interactions of 5 kJ / 
mole per nearest neighbor, (B) 
no lateral interactions, and (C) 
attractive interactions of 5 kJ / 
mole per nearest neighbor.  
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Such a common leading edge (implying apparent zero order desorption) would 
have been expected if the island size were infinite. However, the island size in our 
simulation was not infinite, although the interaction energy is high. This might have 
been caused by a somewhat low diffusion speed. Although this low diffusion speed 
might not be completely realistic, we can be sure that, for attractive interactions, the 
activation energy of a desorbing particle must be between 100 kJ / mole (no 
neighbors) and 120 kJ / mole (4 neighbors). It can never exceed these limits. Since the 
islands that are formed on the surface are not of infinite size, desorption will not only 
take place at an island kink position. The desorption energy of a specific particle can, 
in principle, have any of the values 100, 105, 110, 115, and 120 kJ / mole, depending 
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on the number of neighbors. A higher desorption energy will reduce the probability of 
that particle desorbing. Still, in principle, it is possible that a particle with a high 
desorption energy desorbs. Therefore, the absolute limits of the desorption energy for 
attractive interactions are 100 kJ / mole and 120 kJ / mole. Every analysis method, in 
order to be correct, should give the correct values for the activation energy and the 
pre-exponential factor in the zero-coverage limit as well as over the entire coverage 
range. The pre-exponential factor should remain constant, since we fixed it in the 
simulations. A fixed pre-exponential factor should also make it impossible for a 
compensation effect to occur. We have checked if this was indeed the case. We will 
first present the results for the methods based on one spectrum. The results for the 
complete analysis, which is based on a set of spectra, will be discussed separately. 

3.3.1 Repulsive interactions 
plying the different analysis methods. The two graphs 

nergy in the zero-coverage limit equals 100 kJ / mole and the 
minimu

All methods yield accurate results, within a small error range, for the 
activati

Figure 3.2 shows the result of ap
in the left panel represent the activation energy (top) and pre-exponential factor 
(bottom) for a repulsion of 5 kJ / mole per nearest neighbor. The arrows by the side of 
the upper graph represent the expected range in which the activation energy should 
fall. The arrow by the side of the lower graph represents the expected value for the 
pre-exponential factor. 

The activation e
m activation energy must equal 80 kJ / mole, corresponding to a particle with 

all four nearest neighboring sites occupied (100 – 4 * 5 = 80 kJ / mole). The trend 
with coverage need not be linear. The pre-exponential factor is fixed at 1014 s-1. With 
the Redhead equation, we can only get the activation energy and not the pre-
exponential factor. For this method, the correct value of the pre-exponential factor of 
1014 s-1 was used. Every other choice yields a systematic deviation of the activation 
energy in the order of 10 kJ / mole per order of magnitude error in the pre-exponential 
factor. 

on energy in the zero-coverage limit. The extrapolation to zero-coverage 
should be done by a smooth curve through all data points. The variation of the 
activation energy with coverage is quite different for the different methods tested. The 
Redhead equation gives an energy of 88 kJ / mole at a coverage of 0.60 ML, while an 
‘Arrhenius’ plot yields a value of 55 kJ / mole. All the methods tested, except the 
Redhead equation, over-estimate the interaction energy and thus underestimate the 
activation energy. It is important to note that the higher coverage values for the 
activation energy must be wrong because they can never be lower then 80 kJ / mole. 
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Figure 3.2 Activation energies and pre-exponential factors acquired by applying the 
most common analysis methods to simulated thermal desorption spectra of a 
desorbing species with lateral interactions of 5 kJ / mole per nearest neighbor. The 
arrows indicate the expected (range of) value(s). The maximum range of the 
activation energy should be from 120 kJ / mole (4 neighbors and attractive 
interactions) to 80 kJ / mole (4 neighbors and repulsive interactions). The pre-
exponential factor should be fixed at 1014 s-1.  It is clear from the graph that most 
methods fail to give the correct higher coverage value for the activation energy or 
pre-exponential factor. Furthermore a clear compensatory relation is visible. 

 

If we turn to the pre-exponential factor we again see that all methods 
accurately determine the value at zero-coverage, provided that the extrapolation to 
zero-coverage is done correctly. At higher coverages, however, the pre-exponential 
factor deviates from its zero-coverage value, which should not be possible since it was 
fixed. The pre-exponential factor ranges from 108 s-1 to 1017 s-1 (leaving out the 
CAW1/2 method, since it can only be used in the zero-coverage limit). 

Comparing the coverage dependency of the activation energy and the pre-
exponential factor, a clear trend is visible: a decrease in activation energy is 
accompanied by a decrease in pre-exponential factor and an increase in activation 
energy is accompanied by an increase in pre-exponential factor. This is the well-
known compensation effect.[6] Since we fixed the pre-exponential factor in our 
simulations there is no physical ground for the pre-exponential factor to change. 
Therefore the change in pre-exponential factor and the observed compensation effect 
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must be solely due to the use of the data analysis method. This false compensation 
effect results in a wrong pre-exponential factor, as well as a wrong activation energy. 
However, even if there is a forced compensation effect, the values for the activation 
energy and the pre-exponential factor in the zero-coverage limit are still correct for all 
methods. 

3.3.2 Attractive interactions 
The two graphs in the right panel of Figure 3.2 represent the activation energy (top) 
and pre-exponential factor (bottom) for an attraction of 5 kJ / mole per nearest 
neighbor. Following the same line of thought as in the previous section, the activation 
energy at zero-coverage must be 100 kJ / mole and the activation energy cannot 
exceed 120 kJ / mole. The pre-exponential factor should again be constant at a value 
of 1014 s-1. 

All methods, except the leading edge analysis, show the correct zero-coverage 
value for the activation energy. The leading edge analysis needs a very good signal-
to-noise-ratio at the beginning of the TPD curve. For attractive interactions, this ratio 
is quite poor at the onset of desorption. This results in a large scatter in the data 
points. The Arrhenius plot and the Redhead method follow the trend at higher 
coverages reasonably; the energy falls within the expected range and increases with 
coverage. We already stated before that the CAW½ method can only be used in the 
zero-coverage limit. 

For the pre-exponential factor, the same effect is visible as could be seen for 
repulsive interactions. The range in possible pre-exponential factor is large (between 
1011 s-1 and 1017 s-1, leaving out the CAW½ method) and again a clear compensatory 
behavior is present. 

 

3.4 Discussion 

3.4.1 The ‘forced’ compensation effect 
The occurrence of a ‘forced’ compensation effect makes it difficult to determine the 
coverage dependency of the kinetic parameters. A general course of action has been to 
focus mainly on the activation energy: common belief is that even though the pre-
exponential factor might not be (completely) correct, at least the activation energy still 
is. Figure 3.2 demonstrates that this is absolutely not the case. When a compensation 
effect is forced upon the data, the value for the pre-exponential factor and the 
activation energy are both wrong. 

The occurrence of the ‘forced’ compensation effect can be generalized further. 
There can be numerous phenomena that are both temperature dependent and able to 
affect the activation energy (for example the coverage if lateral interactions are 
present). If the Arrhenius plot does not yield a straight line, such a phenomenon has 
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come into play. It then appears as if the activation energy (the slope) depends directly 
on the temperature. Forcing a straight line in such a case will result in a compensation 
effect (in accordance with the work of Miller et al.[13]). The cause of this apparent 
temperature dependency is irrelevant. Any phenomenon that is both temperature 
dependent and able to affect the activation energy will result in an artificial 
compensation effect if the Arrhenius equation is used in the analysis procedure. This 
is, in our view, a general behavior that can explain a lot of the compensation effects 
that are reported in literature. 

3.4.2 The complete analysis: a solution? 
Previous papers on this subject usually concluded that the use of the complete 
analysis[2] was necessary to yield accurate results when lateral interactions are 
present.[3,7] When using the complete analysis, the coverage is fixed at a certain 
value. This will cause the coverage dependent term in Equation 3.3 to cancel because 

⎟
⎠
⎞

⎜
⎝
⎛∂∂

T
1θ is zero. The reason why the complete analysis has performed so well in 

previous tests is because TPD spectra produced by equations were used. The TPD 
curve is exactly defined by an equation, making it trivial to keep the coverage exactly 
constant. When we applied the complete analysis to our DMC data we saw a large 
scatter in the data points and a large compensation effect. The complete analysis could 
therefore not be used to analyze these spectra accurately. The reason for this is that 
the TPD data points in a DMC simulation (or in an experimental set-up) are collected 
with discrete temperature steps of several Kelvin and show some noise. In the 
complete analysis, the family of TPD spectra has to be evaluated at the exact same 
coverage. The use of discrete points instead of a continuous curve and the presence of 
noise make this difficult. The temperature interval between two collected data points 
is a factor in determining how well the coverage can be kept constant. Even if the 
error in keeping the coverage constant is very small, it proves to be sufficient to 
introduce a large scattering in the data points and a significant compensation effect. 
This is shown in Figure 3.3. 

The complete analysis has been applied to TPD curves produced with the 
Arrhenius equation using the following expression for the activation energy: 

θ*20100 −=dE                   (3.9) 

in which: 

Ed  the activation energy for desorption [kJ / mole]  

θ the coverage [ML] 
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Figure 3.3 The effect of the temperature interval between two data points in the 
complete analysis. The complete analysis has been applied to TPD spectra simulated 
with equations. Note that an increasing temperature interval will result in an 
increased scattering of data points and a significant artificial compensation effect. 

 

The pre-exponential factor was fixed at 1014 s-1. We produced spectra with a changing 
temperature interval between two data points. From Figure 3.3 it can be seen that a 
temperature step of 0.2 K yields good results. A temperature step of 0.5 K already 
produces some scattering in the data points and some compensation effect. For 
temperature steps of 0.75 K and 1 K this scattering is further increased and a 
significant compensation effect occurs. When the temperature step is 1 K, the change 
in coverage between two data points, and thus the maximum error in keeping the 
coverage constant in the analysis procedure, is only 0.005 ML on average. Still, this 
small amount is sufficient to cause the scattering and the compensation effect. 
Therefore, when using experimental or simulated data, it is important to keep the 
noise level low in the spectra and to use temperature steps that are sufficiently small if 
one uses the complete analysis. Usually, it is possible to interpolate in between the 
discrete data points to compensate for a low number of points. We also noticed that 
the complete analysis seemed to perform better for attractive interactions than for 
repulsive interactions. Figure 3.4 shows how this small change in coverage can also 
explain this. The coverage is plotted versus the temperature for repulsive interactions, 
no interactions, and attractive interactions for different initial coverages. For repulsive 
interactions, the curves fall on top of each other over a large temperature range. For a 
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fixed coverage, the corresponding temperatures of the different curves can be 
determined more accurately when these curves are further apart from each other, as is 
the case for attractive interactions. This is illustrated for a coverage of 0.15 ML with 
the dotted line in Figure 3.4. This results in worse statistics for repulsive or no 
interactions compared to attractive interactions. Furthermore, the higher the attractive 
interactions are, the more the curves will be separated, and the better the statistics will 
get. 

 

Figure 3.4 Part of the 
complete analysis: plotting 
coverage versus temperature 
for different lateral 
interactions: (A) repulsive 
interactions, (B) no 
interactions and (C) 
attractive interactions. For 
repulsive interactions, the 
curves fall on top of each 
other over a large 
temperature range. For a 
fixed coverage, the 
corresponding temperatures 
of the different curves can be 
determined more accurately 
when these curves are further 
apart from each other, as is 
the case for attractive 
interactions. This is 
illustrated for a coverage of 
0.15 ML with the dotted line. 
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3.4.3 Introducing a new approach 
A rigorous application of Equation 3.3 instead of the Arrhenius equation makes 
determining the correct value for the activation energy almost impossible. In those 
cases where the traditional methods fail to give accurate results because a forced 
compensation effect occurs or where it is difficult to use the complete analysis, we 
suggest a new approach for determining the coverage dependency of the activation 
energy. We have applied this new analysis approach to the thermal desorption spectra 
simulated with DMC. The new approach requires the zero-coverage values of the 
activation energy and the pre-exponential factor as input parameters (which can be 
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obtained by any of the traditional techniques). If there are no lateral interactions, the 
Arrhenius equation holds: 

( )RTE
dt
drate d

n
d

0exp −=
−

= θνθ               (3.10) 

If there are lateral interactions, we introduce a coverage dependent total average 
lateral interaction energy ϕ: 

( )( )RTE
dt
drate d

n
d ϕθνθ

−−=
−

= 0exp              (3.11) 

The equation can be rewritten to get the interaction energy ϕ: 
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+=
n

d
d

dt
d

RTE
θν

θ

ϕ ln0                (3.12) 

If, on physical grounds, we can assume that the pre-exponential factor does not 
change with coverage we can directly get the coverage dependent total average lateral 
interaction energy ϕ. If the pre-exponential factor changes only slightly with 
coverage, we can still assume it to be constant, since an error of one order of 
magnitude in the pre-exponential factor will result in a systematical error in the 
activation energy of only 7,5%. If the pre-exponential factor is not constant with 
coverage, we can in principle calculate the coverage dependent value from a density 
functional theory (DFT) approach.[23,24] It is important to note that the pre-
exponential factor and the activation energy are not calculated simultaneously. 
Therefore no forced compensation effect will occur and the value of the activation 
energy will not be distorted by this effect.  

Using this method, we can be sure that the value for the energy falls in the 
correct range. We applied this new method to the TPD spectra simulated with DMC. 
As can be seen in Figure 3.5, the correct zero-coverage value for the activation energy 
(100 kJ / mole) and the correct value at a coverage of 1 ML (80 kJ / mole or 120 kJ / 
mole for repulsive or attractive lateral interactions, respectively) are obtained. 
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Figure 3.5 Activation energy acquired by applying the new approach to thermal 
desorption spectra simulated with a DMC approach. The activation energy at zero 
coverage is 100 kJ / mole and the pre-exponential factor is fixed at 1014 s-1. The 
heating rate was 5 K / s. Lateral interactions were 5 kJ / mole per nearest neighbor. 
The arrows indicate the maximum values (100 kJ / mole at zero coverage and 80 or 
120 kJ / mole for repulsive or attractive interactions, respectively, at a coverage of 
one monolayer). Note that the energy falls within this range. 

 

3.5 Conclusion 
We tested a number of the most common analysis methods for thermal desorption 
experiments, using DMC simulations of a desorbing species with lateral interactions 
as input for these methods. Although the methods based on the analysis of one 
spectrum using the Arrhenius equation perform well in the zero-coverage limit, they 
give false results at higher coverages due to a forced compensation effect if the 
activation energy is indirectly (due to for example lateral interactions) temperature 
dependent. This results in false values for both the pre-exponential factor as well as 
the activation energy. The complete analysis tests well in the case of lateral 
interactions if analytical expressions (i.e. continuous functions) are used as input data. 
However, the performance of this method depends critically on the way input data are 
obtained by interpolation in a discrete set of data. Finally, we suggested a new 
approach which circumvents the problem of the compensation effect and yields the 
correct values for the coverage dependency of the activation energy in those cases 
where it can be assumed that the pre-exponential factor remains more or less constant 
or where the coverage dependency of the pre-exponential factor can be estimated by 
DFT calculations. 

 

 



Analysis of TPD experiments of systems with lateral interactions                              41 

References 
 
  1.  J.L. Falconer, J.A. Schwartz, Catal.Rev.- Sci.Eng. 25 (1983) . 
  2.  D.A. King, Surf.Sci. 47 (1975) 384. 
  3.  A.M. de Jong, J.W. Niemantsverdriet, Surf.Sci. 233 (1990) 355. 
  4.  J.L. Taylor, W.H. Weinberg, Surf.Sci. 78 (1978) 259. 
  5.  H. Ibach, W. Erley and H. Wagner, Surf.Sci. 92 (1980) 29. 
  6.  G.C. Bond, M.A. Keane, H. Kral and J.A. Lercher, Catalysis reviews 42 (2000) 323. 
  7.  J.W. Niemantsverdriet, K. Wandelt, J.Vac.Sci.Technol., A 6 (1988) 757. 
  8.  E.G. Seebauer, A.C.F. Kong and L.D. Schmidt, Surf.Sci. 193 (1988) 417. 
  9.  R.K. Agrawal, J.Therm.Anal. 31 (1986) 73. 
  10.  R.K. Agrawal, J.Therm.Anal. 34 (1988) 1141. 
  11.  R.K. Agrawal, J.Therm.Anal. 35 (1989) 909. 
  12.  M.P. Suárez, A. Palermo and C.M. Aldao, J.Therm.Anal. 41 (1994) 807. 
  13.  J.B. Miller, H.R. Siddiqui, S.M. Gates, J.N. Russel, Jr., J.T. Yates, Jr., J.C. Trully and M.J. 

Cardillo, J.Chem.Phys. 87 (1987) 6725. 
  14.  R.M. van Hardeveld, R.A. van Santen and J.W. Niemantsverdriet, Surf.Sci. 369 (1996) 23. 
  15.  H.C. Kang, T.A. Jachimowski and W.H. Weinberg, J.Chem.Phys. 93 (1990) 1418. 
  16.  A.P.J. Jansen, Comput.Phys.Commun. 86 (1995) 1. 
  17.  J.J. Lukkien, J.P.L. Segers, P.A.J. Hilbers, R.J. Gelten and A.P.J. Jansen, Physical Review E: 

Statistical Physics, Plasmas, Fluids, and Related Interdisciplinary Topics 58 (1998) 2598. 
  18.  P.A. Redhead, Vacuum 12 (1962) 203. 
  19.  E. Habenschaden, J. Kuppers, Surf.Sci. 138 (1984) L147-L150. 
  20.  C.M. Chan, R. Aris and W.H. Weinberg, Appl.Surf.Sci. 1 (1978) 360. 
  21.  M.J.P. Hopstaken, W.J.H. van Gennip and J.W. Niemantsverdriet, Surf.Sci. 433-435 (1999) 

69. 
  22.  J.W. Niemantsverdriet, P. Dolle, K. Markert and K. Wandelt, J.Vac.Sci.Technol., A 5 (1987) 

875. 
  23.  S.H. Payne, Z. Jun and H.J. Kreuzer, Surf.Sci. 396 (1998) 369. 
  24.  C. Stampfl, H.J. Kreuzer, S.H. Payne, H. Pfnür and M. Scheffler, Phys.Rev.Lett. 83 (1999) 

2993. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



42                                                                                                                       Chapter 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 4 

Ethylene decomposition on Rh(100): theory and 
experiment* 

 

The decomposition of ethylene on a Rh(100) single crystal has been 
studied by a combination of experimental techniques: Static Secondary 
Ion Mass Spectrometry (SSIMS), Temperature Programmed 
Desorption (TPD), Low Energy Electron Diffraction (LEED), and 
High Resolution Electron Energy Loss Spectroscopy (HREELS), to 
gain insight into the nature of the reaction intermediates during the 
decomposition process. These experimental techniques were combined 
with a computational approach using Density Functional Theory 
(DFT). Ethylene adsorbs irreversibly on the Rh(100) surface and 
eventually decomposes to atomic carbon and gas phase hydrogen. The 
type of intermediate species depends strongly on the initial surface 
coverage of ethylene. At low coverage, ethynyl (CCH) is the main 
intermediate species, whereas at high coverage a mixture of ethynyl, 
acetylene (CHCH), and ethylidyne (CCH3) forms. The rate of 
decomposition is significantly slower at higher coverages, indicative 
of lateral interactions between co-adsorbed species and site-blocking 
effects. 

 

 

 

 

 

 

 

 

 

 

 

* The contents of this chapter have been published: D.L.S. Nieskens, A.P. van Bavel, 
D. Curulla-Ferré, and J.W. Niemantsverdriet, J.Phys.Chem.B 108 (2004) 14541 
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4.1 Introduction 
The decomposition of olefins such as ethylene and propylene has been studied on 
many metals like platinum, rhodium, palladium, and ruthenium.[1-5] Most of these 
studies were carried out on the fcc (111) or hcp (0001) surfaces, and there is less data 
available for the behavior of hydrocarbons on the more reactive fcc (100) surfaces. On 
the (111) surfaces ethylene decomposes at relatively low temperatures (typically room 
temperature) to either acetylene (CHCH) or ethylidyne (CCH3). At higher 
temperatures, these species decompose further into ethynyl (CCH) and finally carbon. 
Relatively few papers address the decomposition of olefins on the more reactive (100) 
surfaces.[6-15] 

Insight into the nature of the intermediate hydrocarbon fragments is important 
when investigating surface reactions of these hydrocarbon species with other species, 
like N-atoms. These reactions can lead to the formation of products with C-N bonds. 
For example, Van Hardeveld et al.[16-18] showed that all N-atoms co-adsorbed to CH 
species on a Rh(111) surface reacted to HCN at temperatures that are substantially 
below those employed in industrial HCN synthesis. We are currently exploring 
similar reactions between hydrocarbon species that are larger than CH, on a range of 
surfaces, including Rh(100). For this study we need an adequate characterization of 
hydrocarbon species that occur on these surfaces. Hence, the purpose of this Chapter 
is to investigate which species appear during the decomposition of ethylene on the 
Rh(100) surface.  

Ethylene adsorbs molecularly on this surface below 100 K, and upon increasing 
the temperature it fully decomposes into carbon and hydrogen. During the 
decomposition process, a number of species are present on the surface. In general, 
surfaces with square symmetry favor formation of species such as vinyl (CHCH2), 
vinylidene (CCH2), acetylene (CHCH), and ethynyl (CCH). Ethylidyne (CCH3), 
which is a common intermediate on the (111) surfaces of many metals[3,19-21], is 
usually not present on the (100) surfaces, however, apparently with the exception of 
rhodium, according to Slavin et al.[6,7]. In this Chapter we investigate the 
decomposition of ethylene on Rh(100) by Static Secondary Ion Mass Spectrometry 
(SSIMS), Temperature Programmed Desorption (TPD), Low Energy Electron 
Diffraction (LEED), and High Resolution Electron Energy Loss Spectroscopy 
(HREELS). We combine the experimental techniques with a computational approach 
using Density Functional Theory (DFT) calculations to determine the relative 
stabilities of each of the decomposition fragments. We show that the nature of the 
reaction intermediates depends strongly on the initial surface coverage of ethylene. 
For low initial ethylene coverages, ethynyl (CCH) is the main intermediate, while for 
high initial ethylene coverages a mixture of ethynyl, acetylene, and ethylidyne is 
observed. 
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4.2 Experimental methods and theoretical details 
TPD, LEED, and static SIMS experiments were carried out in a stainless steel 
ultrahigh vacuum (UHV) system with a base pressure of 1 x 10-10 mbar. Static SIMS 
spectra were taken by using a defocused 5 keV Ar+ primary ion beam with a current 
density of 1 nA/cm2 at an incident polar angle of 60° with respect to the surface 
normal. Secondary ions were collected under a polar angle of 30°. These conditions 
enable measurements in static mode, with a removal rate of less than one monolayer 
of adsorbates per several hours. A typical temperature programmed experiment lasted 
3 minutes at most. The HREELS experiments were carried out in a separate UHV 
system with a base pressure of 5 x 10-11 mbar (see Linke et al.[22] for further details). 
The HREELS spectra were recorded at 100 K and measured in specular scattering 
geometry (around 65˚) with a typical resolution (elastic peak at full width half 
maximum) between 25 and 30 cm–1 (3.1 - 3.7 meV). The primary energy used was 
around 6 eV. Reported primary energies are not corrected for contact potential 
differences. In both set-ups, a rhodium single crystal of (100) orientation with 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. The sample could be cooled to 88 
K by flowing liquid nitrogen through the manipulator. Temperatures were measured 
using a chromel-alumel thermocouple spotwelded to the back of the crystal. For a 
general introduction into the techniques used here, we refer to Niemantsverdriet.[23] 

The crystal surface was cleaned by cycles of argon sputtering and annealing 
under oxygen. Argon sputtering (0.5 keV, 6 µA/cm2) at 920 K was used to remove 
small amounts of impurities, such as boron, sulphur, phosphorus, and chlorine, until 
these were no longer detectable with SIMS. Carbon appeared to be the most difficult 
impurity to remove, since it is known to dissolve into the bulk at elevated 
temperatures (> 700 K)[24] and reappear after cooling down the crystal. Near-surface 
carbon was removed by heating the crystal in 2 x 10-7 mbar O2, cycling the 
temperature between 900 and 1100 K. Oxygen was removed, and surface ordering 
was restored by flashing the crystal to 1400 K. After flashing the crystal, a small 
amount of O2 was adsorbed at low temperature, and the crystal was heated to 900 K. 
This was done to remove small amounts of carbon that had diffused to the surface 
during the flashing and subsequent cooling. Finally CO was dosed at 550 K to react 
away the remaining oxygen on the surface, and a flash to 900 K removed the excess 
of CO. After this procedure the SIMS spectra of the crystal showed no contamination, 
and the LEED picture showed a sharp p(1x1) pattern. After each experiment the 
procedure mentioned above (except Argon sputtering) was repeated to remove the 
carbon that was created during the ethylene decomposition process. 

Ethylene (Hoek Loos, 99.8% pure) was used without further purification. Gas 
dosing for all experiments was done at 100 K or lower. All temperature programmed 
experiments were done at a heating rate of 5 K/s. 
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In the Density Functional Theory calculations we have modeled the Rh(100) 
surface within the slab model approximation using a four-metal layer slab model, 
describing a p(2x2) unit cell, and six vacuum layers. The relative positions of the 
atoms are those as in the bulk, with an optimized lattice parameter of 3.8543 Å (the 
experimental value is 3.8034).[25] We have used the Vienna ab-initio simulation 
package (VASP)[26,27], 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 300 eV have been included in the calculation. The exchange-correlation energy has 
been calculated within the generalized gradient approximation (GGA) using the form 
of the functional proposed by Perdew and Wang[28,29], usually referred to as 
Perdew-Wang 91 (PW91). The electron-ion interactions are described by optimized 
ultrasoft pseudopotentials for C, H, and Rh.[30] The reciprocal space has been 
sampled with a (8x8x1) k-points grid automatically generated using the Monkhorst-
Pack method.[31] For the calculation of the fractional occupancies, a broadening 
approach proposed by Methfessel and Paxton[32] is used with N = 2 and σ = 0.2 eV. 

 

4.3 Results 

4.3.1 Density Functional Theory (DFT) Calculations 
We have investigated the ethylene / Rh(100) system with DFT calculations by 
computing the relative stabilities of all CxHy fragments in all conceivable adsorption 
sites (top, bridge, and hollow) with respect to chemisorbed ethylene, see Figure 4.1. 
Note that we have modeled the rhodium(100) surface within the slab model 
approximation using a four-metal layer slab model, describing a p(2x2) unit cell. The 
structures in Figure 4.1 therefore only represent a fraction of the actual slab size that 
was used. A comparison of the stabilities of the CxHy fragments on several metals, 
including rhodium, palladium, and platinum will be published elsewhere.[33] In order 
to compare these calculations with experiments, it is important to note that the DFT 
calculations were done on a (2x2) unit cell, such that the effective ethylene coverage 
is 0.25 monolayer. 

