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Chapter 1 

Introduction and Scope 
 

1.1 Catalysis, what, why and how? 

1.1.1 The why 
Everybody knows catalysis. It is the process that cleans the exhaust gases from your 
car. It is less known that catalysis is much more present in today’s society than just in 
cars. Over 80% of our chemical products are produced with the aid of catalysts. 
Production of clothes, fuels, food, polymers, and pharmaceuticals all depend on 
catalysis. Catalysis did – and still does – not only lead to a more efficient use of 
natural resources and a reduction of environmentally hazardous waste, it is also vital 
in the manufacturing of many new materials and products, such as synthetic fibers. 

Catalysts come in a wide variety. A commonly used distinction is between 
homogeneous and heterogeneous catalysts. In homogeneous catalysis both the 
reactions and the catalysts are in the same phase, generally in the liquid phase. These 
catalysts are for instance important in the synthesis of pharmaceuticals. 
Heterogeneous catalysts are in a different phase than the reactants; the catalyst is 
typically a solid, while the reactants are gases or liquids. These catalysts consist often 
of small metal particles dispersed on a high surface area support. The automotive 
exhaust catalyst and a number of catalysts in the oil refinery are examples. A growing 
class in itself is biocatalysis, though it is generally closely related to homogeneous 
catalysis. Biocatalysis is carried out by enzymes or (genetically modified) micro-
organisms.  
 

1.1.2 The what and how 
A catalyst is popularly described as a substance that accelerates a chemical reaction 
without taking part in the reaction. Obviously, this description cannot be true. If the 
catalyst is not involved the reaction, how can it work? A more correct definition is 
used often in older textbooks. It states that a catalyst is a substance that accelerates a 
chemical reaction without being consumed. However, this could still lead to the 
misconception that the catalyst does not change during the reaction. 

Nowadays, catalysis is mainly explained by catalytic cycles. A molecule 
adsorbs on the catalyst surface, thereby weakening one or more internal bonds. This 
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allows for an easier breaking of this bond, and hence, larger reactivity. The chemical 
reaction occurs on the catalyst surface. The products have to desorb from the surface, 
thereby regenerating the catalyst, such that a next catalytic cycle can proceed. 

The bond strength of the adsorbed species on the catalyst surface is of crucial 
importance for the activity and selectivity. A too weak interaction does not soften the 
internal bond of the reactant sufficiently and leads to a coverage that is too low. On 
the other hand, strong interactions will lead to poisoning of the catalyst, since the 
products will not desorb. This is known as the Sabatier principle. 
 

1.2 Spectroscopy and catalysis 
To create new and improve existing catalysts on the basis of knowledge and insight, 
different sorts of information are needed. Spectroscopy, diffraction and microscopy, 
which can be used to determine the composition and the structure of the catalyst is of 
direct use. Improvements in the preparation of the catalyst and understanding 
deactivation processes rely on this data. On a more fundamental level, surface 
spectroscopy can be applied to gain information about surface reactions by identifying 
reaction intermediates and (by)products, and by measuring the kinetics. The catalytic 
properties of a surface are determined by its composition and structure on the atomic 
scale. Therefore, ultimately one wants to know the exact atomic structure of the 
catalyst under reaction conditions [1].  

This application of spectroscopy bumps into some practical problems. Most 
surface sensitive spectroscopic techniques make use of electrons or ions as excitation 
source or as detected species. These techniques are limited to high vacuum conditions 
(p < 10-6 mbar) to ensure a sufficiently long mean free path for these particles. Only 
limited spectroscopic tools can be applied under reaction conditions, e.g. X-ray 
diffraction, temperature programmed techniques, IR and Raman spectroscopy and 
Mössbauer spectroscopy [1]. Obviously, a catalytic system under high vacuum 
conditions can differ from in situ conditions, ‘the pressure gap’ [1,2]. 

Since the reactions occur solely on the surface, catalysts with a high specific 
surface are required (Fig. 1.1, next page). In practice, this is realized by dispersing the 
active material (often a metal) finely over a porous material with a high surface area, 
the support. Consequently, most of the active material (the actual catalyst) cannot 
easily be probed by spectroscopic techniques. An additional drawback can be that the 
intrinsic kinetics cannot be measured due to diffusion limitations. Lastly, the support 
often consists of a non-conducting, oxide support which can lead to charging 
problems and, hence, weakening or loss of spectroscopic information. 
 These problems can be overcome by making use of model catalysts (Fig. 1.1). 
The first approach is to employ a flat, conducting substrate covered with a flat, thin 
layer of the supporting material, e.g. a silicon wafer with a thin oxide layer (SiO2). On 
this support the active material can be deposited [3]. This approach has been proven 
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successful for modeling of the Philips ethylene polymerization catalyst [4,5] and 
hydrotreating catalysts [6,7]. 

To obtain a better understanding about what actually happens on the surface, we 
need a very well-defined surface on an atomic level (Fig. 1.1). Active particles on a 
supported catalyst expose different faces, and hence exhibit different sites. Therefore, 
well-defined single crystals are often used in fundamental studies [1,2,8-14]. This is 
yet an extra step further away from an industrial catalyst. The differences between the 
industrial catalyst and the single crystal – the ‘material gap’ – is another important 
issue to assess [1,2,11]. However, spectroscopic data obtained from single crystals can 
provide a better understanding of catalysis on a molecular level. For instance, the 
determination of the adsorption sites and of the kinetic parameters for the elementary 
steps yields information about the reaction mechanism. Combined with transition state 
theory and electronic structure calculations [14-18] a detailed picture of molecular 
processes occurring on the surface can be realized. So, despite the relatively large 
differences between an industrial catalyst under reaction conditions and a single 
crystal under vacuum conditions, studies on the latter significantly contribute to the 
unraveling of highly complex reaction systems. 
 

1.3 Catalysis on a molecular level 

1.3.1 Chemical kinetics 
Apart from experimental data, a description on a molecular level is needed in order to 
understand catalysis on a fundamental basis. The transition state theory describes the 
kinetics of elementary steps on this scale. Combined with spectroscopic data, the 
reaction mechanism on a molecular level can be unraveled. 

Figure 1.1 Schematical representation of an industrial catalyst (left), a flat model catalyst (middle)
and a single crystal surface (right) 
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The transition state theory was developed in mid 1930s by Eyring [19,20], 
Polanyi [21] and Evans [22] based on a statistical mechanical approach. According to 
this theory, an elementary reaction proceeds through an ‘activated complex’, the 
transition state (Fig. 1.2). This transition state corresponds to the reaction complex at 
the top of the energy barrier. 

The reaction is described by one degree of freedom (e.g., a vibration in case of 
a dissociation reaction) called the reaction coordinate x#. For all other degrees of 
freedom, the reactant is considered to be in equilibrium with the transition state. The 
equilibrium constant can be calculated from the partition functions of the reactant in 
the ground state, Rq , and in the activated state, #R

q . A partition function is defined as 

the summation over all the energy levels of a system, containing contributions from 
translational, vibrational, rotational and electronic energies. The partition function of 
the activated complex does not contain the contribution corresponding to the reaction 
coordinate. This contribution is accounted for by the term kbT/h being the effective 
rate of crossing the energy barrier by the activated complex [23,24]. The backward 
reaction rate is assumed to be zero. The transition state theory ultimately yields the 
following rate expression for the rate constant: 

 Tk
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        (1.1) 

in which kb is the Boltzmann constant, T the temperature, h Plank’s constant, and ∆E 
is the energy difference between the potential energy minimum for R and the energy 
of the activated complex R# both with respect to the zero point energy level. 

Note the similarity of the rate constant according to the transition state theory 
and the empirical rate constant by Arrhenius: 
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Figure 1.2 Concept of the transition
state theory. The reaction R is in
equilibrium with the activated complex
R#

 for all degrees of freedom with
exception of the one corresponding to
the reaction coordinate. The effective
rate of crossing the energy barrier to
form product P equals kbT/h. 
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However, as in Arrhenius equation only the exponential term is temperature 
dependent, Eact and ∆E are not equal, although the difference is small [23,24]. 
 

1.3.2 Lateral interactions 
The activation barrier in the transition state theory described before as well as the heat 
of adsorption are not necessarily independent of the coverage. The binding strength of 
molecules adsorbed on the surface can be perturbed by the presence of neighboring 
species, thereby altering the kinetics of surface reactions. As we have seen, the 
binding strength of an adsorbate is a key factor in catalysis (Sabatier principle), so it is 
not surprising that a (de)stabilization of an adsorbate has an influence on its reactivity. 

Spectroscopic studies often determine the kinetic parameters in the zero-
coverage limit. The generally used Langmuir-Hinshelwood kinetics only holds in this 
zero-coverage limit. At higher coverages, the adsorbates generally start to influence 
each other’s binding strengths to the surface, affecting the activation energies, and 
hence the reaction rates. To extrapolate these kinetic parameters to higher coverages, 
it is vital to quantify the lateral interactions between the adsorbates. Lateral 
interactions can greatly influence reaction rates, and hence selectivities of processes. 
Furthermore, by understanding the interactions better, it might even become feasible 
to make use of them because reaction routes may become available which would 
otherwise be unfavorable. The formation of HCN from CHx fragments and N-atoms 
on Rh(111) at relatively low temperatures is an example [25]. 
 

1.4 Scope of the thesis 
The aim of this thesis is to assess the role and the magnitude of lateral interactions on 
the kinetics of catalytic reactions. For visualizing and quantifying these interactions 
both experimental and computational tools have been used. On the experimental side, 
the main technique used is high resolution electron energy loss spectroscopy 
(HREELS), which has the potential to provide a full vibrational analysis of adsorbates 
on surfaces. Other experimental techniques employed are temperature programmed 
desorption (TPD), giving surface concentrations and adsorption bond strengths, and 
low energy electron diffraction (LEED), which reveals the structure of ordered 
adsorbate layers. Computational tools used are Density Functional Theory 
Calculations (DFT), yielding structures, bond energies and vibrational frequencies 
which can be compared to experiment, as well as Dynamic Monte Carlo simulations 
(DMC), which have been used to simulate the kinetics of surface reactions in the 
presence of lateral interactions. In chapter 2 we briefly introduce these different tools 
and lateral interactions. In addition, we describe the UHV setup used and discuss the 
cleaning method employed. 
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Chapter 3 elaborates on the extracting of kinetic parameters from temperature 
programmed desorption experiments. In this chapter we show the difficulty of 
extracting these data while lateral interactions are present. 

Chapter 4 describes the influence of lateral interactions on the reactivity of 
surface species. More specifically, this chapter deals with the Dynamic Monte Carlo 
simulations employed to estimate the interactions involved in the dissociation of NO 
on Rh(100) using experimental data as input. Nearest neighbor (NN) interactions 
involving atoms are typically around 20-30 kJ/mol; between molecules they are below 
10 kJ/mol. All next-nearest neighbor (NNN) interactions were smaller than 10 kJ/mol. 
To determine interactions more accurately DFT calculations have been performed. 
Here we found higher interactions, e.g. NN interactions between atoms are around 40 
- 60 kJ/mol. 

Lateral interactions can be made visible by means of vibrational studies as 
well as by employing temperature programmed desorption or other techniques which 
probe the adsorption energy. Chapters 5, 6 and 7 deals with the influence interactions 
can have on the frequencies, and how this information can be used to propose a 
surface structure model. Before addressing the coadsorption of NO and CO on 
Rh(100) in Chapter 7, first the single adsorption of CO and of NO are studied by 
means of HREELS and TPD in Chapters 5 and 6. The preferred adsorption sites are 
determined and the frequency shift as function of the coverage is investigated. An 
attempt is made to determine the role of lateral interactions in these shifts. Further, we 
show the strong effect hydrogen has on the CO adsorption. In chapter 7 we study the 
coadsorption of CO and NO at low temperatures. The EELS data suggest intimately 
mixing of the adsorbates. CO is more perturbed than NO upon coadsorption. 

In Chapter 8 we discuss the perturbation of binding energies due to lateral 
interactions. The first part describes an approach to determine the lateral interactions 
between CO and nitrogen atoms experimentally. TPD spectra were recorded for single 
CO and for CO coadsorbed with an ordered atomic nitrogen adlayer. The shift down 
of the CO desorption peak in the presence of the nitrogen adlayer can be attributed to 
the decrease in activation energy. The ordered structure allows us to quantify the 
pairwise additive repulsion. The next part deals with the computational work 
performed on the same system. By means of density function calculations we show 
that the experimentally obtained value for the interaction is in good agreement with 
the theoretical value. In addition, we test the validity of the pairwise additive 
interaction approximation. We show that for the coadsorption of CO and N atoms this 
approximation holds very well. Finally, we have simulated TPD spectra both directly 
from the adsorption energies calculated with DFT, and with the use of dynamic Monte 
Carlo simulations. Direct use of the DFT calculations yields the correct desorption 
temperatures, while no assumptions on the interactions are needed. This allows for 
assigning different typical configurations on the surface to the peaks observed in TPD 
spectra. The Monte Carlo simulations, which employ the pairwise additive 
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interactions, yield apart from the position of the desorption features, the feature 
intensities. 

Chapter 9 deals with electronic structure and frequency calculations performed 
on the coadsorption of CO with hydrogen. We show the reason why hydrogen forces 
the CO from ontop to bridge sites. Further we discuss the hydrogen desorption from a 
CO and hydrogen coadsorbed system based on these calculations. 

Finally, Chapter 10 summarizes the most important results and conclusions 
and draws some general conclusions. Also some perspectives for future research are 
sketched.  
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Chapter 2 

Experimental and Computational 
Details 

 
In this chapter we describe the experimental and computational 
techniques employed to study the adsorption and reaction of 
different molecules on Rh(100). These techniques are high 
resolution electron energy loss spectroscopy (HREELS), 
temperature programmed desorption (TPD), low energy electron 
diffraction (LEED), density functional theory (DFT) calculations 
and dynamic Monte Carlo simulations (DMC). We will briefly 
describe the principle and the physical background of and the type 
of results obtained from these different techniques. Further, we will 
give a description of how we addressed lateral interactions. Finally, 
the ultra high vacuum setup is described, and we elaborate on the 
cleaning of the Rh(100) single crystal. 

 
2.1 High Resolution Electron Energy Loss Spectroscopy 

2.1.1 Introduction 
Vibrational studies of adsorbed molecules have been performed routinely for decades. 
The first studies were reported in the ‘60s by Eischens and Pliskin [1,2]. They used 
transmission infrared absorption to study CO adsorption on small metal particles 
supported on silica. Propst and Piper first demonstrated the possibility to study 
vibrational excitation on surfaces using electron energy loss spectroscopy [3]. 

The most commonly used vibrational techniques to study adsorbed molecules 
on single crystal metals are reflection absorption infrared spectroscopy (RAIRS) and 
high resolution electron energy loss spectroscopy (HREELS). Other vibrational 
techniques are surface enhanced Raman spectroscopy (SERS), neutron inelastic 
scattering spectroscopy (NIS) and inelastic electron tunneling spectroscopy (IETS). 

RAIRS, also known as infrared reflection-absorption spectroscopy (IRAS), 
makes use of an infrared beam which interacts with the dipole-active vibrations of 
adsorbed molecules. Only modes with a component perpendicular to the surface can 



Chapter 2 10

be observed. Apart from this surface selection rule, RAIRS has routinely access to a 
spectral range between 800 – 4000 cm-1.  

Since HREELS (or vibrational EELS, VEELS) uses low energy electrons to 
interact with the adsorbates, the penetrating depth of the beam is very low. In 
addition, the mean free path of the electrons is only a few atomic distances for the 
kinetic energies used. Therefore, the HREELS is very surface sensitive. In addition, it 
can study vibrational features of energies between 100 – 5000 cm-1 (depending upon 
the width of the incident beam). Another advantage of EELS is that all vibrations may 
be excited; the detection is not limited to vibrational modes with a dipole moment 
perpendicular to the surface.  
 

2.1.2 Principle of HREELS 
In (high resolution) electron energy loss spectroscopy (HREELS) a monoenergetic 
beam of slow electrons (1 – 200 eV) is focused onto the surface of a single crystal 
(Fig. 2.1). Electrons with an energy in the range of a few electron volts sample only a 
few atomic layers [4]. As they approach or exit the crystal, they interact with the 
vibrational modes of the single crystal surface. The energy spectrum of electrons 
reflected from the surface thus contains information about excited vibrations 
according to the equation: 
E = E0 – hυ          (2.1) 
in which:  
 E energy of the scattered electron 
 Eo energy of the incident electrons 
 h Planck’s constant 
 υ frequency of the excited vibration 
 
The vibrational modes of molecules adsorbed on the surface provide direct 
information on the nature of the chemical bonds between the molecule and the 
substrate. 
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Figure 2.1 Schematic 
of the electron 
scattering geometry in 
HREELS 
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Figure 2.2 shows a schematic view of the spectrometer used (Ibach-type [5]). For a 
detailed description about the operation of the EELS we refer to Refs. [5,6]. A LaB6 
cathode emits electrons which are focused on the entrance slit of the monochromator. 
Modern EEL spectrometers use two monochromators. Both are 127° cylindrical 
deflectors on which a potential-difference can be realized over the top and bottom 
plate and over the inner and outer cylindrical walls to discriminate between energies 
(or velocity) of the incoming electrons. Only the electrons with the right kinetic 
energy, the so-called pass energy move through the monochromators. The acquired 
monoenergetic beam is focused onto the sample by a set of deflecting lenses. To 
prevent disturbing electric fields the sample is magnetically shielded from the 
surroundings. The scattered electron beam is then focused on the entrance slit of the 
dual analyzer. The analyzers are identical to the monochromators. The intensity of the 
electron beam is in the order of tens of pA, therefore a channeltron is used to amplify 
the signal. To allow both specular and off-specular operation of the spectrometer, the 
monochromator side can be rotated to vary the angle of incidence of the electron 
beam on the crystal.  

High resolutions (< 10 meV) can only be acquired when low kinetic energies 
of the electrons are used. These electrons sense work-function differences due to 
various metallic materials in the spectrometer. To circumvent this, all parts of the 
spectrometer have to be coated with a uniform conducting layer which does not 
oxidize, such as gold or graphite. Further, the whole spectrometer is placed in a 
double µ-metal box to shield it from external magnetic fields. The power supply has 
to be extremely stable. Noise and ripple superimposed on the desired voltages would 

analyzerchanneltron deflection 
lenses

premonochromator

monochromator

cathode

beam extraction 
lens system

2nd analyzer crystal

analyzerchanneltron deflection 
lenses

premonochromator

monochromator

cathode

beam extraction 
lens system

2nd analyzer crystal

Figure 2.2 Schematic representation of an Ibach type EEL spectrometer. The monochromator side
can rotate with respect to the analyzer side. 
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seriously limit the resolution. Maybe the major consequence of using electrons is the 
necessity of performing the experiments in ultrahigh vacuum (UHV).  
 

2.1.3 Electron scattering mechanisms 
Different electron scattering mechanisms to excite surface vibrations play a role. The 
(surface) dipole scattering contributes by far the most to the loss spectrum in the 
mainly used specular mode, i.e. where the angle of incidence equals the angle of back-
scattering with respect to the surface normal (see Fig. 2.1). The (electron) impact 
scattering is much more dominant in an off-specular operated experiment. The 
mechanisms will be briefly explained and the corresponding selection rules will be 
discussed. 
 

2.1.4 Surface dipole scattering 
Surface dipole scattering is a long-range effect mediated by the Coulomb field 
whereby an incoming charged electron is influenced by a vibrating dipole at the 
surface. The incident electrons do not actually hit the surface, the excitation is caused 
at larger distances, a value of 60 Å has been calculated by Ibach and Mills [5]. Dipole 
scattering can be treated (semi-) classically [7,8], or quantum-mechanically [9-11]. 
However, both approaches show little significant differences. The incident electron 
and its image produce an electric field. This electric field interacts with dipoles on the 
surface. As the electric field vector is normal to the surface, only vibrations which 
have a non-zero dipole moment perpendicular to the surface are excited [4]. With 
group theory it can be shown that this requirement can be translated into the condition 
that only vibrations which belong to the totally symmetric representations (A1, A’ and 
A) can be observed in dipole scattering [5]. The parallel momentum is conserved, but 
due to the large momentum of electron, the shift in angle is small for dipole scattering. 
Hence, the intensity distribution is sharply peaked in the specular direction, θs ≈ θi. 
 
The theoretical description of dipole scattering lead to three observations: 
1. There is strong pronounced forward scattering. In other words, the intensity 

distribution is strongly peaked in specular direction. 
2. Only vibrations with a dynamic dipole moment normal to the surface contribute to 

the loss spectrum; particularly for molecules close above the metal surface. 
3. The scattering intensity is related to the dynamic dipole moment. 
 

2.1.5 Impact scattering 
Impact scattering is a short range scattering process from the ion core. The scattering 
is much more isotropic, hence not in the specular direction, but over wide range of 
angles in and out of the plane of incidence. As the HREELS generally accept 



Experimental and Computational Details 

 

13

electrons from a very limited angle, the intensity of the impact scattered electrons is 
very low. By changing the scatter angle peaks from the different scatter mechanisms 
can be distinguished. Moreover, the cross section of impact scattering increases with 
increasing impact energy, whereas the cross section of dipole scattering is inversely 
proportional to the impact energy. This ability to discriminate between the two scatter 
mechanisms provides important information about the binding geometry of a species. 

This mechanism can excite modes with a non-normal dipole. In most cases, all 
modes can, in principle, be observed away from the specular direction. However, 
selection rules are not entirely absent in impact scattering [5,12,13]. In addition, by 
impact scattering an electron can also take an amount of energy from excited 
molecules and, hence, leave the surface with a higher energy. This results in a 
‘negative loss’, i.e. a peak on the negative axis of the EEL spectrum. 
 

2.1.6 Negative ion resonances 
Incident electrons become transiently trapped in empty, high molecular orbitals of 
adsorbate, i.e. a Rydberg state. They may be seen as short-lived (10-10 to 10-15 s) 
negatively charged intermediates [4]. For adsorbed molecules, negative ion 
resonances have a very small cross-section, and corresponding losses are thus 
seldomly observed. Palmer reviewed some developments in HREELS with the 
emphasis on negative ion resonances [14]. 
 

2.1.7 Vibrational frequency and line shape of adsorbed molecules 
It is long-established that the internal stretch frequency of a molecule adsorbed on a 
metal changes with respect to its gas phase value [5]. For instance, the C-O internal 
vibration frequency depends strongly on the adsorption site and the geometry [1].  

The frequency shift from the gas-phase value of a molecule upon adsorption 
originates from different factors. A purely mechanical shift of the internal stretch 
frequency occurs from the fact that a molecule is attached to a rigid substrate. 
Following Lucas and Mahan, Hoffmann [15] estimated a shift to higher frequency of 
about 2.5% using a simple model of masses and springs. This implies a shift of +50 
cm-1 for CO. Lattice vibrations impose an additional shift. Substrate motion is in the 
range of 100 – 400 cm-1, and will, therefore, mainly affect the metal-adsorbate 
vibration by shifting this stretch to higher frequencies [15]. The conducting electrons 
in the metal screen the dipole field from adsorbates which results in an image dipole 
in the metal. The interaction of an adsorbed dipole with its image in the metal surface 
results in a shift down in the stretch frequency. Mahan and Lucas [16] estimated a 
downshift of about 30 – 50 cm-1 using parameters for CO / Pt(111). 

Clearly, these effects alone can neither explain the strong frequency downshift 
of adsorbed molecules, nor the site dependence of the stretch frequency. In addition to 
these physical perturbations of the frequency, a chemical shift due to a change in the 
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electronic structure of the molecule comes into play. This shift is the reason why 
adsorption of molecules on a metal surface, or catalyst, indeed may enhance reaction 
rates. 

Adsorption of a molecule on a transition metal results in a chemical bond 
made by the interaction of molecular orbitals of the adsorbate with the, mainly, d 
electrons of the metal. Blyholder [17,18] proposed a simple model for the bonding of 
CO on a transition metal. In this model the chemical bond is formed by charge 
transfer from the CO 5σ orbital into the metal, and by ‘backdonation’ from metal d-
bands into the unoccupied 2π* orbital of CO. Because the 2π* orbital is strongly 
antibonding for CO, whereas the 5σ orbital is only weakly bonding, the C-O bond is 
weakened upon chemisorption. This strong backdonation is reflected by the lowering 
of the C-O stretching frequency. For symmetry reasons, the overlap of the 2π* orbital 
is stronger with the metal orbitals when the molecule is bonded in a higher 
coordinated site, such as the bridge site. This is reflected in a lower stretch frequency 
of bridge-bonded CO as compared to on-top CO.  

Although quite some controversy exits over the validity of this model, recent 
theoretical studies mainly support at least the general picture of this model, e.g. Refs. 
[19-24]. Also a recent UV/HREELS study of CO on Pt(110) supported the Blyholder 
model [25]. It has mainly been found that apart from the 5σ and 2π* orbitals, also the 
4σ and 1π interact with metal states. Also mixing of the σ orbitals has been proposed 
to be important [22]. De Koster et al. [26,27] proposed a somewhat altered energy 

Figure 2.3 Energy diagram for the adsorption of CO on a d-metal. Chemisorption orbitals are
formed from both the bonding and antibonding levels of the molecule. Adapted from Chorkendoff
and Niemantsverdriet [111] 
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diagram in which the band structure of the metal is emphasized, based on the Frontier 
Orbital Theory [28,29], see Fig. 2.3 (previous page). When a CO molecule adsorbs on 
a transition metal, a chemical bond is made by the interaction of the molecular orbitals 
of the CO molecule and the d-electrons of the metal. The CO 5σ interacts with the dz

2 
orbital of a d-metal surface resulting in two new molecular orbitals. The bonding 
orbital has mainly a 5σ character and is lowered in energy with respect to the 5σ 
orbital in the free CO. The antibonding orbital has a dz

2 character and is shifted up in 
energy. The interaction of the LUMO (CO 2π*) with the dxz and dyz orbitals of the 
metal creates another set of orbitals. The bonding orbital for the adsorption is 
antibonding for the internal CO bond. The created antibonding orbital lies at much 
higher energies and is generally not occupied.  
 
The stretch frequency of an adsorbed molecule tends to increase with increasing 
coverage. This effect is due to intermolecular interactions. These interactions consist 
of dipole-dipole coupling (vibrational coupling) and chemical interactions [15,30,31]. 
Although chemical interactions might be more interesting to a chemist than dipole 
coupling, the latter is by far the most important interactions To separate these 
contributions experimentally, one can use isotopic mixtures [32].  

Vibrational coupling can occur in the form of a through space dipole-dipole 
coupling [32] or via coupling through metal electrons [33]. Hammaker et al. proposed 
a model in which only direct interactions between the dipoles was considered [32]. 
Later, this model was refined by including the interaction of the dipole with its own 
image and the interaction with other dipole images [16,33-35]. Dipole coupling leads 
to increased frequencies at higher coverages. Species with different frequencies 
virtually do not couple. The amount of cross coupling between species with stretch 
frequencies as close as 50 cm-1 is only in the order of 2 cm-1 [36]. In addition, if more 
species are present with closely related frequencies, the lower-frequency band 
transfers intensity to the higher-frequency band. This process is also known as 
intensity-borrowing or intensity-stealing.  

The chemical shift can be understood from the Blyholder model [17,18]. With 
increasing coverage there is a competition for backdonated electrons among the 
adsorbed molecules. Therefore, the 2π* get less occupied, which results in a shift to 
higher frequencies. Lateral repulsions also lead to a weakened bond to the surface, 
and, therefore, a less perturbed internal bond. 
 
The line shape and width is determined by different factors [15,30]. The linewidth can 
be broadened homogeneously by damping of the vibration through coupling with 
phonons or by electron-hole pair creation. This coupling is expected to be more 
pronounced at adsorption sites with a stronger backdonation. Therefore, it is expected 
that the linewidth would increase at higher coordinated sites and decrease at higher 
coverages [15]. However, due to the intrinsically low resolution of HREELS, this 
effect is difficult to observe. 
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More interesting is the inhomogeneous broadening of the linewidth due to an 
inhomogeneous distribution of adsorbates. The most important observation is the 
effect of ordering. A loss originating from a well-ordered structure will be very sharp 
and symmetric [15,37]. In addition, because of the enhanced reflectivity of the 
surface, the intensity of both the specific loss and the elastic peak will be relatively 
increased. Random occupation of an adlayer will result in an asymmetric peak with a 
tail on the low-frequency side. Island formation leads to a splitting of the peak. 
Smaller islands would be discernable by a higher low-frequency loss with a poorly-
resolved high-frequency loss. Larger islands would show losses with the high-
frequency feature having the largest intensity. However, the splitting of a vibration 
band would probably not be discernable in HREEL spectra due to the limited 
resolution. The splitting might be shown as an asymmetry. The sharpening of a peak 
due to ordering is noticeable in EEL spectra. 
 

2.1.8 Comparison HREELS with RAIRS 
As noted in the introduction, of the most commonly used vibrational spectroscopies, 
infrared spectroscopy and high resolution electron energy loss spectroscopy 
(HREELS) are the best suited to study adsorbed molecules on the surface. Here a 
comparison between HREELS and RAIRS will be made.  
 
In RAIRS, the vibrational excitation by infrared is based upon the interaction of the 
electric field of the incident light with the dipole moment of the molecule. RAIRS 
imposes the same selection rule like HREELS operating in specular mode. Only 
vibrations with a dipole moment perpendicular to the surface will be excited. An 
important feature of HREELS is the possibility to circumvent this surface selection 
rule; all vibrations can in principle be observed. Furthermore, the possibility to 
distinguish between vibrational losses due to dipole scattering and due to impact 
scattering together with group symmetry theory yields information about adsorption 
sites and geometry. Another important advantage of HREELS is the ability to detect 
vibrations as low as 100 cm-1. Because of detector limitations, RAIRS is limited 
between 800 and 4000 cm-1. Additionally, EEL spectra do not require background 
subtraction, as opposed to RAIR spectra. Reference spectra are in principle not 
needed. 

RAIRS does not involve the collection and analysis of relatively low energy 
electrons and hence, is not restricted to operation in a UHV environment. 
Furthermore, the resolution of RAIRS is around or lower than the intrinsic band width 
(in the order of 5 cm-1 or higher) of an adsorbed molecule. The resolution of EELS is 
at best around 10 cm-1, but while operating on a routinely basis the resolution is 
worsened to 30 - 50 cm-1. This has the implication that lineshapes and linewidths 
cannot be studied well with EELS. In other words, information from (in)homogeneous 
line-broadening and such are difficult to extract from EELS studies. Possibly the main 
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drawback of EELS is the tedious operation due to its extreme sensitivity towards 
magnetic fields and its delicate construction. Finally, it should be noted that HREELS 
is generally a very slow technique in recording the spectra, certainly minutes up to 
hours. This makes it difficult to measure spectra of adsorbed unstable species. 
Moreover, an excellent base pressure becomes more important. 
A comparison between the two techniques on a number of points is given in table 2.1. 
 
Table 2.1 Comparison of the vibrational spectroscopic techniques HREELS and RAIRS. 
  HREELS RAIRS 

Resolution (FWHM) (cm-1) 10 – 100 0.5 - 5 
Spectral range (cm-1) 100 - 5000+ 800 - 4000 
Sensitivity (% ML) < 0.1 0.1 
Sample area (mm2) 1 10 
Substrate Crystals, 

Conducting 
Crystals and films, 

Metals and 
Insulators 

Pressure range < 10-6 mbar UHV - 1 bar 
 

2.1.9 Spectra, resolution and error margins  
A typical HREEL spectrum of CO adsorbed on Rh(100) is shown in Fig. 2.4. The 
intense peak at 0 cm-1 is the elastic peak, with a resolution (FWHM) of 25 cm-1 and an 
intensity of 130,000 counts per second. The loss around 2100 cm-1 corresponds to the 
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Figure 2.4 A typical EEL spectrum of CO
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internal CO stretch frequency of a linearly bound CO molecule. The CO stretch loss 
has an intensity of 0.6% of the elastic peak and a width of 51 cm-1. The feature at 460 
cm-1 can be assigned to the metal-CO stretch. A small amount of bridged CO is also 
visible around 1850 cm-1. 
 
To obtain a better feel about the error margin of the loss positions, we have adsorbed 
around 0.40 ML NO on Rh(100) and recorded several spectra with different record 
settings (Fig. 2.5). The settings we have changed consist of the number of scans, the 
step size and the record time per step. Obviously the total number of steps depend on 
the stepsize, as we want to scan the same region for all experiments. The table shows 
the different settings per experiment. The last column shows the time needed to record 
the complete spectrum. The acquired spectra are depicted in Fig. 2.5. Note that only 
the region around of NO stretch frequency is shown.  

The NO loss peaks have been fitted with a Lorentzian peak. The obtained losses 
are plotted together with the peak width as function of the spectrum number (Figure 
2.6a). The frequencies should obviously be the same for all spectra taken. Hence, the 
scattering in the energy losses is a measure of the error in the obtained loss position. If 
we disregard the 3rd experiment, the values obtained are between 1685 and 1691 cm-1. 
Therefore, we conclude that the losses acquired from our experiments have an error 
margin of around 5 cm-1. Further, one can see that the peakwidth of the NO stretch 
follows the resolution (FWHM) of the elastic peak reasonably well (Fig. 2.6b). This 
implies that the width of different peaks can only be compared within one spectrum, 
or after deconvoluting the peak. The areas of the features are even less constant (Fig. 

Spec.
No. 

# of scans Step size 
(meV) 

Time per step 
(s) 

ttot 
(min) 

1 5 0.203 0.1 15 
2 5 0.457 0.1 7 
3 5 0.799 0.1 4 
4 10 0.203 0.1 30 
5 10 0.457 0.1 13 
6 10 0.799 0.1 8 
7 5 0.203 0.5 75 
8 5 0.457 0.5 33 
9 5 0.799 0.5 19 
10 10 0.457 0.5 67 
11 10 0.799 0.5 39 
12 10 0.203 0.5 150 
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2.6c). Since all spectra are recorded with the same amount of NO on the surface, one 
would expect to have similar peak areas, at least relative to the elastic peak. This 
clearly shows that the areas are very sensitive to aligning differences between spectra. 
 
 
2.2 Temperature Programmed Desorption 
Temperature programmed desorption (TPD) [38] is a widely used technique in 
catalysis and, more specifically, in surface science to determine relative coverages of 
adsorbates and acquire information about the desorption and reaction kinetics. The 
principle, which goes back to the ‘glow-curve’ method in thermo-luminescence [39], 
is elegantly simple (Fig. 2.7, next page). Gases are adsorbed on a surface at a low 
temperature. Next, the sample is heated with a linear ramp while monitoring the 
desorbing gases (usually) with a mass spectrometer. The temperature at which a gas 
desorbs is a measure for the binding energy of that particular gas when no reaction at 
the surface takes place. If the desorbed gases are reaction products the temperature is 
an indication of the reaction kinetics. 

How does the signal intensity of the mass spectrometer depend on the 
desorption rate of an adsorbed gas? The desorption rate is given by the Arrhenius or 
Polanyi-Wigner equation: 
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width (right axis) of the NO stretch vibration as
function of different settings. 
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in which: 
rd desorbing particles per unit time and surface area 
θ adsorbate coverage 
t time 
kd rate constant 
n formal order 
νd(θ) pre-exponential or prefactor 
En(θ) activation energy 
R molar gas constant 
T temperature 

 

Because, mostly, linear heating rates are applied, we can write T = T0 + β·t, with To 
the initial temperature and β the heating rate. Therefore, time can be easily substituted 
by temperature, according to: dT = βdt. 
 