 

Figure 4.1 Energy profile of all possible CxHy fragments in all possible adsorption 
sites on the Rh(100) surface, according to DFT calculations (see Curulla-Ferré et 
al.[33] for a comparison with other metals). Note that we have modeled the 
rhodium(100) surface within the slab model approximation using a four-metal layer 
slab model, describing a p(2x2) unit cell. The structures in Figure 4.1 therefore only 
represent a fraction of the actual slab size that was used. In principle, all the species 
below the chemisorbed reference are more stable than adsorbed ethylene. The 
numbers in the profile represent the additional ‘stabilization energy’ relative to the 
adsorbed ethylene. A high negative number indicates that the species is much more 
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stable on the surface than the adsorbed ethylene. There are five species more stable 
than molecularly adsorbed ethylene. Therefore, ethylene will probably not remain 
molecularly adsorbed, but will decompose into (a mixture of) these products. 
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To calculate the relative stabilities of the CxHy fragments, we have used the 
adsorption energy of ethylene in the di-σ geometry as a reference, with respect to 
which we have calculated a stabilization-energy (or relative energy) of the fragment. 
The di-σ geometry is the most stable adsorption geometry for ethylene: both the quad-
σ geometry as well as the π geometry are slightly higher in energy. Then, we have 
added the stabilization energy to the adsorption energy of ethylene in the di-σ 
geometry, and we have thus obtained an adsorption energy for the hydrocarbon 
fragment, which is meaningful and fully comparable to the adsorption energy of the 
ethylene molecule. Following this procedure we have built up an energy profile for 
the adsorption and decomposition of ethylene on Rh(100). This energy profile is self-
explanatory and contains all the information we need in order to know which 
hydrocarbon fragments are energetically more stable and how strongly these are 
bound to the surface relatively to adsorbed ethylene. 

For example, if we want to calculate the adsorption energy of ethylidyne at a 
four-fold hollow site, the ‘reaction’ is as follows: C2H4 (di-σ) + slab → CCH3 
(hollow) + H (hollow). We now first need to calculate the stabilization energy of 
ethylidyne in the hollow site with respect to the ethylene molecule chemisorbed in the 
di-σ geometry: 

slab42dihollow3hollow3
rel
hollow E)HC(E)H(E)CCH(E)CCH(E −−+=∆ σ−             (4.1) 

in which Ehollow (CCH3) and Ehollow (H) are the total energy of ethylidyne and atomic 
hydrogen at a four-fold hollow site, respectively, Edi-σ (C2H4) is the total energy of 
ethylene adsorbed in a di-σ geometry, and Eslab is the total energy of the empty 
rhodium slab. Then, we sum up the resulting stabilization energy with the adsorption 
energy of the ethylene molecule in the di-σ geometry, and we obtain the adsorption 
energy of ethylidyne at a four-fold hollow site: 

)CCH(E)HC(E)CCH(E 3
rel
hollow42

ads
di3

ads
hollow ∆+∆=∆ σ−               (4.2) 

The calculations show that only a few species are more stable than the 
adsorbed ethylene itself, notably ethylidyne (CCH3) in a hollow site (0.61 eV more 
stable than molecularly adsorbed ethylene), acetylene (CHCH) in a hollow site (0.74 
eV more stable), ethynyl (CCH) in a ‘bent’ position (0.59 eV more stable), 
methylidyne (CH) in a hollow site (0.60 eV more stable), and carbon in a hollow site 
(0.62 eV more stable). From these calculations we expect that ethylene does not 
remain molecularly adsorbed, but will decompose into (a mixture of) these species. 
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4.3.2 Temperature Programmed Desorption (TPD) of H2  
The aim of the TPD experiments is to establish the decomposition pathway of 
ethylene by examining the hydrogen evolution. Hydrogen is the only product 
desorbing from the surface up to the ethylene saturation exposure. At exposures 
exceeding the saturation coverage, ethylene and a very small trace of ethane are also 
seen. Ethylene is then probably desorbing from a physisorbed or multilayer state, and 
a very small fraction hydrogenates to ethane. Figure 4.2 shows the hydrogen 
desorption traces, obtained after exposing the surface to ethylene at 90 K. For 
comparison, we also show the H2 TPD spectra from the hydrocarbon-free Rh(100) 
surface. There are several desorption states for hydrogen, resulting in a complex 
desorption spectrum. 
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Figure 4.2 Temperature Programmed Desorption (TPD) spectra of H2 (m/z = 2) 
obtained after exposing the Rh(100) surface to various doses of C2H4 at 90 K (top) 
and H2 at 90 K (bottom). The heating rate in both cases was 5 K/s. The coverage for 
ethylene is in monolayer [ML], and the dosage for hydrogen is in Langmuir [L]. 

 

At low coverage, the normal H2 desorption spectrum (Figure 4.2, bottom) 
shows a desorption state at 360 K. At higher coverage, this state shifts and splits in 
two desorption states, one at 250 K and one at 330 K. These two states are also 
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present in the H2 spectrum resulting from ethylene decomposition (Figure 4.2, top). In 
addition, there are two clearly distinguishable decomposition-limited desorption states 
at 365 K and one at 440 K. There is still hydrogen evolution from the hydrocarbon 
layer in the temperature range from 440 K till 650 K. However, this does not occur in 
clearly structured peaks. 

4.3.3 Static Secondary Ion Mass Spectrometry (SSIMS) 
Static SIMS has been performed to study the nature of the intermediate hydrocarbon 
species on the surface during the decomposition process. Figure 4.3 shows SSIMS 
spectra of the Rh(100) surface exposed to a low (0.10 ML) and a high dose (0.25 ML) 
of ethylene at 90 K and measured at 90 K. In addition, the spectrum of adsorbed 
ethylene heated to 600 K is included. 
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Figure 4.3 Static Secondary Ion Mass Spectrometry (SSIMS) spectra obtained after 
exposing the Rh(100) surface to 0.25 ML ethylene (top) & (middle) and 0.10 ML 
ethylene (bottom) at 90 K. The spectra were recorded at 600 K (top) and 90 K 
(bottom) & (middle). 
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All spectra have been normalized with respect to the (Rh2)+ peak intensity, so that the 
figures represent in fact the intensity ratios (Rh2CxHy)+ / (Rh2)+. These are generally 
semi-quantitative indicators of coverage.[5,34-37] Seven distinct peaks appear in the 
mass range shown: (Rh2)+ at m/z = 206, (Rh2H)+ at m/z = 207, (Rh2C)+ at m/z = 218, 
(Rh2C2)+ at m/z = 230, (Rh2C2H)+ at m/z = 231, (Rh2C2H2)+ at m/z = 232, and 
(Rh2C2H3)+ at m/z = 233. The low coverage SSIMS spectrum (0.10 ML of C2H4) is 
dominated by the Rh2C+ and Rh2C2H+ signals, consistent with the presence of C-
atoms and CCH species. The spectrum at high coverage (0.25 ML) contains additional 
signals due to Rh2C2H2

+ and Rh2C2H3
+, indicating that more hydrogen-rich species 

such as acetylene and ethylidyne are present as well. The strong Rh2H+ signal is 
characteristic for adsorbed hydrogen, although a minor part of its intensity will be due 
to cracking of secondary ions of the Rh2CxHy

+ species. The spectrum obtained after 
heating to 600 K only shows the signal of Rh2C+, indicating that the hydrocarbon 
fragments have fully decomposed to atomic carbon. All the mass channels mentioned 
above are monitored in the temperature programmed experiments that we describe 
next. 

4.3.4 Temperature Programmed Static Secondary Ion Mass Spectrometry 
(TPSSIMS) 

Figure 4.4 shows the Temperature Programmed SSIMS traces of the species present 
on the surface during the decomposition process. In these experiments, the surface 
was exposed to ethylene at 90 K and subsequently heated at 5 K/s to 800 K. Again, 
we have plotted the intensity ratios Rh2CxHy

+ / Rh2
+, which are at least qualitatively 

representative for the surface coverage of the intermediates. In addition, we show the 
H2 desorption traces from the TPD spectra with the same initial coverage of ethylene.  

In brief, the experiments illustrate how ethylene at low coverages decays 
rapidly to ethynyl (CCH), which between 350-450 K converts to C-atoms. At higher 
coverage, larger species such as C2H2 and C2H3 appear at temperatures up to about 
300 K, while between 300 K and 500 K C2H is the dominant species. Note that the 
conversion of C2H to atomic carbon begins at lower temperature and is completed at 
higher temperatures than in the case of low ethylene coverage. Hence, ethylene 
decomposition proceeds at a slower rate at higher ethylene coverages, indicative of 
lateral interactions and site-blocking effects. 
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Figure 4.4 Selected H2 desorption traces from Figure 4.2 and (Rh2X)+ / (Rh2)+ 
Temperature Programmed Static SIMS ion intensity ratios, representing the surface 
coverages of the decomposition products, during temperature programmed 
decomposition of ethylene on Rh(100), for low (left panel), medium (middle panel), 
and high (right panel) initial ethylene coverages. 

 

4.3.5 High Resolution Electron Energy Loss Spectroscopy (HREELS) 
Figure 4.5 (top) shows the HREELS spectrum for low coverage of ethylene (0.10 
ML). In this experiment the surface was exposed to ethylene at temperatures below 
100 K and subsequently annealed to the indicated temperature. The surface was then 
cooled down again, and the spectrum recorded at 100 K. Figure 4.5 (bottom) shows 
the HREELS spectrum for a saturation coverage of ethylene (0.25 ML). Assignment 
of the HREELS peaks was done mainly based on previous publications of Egawa et 
al.[8], Slavin et al.[6,7], and Ibach et al.[9] The assignments are summarized in Table 
4.1. 
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Figure 4.5 High Resolution Electron Energy Loss Spectroscopy (HREELS) spectra of 
ethylene on Rh(100) for a low coverage (0.10 ML) (top) and a saturation coverage 
(0.25 ML) of ethylene (bottom). Ethylene was adsorbed below 100 K. The surface was 
then flashed till the indicated temperature, and the spectra were recorded at 100 K. 
All spectra have been normalized with respect to the elastic peak. 
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Table 4.1 Assignments of vibrational frequencies (cm-1) of ethylene on Rh(100). 
Assignment was done mainly based on previous publications of Egawa et al.[8], 
Slavin et al.[6,7], and Ibach et al.[9] 

Mode assignment Rh(100) / 
0.10 ML C2H4

Rh(100) /  
0.25 ML C2H4

ν(CH) ~ 3090 ~ 3070 

ν(CH3) ~ 2920 ~ 2900 

τ(CH3 / CH2)  ~ 1300-1450 

ν(CC) ~ 940 ~ 960 

δ(CH) ~ 840 ~ 820 

ν(Me-CxHy) ~ 400 ~ 400 

ν(CO)  ~ 1860 

ν(COphysisorbed) ~ 2200  

ν(Me-COphysisorbed) ~ 280  

 

The two most intense features are the ones at 940-960 cm-1, which correspond 
to the ν(CC) stretch mode according to Egawa et al.[8] and the peak at 2900-2920  
cm-1, which corresponds to the ν(CH3) stretch mode according to Slavin et al.[6] 
Furthermore, there are peaks at 3070-3090 cm-1 (ν(CH) stretch mode) and 820-840 
cm-1 (δ(CH) bend mode) (Slavin et al.[6] and Egawa et al.[8]). 

4.3.6 Low Energy Electron Diffraction (LEED) 
Figure 4.6 shows the LEED pattern for a saturation dosage of ethylene at 90 K. 
Ethylene is ordered in a p(2x2) pattern, corresponding to a saturation coverage of 0.25 
ML. However, this LEED pattern only exists at low temperature. Upon increasing the 
temperature the pattern changes to a c(2x2) pattern formed by the carbon overlayer. 
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Figure 4.6 LEED images of clean Rh(100) (left), Rh(100) with a saturation layer of 
ethylene at 90 K (middle), and Rh(100) with a carbon layer formed by the 
decomposition of a saturation layer of ethylene (right). A saturation layer of ethylene 
results in a p(2x2) pattern, corresponding to a coverage of 0.25 ML. Upon increasing 
the temperature, ethylene decomposes into carbon and hydrogen. The resulting 
carbon layer on the surface is ordered in a c(2x2) fashion. 

 

4.4 Discussion 
Before we discuss the results in detail, we note that the present work illustrates how 
computational and experimental approaches have integrated in surface science anno 
2006. It is nowadays easier to calculate how molecules adsorb and decompose than to 
measure it. Verification of computational results, however, remains essential before 
we can fully rely on computational chemistry. The present study of ethylene 
decomposition on Rh(100) reveals that the predictions from DFT are in remarkable 
agreement with the experiments: particularly the static SIMS results contain evidence 
for all the stable fragments in the calculations, whereas HREELS confirms the 
presence of ethylidyne on Rh(100) and supports the presence of CCH and possibly 
CH species. Nevertheless, it is important to be aware of shortcomings in both the 
experimental and theoretical approach. In spectroscopy we may not be able to observe 
all species due to selection rules in vibrational spectroscopy, or due to stability issues 
in secondary ion mass spectrometry, or simply because the surface concentration is 
too low. In computational chemistry we may have overlooked certain species, simply 
because we did not consider them in the calculation. Furthermore, the accuracy and 
flexibility of the simulations is still limited, and parameters like number of k-points 
and depth of the slab model need to be chosen carefully in order to obtain meaningful 
results. So, whereas both experiment and theory have their pros and cons, it is often 
the combination of both methods that proves to be a powerful tool in unraveling a 
catalytic process. Following is a detailed discussion of the results. 
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4.4.1 Low ethylene coverage (0.10 ML) 
In brief, ethylene at coverages around 0.10 ML decomposes rapidly to ethynyl (CCH), 
which is the dominant species at 90 K and is stable up to about 350 K, where it starts 
to decay (Figure 4.4). The SSIMS spectrum shows that at 90 K mainly ethynyl is 
present, next to very small amounts of acetylene, while ethylidyne is absent. The 
HREELS spectrum (Figure 4.5) indicates a small peak at 2918 cm-1 (characteristic for 
the CH3 stretch mode[6]) for temperatures below 100 K. Upon increasing the 
temperature above 100 K, the peak for the CH3 stretch mode vanishes and peaks 
corresponding to the ethynyl species appear: 3070-3090 cm-1 and 820-840 cm-1, 
corresponding to the CH stretch and bend mode, respectively. So, above 100 K both 
methods confirm that ethynyl is the main species on the surface. The HREELS and 
SSIMS spectra contradict each other only at the lowest temperature: the HREELS 
spectrum suggests the presence of a CCH3 species and the SSIMS spectrum mainly a 
CCH species. The reason for the discrepancy at temperatures below 100 K is in our 
view due to the presence of the contaminant CO in the HREELS experiment. As can 
be seen from Figure 4.5 (top), there are peaks at 280 cm-1 and 2198 cm-1 for the 
spectrum below 100 K, which are attributed to a small amount of physisorbed CO. 
This CO might slightly slow down or hinder the decomposition process. This was also 
observed by Slavin et al.[7], who were able to produce only the CCH3 intermediate by 
coadsorbing CO and ethylene. The CO has desorbed in the second HREELS spectrum 
at 200 K and there also the CCH3 peak has disappeared. Only the HREELS 
experiment suffers from this CO due to the nature of the HREELS set-up and 
experiment, which involves a slightly longer time period between sample cleaning 
and actual experiment. During this time period, a small amount of CO (which was 
used during the cleaning procedure) has apparently physisorbed onto the surface. In 
the SSIMS experiment the time period between cleaning the sample and measuring 
was smaller. Therefore, in this experiment no CO was detected and no inhibition of 
ethylene decomposition was observed. 

Upon increasing the temperature, the hydrogen and carbon content on the 
surface remain more or less constant till 300 K. The TPD spectrum shows that above 
300 K hydrogen starts to desorb from the surface. This hydrogen desorption creates 
vacant sites on the surface, enabling the further decomposition of the ethynyl species 
into carbon and methylidyne, which indeed starts after the main H2 desorption peak 
around 350 K and is completed around 450 K. The HREELS confirms that between 
400 and 500 K the ethynyl species is fully decomposed. The decomposition of ethynyl 
is accompanied by an increase in the carbon content on the surface, since it 
decomposes into carbon and CH. Above 450 K all ethynyl has been decomposed to 
carbon and methylidyne. Since H2 evolution occurs up to 550 K, we suggest that CH 
is still present (next to carbon atoms) and decomposes completely between 450 and 
550 K. At higher temperature only C-atoms remain. In brief: 
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atomsCemethylidynethynylethylene
CCHHCHC K550450K4503502K9042

−
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4.4.2 High ethylene coverage (0.25 ML) 
The decomposition of ethylene at higher coverages on Rh(100) is slowed down, due 
to a combination of lateral interactions between adsorbed species and site blocking 
effects. The TPSSIMS spectra in Figure 4.4 show that there is some decomposition of 
ethylene already at low temperatures (below 100 K), since hydrogen and 
decomposition products are present on the surface. The hydrogen level is significantly 
higher than what could be expected from background adsorption. According to Figure 
4.3, there are three different hydrocarbon fragments present on the surface next to 
molecular ethylene: these are C2H3, C2H2, and C2H. All are among the stable species 
of the computational scheme of Figure 4.1. A small fraction of these species may be 
sensitive to cracking in the mass spectrometer. However, the C2H3, C2H2, and C2H 
fragments show an intensity of the same order of magnitude, hence we believe that the 
species are indeed present on the surface. The HREELS spectrum shows the ν(CH3) 
stretch mode and the ν(CC) stretch mode, in agreement with the presence of the 
ethylidyne species. Furthermore, small signals for the δ(CH) bend mode and the 
ν(CH) stretch mode are present, in agreement with the ethynyl species. In addition, 
the TPSSIMS spectrum suggests that there is also molecular ethylene on the surface. 
One has to be careful in directly comparing the intensities for Static SIMS and 
HREELS. Both methods have different detection sensitivities towards different 
fragments. Therefore, a high signal in one method need not be accompanied by a high 
signal in the other method. The presence of a signal in both methods, however, is a 
strong indication of the presence of the fragment on the surface. Therefore, we 
conclude that at low temperatures, a mixture of molecular ethylene, ethylidyne, 
acetylene, and ethynyl together with hydrogen and carbon is present on the surface. 

The carbon signal in TPSSIMS (see Figure 4.4), although somewhat sensitive 
to decomposition of higher fragments in the mass spectrometer, can be taken as a 
measure of the decomposition that has occurred, and this signal is still very low at a 
temperature below 100 K. Upon increasing the temperature to 300 K, ethylene, 
ethylidyne, and acetylene decompose. This is accompanied by a slight increase in the 
carbon signal. The ethynyl species, however, is very stable and does not decompose 
yet. Note that there is no hydrogen desorption from ethylene below 200 K according 
to the TPD spectra. Since only the low coverage spectra of normal H2 desorption also 
show no desorption below 200 K, this could indicate that the hydrogen coverage is 
quite low. Nevertheless, ethylene does not remain fully molecularly adsorbed below 
200 K (Slavin et al.[6]), but decomposes to some extent. The TPD spectrum shows 
that above 200 K hydrogen starts to desorb from the surface, while the SIMS signal 
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for hydrogen decreases from 250 K onwards. This indicates that for a short 
temperature range (between 200 K and 250 K) the amount of hydrogen on the surface 
remains more or less constant, indicating an equilibrium between the amount of 
hydrogen produced by the decomposition of ethylene, ethylidyne, and acetylene and 
the amount of hydrogen desorbing. Note that the onset of the decrease of the hydrogen 
concentration on the surface (at 250 K) is about 50 K lower than for the low coverage 
case, indicative of lateral interactions. 

The TPSSIMS spectrum shows that at room temperature, 300 K, ethylene, 
ethylidyne, and acetylene are no longer present on the surface. The HREELS 
spectrum confirms that the ethylidyne species has been decomposed, since the ν(CH3) 
stretch mode has disappeared. At this temperature the HREELS spectrum only shows 
the δ(CH) bend mode and the ν(CH) stretch mode. This is consistent with the SIMS 
spectrum which also indicates that mainly ethynyl is present on the surface. The 
HREELS spectrum only shows a small signal for the ν(CC) stretch mode, but since 
the ethynyl is most likely present in a ‘bent’ mode parallel to the surface, according to 
the DFT calculations, we can expect the signal to be weak in a specular HREELS 
measurement. 

Above 250 K, the rate of hydrogen removal from the surface is higher than the 
rate of production. Therefore the hydrogen coverage of the surface decreases as seen 
in the SIMS data (Figure 4.4), creating vacant sites on the surface. This enables the 
decomposition of ethynyl (C2H), which starts around 300 K as shown by the 
temperature programmed SIMS data (Figure 4.4). The decrease of the ethynyl 
coverage is accompanied by an increase in the carbon coverage. It takes till 500 K 
before all ethynyl has been converted. Note that at a high initial ethylene coverage the 
ethynyl species starts decomposing at a temperature that is 50 K lower and is fully 
decomposed at a temperature that is 50 K higher compared to the low coverage case. 
This indicates that the decomposition process is slowed down at higher coverages. 
Above 500 K most of the hydrogen has left the surface, while carbon remains on the 
surface, as shown by the SIMS spectra. The HREELS spectrum confirms the 
decomposition of ethynyl since the peaks indicating the CH bend and stretch modes 
have almost disappeared at 500 K. There are still some poorly resolved desorption 
states for hydrogen above 500 K in the TPD spectrum, which are probably due to 
small amounts of methylidyne that are still present on the surface. Above 700 K there 
is no hydrogen desorption anymore. Carbon is strongly bound to the surface and does 
not desorb but can diffuse into the bulk at higher temperatures. Note that the final, 
total carbon content on the surface is much higher than for the low coverage case (see 
Figure 4.4). In brief: 
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4.4.3 Hydrogen desorption states  
In principle there are four desorption states for hydrogen. In addition to the two 
desorption states in a normal H2 desorption spectra from a hydrocarbon-free surface 
(peaks at 250 K and 330 K), the H2 desorption trace from ethylene decomposition 
shows two extra, decomposition limited, states at 365 K and 440 K. The peak at 440 
K can be attributed to the decomposition of the ethynyl species. This is shown very 
clearly by the TPSSIMS spectrum for the 0.10 ML ethylene coverage (Figure 4.4, left 
panel). The only species on the surface here is the ethynyl, and the temperature of its 
decomposition coincides with the hydrogen desorption peak at 440 K in Figure 4.2. 

For a high initial ethylene coverage, both decomposition-limited H2 desorption 
peaks are present. Slavin et al.[6] assigned the peak at 365 K to the conversion of 
ethylidyne to acetylene with subsequent conversion to ethynyl. We find that both 
ethylidyne and acetylene are already converted at 300 K, below the desorption state of 
365 K. Hence we attribute the H2 evolution at 365 K directly to the formation of the 
ethynyl (CCH) fragment from ethylidyne and acetylene. 

 

4.5 Conclusions 
Density-functional calculations of ethylene-derived hydrocarbon fragments adsorbed 
on the (100) surface of rhodium predict the following species to be stable: ethylene 
itself, ethylidyne (CCH3) in a hollow site, acetylene (CHCH) in a hollow site, ethynyl 
(CCH) in a ‘bent’ position with each carbon bound to two rhodium atoms, 
methylidyne (CH) in a hollow site, and carbon in a hollow site. Spectroscopic 
confirmation of these species has been obtained from high-resolution electron energy 
loss spectroscopy and static secondary ion mass spectrometry, and in an indirect way 
via temperature programmed desorption of hydrogen. Low energy electron diffraction 
shows that a saturation layer of ethylene orders in a p(2x2) structure, implying a 
saturation coverage of 0.25 ML for the ethylene. The resulting carbon layer after 
complete decomposition orders in a c(2x2) fashion. Temperature programmed SIMS 
and temperature programmed desorption give insight into the stability ranges of the 
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species. The nature and rate of decomposition of the hydrocarbon fragments depends 
on the surface coverage. Ethynyl (CCH) and methylidyne (CH) are the dominant 
intermediates in the decomposition of ethylene to carbon at low coverage, whereas 
ethylidyne (CCH3) and acetylene (CHCH) appear as stable intermediates at saturation 
coverage. The rate of decomposition is highest at low coverage. 
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Chapter 5 

Acetylene decomposition on Rh(100):                          
theory and experiment * 

 

 

The decomposition of acetylene on a Rh(100) single crystal surface 
has been studied by a combination of experimental techniques: Static 
Secondary Ion Mass Spectrometry (SSIMS), Temperature 
Programmed Desorption (TPD), and Low Energy Electron Diffraction 
(LEED), to gain insight into the reaction pathway and the nature of 
the reaction intermediates. The experimental techniques were 
combined with a computational approach using Density Functional 
Theory (DFT). Acetylene adsorbs irreversibly on the Rh(100) surface 
and eventually decomposes to atomic carbon and gas phase hydrogen. 
Combining the experimental and computational results enabled us to 
determine the most likely reaction pathway for the decomposition 
process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The contents of this chapter have been submitted for publication: D.L.S. Nieskens, 
F. Ample, M.M.M. Jansen, D. Curulla-Ferré, J.M. Ricart, and J.W. Niemantsverdriet, 
submitted, (2005) 
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5.1 Introduction 
The interaction of unsaturated hydrocarbons such as acetylene and ethylene with 
metal surfaces has been the subject of numerous surface science studies. Insight into 
the nature of the intermediate fragments during the decomposition reaction of these 
hydrocarbons is important when investigating surface reactions of these intermediates 
with other species, like for instance nitrogen atoms. These reactions can lead to the 
formation of products with C-N bonds. For example, Van Hardeveld et al.[1-3] 
showed that all N-atoms co-adsorbed to CH species on a Rh(111) surface reacted to 
HCN at temperatures that are substantially below those employed in industrial HCN 
synthesis. We are currently exploring similar reactions between hydrocarbon species 
that are larger than CH, on a range of surfaces, including Rh(100). For this study we 
need an adequate characterization of hydrocarbon species that occur on these surfaces. 
Hence, the purpose of this Chapter is to investigate the decomposition pathway of 
acetylene on the Rh(100) surface and the nature of the reaction intermediates. 

A brief overview of the proposed acetylene decomposition pathway on fcc 
metals, including the reaction intermediates, is given in Table 5.1. The bcc metals iron 
and tungsten are very reactive in the acetylene decomposition reaction. On Fe(111) a 
mixture of CCH (ethynyl) and CCH2 (vinylidene) is found[4,5] which decompose 
completely to carbon and hydrogen at elevated temperatures. The (110) surface[5-7] 
and the (100) surface[5,8] of iron immediately break the C≡C bond of acetylene to 
form two CH (methylidyne) species. Likewise, on the tungsten (110) surface[9] and 
(100) surface[10,11] acetylene fully decomposes. A few studies address acetylene on 
the (0001) surfaces of the hcp metals ruthenium and cobalt. On cobalt acetylene 
decomposes[12,13] via vinylidene and methylidyne, while ethynyl and CCH3 
(ethylidyne) are the dominant species on ruthenium.[14] 

In this Chapter we investigate the decomposition of acetylene on a Rh(100) 
surface. There is one previous publication on acetylene on Rh(100) by Kose et al.[15] 
In their work, it was reported that at low coverages the Rh(100) surface showed more 
extensive dehydrogenation capabilities compared to the Rh(111) surface. The main 
intermediate proposed in the acetylene decomposition process was the ethynyl 
species. Furthermore, the authors stated that the saturation coverage for acetylene 
appeared higher compared to ethylene. 