When re-adsorption can be neglected, implying that the pumping speed is sufficiently 
high [40], the signal of the mass spectrometer is linearly proportional to the 
desorption rate. To exclude re-adsorption and other experimental problems, the 

Figure 2.7 Experimental
setup for temperature
programmed desorption
studies in ultrahigh
vacuum. The heating
wires resistively heat the
crystal, while the
temperature is monitored
by a thermocouple spot-
welded to the back of the
crystal. The desorption of
gases is measured by a
mass spectrometer.
(Adapted from
Niemantsverdriet [27]) 
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experimental setup has to be designed carefully [40-44]. Nowadays, the experimental 
setups are designed in such a manner that this is mostly the case.  
 
The rationale behind the TPD rate equation (2.2) can be explained as follows. The 
coverage term is produced by the number of particles taking part in the critical step, 
the pre-exponential is equal to the frequency of attempts of the system to move in the 
direction of reaction, and the exponential term represents the relative number of these 
attempts having the necessary minimum energy. 

The formal order n is related to the mechanism of the rate-determining step. 
However, as the Arrhenius equation represents a macroscopic description of a 
sequence of microscopic processes, care has to be taken. For simple cases the order 
can be directly related to a mechanism. For desorption of particles who do not feel 
each other, the reaction will be first order. The pre-exponential factor is given by the 
number of attempts to desorb, in other words the frequency of the metal-adsorbate 
vibration. The activation energy equals the sum of the adsorption energy and the 
activation energy of adsorption; for non-activated adsorption the latter is zero. 

If two similar atoms recombine to desorb as a diatomic molecule (associative 
desorption), such as nitrogen atoms, the reaction will most likely be second order. The 
surface diffusion of the adatoms is usually very fast, and the recombination is then 
rate-limiting. 
 
Apart from determining the reaction order, it is also possible to extract the activation 
energy and the pre-exponential factor from TPD experiments. Over the years, many 
methods have been developed to determine these kinetic parameters [40,45-48]. Since 
both the activation energy and the pre-exponential factor do not necessarily have to be 
independent of the coverage (lateral interactions), these methods often only give 
meaningful results in the so-called zero coverage limit, i.e. at very low initial 
coverages, where possible lateral interactions can be safely ignored. A more detailed 
discussion about extracting kinetic parameters from TPD experiments can be found in 
Refs. [49,50] and in Chapter 3. 
 
Probably the most straightforward application of TPD is the determination of the 
(relative) coverage of adsorbates. The area of a TPD trace is proportional to the 
amount of desorbed gas and, hence, to the initial coverage. Note that a mass 
spectrometer is not equally sensitive for all gases. This means that for quantifying an 
adsorbate that decomposes and further reacts, the areas of different gases have to be 
corrected for the different sensitivities before adding the contributions. Nitric oxide on 
Rh(100) serves as a good example. The NO partially desorbs molecularly and 
partially as di-nitrogen and di-oxygen. To obtain the relative coverage both NO and 
either di-nitrogen or di-oxygen has to be taken into account with the corresponding 
mass spectrometer sensitivity. 
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In order to obtain an absolute coverage, at least one calibration point is required. 
The absolute coverage is generally expressed in monolayers (ML), i.e. the number of 
adsorbates per substrate (metal) atom. A very suitable complementary technique, 
therefore, is low energy electron diffraction (LEED), see §2.3). With LEED ordered 
structures of the adsorbates can be detected and, hence, the absolute coverage. For 
example, a c(2x2) pattern on a fcc(100) metal corresponds to 0.50 ML (see also Fig. 
2.9). The saturation coverage, if known from literature, also serves as a good 
calibration point. Once such a calibration point is available, the relation between 
monolayers (absolute coverage) and exposure (Langmuirs = 1.33·10-6 mbar·s) is 
known. 
 

 
2.3 Low energy electron diffraction 
Low energy electron diffraction (LEED) is employed to determine the surface 
structure of single crystals and its ordered adsorbate layer [4,51,52]. The technique is 
based on the diffraction of low energetic electrons directed towards the surface. A 
monochromatic low energy electron beam (50 – 200 eV) is directed onto a surface. 
Electrons are back scattered elastically and show constructive interference related to 
the structure of the impinged surface. The mean free path of the electrons in a solid is 
very small – generally not more than a few atomic layers – making this a very surface 
sensitive technique [4]. 
Electrons can be described as an electromagnetic wave with the wavelength given by 
the De Broglie relation: 

kineEm
h

2
=λ           (2.3) 

in which:  
 λ wavelength of the electrons 
 h Planck’s constant 
 me rest mass of an electron 
 Ekin kinetic energy of the electron 
 
The electrons arrive at the surface at normal incidence and interference occurs 
according to the Bragg’s equation: 

kine Ema
nh

a
n

2
sin ==

λα         (2.4) 

in which: 
 α angle between scattered electrons and the surface normal 
 n order of diffraction (an integer) 
 a distance between scatterers, i.e. the lattice constant for clean surface 
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Figure 2.8 shows schematically a LEED setup. Often LaB6 is used as filament for the 
electron gun to provide the primary electron beam. A hemispherical fluorescent 
screen with its focus on the sample collects the backscattered electrons. In front of this 
screen two to four grids are positioned to ensure a field-free region between the 
sample and the analyzer and to filter the secondary (inelastically scattered) electrons. 
On the fluorescent screen the diffracted electrons are made visible as a pattern of 
spots.  
 
 
As the relationship between interatomic distances and the diffraction pattern is inverse 
(eq. 2.4), the diffraction pattern shows a ‘reciprocal lattice’, i.e. larger distances 
between the LEED spots corresponds to small interatomic distances and vice versa. 
The construction of the reciprocal lattice is straightforward. From a surface lattice 
characterized by two base vectors a1 and a2, the reciprocal lattice follows from: 
ai·aj

*=δij          (2.5) 
in which: 
 ai the base vectors of the real lattice (i= 1, 2) 
 aj

* the base vectors of the reciprocal lattice (j= 1, 2) 
 δij Kronecker delta, (δ11= δ22=1, δ12= δ21=0) 
 
This means that a1 is perpendicular to a2

* and a2 is perpendicular to a1
* and that there 

is an inverse relationship between the lengths of a1 (a2) and a1
* (a2

*).  

Figure 2.8 Schematic representation of a low energy electron diffraction setup. A beam of 
monoenergetic electrons scatters elastically from a surface. Back scattered electrons show
constructive interference related to the structure of the impinged surface. Directions of the
constructive interference are made visible on a fluorescent screen. 
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 The base vectors should reflect the unit cell of a given lattice. In other words, 
the vectors should construct the smallest parallelogram from which the lattice can be 
constructed through translations only. To a first approximation, the LEED pattern for 
a surface with an order adlayer consists simply of the superposition of the reciprocal 
lattice of the adlayer on the reciprocal lattice of the substrate surface. 
 
Often, the periodicity of ordered structures from adlayers is simply a multiple of the 
substrate lattice vectors (a commensurate adlayer). In this case, the Wood’s notation 
[53] can be used, where the structure is expressed with respect to that of the substrate 
metal. Figure 2.9 shows two simple but often occurring examples including the actual 
LEED pattern. In these cases, the unit cell of the adlayer can be determined quite 
easily with LEED. The positions of the adsorbates with respect to the surface (i.e. 
which binding site) are not directly obvious. Performing LEED quantitatively, where 
the intensities of the various diffracted beams are recorded as a function of the 
incident electron beam energy to generate so-called I-V curves, may provide accurate 
information on atomic positions [4,51]. To interpret these I-V curves, they need to be 
compared with simulated curves, based on a rigorous theoretical description, where 
not only the diffraction by the topmost layer need to be calculated, but also multiple 
scattering, inelastic and quasi-elastic scattering need to be implemented. Addressing 
this theory is beyond the scope of the thesis [4,51]. 
  
 
2.4 Density Functional Theory 
Computational chemistry becomes more and more wide-spread thanks to the 
increasingly faster computers. Nowadays, ab initio calculations are able to predict 
numerous properties of chemical systems. In surface chemistry, properties such as 
adsorption energies, adsorption site preferences, binding geometries, reaction 
pathways and IR bands including intensities can be predicted with high accuracy by 
electronic structure calculations. 

Figure 2.9 LEED images of a
clean Rh(100) (left) and after
adsorption of 0.25 ML of oxygen
(middle) and 0.50 ML of oxygen
(right) with below their
corresponding real-space
structure models. Note that in the
LEED images the middle spot is
missing because it falls directly on
the electron gun. 
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Different methods are available to compute the total energy of a system. To 
obtain the total energy, the Schrödinger equation needs to be solved for the atomic 
nuclei and the electrons for all particles in the system. For a few very small systems 
these calculations can be done analytically. For more realistic systems, however, 
approximations are needed. The Born-Oppenheimer approximation [54] is an 
important first step. Since the nuclei are much heavier than the electrons, they move 
much slower. Essentially, the nuclei can be seen as stationary, while the electrons 
move relative to them. Therefore, it is allowed to treat the nuclei as fixed, and solve 
the Schrödinger equation for the wave functions of the electrons alone. 

In the Hohenberg and Kohn approximation [55], the total energy of a system 
in the ground state is a unique functional of the electron density, ρ(r). The electron 
density is an actual physically observable quantity. By minimizing this energy 
functional the exact electron density and energy can be determined, as the functional 
follows the variational principle [56]. This method is known as the density functional 
theory (DFT). The Kohn-Sham equations [57] are solved iteratively to yield the total 
energy for given positions of the atomic nuclei. 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. 

Although many exchange-correlation energy expressions have been 
developed, all are a direct function of the electron density. The local density 
approximation (LDA) computes the Exc for a homogeneous electron gas. The GGA 
(generalized gradient approximation) includes a density gradient into the functional. 

Mostly the chemical interaction is governed by the valence electrons, while 
the core electrons generally do not play an active role in the binding process. 
Therefore, though all electrons can be treated with this rigorous approach, it is not 
necessary to include the core electrons explicitly in the quantum calculations. This is 
used in the pseudopotential approximation in which the core electrons are basically 
removed and described by an effective potential, the pseudopotential. With the 
implementation of ultrasoft pseudopotential, computations yield accurate energies, 
with good efficiency [58]. 

We have used the Vienna ab-initio simulation package (VASP) [59,60] which 
performs an iterative solution of the Kohn-Sham equations in a plane-wave basis set. 
The exchange-correlation energy has been calculated within the generalized gradient 
approximation (GGA) using the form of the functional proposed by Perdew and 
Wang, Perdew-Wang 91 (PW91) [61,62]. 
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2.5 Dynamic Monte Carlo simulations 
Monte Carlo algorithms are often employed in various scientific fields. Modelling 
reactions on (metal) surfaces by means of dynamic (or kinetic) Monte Carlo (DMC) 
methods is a powerful technique yielding insight into the surface processes. In 
contrast to the mean-field approach (MFA), DMC includes the local surroundings of a 
process taking place. This allows for inclusion surface diffusion and lateral 
interactions on a local scale. 
 

2.5.1 (Dynamic) Monte Carlo Algorithm 
The surface is modelled as a collection of active sites. Each site has a label specifying 
by what adsorbate it is occupied. An empty site (vacancy) is also represented by a 
label. A particular distribution of labels (hence adsorbates) is called a configuration. 
In the following a lower case Greek letter will represent such a configuration. Pα is the 
probability of having the system in configuration α. The master equation describes 
how this probability changes over time: 

∑ →→ −=
β

αβαβαβ
α )PkPk(

dt
dP

       (2.6) 

 
In this equation kβ α is the rate constant of changing from configuration β to α. Hence 
the first term after the equal sign describes the changes leading to configuration α, 
while the second term describes the changes that can occur in α [63]. Those changes 
can be reactions like adsorption, dissociation or desorption. As the changes are 
chemical reactions, we assume the rate constants can be written in an Arrhenius form: 

Tk
E

ek β

αβ

αββα ν
−

→ ⋅=          (2.7) 

Monte Carlo simulations are based on solving this master equation. The program 
generates new configurations by carrying out a reaction, one at a time. The rates of the 
reactions determine the probabilities with which different configurations are generated 
and how fast (thus at what moment in time) new configurations are generated.  

Given a configuration the program will determine what reactions are enabled 
(possible) at what node (site). The reaction pattern must therefore be specified, both 
the initial pattern and the end pattern. The program will try to match the initial pattern 
on all the nodes. When a match is made, the reaction will be enabled for that node. 
After selecting an enabled reaction on the grid, the local configuration is changed 
according to the end pattern. 
  
Different methods are developed to solve the master equation this way, such as the 
fixed step-size method (FSSM), the variable step-size method (VSSM), the first 
reaction method (FRM) and random selection method (RSM) [63,64]. Since we use 
FRM, only this method will be discussed. 
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For now, we will assume time independent rate constants. First a tentative 
time is computed for every reactions possible at time t=0. It can be shown that the 
time until the next reaction occurs, is exponentially distributed as: 

tke)tT(P βα
αβ

→−=≥          (2.8) 

From this distribution the reaction times are drawn. All these reactions together with 
their computed times are stored in an event list. Then the following steps are 
repeatedly carried out: 
1. select the reaction with the minimal time from the event list 
2. advance the system time to the time of that reaction 
3. adjust the grid according to the reaction 
4. recompute the event list 
 
How does the algorithm draw a time from the distribution? It uses the following 
equation: 

rln
k

1t
βα

∆
→

−=          (2.9) 

where r is a random number selected uniformly in the interval (0, 1). 
 
Recomputing the whole event list takes a lot of time. Usually this is not necessary, 
since a reaction only changes a small part in the grid; most reactions stay enabled after 
a reaction has occurred. Therefore, it is possible to only update the event list by 
inserting reactions that have become enabled and deleting the ones that have been 
disabled. 
 
However, this method requires searching the event list for disabled reactions, which is 
very time consuming. Instead of searching for the disabled reactions to delete them, 
they are just kept and before a reaction is carried out it is verified that it is still 
enabled. It is not sufficient just to check the current configuration; it is possible that 
the reaction has become disabled and then enabled again. Recording for each 
scheduled reaction the time it was scheduled and for each node the time it was last 
modified is sufficient to determine whether a reaction is still enabled. Of course an 
extra amount of memory proportional to the number of nodes and some extra 
processing time for comparison is required. This method is referred to as FRMb, and 
to the original algorithm FRMa [64]. 
 
We are interested in simulating time-programmed reactions, the temperature 
programmed desorption (TPD) in particular. We assume the activation energy and the 
pre-exponential factor are constant. Therefore, the rate constants are time dependent 
only through the temperature from the Arrhenius equation (2.7). Usually the time 
dependence of TPD is linear: 

tTT 0 β+=           (2.10) 
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Now, the time distribution is more complex than eq (2.8). We cannot draw a time step 
from the exponential distribution with parameter kβ α but we have to draw t from: 
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in which E2 is the exponential integral of the 2nd order [65]. 
 
So in order to draw a time we have to solve t from: 

rln)0()t( −=ΩΩ          (2.13) 
 
Standard methods like the Newton-Raphson method can be used to solve this equation 
[63]. Since both Ω and dΩ/dt are both monotonously increasing, the Newton-Raphson 
method is always successful. In addition, the method converges rapidly. 
 
For the dynamic Monte Carlo simulations we have used the general-purpose program 
CARLOS [66] for modeling surface reactions. This program enables the user to 
develop a model of a surface relatively straightforward with a minimal concern about 
the technical (mathematical) details. 
 
 
2.6 Lateral interactions 
The binding strength of molecules adsorbed on the surface can be perturbed by the 
presence of neighboring species, thereby altering the kinetics of surface reactions. 
These adsorbate-adsorbate interactions, or lateral interactions, can be direct or indirect 
in nature [67-73]. Interactions in which the substrate – the metal surface – is involved 
are considered indirect. Perturbation of the binding strength due to sharing of the 
substrate atoms – electronic through-surface interactions – and binding perturbations 
due to changes in the surface geometry induced by adsorbates (elastic interactions) are 
indirect interactions. Electrostatic and chemical interactions are considered direct 
interactions. The first arises when dipoles are homogeneously adsorbed on the 
surface. The dipole-dipole coupling can destabilize the adsorbate-surface bond when 
they are mutually aligned. Alternating dipoles, on the other hand, can stabilize this 
bond. Chemical interactions occur when the orbitals of the adsorbates start to overlap. 
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2.6.1 Modeling lateral interactions 
In practice, the interactions are not separated into their different origins. Generally, 
interactions are modeled as perturbations of adsorption energies. The influence of 
these perturbations on activation energies of these species involved can be estimated 
by the Brønsted-Evans-Polanyi relationship [74-78]: 

[ ]1,0;)(0 ∈∆+= αδα EEE actact       (2.14) 

where Eact is the perturbed activation energy, Eact the activation energy without 
interactions (often activation energy in the zero-coverage limit), α is the Brønsted-
Evans-Polanyi coefficient and δ(∆E) the change in reaction energy due to the lateral 
interactions: 

)()()( 00
reactreactprodprod EEEEE −−−=∆δ       (2.15) 

where prodE  and 0
prodE  are the binding energies of the products with and without 

lateral interactions, respectively and reactE  and 0
reactE  are the binding energies of the 

reactions with and without lateral interactions. 
 
As is obvious from eq. (2.14), the Brønsted-Evans-Polanyi coefficient α determines 
how strong the interactions perturb the reaction barrier. The physical significance 
behind this coefficient was proposed by Leffler [79] and Hammond [80]. The 
coefficient α can be interpreted as a position along the reaction coordinate between 
reactants and products (see Fig. 2.10, next page). An α of unity means a late transition 
state – with much resemblance to the product state. Hence, the change in energy level 
of the product state will be fully followed by the transition state. Lateral interactions, 
thus, will perturb the activation energy. An α of 0 can be interpreted as an early 
transition state which shifts with the reaction state. As a result, lateral interactions will 
not influence the activation energy. A Brønsted-Evans-Polanyi coefficient of ½ means 
a transition state which lies exactly in between. An example of such a reaction is 
surface diffusion by hopping. 
 
The simplest representation of lateral interactions is based on the assumption that all 
contributions are pairwise additive. Then we can write: 

∑=∆
i

iE ω           (2.16) 

where ∆E is the change in binding energy caused by lateral interactions and ω the 
pairwise additive interaction. Both experimental and computational studies show that 
the pairwise additive approximation holds remarkably well [81-87], as also shown in 
Chp. 8. 
 
Instead of assuming pairwise additive interaction, Shustorovich developed another 
approach based on the principle of bond-order conservation, the bond-order-
conservation Morse-potential approach (BOC-MP) [88]. Every interaction between an 
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adsorbate and the surface is described by a Morse potential. The total bond strength is 
the sum of all these interactions [28]. While the pairwise additive potential 
approximation is derived empirically, the BOC approach is based on a physical model 
for the adsorbate-surface and adsorbate-adsorbate interactions. However, the 
equations that are involved in the BOC approach can become rather complicated. 
Later, this approach was extended so that it could be used to study polyatomic species 
as well, and was renamed to unity-bond-index quadratic-potential (UBI-QEP). 
Shustorovich and Sellers have published a review on the foundations, formalism and 
applications of the UBI-QEP approach [89] 
 
Lateral interactions can be quantified in different manners. An often used approach is 
to fit them in order to obtain the best agreement between the simulated and the 
experimental data [71,83,84,87,90-97]. Another approach is calculating the 
interactions directly from TPD spectra corresponding to well-ordered adsorbate 
overlayers [98,99]. Density functional calculations can also be used to determine 
lateral interactions [82,85,90,100-106]. 
 

Figure 2.10 Graphical interpretation of the Brønsted-Evans-Polanyi relation. The shift in energy of
the transition state caused by an upward shift in the reactant (upper panel) or product (lower
panel) states is visualized for an early (left), middle (middle) and late (right) transition state. The
solid line shows the original reaction diagram, the dashed line shows the modified diagram.
Interactions do not alter the activation barrier for an early transition state. For a late transition
state, the lateral interactions have a strong effect on the activation barrier. 
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2.6.2 The effect of lateral interactions 
The formation of ordered structures of adsorbates on surfaces is a direct consequence 
of lateral interactions. Repulsive interactions lead to an ordered adlayer at higher 
coverages. At low coverages, the surface is sufficiently empty resulting in random 
ordering of the adsorbates. For instance on Rh(100), a c(2x2) adlayer is often 
observed for various adsorbates. This shows that the mutual repulsion between 
adsorbates at the nearest neighbor (NN) positions is high. Attractive interactions, on 
the contrary, manifest themselves already at low coverages through island formation. 
Some examples of ordered adlayers resulting from different sets of lateral interactions 
on NN and NNN positions are depicted in Fig. 2.11 and 2.12. The first figure shows 
the effect of repulsion at NN distance together with attractive or repulsive interactions 
at NNN positions for only one adsorbate. Note that at high coverages, no distinction 
between the different sets can be made: all pictures show a c(2x2) adlayer. However, 
the attractive interaction at NNN position results immediately in c(2x2) islands at 0.25 
ML. 

Figure 2.12 shows some snapshots of surfaces with two particles, A and B, 
with different sets of NN interactions. When all interactions are repulsive, the system 
will minimize the repulsive interaction by forming an intermixed c(2x2) structure. 
When mutual interactions are attractive while the interaction between the two species 
is repulsive, segregation occurs. Lastly, repulsive interactions between similar species, 
and attraction between A and B will naturally result in patches of p(1x1) structures 
with alternating A and B. Although only including NN interactions might not be very 
realistic, it shows the important effects lateral interactions can have on the distribution 
of adsorbates on the surface. 

Since temperature programmed desorption probes the binding energy of 
adsorbates, this technique is sensitive to the presence of lateral interactions. A 
straightforward example is given in Fig. 2.13. One type of particle is adsorbed on a 
surface. The unperturbed kinetic parameters for desorption are Eact = 100 kJ/mole and 
υ = 1013

 s-1. TPD spectra are shown for different NN interactions. Attractive 
interactions increases the adsorption energy of a particle and, hence, the desorption 
peak is shifted to higher temperatures. On the other hand, repulsive interactions 
destabilize the adsorbate, which is visible by the shift to lower temperatures. Note that 
also the peak shape changes as a result of the interactions.  
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Figure 2.11 Effect of lateral interactions on the distribution of a single adsorbate on a surface
as predicted by a Monte Carlo simulation. The interaction energies are indicated under the
maps. A positive energy corresponds to repulsion, negative to attraction.  

Figure 2.12 Distribution of two adsorbates A and B on a surface with different combinations
of nearest neighbor interactions. 
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2.7 The experimental setup and cleaning procedure 
The experiments were carried out in a home-built, two-stage stainless-steel ultrahigh 
vacuum (UHV) system with a base pressure of about 5·10-10 mbar (Fig. 2.14, next 
page). The first chamber is equipped with a sputter gun and can be separated by a gate 
valve from the main chamber. The latter contains the spectroscopic equipment, set in 
three sections. The first section contains a quadrupole mass spectrometer (Prisma 
QME200, Balzers) for temperature programmed desorption (TPD) and residual gas 
analysis. The second section contains a four-grid, reverse-view low energy electron 
diffraction (LEED) system (RVL2000/8R, LK Technologies) which can be used for 
Auger electron spectroscopy (AES) as well. LEED patterns are obtained and digitized 
by a CCD camera (Cohu) which was connected to a PC for analysis and storage of 
images. The last section contains a high resolution electron energy loss spectrometer 
(ELS3000, LK Technologies) enclosed in a double µ-metal shielding (the magnetic 
field is about 0.5 mG).  
 
The rhodium single crystal (from Surface Preparation Technology), 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 manipulator by two tantalum wires 
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Figure 2.13 Simulated TPD spectra with different values for the lateral interactions. The
desorption trace is shifted to higher temperature for attractive interactions, whereas repulsive
interactions shift the desorption to lower temperatures.  
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of 0.3 mm diameter which allows for resistive heating up to 1450 K and cooling to 90 
K with continuous liquid nitrogen. Temperatures were measured using a type N 
thermocouple spot-welded on the backside of the crystal. Ultrahigh vacuum (10-10 

mbar) is maintained by a combination of turbo pumps and a titanium sublimation 
pump. 
 
Crystal cleaning was done by cycles of argon sputtering (1.5 keV, 6 µA/cm2) at 900 K 
and annealing in 1·10-7 mbar technical air (80% N2 : 20% O2) at temperatures from 
900 to 1100 K and a finishing flash annealing to 1400 K. Surface cleanliness was 
initially checked by LEED and HREELS. Impurities on the surface are readily 
detected in an EEL spectrum of the cleaned surface. In addition, TPD spectra of CO 
provide excellent information about the surface cleanliness. Surface cleanliness was 
routinely checked by HREELS before each experiment. 
 
Regularly, some low frequency modes could be detected after cleaning the surface. 
Figure 2.15 (next page) shows a HREEL spectrum of a clean surface, one with 
contaminants, and a spectrum after dosing oxygen. The three low frequency modes, 
around 450, 600-650 and 950 cm-1 clearly grow after exposing the surface to oxygen. 
These modes are tentatively assigned to oxygen species, probably subsurface or 
bonded to a bulk impurity such as silicium, see also Chp. 5 and 6. 

Mass spectrometer LEED
HREELSCCD camera

preparation
section Mass spectrometer LEED

HREELSCCD camera
preparation

section

Figure 2.14 Picture of the experimental setup used. The preparation chamber can be separated from
the main chamber. 
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Omitting the oxygen during annealing resulted in a very smooth HREEL 
spectrum without the presence of the three losses in question. TPD spectra of CO, 
however, clearly showed abnormal desorption behavior, as shown in Fig. 2.16 (next 
page). At coverages close to saturation, a feature around 280 K appears, which we 
attribute to the presence of carbon. This peak does not originate from the compressed 
layer as observed previously [98,107]. That particular feature is sharper and has its 
peak maximum above 300 K. Furthermore, in our laboratory it was shown that CO 
adsorbed in the presence of carbon – by exposing the crystal to acetylene at low 
temperatures and consequentially heating to about 600 K – exhibited this feature 
[108]. Desorption of CO from a clean surface did not exhibit this feature. During the 
decomposition of the acetylene no CO or CO2 was detected, showing that the feature 
is not inhibited by oxygen present on the surface. 

The presence of the oxygen species due to the oxygen during the anneal 
process, as witnessed by HREELS, does not appear to perturb the CO desorption 
peak. Therefore, we have chosen to include oxygen in our annealing, even though 
frequently oxygen species remain on the surface. However, these losses do conceal 
the presence of hydrogen adsorbed on the surface from the background pressure, since 
the hydrogen loss is seen around 660 cm-1 [109,110]. Hydrogen can influence the 
adsorption behavior of CO, as we will discuss in Chapters 5 and 9. 
 

Figure 2.15 EEL spectra of a clean (lower), a contaminated (middle) surface,
and after exposing the contaminated surface to oxygen (upper).  
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Chapter 3 

Analysis of TPD Experiments of 
Systems with Lateral Interactions1 

 
In this paper we focus on problems that arise when analyzing TPD 
spectra of desorption processes in which lateral interactions 
between adsorbed species are present. 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, we suggest a new approach that can be used to estimate the 
activation energy over the entire coverage range. 

 

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]: 

                                                 
1 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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( ) ( ) n
dd

n
d kRTE
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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] and 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) 

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’ (= 
artificial) 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 
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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 
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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 
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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 
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 paper 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. 
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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], eff

dE the 

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 ( 0

dE ) 

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: 

NN
d

tot
intlatd

eff
d nEEEE ω⋅−=−= 00

      (3.4) 

in which eff
dE  is 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 and 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 ( 0

dE ) was set at 100 kJ / mole, the pre-

exponential factor νd 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 
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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. 
 
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 is the activation energy for desorption, R the gas constant, νd the pre-
exponential factor for desorption, Tm the temperature of the peak maximum and 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. 
 
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).  
 
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 is 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 



Chapter 3 46

intensity, νd the pre-exponential factor for desorption, and 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. 
 
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. 
 
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]. 
 

3.3 Results 
Figure 3.1 (next page) 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. 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 
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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 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. 
 
 

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. Note that the
graphs have been rescaled to the
same height.
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3.3.1 Repulsive interactions 
Figure 3.2 shows the result of applying the different analysis methods. The two graphs 
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 energy in the zero-coverage limit equals 100 kJ 
/ mole and the minimum 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. 
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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. 
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All methods yield accurate results, within a small error range, for the activation 
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. 
 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 
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 
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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 
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 Eq. 3.3 to cancel because 





∂∂

T
1θ is zero. 
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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 is the activation energy for desorption [kJ / mole] and θ the coverage 
[ML]. 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 

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. 
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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 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. 

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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Furthermore, the higher the attractive interactions are, the more the curves will be 
separated, and the better the statistics will get. 
 

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 
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: 

















 −

+=
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 
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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. 
 

3.5 Conclusions 
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. 
 
 
 
 

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. 
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Chapter 4 

Quantifying Lateral Adsorbate 
Interactions by Dynamic Monte Carlo 

Simulations and Density Functional 
Theory: 

NO dissociation on Rh(100)1 
 

The dissociation of NO on Rh(100) surfaces has been modelled by 
dynamic Monte Carlo (DMC) simulations including nearest 
neighbour (NN) and next-nearest neighbour (NNN) interactions, 
and zero-coverage kinetic parameters obtained from experiments. 
Two approaches were performed to derive the lateral interactions. 
First, the interactions were quantified by fitting the MC model to the 
experimental data. All interactions between NO, N and O were 
found to be repulsive. Nearest-neighbour interactions involving 
atoms are typically on the order of 20-30 kJ/mol; between 
molecules they are below 10 kJ/mol. All next-nearest neighbour 
interactions were smaller than 10 kJ/mol. The simulations show that 
at higher initial NO coverage, the nitrogen and oxygen atoms 
created by dissociation form c(2x2) islands, thereby compressing 
the NO areas and impeding its dissociation. Second, interactions 
estimated using DFT calculations were significantly higher than the 
ones estimated from fitting the experiments. Monte Carlo 
simulations based on interactions obtained from DFT provide a 
description that is only qualitatively useful.  

 
 

                                                 
1 The contents of this chapter have been published: A.P. van Bavel, C.G.M. Hermse, M.J.P. Hopstaken, 
A.P.J. Jansen, J.J. Lukkien, P.A.J. Hilbers, J.W. Niemantsverdriet, Phys.Chem.Chem.Phys. 6 (2004) 
1830 
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4.1 Introduction 
Elementary reactions of interest in catalytic mechanisms are often studied on the ideal 
surfaces of single crystals enabling determination of the intrinsic reaction rate as 
expressed in the activation energy and the pre-exponential factor [1-4]. 

Such kinetic parameters are only valid in the zero-coverage limit. At higher 
coverages, the adsorbates start to influence each other’s binding strengths to the 
surface, thus affecting the activation energies, and hence the reaction rates. To 
extrapolate these kinetic parameters to higher coverages, it is crucial to quantify the 
lateral interactions between the adsorbates. Lateral interactions can greatly influence 
reaction rates, and hence selectivities of processes. By understanding the interactions 
better, it might even become feasible to make use of them because reaction routes 
may become available which would otherwise be unfavourable. The formation of 
HCN from CHx fragments and N-atoms on Rh(111) at relatively low temperatures is 
an example [5]. 
 
Different methods can be used to quantify lateral interactions. Calculating the total 
energy of different coverages using density functional theory (DFT), it is possible to 
derive some values of the interactions [6]. The method has the inherent drawback, 
however, that as the interactions are small, and are obtained by substracting total 
energies, the inaccuracy is inevidently large. 

In favourable cases it is also possible to quantify interactions experimentally. 
This is only possible if the number of neighbours of the adsorbate in question can be 
determined, as in ordered structures. In a recent paper we have shown a possible 
approach [7]. By comparing the TPD spectra of CO desorbing from a clean Rh(100) 
with CO desorbing from a pre-adsorbed c(2x2)-ordered nitrogen layer, an interaction 
energy between CO and N of 20 kJ/mol was estimated.  

Finally, lateral interactions can be estimated by fitting Monte Carlo 
simulations to the results of calorimetry, static secondary ion mass spectrometry or 
TPD, which is the method we employ in this paper [6,8,9]. 
 
In the past, lateral interactions have been incorporated by mean-field approaches, for 
example by making the activation energy linearly dependent on the coverage. 
However, as most interactions are repulsive, and adsorbates are mobile, these 
interactions become apparent only at higher coverages, making the dependence of the 
kinetic parameters on the coverage strongly non-linear. Moreover, ordering as a result 
of interactions cannot be included in a mean-field description while this can have a 
significant effect on the reaction rates. Therefore, we use dynamic Monte Carlo 
simulations to obtain more insight into the effects of lateral interactions and to 
quantify them. We have tried to determine the interactions both by fitting the model to 
experiments and by performing DFT calculations.  
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As a test case, we have studied the dissociation of NO on an Rh single-crystal. This 
system has been extensively studied [2,4,10-19]. Although the (111)-plane is the most 
studied surface, we have chosen to model the (100)-surface because it is generally 
agreed that steps and defects play a key role in the chemistry on (111)-planes of fcc 
metals [20]. Since the (100)-surface is more open, and hence intrinsically more 
reactive, steps and defects will be less important [21]. The NO/Rh system is of 
interest from a practical point of view, as NO is one of the reactants in automotive 
exhaust gas catalysts [22,23]. 

Although the results for temperature-programmed NO dissociation on Rh(100) 
have been published [2], we believe there is merit in showing the essential 
measurements (compiled in figure 4.1) again, to facilitate comparison to the 
simulations in the later figures. Briefly, at low coverages, preadsorbed NO dissociates 
between 200 and 275 K, while N-atoms recombine to N2 between 650 and 850 K 
(Figure 4.1, 0.2 monolayers of NO). At intermediate coverages (e.g. 0.37 ML) the 
onset of dissociation has hardly changed, but as more N- and O-atoms appear on the 
surface the rate of dissociation slows down remarkably, until the dissociation is 
completed around 450 K. Finally, near saturation, the dissociation is largely blocked 
because empty sites needed for dissociation are insufficiently available. Hence 
dissociation is retarded to the temperature where NO desorbs, around 420 K. Hence 
the influence of lateral interactions is most clearly seen in the intermediate coverage 
regime, whereas site-blocking effects pay an important role as well at coverages near 
saturation. Figure 4.1 summarizes all the features that we aim to incorporate in the 
Monte Carlo simulations. 
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Figure 4.1 NO and N2 desorption rates (top) and Rh2(NO)+/Rh2
+ and Rh2N+/Rh2

+ TPSSIMS ion
intensity ratios (bottom), representing the surface coverages of NO and N-atoms respectively
during temperature programmed reaction of NO on Rh(100), for low (left), medium (central),
and high (right) initial NO coverages. 
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4.2 Computational Procedures and Models 
4.2.1 Dynamic Monte Carlo simulations 
The Rh(100) surface is represented by a square 128 x 128 grid with periodic boundary 
conditions. The evolution of the system is described by the master equation: [24] 

 ∑ →→ −=
β

αβαβαβ
α )( PkPk

dt
dP

       (4.1) 

in which α and β symbolizes configurations of the adlayer (specifications of the 
adsorbates at the different sites), Pα is the probability of finding the adlayer in 
configuration α, and kα→β is the (microscopic) rate constant of a reaction that changes 
a configuration α into β. In this context, reactions include diffusion, adsorption and 
desorption. The reactions take place at times according to the master equation. Such a 
simulation represents a possible real-time realization of the system (an ‘experiment’). 
The method used for the simulation is the dynamic Monte Carlo method described in 
Ref. [25], which also simulates time-dependent rate constants (such as in TPD 
experiments) well. 
 
The rate constants for the reactions without lateral interactions are given as Arrhenius 
expressions )/exp( RTEk a−⋅= ν . 

 
The simulation method including the lateral interactions has been implemented in the 
computer program CARLOS, which is a general purpose Monte Carlo program that 
allows specification of the adlayer, the adsorbates and the microscopic steps as input. 
 