We will use Static Secondary Ion Mass Spectrometry (SSIMS) and 
Temperature Programmed Desorption (TPD) as experimental techniques in 
combination with a computational approach using Density Functional Theory (DFT) 
calculations to determine the reaction intermediates and the most likely reaction 
pathway for the decomposition reaction of acetylene on Rh(100). 
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Table 5.1 Intermediates in Acetylene Decomposition on Metals 

Metal Decomposition reaction References
 
fcc (111) surfaces
   
 
Pt 2

3
222 H C,

CCH
CCH

CCHHC ⎯→⎯
⎭
⎬
⎫

⎩
⎨
⎧

⎯→⎯⎯→⎯  
[16-24] 

   
 
 
Pd ⎩

⎨
⎧

⎯→⎯⎯→⎯
⎯→⎯

⎯→⎯⎯→⎯
+

23
H

2
222 H C,CCH

H C,
CCHHC

2

 
[21,25-29] 

 benzeneH3C 22 ⎯→⎯  [30,31] 
   
 
Ni 2

3
22 H C,

CHCCHCCH:θhigh 
CHCCH :θ low

HC ⎯→⎯
⎭
⎬
⎫

⎩
⎨
⎧

⎯→⎯⎯→⎯
⎯→⎯

⎯→⎯  
[20,21,32-
35] 

   
 
Ir 2

3
22 H C,

CCHCCH traces
CCH

HC ⎯→⎯
⎭
⎬
⎫

⎩
⎨
⎧

⎯→⎯
⎯→⎯  

[36] 

   
 
Rh 2222 H C,

CH
CCH

CCHHC ⎯→⎯
⎭
⎬
⎫

⎩
⎨
⎧

⎯→⎯⎯→⎯  
[21,37] 

   
fcc (110) surfaces
   
Ag No decomposition [38] 
   
Cu No decomposition [39,40] 
   
 
Ni 2

2
22 H C,

CH
CCH

CCHHC ⎯→⎯
⎭
⎬
⎫

⎩
⎨
⎧

⎯→⎯⎯→⎯  
[41,42] 

   
fcc (100) surfaces
   
Cu 

2222 H C,CCHCCHHC ⎯→⎯⎯→⎯⎯→⎯  [43] 
   
Ni 

222 H C,CHHC ⎯→⎯⎯→⎯  [42] 
   
Rh 

222 H C,CCHHC ⎯→⎯⎯→⎯  [15] 
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5.2 Experimental methods and theoretical details 
TPD, LEED, and static SIMS experiments were carried out in a stainless steel 
ultrahigh vacuum (UHV) system with a base pressure of 1 x 10-10 mbar. Static SIMS 
spectra were taken by using a defocused 5 keV Ar+ primary ion beam with a current 
density of 1 nA/cm2 at an incident polar angle of 60° with respect to the surface 
normal. Secondary ions were collected under a polar angle of 30°. These conditions 
enable measurements in static mode, with a removal rate of less than one monolayer 
of adsorbates per several hours. A typical temperature programmed experiment lasted 
3 minutes at most. For a general introduction into the techniques used here, we refer 
to Niemantsverdriet.[44] 

A rhodium single crystal of (100) orientation with 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. The sample could be cooled to 90 K by flowing liquid nitrogen 
through the manipulator. Temperatures were measured using a chromel-alumel 
thermocouple spotwelded to the back of the crystal. 

The crystal surface was cleaned on a daily basis by cycles of argon sputtering 
and annealing under oxygen. Argon sputtering (0.5 keV, 6 µA/cm2) at 920 K was 
used to remove small amounts of impurities, such as boron, sulphur, phosphorus, and 
chlorine, until these were no longer detectable with SIMS. Carbon appeared to be the 
most difficult impurity to remove. Near-surface carbon was removed by heating the 
crystal in 2 x 10-7 mbar O2, cycling the temperature between 900 and 1100 K. Oxygen 
was removed, and surface ordering was restored by flashing the crystal to 1400 K. 
After flashing the crystal, a small amount of O2 was adsorbed at low temperature, and 
the crystal was heated to 900 K. This was done to remove small amounts of carbon 
that had diffused to the surface during the flashing and subsequent cooling. Finally 
CO was dosed at 550 K to react away the remaining oxygen on the surface, and a 
flash to 800 K removed the excess of CO. After this procedure the SIMS spectra of 
the crystal showed no contamination, and the LEED picture showed a sharp p(1x1) 
pattern. After each experiment the procedure mentioned above (except argon 
sputtering) was repeated to remove the carbon that was created during the acetylene 
decomposition process. 

A mixture of 10 % acetylene (99.6% pure) and 90 % N2 (from Hoek Loos) 
was used without further purification. Gas dosing for all experiments was done at 100 
K or lower. All temperature-programmed experiments were done at a heating rate of 5 
K/s. 

In the computational approach, the Rh(100) surface was modelled using a four-
metal layer slab, describing a p(2x2) unit cell, and six vacuum layers. The relative 
positions of the atoms are those as in the bulk, with an optimized lattice parameter of 
3.8543 Å (the experimental value is 3.8034).[45] The top layer of Rh atoms was 
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relaxed, while the other Rh atoms were frozen in their bulk positions. All the 
calculations have been done at the Density Functional Theory (DFT) level, using the 
Vienna ab-initio simulation package (VASP)[46,47], which performs an iterative 
solution of the Kohn-Sham equations in a plane-wave basis set. Plane-waves with a 
kinetic energy below or equal to 400 eV have been included in the calculation. The 
exchange-correlation energy has been calculated within the generalized gradient 
approximation (GGA) using the form of the functional proposed by Perdew and 
Wang[48,49], usually referred to as Perdew-Wang 91 (PW91). The electron-ion 
interactions are described by the projector augmented wave method (PAW) developed 
by Blöchl.[50] This is essentially an all-electron frozen core method combining the 
accuracy of all-electron methods and the computational simplicity of the 
pseudopotential approach, especially in the implementation of Kresse and Joubert.[51] 
The reciprocal space has been sampled with a (5x5x1) k-points grid automatically 
generated using the Monkhorst-Pack method.[52] For the calculation of the fractional 
occupancies, a broadening approach proposed by Methfessel and Paxton[53] is used 
with N = 1 and σ = 0.1 eV. The climbing-image nudged-elastic-band method (CI-
NEB)[54] was used to obtain minimum energy pathways and transition-state 
structures. 

 

5.3 Results 

5.3.1 Density Functional Theory (DFT) 
During the decomposition of acetylene, several species can be present on the surface: 
C2H2 (acetylene), C2H (ethynyl), CH (methylidyne), C2, C, and H. Using density 
functional theory, we calculated the energies of these species on the top, bridge, and 
hollow site of the Rh(100) surface. The results are summarized in Table 5.2. 
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Table 5.2 Relative energies [eV] of acetylene and its decomposition products on 
different sites of the Rh(100) surface. The lowest energy for a given fragment has been 
set to zero. 

Fragment Top Bridge Hollow Bent 

C2H2

 
      +1.98       +1.24       0.00 

- 

C2H 

 
      +2.26       +1.78       +1.43 

 
      0.00 

CH 

 
      +2.26       +0.88       0.00 

- 

C 

 
      +2.66       +1.49       0.00 

- 

H 

 
      +0.32       0.00       +0.01 

- 

 

Subsequently, we calculated the reaction energy change and the activation 
energy for each possible step in the decomposition process. These results are listed in 
Table 5.3. 

 

Table 5.3 Reaction energy changes (∆Er, [eV]) and activation energies (Eact, [eV]) 
for the reactions occurring during the decomposition of acetylene on Rh(100). 

Reaction ∆Er [eV] Eact [eV] 

C2H2    →    CH + CH -0.62 1.35 
C2H2    →    CCH + H +0.08 1.02 
CCH    →    CH + C -0.84 1.39 
CCH    →    C2 + H +0.99 1.94 
C2        →    C + C -1.94 0.98 
CH       →    C + H -0.13 0.70 
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Figure 5.1 gives a schematic overview of the possible routes in the 
decomposition process together with all relevant energies. In order to compare these 
calculations with experiments, it is important to note that the DFT calculations were 
done on a (2x2) unit cell, such that the effective acetylene coverage is 0.25 
monolayer. Note that adsorbed carbon and hydrogen atoms are lower in energy than 
adsorbed acetylene. Hence, from these calculations we expect that acetylene will 
eventually decompose into carbon and hydrogen. 

 

Figure 5.1 Energy profile of the acetylene decomposition reaction on the Rh(100) 
surface obtained from density functional calculations. 
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5.3.2 Temperature Programmed Desorption (TPD) 
The aim of the TPD experiments is to establish the decomposition pathway of 
acetylene by examining the hydrogen evolution. Hydrogen is the only product 
desorbing from the surface. Figure 5.2 shows the hydrogen desorption traces, obtained 
after exposing the surface to varying amounts of acetylene at 90 K. Four different 
peaks are identified: the first at 375 K (shifting towards 325 K at higher coverages), 
the second at 440 K (shifting towards 420 K at higher coverages), the third at 600 K, 
and the fourth at 690 K. 

 The peak in the 325 to 375 region is normally observed for H2 evolution from 
H adsorbed on a clean Rh(100) surface.[55] The peaks above 400 K are all associated 
with decomposition limited H2 formation and reflect decomposition of hydrocarbon 
species. 
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Figure 5.2 Temperature 
Programmed Desorption 
(TPD) spectra of H2 (m/z = 
2) obtained after exposing 
the Rh(100) surface to 
various doses of C2H2 at 
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5.3.3 Static Secondary Ion Mass Spectrometry (SSIMS) 
Static SIMS has been performed to study the nature of the intermediate hydrocarbon 
species on the surface during the decomposition process. Figure 5.3 shows a typical 
SSIMS spectra of the Rh(100) surface exposed to a high dose of acetylene 
(corresponding to 0.36 ML) at a temperature below 100 K. The spectrum was 
recorded at 400 K and has been normalized with respect to the (Rh2)+ peak intensity, 
so that the figure represents in fact the intensity ratios (Rh2CxHy)+ / (Rh2)+. These 
ratios are generally semi-quantitative indicators of coverage.[56-60] Six distinct peaks 
appear in the mass range shown: (Rh2)+ (m/z = 206), (Rh2H)+ (m/z = 207), (Rh2Li)+ 
(m/z = 213), (Rh2C)+ at (m/z = 218), (Rh2C2)+ (m/z = 230), and (Rh2C2H)+ (m/z = 
231). The presence of the lithium signal is explained by the very high sensitivity of 
SIMS for this species.[61] Its concentration therefore is most likely extremely small. 
All the mass channels mentioned above are monitored in the temperature-
programmed experiments that we describe next. 

 

200 210 220 230 240
0.0

0.2

0.4

0.6

0.8

1.0

 

 

(R
h 2

X)
+ /(R

h 2
)+  in

te
ns

ity
 ra

tio

Mass (m/z)

0.36 ML C2H2

Tads = 100 K
Tmeasurement = 400 K

(Rh2H)+

(Rh2)+

(Rh2C)+

(Rh2Li)+
(Rh2CC)+

(Rh2C2H)+

200 210 220 230 240
0.0

0.2

0.4

0.6

0.8

1.0

 

 

(R
h 2

X)
+ /(R

h 2
)+  in

te
ns

ity
 ra

tio

Mass (m/z)

0.36 ML C2H2

Tads = 100 K
Tmeasurement = 400 K

(Rh2H)+

(Rh2)+

(Rh2C)+

(Rh2Li)+
(Rh2CC)+

(Rh2C2H)+

 

Figure 5.3 Static Secondary Ion Mass Spectrometry (SSIMS) spectra obtained after 
exposing the Rh(100) surface to 0.36 ML acetylene at 100 K. The spectrum was 
recorded at 400 K. 
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5.3.4 Temperature Programmed Static Secondary Ion Mass Spectrometry (TP-
SSIMS) 

Temperature Programmed Static SIMS has been performed to study the evolution in 
concentration of the intermediate hydrocarbon species on the surface during the 
decomposition process. In these experiments, the surface was exposed to acetylene at 
100 K and subsequently heated at 5 K/s to 800 K. 
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Figure 5.4 Selected H2 desorption traces and (Rh2X)+ / (Rh2)+ Temperature 
Programmed Static SIMS ion intensity ratios, representing the surface coverages of 
the decomposition products, during temperature programmed decomposition of 
acetylene on Rh(100). Three different initial coverages of acetylene are depicted: low 
(0.08 ML), medium (0.20 ML), and high (0.36 ML). 
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Figure 5.4 shows the TP-SSIMS traces for the different species at three 
different initial coverages of acetylene. For comparison we have included in the upper 
panel the corresponding hydrogen TPD traces from the TPD spectra with the same 
initial coverage of acetylene. Again, we have plotted the intensity ratios (Rh2CxHy)+ / 
(Rh2)+, which are at least qualitatively representative for the surface coverage of the 
intermediates. Five distinct traces are followed: (Rh2)+ (m/z = 206), (Rh2H)+ (m/z = 
207), (Rh2C)+ at (m/z = 218), (Rh2C2)+ (m/z = 230), and (Rh2C2H)+ (m/z = 231). The 
‘CH’ SIMS trace was not included in the graph. In general, it is difficult to obtain 
information from this signal for two reasons. First, there is a contribution to this signal 
from larger fragments that are cracked in the mass spectrometer. Second, the carbon 
peak is much higher in intensity compared to the CH peak and therefore the carbon 
peak overlaps at the base with the CH peak, leading to an almost indiscernible CH 
signal. 

5.3.5 Low Energy Electron Diffraction (LEED) 
We carried out LEED measurements at different coverages of acetylene to determine 
whether or not acetylene forms an ordered pattern on the surface. We did not find any 
ordered structure at any of the initial coverages. This made quantification of the 
surface coverage of acetylene difficult. In a previous study, however, we determined a 
saturation coverage for ethylene of 0.25 ML.[55] This enabled us to correlate the 
amount of hydrogen desorbing from the surface during the decomposition process to 
the initial amount of ethylene or acetylene (thereby taking into account the fact that 
ethylene possesses twice as much hydrogen atoms as acetylene). From this correlation 
we found a saturation coverage of acetylene of 0.41 ± 0.05 ML compared to 0.25 ML 
for ethylene. 

 

5.4 Discussion 
Combining the theoretical and experimental results, we will now try to establish the 
most likely decomposition pathway for acetylene. There are two possibilities for the 
first step in the decomposition process. The first one is breaking of the CC bond, 
leading to two CH fragments. The second possibility is breaking of a CH bond, 
leading to the ethynyl species. This ethynyl fragment is (according to Table 5.2) most 
stable in the ‘bent’ configuration. The DFT results in Figure 5.1 show that breaking of 
the CH bond has a lower activation energy compared to breaking of the CC bond. The 
reaction energy change, however, is in favour of CC bond breaking. This suggests that 
CH bond breaking is kinetically preferred, while CC bond breaking is 
thermodynamically preferred. 

The TP-SIMS spectrum (Figure 5.4) shows that the CC bond is retained till 
around 400 K at low coverage and above 500 K at high coverage. Simultaneously, the 
CCH species is present till 400 K at low coverage and till 550 K at high coverage. 
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This suggests that the CC bond remains intact up to these temperatures. Furthermore, 
The SIMS spectra show the presence of hydrogen on the surface. The level is 
significantly higher than what could be expected from hydrogen adsorption from the 
background of the vacuum system or from fragmentation of higher CxHy species, 
indicating that (at least to some extent) CH bond breaking has occurred. Hence, we 
conclude that the first step in the decomposition process is breaking of one of the CH 
bonds to form the ethynyl species. The hydrogen thus formed on the surface desorbs 
between 325 K and 375 K leading to a drop in the hydrogen coverage on the surface 
(indicated by the TP-SIMS trace) and a desorption feature in the TPD spectrum in this 
temperature range. All hydrogen desorbing above 400 K is decomposition limited, 
because the TPD spectrum from hydrogen desorbing from a clean rhodium surface 
shows no features above 400 K.[55] According to the TP-SIMS spectrum, the 
hydrogen coverage above 400 K is close to zero. This indicates that each hydrogen 
atom that is formed from the breaking of a CH bond recombines with another 
hydrogen atom and desorbs instantaneously. This creates empty space on the surface. 

  This free space enables the following step in the decomposition process to 
proceed. This step is most likely breaking of the CC bond. The DFT results show that 
this step requires a lower activation energy compared to the breaking of the second 
CH bond. Furthermore, the reaction energy change for the CC bond breaking is now 
highly favoured over the CH bond breaking. The TP-SIMS spectra at low coverage 
indeed show that above 375 K the CCH and CC signal drop simultaneously, 
indicating that the CCH species decomposes into C and CH species and not into CC 
and H, in agreement with the DFT results. At high coverage, the situation is slightly 
different. In this case, decomposition of the CCH fragment is a slow process spanning 
the whole temperature range from 400 K till about 600 K. This is most likely due to 
the increased surface coverage leading to less free space on the surface and thereby 
hindering the decomposition process of the CCH fragments. This increased surface 
coverage is demonstrated readily by the high intensity of the TP-SIMS carbon trace. 

The surface is now covered with a mixture of carbon and methylidyne. At low 
coverage, the TPD spectrum shows a desorption feature at 450 K. As mentioned 
before, this is a decomposition limited peak. We attribute this feature to the next step 
in the decomposition process, namely breaking of the CH bond of the methylidyne 
species. The final result is a surface covered solely with carbon atoms. At high 
coverage, the delay in decomposition of ethynyl results in methylidyne fragments 
being present at these high temperatures as well. In addition, the high surface 
coverage also prevents the decomposition of these CH fragments. All of this results in 
a large hydrogen desorption tail in the TPD spectrum. At this high coverage, the 
methylidyne fragments have fully decomposed into carbon only above 750 K. 

This elongated decomposition process occurs to a far lesser extent during the 
decomposition of ethylene.[55] The reason for this is most likely the difference in 
saturation coverage of the two hydrocarbons. As mentioned earlier, ethylene has a 
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saturation coverage of 0.25 ML, while acetylene has a saturation coverage of 0.40 ± 
0.05 ML. This implies that during the decomposition of acetylene the surface 
coverage of CH fragments and carbon atoms is much higher, hindering the 
decomposition of the former. 

 

5.5 Conclusion 
Using a combination of experimental techniques and a computational approach we 
examined the acetylene decomposition pathway on the Rh(100) surface. 

Acetylene adsorbs in a random fashion on the Rh(100) surface with a 
saturation coverage of 0.40 ± 0.05 ML. The four-fold hollow site is the preferred 
adsorption site. 

Density-functional calculations indicate that the preferred decomposition 
pathway of adsorbed acetylene is via CH bond breaking to form CCH, which 
subsequently decomposes to CH + C. The final step is breaking of the CH bond of 
methylidyne leading to atomic carbon and hydrogen. Spectroscopic confirmation of 
this decomposition pathway has been obtained from static secondary ion mass 
spectrometry and in an indirect way via temperature programmed desorption of 
hydrogen. 

Temperature programmed SIMS and temperature programmed desorption give 
insight into the stability ranges of the species. The rate of decomposition of the 
hydrocarbon fragments depends on the initial surface coverage of acetylene: the rate 
of decomposition is highest at the lowest initial coverage. At a high initial acetylene 
coverage, the methylidyne species is present in significant amounts till temperatures 
up to 750 K. Its decomposition is greatly retarded by a high surface coverage 
indicating a significant role of adsorbate interactions. 

The present study of acetylene decomposition on Rh(100) reveals that the 
predictions from DFT are in remarkable agreement with the experiments. So, whereas 
both experiment and theory have their pros and cons, it is often the combination of 
both methods that proves to be a powerful tool in unravelling a catalytic process. 
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Chapter 6 

Migration of carbon into subsurface layers of 
transition metals: a density functional theory study*

 

 

The presence of atoms in interstitial positions just below the surface of 
a metal may drastically alter the metal’s surface reactivity and thus its 
behaviour in e.g. catalytic reactions. Here we explore the driving force 
for the migration of carbon into positions immediately below the (100) 
surface of rhodium in dependence of the initial concentration of 
adsorbed carbon atoms by using density functional theory 
calculations. The results show that carbon atoms adsorb on the 
rhodium surface at low concentrations, whereas at coverage levels 
exceeding 50% (i.e. 1 carbon per 2 metal atoms in the surface) strong 
repulsive interactions develop, making configurations with carbon 
atoms in subsurface positions energetically more favourable, thus 
providing a driving force for migration of carbon into the rhodium 
lattice. 

 

 

 

 

 

 

 

 

 

 

 

* The contents of this chapter have been submitted for publication: D.L.S. Nieskens, 
D. Curulla-Ferré, and J.W. Niemantsverdriet, submitted, (2005) 
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6.1 Introduction 
The diffusion of atoms into interstitial positions of the metal lattice has been observed 
or invoked in many investigations of atomic adsorbates. These subsurface species are 
often elusive, since the opportunities for direct observation are in practice limited to 
ion scattering experiments in channelling / blocking mode.[1] Nevertheless, 
experiments with more commonly used surface science tools such as temperature 
programmed desorption, photoemission, and electron energy loss spectroscopy have 
occasionally provided strong indications, though indirect, for the presence of 
subsurface species in the catalytically relevant Group VIII and Ib metals. Subsurface 
atoms are believed to have a significant influence on the adsorption of molecules as 
well as on reactions proceeding at the surface.[2-10] 

Experimental studies on subsurface oxygen species are abundant.[2-4,11-21] 
Computational work confirmed the stability of subsurface oxygen on e.g. silver[22-
25], copper[26,27], iron[28], and rhodium[29,30] and indicated that adsorbed oxygen 
atoms will be incorporated as a subsurface species when the surface coverage 
increases towards a monolayer. 

Except for metals such as iron, cobalt and nickel, which are well known to 
form bulk carbides, evidence for subsurface carbon on transition metals is rather 
limited in comparison to oxygen. Nevertheless, its existence was proven on the 
surfaces of Pt(110)[5] and Pd(110)[6]. Theoretical work on subsurface carbon is 
relatively scarce as well. For Fe(110) and Fe(100) it was shown[31] that the repulsive 
interaction between surface carbon increases at increasing coverage. In general, the 
few computational studies on subsurface species in transition metals have been 
limited to specific configurations of atoms on and below the surface.  

In this Chapter we explore the stability of carbon atoms on and below the 
surface of the rhodium metal as a function of carbon concentration, by means of 
density functional theory calculations. To ensure truly relaxed configurations all 
atoms in the calculations were allowed to relax in all directions. As this makes the 
study demanding in terms of computational time, we limit ourselves to carbon atoms 
on and in a (2x2) cell of (100)-terminated rhodium metal, for which we calculate the 
total energy of the different configurations. The work shows that migration of carbon 
into the metal in subsurface positions becomes favourable when the surface 
concentration of carbon exceeds 0.5 monolayer (or 50%). 
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6.2 Theoretical details 
The Rh(100) surface was modelled using a seven-metal layer slab, describing a p(2x2) 
unit cell, and seven vacuum layers. The relative positions of the atoms are those as in 
the bulk, with an optimized lattice parameter of 3.8543 Å (the experimental value is 
3.8034).[32] Three different surface sites (top, bridge, and hollow) and two different 
subsurface sites (tetrahedral and octahedral) are considered (see Table 6.1). Carbon 
atoms were placed in surface and/or in subsurface sites on both sides of the slab. All 
atoms in the unit cell were relaxed in all directions. Density Functional Theory (DFT) 
calculations were carried out, using the Vienna ab-initio simulation package 
(VASP)[33,34], which performs an iterative solution of the Kohn-Sham equations in a 
plane-wave basis set. Plane-waves with a kinetic energy below or equal to 400 eV 
have been included in the calculation. The exchange-correlation energy has been 
calculated within the generalized gradient approximation (GGA) using the form of the 
functional proposed by Perdew and Wang.[35,36] The electron-ion interactions are 
described by the projector augmented wave method (PAW) developed by Blöchl.[37] 
The reciprocal space has been sampled with a (8x8x1) k-points grid automatically 
generated using the Monkhorst-Pack method.[38] For the calculation of the fractional 
occupancies, a broadening approach proposed by Methfessel and Paxton[39] is used 
with N = 1 and σ = 0.05 eV. The geometry optimization was stopped when the force 
acting on each atom dropped below 0.01 eV/Å. 

The nature of the relaxed configuration was determined by a vibrational 
analysis only allowing the carbon atom(s) to move. The adsorption energy of carbon 
atoms on the surface and the absorption energy of carbon atoms in the subsurface are 
both referenced to isolated carbon atoms in the gas phase and a pure rhodium slab: 

 

( ) ( ) ( )CExRhECRhEE slabxslababsads ∗−−=/                (6.1) 

 

The first term on the right-hand side is the total energy of the rhodium slab with x 
carbon atom(s). The second term is the total energy of the rhodium slab and the last 
term is the total energy of x carbon atoms in the gas phase. 
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6.3 Results and Discussion 
Table 6.1 summarizes the adsorption and absorption energies for a single carbon atom 
in the (2x2) unit cell of Rh(100). This situation corresponds to the lowest carbon 
coverage in this study: 0.25 ML. As expected, carbon atoms prefer adsorption in the 
four-fold hollow site on the surface. For carbon absorbed in subsurface and bulk sites, 
the octahedral site is preferred over the tetrahedral site. However, subsurface and bulk 
sites are less stable than the surface hollow site. Hence, there is no driving force for a 
single carbon atom (corresponding to a coverage of 0.25 ML) to diffuse to the 
subsurface region when adsorbed on a Rh(100) surface. 

 

Table 6.1 Adsorption and absorption energy of a single carbon atom per (2x2) cell of 
Rh(100) with respect to a carbon atom in the gas phase. 

Cads adsorption energy 

Hollow site -8.07 eV 

Bridge site -6.67 eV 

Top site -5.46 eV 

 

H

T

B
H

T

B

 

Csub absorption energy 

Octahedral site -6.81 eV 

Tetrahedral site -6.10 eV 

 

Cbulk absorption energy 

Octahedral site -6.76 eV 

Tetrahedral site -5.53 eV 

 

Te
Oc

Te
Oc

 

 

To investigate the effect of a higher carbon coverage, we calculated the 
energies of a large number of systems, increasing the carbon content of the (2x2) unit 
cell up to a maximum of four atoms and changing the relative amount of carbon on 
the surface and in the subsurface. To limit the number of calculations, we assumed 
that carbon adsorbs only in the four-fold hollow or octahedral sites. Distributing one 
to four carbon atoms between surface and subsurface sites leads to 14 different 
possible ratios between surface and subsurface concentration. Several configurations 
may be possible depending on the relative positions of the atoms on or below the 
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surface. This leads to 22 configurations, for which we calculated the total energies. 
For cases with more than one configuration per concentration ratio, we consider only 
the lowest in energy. This procedure yields the energetically preferred states and the 
reaction energy for going from one state to another, see Figure 6.1. 
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Figure 6.1 Energy diagram showing the total adsorption (absorption) energy of 
different amounts of carbon atoms divided over surface and subsurface sites in a 
(2x2) cell of Rh(100). Cads represents adsorbed carbon atoms, Csub subsurface carbon, 
and Cint represents the configuration in which carbon is adsorbed in a surface hollow 
site, but below the level of rhodium atoms (see text). The inset shows a structure 
model in which black dots mark the four possible surface hollow adsorption and four 
subsurface octahedral absorption sites. Note that the picture represents only the top 
half of the actual unit cell used in the DFT calculations. 

 

As Figure 6.1 shows, the on surface position is favoured for coverages up to 
0.5 monolayer (2 carbon atoms per (2x2) cell). The relaxed geometries for coverages 
of 0.25 ML and 0.50 ML are shown in Figure 6.2 and 6.3, respectively. 
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Figure 6.2 The most stable geometry at a 
coverage of 0.25 ML. Carbon will remain 
on the surface. 

 

 

 

 

 

Figure 6.3 The most stable geometry at a 
coverage of 0.50 ML. All carbon atoms 
remain on the surface. 

 

 

 

 

However, for 3 carbon atoms per (2x2) unit cell, corresponding to the 
equivalent of 0.75 ML of adsorbed carbon, the total energy minimizes when one of 
the three carbon atoms is located in the octahedral site below the surface. Also the 
configuration with two subsurface and one adsorbed carbon is energetically more 
favourable than the situation with all three carbon atoms adsorbed on the surface. In 
the latter case the average adsorption energy per carbon atom would be -6.98 eV, as 
compared to -8.07 eV for a single adsorbed atom, illustrating the strong repulsive 
interaction between carbon atoms on nearest neighbour sites. 

The normal mode analysis of the vibrations revealed that the situation with 3 
carbon atoms adsorbed on the surface of the (2x2) unit cell is not a true minimum, but 
a transition state towards a local energy minimum, indicated by the dashed line in 
Figure 6.1 marked with ‘2Cads + Cint’. It corresponds to a configuration with two 
carbon atoms on the surface and one in an intermediate position located 0.53 Å below 
the four-fold hollow site. The other two atoms are adsorbed 0.63 Å above the surface 
level. Interestingly, this shows that at a higher carbon coverage new stable adsorption 
sites appear for the carbon atom other than the hollow, tetrahedral, and octahedral 
sites. The extra energy gained by moving the carbon completely to the octahedral site 
is small: -0.12 eV. In this case, the two carbon atoms remaining on the surface move 
slightly down to a position 0.56 Å above the surface level. This most stable 
configuration is depicted in Figure 6.4. 
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Figure 6.4 The most stable geometry at 
a coverage of 0.75 ML. It is more 
favorable to place a part of the carbon 
atoms in subsurface positions, rather 
than retaining all on the surface. 