4.2.2 Lateral interactions 
Interactions between adsorbates can have different origins [26], such as Van der 
Waals interactions, orbital overlap, electrostatic interactions, substrate-mediated 
electronic and elastic interactions. Generally it is hard to distinguish between the 
different contributions. Moreover, in modelling such a breakdown in different origins 
is not necessary. Therefore, we limit ourselves to directly letting the effective 
activation energy depend on the immediate neighbourhood of the reacting particles. 

We use the Brønsted-Polanyi relation to describe this [27-30]. For a reaction 
k→ l, let ∆Ek and ∆El denote the lateral interaction in states k and l respectively. The 
effective activation energy for k→ l is defined by: 

0 ( ) [0,1]a a l kE E E Eα α= + ∆ − ∆ ∈       (4.2) 

So, the transition state of the reaction and, hence, the activation energy changes when 
the energy level of the reactant and/or product states changes. A value of α close to 0 
represents the situation that the transition state is close to the reactant state (k); 
similarly, a value close to 1 represents a transition state that is close to the product 
state (l). Parameter α is called the Brønsted-Polanyi coefficient. Common choices are 
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0 for adsorption, 1 for desorption, and 0.5 for diffusion. The lateral energies 
themselves are described by summing pairwise contributions of neighbouring sites. 

As an example how the effective activation energy is calculated for the NO 
dissociation affected by neighbours we show figure 4.2. Nearest-neighbour (NN) 
interactions are indicated; next–nearest neighbour (NNN) interactions occur between 
diagonal neighbours. Interactions beyond NNN are ignored, since NNN interactions 
have been shown to be small [6,31]. 

As dissociation is characterized by a late transition state and is predominantly 
governed by the state of the dissociated atoms [32], we assume the Brønsted-Polanyi 
coefficient equal to one and for simplicity we now only assume nearest-neighbour 
interactions, ω can be both positive (repulsive) and negative (attractive).  In the 
example configuration of Figure 4.2, NO has two neighbours, an oxygen atom and 
another NO molecule. Therefore, the adsorption energy of the reactant – the central 
NO – will be altered by (ωNO-NO + ωNO-O), and the activation energy lowered by the 
same amount (since α=1). The nitrogen atom has no influence on the reactant-side as 
it is not at an NN position. At the product side, the oxygen and NO interact with the 
nitrogen formed, increasing the energy of the products with (ωNO-N + ωNO-O) resulting 
in an increase of the activation energy by the same amount. The NNN-nitrogen now 
destabilizes the O-atom formed, increasing the activation energy with an extra ωN-O. 
Thus, the effective activation energy for the dissociation in the example is: 

ONONOONNONONNO
diss
act

diss
act EE −−−−− +−+−+= ωωωωω )()(0,   (4.3) 

Note that since the interaction between the N and O formed is always present in the 
dissociation step, it is implicitly included in the estimations of the activation energy. 
Therefore, we do not have to include this term separately. 
 
4.2.3 The reaction mechanism  
Starting from the situation that NO is adsorbed on the fcc(100) surface, the 
elementary reactions are:  
NOads + *  Nads + Oads       (4.4) 
NOads  * + NOgas         (4.5) 
2 Nads  2* + N2,gas         (4.6) 
where * denotes a vacant site on the surface. 

NO

NO

NO

N N

NO O O

:  nearest-neighbor interactions

:  next nearest-neighbor interactions

NO

NO

NO

N N

NO O O

:  nearest-neighbor interactions

:  next nearest-neighbor interactions

Figure 4.2 Example of a
dissociation reaction in the
presence of neighbours. See text
for more detail about the effect
on the activation energy. 
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The atoms formed in dissociation reaction (4.4) are placed in next-nearest neighboring 
positions, thus whereby NO dissociation and diffusion of the atoms to hollow sites are 
effectively combined. 

We have not included oxygen desorption, since this occurs at much higher 
temperature than the nitrogen desorption. Just like most TPD experiments, the 
simulations end with oxygen still present on the surface. Besides chemical reactions, 
we include diffusion as a hopping process, e.g.: 
NOads + *  * + NOads        (4.7) 
Table 4.1 shows the kinetic parameters in the limit of zero coverage. Except for NO 
desorption, these values have been determined experimentally. As NO only desorbs 
when the surface is filled to such an extent that dissociation is blocked, the activation 
energy for the NO desorption could only be determined in the presence of nitrogen 
and oxygen atoms. Therefore, the experimentally determined activation energy is not 
valid in the zero coverage-limit. This value was fitted to 145 kJ/mol using the 
experimentally determined prefactor. It is possible to validate this value, as the 
experimental value is determined at θN=θO= ~ 0.25 ML. Assuming a c(2x2) structure, 
the desorbing NO molecule has 4 neighbouring atoms. Further assuming that the 
repulsion between NO and N is about the same as between NO and O, and using α = 
1 for desorption, we can estimate the Eact,0 for the desorption to equal 106 + 4 x ωNO-

N/O. With the repulsive interactions as discussed later, we arrive at a value of 130 
kJ/mol for the hypothetical desorption of NO from a clean surface. So the fit and the 
rough estimate are in reasonable agreement. 

Diffusion was not modelled with Arrhenius-type rates, as realistic values 
would result in diffusion dominating all processes by orders of magnitude with the 
consequence that Monte Carlo simulations become impractical. Instead, the diffusion 
rate was fixed at 100 s-1, modified by lateral interactions: 

kdiff = 100 x e(α.∆E)/RT        (4.8) 
where ∆E equals the shift in energy due to lateral interactions as mentioned earlier. 
Tests show that the nitrogen recombination does not shift by doubling the diffusion 
rate. Also the NO dissociation and desorption did hardly change, confirming that 
Equation (4.8) renders diffusion sufficiently fast not to affect the simulations. 
 
The model discussed in this paper includes only one type of adsorption site. It is 

Table 4.1 Elementary rate parameters for reactions of NO on Rh(100) [2] 
Reaction Eact (kJ/mol) ν (s-1) Remarks 

NO dissociation 37 1011  
NO desorption 145*) 1013.5 106±10 at θO=θN≈0.25 ML 

N recombination 225 1015.1  
*) Fitted with the model, using the experimentally obtained value for the prefactor. 
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known that both oxygen and nitrogen atoms reside in four-fold hollow sites [15,33]. 
Nitric oxide probably occupies different sites [34], both bridged and four-fold hollow 
sites [15,34]. However, NO dissociates from di-bridged sites [35]. The NO molecule 
rearranges in such a fashion that the nitrogen and oxygen move to di-bridged sites, 
thereby binding the molecule in a pseudo-hollow site. In this study we place all the 
adsorbates in the one type of site that is available in this checkerboard-like model, to 
keep our model as simple as possible. 
 
4.2.4 Fitting the interactions to the experimental data 
The lateral interactions are fitted by hand to the TPD and TPSSIMS experiments [2] 
in Figure 4.1. Before fitting the interactions, we define the different features which 
should be reproduced:  
− At zero coverage-limit the NO dissociation and N2 desorption should occur at the 

temperatures as observed in the experiments. 
− At saturation coverage the NO dissociation should be fully blocked until around 

400 K, where NO should also desorb. 
− Correct retardation of the NO dissociation at increasing initial coverages as in the 

middle panel of Figure 4.1. 
− The N2 desorption temperature hardly changes at the different coverages. 
− The ratio between NO dissociation and desorption at the different coverages 

should be as in the experiments. 
− The N-atoms and O-atoms should order in c(2x2) patterns at high coverages 

[7,31,36,37]. In order to meet this requirement, ωN-N and ωO-O should be 
sufficiently high. 

− No occurrence of ordered structures for NO. Although Castner et al. attributed a 
c(2x2) structure for NO on Rh(100) at room temperature [36], we believe that this 
observation refers to dissociated NO. Other groups, including ours, who have 
checked for LEED patterns have not found ordered structures for NO on Rh(100) 
[13,34]. Therefore, to prevent NO from ordering in the simulation, one of the 
preconditions of fitting the interactions is that ωNO-NO should not be too large. 

 
After modelling the system first with NN interactions, we have included NNN 
interactions. The influence of the NNN interactions upon the optimal values for the 
NN interactions was found to be minor.  

Next–nearest neighbour interactions are usually much smaller then the nearest-
neighbour interactions: between 0 and 10 kJ /mol. Both repulsion and attraction are 
observed for NNN interactions. For oxygen on both Rh(100) [38] and Ni(100) [39] it 
has been reported that the NNN interaction is weakly repulsive. 
 
4.2.5 DFT Calculations 
The VASP code [40,41] has been used to perform DFT calculations (Perdew-Wang91 
functional [42]) with a plane wave basis set and the ultrasoft pseudopotentials 
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introduced by Vanderbilt [43] and generated by Kresse and Hafner [44]. After tests 
with different metal and vacuum layers, the surfaces were modelled by a supercell 
containing a 5 layer slab and 13.5 Å of vacuum between the surfaces. For the 
calculations of N and Rh the energy cut-off for the planewave basis set was set to 350 
eV, for the calculations with O the cut-off was increased to 400 eV as it corresponds 
to the value for which all the ultrasoft pseudopotentials are converged. The k-point 
sampling was done following the Monkhorst-Pack procedure, with a 5x5x1 grid for 
the (2x2) cell and a 3x3x1 grid for the (3x3) cell; a Gaussian smearing (σ = 0.2 eV) 
was applied to the electronics levels. Adsorption was done on both sides of the slab, 
with at least an inversion centre (to avoid spurious dipole-dipole interactions) and 
depending on the starting geometry additional symmetry operations were used. A 
complete geometry optimisation was performed for each configuration (except for the 
central metal layer, which was frozen). All the parameters were extensively tested and 
the energies are converged within 2 kJ/mol. Various coverages (0.11, 0.25, 0.50 ML) 
with different structures (p(3x3), p(2x2), p(2x1) and c(2x2)) were considered. The 
0.11 ML coverage with the (3x3) structure was used as an approximation of the zero 
coverage-limit. NN and NNN interactions were extracted by a least-square fit of the 
adsorption energy from the p(2x2), c(2x2) and p(2x1) structures for the 0.25 and 0.50 
ML coverages with the various (combinations of) adsorbates. For the NO-NO 
interactions, ωNO(br)-NO(br) was calculated, as the bridge site is the most stable 
adsorption site. Other interactions were determined based on adsorption in the hollow 
sites. Gas phase molecules (O2 and N2) were calculated in the (2x2) and (3x3) cell, 
spin polarization was included for O2 but was not considered for adsorption as tests 
showed that the spin disappears upon adsorption, in agreement with previous 
calculations of NO on Rh(100) [15] and NO on transition metals in general [45]. 
 
4.3 Results 
Figure 4.3 (next page) shows Monte Carlo simulations with optimised nearest and 
next-nearest neighbour interactions as given in Table 4.2. The lower part of the figure 
contains the coverages of NO and N, which can be compared to the TPSIMS data of 
Figure 4.1, while the upper part of Figure 4.3 shows the rates of NO dissociation, NO 
desorption and N2 formation. The latter two can directly be compared to the TPD 
curves of Figure 4.1.  
 
In Figure 4.4 (next page) we compare the NO and N coverages directly with the 
experimental ones. In general, the NO reactions – dissociation and desorption - are 
reproduced well, whereas the rate of N2 desorption is overestimated as the total 
coverage on the surface increases. As the atoms are almost completely ordered in a 
c(2x2) fashion, the NNN interactions play a significant role. The simulation 
reproduces all features that we listed above at least semi-quantitatively.  
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Figure 4.3 NO dissociation, NO desorption and N2 recombination reaction rates (top) and surface 
coverage of NO, N and O (bottom) from the Monte Carlo Simulation with NN + NNN interactions of a 
temperature programmed reaction of NO/Rh(100) at low (left), medium (central), and high (right) 
initial NO coverages. 
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Figure 4.4 Comparison of the TPSSIMS data (dashed line, from figure 1) with the surface
coverages obtained by Monte Carlo Simulation (solid line), with NN + NNN interactions (top), NN
interactions only (central), and NN + NNN interactions obtained from DFT (bottom). 
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The amount of NO that desorbs is somewhat overestimated by the simulation. At the 
intermediate coverage (0.37 ML) the model predicts that 0.12 ML of NO desorbs, 
whereas experimentally it is only 0.07 ML [2]. As a result the dissociation goes too 
fast in the model. At high coverage, the effect of site blocking is well described. A 
snapshot of the surface geometry halfway in the dissociation range indicates that N- 
and O-atoms form islands of c(2x2) nature, while NO is compressed in the regions 
between the islands, from where part of it desorbs (Figure 4.5). The model predicts 
that 0.35 ML of NO desorbs and 0.25 ML dissociates, experimentally both values 
should equal 0.3 ML (Note that the experimental “coverages” in Figure 4.1 have been 
obtained from static SIMS and thus are not quite accurate. The experimental values to 
which we compare are the ones obtained from TPD experiments as reported by 
Hopstaken et al. [2]). 
 

 Table 4.2 Lateral interactions obtained by fitting the Monte Carlo model to the experimental 
data 

ωij (kJ/mol) NO  N  O  
 NN NNN NN NNN NN NNN 

NO 6 2.5 17 6 21 6 
N   33 1.7 29 1.7 
O     29 1.7 

 

T<200 K

T=400 K

T=500 K

Snapshots of the surface from the NN+NNN interactions

θNO=0.20 θNO=0.37 θNO=0.60

T<200 K

T=400 K

T=500 K

Snapshots of the surface from the NN+NNN interactions

θNO=0.20 θNO=0.37 θNO=0.60

Figure 4.5 Snapshots of
the surface at different
initial NO coverages
(horizontal) and different
temperatures (vertical)
obtained by Monte Carlo
Simulations using
manually fitted NN +
NNN interactions. 
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To show the effect of next-nearest neighbour interactions, we also show some results 
with simulations on the basis of nearest-neighbour interactions only, in the second 
row of Figure 4.4. Although the interaction energies were optimised to the best of our 
ability, the description is in many respects inferior to the model including NNN 
interactions. The NO dissociation proceeds faster than in the experiment and the 
proportion in which repulsive interactions and site blocking play a role is clearly 
inadequately reproduced, as the middle panel of Figure 4.4 reveals.  
 
Finally, the bottom row of Figure 4.4 shows Monte Carlo simulations on the basis of 
interaction energies that were calculated with density functional theory, as found in 
Table 4.3. For the simulations, the same single-site model was used. For the 
interaction between NO molecules, the interaction between molecules adsorbed in the 
bridged site have been used, since this is calculated to be the most stable site [15], 
even though the model assumes all adsorbates in the same kind of sites. The 
interactions between the atoms are based on the atoms placed in the four-fold hollow 
sites. For the interactions between NO and the atoms it is assumed that both are 
adsorbed in the four-fold hollow sites. The DFT energies for interaction between 
adsorbed atoms (Table 4.3) are significantly higher than the values we found by 
optimisation in the Monte Carlo simulations. The effect is immediately visible in a 
stronger retardation of the NO dissociation at all three coverages considered. As 
Figure 4.4 shows, the combination of DFT-calculations for the lateral interactions 
together with Monte Carlo simulations of the NO dissociation leads to a picture which 
qualitatively reproduces many of the features observed in the experiment, but as the 
interactions are apparently too strong, their effect becomes much too pronounced. 
Monte Carlo simulations use discrete and unique sites. Hence the system lacks the 
flexibility to allow adsorbates to occupy alternative sites, or to relax slightly from the 
fixed site e.g. by bending to relieve repulsion with neighbours. Therefore, unlike in 
the experimental situation, adsorbates in the present Monte Carlo simulations will 
either feel the full interaction or no interaction at all.  
 

Table 4.3 Lateral interactions obtained by DFT calculations 

ωij (kJ/mol) NO  N  O  
 NN NNN NN NNN NN NNN 

NO 91) 11) 442) 52) 312) 52) 
N   58 3 48 5 
O     40 9 

1) NO(bridged)-NO(bridged) interaction, although in the simulations NO is 
not explicitly placed in bridge sites, as only a single site model is used. 
2) NO(hollow)-atom interaction 
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4.4 Discussion 
Dynamic Monte Carlo simulation appears well suited to describe the effect of lateral 
interactions on the kinetics of temperature-programmed reactions on covered surfaces. 
Using the approach of pair-wise additive lateral interactions in a kinetic model, 
combining zero-coverage kinetic parameters from experiment with optimised 
interaction energies, leads to a description which reproduces all salient features of 
TPSIMS and TPD experiments on the NO/Rh(100) system, in spite of a number of 
restrictive assumptions that had to be made. The most stringent of these is that the 
surface is modelled by a grid of equivalent sites on which the NO molecules and its 
dissociation products, the O- and N-atoms, adsorb. In reality, the atoms occupy the 
fourfold hollow site, while the molecules reside on bridged and on top sites. Another 
limitation is that the rate of diffusion has to be limited artificially to avoid that the vast 
majority of the calculations steps is wasted on diffusing adsorbates. However, it 
seems that the diffusion rate used is sufficiently high. In spite of these shortcomings, 
we feel that the simulations provide useful insight in the role of lateral interactions on 
the kinetics of surface reactions.  
 
The values for the lateral interaction energies obtained by optimisation (Table 4.2) or 
by periodic boundary DFT calculation (Table 4.3) indicate that NO molecules interact 
relatively weakly (ωNN(NO-NO) = 6-9 kJ/mol; ωNNN(NO-NO) = 1-2.5 kJ/mol), 
whereas atoms interact strongly (ωNN = 30-60 kJ/mol; ωNNN = 2-9 kJ/mol). In this 
case DFT calculations predict values on the high end of the indicated ranges. The 
relatively strong repulsion between atoms results in the avoidance of nearest-
neighbours and favours formation of domains where atoms order in c(2x2) patterns.  
Interaction energies between atoms and molecules take intermediate values (ωNN = 
17-20 kJ/mol from Monte Carlo optimisation; ωNN = 30-40 kJ/mol from DFT 
calculations). Experimentally determined interaction energies are hardly available. 
Recently we reported an interaction energy of 20 kJ/mol between CO molecules in a 
c(2x2) N-atom environment. This value is very similar to the 17-20 kJ/mol that we 
find for interactions between NO and either N-atoms or O-atoms. Interestingly, a DFT 
calculation for the interaction energy between CO and N atoms yielded 30 kJ/mol, i.e. 
higher than observed experimentally [7]. 
 
From the snapshots of the surface at different temperatures (Figure 4.5), it is clear that 
the dissociation starts at those sites where sufficient vacancies happen to be present, 
followed by desorption of nearby molecules, thereby creating new vacancies and 
hence allowing more molecules to dissociate. This process results in formation of 
c(2x2) islands of N- and O-atoms, as explained above. Since ωatom-atom and ωNO-atom 
are larger than ωNO-NO the dissociation also leads to a compression of NO in areas 
between the c(2x2) islands. In these simulations the NO areas are compressed into 
p(1x1) patches, which seems rather unlikely in reality. Since we have used one type of 
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site for the Monte Carlo simulations, the adsorbates do not have other possibilities 
than to move to direct nearest neighbour positions. In reality, it could be that the 
molecules are forced from e.g. bridged sites to on-top or pseudo-hollow sites. Such 
flexibility helps in relieving repulsion. Finally, we stress the importance of diffusion 
in relieving repulsion. Energetically very unfavourable situations are faster relieved 
by diffusion of the species rather than by a chemical reaction. In the simulations the 
diffusion rate is necessarily downscaled to keep calculations feasible.  
 
In the near future we intend to determine a consistent set of lateral interaction energies 
by DFT calculations which will enable us to investigate the validity of the here 
assumed pair-wise additivity of lateral interaction energies [Chapter 8]. We are 
currently also doing experiments to quantitate more interactions between adsorbates 
by making use of coadsorption in ordered layers [Chapter 8]. 
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Chapter 5 
The Adsorption of CO on Rh(100) 

Studied with High Resolution Electron 
Energy Loss Spectroscopy: 

the effect of coadsorbed hydrogen 
 

The adsorption of CO on Rh(100) has been investigated at two 
adsorption temperatures with HREELS and TPD. At low CO 
coverage, an activation energy of 139 kJ and a preexponential 
factor of 1013.6 s-1 is found for the CO desorption from Rh(100). At 
300 K the CO adsorbs mainly linearly up to a coverage of 0.50 ML. 
Higher CO coverages lead to the increasing occupation of bridge 
sites. The observed vibrational losses are, generally, in good 
agreement with the literature. The ratio of bridged over linear CO 
is estimated to equal 1.7 at saturation coverage. This supports the 
p(4√2x√2)R450 CO structure proposed by De Jong and 
Niemantsverdriet [J. Chem. Phys. 101 (1994) 10126]. Occasionally 
we observed a loss at 2200 cm-1 and a particularly sharp loss at 270 
cm-1 which we tentatively assign to CO adsorption in the vicinity of 
subsurface oxygen. Adsorption of CO at 150 K results in the 
occupation of bridge and top sites at all coverages. We report the 
displacement of CO on-top sites to bridge sites due to hydrogen 
coadsorption. We demonstrate conclusively that hydrogen 
adsorption from the background pressure can be sufficient to induce 
this site change. This shows the importance of a very low base 
pressure when studying adsorption of molecules at liquid nitrogen 
temperatures. 

 
 
5.1 Introduction 
The adsorption of CO on transition metals remains one of the most investigated topics 
in surface science because it represents a prototype for the behavior of molecules on 
surfaces. Moreover, because of the large dynamic dipole, CO is ideally suited for 
vibrational studies. Many investigations have focused on the determination of the 
different adsorption sites for CO, by using vibrational techniques such as high 
resolution electron energy loss spectroscopy (HREELS) and reflection absorption 
infrared spectroscopy (RAIRS). Site identification has been based on the internal C-O 
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vibration frequency. More recently, also techniques such as Low Energy Electron 
Diffraction (LEED) and Scanning Tunneling Microscopy (STM) were employed to 
identify the adsorption geometry of CO. 
 
It is long-established that the internal stretch frequency of a molecule adsorbed on a 
metal changes with respect to its gas-phase value [1]. The C-O internal vibration 
frequency depends strongly on the adsorption site and the geometry [2]. The site 
assignment of the different frequencies was and often still is based on the analogy of 
metal carbonyls. Generally, the frequency shifts down from its gas phase value of 
2143 cm-1 to values between 2000 and 2130 cm-1 for linearly bonded CO, 1880 and 
2000 cm-1 for bridge bonded, 1880 and 1800 cm-1 for threefold CO and below 1800 
cm-1 for fourfold hollow bonded CO [3], see also Figure 5.1. 
 
5.1.1 Review of previous results 
The adsorption of CO on Rh(100) as well as on other transition metals has been 
investigated extensively. We will briefly discuss the literature about the CO 
adsorption on Rh(100). Table 5.1 (at the end of the paragraph) summarizes the most 
important observations concerning ordered structures, saturation coverages and 
occupied sites. A summary of the desorption kinetics will be presented in the 
discussion (Table 5.2). 

Tucker [4] reported the first LEED study on the adsorption of CO on Rh(100). 
CO was adsorbed at room temperature at elevated pressures. The LEED pattern 
observed was later identified as p(4√2x√2)R450 by Gurney et al. [5]. Tucker proposed 
a model corresponding to a coverage of 0.75 ML. 
Castner et al. [6] observed a c(2x2) structure forming for coverages up to 0.50 ML. At 
higher pressures and temperatures below room temperature the structure could be 
compressed into a ‘split’ (2x1) pattern with a coverage of 0.83 ML. Later, De Jong 
and Niemantsverdriet [7] proposed a c(6x2) structure. 

Kim, Peebles and White [8] studied the adsorption of CO on Rh(100) at 100 K 
with LEED and TPD. They found that CO adsorbs in a c(2x2) structure at 0.50 ML. 
At higher coverages a similar LEED pattern was observed as by Tucker [4]. The TPD 
spectra revealed a single desorption state for CO at low coverages, while a low 
temperature shoulder developed at higher coverages. From the TPD spectra they 
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Figure 5.1 Frequency
ranges of adsorbed CO
for different adsorption
sites. 
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calculated an activation energy of 133 kJ/mole and a prefactor of 8.4·1012 s-1 in the 
zero-coverage limit. Based on the LEED experiments, a saturation coverage of 0.60 
ML was determined. 

Richter et al. [9] and Gurney et al. [5] observed three desorption states of CO 
at saturation coverage in TPD spectra. Up to a coverage of 0.50 ML with a c(2x2) 
structure they observed mainly linear-bonded CO. At higher coverages also bridge 
sites are increasingly more occupied. At saturation coverage they observed a 
p(4√2x√2)R450 structure, which they calibrated at 0.75 ML. 

In contrast to most vibrational studies [5,7,9], a RAIRS study of CO on 
Rh(100) by Leung et al. [10] indicated that CO adsorbs at all coverages in linear and 
bridged modes. For adsorption at 300 K, an ordered CO layer was formed around 0.4 
ML. A saturation coverage of 0.6 ML was estimated from TPD data. Adsorption at 90 
K yielded c(2x2) islands for coverages below 0.5 ML. At the saturation coverage a 
p(4√2x√2)R450 structure was observed. 

De Jong and Niemantsverdriet [7] studied the CO adsorption on Rh(100) as 
function of the temperature, coverage and CO pressure using RAIRS, LEED and 
TPD. They found that at 270 K and 300 K CO adsorbs predominantly linearly up to 
0.50 ML, in agreement with previous EELS studies [5,9]. They explain the 
contradictory results from Leung et al. [10] by the presence of (sub)surface 
contaminations. Between ca. 0.30 ML and 0.50 ML the CO forms a c(2x2) adlayer. 
With increasing exposures, also bridge-bonded CO was observed, and the LEED 
pattern changed into a p(4√2x√2)R450. The corresponding saturation coverage was 
0.75 ML. At lower temperatures and a higher dosing pressure, a c(6x2) structure was 
formed, indicating a saturation coverage of 0.83 ML. TPD experiments shows one 
desorption state at low coverage and from coverages above 0.50 ML a low 
temperature shoulder grows in. The kinetic parameters in the zero-coverage limit were 
determined to be Eact = 131±4 kJ/mole and υ = 1013.9±0.3 s-1 (after correcting for an 
incorrectly applied formula in [7], according to [11]. 

Baraldi et al. [12] found one desorption state at low CO coverages with TPD. 
Two low temperatures shoulder develop above 0.50 ML. These extra states coincide 
with the c(2x2) to p(4√2x√2)R450 and p(4√2x√2)R450 to c(6x2) conversion. The 
lowest temperature feature is only observable when the adsorption is carried out 
below 200 K. From the TPD data, an activation energy of 140 kJ/mole and a prefactor 
of 1013.5 s-1 in the zero-coverage limit was determined. By means of XPS they 
observed only on-top CO below a coverage of 0.50 ML. Further increase of the 
coverage leads to additional occupation of bridge sites. The ratio between bridge and 
on-top CO in the p(4√2x√2)R450 is 2:1. Increasing the CO exposure lead to a c(6x2) 
structure. Here this ratio was 1.2. The saturation coverage was determined to equal 
0.82 ML. 

Wei et al. [13] determined the desorption kinetics of CO on various Rh 
surfaces by means of time-resolved electron energy loss spectroscopy (TREELS). The 
kinetic parameters of CO on Rh(100) in the zero-coverage limit were found to be 
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υ=1016.3 ± 1.1 s-1 and Eact = 149 ± 10 kJ/mole for a modulated beam and υ=1014.5 ± 0.9 s-1 
and Eact = 135 ± 8 kJ/mole for a single beam. 

Using the reverse flash and field ion appearance energy measurements 
Medvedev et al. [14] found weakly bound CO on Rh(100) at coverages above 0.70 
ML, at adsorption temperatures below 130 K and a pressure of ~3·10-7 mbar. This CO 
was proposed to adsorb as a second adlayer. From the reverse flash method a binding 
energy of 33 kJ was obtained. The initial binding energy of CO was measured to be 
121 kJ. In addition, they deduced that CO adsorption involves a precursor mechanism 
from determining the sticking coefficient as function of the coverage. 

Strisland et al. [15] found only linear-bonded CO at low coverages at 300 K 
by using high resolution photoelectron spectroscopy and LEED. However, for a 
coverage around 0.50 ML both bridged (around 30 – 40 %) and on-top CO was 
reported, in agreement only with Refs. [10,16]. The amount of bridge-bonded CO in 
the c(2x2) structure depended on the temperature. Higher adsorption temperatures 
decreased the occupancy of bridge sites. In the p(4√2x√2)R450 structure the ratio 
bridged to linear CO was estimated to be 2.3, in agreement with Baraldi et al. [12]. 
However, for the c(6x2) structure they found a ratio 0.8. This ratio is in some better 
agreement with the structure proposed by De Jong and Niemantsverdriet [7]. 

Kose et al. [17] measured the dependence of the sticking coefficient and the 
calorimetric adsorption heat as function of the coverage. They found an initial heat of 
adsorption of 118 ± 4 kJ/mole with an initial sticking coefficient of ~0.87. Up to a 
coverage of around 0.4 ML the adsorption heat remains almost constant, and then 
drops steeply to its saturation value of 80 ± 5 kJ/mole at a saturation coverage of 
around 0.8 ML. The steep drop is correlated to ordering of the adlayer to a c(2x2) 
structure. The sticking coefficient drops nonlinearly to a value of 0.1. These results 
strongly indicate precursor-mediated adsorption in agreement with Medvedev et al. 
[14]. By modeling the adsorption by means of a Monte Carlo algorithm they obtained 
a prefactor of 1013 s-1 with lateral CO-CO interaction energies for nearest neighbor 
ENN = 9 ± 1 kJ/mole, next-nearest neighbor ENNN = 1 ± 0.5 kJ/mole, and next-next-
nearest neighbor ENNNN = -1 ± 0.5 kJ/mole. 

Ramsvik et al. [16] showed with photoemission spectroscopy the presence of 
both linear and bridge-bonded CO in a c(2x2) adlayer adsorbed at 350 K. The 
presence of both on-top and bridged at this temperature is really rather surprising, and 
not found by other groups. 

Eichler and Hafner [18] calculated the adsorption energy of CO on Rh(100) by 
means of density functional calculations. Using a four layer slab and allowing the first 
two layers to relax, they found adsorption energies for 0.25 ML of top, bridge and 
fourfold hollow bonded of respectively 1.98, 2.23 and 2.15 eV. For a c(2x2) adlayer, 
stretch frequencies of 2062 cm-1 for CO on-top, 1887 cm-1 for CO bridged and 1828 
cm-1 for CO hollow has been calculated. The corresponding Rh-C vibrations were 
respectively 675, 417 and 376 cm-1. 
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Comparison of the previous results is difficult, because of all the different 
conditions used. However, it is clear that the adsorption of CO on Rh(100) is strongly 
dependent on adsorption temperature and pressures used. The adsorption also seems 
to be sensitive to the presence of (sub)surface contaminations. Based on the mixed 
presence of both linear and bridged CO found in different studies, it certainly is clear 
that the two adsorption sites are very close in energy, which is also observed by 
computational work (see Chp. 9). Most studies seem to agree upon a saturation 
coverage of 0.75 ML for lower dosing pressures. Also the observed ordered patterns 
seem to be consistent. From well below 0.50 ML till ca. 0.60 ML a c(2x2) structure is 
present, followed by a p(4√2x√2)R450 structure for the saturation coverage. At 
elevated pressures and temperatures below, say, 200 K, a more compressed c(6x2) 
layer can be formed with a coverage of 0.82 ML. 
 
Table 5.1 Overview of literature data concerning the structure and adsorption sites of CO / Rh(100) 
Authors Techniques Structure Coverage Sites θsat Notes
Tucker [4] LEED p(4√2x√2)R45 0.75  0.75  
       
Castner et al. [6] LEED c(2x2) 0.5   d 
  c(6x2) 0.83  0.83  
       
Kim et al. [8]  LEED, TPD c(2x2) 0.5    
  p(4√2x√2)R450   0.6  
       
Richer et al.,   LEED, EELS c(2x2)  - 0.5 l   
Gurney et al. [5,9]  p(4√2x√2)R450 0.75 l + b 0.75  
       
Leung et. al. [10] LEED, RAIRS   l + b 0.6 a 
  c(2x2)  - 0.5 l + b  b 
  p(4√2x√2)R450 0.75 l + b 0.75 c 
       
De Jong and  LEED, RAIRS,  c(2x2)  - 0.5 l   
Niemantsverdriet [7] TPD p(4√2x√2)R450 0.75 l + b 0.75  
  c(6x2) 0.83 l 0.83 d 
       
Baraldi et al. [12] TPD, LEED,  c(2x2) 0.5 l   
 XPS p(4√2x√2)R450 0.75 l + b   
  c(6x2) 0.82 l + b 0.82 e 
       
Strisland et al. [15] XPS, LEED  < 0.50 l   
  c(2x2) 0.5 l + b   
  p(4√2x√2)R450 0.75 l + b   
  c(6x2)  l + b  f 
       
Ramsvik et al. [16] XPS, LEED c(2x2)  l + b   
       

(a) Tads = 300 K 
(b) Tads = 270 K 
(c) Tads = 270 K 

(d) Only at higher pressures and low Tads 
(e) At low Tads only 
(f) Only at higher pressures and lower Tads 

 



Chapter 5 76

5.1.1.1 Effect of hydrogen on the CO adsorption 
Gurney et al. [5] found that the amount of bridge-bonded CO at 90 K at low 
exposures varied from experiment to experiment. They tentatively attributed this due 
to the coadsorption of CO with hydrogen on the surface. Hydrogen can be introduced 
incidentally by the cleaning procedure or from background adsorption. Several papers 
from Richter et al. [9,19,20] also deal with the coadsorption of CO with H2. It was 
concluded that CO on-top can shift to bridge sites when hydrogen is postadsorbed. 
Adsorbing hydrogen to a CO precovered surface clearly transfers the molecules from 
top to bridge sites. However, adsorbing CO on a hydrogen saturated surface exhibits 
only a loss feature characteristic of on-top adsorption, while the loss feature assigned 
to bridge-bonded CO develops with increasing CO coverage. Using temperature 
programmed EELS (TP-EELS) it was found that when about 0.50 ML of hydrogen 
was desorbed, the site shift was induced. Heating the surface further, thereby 
removing more hydrogen, resulted in a shift back for CO towards the top sites. It was 
further found that during the shift to bridge sites, also the hydrogen atoms transferred 
towards bridge sites from hollow sites [20]. This shift inducement from top to bridge 
sites was explained in terms of possible direct repulsion between CO and hydrogen 
atoms.  

Kim et al. [8] employed TPD and LEED. They concluded that postadsorbing D2 
to adsorbed CO leads to segregated islands of CO and D, while preadsorbing the D2 
results in an intimately mixed surface with partially segregated islands. Peebles et al. 
studied the same system with ultraviolet photoemission spectroscopy (UPS), X-ray 
photoemission spectroscopy (XPS), electron energy loss spectroscopy (EELS) and 
work-function changes [21]. Their results are consistent with previous work. 
 
5.2 Experimental Methods 
The experiments were carried out in a home-built, two-stage stainless-steel ultrahigh 
vacuum (UHV) system with a base pressure of around 5·10-10 mbar. The system is 
equipped with a quadrupole mass spectrometer (Prisma QME200, Balzers) for 
temperature programmed desorption (TPD) and residual gas analysis, a reverse-view 
low-energy electron diffraction (LEED) system (RVL2000/8/R, LK Technologies) 
which can also be used for Auger electron spectroscopy (AES) and a high resolution 
electron energy loss spectrometer (HREELS) (ELS3000, LK Technologies). The 
system has been described in more detail elsewhere [22].  

The rhodium single crystal, 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 manipulator by two tantalum wires of 0.3 mm diameter which allows 
for resistive heating to 1400 K and cooling to 90 K with continuous liquid nitrogen. 
Temperatures were measured using a type N thermocouple spot-welded on the 
backside of the crystal. 