 

 

 

We conclude that for carbon coverages above 0.5 ML, repulsive interactions 
between the carbon atoms on the surface become so strong that a fraction of the 
carbon atoms diffuses into subsurface positions. At first, carbon will only move down 
in the hollow site to a position below the rhodium atoms, but eventually it will move 
completely into the subsurface octahedral position. 

The situation becomes even more pronounced with four carbon atoms per 
(2x2) unit cell. Placing all four on the surface (corresponding to a coverage of 1 
monolayer) leads to a huge repulsive interaction (the average adsorption energy 
decreases by 2 eV in comparison to a single carbon atom) and a normal mode analysis 
shows that this geometry is a transition state. Two carbon atoms prefer to move down 
(below the rhodium level) and two prefer to stay above the surface level. Like in the 
case of three carbon atoms, this leads to a stable geometry in which some of the 
carbon has already moved to a position below the rhodium level but not yet 
completely to the octahedral site, (indicated by ‘2Cads + 2Cint’ in Figure 6.1). Moving 
both carbon atoms into subsurface octahedral sites does not result in additional energy 
gain. However, the lowest energy configuration for 4 carbon atoms per (2x2) cell is 
that with one carbon in the subsurface octahedral site and three on the surface (see 
Figure 6.5). In this configuration, two carbon atoms are adsorbed in a hollow site 0.62 
Å above the rhodium level, one carbon atom in a hollow site 0.59 Å below the 
rhodium level, and one carbon atom absorbed in a subsurface octahedral site 
(indicated by ‘2Cads + Cint + Csub’ in Figure 6.1). Hence, again we conclude that a high 
surface coverage of carbon leads to diffusion of carbon into subsurface sites. 

 

Figure 6.5 The most stable geometry at a 
coverage of 1 ML. One carbon atom has 
moved completely to the octahedral site, 
two are adsorbed above the rhodium 
level, while one has moved down below 
the surface level in the hollow site. 
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In order to evaluate the relative ease of further diffusion into bulk layers, we 
have also calculated the energy of a single carbon atom absorbed in a bulk octahedral 
and a bulk tetrahedral site, by placing the carbon atom in the middle of the seven-
layer rhodium model and relaxing all atoms in the unit cell (See Table 6.1). When the 
subsurface concentration of carbon exceeds 0.50 ML, the average absorption energy 
already favours the bulk octahedral site, implying that there is a driving force for 
migration further into the bulk at increasing subsurface concentration. 

Finally, the energies in Table 6.1 and Figure 6.1 provide information on  
transition states for diffusion between the different sites. Following Jiang and 
Carter[31], we assume that the tetrahedral sites act as transition states for diffusion of 
carbon from surface hollow to subsurface octahedral sites. For one carbon atom in the 
(2x2) cell we thus find a diffusion barrier between surface and subsurface sites of 
+1.97 eV, and +0.71 eV for the reverse pathway (See Figure 6.6). As the activation 
energy for bulk diffusion is +1.23 eV, small amounts of carbon will segregate to the 
surface, provided the surface coverage is small. At higher carbon content we expect 
the transition states for migration to be different from a pure tetrahedral site, as the 
rhodium atoms are slightly displaced from their original positions. Such an 
investigation, however, is beyond the scope of the current work. In general, we expect 
the activation barriers for diffusion to decrease since the energy to be gained by 
subsurface migration increases rapidly with increasing carbon concentration. 

 

Surface hollow

Subsurface 
octahedral

Subsurface 
tetrahedral1.97 eV 0.71 eV

1.26 eV

Surface hollow

Subsurface 
octahedral

Subsurface 
tetrahedral1.97 eV 0.71 eV
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Subsurface 
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Subsurface 
tetrahedral1.97 eV 0.71 eV

1.26 eV

Surface hollow

Subsurface 
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Subsurface 
tetrahedral1.97 eV 0.71 eV

1.26 eV

 
 
Figure 6.6 Energy diagram showing the diffusion of a single carbon atom from a 
surface hollow site, via the subsurface tetrahedral site, to the subsurface octahedral 
site. The pictures show top, side, and spatial views of the relaxed geometries. 
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6.4 Conclusion 
Density functional theory has been used to calculate the energies of carbon atoms on 
the Rh(100) surface as well as in subsurface and bulk positions underneath. At surface 
coverages up to 0.50 monolayer carbon atoms bind exclusively in four-fold hollow 
sites on the surface, but at higher coverages a clear driving force exists for the 
additional carbon atoms to migrate into subsurface octahedral positions. Hence, when 
rhodium is used as a catalyst for hydrocarbon reactions in which carbon atoms exist 
on the surface, the occurrence of subsurface and bulk carbon is highly probable. These 
species exert a profound influence on the kinetics of the catalytic surface reactions, as 
we show in the next Chapter. 
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Chapter 7 

The influence of carbon on the adsorption of CO on a 
Rh(100) single crystal* 

 

The influence of carbon on the adsorption of CO on a Rh(100) single 
crystal has been studied by a combination of experimental techniques: 
Temperature Programmed Desorption (TPD), Low Energy Electron 
Diffraction (LEED), and High Resolution Electron Energy Loss 
Spectroscopy (HREELS). These experimental techniques were 
combined with a computational approach using Density Functional 
Theory (DFT). Using this combination of techniques, we have shown 
that surface carbon greatly influences adsorbed CO and we have 
determined the exact magnitude of this interaction. Furthermore, we 
have demonstrated that carbon does not remain fully on the surface; at 
higher coverage it diffuses partially to subsurface positions. The 
presence of these subsurface species significantly influences the 
adsorbates on the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The contents of this chapter have been accepted for publication: D.L.S. Nieskens, 
M.M.M. Jansen, A.P. van Bavel, D. Curulla-Ferré, and J.W. Niemantsverdriet, 
Phys.Chem.Chem.Phys., (2006), http://dx.doi.org/10.1039/B513233A 
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7.1 Introduction 
Lateral interactions between adsorbed species are of paramount importance for 
catalytic surface reactions. Especially at higher surface coverage these interactions 
will greatly influence the reaction kinetics. However, the lack of solid quantitative 
information on these interactions often prevents their incorporation in rate equations. 
Thus, it is of crucial importance to obtain quantitative data on these interactions. 

Often, CO is used as a probe molecule in these systems. Several surface 
science studies have been dedicated to the influence of coadsorbed atoms on CO 
adsorption and desorption.[1-16] Experimentally, usually only a qualitative analysis 
of this interaction is possible. For instance, several groups[17-21] have studied a 
system in which CO is coadsorbed with oxygen. In this case it is difficult to determine 
an interaction energy since oxygen will react with CO to form CO2. Furthermore, 
there have been some studies of CO desorption from a hydrogen saturated 
surface.[22,23] Here, a decrease of certain desorption states was observed, but again it 
was not possible to determine an interaction energy.  

Making use of the fact that the coadsorbed atoms often form an ordered 
pattern on the surface, Van Bavel et al.[1] were able to quantify the magnitude of the 
interaction. They investigated the influence of a c(2x2) layer of nitrogen on CO 
desorption from Rh(100) and quantified the pairwise repulsive interaction energy 
between nitrogen and CO. While difficult to measure experimentally, the strength of 
interactions can straightforwardly be calculated at the basis of density functional 
theory (DFT). Recently, the effect of a wide range of coadsorbed atoms (covering the 
first three rows of the periodic table) on the strength and nature of the bond between 
CO and a Rh(100) surface has been investigated.[24]  

Following a similar approach as Van Bavel et al.[1] we will use Temperature 
Programmed Desorption (TPD) to determine the effect of carbon on CO. This system 
is more complex than nitrogen and CO due to the presence of subsurface carbon 
atoms. We will therefore examine, both experimentally and theoretically, the 
influence of (sub)surface carbon on the adsorption behavior of CO on the surface. 

In order to assess the magnitude of the interactions, we will determine the 
change in the metal – CO bond strength due to the presence of carbon atoms. We 
define the difference between the adsorption energy of CO on the clean surface and 
the adsorption energy on the carbon covered surface as the total interaction energy. 
This energy value is the total interaction that a CO molecule experiences when it is 
adsorbed on the carbon covered surface. When the carbon atoms form an ordered 
pattern on the surface, this total interaction energy can be further refined into a 
pairwise interaction energy. For this we assume that the adsorption energy of CO as 
modified by the carbon atoms can be written as: 

COCads
tot

intlatadsads nEEEE −ω⋅−=−= 00                   (7.1) 
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in which  is the adsorption energy of CO with carbon atoms present,  the 

adsorption energy of CO when no carbon is present,  the total lateral interaction 

energy, n the number of carbon atoms surrounding the CO and 

adsE 0
adsE

tot
intlatE

COC−ω  the pairwise 

interaction energy between carbon and CO. The validity of this so called pairwise 
additivity assumption has recently been shown by Curulla-Ferré et al.[25] in a study 
of nitrogen – CO interactions. 

 

7.2 Experimental methods and theoretical details 
TPD and LEED experiments were carried out in a stainless steel ultrahigh vacuum 
(UHV) system with a base pressure of 1 x 10-10 mbar (see Nieskens et al.[26] for 
further details). The HREELS experiments were carried out in a separate UHV system 
with a base pressure of 5 x 10-11 mbar (see Linke et al.[27] for further details). 

A rhodium single crystal of (100) orientation with 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 1400 K. The sample could be cooled to 90 K by flowing liquid nitrogen 
through the manipulator. Temperatures were measured using a chromel-alumel 
thermocouple spotwelded to the back of the crystal. 

The crystal surface was cleaned on a daily basis by cycles of argon sputtering 
and annealing under oxygen. Argon sputtering (0.5 keV, 6 µA/cm2) at 920 K was 
used to remove small amounts of impurities, such as boron, sulphur, phosphorus, and 
chlorine, until these were no longer detectable with SIMS. Carbon appeared to be the 
most difficult impurity to remove. Near-surface carbon was removed by heating the 
crystal in 2 x 10-7 mbar O2, cycling the temperature between 900 and 1100 K. Oxygen 
was removed, and surface ordering was restored by flashing the crystal to 1400 K. 
After flashing the crystal, a small amount of O2 was adsorbed at low temperature, and 
the crystal was heated to 800 K. This was done to remove small amounts of carbon 
that had diffused to the surface during the flashing and subsequent cooling. Finally, 
CO was dosed at 550 K to react away the remaining oxygen on the surface, and a 
flash to 800 K removed the excess of CO. After this procedure the SIMS spectra of 
the crystal showed no contamination, and the LEED picture showed a sharp p(1x1) 
pattern. After each experiment the procedure mentioned above (except Argon 
sputtering) was repeated to remove the carbon that was created during the experiment. 
Ethylene (Hoek Loos, 99.8% pure) and carbon monoxide (Hoek Loos, 99.997% pure) 
were used without further purification. 

TPD measurements were performed with a quadrupole mass spectrometer 
(Balzers, Prisma QMA200) with a mass range m/e = 0-200 amu. A constant heating 
rate of 5 K/s was used for all measurements. LEED experiments have been carried out 
using a reverse-view four grid AES/LEED retractable optics (Spectaleed, Omicron 
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Vacuumphysik GmbH). The integral electron gun in the optics can be used for both 
LEED and AES measurements. LEED patterns are acquired and digitized using a 
CCD camera (Cohu), connected to a PC for analysis and storage of images. The 
HREELS (LK Technologies, ELS 3000) spectra were measured in specular scattering 
geometry (around 65˚) with a resolution (elastic peak at full width half maximum) of 
27 cm–1 (3.35 meV). The primary energy used was around 6 eV. Reported primary 
energies are not corrected for contact potential differences. For a general introduction 
into the techniques used, we refer to Niemantsverdriet et al.[28] 

The Rh(100) surface was modeled using a seven-metal layer slab, describing a 
p(2x2) unit cell, and seven vacuum layers. The relative positions of the atoms are 
those as in the bulk, with an optimized lattice parameter of 3.8543 Å (the 
experimental value is 3.8034).[29] CO was placed in a p(2x2) arrangement 
(corresponding to a 0.25 ML coverage) on both sides of the slab; surface carbon was 
placed in a c(2x2) arrangement (corresponding to a 0.50 ML coverage) in hollow sites 
on both sides of the slab. Subsurface carbon was placed in the octahedral positions 
below the top sites of the first row of rhodium atoms on both sides of the slab. All 
atoms in the unit cell were relaxed in all directions. The calculations have been done 
at the Density Functional Theory (DFT) level, using the Vienna ab-initio simulation 
package (VASP)[30,31], which performs an iterative solution of the Kohn-Sham 
equations in a plane-wave basis set. Plane-waves with a kinetic energy below or equal 
to 400 eV have been included in the calculation. The exchange-correlation energy has 
been calculated within the generalized gradient approximation (GGA) using the form 
of the functional proposed by Perdew and Wang[32,33], usually referred to as 
Perdew-Wang 91 (PW91). The electron-ion interactions are described by the projector 
augmented wave method (PAW) developed by Blöchl.[34] This is essentially an all-
electron frozen core method combining the accuracy of all-electron methods and the 
computational simplicity of the pseudopotential approach; especially in the 
implementation of Kresse and Joubert.[35] The reciprocal space has been sampled 
with a (8x8x1) k-points grid automatically generated using the Monkhorst-Pack 
method.[36] For the calculation of the fractional occupancies, a broadening approach 
proposed by Methfessel and Paxton[37] is used with N = 1 and σ = 0.05 eV. We have 
obtained the equilibrium geometries for all systems and the binding energy of CO to 
the surface. 
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7.3 Results 

7.3.1 Desorption of CO from clean Rh(100) 
Figure 7.1 (top-left) shows the desorption of CO from a clean Rh(100) surface. At low 
coverage (θCO < 0.10 ML), CO desorbs with a peak maximum around 515 K. Up to 
0.50 ML there is only one desorption state, with CO occupying only top 
sites.[17,19,23,38,39] This results in the formation of a c(2x2) structure of CO.[38-41] 
Above 0.50 ML, a poorly resolved shoulder grows in around 400 K, which is due to 
the further compression of the CO overlayer, with CO now occupying top and bridge 
positions.[38-40] For CO coverages exceeding 0.75 ML, an additional desorption 
channel appears around 320 K. This state has been observed before[17,38] and 
assigned to a c(2x6) structure of CO, corresponding to a saturation coverage of 0.82 
ML.[38] 

7.3.2 Creating a carbon overlayer 
A carbon overlayer was created by exposing the surface to a pressure of 10-8 mbar 
ethylene at a temperature of 600 K. In a former study[26], we have shown that at this 
temperature ethylene fully decomposes into carbon and hydrogen atoms. Hydrogen 
atoms recombine to form hydrogen, which desorbs at this temperature (the TPD 
spectrum from 600 K to 1000 K did not show any hydrogen desorption). Since exact 
quantification of the carbon content on the surface appeared difficult and unreliable, 
we report coverages of carbon based on the equivalent dosage of ethylene in 
Langmuir. Thus a reported carbon coverage of 0.5 L eq. C means that the carbon layer 
was created by exposing the surface to 0.5 L of ethylene at 600 K. 

7.3.3 Desorption of CO from a Rh(100) surface with a carbon overlayer 
Figure 7.1 (top-right) shows the CO TPD spectra for varying amounts of CO adsorbed 
on a Rh(100) surface covered with a small amount of carbon. The crystal was exposed 
to 0.5 L ethylene at a pressure of 10-8 mbar at a temperature of 600 K. Afterwards, the 
crystal was exposed to various dosages of CO at 10-8 mbar and temperatures below 
150 K. The CO peak originally at 515 K is only mildly affected by the small amount 
of carbon present and shifts to 505 K. Also the shoulder at 400 K that starts to grow in 
above 0.50 ML is hardly affected. However, the state at 320 K is completely absent. 
Interestingly, a new state emerges at 280 K. This state continues to grow until the 
saturation coverage is reached. This saturation coverage is comparable to the one on 
the surface without carbon. The majority of CO still desorbs around 505 K, indicating 
it was not adsorbed close to carbon atoms. 
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Figure 7.1 TPD 
spectrum of CO 
desorbing from a 
clean Rh(100) 
surface (top-left) 
and from a 
Rh(100) surface 
covered with 
varying amounts 
of carbon. The 
amount of carbon 
has been indicated 
in an equivalent 
dosage of ethylene 
in Langmuir. Thus 
a reported carbon 
coverage of 0.5 L 
eq. C indicates 
that the carbon 
layer was created 
by exposing the 
surface to 0.5 L of 
ethylene at 600 K. 
The adsorption 
temperature of CO 
was below 150 K 
and the heating 
rate was 5 K/s. 
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Figure 7.1 (middle-left) shows the CO TPD spectra for varying amounts of CO 
adsorbed on a Rh(100) surface covered with a slightly higher amount of carbon. The 
crystal was exposed to 1.0 L ethylene at a pressure of 10-8 mbar and at a temperature 
of 600 K. Afterwards, the crystal was exposed to various doses of CO at 10-8 mbar 
and at a temperature below 150 K. The peak at 280 K starts to shift to slightly higher 
temperatures around 300 K and is becoming broader. The peaks around 500 K of 
unperturbed CO are reduced slightly and start to shift to somewhat lower 
temperatures. Note that the saturation coverage has now dropped till 0.62 ML, 
indicating that the carbon coverage on the surface has increased and is blocking more 
sites for CO adsorption. 

Figure 7.1 (middle-right) shows the CO TPD spectra for varying amounts of 
CO adsorbed on a Rh(100) surface covered with a medium amount of carbon. The 
crystal was exposed to 2.0 L ethylene at a pressure of 10-8 mbar and at a temperature 
of 600 K. Afterwards, the crystal was exposed to various dosages of CO at 10-8 mbar 
and at a temperature below 150 K. The peaks around 500 K of unperturbed CO have 
already decreased significantly. A broad desorption feature centered around 350 K 
emerges. 

Figure 7.1 (bottom) shows the CO TPD spectra for varying amounts of CO 
adsorbed on a Rh(100) surface covered with large amounts of carbon. The crystal was 
exposed to 4.5 L ethylene (bottom-left) and 5.0 L ethylene (bottom-right) at a pressure 
of 10-8 mbar and at a temperature of 600 K. Afterwards, the crystal was exposed to 
various doses of CO at 10-8 mbar and at a temperature below 150 K. Especially the 
bottom-right graph shows that all CO is now affected by carbon atoms: the peaks 
around 500 K of unperturbed CO have completely disappeared. Finally, only one 
broad peak centered at 350 K remains. This broad peak most likely consists of several 
desorption states, as we will show later. 

Figure 7.2 shows the CO TPD spectra for a constant (saturation) dose of CO 
adsorbed on a Rh(100) surface covered with a varying amount of carbon. Herein we 
try to identify the different desorption states that are present in Figure 7.1. Note that 
the carbon overlayers have been created in a slightly different way. For these 
experiments ethylene was dosed at a temperature below 100 K and subsequently 
heated till it was fully decomposed. After each CO TPD the surface carbon was not 
removed but the surface was immediately exposed to a new amount of ethylene and 
heated till the decomposition temperature, thus creating a surface with a higher carbon 
content. 

Figure 7.2 shows all desorption states which appear in Figure 7.1. The bottom 
curve corresponds to the clean surface. In this case three desorption states are present: 
α1 representing CO desorbing from an unperturbed top site, β1 which is CO desorbing 
from an unperturbed bridge site, and δ which is assigned to[38] a c(2x6) structure of 
CO. At low carbon content, the δ state disappears rapidly and a new state γ1 appears. 
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At increasing carbon content, the original α1, β1, and γ1 states decrease. However, 
three new states appear which have tentatively been indicated by α2, β2, and γ2. The 
final state is one broad peak centered at 350 K, consisting of these three states. Later 
on, we will argue that these peaks correspond to CO desorbing from top, bridge, and 
hollow sites that have been affected by the presence of subsurface carbon. 
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Figure 7.2 Temperature Programmed Desorption (TPD) spectrum of a saturation 
dosage of CO desorbing from a Rh(100) surface covered with varying amounts of 
carbon. The lower curve corresponds to CO desorbing from a clean surface. 
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7.3.4 CO bonding sites: High Resolution Electron Energy Loss Spectroscopy 
(HREELS) 

High Resolution Electron Energy Loss Spectroscopy (HREELS) experiments have 
been performed to investigate the bonding site(s) of CO on the surface. On the clean 
surface two C-O stretch frequencies are observed: one around 1900 cm-1 
corresponding to CO adsorbed in bridge sites and one around 2080 cm-1 
corresponding to CO adsorbed on top sites.[38] We investigated the effect of co-
adsorbed carbon on the binding site of CO. The surface was exposed to 0.5 L C2H4 at 
600 K. Afterwards, the crystal was cooled below 100 K and exposed to a saturation 
dosage of CO. The situation on the surface is now equal to the upper TPD curve in the 
top right part of Figure 7.1. The HREELS spectrum on the bottom of Figure 7.3 was 
now recorded. 

  

Figure 7.3 High Resolution 
Electron Energy Loss 
(HREELS) spectrum of a 
saturation coverage of CO 
on a Rh(100) surface 
covered with a small 
amount of carbon (0.5 L 
eq.). The gray zones 
indicate the regions in 
which the top, bridge, and 
hollow peaks are present. 
The spectrum taken at the 
lowest temperature clearly 
indicates the presence of 
CO in a hollow site (see 
also the inset). Upon 
increasing the temperature, 
this state disappears and 
only the peaks 
corresponding to the bridge 
and top positions remain. 
All spectra are magnified 
34 times with respect to the 
one showing the elastic 
peak. 
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The top and bridge sites are plainly visible. However, a third peak has now appeared 
at 1640 cm-1. The site assignment of the different frequencies is usually based on the 
analogy of metal carbonyls. Generally, the region below 1800 cm-1 is assigned to CO 
bonded in fourfold hollow sites.[42] As this peak is not observed on the carbon-free 
surface, we tentatively assign this peak to CO adsorbed in a hollow site, in between 
carbon atoms. Upon increasing the temperature, the peak at 1640 cm-1 disappears and 
the two peaks at higher wavenumbers remain. Finally, at 600 K all peaks have 
disappeared since all CO has desorbed. 

7.3.5 Structure of carbon on the surface 
Figure 7.4 shows the LEED pictures for this system. The left LEED spectrum shows 
the clean Rh(100) surface, the middle spectrum corresponds to a surface with carbon 
present and the right spectrum shows the surface with carbon and CO present. The 
spectra show that carbon forms a c(2x2) pattern on the surface, which remains intact 
after the addition of CO. The middle spectrum was recorded after the addition of only 
0.5 L C2H4 at 600 K. Therefore, carbon forms the c(2x2) pattern already at low 
coverages. Note that this does not imply that the c(2x2) pattern exists over the entire 
surface, nor that carbon adsorbs exclusively in this arrangement. LEED only shows 
the ordered patches of an adsorbate on the substrate, without excluding the possibility 
of the presence of disordered domains. 
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Figure 7.4 Low Energy Electron Diffraction (LEED) pictures of a Rh(100) surface. 
The Figure shows that carbon orders into a c(2x2) pattern. This pattern remains 
intact after co-adsorbing CO. 
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7.3.6 Evidence for subsurface carbon 
At low carbon coverages, carbon stays on the surface to form the c(2x2) pattern. At a 
(locally) high coverage we can expect some of the carbon to diffuse into subsurface 
and bulk positions. This has been investigated extensively in Chapter 6 and in ref[43] 
by means of DFT calculations. To investigate the effect of subsurface carbon on the 
CO desorption, we performed additional experiments. First, the clean surface was 
exposed to a saturation dosage of CO. The crystal was heated and the amount of CO 
desorbing from the surface was measured. This corresponds to the first point in the 
upper curve of Figure 7.5.  
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Figure 7.5 Carbon atoms, produced by the decomposition of ethylene, cannot fully 
remain on the surface but have to diffuse into subsurface positions at high coverage. 
Above a coverage of about 0.38 ML the surface coverage of carbon does not increase, 
evidenced by the constant amount of CO that can be adsorbed on the surface. The 
decomposition of ethylene and thus the production of carbon does, however, continue, 
as evidenced by the continuing desorption of hydrogen from the surface. 

 

The surface was now exposed to a dosage of 0.5 L ethylene at a temperature below 
100 K and subsequently heated till 600 K. The amount of hydrogen that was released 
from the surface during this process was measured and is plotted in the lower panel of 
Figure 7.5. The hydrogen originates from the decomposition of ethylene. Note that 
this method for preparing the carbon layer, in contrast to the method in which 
ethylene is dosed at 600 K, does enable us to convert the dosage into a coverage 
expressed in monolayers. The amount of hydrogen that desorbs from the surface is 
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related to the amount of decomposition that occurred on the surface and can therefore 
straightforwardly be converted into a coverage (expressed in monolayers) of carbon 
that has been produced. This amount of carbon is indicated on the x-axis. Starting 
from a clean surface, the amount of hydrogen desorbing from the surface is quite 
high, indicating a high amount of decomposed ethylene. After the creation of the 
carbon layer, the sample was cooled below 100 K and again a saturation dosage of 
CO was applied. Subsequently, the sample was heated again and the amount of CO 
that was released from the surface was measured and plotted in the top part of Figure 
7.5. The Figure shows that the amount of CO that can be adsorbed on the surface has 
slightly decreased now. This is caused by part of the surface sites being blocked by 
carbon atoms. The amount of CO that desorbs from the surface is therefore a measure 
for the amount of free sites on the surface. Afterwards, without removing the previous 
amount of carbon, a new cycle was started. The sample was cooled again below 100 
K and exposed to an additional dosage of 0.5 L ethylene. The amount of hydrogen 
that desorbed from the surface is now less. This indicates that less ethylene has 
decomposed than before. The total amount of carbon produced has nonetheless still 
increased. This is seen clearly by the significantly reduced amount of CO that can be 
adsorbed on the surface. Above a total carbon content of 0.38 ML, the amount of CO 
that can be adsorbed on the surface remains constant, indicating that the surface 
coverage of carbon remains constant. However, adding ethylene to the surface still 
results in a significant amount of hydrogen desorbing from the surface (shown by the 
shaded triangle in the lower panel of Figure 7.5), indicating that decomposition of 
ethylene still continues. The carbon resulting from this decomposition cannot be 
present on the surface (evidenced by the constant coverage of CO). Therefore, we 
conclude that this carbon has diffused to subsurface or bulk positions. Apparently, 
subsurface carbon does not influence the saturation coverage of CO. Concluding, we 
hypothesize that the α2, β2, and γ2 states in Figure 7.2 are due to the effect of 
subsurface carbon. Note, that the lower curve in Figure 7.5 might not drop completely 
to zero but instead reach a plateau slightly above zero due to hydrogen adsorption 
from the background of the vacuum system. This amount, however, is quite small (at 
least smaller than 0.05 ML). 

7.3.7 DFT calculations 
To further investigate the effect of surface and subsurface carbon on the stability of 
CO on the surface, we have performed Density Functional Theory (DFT) calculations 
(see Figure 7.6). CO was adsorbed on several systems: a clean Rh(100) surface (first 
column) and surfaces covered with a c(2x2) layer of carbon without (second column) 
and with (third column) carbon in subsurface positions. In all these systems, CO 
molecules and carbon atoms were placed in hollow sites. 
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Eads CO -1.88 eV -0.56 eV                        -1.80 eV

Etotal interaction +1.32 eV +0.08 eV

CO / Rh(100) + c(2x2) C + CsubCO / Rh(100) + c(2x2) CCO / Rh(100)

TOP
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Figure 7.6 DFT calculations of CO adsorbed on several systems: a clean Rh(100) 
surface (first column) and surfaces covered with a c(2x2) layer of carbon without 
(second column) and with (third column) carbon in subsurface positions. The first 
row gives a top view, the second row gives a side view, and the third row gives a 
spatial view. Below the geometries we have indicated the adsorption energy of CO on 
these systems and the total interaction energy compared to CO adsorbed on the clean 
surface. 