Crystal cleaning was done by cycles of argon sputtering (1.5 keV, 6 µA/cm2) 
at 900 K and annealing in 1·10-7 mbar technical air (80% N2 : 20% O2) at 



The Adsorption of CO on Rh(100) Studied with HREELS 77

temperatures from 900 to 1100 K and a finishing flash annealing to 1400 K. Surface 
cleanliness was initially checked by LEED and HREELS, and routinely checked by 
HREELS before each experiment. 

Gas adsorption was done exposing the surface at 150 K by backfilling the 
chamber to an increased pressure usually of 2·10-8 mbar. CO (Linde AG) and NO 
(Hoek Loos) were used without further purification. Exposures are given in 
Langmuirs (1 L = 1.33·10-6 mbar·s). The HREEL 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) of 26 cm–1 (3.22 meV). The primary energy 
used was around 6 eV. Reported primary energies are not corrected for contact 
potential differences. 
 
5.3 Results 
5.3.1 TPD 
In order to calibrate the CO coverage versus exposure, TPD experiments were carried 
out. From these experiments also the kinetic parameters – the activation energy and 
the pre-exponential factor – can be determined.  

The desorption traces after adsorption of CO at 160 K are depicted in figure 
5.2 At low exposures a single desorption state around 500 K is observed. With 
increasing exposures, a shoulder at the low temperature side grows in; at higher 
exposures a well-separated state around 270 K develops.  
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The single desorption state at low coverage shifts slightly with increasing 
coverage. The peakshape and the presence of only a small shift of the peak maximum 
indicate that the desorption process is first order. This is in agreement with the 
calorimetric study by Kose et. al. [17] who reported a nearly constant heat of 
adsorption. Also Medvedev showed this by reverse flash measurements [14]. The 
small shift is probably the result of small repulsive interactions between the CO 
molecules. 

The desorption temperatures and peakshapes are in good agreement with 
previous studies [7,8,11]. The desorption temperatures from De Jong and 
Niemantsverdriet [7] are slightly lower, but that study was carried out with a lower 
heating rate of 3.5 K/s. Likewise, the desorption temperatures from Kim et al. [8] are 
somewhat higher, but the heating rate applied was 69 K/s. 

The areas under these spectra are proportional to the initial CO coverage. 
Plotting these areas as function of the exposure and taking the saturation coverage at 
0.80 ML, we obtain the calibration curve (Figure 5.3). We have chosen a saturation 
coverage above 0.75 ML since the desorption state around 300 K usually related to 
the more compressed adlayer was present. However, this feature was not very well 
resolved and was not saturated yet. Therefore, we have chosen a saturation coverage 
between 0.75 and 0.82 ML, more or less arbitrarily of 0.80 ML. 
 
By applying the Chan-Aris-Weinberg (CAW½) method for first order kinetics [23] 
we have determined an activation energy of 139 kJ/mole with a preexponential factor 
of 1013.6 s-1 in the zero-coverage limit. Application of the Redhead equation [24] 
yields an activation energy of 134 kJ/mole while using a prefactor of 1013.6 s-1. 

The adsorption energy of the desorption feature around 300 K associated from 
the compression of the p(4√2x√2)R450 into a c(6x2) structure can be estimated by 
using the Redhead equation. Since the prefactor need not be similar as for the main 
desorption channel, we have assumed the ‘typical’ prefactor of 1013 s-1 yielding an 
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activation energy of 79 kJ/mole. This is in good agreement with a previous TPD study 
[11] and with the differential heat of adsorption of 80 kJ/mole obtained by calorimetry 
for CO adsorption at 300 K, close to the CO saturation coverage [17]. 
 
In addition, we have performed TPD measurements for CO dosing at 300 K (Fig. 5.4). 
Figure 5.5 shows the acquired uptake curve (black dots). The saturation coverage was 
set at 0.75 ML as the desorption feature around 300 K was not filled. For comparison, 
also the uptake for CO adsorbed at temperatures below 160 K is depicted (gray dots). 
As one would expect from a precursor-mediated adsorption the uptake curves largely 
overlap. 
 
5.3.2 HREELS 
Figure 5.6 shows the spectra of CO adsorbed on Rh(100) at 150 K as function of the 
coverage. The loss energies as function of the coverage are depicted in Figure 5.7 and 
5.8. After each recorded loss spectrum the CO was desorbed during a flash.  

At all coverages, two internal CO stretch vibrations are visible, which are 
characteristic of CO bonded at bridged (lower frequency) and top (higher frequency) 
sites. Both frequencies are coverage dependent, shifting from around 1990 cm-1 to 
2050 cm-1 for the linear CO and from ca. 1860 to 1950 cm-1 for the bridged CO. At 
lower coverage the top site clearly is the main feature. From around 0.40 – 0.50 ML 
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Figure 5.5 CO coverage as function of the CO
exposure at T < 160 K (grey points) and at 300 K
(black points). 
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both losses have equal intensity. At a coverage of 0.48 ML one would expect the CO 
to occupy mainly top sites in a c(2x2) fashion. Probably, this is caused by adsorption 
of hydrogen from the background. This would also explain the observation that at 
0.27 ML CO the main feature is the bridged CO loss. In the discussion we will 
address this further. 

The peaks, especially the one from the linear contribution, are narrower at 0.48 
ML CO. This is according to expectations, since at this coverage CO is well-ordered 
in a c(2x2) fashion as is visible by LEED (not shown).  

Figure 5.6 EEL spectra after exposing
the Rh(100) crystal to various doses of
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Figure 5.7 The CO stretch frequencies as
function of the coverage of CO adsorbed on
Rh(100) at 150 K.  

Figure 5.8 The metal-CO frequencies as
function of the coverage of CO adsorbed on
Rh(100) at 150 K.  
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At lower coverages, a small feature around 2200 cm-1 is observed. This feature 
is clearly correlated to the very intense energy loss at around 270 cm-1. We tentatively 
assign this loss to CO in the presence of a subsurface contamination, most likely 
oxygen. [25], in the discussion we will elaborate on it further.  

The loss around 460 cm-1 can be assigned to the metal-CO stretch vibration for 
the linear CO. At higher coverages a shoulder at a lower loss grows in, which can be 
attributed to the metal-bridged CO vibration. This shoulder is positioned around 365 
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Figure 5.9 EEL spectra of CO
adsorbed on Rh(100) at 300 K, for
different CO coverages. 

Figure 5.10 The CO stretch frequencies as
function of the coverage of CO adsorbed on
Rh(100) at 300 K. 

Figure 5.11 Integrated loss intensities of the
CO losses as a function of coverage, for CO
adsorbed on Rh(100) at 300 K. The
intensities are normalized with respect to the
elastic peak area. 
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cm-1. The metal CO stretch is moderately coverage dependent; the main loss shifts 
from 470 to 430 cm-1 at saturation coverage. The frequency assigned to the metal-
bridged CO shifts down from 365 to 345 cm-1. 
 
To prevent background hydrogen from adsorbing, we have also carried out EELS 
measurements of CO adsorbed at 300 K, see figure 5.9. At this temperature the 
sticking coefficient of H2 is significantly reduced, since hydrogen desorbs between 
200 and 400 K [8,20,26]. Note that the saturation coverage is now set at 0.75 ML, as 
discussed in the TPD section. The adsorption behavior is similar as observed at 150 
K, aside from the expected lower intensity of the bridged CO peak at coverages up to 
0.48 ML. At a desorption temperature of 300 K, less hydrogen will adsorb, and hence, 
the bridge sites are not as much occupied due to the hydrogen CO interaction. At the 
lowest coverage, the linear CO has a stretch frequency of 1991 cm-1 and shifts up to 
around 2040 cm-1 at saturation (Fig. 5.10). Bridge-bonded CO becomes visible at a 
coverage of 0.27 ML at a loss of 1879 cm-1. The frequency shifts up to around 1920 
cm-1 at saturation. The stretch frequency of bridged CO is 30 cm-1 below the one 
observed when CO was adsorbed at 150 K. This can be related to more adsorbed 
hydrogen at these lower temperatures, and a better ordered adlayer because of a 
higher diffusion rate. Density functional calculations indeed show an increase in the 
frequency of bridge-bonded CO by hydrogen, see Chp. 9. 

In Fig. 5.11 the normalized intensities are depicted. Though these intensities 
cannot be directly related to actual populations, we do immediately notice that the 
bridge sites become increasingly occupied over 0.50 ML concomitantly with the 
decrease in linearly bound CO. This suggests a site change of CO from top to bridge 
sites, as observed previously with HREELS [5], RAIRS [7,10] and from work 
function measurements [21]. 
 
 
5.4 Discussion 
5.4.1 Kinetics of the CO desorption 
We found a single desorption state around 500 K at coverages below 0.5 ML with an 
activation energy for desorption of 139±4 kJ/mole and a prefactor of 1013.6±.04 s-1 in 
the zero-coverage limit. At higher coverages, a low-temperature shoulder grows in. 

To allow comparison, we have summarized kinetic parameters reported for 
CO desorption from Rh(100) in Table 5.2. The values obtained are generally in good 
agreement with those reported previously [7,8,11-13]. Only the value for the 
preexponential factor obtained by Wei et al. [13] using time resolved EELS under 
isothermal condition with modulated beams of CO seems extraordinarily high. 
Probably as compensating effect, the corresponding activation energy is also larger 
than found by the others. 

As molecular adsorption of CO on Rh(100) is virtually non-activated [14,17] 
the activation energy of desorption should be similar to the adsorption heat. With two 
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different techniques a heat of adsorption of around 120 kJ/mole was measured 
[14,17]. All measured activation energies are higher, which suggests that the CO 
adsorption is slightly activated.  
 
5.4.2 Vibrational study 
EELS measurements of CO adsorbed at 150 K (Fig. 5.6) showed two CO stretch 
losses around 1860 and 1990 cm-1 for low coverages assigned to bridged and linear 
CO, respectively. At saturation coverage the losses shift to 1950 and 2050 cm-1. The 
linear CO is favored at low coverages, while the bridged sites get increasingly 
occupied. Occasionally, a feature around 2200 cm-1 concomitant with a loss around 
270 cm-1 is observed. Metal-CO losses are found around 350 and 450 cm-1 for bridged 
and linear CO respectively. The adsorption behavior of CO at 300 K is similar, aside 
from the expected lower intensity of the bridged CO peak at coverages below 0.50 
ML. Furthermore, the bridged CO loss is found at lower frequencies (Fig. 5.9). 

EEL spectra of both the clean surface and the CO covered surfaces exhibit 
some poorly resolved low energy features around 450, 600 and 950 cm-1 indicative of 
some contamination on the surface. We will first discuss the origin of these features, 
before we will elaborate on the CO vibrations. 
 
5.4.2.1 Evidence for oxygen contamination 
The poorly resolved low energy features, around 450, 600 and 950 cm-1 observed in 
the EEL spectra indicate some contamination. It is difficult to identify the exact 
species. Most likely, they belong to oxygen or hydrogen species.  

Table 5.2 Kinetic parameters for the CO desorption from Rh(100) and heat of 
adsorption on Rh(100) in the zero-coverage limit. 
Method Eact 

(kJ/mole) 
Log(υ) reference 

TPD (CAW½ )  139±4 13.6±0.4 This work 
TPD (CAW½) 133±4 12.9 [8] 
TPD (CAW½) 131±4 13.9±0.3(*) [7] 
TPD 140 13.5 [12] 
TPD (CAW½) 137±2 13.8±0.2 [11] 
TPD (Leading Edge) 140±3 14.1±0.3 [11] 
Single Beam 135±8 14.5±0.9 [13] 
Modulated beam 149±10 16.3±1.1 [13] 
 qads 

(kJ/mole) 
  

SCAC 118±4  [17] 
Reverse flash 121  [14] 
(*) After correction for an incorrectly applied formula in Ref. [7] 
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Rhodium single crystals show significant levels of surface segregated boron 
impurities [27,28], which forms BO2 species on the surface. However, the typical B-O 
stretch frequencies at 740 and 1405 cm-1 have not been observed. 

The 460 and 600 cm-1 losses are typical of adsorbed atomic oxygen and 
peroxo species respectively [27]. On the kinked Pt(321) surface it was found that 
oxygen adsorption on terrace sites exhibited a feature at 480 cm-1 and adsorption on 
step sites one at 560 cm-1 [29]. Also hydrogen exhibits a peak around 670 cm-1 
[26,30]. Hydroxyl groups exhibit two losses, the bending mode at 919 and the stretch 
mode at 3176 cm-1 [31,32]. At least occasionally, we could observe the OH stretch 
frequency. However, hydroxyl groups are reported to be unstable above room 
temperature on metal surfaces [33]. Since we routinely checked our surface 
cleanliness directly after a flash to 1400 K, we do not expect to see hydroxyl groups 
directly adsorbed on the rhodium surface. On oxides, however, temperatures of 450 K 
or more are needed to remove them [33]. Probably, the contamination is some sort of 
oxide. Previously, authors reported also a persistent contamination with losses around 
450, 600 and 950 cm-1, which they tentatively assigned to a silicon species (SiOx) 
[19,27,34]. EEL spectra reported by Ibach et al. following low temperature adsorption 
of oxygen on Si(111) [35] exhibited losses at 440-490, 690 and 860 cm-1. Silicon 
impurities have been reported on Rh surfaces [36,37]. Unreactive oxygen species on 
platinum surfaces have also been associated with formation of impurity oxides. 
Segregation of bulk impurities, such as Si or Ca, during oxidation at high 
temperatures, is thought to give rise to oxides that decompose only at very high 
temperatures [38,39]. 

Another possibility is the presence of some subsurface oxygen. The formation 
of subsurface oxygen has been proposed to occur on other transition metals and 
Rh(110) during large exposures of oxygen at elevated temperatures giving rise to 
vibration modes around 970 cm-1 [1,40,41]. Photoelectron spectroscopy and electron-
stimulated desorption revealed two specific oxygen states during the decomposition of 
NO on Rh(100) and Pt(100) [42-44]. 

Whatever the oxygen containing species is, it is very persistent. Cycles of 
hydrogen or CO treatments did not remove or even attenuate the peaks further. Like 
Linke et al. [22], we tried once the annealing procedure in the absence of oxygen (see 
experimental methods), which indeed resulted in the absence of these peaks. As CO is 
known to be a good fingerprint for the cleanliness of the surface, we performed 
various TPD and EEL measurements of different CO coverages, which showed 
abnormalities. Therefore, we decided to include the oxygen treatment even though 
this often resulted in the typical contamination. 
 
5.4.2.2 The CO vibrations 
Figure 5.12 shows the energy losses versus the coverage for both CO adsorbed at 150 
K and 300 K together with the results obtained from infrared studies of different 
authors for CO on Rh(100) at adsorption temperatures 270, 300 and 90 K. We 
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compare our results of the CO adsorption on Rh(100) with the results reported by De 
Jong and Niemantsverdriet [7] of the CO adsorption at 270 and 300 K on Rh(100) 
using RAIRS, and with results from the RAIRS study by Leung et al. [10] of the CO 
adsorption at 90 K. The results of this work regarding the peak frequencies are in 
fairly good agreement with those reported in the literature. The adsorption of CO at 
150 K shows a good agreement for the bridge-bonded CO. However, the energy loss 
from the on-top CO at the saturation coverage is rather low. In contrast, the metal-CO 
stretch frequencies (see Fig. 5.8) show the expected trend. Also, no different peaks or 
an odd peakshape is apparent. De Jong and Niemantsverdriet found a splitting of the 
linear CO band, with a lower frequency band growing in. Although the peak width 
does not show this, the apparent downshift might be due to this splitting, which 
cannot be resolved by the limited resolution from the HREELS. Also for the CO 
adsorbed at 300 K the blue shift in the CO on-top frequency stagnates and even shifts 
down slightly. For this system, however, the overall low frequency for the bridge-
bonded CO is remarkable. At first sight, this might be related to the lack of hydrogen 
adsorption. Further on, we will show that the frequency of the bridged CO shifts up 
under the influence of hydrogen. However, previous RAIRS studies show 
significantly higher frequencies of around 1950 [7] and 1942 (at 300 K) and 1964 cm-

1 (90 K) [10]. The study of Leung et al. at 90 K, which was suspected to have 
hydrogen contamination since the bridged sites were occupied over the whole 
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Figure 5.12 The CO stretch frequencies as function of the coverage of CO adsorbed on Rh(100) at
300 K (black line) and at 150 K (grey line). The grey areas indicate the frequency ranges reported
in literature [7,10] 
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coverage range, also shows a higher frequency than in the case where the CO was 
adsorbed at 300 K. An EELS study exhibits the bridged CO loss at 1910 cm-1 [9], in 
good agreement with our results. 
 
The loss feature occasionally found around 2200 cm-1 is most likely originating from 
a CO species in close proximity to a subsurface oxygen species. Measurements 
performed with 13CO resulted in a downshift which corresponded approximately to 
the expected isotopic shift. In addition, we never observed this feature without having 
dosed CO during that particular experiment. Ibach and coworkers [25] reported a 
vibration at 2200 cm-1 while studying the adsorption of CO on Ni(100). This species 
could be removed by heating the crystal to 210 K. They could not find any typical 
contaminants, such as C and O. However, after flashing to 500 K to remove the CO 
and sputtering the surface for 5 minutes they obtained a strong oxygen signal by AES.  

We always observed the low frequency mode at 270 cm-1 together with the 
2200 cm-1 feature. Such a mode is more often reported in literature and assigned to 
different species. For carbonate (CO3) adsorbed on Ag(110) this stretch was observed 
and assigned to the related metal CO stretch of 270 cm-1. In our system, this loss is not 
due to carbonate, since we do not observe a loss around 840 and 1340 cm-1. 
Moreover, adsorbing metal carbonyls on Ni(100) results in the complete 
decarbonylation [45]. It does indicate that the loss observed can be related to a CO 
species in the vicinity of oxygen.  