 

We found an adsorption energy of CO on the clean surface of -1.88 eV. The 
adsorption energy of CO on a surface covered with a c(2x2) layer of carbon is -0.56 
eV. The difference with the value on the clean surface yields the total repulsive 
interaction experienced by the CO. The c(2x2) layer of carbon results in a total 
repulsive interaction of +1.32 eV. Since this interaction is caused by four carbon 
neighbors, the pairwise additive interaction energy between one carbon atom and CO 
is +1.32 eV / 4 = +0.33 eV (or 32 kJ/mole).  
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The additional presence of carbon in the subsurface of rhodium changes the 
geometry dramatically. The surface atoms show a clockwise-anticlockwise 
reconstruction. Note that this reconstruction is not present when CO is absent. Thus, 
the joint presence of surface carbon, subsurface carbon, and CO is needed for this 
reconstruction to occur. This reconstruction results in a strong decrease in repulsive 
interaction. One carbon atom in the subsurface reduces the total repulsive interaction 
energy experienced by the CO by -1.24 eV. The total repulsive interaction energy is 
now only +0.08 eV. Thus, in a system with a c(2x2) overlayer of carbon atoms 
present on the surface, the additional presence of subsurface carbon causes CO to be 
more strongly bound to the surface (and thus to desorb at a higher temperature) 
compared to a system where the subsurface carbon is absent and only a c(2x2) 
overlayer of carbon atoms on the surface is present. 

 

7.4 Discussion 
The results described before give valuable insight into the interactions between CO 
molecules and carbon on a metal surface. We will now attempt to quantify these 
interactions. We start with the situation in which the carbon content of the surface is 
relatively low. 

When relatively small amounts of carbon are present on the surface, the LEED 
picture (Figure 7.4) showed very clearly the formation of a c(2x2) pattern of carbon 
atoms on the surface. Figure 7.5 showed that the saturation coverage for CO 
decreased accordingly. Hence, our interpretation is that small amounts of carbon 
reside mostly on the surface where they have a tendency to order in c(2x2) domains. 
When these domains are present, the TPD spectra showed the appearance of a new 
peak at 280 K (Figure 7.1, top-right) for CO coverages close to saturation. Most of the 
CO still adsorbs in the empty spaces in between the small carbon domains. From these 
positions CO can desorb almost unperturbed, leading to large contributions from the 
peaks around 500 K. Close to saturation CO is forced to adsorb in the ordered carbon 
domains. In this situation, the HREELS spectrum (Figure 7.3) showed evidence for 
CO adsorbed in a hollow site. This all suggests that the peak at 280 K corresponds to 
CO desorbing from a hollow site within the carbon domains in a configuration where 
it is surrounded by four carbon atoms. 

Quantification of the interaction energy is now possible. From the CO TPD 
curves on the clean surface (Figure 7.1, top-left) the adsorption energy of CO can be 
determined using the Chan-Aris-Weinberg (CAW1/2) analysis[44], yielding an 
activation energy Ea = 141 kJ/mole and a pre-exponential factor ν = 1013.8 s-1 in the 
limit of zero coverage, which is in good agreement with literature 
values.[38,40,41,45] The desorption energy of CO when it is adsorbed in the 
configuration described above (in a hollow site between four carbon atoms) can be 
extracted from the value of the peak maximum (280 K), using the Redhead 
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equation[46], and assuming that the pre-exponential factor remains constant at 1013.8 
s-1. We derive an activation energy for this state of 75 kJ/mole. Taking the difference 
between the two activation energies yields the total repulsive interaction energy: 141 
– 75 = 66 kJ/mole. This total interaction energy is attributed to four carbon neighbors, 
resulting in a carbon – CO lateral interaction energy of (66 / 4) = 16 kJ/mole. 

Van Bavel et al.[1] found a nitrogen – CO lateral interaction energy of 19 
kJ/mole. Theoretically, we have found in this study and in a former one[24] an 
interaction energy of 32 kJ/mole for carbon – CO and an interaction energy of 37 
kJ/mole for nitrogen – CO. So, although DFT has not yet reached such a level of 
accuracy that a direct comparison with the values obtained from experiments is 
possible (possibly to some part due to the so-called ‘overbinding effect’[47]), we can 
still conclude that both experimentally as well as theoretically, the repulsive 
interaction between carbon and CO is less than between nitrogen and CO. 

We now turn to the situation in which the carbon content of the surface is 
high. Interestingly, in contrast with the results obtained by Van Bavel et al.[1] the γ1 
peak, corresponding to CO desorbing from the c(2x2) pattern (at 280 K), does not 
increase / sharpen when the surface is exposed to more ethylene, but shifts towards 
higher temperatures, indicated as the γ2 state in Figure 7.2. At these high carbon 
coverages, the LEED pictures still shows a c(2x2) pattern of carbon on the surface, 
indicating that the ordered adlayer of carbon is still largely intact. Moreover, from 
Figure 7.5 it is clear that at high coverages, part of the carbon produced does not 
remain on the surface, but diffuses into subsurface and bulk positions. This is 
consistent with our previous work[43] in which we showed that a (local) high 
coverage of carbon on the surface leads to subsurface migration. This modifies the 
nature of the sites on the surface significantly. Evidence for the existence of 
subsurface carbon and its effect on catalytic processes has previously been reported 
by Overbury[48] on Mo(111) and by Mullins and Overbury[49] on W(001). For these 
metals, the interaction with carbon is so strong that carbides can be formed. 

The DFT calculations shed some more light on the effect of subsurface carbon 
on the CO binding strength. Figure 7.6 shows that incorporating one carbon atom in a 
subsurface site of the p(2x2) unit cell with a c(2x2) pattern of carbon on the surface 
(corresponding to a surface coverage of 0.50 ML and a subsurface coverage of 0.25 
ML), reduces the CO – C repulsive interaction energy by  -1.24 eV. 

The surface shows a clockwise-anticlockwise reconstruction, also known as 
the (2x2)p4g black reconstruction. The terms “black” and “white” reconstruction were 
first introduced by Alfè et al.[45] The c(2x2) structure may be seen as a chessboard 
whose black squares are occupied by carbon atoms, while the white ones are empty. 
In the “black” reconstruction the squares with the adsorbate in the middle rotate but 
remain square, whereas the empty ones distort to rhombi; in the white reconstruction 
the opposite occurs. Note that this reconstruction is not present when CO is absent. 
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Thus, the joint presence of surface carbon, subsurface carbon, and CO is needed for 
this reconstruction to occur. This reconstruction has been seen before experimentally 
for the Rh(100) surface exposed to oxygen by Mercer et al.[50] and by Baraldi et 
al.[51] For the Ni(100) surface this reconstruction was observed for carbon exposures 
as well as nitrogen exposures by Kilcoyne et al.[52] Previous theoretical work by Alfè 
et al.[45] on the Rh(100) surface predicted the reconstruction to occur for oxygen 
exposure but not for carbon or nitrogen exposures. However, they did identify a 
metastable state with a surface reconstruction of the (2x2)p4g black type and a small 
distance between the ad-atoms and the metal surface. The energy of this local 
minimum was higher than that of the unreconstructed surface, which corresponded to 
a larger ad-atom to surface distance. They hypothesized that the actual adsorption 
state was a trade-off between the chemical energy gained due to the larger number of 
ad-atom to metal bonds in the metastable state, and the elastic energy lost due to the 
distortion of the surface when this site is occupied. This is consistent with our work 
since the reconstruction only occurs when subsurface carbon and CO are present next 
to the surface carbon. Indeed, we also find that the carbon is located closer to the top 
layer of rhodium atoms in the reconstructed state compared to the unreconstructed 
state. We hypothesize that the additional presence of mainly the CO increases the 
chemical energy gained and tilts the balance in favor of the reconstructed state, 
despite the loss in elastic energy due to the reconstruction. 

This reconstruction causes the surface carbon to move slightly down into the 
surface, thereby increasing its distance to the CO. Furthermore, CO has moved 
slightly up from the surface, also increasing its distance to the surface carbon. Thus 
we conclude that subsurface carbon relieves the repulsion of CO caused by surface 
carbon by increasing the distance between these two. This implies that in a TPD 
experiment, when subsurface carbon is present next to surface carbon, the desorption 
peak for CO will shift towards higher temperatures, compared to the case where the 
subsurface carbon is absent. This explains why the γ1 state at 280 K shifts towards the 
γ2 state which is located at higher temperatures: the γ1 state is CO desorbing from a 
c(2x2) layer of carbon on the surface with no subsurface carbon present and the γ2 
state is CO desorbing from a c(2x2) layer of carbon on the surface but now with 
subsurface carbon atoms present. 

According to the calculations, the adsorption energy for CO should increase 
again to almost its value on the clean surface when subsurface carbon is present next 
to surface carbon. Although the γ2 peak has indeed shifted towards higher 
temperatures compared to the γ1 peak, it has not completely returned to the value on 
the clean surface. Important to note in this sense is that the calculation represents only 
one discrete case. Most likely, the experimental situation does not exactly correspond 
to this configuration throughout the entire surface. The coverages of both surface and 
subsurface carbon can (locally) easily be different. Therefore, the theoretically 
observed reconstruction might experimentally not occur to such an extreme extent 
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throughout the entire surface. A lesser extent of the reconstruction would 
consequently lead to a lesser reduction of the repulsion and thus to a smaller upshift of 
the desorption peak. 

According to Figure 7.5, the surface coverage of carbon does not increase 
anymore above 0.38 ML. A perfect c(2x2) pattern of carbon, however, would 
correspond to 0.50 ML. This indicates that there are imperfections in the surface 
carbon lattice. Within these imperfections in the lattice, CO can still occupy top and 
bridge positions. This can explain why the HREELS spectrum still shows peaks 
corresponding to top and bridge sites. However, carbon in surface and subsurface sites 
also to some extent influence nearby top and bridge sites. Therefore, the α1 and β1 
states, corresponding to CO desorbing unperturbed from top and bridge sites, 
respectively, both decrease in intensity at increasing carbon coverage. Furthermore, 
two new states appear at lower temperatures: the α2 and β2 states. Hence, we assign 
the α2 and β2 states to CO desorbing from top and bridge sites, but influenced by 
nearby carbon atoms. 

Imperfections in the overlayer structure of carbon will lead to a large number 
of possible configurations from which CO can desorb. Each of these configurations 
will contribute to the CO thermal desorption spectra. This has been investigated 
extensively for nitrogen and CO by Van Bavel et al.[53] 

We have shown that surface carbon greatly destabilizes CO on the surface. A 
large part of this destabilization is eliminated by subsurface carbon. Hence, we 
conclude that both surface as well as subsurface atoms can have a great influence on 
the adsorption of molecules and thus on the reaction kinetics. 

 

7.5 Conclusions 
In this Chapter we have investigated the influence of co-adsorbed carbon on the 
desorption of CO from a Rh(100) single crystal surface. Carbon orders into a c(2x2) 
pattern on the surface of a Rh(100) crystal. Adding CO to this structure and using 
Temperature Programmed Desorption (TPD) enabled us to determine the lateral 
interaction energy between carbon and CO on nearest neighboring sites to be 16 
kJ/mole. Using DFT calculations, we derived an interaction energy of 32 kJ/mole. For 
the nitrogen – CO system these values were 19 kJ/mole and 37 kJ/mole, respectively, 
indicating that both experimentally as well as theoretically, the interaction energy 
between carbon and CO is less than between nitrogen and CO. Furthermore, we have 
shown experimentally as well as theoretically that subsurface carbon has a profound 
effect on adsorbed CO. Above a certain surface coverage of carbon, the c(2x2) 
structure remains intact but the excess amount of carbon diffuses into subsurface 
positions from where it greatly influences the desorption behavior of adsorbed species 
like CO. Subsurface carbon significantly reduces the repulsive interaction between 
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CO and surface carbon, due to the appearance of a surface reconstruction. 
Imperfections in the carbon pattern enable several desorption configurations, finally 
resulting in a broad desorption feature. We conclude that interactions between atoms 
and molecules co-adsorbed on a surface are of great importance. Furthermore, we 
have shown that subsurface species also have a profound influence on the stability of 
adsorbed species. 

 

References 
 
  1.  A.P. van Bavel, M.J.P. Hopstaken, D. Curulla-Ferré, J.W. Niemantsverdriet, J.J. Lukkien, 

P.A.J. Hilbers, J.Chem.Phys. 119 (2003) 524. 
  2.  M. Kiskinova, D.W. Goodman, Surf.Sci. 108 (1981) 64. 
  3.  S. Johnson, R.J. Madix, Surf.Sci. 108 (1981) 77. 
  4.  M. Kiskinova, D.W. Goodman, Surf.Sci. 109 (1981) L555-L559. 
  5.  E.L. Hardegree, P. Ho, J.M. White, Surf.Sci. 165 (1986) 488. 
  6.  R.J. Madix, M. Thornburg, S.B. Lee, Surf.Sci. 133 (1983) L447-L451. 
  7.  S.W. Jorgensen, R.J. Madix, Surf.Sci. 163 (1985) 19. 
  8.  T. Yamada, Z. Runsheng, Y. Iwasawa, K. Tamaru, Surf.Sci. 205 (1988) 82. 
  9.  H.P. Bonzel, R. Ku, J.Chem.Phys. 58 (1973) 4617. 
  10.  W.M. Daniel, J.M. White, Surf.Sci. 171 (1986) 289. 
  11.  J.G. McCarty, R.J. Madix, Surf.Sci. 54 (1976) 121. 
  12.  J.C. Bertolini, B. Tardy, Surf.Sci. 102 (1981) 131. 
  13.  M. Kiskinova, Surf.Sci. 182 (1987) 150. 
  14.  L.J. Whitman, W. Ho, J.Chem.Phys. 90 (1989) 6018. 
  15.  H.P. Bonzel, G. Pirug. The chemical physics of solid surfaces; 1 ed.; Elsevier: Amsterdam, 

1993; Chapter 3, pp. 51-111. 
  16.  W. Braun, H.P. Steinruck, G. Held, Surf.Sci. 574 (2005) 193. 
  17.  A. Baraldi, L. Gregoratti, G. Comelli, V.R. Dhanak, M. Kiskinova, R. Rosei, Appl.Surf.Sci. 

99 (1996) 1. 
  18.  B.A. Gurney, W. Ho, J.Chem.Phys. 87 (1987) 1376. 
  19.  B.A. Gurney, L.J. Richter, J.S. Villarrubia, W. Ho, J.Chem.Phys. 87 (1987) 6710. 
  20.  M.J.P. Hopstaken, J.W. Niemantsverdriet, J.Chem.Phys. 113 (2000) 5457. 
  21.  V.K. Medvedev, Y. Suchorski, J.H. Block, Appl.Surf.Sci. 87-88 (1995) 159. 
  22.  D.E. Peebles, H.C. Peebles, J.M. White, Surf.Sci. 136 (1984) 463. 
  23.  L.J. Richter, B.A. Gurney, W. Ho, J.Chem.Phys. 86 (1987) 477. 
  24.  D.L.S. Nieskens, D. Curulla-Ferré, J.W. Niemantsverdriet, Chem.Phys.Chem. 6 (2005) 1293. 
  25.  D. Curulla-Ferré, A.P. van Bavel, J.W. Niemantsverdriet, Chem.Phys.Chem. 6 (2005) 473. 
  26.  D.L.S. Nieskens, A.P. van Bavel, D. Curulla-Ferré, J.W. Niemantsverdriet, J.Phys.Chem.B 

108 (2004) 14541. 
  27.  R. Linke, D. Curulla-Ferré, M.J.P. Hopstaken, J.W. Niemantsverdriet, J.Chem.Phys. 115 

(2001) 8209. 
  28.  J.W. Niemantsverdriet Spectroscopy in catalysis, 2 ed.; Wiley-VCH, Weinheim, 2000. 
  29.  H.P. Singh, Acta Crystallogr., Sect.A: Found.Crystallogr. 24 (1968) 469. 
  30.  G. Kresse, J. Hafner, Phys.Rev.B: Condens.Matter 47 (1993) 558. 
  31.  G. Kresse, J. Furthmüller, Phys.Rev.B: Condens.Matter 54 (1996) 11169. 
  32.  Y. Wang, J.P. Perdew, Phys.Rev.B: Condens.Matter 44 (1991) 13298. 
  33.  J.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jackson, M.R. Pederson, D.J. Singh, C. Fiolhais, 

Phys.Rev.B: Condens.Matter 46 (1992) 6671. 
  34.  P.E. Blöchl, Phys.Rev.B: Condens.Matter 50 (1994) 17953. 
  35.  G. Kresse, D. Joubert, Phys.Rev.B: Condens.Matter 59 (1999) 1758. 
  36.  H.J. Monkhorst, J.D. Pack, Phys.Rev.B: Condens.Matter 13 (1976) 5188. 
  37.  M. Methfessel, A.T. Paxton, Phys.Rev.B: Condens.Matter 40 (1989) 3616. 
  38.  A.M. de Jong, J.W. Niemantsverdriet, J.Chem.Phys. 101 (1994) 10126. 
  39.  F. Strisland, A. Ramstad, T. Ramsvik, A. Borg, Surf.Sci. 415 (1998) L1020-L1026. 
  40.  B.A. Gurney, L.J. Richter, J.S. Villarrubia, W. Ho, J.Chem.Phys. 87 (1987) 6710. 



The influence of carbon on the adsorption of CO on a Rh(100) single crystal 105

  41.  R. Kose, W.A. Brown, D.A. King, Journal of Physical Chemistry B 103 (1999) 8722. 
  42.  N. Sheppard, T.T. Nguyen Advances in Infrared and Raman Spectroscopy, Heyden, London, 

1978. 
  43.  D.L.S. Nieskens, D. Curulla-Ferré, J.W. Niemantsverdriet, submitted 2005. 
  44.  C.M. Chan, R. Aris, W.H. Weinberg, Appl.Surf.Sci. 1 (1978) 360. 
  45.  D. Alfè, S. de Gironcoli, S. Baroni, Surf.Sci. 437 (1999) 18. 
  46.  P.A. Redhead, Vacuum 12 (1962) 203. 
  47.  G. Kresse, A. Gil, P. Sautet, Phys.Rev.B: Condens.Matter 68 (2003) 073401-073401-4. 
  48.  S.H. Overbury, Surf.Sci. 184 (1987) 319. 
  49.  D.R. Mullins, S.H. Overbury, Surf.Sci. 210 (1989) 501. 
  50.  J.R. Mercer, P. Finetti, F.M. Leibsle, R. McGrath, V.R. Dhanak, A. Baraldi, K.C. Prince, R. 

Rosei, Surf.Sci. 352-354 (1996) 173. 
  51.  A. Baraldi, J. Cerdá, J.A. Martín Gago, G. Comelli, S. Lizzit, G. Paolucci, R. Rosei, 

Phys.Rev.Lett. 82 (1999) 4874. 
  52.  A.L.D. Kilcoyne, D.P. Woodruff, A.W. Robinson, T. Lindner, J.S. Somers, A.M. Bradshaw, 

Surf.Sci. 253 (1991) 107. 
  53.  A.P. van Bavel, D. Curulla-Ferré, J.W. Niemantsverdriet, Chem.Phys.Lett. 407 (2005) 227. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 7 106

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 8 

Lateral interactions between CO and coadsorbed 
atoms on transition metals 

 

 

This chapter consists of three parts.  

In part (A) we examine the nature and strength of lateral 
interactions between CO and a wide range of coadsorbed atoms on the 
rhodium(100) surface. The effect of coadsorbed atoms on the 
adsorption energy of CO and on the work function is evaluated. 

In part (B) we evaluate the effect of a different coverage of CO 
and / or coadsorbates on the adsorption energy of CO. 

In part (C) the research is extended to other transition metal 
surfaces. We examine how the trends observed in part (A) change or 
remain the same when a different metal surface is used. 
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Chapter 8A 

The influence of promoters and poisons on carbon 
monoxide adsorption on Rh(100): a DFT study*

 

 

In this chapter we have used Density Functional Theory (DFT) 
calculations to determine the pairwise lateral interaction energies 
between carbon monoxide and coadsorbed elements from the first 
three rows of the periodic table on a Rh(100) single crystal surface. 
The coverage of the co-adsorbed atoms was 0.50 ML. The coverage of 
the CO probe molecule was 0.25 ML. The alkali atoms show an 
attractive interaction with CO while the other atoms show a repulsive 
interaction. For second row elements the maximum repulsion is at 
nitrogen and for third row elements at sulphur. Attempts to correlate 
the interaction energies with properties of the system like 
electronegativity, distances, or change in work function fail, implying 
that each combination of adsorbates needs to be calculated separately. 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The contents of this chapter have been published: D.L.S. Nieskens, 
D. Curulla-Ferré, and J.W. Niemantsverdriet, Chem.Phys.Chem. 6(7) 
(2005) 1293 - 1298 
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8A.1 Introduction 
Promoters are species (often atoms) that are added to catalysts to enhance their 
reactivity towards desired products. When such added species have a negative effect, 
they are classified as poisons. Both have in common that they locally modify a 
surface, thereby affecting the way in which reactants and intermediates react. Note 
that also reaction intermediates can play the role of promoter or poison. 

Usually, the interactions are categorized[1] as either direct (“through space”) 
or indirect (“through metal”) interactions. The direct interactions are further divided 
into electrostatic interactions and orbital interactions. The latter can be attractive, 
resulting in bond formation or repulsive, resulting in steric repulsion. The indirect 
interactions are divided into electronic interactions through the metal surface and 
elastic or lattice mediated interactions. Theories trying to explain the effect of 
promoter atoms are either based on direct interactions like the effective medium 
theory of Nørskov et al.[2,3] and Lang et al.[4], or on the indirect interactions, like the 
one by Feibelman and Hamann.[5] To a certain extent this division is arbitrary and 
often it is not possible to distinguish between the different contributions. Therefore, in 
this Chapter we focus on the overall effect of coadsorbed species on the CO 
adsorption.  

Adsorbing promoter atoms (electropositive or electronegative) on the surface 
will change the electron density distribution in the surface region.[1-7] It will result in 
the creation of dipoles on the surface[8], which can enhance or reduce the original 
surface dipole layer. The effect of the promoter or poison is, however, not uniform 
across the surface: immediate neighboring sites will be affected more than more 
distant sites.[8] The altered electron density distribution will, particularly at nearest 
neighbor sites, lead to modified adsorption energies for species adsorbed on these 
sites. 

Often, CO is used as a probe molecule in these systems. Several surface 
science studies have been dedicated to the influence of coadsorbed atoms on CO 
adsorption and desorption.[9-24] In this study we compute the change in metal – CO 
bond strength and express it in a pairwise lateral interaction energy. Hence we assume 
that the adsorption energy of CO as modified by the coadsorbed atoms can be written 
as: 

COXads
tot

intlatadsads nEEEE −ω⋅−=−= 00              (8A.1) 

in which  is the adsorption energy with coadsorbed atoms present,  the 

adsorption energy when no coadsorbed atoms are present,  the total lateral 

interaction energy, n the number of coadsorbed atoms surrounding the CO and  

the pairwise lateral interaction energy between CO and a coadsorbed atom X. 

adsE 0
adsE

tot
intlatE

COX −ω
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Experimentally, usually only a qualitative analysis of this interaction is 
possible. For instance, several groups[25-29] have studied the CO with oxygen 
system. In this case it is difficult to determine an interaction energy since oxygen will 
react with CO to form CO2. Furthermore, there have been some studies of CO 
desorption from a hydrogen saturated surface.[30,31] In this case a decrease of certain 
desorption states was observed, but again it was not possible to determine an 
interaction energy. However, Van Bavel et al.[9] were able to quantify the lateral 
interaction energy by using the fact that the coadsorbed atoms form an ordered pattern 
on the surface. They investigated the influence of a c(2x2) layer of nitrogen on CO 
desorption from Rh(100) and found that the CO was significantly destabilized by the 
nitrogen, resulting in a pairwise repulsive interaction energy of 19 kJ/mol for one CO-
N pair. In general, it can be difficult to determine an interaction energy from TPD data 
when lateral interactions between adsorbed species are involved since a compensation 
effect can occur.[32] 

While difficult to measure experimentally, lateral interaction energies can 
straightforwardly be calculated at the basis of density functional theory (DFT). 
Recently, there has been some discussion of the problems associated with the 
accuracy of DFT calculations in determining the preferred bonding site of CO on 
transition metals.[33] However, in the present study the CO remains bonded in one 
adsorption site only and we are only interested in how the bonding in this particular 
site is affected by the presence of coadsorbed atoms. In this Chapter we report the 
effect of a wide range of coadsorbed atoms (covering the first three rows of the 
periodic table) on the strength and nature of the bond between CO and metal(100) 
surfaces. Furthermore, we will try to correlate the calculated interaction energies with 
(experimentally obtainable) macroscopic properties of the surface or the coadsorbed 
atoms. 

 

8A.2 Theoretical details 
The Rh(100) surface was modeled using a four-metal layer slab, describing a p(2x2) 
unit cell, and six vacuum layers. The relative positions of the atoms are those as in the 
bulk, with an optimized lattice parameter of 3.8543 Å. CO was placed in a p(2x2) 
arrangement on the surface, corresponding to a 0.25 ML coverage. The coadsorbed 
atoms were placed in a c(2x2) arrangement on the surface, corresponding to a 0.50 
ML coverage. As coadsorbed atoms we have chosen all elements from the first three 
rows of the periodic table (except the rare gases). The coadsorbed atoms and the CO 
were relaxed in all directions in the calculations. The top layer of Rh atoms was 
relaxed in all directions, while the second layer was relaxed in the height direction. 
All other Rh atoms were frozen in their bulk positions. All calculations have been 
done at the Density Functional Theory (DFT) level, using the Vienna ab-initio 
simulation package (VASP)[34,35], which performs an iterative solution of the Kohn-
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Sham equations in a plane-wave basis set. Plane-waves with a kinetic energy below or 
equal to 400 eV have been included in the calculation. The exchange-correlation 
energy has been calculated within the generalized gradient approximation (GGA) 
using the form of the functional proposed by Perdew and Wang[36,37], usually 
referred to as Perdew-Wang 91 (PW91). The electron-ion interactions are described 
by the projector augmented wave method (PAW) 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; especially 
in the implementation of Kresse and Joubert.[39] The reciprocal space has been 
sampled with a (8x8x1) k-points grid, automatically generated using the Monkhorst-
Pack method.[40] For the calculation of the fractional occupancies, a broadening 
approach proposed by Methfessel and Paxton[41] is used with N = 1 and σ = 0.1 eV. 
We have obtained the equilibrium geometries for all systems, the binding energy of 
CO to the surface and the change in work function upon adsorption of the coadsorbed 
atoms and/or CO. 

 

8A.3 Results 
Figure 8A.1 shows the influence of different coadsorbed atoms on the CO adsorption 
energy. As the CO has been placed within a c(2x2) arrangement of coadsorbed atoms, 
each CO has four neighboring atoms. 

We have calculated the adsorption energy of CO in a hollow site of a clean 
Rh(100) surface to be 2.00 eV (193 kJ/mol). The difference between this value and 
the adsorption energy of CO in the hollow site with the coadsorbed atoms present, is 
the total interaction energy. Assuming the validity of the pair-wise additive approach, 
the interaction energy between CO and one coadsorbed atom is equal to the total 
interaction energy divided by four. Pairwise additivity of interaction energies has 
recently been proven correct for the interaction between N atoms and CO in a large 
number of different configurations.[42] 

Figure 8A.1 shows the value for the interaction energy between CO and one 
coadsorbed atom as a function of the atom. A value below zero indicates an attractive 
interaction (CO is stabilized on the surface); a value above zero indicates a repulsive 
interaction (CO is destabilized on the surface). The figure shows that the alkali atoms 
(lithium and sodium) exhibit an attractive interaction towards CO. One sodium atom, 
for instance, exhibits an attractive interaction energy towards CO of 0.19 eV (18 
kJ/mol). Hydrogen, on the other hand, has little influence on CO: its interaction 
energy is only 0.02 eV (2 kJ/mol) per atom. When going to the right in the periodic 
table (and in Figure 8A.1), the interaction energies become increasingly stronger. For 
second row elements, the maximum is at nitrogen for which we calculate a repulsive 
interaction energy of 0.41 eV per atom. For third row elements, the maximum is at 
sulphur, which has a repulsive interaction energy of 0.59 eV. The last four elements of 
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the third row (Si, P, S, and Cl) have such a high repulsive interaction with CO that it 
is energetically unfavorable for CO to adsorb on the surface (the total energy upon 
adsorbing the CO increases). The borderline falls at a pairwise interaction energy of 
0.50 eV, as indicated in Figure 8A.1. When going further to the right in the figure the 
interaction energy, interestingly, decreases again: oxygen and fluorine have a lower 
repulsion towards the CO than nitrogen. Likewise, chlorine has a lower interaction 
energy than sulphur. 
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Figure 8A.1 Pairwise lateral interaction energy between a p(2x2) layer of CO and a 
c(2x2) layer of coadsorbed atoms. The interaction energy corresponds to one CO – X 
interaction. Below the dotted line the interaction energy is attractive and above the 
line it is repulsive. Above the threshold value of 0.5 eV (corresponding to a quarter of 
the adsorption energy of CO in a hollow site (2.00 eV)), the total energy upon CO 
adsorption increases. 

 

Figure 8A.2 summarizes all relevant distances of the species in their 
equilibrium geometry. The bottom part shows the distance between the top layer of 
rhodium atoms and the promoter. Open marks represent the position before CO 
adsorption and solid marks the position after CO adsorption. In general, the elements 
from the third row adsorb at a larger distance from the surface than the elements from 
the second or first row do. For the second row elements, carbon is bound closest to the 
surface. For the third row elements, the minimum distance is reached for sulphur. 
Furthermore, the figure shows that the third row elements move slightly up upon 
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adsorbing CO, while hydrogen and the second row elements go down slightly (except 
for lithium and oxygen). The metal – CO distance (Figure 8A.2, middle part) 
fluctuates within a relatively small range of about 0.12 Å. Figure 8A.2 (top) shows the 
internal C – O distance. The equilibrium bond length of CO in the gas phase equals 
1.14 Å. The dotted line indicates the value in a hollow site on a clean rhodium surface 
(1.21 Å). The alkali atoms greatly increase the CO bond length: +0.07 Å for lithium 
and +0.10 Å for sodium. Magnesium increases the bond length even a bit further 
(+0.13 Å). Moving towards the right in the periodic table, the CO bond length 
decreases again. For the second row elements the distance levels out at 0.02 Å below 
the value on the clean surface, while for third row elements the value on the clean 
surface is reached. 

Figure 8A.2 
Equilibrium geometries 
of all systems. Figure 
8A.2 (bottom) shows the 
distance between the top 
layer of rhodium atoms 
and the coadsorbed 
atoms. Open marks 
represent the position 
before CO adsorption 
and solid marks the 
position after CO 
adsorption. Figure 8A.2 
(middle) shows the metal 
– CO distance. The 
dotted line indicates the 
value in a hollow site on 
a clean rhodium surface 
(1.1250 Å). Figure 8A.2 
(top) shows the internal 
C – O distance. The 
lower dotted line 
indicates the value in the 
gas phase (1.1422 Å) 
and the upper dotted line 
indicates the value in a 
hollow site on a clean 
rhodium surface (1.2063 
Å). 
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Figure 8A.3 shows the effect of promoters and poisons on the work function, 
which is an average over the entire surface as it would for example be measured by a 
Kelvin probe[43] or Ultraviolet Photoelectron Spectroscopy (UPS)[44]. Since CO 
modifies the surface as well, Figure 8A.3 shows the effect of the coadsorbed atoms 
without and with CO. The upper dotted line indicates the value of the work function 
change for the adsorption of CO on a clean Rh(100) surface (0.87 eV). The value of 
the work function we calculated for the clean Rh(100) surface is 5.17 eV, which is in 
good agreement with the experimental value (5.1 eV).[30] Figure 8A.3 exhibits the 
expected trends: the alkali atoms reduce the work function and the electronegative 
elements increase it. 
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Figure 8A.3 The effect of coadsorbed atoms and CO on the work function. Open 
symbols represent the change in work function due to the adsorption of 0.5 ML 
coadsorbed atoms. Closed symbols represent the change in work function due to the 
adsorption of 0.5 ML coadsorbed atoms together with 0.25 ML of CO. The lower 
dotted line represents the work function of the clean Rh(100) surface (5.17 eV). The 
upper dotted line represents the work function of the system where CO is adsorbed on 
a clean Rh(100) surface. 

 

Although the macroscopic work function is a quantity that can conveniently be 
measured in experiments, the more relevant property with respect to adsorption is the 
local work function change at the site where the CO adsorbs. CO was adsorbed in a 
hollow site and did not move in lateral directions when coadsorbed atoms were added. 
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The local work function is the work function exactly in the middle of this hollow site, 
so exactly at the center of the place where CO was adsorbed. This local value can be 
quite different from the macroscopic value. Both values have been plotted in Figure 
8A.4. We have limited ourselves to the second row elements, for which it is clear that 
there is a significant difference between both values for the electropositive adsorbates. 
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Figure 8A.4 The effect of atoms on the macroscopic and local work function. Open 
circles represent the change in macroscopic work function due to the adsorption of 
0.5 ML coadsorbed atoms. Closed circles represent the change in local work function 
at the lateral position of the CO. 

 

8A.4 Discussion 
A remarkable result is the maximum in the lateral interaction energies: while in 
general electropositive coadsorbates tend to stabilize CO on the surface and 
electronegative elements destabilize it, the interaction energy shows a maximum at 
nitrogen (second row) and sulphur (third row). Nevertheless there is, as we will show 
in the remainder of this discussion, not one simple property of the system that 
correlates well with the trend in interaction energies. For instance, from Figure 8A.1 it 
is clear that the electronegativity of the promoter or poison can not be the only 
parameter influencing the interaction energy since it increases continuously from left 
to right. Also the work function change is not an indicator of the magnitude of the 
interaction energy. Preliminary investigations of additional properties that could be 
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extracted from the electronic structure, like density of states and electron density 
plots, revealed that these provided no further insight. 

The adsorption geometry is quite different for the individual systems. Figure 
8A.2 shows the most relevant distances. The distance of the promoter or poison with 
respect to the surface varies considerably, from 0.5 Å to 2.5 Å. The addition of CO 
gives rise to only a slight additional shift in the height of the atoms above the surface. 
The position of the CO with respect to the surface also varies, with different 
coadsorbed atoms, but the variation is limited to 0.12 Å. This implies that the third 
row atoms are all located above the position of the carbon atom. From the second row 
elements some are located above and some below the carbon position. The internal C-
O distance shows an interesting trend. The alkali atoms greatly increase the C-O 
distance. This will facilitate the dissociation of CO, which has been shown 
experimentally by several groups.[45-48] Moving towards the right, the C-O distance 
slowly decreases to its value on a clean Rh(100) surface (1.21 Å). The second row 
elements, however, cause the CO bond length to fall below its normal value by about 
0.02 Å. These figures show that there is no clear correlation between either one of 
these distances and the interaction energy. 

Figure 8A.3 shows the change in work function due to the adsorption of 
coadsorbed atoms and/or CO. The work function can be written in terms of the Fermi 
energy, since this is the level of the electrons at the top of the valence band and Vdip 
which is the surface “space-charge“ potential which an electron has to overcome to 
escape the surface (the spill-over of electrons from the solid into the vacuum results in 
a surface dipole layer which on its turn leads to the surface “space-charge“ potential). 
This results in the following expression for the work function[49]: 

ϕ = e*Vdip - Ef                     (8A.2) 

Adsorbing electropositive or electronegative atoms on the surface will locally change 
the electron density distribution in the surface region. In general, adding 
electropositive atoms (more electropositive than the metal) to a surface will lead to a 
decrease in charge density at the position of the atom and an increase of charge 
density in the surface region. Similarly, electronegative atoms will have the reverse 
effect. In both cases the result will be the creation of dipoles on the surface. 
Depending on the direction of these dipoles, they will locally enhance or reduce the 
original surface dipole layer. Dipoles with the positive end directed towards the 
vacuum (usually originating from electropositive elements) will locally reduce the 
original surface dipole layer. This local enhancement or reduction of the dipole layer 
will lead to a locally increased or reduced work function. However, things might not 
be as straightforward as sketched above. Recent DFT calculations have shown[50,51] 
that the change in work function induced by the presence of an adsorbed halide can be 
either positive or negative, which implies that the work function change cannot be 
used as a measure of the charge transfer between the adsorbate and metal.  
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Since the change in electron density distribution in the surface region caused 
by the adsorbed atoms is local in nature, it results in a non-uniform distribution of the 
charge density and a non-uniform distribution of the electrostatic potential in lateral 
direction. The Fermi level, on the other hand, will have a constant value over the 
entire surface. The non-uniform distribution of the electrostatic potential will result in 
a different work function for each lateral position. This chemically more important 
local work function can be measured by using the photoelectron spectrum of adsorbed 
rare-gas atoms.[52]  

What is shown in Figure 8A.3 is the macroscopic work function and thus an 
average over the entire surface. Hydrogen slightly increases the work function. Upon 
CO adsorption, the total work function change equals the one for CO on the clean 
surface. The trend in the second row elements is clear: the electropositive atoms 
create a dipole in the surface region that counteracts the surface dipole layer, thus 
reducing the work function of the surface and the electronegative elements create a 
dipole that enhances this dipole layer, increasing the work function. The addition of 
CO to the electropositive atoms does not change the work function significantly; 
adding CO to the more electronegative elements, however, further increases the work 
function. The third row elements show a peculiar behaviour. The electropositive 
elements like sodium and magnesium again sharply decrease the work function. The 
electronegative elements like phosphorus, sulphur, and chlorine on the other hand, 
seem to have almost no influence on the work function (the change in work function 
is almost zero). This unexpected behaviour has been seen in theoretical studies 
before.[7] Also in experiments it showed up and has been discussed by Shustorovitch 
and Baetzold.[53] They explained the low effect of chlorine in terms of the metal 

and  orbitals. If charge is transferred from the metal to the chlorine its 

electronic configuration approaches that of the argon atom and this closed shell 
configuration will strongly repel the atom from the surface, counteracting the effect of 
metal to chlorine charge transfer. However, this explanation does not account for the 
fact that fluorine, which (if it takes up charge) resembles the neon closed shell, does 
affect the work function strongly. The additional adsorption of CO to the 
electronegative atoms in the third row increases the work function again and it almost 
reaches the value on the clean surface. The change in work function has been 
suggested as a means to estimate the interaction energy. It has been argued that a low 
work function would stabilize the CO and a high work function would destabilize it. 
Figure 8A.3 shows, however, that there is no clear trend that relates the interaction 
energy to the change in work function. 

zp 2zd

Figure 8A.4 clearly shows the difference between the macroscopic and the local 
value of the work function. For lithium, the local work function at the position of the 
CO is hardly affected, while the macroscopic work function is significantly reduced. 
This implies that the change in electron density in lateral direction is quite small for 
lithium. However, to affect the average work function of the entire surface, the change 
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in electron density at the position of the lithium must be quite large. For beryllium, the 
average work function change is almost zero, while the local work function is greatly 
increased. This implies that the change in electron density in lateral direction reaches 
quite far, since it affects the CO adsorption site. However, since the change in the 
average work function is almost zero, it means that the change in electron density at 
the position of the beryllium must be equally high but of opposite sign in order to 
average to zero. Elements to the right of carbon show almost no difference between 
the macroscopic and local work function. This indicates that again the change in 
electron density in lateral direction reaches quite far and that the change in electron 
density at the position of the beryllium must be equally high but now of the same sign. 

 

8A.5 Conclusion 
This Chapter deals with the lateral interaction energies between CO and atoms from 
the first three rows of the periodic table. The atoms have been placed in a c(2x2) 
arrangement of four-fold hollow sites, and the CO probe molecule in a p(2x2) 
arrangement, such that each CO molecule has four atoms as nearest neighbours. The 
alkali atoms exhibit an attractive interaction towards CO, while the other atoms show 
a repulsive interaction. There is, however, a maximum in the interaction energies: for 
second row elements nitrogen has the strongest repulsive interactions, while for third 
row elements this is sulphur. Attempts to correlate the calculated interaction energies 
with macroscopic properties of the surface or the coadsorbed atoms, such as work 
function changes or electronegativity were unsuccessful, indicating that it is not 
generally possible to predict the effect of coadsorbates on a basis of “chemical 
intuition”. 
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Chapter 8B 

The influence of promoters and poisons on carbon 
monoxide adsorption on Rh(100):                              

The effect of coverage 
 

 

Density Functional Theory (DFT) calculations have been used to 
determine the pairwise lateral interaction energies between carbon 
monoxide and coadsorbed elements from the second row of the 
periodic table on a Rh(100) single crystal surface at different 
coverages of the promoter / poison and the CO probe molecule. Close 
proximity of coadsorbates and / or other CO molecules has a 
significant effect on the strength and nature of the interactions. 
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8B.1 Introduction 
In the previous Chapter it was shown that coadsorbed atoms have a profound 
influence on the adsorption behavior of CO on a metal surface. However, only one 
specific coverage was examined: 0.50 ML of promoter or poison and 0.25 ML of CO. 
In this Chapter the effect of coverage on the nature and strength of the interaction is 
investigated. 

 

8B.2 Theoretical details 
The Rh(100) surface was modeled using a four-metal layer slab, describing a p(2x2) 
or p(4x4) unit cell, and six vacuum layers. The relative positions of the atoms are 
those as in the bulk, with an optimized lattice parameter of 3.8543 Å. CO was placed 
in a p(2x2) or p(4x4) arrangement on the surface, corresponding to a 0.25 ML or 0.06 
ML coverage, respectively. The coadsorbed atoms were placed in a p(2x2) or c(2x2) 
arrangement on the surface, corresponding to a 0.25 ML or 0.50 ML coverage, 
respectively. As coadsorbed atoms we have chosen all elements from the second row 
of the periodic table (except neon). The coadsorbed atoms and the CO were relaxed in 
all directions in the calculations. The top layer of Rh atoms was relaxed in all 
directions, while the second layer was relaxed in the height direction. All other Rh 
atoms were frozen in their bulk positions. All calculations have been done at the 
Density Functional Theory (DFT) level, using the Vienna ab-initio simulation 
package (VASP)[1,2], which performs an iterative solution of the Kohn-Sham 
equations in a plane-wave basis set. Plane-waves with a kinetic energy below or equal 
to 400 eV have been included in the calculation. The exchange-correlation energy has 
been calculated within the generalized gradient approximation (GGA) using the form 
of the functional proposed by Perdew and Wang[3,4], usually referred to as Perdew-
Wang 91 (PW91). The electron-ion interactions are described by the projector 
augmented wave method (PAW) developed by Blöchl.[5] This is essentially an all-
electron frozen core method combining the accuracy of all-electron methods and the 
computational simplicity of the pseudopotential approach; especially in the 
implementation of Kresse and Joubert.[6] The reciprocal space has been sampled with 
a (8x8x1) k-points grid for the p(2x2) unit cell and a (4x4x1) k-points grid for the 
p(4x4) unit cell. This grid was automatically generated using the Monkhorst-Pack 
method.[7] For the calculation of the fractional occupancies, a broadening approach 
proposed by Methfessel and Paxton[8] is used with N = 1 and σ = 0.1 eV. We have 
obtained the equilibrium geometries for all systems, and the binding energy of CO to 
the surface. 
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8B.3 Results  
We first calculated the adsorption energies of CO in different systems. One CO in a 
hollow site of a p(2x2) unit cell, corresponding to a coverage of 0.25 ML, has an 
adsorption energy of -2.01 eV. One CO in a hollow site of a p(4x4) unit cell, 
corresponding to a coverage of 0.06 ML, has an adsorption energy of -2.03 eV. In the 
former case CO molecules are at a distance of 5.44 Å from each other, in the latter 
case they are at a distance of 10.89 Å from each other. At the lower coverage of 0.06 
ML coverage, there will most likely be no interaction between the CO molecules. 
Upon increasing the coverage to 0.25 ML, the adsorption energy remains the same, 
indicating that there is still no significant interaction between the CO molecules. This 
is in agreement with the experimental results of Linke et al.[9] 

Figure 8B.1 shows the lateral interaction energy as a function of the 
coadsorbed species for three different coverage regimes. The curve marked with 
squares corresponds to the same situation as in Figure 8A.1: the surface is covered 
with 0.25 ML CO and 0.50 ML coadsorbed atoms. Each CO is thus surrounded by 
four coadsorbed atoms at nearest-neighboring positions. Lithium shows an attractive 
interaction towards CO while all other atoms show a repulsion. There is, however, a 
maximum in the interaction energy which is reached for the nitrogen – CO 
interaction. 
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Figure 8B.1 Pairwise lateral interaction energy between CO and a coadsorbed atom 
for different coverages of both. The interaction energy corresponds to one CO – X 
interaction. 
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The curve marked with triangles corresponds to a situation in which there is 
0.25 ML CO and 0.25 ML coadsorbed atoms on the surface. The CO coverage has 
remained the same as before, only the amount of co-adsorbed atoms has been reduced. 
In this case, each CO has four coadsorbed atoms present at next-nearest-neighboring 
positions. At this large position from the CO, the coadsorbed atoms have little 
influence on it. The maximum interaction energy ranges from -0.05 eV to +0.06 eV 
per atom − CO pair. The atoms to the left of carbon show a slight attraction towards 
CO while the atoms to the right of carbon show a slight repulsion. Overall, however, 
the effect is almost negligible, especially compared to the effect of coadsorbed atoms 
on nearest-neighboring sites. 

Finally, we discuss the curve marked with circles. It corresponds to 0.06 ML 
CO and 0.50 ML coadsorbed atoms. The amount of coadsorbed atoms is the same as 
for the curve marked with squares, only the amount of CO has been reduced. The 
general trend in interaction energies is the same as for the curve marked with squares. 
However, the whole curve has shifted down, implying the interaction energy has 
shifted towards more attraction (or less repulsion) for each coadsorbate – CO pair. 
The effect for atoms on the left is still limited. On going to the right, however, the 
effect steadily increases. For fluorine this results in a remarkable situation. Whereas 
the interaction between CO and F was repulsive at a high CO coverage, it has become 
attractive at a low CO coverage. 

To obtain an understanding on the reasons behind this shift in energies we 
examined the geometries (see Figure 8B.2). The point to notice in this figure is that, at 
a low coverage of CO, the coadsorbed atoms do not remain in the middle of the 
hollow sites, but have moved closer to or farther away from the adsorbed CO 
molecule. This did not happen at a CO coverage of 0.25 ML, because if it did, the 
distance between a CO molecule and one adsorbate would be different from another 
adsorbate. So, based on symmetry considerations, the adsorbate stayed exactly in the 
middle of the hollow site. At a low CO coverage, the adsorbate can move more freely 
away from or closer to the adsorbed CO since it is not influenced by another adjacent 
CO. 
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Figure 8B.2 Optimized geometries corresponding to the curve marked with circles in 
Figure 8B.1. In the top view, the CO molecule is located in the bottom row showing 
bonds to the metal atoms. The elements lithium, oxygen, and fluorine are displaced 
significantly from the center of the hollow site. 
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8B.4 Discussion 
The results shown here indicate that the interaction energy between coadsorbed atoms 
and CO is highly dependent on the coverage of CO as well as on the coverage of the 
coadsorbed atoms. The curve marked with triangles shows that the influence of the 
adsorbed atoms diminishes when they are farther removed from the CO adsorption 
site. The most interesting observation, however, can be made when comparing the 
curve marked with circles and the curve marked with squares. The only difference 
between these curves is the CO coverage. There is a significant difference in 
adsorption energy of CO at these two coverages. For lithium, this difference is still 
rather small. Going to the right in the periodic table, however, this difference 
increases steadily and reaches its maximum value for fluorine for which the 
interaction changes from repulsion to attraction. For all cases, a lower CO coverage 
results in a lower repulsive interaction.  

This difference, however, is not caused by CO – CO interactions. One could 
argue that at a high CO coverage, there is an extra repulsive interaction term 
originating from CO – CO interactions. However, on the clean surface (when the 
coadsorbates are absent), the difference in adsorption energy of CO at the two 
coverages is almost zero, indicating there is no interaction between CO molecules at 
these coverages. So, the difference in interaction energy must originate from 
something else. As shown in Figure 8B.2, the coadsorbed atoms do not stay exactly in 
the middle of the hollow site at a low CO coverage, but have moved closer to or 
farther away from the adsorbed CO molecule. Therefore, this low coverage situation 
results in a different value for the coadsorbate – CO interaction energy. At a higher 
CO coverage, the coadsorbate is forced into a less desirable position farther away or 
closer to the adsorbed CO molecule resulting in an additional repulsive interaction. 
This explains why all points corresponding to a high CO coverage fall above the 
curve corresponding to a low CO coverage. Since the displacement of the fluorine 
atom away from the center of the hollow site is relatively the largest from all 
coadsorbates, the influence on the change in interaction energy is also largest for 
fluorine. 

There is, however, another issue. There could be a contribution from CO – X – 
CO interactions. When no coadsorbed atoms are present, there is no interaction 
between the CO molecules as evidenced by the similar adsorption energies. When 
there is an atom in between the CO molecules, this atom could cause the CO 
molecules to interact with each other ‘through’ the coadsorbate. This behavior has 
been invoked by Curulla-Ferré et al.[10] for nitrogen and CO. To investigate the 
magnitude of this effect, a test calculation was done in which we used a 0.50 ML 
coverage of fluorine and a 0.06 ML coverage of CO. In this calculation the fluorine 
and the CO were fixed in the xy-direction (the surface plane) and were only allowed 
to relax in the z-direction (perpendicular to the surface plane). This prevents the 
fluorine from moving away from the adsorbed CO molecule. Since there is no CO 
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present at the ‘other side’ of the fluorine atom, there can be no CO – F – CO 
interaction. In this case the interaction energy between fluorine and CO is 0.25 eV, 
which is the exact same value as for a high CO coverage of 0.25 ML. This proves that 
there is no CO – F – CO interaction and that the additional repulsive interaction at a 
high coverage of CO arises solely because the coadsorbates are not at their optimal 
position with respect to the adsorbed CO molecule. 

This Chapter has clearly indicated that one cannot speak of the interaction 
energy between a molecule and a coadsorbed atom: its value is far from being fixed 
and depends on a number of parameters, one of them being the coverage of both the 
molecule as well as the coadsorbed atom. 

 

8B.5 Conclusion 
In this Chapter it was shown that the coverage of CO as well as coverage of the 
coadsorbed atom has a large influence on the magnitude of the interactions. At next-
nearest-neighbor positions, the coadsorbates have only very little influence on CO. At 
nearest-neighbor positions, the magnitude of the interaction depends on the coverage 
of CO: a higher coverage of CO leads to more repulsion. This is not due to CO – CO 
interactions, but to the coadsorbates not being at their optimal position with respect to 
the adsorbed CO molecule. 
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Chapter 8C 

The influence of promoters and poisons on carbon 
monoxide adsorption on transition metals 

 

 

Density Functional Theory (DFT) calculations have been used to 
determine the pairwise lateral interaction energies between carbon 
monoxide and coadsorbed elements from the first three rows of the 
periodic table on different transition metal surfaces. We compare the 
rhodium(100), iridium(100), and palladium(100) surfaces. The 
coverage of the co-adsorbed atoms was 0.50 ML, and that of the CO 
probe molecule 0.25 ML. The trend in interaction energies observed 
on the Rh(100) surface seems to be universal for all transition metal 
surfaces. The palladium surface, however, shows some interesting 
behavior in which some of the coadsorbed atoms occupy semi-
subsurface positions upon adsorption of CO. 
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8C.1 Introduction 
The results reported in the previous paragraphs are all based on the rhodium metal. To 
investigate whether the reported trend in interaction energy is limited to this specific 
metal or if it is a general trend, we repeated the calculations for two other transition 
metal surfaces: the palladium(100) and iridium(100) surface. 

 

8C.2 Theoretical details 
The metal(100) surfaces were modeled using a four-metal layer slab, describing a 
p(2x2) unit cell, and six vacuum layers. The relative positions of the atoms are those 
as in the bulk, with an optimized lattice parameter of 3.8543 Å for rhodium, 3.9459 Å 
for palladium, and 3.8819 Å for iridium. CO was placed in a p(2x2) arrangement on 
the surface, corresponding to a 0.25 ML coverage. The coadsorbed atoms were placed 
in a c(2x2) arrangement on the surface, corresponding to a 0.50 ML coverage. As 
coadsorbed atoms we have chosen all elements from the first three rows of the 
periodic table (except the rare gases). The coadsorbed atoms and the CO were relaxed 
in all directions in the calculations. The top layer of metal atoms was relaxed in all 
directions, while the second layer was relaxed in the height direction. All other metal 
atoms were frozen in their bulk positions. All calculations have been done at the 
Density Functional Theory (DFT) level, using the Vienna ab-initio simulation 
package (VASP)[1,2], which performs an iterative solution of the Kohn-Sham 
equations in a plane-wave basis set. Plane-waves with a kinetic energy below or equal 
to 400 eV have been included in the calculation. The exchange-correlation energy has 
been calculated within the generalized gradient approximation (GGA) using the form 
of the functional proposed by Perdew and Wang[3,4], usually referred to as Perdew-
Wang 91 (PW91). The electron-ion interactions are described by the projector 
augmented wave method (PAW) developed by Blöchl.[5] This is essentially an all-
electron frozen core method combining the accuracy of all-electron methods and the 
computational simplicity of the pseudopotential approach; especially in the 
implementation of Kresse and Joubert.[6] The reciprocal space has been sampled with 
a (8x8x1) k-points grid, automatically generated using the Monkhorst-Pack 
method.[7] For the calculation of the fractional occupancies, a broadening approach 
proposed by Methfessel and Paxton[8] is used with N = 1 and σ = 0.1 eV. We have 
obtained the equilibrium geometries for all systems, and the binding energy of CO to 
the surface. 
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8C.3 Results 
The calculated adsorption energy of CO in the hollow site of the palladium(100) 
surface is -1.87 eV. On iridium the adsorption energy in the hollow site is -1.79 eV. 
Therefore, CO is bound most strongly on the rhodium surface (on which CO has an 
adsorption energy of -2.00 eV) and least strongly on the iridium surface. Like for the 
rhodium surface, hydrogen has only a small influence on the adsorption strength of 
CO on the other metals as well: on rhodium the pairwise lateral interaction energy 
between CO and hydrogen is 0.02 eV, on palladium it is 0.03 eV, and on iridium it is 
0.07 eV. 
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Figure 8C.1 Pairwise lateral interaction energy between a p(2x2) layer of CO and a 
c(2x2) layer of coadsorbed atoms from the second row of the periodic table on three 
different metal surfaces. The interaction energy corresponds to one CO – X 
interaction. Below the lowest dotted line the interaction energy is attractive and above 
this line it is repulsive. Above the threshold values, indicated with the upper three 
dotted lines, the total energy upon CO adsorption increases. 

 

Figure 8C.1 shows the lateral interaction energy as a function of the 
coadsorbed species from the second row of the periodic table for three different 
metals. Rhodium is represented by squares, iridium by triangles, and palladium by 
circles. The surface is covered with 0.25 ML CO and 0.50 ML coadsorbed atoms. 
Each CO is thus surrounded by four coadsorbed atoms at nearest-neighboring 



132                                                                                                                 Chapter 8C 
 

positions. The threshold value above which the repulsion becomes so strong that the 
total energy upon CO adsorption increases is of course different for each metal since 
the adsorption energy of CO on each metal is different. The threshold values have 
been indicated by the dotted lines in the upper part of the figure. For rhodium there is 
no atom that causes the total repulsion to exceed this threshold value. 

Figure 8C.2 shows the lateral interaction energy as a function of the 
coadsorbed species from the third row of the periodic table for the three different 
metals. Rhodium is again represented by squares, iridium by triangles, and palladium 
by circles. The surface coverage of the different species is the same as before: 0.25 
ML CO and 0.50 ML coadsorbed atoms. 
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Figure 8C.2 Pairwise lateral interaction energy between a p(2x2) layer of CO and a 
c(2x2) layer of coadsorbed atoms from the third row of the periodic table on three 
different metal surfaces. The interaction energy corresponds to one CO – X 
interaction. Below the lowest dotted line the interaction energy is attractive and above 
this line it is repulsive. Above the threshold values, indicated with the three upper 
dotted lines, the total energy upon CO adsorption increases. 

 

The interaction energies are much stronger for third row elements compared to 
second row elements. The most important observation, however, is the fact that for all 
three metals the same trend is visible. All metals show a maximum after which the 
interaction energy decreases again. Since the interaction energies are more strongly 
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repulsive compared to second row elements, many points fall above the threshold 
value. 

 

8C.4 Discussion 
In this Chapter the influence of coadsorbates on the adsorption of CO has been 
investigated on a range of transition metal surfaces. The general behavior is the same 
on all metals. However, for some metals the situation can change drastically due to 
the migration of the adsorbates into the subsurface region. 

The iridium surface shows a trend quite similar to the rhodium surface. 
Lithium and sodium show attractive interactions while all other atoms show a 
repulsion. The most intriguing observation, however, is that again, like on the 
rhodium surface, there is a maximum in the interaction energy. This maximum is 
reached for carbon and sulphur in this case. 

The palladium surface shows a quite remarkable behavior. The general trend 
looks the same like for the rhodium or iridium surface, especially for third row 
elements. The magnitude of the interaction has only increased a bit, but again there is 
a maximum in the curve. It lies at phosphor for third row elements. For the second 
row elements, however, there are two points that are quite different and do not seem 
to follow the expected trend. When carbon or nitrogen is coadsorbed next to the CO 
the repulsive interaction is far less than what would be expected based on the trend 
with the other coadsorbates. A closer inspection of the geometry reveals the reason 
why. 

All coadsorbed atoms on the rhodium and iridium surface were adsorbed at a 
position above the level of the upper metal atoms. This is true with or without CO 
present. This situation is different in the case of palladium. When only carbon is 
present, it is adsorbed in a hollow site in lateral direction, but has moved below the 
surface level. When CO is added to this system, carbon moves even further down. To 
be more precise: carbon moves from a position 0.39 Å below the surface to a level 
0.51 Å below the surface (see Figure 8C.3). 

With nitrogen the situation is even more remarkable. Without CO present, it is 
adsorbed 0.54 Å above the surface. When CO is added, nitrogen moves to a position 
0.29 Å below the surface (see Figure 8C.3). Both atoms (carbon and nitrogen), 
therefore, reside below the surface level when CO is present. This is most likely the 
reason why the interaction energy does not follow the expected trend in these cases. 
Moving the coadsorbates subsurface leads to a tremendous reduction of the repulsive 
interaction. It therefore makes sense that this behavior only occurs for those 
coadsorbates that have the strongest repulsive interactions: if these atoms had 
followed the expected trend, the repulsive interaction would have been very strong. 
On the iridium or rhodium surface, however, the coadsorbates do not move to 
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subsurface positions. This different behavior between the metals could be caused by 
the fact that the palladium metal has the largest lattice parameter. Therefore, it should 
be easier for an adsorbed atom to diffuse to subsurface positions in the palladium 
metal compared to the other metals. 
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Figure 8C.3 Relaxed geometries of the palladium(100) surface with carbon and 
nitrogen present as coadsorbates next to CO. Carbon is located below the surface 
level with and without CO present. Nitrogen is located above the surface level without 
CO present, but below the surface level with CO present. 

 

When comparing Figure 8C.1 and 8C.2, it appears that after reaching the 
maximum, the interaction energy drops more for second row elements than for third 
row elements. This behavior can be explained by the observations made in Chapter 
8B. There it was shown that at this high coverage of CO the coadsorbates are not 
located at their ideal distance with respect to the CO. If given the chance, they would 
move farther away from or closer to the CO. This non-ideal adsorption site results in 
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an additional repulsive interaction. Since the interactions between third row elements 
and CO are larger than between second row elements and CO, it is logical to assume 
that the magnitude of this additional repulsive interaction is also larger for third row 
elements than for second row elements. This high additional repulsive interaction will 
prevent the interaction energy from dropping too much after reaching the maximum. 

 

8C.5 Conclusion 
In this Chapter it was shown that the trend in interaction energies between CO and 
coadsorbed atoms is not limited to the rhodium surface, but seems to be a general 
trend on several transition metals. In general, the interaction energy between CO and 
third row elements is higher than between CO and second row elements. On all 
surfaces, the alkali atoms show an attractive interaction towards CO while all other 
atoms show a repulsion. On some metal surfaces (especially the ones with a large 
lattice parameter) the adsorption of CO may cause the diffusion of the coadsorbed 
atoms into the subsurface region of the metal. 
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Chapter 9 

Summary and general conclusions 
 

9.1 Summary 
Catalytic systems are often described in highly simplified terms. For instance, it is 
assumed that species adsorbed on a catalyst surface only interact with the catalyst 
itself and not with each other, which leads to simplified rate equations. In many cases, 
however, this is not a realistic description of the catalytic system since the species 
adsorbed on a catalyst surface do interact with each other and these interactions 
greatly influence their stability on the surface and the rate equations in which they are 
represented.[1] The research summarized in this thesis is focused on obtaining 
qualitative and quantitative information on the nature and strength of these 
interactions. 

 Throughout this thesis, a combination of several experimental spectroscopic 
techniques and a computational approach was used. To determine which species are 
present on the catalyst surface and to follow their concentration in time, Static 
Secondary Ion Mass Spectrometry (SSIMS) has been used. Whether or not the 
adsorbates formed an ordered pattern on the surface was studied by Low Energy 
Electron Diffraction (LEED). The gas phase was monitored by Temperature 
Programmed Desorption (TPD) to detect products that were formed and to follow the 
concentration of species in the gas phase. For the computational approach, Density 
Functional Theory (DFT) was used to calculate the relative stabilities of adsorbed 
species, the interaction energies between them, and to suggest the most favorable 
pathway for a catalytic reaction. 

 In Chapter three several methods for analyzing TPD spectra have been 
discussed. Although the methods based on the analysis of one spectrum using the 
Arrhenius equation perform well in the zero-coverage limit, they give false results at 
higher coverages due to a ‘forced’ compensation effect if the activation energy is 
indirectly (due to for example lateral interactions) temperature dependent. The 
compensation effect is a widely occurring phenomenon when evaluating TPD spectra 
of systems in which interactions are present. A ‘forced’ compensation effect results in 
false values for both the pre-exponential factor as well as the activation energy. The 
so-called ‘complete analysis’ tests well in the case of lateral interactions if analytical 
expressions (i.e. continuous functions) are used as input data. However, the 
performance of this method depends critically on the way input data are obtained by 
interpolation in a discrete set of data. 

 Chapter four dealt with the decomposition of ethylene. First, density-
functional calculations of ethylene-derived hydrocarbon fragments adsorbed on the 
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(100) surface of rhodium were performed. They predicted the following species to be 
stable: ethylene itself, ethylidyne (CCH3) in a hollow site, acetylene (CHCH) in a 
hollow site, ethynyl (CCH) in a ‘bent’ position with each carbon bound to two 
rhodium atoms, methylidyne (CH) in a hollow site, and carbon in a hollow site. 
Spectroscopic confirmation of these species has been obtained from high-resolution 
electron energy loss spectroscopy and static secondary ion mass spectrometry, and in 
an indirect way via temperature programmed desorption of hydrogen. Low energy 
electron diffraction shows that a saturation layer of ethylene orders in a p(2x2) 
structure, implying a saturation coverage of 0.25 ML for ethylene. The resulting 
carbon layer after complete decomposition orders in a c(2x2) fashion. Temperature 
programmed SSIMS and temperature programmed desorption gave insight in the 
stability ranges of the species. The nature and rate of decomposition of the 
hydrocarbon fragments depends on the surface coverage. Ethynyl (CCH) and 
methylidyne (CH) are the dominant intermediates in the decomposition of ethylene to 
carbon at low coverage, whereas ethylidyne (CCH3) and acetylene (CHCH) appear as 
stable intermediates at saturation coverage. The rate of decomposition is highest at 
low coverage. 

 In Chapter five the decomposition pathway of acetylene was described. It has 
been obtained from a combined DFT and TP-SSIMS study. Acetylene does not form 
an ordered pattern on the surface. However, by analysing the amount of hydrogen 
desorbing from the surface, the saturation coverage of acetylene was found to be 0.40 
± 0.05 ML. The first step in the decomposition reaction is breaking of a CH bond 
leading to the ethynyl species (CCH) and a hydrogen atom. The second step is 
breaking of the CC bond leading to methylidyne (CH) and a carbon atom. This step 
only takes place at a significant rate once part of the hydrogen has desorbed from the 
surface thereby creating free surface sites. The final step is breaking of the CH bond 
of methylidyne leading to atomic carbon and hydrogen. The rate of decomposition of 
the hydrocarbon fragments depends on the initial surface coverage of acetylene: the 
rate of decomposition is highest at the lowest initial coverage. At a high initial 
acetylene coverage, the methylidyne species is present in significant amounts till 
temperatures up to 750 K. This is quite different compared to the decomposition of 
ethylene where the methylidyne species was present in far lesser quantities at these 
high temperatures. 

 Carbon does not desorb from the Rh(100) surface. It can, however, under 
certain conditions diffuse into the bulk of the metal. This was examined in great detail 
in Chapter six using DFT calculations. The calculations show that a single carbon 
atom in a p(2x2) unit cell (corresponding to a coverage of 0.25 monolayer) prefers to 
bind in the hollow site on the Rh(100) surface and will not diffuse to subsurface 
positions. Upon increasing the surface coverage of carbon, at a certain point it 
becomes more favourable for part of the carbon to reside in subsurface sites. This 
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behaviour becomes more pronounced at higher coverage. At very high subsurface 
concentrations there is a driving force for carbon to diffuse further into bulk positions. 

Carbon adsorbed on the surface or absorbed in the subsurface greatly 
influences catalytic processes occurring on the surface. This is described in Chapter 
seven. The carbon layer that was produced by the decomposition of ethylene was used 
to perform co-adsorption experiments to determine the interaction of carbon with 
molecular adsorbates such as CO. Carbon orders into a c(2x2) pattern on the (100) 
surface of rhodium. Adding CO to this structure and using Temperature Programmed 
Desorption (TPD) yields the interaction energy between carbon and CO on nearest 
neighboring sites. The magnitude of this interaction was determined to be 16 kJ/mole. 
Furthermore, it was shown experimentally as well as theoretically that subsurface 
carbon has a profound effect on adsorbed CO. Above a certain surface coverage of 
carbon, the c(2x2) structure remains intact but the excess amount of carbon diffuses 
into subsurface positions from where it greatly influences the desorption behavior of 
adsorbed species like CO. Subsurface carbon significantly reduces the repulsive 
interaction between CO and surface carbon, due to the appearance of a surface 
reconstruction. In this chapter it was shown that interactions between adsorbed 
molecules, co-adsorbed atoms, and subsurface species are of great importance for 
accurately describing catalytic processes. 

 To acquire a broader understanding of the nature and strength of the 
interaction between atomic adsorbates and adsorbed molecules, in Chapter eight the 
interaction energies between CO and atoms from the first three rows of the periodic 
table were investigated. The atoms were placed in such an arrangement that each CO 
molecule had four atoms as nearest neighbours or as next-nearest neighbours. At a 
relatively high coverage of both CO and coadsorbed atoms, the alkali atoms exhibit an 
attractive interaction towards CO, while the other atoms show a repulsive interaction. 
There is, however, a maximum in the interaction energies: for second row elements 
nitrogen has the strongest repulsive interactions, while for third row elements this is 
sulphur. Attempts to correlate the calculated interaction energies with macroscopic 
properties of the surface or the coadsorbed atoms, such as work function changes or 
electronegativity were unsuccessful, indicating that it is not generally possible to 
predict the effect of coadsorbates on a basis of “chemical intuition”. Furthermore, we 
examined in detail how a different coverage of CO and / or coadsorbates affects the 
interaction energy. A high coverage of CO introduces an additional repulsive 
interaction term. This is due to the coadsorbed atoms being unable to occupy their 
preferred positions. The resulting additional repulsion can become so strong that it 
changes the overall interaction energy from attractive to repulsive. In addition, it was 
shown that the observed trend in interaction energy holds equally well for other 
transition metals. 
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9.2 General conclusions 
The general view of a reaction proceeding at a catalyst surface is usually highly 
simplified. Several assumptions are being made in order to easily describe a catalytic 
reaction proceeding at the surface.  

First of all, the effect of interactions between adsorbates on a surface reaction 
is often underestimated. Second, when surface reactions are considered, the 
subsurface region is often thought to play only a minor role. Third, the metal lattice is 
often made discrete by only considering specific adsorption sites available for an 
adsorbate like top, bridge, four-fold hollow, hcp, and fcc sites on the surface and 
octahedral and tetrahedral in the subsurface.  

All of these assumptions, however, lead to a too simplistic view of the system. 
In fact, many of the points mentioned above can by no means be ignored when 
describing the catalytic reaction since they greatly influence the stability and 
reactivity of the adsorbates. Examples hereof have emerged throughout this thesis and 
they will now be discussed in a more general perspective. 

 

9.2.1 Coadsorbates 
The first factor influencing an adsorbate is the presence of another species on the 
surface called a coadsorbate. It was shown extensively in Chapters 7 and 8 that 
coadsorbates greatly influence the stability of an adsorbed molecule on the surface. 
This interaction can be either attractive or repulsive depending on the nature of the 
adsorbate, the coadsorbate, and the metal and their relative coverages. Quantification 
of the interaction has been obtained experimentally for carbon (Chapter 7) and for 
nitrogen[2] coadsorbed with carbon monoxide. In these experiments carbon showed a 
weaker repulsive interaction towards CO than nitrogen. This is in agreement with 
theoretical results (Chapter 8).  

Using DFT one can straightforwardly calculate these interaction energies. The 
number of systems that can be investigated experimentally on the other hand is rather 
limited since several requirements have to be met. First, the coadsorbate has to form 
an ordered pattern on the surface. This can be investigated using low energy electron 
diffraction. Second, the coadsorbate needs to stay adsorbed at least as long as the 
adsorbate does. Third, when the interaction is too strongly repulsive, desorption will 
occur below the minimum temperature which can be reached with the experimental 
set-up. 

Temperature programmed desorption is one of the most widely spread and 
used techniques to study catalytic reactions and to determine (directly and indirectly) 
qualitatively and quantitatively the nature and strength of the interaction energy. 
However, as conceptually simple as the technique may look, accurate interpretation of 
the results is often not a trivial matter. Especially when the technique is used to study 
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interactions between adsorbates, the method for analyzing the data should be chosen 
carefully, as shown in Chapter 3. On a more fundamental level, Van Bavel et al. 
found[3] that desorption of adsorbates from a catalyst surface should not be described 
in terms of desorption sites but rather in terms of desorption configurations. This 
illustrates that it is not the desorption site and the adsorbate that determine the 
desorption behavior, but the entire ensemble of desorption site, adsorbate, co-
adsorbates, and possibly subsurface species. 

Throughout this thesis, the interaction energy between an adsorbed molecule 
(usually CO) and a coadsorbed atom has been defined as the difference in the 
adsorption energies of the molecule with and without the coadsorbed atom present. By 
doing so, we obtain an observed value for the interaction energy that is build up from 
all the factors that influence the adsorption energy of this molecule. Therefore, this 
value is far from constant and depends on many properties of the total system. Some 
of these properties have been investigated in this thesis. 

In Chapter 8B it was shown that the coverage of both the coadsorbate and the 
adsorbate, has a profound influence on the nature as well as the strength of the 
observed interaction energy. During a temperature-programmed experiment, the 
coverage of the desorbing adsorbate does not remain constant: in the onset of the 
desorption peak the coverage will be relatively high, while at the tail of the desorption 
peak the coverage will be relatively low. The high surface coverage will lead to an 
‘extra repulsive term’ in the onset of the peak due to the effect discussed in Chapter 
8B. Depending on the strength of this additional repulsion (which is small for lithium 
and high for fluorine) it will to a certain extent cause the peak to broaden at the onset. 
At the temperature corresponding to the peak maximum, the coverage of the adsorbate 
will already have dropped somewhat. Part of the extra repulsion, however, still 
remains. The lowest repulsive (or highest attractive) interaction energy between an 
adsorbate and (four) coadsorbates corresponds only to the tail of the desorption 
feature since then the coverage of the adsorbate is almost zero and no additional 
repulsion exists anymore. This implies that this value of the interaction energy should 
be extracted in the zero-coverage limit. 

 

9.2.2 Coverage 
There is a distinct difference between reactions proceeding at a low coverage or at a 
high coverage. The first effect of coverage occurs simply because a high surface 
coverage leads to less free space on the surface. This space is often needed for 
decomposition reactions to occur, for example the CC bond breaking in the ethylene 
and acetylene decomposition reaction. It was shown that other intermediate species 
are present on the surface at a high surface coverage compared to a low surface 
coverage. Furthermore, intermediates can be stable in a different temperature range 
depending on the coverage. For example, at a high initial coverage of acetylene, the 
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methylidyne species is stable up to much higher temperatures compared to a low 
initial coverage, because decomposition of this species cannot take place when no free 
sites are available. The second effect of coverage was shown in Chapter 8B: the 
nature and strength of the interaction between an adsorbed molecule and a coadsorbed 
atom depends heavily on the coverage of both. 

 

9.2.3 Subsurface species 
Subsurface migration of adsorbates can be induced by a high surface coverage as 
shown in Chapter 6. The presence of subsurface species greatly alters the adsorption 
properties of molecules on the surface. This was made clear in Chapter 7. CO is 
destabilized by coadsorbed surface carbon but part of this destabilization is relieved 
by the presence of subsurface carbon. The reason for this is most likely the occurrence 
of a surface reconstruction of the metal lattice. This shows that subsurface species 
cannot be ignored and should always be considered when investigating surface 
reactions.  

The results presented in Chapter 6, though exhaustive, are still only the tip of 
the iceberg as far as subsurface species are concerned. Many more experiments and 
calculations need to be performed to obtain a broad understanding of this 
phenomenon. A detailed description of the diffusion path for carbon into the 
subsurface at different coverages would provide valuable insight into the activation 
energy for this process. Likewise, the coadsorption of CO on systems with subsurface 
carbon present in different amounts could provide a broader understanding of the 
effect of subsurface species on adsorbates. An analysis of the CO stretch vibration in 
these systems using density functional theory can in principle be compared with 
experimental high resolution electron energy loss spectroscopy measurements of these 
same systems, thus evaluating the effect of subsurface species on the vibrations of an 
adsorbate. Furthermore, the research can be extended to other relevant subsurface 
species like oxygen or nitrogen. Another approach would be to investigate the 
different surfaces of a given metal, for instance the (111) and (100) surface of an fcc 
metal. In this case the diffusion pathways will most likely be different, leading to 
different activation energies for diffusion into the subsurface. Once all surfaces of a 
given metal have been examined, a model can be constructed that is of direct 
relevance for industrial processes since an industrial catalyst can be thought of as a 
particle exposing several single crystal surfaces. 

 

9.2.4 Occupation of different adsorption sites 
Usually, it is assumed that the surface of a single crystal encompasses three distinct 
sites: top, bridge, and hollow (four-fold, fcc, or hcp). However, in Chapter 6 it was 
shown that carbon can occupy adsorption sites different from these standard ones, 
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once the coverage on the surface exceeded 0.50 ML. Only at these high surface 
coverages carbon can adsorb in a hollow site at a position below the level of the 
rhodium atoms. This position is not stable at lower surface coverages. In Chapter 8C 
it was shown that on a palladium surface, nitrogen will bind above the surface level at 
a coverage of 0.50 ML in the absence of CO. When CO is present, however, the 
nitrogen atoms will migrate into the surface to a position below the rhodium atoms 
while retaining their lateral position. This configuration of nitrogen closely resembles 
the one found for carbon in Chapter 6. These examples show that adsorption or 
absorption sites are far from being ‘discrete’ locations on or within the lattice: under 
certain conditions new (lower symmetry) sites may appear. 

A comparable situation occurs for CO adsorption on iron. There it was found 
by Bromfield et al.[4] that the top site of an Fe(100) surface is not a stable adsorption 
site for CO at a low coverage. At a higher CO coverage, however, the nature of the 
top site changed into a stable adsorption site for CO. One of their conclusions was 
thus that the number and nature of likely stable adsorption structures is coverage-
dependent. 

 

9.2.5 A final thought 
The presence of coadsorbates, the effect of coverage, the presence of subsurface 
species, and the changing stability of (newly formed) adsorption sites can all to a 
certain extent influence the stability and reactivity of adsorbates on a catalyst surface. 
Usually, it is not possible to separate the observed overall effect on for instance the 
desorption energy of an adsorbed molecule into its constituent contributions. 
However, solely knowledge about the type of metal and the type of adsorbate is not 
sufficient to construct a meaningful model of a catalytic system. Throughout this work 
it has been shown repeatedly that many more factors have an important influence on 
the system. Therefore, the whole system, including metal atoms, adsorbates, co-
adsorbates, subsurface atoms and the coverage of all these species should be 
considered when investigating a catalytic system. In this thesis it has been shown 
recurrently that the predictions from density functional theory are in remarkable 
agreement with experiments. So, whereas both experiment and theory have their pros 
and cons, it is often the combination of both methods that proves to be a powerful tool 
in unravelling a catalytic process. 
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Samenvatting en algemene conclusies 
 

Samenvatting 
Katalytische systemen worden vaak in simpele termen beschreven. Het wordt 
bijvoorbeeld vaak aangenomen dat deeltjes die geadsorbeerd zijn op een katalysator 
oppervlak alleen een interactie aangaan met de katalysator en niet met elkaar, hetgeen 
leidt tot vereenvoudigde reactiesnelheidsvergelijkingen. In veel gevallen is dit echter 
geen realistische beschrijving van het katalytische systeem, omdat de adsorbaten op 
een katalysator oppervlak wel degelijk een interactie met elkaar hebben en deze 
interactie hun stabiliteit  op het oppervlak en de reactiesnelheidsvergelijkingen waarin 
ze voorkomen sterk beïnvloeden.[1] Het onderzoek  samengevat in dit proefschrift 
richt zich op het verkrijgen van kwalitatieve en kwantitatieve informatie over de aard 
en sterkte van deze interacties. 

 In dit proefschrift is een combinatie gebruikt van verschillende experimentele 
spectroscopische technieken en een theoretische aanpak. Om te bepalen welke deeltjes 
aanwezig zijn op het katalysatoroppervlak en om hun concentratie in de tijd te volgen 
is Statische Secundaire Ionen Massa Spectrometrie (SSIMS) gebruikt. Om te zien of 
de adsorbaten een geordend patroon op het oppervlak vormen is Lage Energie 
Elektronen Diffractie (LEED) gebruikt. De gasfase is bestudeerd met Temperatuur 
geProgrammeerde Desorptie (TPD) om de gevormde producten te detecteren en om 
hun concentratie te volgen. In de theoretische aanpak  is 
DichtheidsFunctionaalTheorie (DFT) gebruikt om de relatieve stabiliteit van de 
geadsorbeerde deeltjes te berekenen, de interactie tussen hen en de meest gunstige 
route voor de katalytische reactie.  

In Hoofdstuk drie werden verschillende methoden besproken om TPD spectra 
te analyseren. Alhoewel de methoden die gebaseerd zijn op het analyseren van één 
spectrum, gebruikmakend van de Arrhenius vergelijking, goed presteren bij een zéér 
lage bedekkingsgraad, geven ze foutieve resultaten bij hogere bedekkingen, doordat 
een ‘geforceerd’ compensatie-effect optreedt als de activeringsenergie indirect 
(bijvoorbeeld door laterale interacties) temperatuursafhankelijk is. Het compensatie-
effect is een wijd verbreid fenomeen in het evalueren van TPD spectra van systemen 
waarin interacties aanwezig zijn. Een ‘geforceerd’ compensatie-effect resulteert in 
foutieve waarden voor zowel de pre-exponentiële factor als de activeringsenergie. De 
zogenaamde ‘volledige analyse’ voldoet goed in het geval van laterale interacties als 
analytische uitdrukkingen (d.w.z. continue functies) worden gebruikt als invoer data. 
De prestatie van deze methode hangt echter sterk af van de manier waarop de invoer 
data verkregen worden door interpolatie binnen een discrete set van datapunten.  

Hoofdstuk vier beschrijft de ontleding van etheen. Allereerst werden 
dichtheidsfunctionaal berekeningen uitgevoerd van van etheen afgeleide 
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koolwaterstoffragmenten geadsorbeerd op het (100) oppervlak van rhodium. De 
berekeningen voorspelden dat de volgende deeltjes stabiel zouden zijn: etheen zelf, 
ethylidyne (CCH3) in een viervoudig gecoördineerde adsorptieplaats, acetyleen 
(CHCH) in een viervoudig gecoördineerde adsorptieplaats, ethynyl (CCH) in een 
‘gebogen’ positie met elk koolstof atoom gebonden aan twee rhodium atomen, 
methylidyne (CH) in een viervoudig gecoördineerde adsorptieplaats en koolstof in een 
viervoudig gecoördineerde adsorptieplaats. Spectroscopische bevestiging van deze 
deeltjes is verkregen door hoge-resolutie elektronen energie verlies spectroscopie 
(HREELS) en SSIMS en via een indirecte weg door TPD spectra van waterstof. 
LEED toonde aan dat een verzadigingslaag van etheen zich rangschikt in een p(2x2) 
structuur, hetgeen een verzadigingsbedekking van etheen van 0.25 monolaag 
impliceert. De koolstoflaag resulterend na de volledige afbraak van etheen is 
gerangschikt volgens een c(2x2) patroon. Temperatuur Geprogrammeerde SSIMS 
(TP-SSIMS) en TPD boden inzicht in de stabiliteitregimes van de deeltjes. De aard en 
ontledingssnelheid van de koolwaterstoffragmenten hangen af van de 
oppervlaktebedekking. Ethynyl en methylidyne zijn de dominante intermediaren 
tijdens de ontleding van etheen tot koolstof bij lage bedekkingen, terwijl bij een 
verzadigingsbedekking ook ethylidyne en acetyleen aanwezig zijn als stabiele 
intermediaren. De ontledingssnelheid is bovendien het grootste bij een lage 
bedekkingsgraad. 

 In Hoofdstuk vijf wordt de ontledingsroute van acetyleen beschreven. Deze is 
verkregen uit een combinatie van een DFT en TP-SIMS studie. Acetyleen vormt geen 
geordend patroon op het oppervlak. Door de hoeveelheid waterstof die van het 
oppervlak desorbeert te analyseren kon toch de verzadigingsbedekking van acetyleen 
vastgesteld worden op 0.40 ± 0.05 ML. De eerste stap in het ontledingsproces is het 
breken van een CH binding, hetgeen leidt tot ethynyl en een waterstof atoom. De 
tweede stap is het breken van de CC binding, leidend tot methylidyne en een koolstof 
atoom. Deze stap vindt alleen met een significante snelheid plaats als een gedeelte van 
de waterstof van het oppervlak is gedesorbeerd waardoor vrije plaatsen op het 
oppervlak gecreëerd worden. De laatste stap is het breken van de CH binding van 
methylidyne leidend tot atomair koolstof en waterstof. De ontledingssnelheid van de 
koolwaterstof fragmenten hangt af van de initiële oppervlakte bedekking van 
acetyleen: de ontledingssnelheid is het hoogste bij de laagste initiële bedekking. Bij 
een hoge initiële acetyleen bedekking is methylidyne in significante hoeveelheden 
aanwezig tot een temperatuur van 750 K. Dit is een groot verschil vergeleken met de 
ontleding van ethyleen waar methylidyne in veel kleinere hoeveelheden aanwezig was 
bij deze hoge temperatuur.  

 Koolstof desorbeert niet van het rhodium(100) oppervlak. Het kan echter 
onder bepaalde omstandigheden naar lagen vlak onder het oppervlak of dieper in de 
bulk van het metaal diffunderen. Dit is in groot detail onderzocht in Hoofdstuk zes 
met behulp van DFT berekeningen. Deze berekeningen laten zien dat een enkel 
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koolstof atoom in een p(2x2) eenheidscel (overeenkomend met een bedekking van 
0.25 monolaag) het liefst in een viervoudig gecoördineerde adsorptieplaats van het 
rhodium(100) oppervlak adsorbeert en niet naar posities onder het oppervlak zal 
diffunderen. Als de oppervlaktebedekking van koolstof wordt verhoogd zal het op een 
gegeven moment gunstiger worden om een gedeelte van de koolstof atomen onder het 
oppervlak te absorberen in plaats van op het oppervlak te houden. Dit wordt nog 
uitgesprokener bij een nog hogere bedekking. Bij zeer hoge concentraties vlak onder 
het oppervlak ontstaat er vervolgens een drijvende kracht voor diffusie naar de bulk 
van het metaal. 

 Koolstof atomen die op het oppervlak zijn geadsorbeerd of onder het 
oppervlak zijn geabsorbeerd, beïnvloeden sterk de katalytische processen die op het 
oppervlak plaatsvinden. Dit wordt beschreven in Hoofdstuk zeven. De koolstoflaag, 
geproduceerd door de ontleding van etheen, werd gebruikt om co-adsorptie 
experimenten mee uit te voeren. Hiermee werd de interactie van koolstof met 
moleculaire adsorbaten zoals koolstofmonoxide (CO) bepaald. Koolstof rangschikt 
zich in een c(2x2) patroon op het (100) oppervlak van rhodium. Door het toevoegen 
van CO aan deze structuur kon, gebruikmakend van TPD, de interactie-energie tussen 
koolstof en CO op naaste-buren plaatsen bepaald worden. De grootte van deze 
interactie is 16 kJ/mol. Verder is zowel experimenteel als theoretisch aangetoond dat 
koolstof onder het oppervlak een sterk effect heeft op geadsorbeerd CO. Boven een 
bepaalde oppervlaktebedekking van koolstof blijft de c(2x2) oppervlaktestructuur 
intact, maar zal de overmaat koolstof naar posities onder het oppervlak diffunderen. 
Vanuit deze posities kan het koolstof sterk het desorptiegedrag van geadsorbeerde 
deeltjes zoals CO beïnvloeden. Koolstof onder het oppervlak reduceert aanzienlijk de 
repulsieve interactie tussen CO en oppervlakte koolstof, doordat het oppervlak 
reconstrueert. In dit hoofdstuk is aangetoond dat interacties tussen geadsorbeerde 
moleculen, gecoadsorbeerde atomen en deeltjes onder het oppervlak van groot belang 
zijn voor een nauwkeurige beschrijving van katalytische processen. 

 Om een breder begrip te krijgen van de aard en sterkte van de interactie tussen 
atomaire adsorbaten en geadsorbeerde moleculen, werden in Hoofdstuk acht de 
interactie-energieën tussen CO en atomen van de eerste drie rijen van het periodiek 
systeem onderzocht. De atomen zijn zo geplaatst dat elk CO molecuul vier atomen als 
naaste buren of als volgende-naaste buren heeft. Bij een hoge bedekking van zowel 
CO als de coadsorbaten, vertonen de alkali atomen een attractieve interactie met CO, 
terwijl alle andere atomen een repulsieve interactie vertonen. Er is echter een 
maximum in de interactie-energieën: voor elementen van de tweede rij bevindt dit 
maximum zich bij stikstof, terwijl voor elementen van de derde rij dit maximum zich 
bij zwavel bevindt. Pogingen om de berekende interactie-energieën met 
macroscopische eigenschappen van het oppervlak of van de gecoadsorbeerde atomen, 
zoals de werkfunctieveranderingen of de electronegativiteit, te correleren falen, 
hetgeen aangeeft dat het in het algemeen niet mogelijk is om het effect van 
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coadsorbaten te voorspellen op basis van “chemische intuïtie”. Verder is in detail 
onderzocht hoe een verschillende concentratie van CO en / of coadsorbaten de 
interactie-energie beïnvloedt. Een hoge bedekking van CO introduceert een 
additionele repulsieve interactie term. Dit wordt veroorzaakt doordat de 
gecoadsorbeerde atomen niet in staat zijn om hun optimale positie in te nemen. De 
resulterende additionele repulsie kan zo sterk worden dat hij de totale interactie-
energie verandert van attractie naar repulsie. Tenslotte hebben we laten zien dat de 
bovenstaande trend in interactie-energieën niet alleen geldt voor rhodium, maar 
evenzeer voor andere overgangsmetalen. 

 

Algemene conclusies 
Het algemeen beeld van een reactie op een katalysatoroppervlak is meestal erg 
gesimplificeerd. Er worden vele aannames gemaakt om de katalytische reactie op het 
oppervlak eenvoudig te kunnen beschrijven.  

 Ten eerste wordt het effect van interacties tussen adsorbaten op 
oppervlaktereacties vaak onderschat. Ten tweede wordt vaak aangenomen dat de regio 
onder het oppervlak een ondergeschikte rol speelt bij oppervlaktereacties. Ten derde 
wordt het metaalrooster vaak discreet gemaakt door alleen specifieke 
adsorptieplaatsen te beschouwen, zoals de top, gebrugde, of  drie- of viervoudig 
gecoördineerde adsorptieplaats op het oppervlak en de octaëdrische en tetraëdrische 
onder het oppervlak.  

 Al deze aannamen leiden echter tot een te eenvoudige beschrijving van het 
systeem. Het is zelfs zo dat vele van deze punten absoluut niet genegeerd kunnen 
worden als katalytische reacties beschreven worden, omdat zij een grote invloed 
uitoefenen op de stabiliteit en reactiviteit van de adsorbaten. Diverse voorbeelden 
hiervan zijn aan bod gekomen in dit proefschrift en deze zullen nu in een algemener 
beeld geplaatst worden. 

 

Coadsorbaten 
De eerste factor die een adsorbaat beïnvloedt is de aanwezigheid van een ander deeltje 
op het oppervlak, genaamd coadsorbaat. In Hoofdstuk zeven en acht is het uitgebreid 
aangetoond dat coadsorbaten een grote invloed uitoefenen op de stabiliteit van een 
molecuul geadsorbeerd op het oppervlak. Deze interactie kan attractief of repulsief 
zijn, afhankelijk van de aard van het adsorbaat, het coadsorbaat, het metaal en hun 
onderlinge concentraties. Voor koolstof en stikstof gecoadsorbeerd naast 
koolstofmonoxide is het mogelijk om experimenteel de grootte van de interactie te 
bepalen. In deze experimenten is de repulsie t.o.v. CO zwakker voor koolstof 
vergeleken met stikstof, in overeenstemming met de theoretische resultaten uit 
Hoofdstuk acht.  
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 Interactie-energieën kunnen rechtstreeks berekend worden met behulp van 
DFT. Het aantal systemen dat experimenteel onderzocht kan worden is echter beperkt, 
omdat aan een aantal voorwaarden moet worden voldaan. Ten eerste moet het 
coadsorbaat een geordend patroon vormen op het oppervlak, hetgeen onderzocht kan 
worden m.b.v. LEED. Ten tweede dient het coadsorbaat minstens zo lang 
geadsorbeerd te blijven als het adsorbaat. Ten derde, als de interactie te sterk repulsief 
is, zal desorptie plaatsvinden bij een temperatuur lager dan de minimale temperatuur 
die met de experimentele opstelling bereikt kan worden.  

 TPD is een van de meest wijdverbreide en gebruikte technieken om 
katalytische reacties te bestuderen en om (direct en indirect) kwalitatief en 
kwantitatief de aard en sterkte van de interactie-energie te bepalen. Alhoewel de 
techniek conceptueel simpel aandoet, is een juiste interpretatie van de resultaten vaak 
geen triviale zaak. Zeker indien de techniek gebruikt wordt om interacties tussen 
adsorbaten te bestuderen dient de methode om de data te analyseren met zorg gekozen 
te worden. Dit is duidelijk gemaakt in Hoofdstuk drie. Op een meer fundamenteel 
niveau hebben Van Bavel et al.[3] aangetoond dat de desorptie van adsorbaten vanaf 
een katalysatoroppervlak niet beschreven dient te worden in termen van 
desorptieplaatsen, maar in termen van desorptieconfiguraties. Dit toont aan dat het 
niet de desorptieplaats en het adsorbaat zijn die het desorptiegedrag bepalen, maar het 
gehele ensemble van desorptieplaats, adsorbaat, co-adsorbaat en deeltjes aanwezig 
onder het oppervlak. 

 In dit proefschrift is de interactie-energie tussen een geadsorbeerd molecuul 
(meestal CO) en een geadsorbeerd atoom gedefinieerd als het verschil in de adsorptie-
energieën van het molecuul met en zonder de aanwezigheid van het gecoadsorbeerde 
atoom. Zodoende krijgen we een waargenomen waarde voor de interactie-energie die 
is opgebouwd uit alle factoren die de adsorptie-energie van dit molecuul beïnvloeden. 
Dit is de reden waarom de interactie-energie geen constante waarde heeft, maar 
afhankelijk is van vele eigenschappen van het totale systeem. Enkele van deze 
eigenschappen zijn onderzocht in dit proefschrift. 

In Hoofdstuk 8B is duidelijk geworden dat de bedekking van zowel het 
adsorbaat als het coadsorbaat een grote invloed heeft op zowel de aard als de sterkte 
van de waargenomen interactie-energie. Gedurende een temperatuur geprogrammeerd 
experiment verandert continu de concentratie van het desorberende deeltje: in het 
begin van de desorptiepiek zal de bedekking relatief hoog zijn, terwijl aan het einde 
de concentratie relatief laag zal zijn. De hoge oppervlaktebedekking aan het begin zal 
leiden tot een ‘extra repulsieve term’ zoals besproken in Hoofdstuk 8B. Afhankelijk 
van de sterkte van deze additionele repulsie (welke klein is voor lithium en groot voor 
fluor) zal het leiden tot een zekere mate van verbreding van de piek aan het begin van 
de desorptie. Bij de temperatuur corresponderend met het maximum van de piek, zal 
de bedekking van het adsorbaat al aanzienlijk gedaald zijn. Een gedeelte van de 
additionele repulsie is echter nog steeds aanwezig. De minst repulsieve (of meest 
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attractieve) interactie-energie tussen het adsorbaat en het co-adsorbaat correspondeert 
alleen met de staart van de desorptiepiek, omdat de bedekking van het adsorbaat dan 
nagenoeg nul is en er dus ook geen additionele repulsie meer bestaat. Dit impliceert 
dat deze waarde voor de interactie-energie verkregen dient te worden in de limiet van 
een zeer lage bedekkingsgraad. 

 

Bedekkingsgraad 
Er is een duidelijk verschil tussen reacties die plaatsvinden bij een lage of bij een hoge 
bedekkingsgraad. Het eerste effect van de bedekkingsgraad treedt op door de simpele 
reden dat bij een hoge bedekkingsgraad de hoeveelheid vrije ruimte op het oppervlak 
klein is. Deze vrije ruimte is vaak nodig voor bepaalde stappen in ontledingsreacties 
zoals bijvoorbeeld het breken van de koolstof-koolstof binding in de 
ontledingsreacties van etheen en acetyleen. Het is aangetoond dat andere 
intermediaire deeltjes aanwezig zijn bij lage bedekkingsgraad vergeleken bij een hoge 
bedekkingsgraad. Verder kunnen deze intermediairen stabiel zijn in een ander 
temperatuurbereik afhankelijk van de bedekkingsgraad. Een voorbeeld is methylidyne 
dat bij een hoge initiële bedekking van acetyleen tot veel hogere temperaturen stabiel 
is vergeleken bij een lage bedekking. De reden hiervoor is puur het feit de bij een 
hoge bedekking er geen ruimte beschikbaar is voor de ontleding van methylidyne. Het 
tweede effect van de bedekkingsgraad is getoond in Hoofdstuk 8B: de aard en sterkte 
van de interactie tussen een geadsorbeerd molecuul en een gecoadsorbeerd atoom 
hangt sterk af van de bedekkingsgraad van beide. 

  

Deeltjes onder het oppervlak 
Migratie van adsorbaten naar plaatsen onder het oppervlak kan geïnduceerd worden 
door een hoge oppervlaktebedekking, zoals aangetoond in Hoofdstuk zes. De 
aanwezigheid van deeltjes onder het oppervlak beïnvloedt sterk de adsorptie-
eigenschappen van moleculen op het oppervlak, hetgeen duidelijk is gemaakt in 
Hoofdstuk zeven. Koolstofmonoxide wordt gedestabiliseerd door de aanwezigheid 
van koolstof atomen op het oppervlak, maar een gedeelte van deze destabilisatie 
wordt tenietgedaan indien koolstof atomen aanwezig zijn onder het oppervlak. De 
reden hiervoor is waarschijnlijk het optreden van een oppervlaktereconstructie van het 
metaal. Dit toont aan dat deeltjes aanwezig onder het oppervlak niet genegeerd 
kunnen worden en altijd meegenomen dienen te worden als oppervlaktereacties 
onderzocht worden.  

 De resultaten getoond in Hoofdstuk zes zijn, hoewel zeer uitvoerig, slechts de 
top van de ijsberg wat betreft de studie van deeltjes onder het oppervlak. Er zijn nog 
veel meer experimenten en berekeningen nodig alvorens een goed beeld kan ontstaan 
van dit fenomeen. Een gedetailleerde beschrijving van het diffusiepad van 
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koolstofatomen van het oppervlak naar plaatsen onder het oppervlak (bij verschillende 
bedekkingsgraden) zou een waardevol inzicht kunnen opleveren in de benodigde 
activeringsenergie voor dit proces. Verder zou de co-adsorptie van bijvoorbeeld CO in 
systemen met verschillende concentraties van deeltjes op en onder het oppervlak 
inzicht kunnen verschaffen in het effect op moleculaire adsorbaten. Een analyse van 
de C-O rekvibratie (m.b.v. DFT) in deze systemen zou vergeleken kunnen worden 
met experimentele data verkregen van hoge-resolutie elektronen energie verlies 
spectroscopie (HREELS), daarbij het effect onderzoekend van deeltjes onder het 
oppervlak op de vibrationele eigenschappen van deeltjes op het oppervlak. Verder kan 
het onderzoek uitgebreid worden naar andere katalytisch relevante atomen zoals 
zuurstof en stikstof. Een andere mogelijkheid zou zijn het onderzoeken van 
verschillende oppervlakken van hetzelfde metaal, bijvoorbeeld het (100) en (111) 
oppervlak van een fcc metaal. In dit geval zullen de diffusiepaden waarschijnlijk 
verschillend zijn, hetgeen zal leiden tot verschillende activeringsenergieën voor 
diffusie naar plaatsen onder het oppervlak. Als alle oppervlakken van een gegeven 
metaal onderzocht zijn, kan een model worden geconstrueerd dat van directe 
relevantie is voor industriële processen, omdat het oppervlak van een industriële 
katalysator gezien kan worden als opgebouwd uit verschillende 
éénkristaloppervlakken.  

 

Het bezetten van andere adsorptieplaatsen 
Meestal wordt aangenomen dat het oppervlak van een éénkristal bestaat uit specifieke 
adsorptieplaatsen: top, gebrugd, drievoudig gecoördineerd (fcc of hcp) en viervoudig 
gecoördineerd. In Hoofdstuk zes is echter aangetoond dat koolstof kan adsorberen op 
andere dan deze standaard plaatsen zodra de bedekking op het oppervlak groter wordt 
dan 0.50 monolaag. Alleen bij deze hoge bedekkingsgraden kan koolstof een positie 
innemen in een viervoudig gecoördineerde plaats, maar onder het oppervlak van de 
metaalatomen. Deze positie is niet stabiel bij een lage oppervlaktebedekking. In 
Hoofdstuk 8C hebben we laten zien dat stikstof op een palladiumoppervlak boven het 
metaalniveau adsorbeert indien er geen CO aanwezig is. Als er wel CO aanwezig is, 
zal het stikstofatoom een positie in een viervoudig gecoördineerde absorptieplaats 
onder het oppervlak innemen, identiek aan de eerder besproken absorptieplaats van 
koolstof. Deze voorbeelden laten duidelijk zien dat adsorptie- of absorptieplaatsen 
geen discrete locaties op of in het oppervlak zijn: onder bepaalde condities kunnen 
nieuwe plaatsen (met lagere symmetrie) ontstaan. 

 Een vergelijkbare situatie ontstaat voor CO geadsorbeerd op ijzer. Bromfield 
en medewerkers[4] hebben laten zien dat de top positie van het ijzer(100) oppervlak 
geen stabiele adsorptieplaats is voor CO bij een lage bedekkingsgraad. Bij een hoge 
bedekkingsgraad van CO echter verandert de aard van de top positie in een stabiele 
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adsorptieplaats voor CO. Eén van hun conclusies was derhalve dat het aantal en de 
aard van stabiele adsorptieconfiguraties afhankelijk zijn van de bedekkingsgraad. 

 

Een laatste gedachte 
De aanwezigheid van coadsorbaten, het effect van de bedekkingsgraad, de 
aanwezigheid van deeltjes onder het oppervlak en de veranderende stabiliteit van 
(nieuw gevormde) adsorptieplaatsen kunnen allemaal in zekere mate een invloed 
uitoefenen op de stabiliteit en reactiviteit van adsorbaten op een katalysatoroppervlak. 
Meestal is het echter niet mogelijk om een waargenomen effect op bijvoorbeeld het 
desorptiegedrag van een molecuul te splitsen in zijn bestanddelen. Enkel de kennis 
van het type metaal en het type adsorbaat is evenwel niet voldoende om een relevant 
model van een katalytisch systeem te construeren. In dit werk is het herhaaldelijk naar 
voren gekomen dat vele factoren een belangrijke invloed uitoefenen op het systeem. 
Derhalve dient het hele systeem inclusief metaalatomen, adsorbaten, coadsorbaten, 
deeltjes onder het oppervlak en de bedekkingsgraad van al deze deeltjes beschouwd te 
worden wanneer een katalytisch systeem onderzocht wordt. In dit proefschrift is het 
herhaaldelijk aangetoond dat de voorspellingen van dichtheidsfunctionaaltheorie in 
verrassende overeenstemming zijn met het experiment. Waar zowel experiment als 
theorie hun voor- en nadelen hebben, is het vaak de combinatie van beide die een 
krachtige methode blijkt te zijn in het ontrafelen van een katalytisch proces. 
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Dankwoord 
 

Er zijn de afgelopen jaren veel mensen geweest zonder wier hulp dit werk niet succesvol 
voltooid zou zijn geweest.  

Uiteraard begin ik met mijn eerste promotor Hans Niemantsverdriet. Toen ik met dit 
project begon vertelde je me wat we op dat moment wisten over laterale interacties, waar we 
naar toe wilden, maar niet hoe we daar moesten komen. Je liet me grotendeels vrij in de te 
kiezen weg. Ik heb het altijd plezierig gevonden dat ik niet gebonden was aan een bepaald 
systeem of aan een bepaalde reactie maar dat ik (binnen bepaalde grenzen uiteraard) alles kon 
aanwenden om meer te weten te komen over interacties in het algemeen. In het begin leidde 
dat tot vele projecten. In het laatse jaar hebben het samen weten terug te brengen tot de 
onderwerpen die vermeld zijn in dit proefschrft. Hans, ik heb veel van je geleerd over het 
schrijven van artikelen en het geven van presentaties. Ik waardeer het zeer dat je naast je 
drukke werkzaamheden als decaan zo veel tijd kon en wilde vrijmaken om mij te begeleiden. 

Mijn tweede promotor Ben Nieuwenhuys wil ik bedanken voor het nauwgezet 
doorlezen van mijn manuscript en de discussies tijdens werkbesprekingen. 

Vervolgens mijn co-promotor Daniel Curulla-Ferré. Dani, bedankt dat je mij (en vele, 
vele anderen) hebt ingewijd in de wereld der theorie. Ik heb in korte tijd ontzettend veel 
geleerd over DFT berekeningen. Ik waardeer het dat je steeds tijd vrijmaakte om mijn vragen 
te beantwoorden en interessante discussies te voeren. Samen hebben we heel wat 
rekenprojecten opgezet en -budgetten er doorheen gedraaid. Een groot deel van dit 
proefschrift zou er dan ook anders hebben uitgezien zonder jou. Dan wil ik hier ook graag de 
andere theoreten bedanken. Peter V., Bouke, Willy, Cristina, Joost en Chrétien, bedankt voor 
onze discussies over theoretische chemie en andere (al dan niet gerelateerde) zaken. 

Toen ik net begon met mijn AIO-schap was er slechts één echte experimentele één-
kristallen man binnen de groep: Sander van Bavel. Mijn experimentele vaardigheden heb ik 
dan ook grotendeels van hem geleerd. Sander, toen ik eenmaal bezig was met mijn project 
hebben we ontzettend vaak overlegd. Ik heb onze samenwerking altijd bijzonder gewaardeerd 
en ik denk dat wij het schoolvoorbeeld zijn geweest van synergie. Onze discussies hadden 
vaak een eigen karakter (met of zonder tennisbal(len)) en zullen vaak voor anderen, om 
verschillende redenen, onnavolgbaar zijn geweest. Samen hebben we dan ook heel wat uren 
gespendeerd om resultaten te verklaren, theorieën op te zetten en (met evenveel plezier) weer 
onderuit te halen. Dit alles heeft geleid tot een gezamenlijk artikel en vele co-auteurschappen. 

Tiny, jij bent de onmisbare schakel in onze groep. Altijd stond je klaar om problemen 
met de apparatuur (en die zijn er best wel geweest) op te lossen. Zeker zo belangrijk echter is 
jouw sociale taak binnen de groep. Als er iets georganiseerd moet worden, zoals uitstapjes, 
liedjes schrijven voor een promotie, koffie zetten, of welke sociale taak dan ook, ben jij de 
katalysator. Dit is een belangrijke aspect van jouw baan dat soms door anderen onderschat 
wordt. 
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Naast Tiny was er natuurlijk ook Wout en de medewerkers van de GTD die de nodige 
tijd hebben gespendeerd om de opstelling aan de praat te krijgen en te houden: bedankt 
hiervoor. 

Then a few words about room STW 3.59 and its ‘inhabitants’. It was a very peculiar 
office. It proved a wise strategy always to enter with caution since some objects (or people) 
within the room might be following an unusual trajectory. I enjoyed sharing the room with 
such a rich variety of people and cultures. Abdool, you started more or less at the same time 
as I did. I remember you entering the room for the first time: all dressed up in a nice suit. 
However, you adapted quickly and the suit was replaced by cheap, but nice quality T-shirts 
from the Albert Heijn. Abdool, you were a great room mate. I enjoyed the many discussions 
we had and will never forget our great time during the summerschool in Hungary. I very 
much appreciated the insight you could give me into working for a company. I hope by the 
time you are reading this, your thesis is finished as well. Mr. Han, thank you for teaching me 
a few Chinese words and sentences. I was more than happy to teach you a few basic Dutch 
words and sentences, which strangely enough they did not teach you at the Dutch course. 
Han, you were a nice colleague and friend. You surprised me in how fast you could master a 
new card game. I wish you all the luck with completing your thesis. CP (Vinod), the man who 
probably knows the impact factor of every journal by heart. Vinod, thanks for the nice 
discussions we had and the delicious chicken you cooked for us. Finally, Denzel and 
Prabashini. Although you arrived only recently, I have experienced you as nice and warm 
people who, I am sure, will fit into the group nicely. I wish you both good luck with your 
projects. And last, but certainly not least, I want to mention the two inhabitants of room STW 
3.59 who are no longer among us: the goldfish Bert and Ernie. May you both rest in peace. 

Emiel, we zijn ongeveer gelijktijdig in dezelfde groep aan een promotie begonnen. 
Gedurende deze tijd heb ik je goed leren kennen en zijn we goede vrienden geworden. Ik denk 
dat het spreekwoord ‘een geheugen als een olifant’ veranderd moet worden in ‘een geheugen 
als een Emiel’. Het is onvoorstelbaar hoe goed jij je (zinnige, of onzinnige) details kunt 
herinneren. Verder denk ik dat er niemand op deze aardbol rondloopt die de volledige 
scenario’s van alle Seinfeld afleveringen en tientallen films in zijn hoofd heeft zitten. Emiel, 
je bent een echte vriend en ik wens je veel succes met het afronden van je proefschrift en het 
vinden van een goede baan. 

Maarten, jij was mijn eerste en enige afstudeerder. Het was voor mij een hele 
uitdaging om je te begeleiden. Ik hoop dat ik er enigszins in geslaagd ben een goede 
begeleider voor je te zijn. Ik heb onze samenwerking in ieder geval als zeer aangenaam 
ervaren. Je was een harde werker en bruiste van de goede ideeën. Al met al heb je een 
belangrijke bijdrage geleverd aan twee hoofdstukken uit mijn proefschrift. Maarten, ik hoop 
dat je je studie voortvarend afrondt en wens je veel succes met je promotie. 

Adelaida (Happy Ad), ik heb veel bewondering voor jouw doorzettingsvermogen. Het 
zal niet gemakkelijk geweest zijn om je alleen in Nederland staande te houden. Ik vind het 
heel knap dat je je Masters hebt gehaald en tussendoor nog even de nederlandse taal hebt 
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geleerd. Ik wens je veel succes met je promotie en ben ervan overtuigd dat je die met succes 
zult afronden. En, niet vergeten, altijd blijven lachen! 

Mijn promotieperiode is er letterlijk een geweest van vallen en opstaan. Ik wil 
iedereen die mij gesteund heeft tijdens mijn fietsongeluk via deze weg nogmaals bedanken. 
Vooral Emiel, Han, Abdool, Sander en Adelaida, bedankt voor jullie bezoek toen ik 
noodgedwongen thuis lag. Dit heb ik zeer gewaardeerd. 

Tenslotte wil ik alle (ex-)collega’s binnen onze groep graag bedanken voor de goede 
werksfeer in de afgelopen jaren: Hans, Tiny, Peter, Sander, Armando, Eero, Emiel, Adelaida, 
Dani, Ashriti, Tracey, Nishant, Wouter, Leon, Abdool, Vinod, Han, Denzel, Prabashini, Dilip, 
Neelesh, Bruce, Emiel H., Ramesh, Srilakshmi, Annelies, Maarten, Svetlana, Chen, Jos, 
Sanne, Diana, Stephania, Paul, Kees, Thérèse-Anne, Marianne. Daarnaast dank aan alle SKA 
collega’s die ik hier niet met name heb genoemd. De uitstapjes, (kerst)borrels en 
SKAaktoernooien waren een welkome afwisseling op het dagelijkse werk.  
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