Bulk rhodium oxide, Rh2O3, in the corundum structure exhibits a sharp peak 
around 280 cm-1 in addition to peaks around 400, 570 and 650 cm-1 [46]. Tolia et al. 
studied the surface oxidation of rhodium films at ambient pressures [47]. They 
observed a sharp peak around 290 cm-1 when the rhodium film was heated in a 
flowing mixture of 30% oxygen in argon at atmospheric pressures at temperatures of 
250ºC and above, together with a broader feature around 500 – 530 cm-1. The latter 
peak was assigned to rhodium oxide, Rh2O3. They tentatively assigned the 290 cm-1 
peak to the Rh-O bending frequency of chemisorbed oxygen, RhOOH or RhO2. This 
species was shown to be resistant to reductive removal by CO. Since we observe this 
peak always together with the 2200 cm-1 frequency and the species does not appear to 
be stable, we do not believe the low frequency mode originates directly from RhOOH 
or RhO2. But again it strongly indicates the possible role of oxygen in the species we 
observe. 

The 270 cm-1 is also observed together with a 180 cm-1 loss in the presence of 
a p(2x2) ordered oxygen layer [27]. These modes were assigned to resonance modes 
or ‘leaky surface phonons’ and characteristic of the rhodium substrate. These 
vibrations are only visible by setting up a perpendicular dynamic dipole in the 
presence of ordered adsorbed species. However, we have never observed the 180 cm-1 
concomitant with the 270 and 2200 cm-1 loss, nor did we observe these peaks only 
together with the typical 400-450 cm-1 oxygen loss. 
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A RAIRS study of the adsorption of CO on Cu(100) using synchrotron 
radiation showed a sharp peak around 285 cm-1 which was assigned to a frustrated CO 
rotation [48]. However, this feature is very weak – roughly 40 times weaker than the 
corresponding C-O stretch – and it seems that this band is always observed. 
Unfortunately, the RAIRS spectra which were taken in the CO stretch region were cut 
off at 2175 cm-1 and, hence, it is not known if a 2200 cm-1 vibration was present. 
Since in our studies the low frequency loss was particularly strong and only observed 
occasionally, we do not consider it related to the frustrated CO rotation. 

In conclusion, since we always observe the 2200 and 270 cm-1 losses together, 
and since the corresponding feature appears to be easy to remove as was also found on 
Ni(100) [25] we tentatively assign the losses to a CO in the close vicinity of 
subsurface oxygen. 
 
5.4.2.3 Site occupation and the role of hydrogen 
At low coverage, CO adsorbs mainly linearly. In the TPD one desorption state is 
observed. However, adsorption of background hydrogen forces CO to shift to the 
bridge site, as observed in the EEL spectra of CO adsorbed at 150 K. At a coverage of 
0.50 ML a c(2x2) structure is formed. 

Above 0.50 ML in the desorption spectra a shoulder grows around 400 K, due 
to a compression of the adlayer into a p(4√2x√2)R450

 structure. This is accompanied 
by an increased occupation of bridge sites, as observed in the EEL spectra.  

Most studies find a single desorption state at low coverages [7,8,11,12] and a 
c(2x2) LEED pattern at 0.50 ML CO [5-7,10-12,15,16]. However, there is still some 
contradiction about the presence of occupation of bridge sites at coverages below 0.50 
ML. Two vibrational studies find that linear CO is predominantly present in this 
region [5,7]. However, Leung et al. [10] finds for CO adsorbed at 90 K bridge-bonded 
CO at all coverages. Also Strisland et al. [15] and Ramsvik et al. [16] found 
significant occupation of bridge sites at 0.50 ML. Our work shows mainly linear-
bonded CO for an adsorption temperature of 300 K, but also bridge-bonded CO at low 
adsorption temperatures. 

In accordance to previous authors [5,7], we believe that surface contamination 
can move CO from on-top towards bridge sites. Richter et al. already showed the 
capability of postadsorbed hydrogen to induce this shift [9,19,20]. Figure 5.13 shows 
clearly the effect of the presence of hydrogen on the site occupation of CO. When we 
dose CO at around 100 K (lower spectrum) we see the bridged sites being mainly 
occupied. After flashing to 400 K where we desorb the majority of the hydrogen 
[8,20,26] the loss assigned to bridge-bonded CO is attenuated, while the frequency for 
linear CO has grown. Adding hydrogen by backfilling the chamber results again in the 
strong population of the bridge sites. Flashing again to 400 K, changes the population 
back. Finally, the upper spectrum was taken after waiting around 15 minutes. 
Hydrogen adsorption from the background caused the shift from top sites towards 
bridge sites. Even though some CO has desorbed during the flash to 400 K, this 
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cannot explain the site change alone, since the second flash gives the same result. 
Figure 5.14 shows the loss energies during the different steps. Removing the 
background hydrogen, results in an increase of the stretch frequency for linear CO of 
around 20 cm-1, and a decrease for bridge-bonded CO of around 10 cm-1. Adsorption 
of hydrogen reversed this process but not to the full extent. This is because we have 
more hydrogen adsorbed than originally from the background pressure. Flashing off 
the hydrogen gives roughly the same observations. The frequency of bridge-bonded 
CO is affected stronger by the hydrogen than the linear-bonded CO. This might also 
explain why generally observed frequencies of linear CO are in closer agreement than 
frequencies of bridged CO. 

Also other atoms can induce such a shift. Gurney et al. for instance, observed 
exclusively bridge-bonded CO when adsorbing CO on a c(2x2)-O/Rh(100) [5]. CO is 
pushed from the top site by the presence of sulfur atoms on Ni(100) [49]. It has also 
been observed for the coadsorption of CO with iodine on Rh(111) [50]. Also carbon 
induces a site shift from top to bridge for CO on Ni(100) [51]. 

Apparently, the energy difference between linear and bridged CO is very 
small. Indeed, according to ab-initio calculations [18,52], the adsorption energy of CO 
occupying top or bridged sites are very similar. The values reported in literature differ 
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Figure 5.13 (left) EEL spectra of 0.25 ML CO adsorbed on Rh(100) with and without coadsorbed
hydrogen. After flashing the crystal to 400 K, the majority of the hydrogen is desorbed. The EEL
spectrum directly recorded after the flash shows the linear CO being the major species. After dosing
hydrogen the bridged CO loss has the largest intensity. After flashing and waiting 15 minutes, the
major loss originates from bridge-bonded CO, due to hydrogen adsorbed from the background. 

Figure 5.14 (right) The CO stretch frequencies
during the flashing and exposure of hydrogen. 
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somewhat, but the difference between the two adsorption sites is below 20 kJ/mol, 
while the adsorption energies reported are around 190 kJ/mol. Experimentally even 
smaller energy differences were estimated, below 5 kJ/mole [5,10]. 
 
The saturation coverage of 0.75 ML with a (4√2x√2)R450 structure shows equal 
intensities for the linear CO and bridged CO loss. If we consider the ratio of squares 
of the dynamic dipole moments for CO in the bridge and top sites, (e*

l / e*
b)2, of 2.4 as 

derived by Gurney et al. [5], we obtain a bridged over linear ratio of 1.7 at the 
saturation coverage. This supports the p(4√2x√2)R450 CO structure proposed by De 
Jong and Niemantsverdriet [7] with twice as many bridge sites occupied than top 
sites. Also Baraldi et al. found a ratio between bridge and linear CO in the 
p(4√2x√2)R450 to be 2:1 [12]. Strisland et al. [15] found that more than 60% of the 
CO molecules occupy bridge sites in this structure. 
 
5.4.3 Lateral interactions 
It is apparent from the TPD traces (Fig. 5.2 and 5.4) that lateral interactions are small 
in this system. The small shift towards lower temperatures with increasing coverage 
and the slight broadening of the peaks which occurs even below 0.50 ML can be 
attributed to small repulsions between mutual CO molecules. Since they already 
become apparent at low coverages, these interactions are between molecules which 
are further apart, such as interactions between next-nearest and next-next-nearest 
neighbors. Although interactions at nearest neighbor distance are larger, the CO 
molecules will avoid occupying neighboring sites. Indeed, the heat of adsorption is 
almost constant in this coverage range, just like the sticking coefficient [14,17]. At 
coverages above 0.50 ML the adlayer will be compressed, thereby forcing the CO 
molecules to become closer to each other. Furthermore, the bridge sites become also 
occupied. Here, the sticking coefficient and the adsorption heat strongly decrease and 
a shoulder in the TPD spectra becomes visible, indicating destabilizing the CO 
adlayer. 

Kose et al. modeled their data with a Monte Carlo algorithm and derived a 
repulsive additive interaction energy of 9 kJ/mole for the CO-CO interaction at 
nearest neighbor distance (ωNN), ωNNN = 1 kJ/mole, and ωNNNN = -1 kJ/mole [17]. As 
the interaction at NNNN distance is attractive, one would expect to see a p(2x2) 
structure around 0.25 ML, which is not observed. The ωNNN is found to be repulsive. 
On the other hand, the c(2x2) structure is already found at coverages well below 0.50 
ML. This would indicate island formation which is usually explained by attractive 
interactions [53]. Jansen modeled TPD spectra up to 0.50 ML by means of a Monte 
Carlo algorithm to obtain the kinetic parameters including interaction for the CO 
desorption from Rh(100) [54]. It was found that the modeled TPD spectra are 
insensitive to the interaction at nearest neighbor distance. This interaction should just 
be sufficiently high that CO molecules would not occupy neighboring site at these 
coverages. The numerical values obtained by Jansen are ωNN = 24 kJ/mole, ωNNN = 
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1.1 kJ/mole, ωNNNN = 0.9 kJ/mole with υ = 1.4·1012 s-1 and Eact
0 = 121 kJ/mole for the 

desorption of an isolated molecule. The ωNN interaction is rather high, but as 
mentioned before, this value could not be derived accurately. The ωNNN is in good 
agreement with the results from Kose et al., while the ωNNNN has a different sign. 
Again, ωNNN is repulsive which does not explain why c(2x2) island formation is 
observed. 

Vibrational studies also contain information about the presence and magnitude 
of chemical interactions. The increase of the vibrational frequency of both the linear 
and bridged CO loss can be due to chemical effects (lateral interactions or static shift) 
or physical effects (dipole-dipole coupling or dipole shift) or of course a combination 
of the two. De Jong and Niemantsverdriet [7] showed that the frequency shift up to 
0.50 ML can be modeled entirely by dipole-dipole coupling using the model proposed 
by Persson and Ryberg [55]. Another approach is separating the dipole and static 
contribution experimentally in RAIRS or HREELS by the use of isotopic mixture. 
This was first showed by Hammaker et al. on supported metal particles [56]. While 
neighboring molecules with identical frequencies will experience dipole coupling, 
molecules with sufficient different frequencies can be considered vibrationally 
decoupled [57]. Therefore, a 12CO molecule which is surrounded entirely by 13CO 
will not experience a frequency perturbation by dipole coupling. In practice, this is 
realized in the dilution limit. The possible shift in frequency can in this case be fully 
accounted for by chemical coupling. With this approach, it was shown that the 
coverage dependent frequency shift of CO on Rh(111) was caused by dipole-dipole 
coupling [22,58]. A similar result was obtained for CO on Pt(111) and on Pt(100) by 
Crossley and King [59,60]. Our limited resolution did not allow for employing 
isotopic mixtures to separate the possible static shift from the dipole shift.  
 
5.4.4 Comparison CO adsorption on Rh(100) and Rh(111) 
It is interesting to compare the behavior of CO adsorption on Rh(100) with Rh(111). 
For Rh(111), CO adsorbs initially predominantly linear on Rh(111) with a stretch 
frequency of 2015 cm-1. At a coverage of 0.33 ML a (√3x√3)R30º is observed and the 
energy loss is shifted to 2041 cm-1 [22]. At 0.50 ML a (4x4) structure was observed 
by Beutler et al. [61]. Between 0.50 and 0.75 ML different structures are present in 
which CO adsorbs on two adsorption sites, on-top and three-fold hollow sites. The 
saturation coverage of 0.75 ML with a (2x2)-3CO structure. The unit cell contains one 
on-top and two three-fold hollow molecules per unit cell as was observed by high 
resolution photoemission spectroscopy [61]. Now, two main vibrations are visible at 
2070 cm-1 and 1861 cm-1 [22]. Linke et al. [22] performed in addition to HREELS 
measurements, TPD experiments. At a low coverage, a single desorption state was 
observed around 520 K. The peak shifted slightly towards lower temperatures with 
increasing coverage. Above 0.50 ML, a shoulder grows in at the low temperature site, 
with a peak maximum at 415 K for saturation coverage. Using CAW½, an activation 
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energy of 151 ± 5 kJ/mole was obtained with a prefactor of 1015 ± 1 s-1. Both Beutler et 
al. [61] and Linke et al. [22] found evidence for a precursor-mediated adsorption.  

Apparently, more ordered structures are found for the adsorption of CO on 
Rh(111) than on Rh(100). This is not uncommon. For instance, for NO adsorbed on 
Rh(100) no ordered structure is found [62,63]. Castner et al. found a c(2x2) LEED 
pattern [6] but in hindsight this structure was due to nitrogen and oxygen atoms from 
the dissociating of NO. On the other hand, on Rh(111) two ordered structures are 
found, the c(4x2)-2NO at 0.50 ML and the (2x2)-3NO at 0.75 ML [64,65], similar as 
for CO/Rh(111). 

For both planes the CO initially adsorbs linear, while with increasing coverage 
the additional preferred site is different; three-fold hollow for the (111)-plane vs. the 
bridge sites for the (100)-plane. The stretch frequency for linear CO adsorbed on the 
more open (100)-surface is lower: 1990 – 2050 cm-1 as opposed to 2015 – 2070 cm-1 
for the (111)-surface. The desorption behavior is roughly similar. CO desorbs about 
20 K earlier from Rh(100). However, both TPD spectra exhibit a single desorption 
state at low coverages, and a low temperature shoulder grows in at coverage above 0.5 
ML. This translates into similar kinetic parameters, although the prefactor for the 
desorption of CO from Rh(111) is rather high. The activation barrier is also over 10 kJ 
higher, which balances the higher prefactor. 
 
 
5.5 Conclusions 
The adsorption of CO on Rh(100) has been investigated at two adsorption 
temperatures with HREELS and TPD. At low CO coverage we find an activation 
energy of 139 kJ and a preexponential factor of 1013.6 s-1 for the CO desorption from 
Rh(100) in good agreement with values reported in literature.  

At 300 K the CO adsorbs mainly linearly up to a coverage of 0.50 ML. Higher 
CO coverages lead to the increasing occupation of bridge sites. The observed losses 
are generally in good agreement with the literature. The ratio of bridged over linear 
CO is estimated to equal 1.7 at saturation coverage. This supports the p(4√2x√2)R450 
CO structure proposed by De Jong and Niemantsverdriet [7]. 

Occasionally we observed a loss at 2200 cm-1 and a particularly sharp loss 270 
cm-1 which we tentatively assign to CO adsorption in the vicinity of subsurface 
oxygen. Adsorption of CO at 150 K results in the occupation of bridge and on-top 
sites at all coverages. We report this displacement of CO on-top sites to bridge sites 
due to hydrogen coadsorption. We demonstrate conclusively that hydrogen adsorption 
from the background pressure can be sufficient to induce this site change. This shows 
the importance of a very low base pressure when studying adsorption of molecules at 
liquid nitrogen temperatures. 
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Chapter 6 

The Adsorption of NO on Rh(100) 
Studied with High Resolution Electron 

Energy Loss Spectroscopy 
 

The adsorption of NO on Rh(100) was studied using high resolution 
electron energy loss spectroscopy. NO is found to adsorb in bridge 
sites at all coverages. Only at very low coverages, a minor 
vibrational mode indicating a highly-inclined NO species with an 
elongated bond is revealed. We attribute the virtual absence of this 
species to the presence of some defects or steps on the surface. The 
increase of the NO stretch frequency as function of the coverage is 
mainly due to dipole coupling. At higher coverages some lateral 
repulsions come into play, as shown by EEL spectra of isotopic 
mixtures. We have found no indication of the formation of NO 
dimers, or N2O and NO2. By recording EEL spectra at different 
temperatures the dissociation of an NO adlayer on Rh(100) could 
be followed. We found that the dissociation occurred between 400 
and 450 K, in agreement with previous results from our group using 
TPD and TPSSIMS. The dissociation products nitrogen and oxygen 
atoms remain on the surface. 

 
 
6.1 Introduction 
The adsorption of NO on metal surfaces is of significant interest, both from a 
scientifically and technologically point of view. The reduction of nitric oxide (NO) 
with carbon monoxide (CO) to environmentally friendly products nitrogen (N2) and 
carbon dioxide (CO2) is one of the reactions of interest in the three-way catalyst 
(TWC) used in automobiles. The noble metals Pt, Pd and Rh which are deposited on a 
support play the active part. Rhodium is most efficient in the reduction of nitric oxide 
[1,2]. NO is also an important product in the ammonia oxidation process [3]. 
 
The molecular orbitals of NO are very similar to those of CO (see Chp. 2). The orbital 
mixing in NO chemisorbed on a transition metal is therefore also very similar to that 
of CO. The antibonding 2π*-d mixed state lies above the Ef and, hence, will not be 
filled upon adsorption, and the significant bonding therefore derives from the bonding 
2π*-d states [3]. Although NO has an unpaired electron in its 2π*orbital, the bonding 
to transition metals is not essentially different from CO. For both CO and NO the 
direction of net charge flow can be either into the molecule or into the metal [3]. NO 



Chapter 6 96

displays a large variety in chemistry on surfaces, which leads to adsorption in 
different binding geometries. This variety is evidenced by different vibrational studies 
of NO on different metal surfaces. NO is known to occupy top, bridged and three- or 
fourfold hollow sites on different metals. In addition, its lower dissociation energy 
than CO gives rise to a higher probability of finding simultaneously molecular and 
dissociated NO species on a surface. Therefore, NO can also form N2O, NO2 species 
[3] dimers, and (NO)2, on a surface, for instance on Ag(111) [4]. 
 
The adsorption of NO on transition metal surfaces has been the subject of numerous 
experimental and theoretical investigations [3]. On different rhodium surfaces alone, 
tens of investigations have been carried out, see Ref. [5] and refs therein. On all low-
index planes, NO adsorbs molecularly at liquid nitrogen temperature, and dissociates 
upon heating. At low coverages the NO dissociates completely, but at higher initial 
coverages part of the NO desorbs molecularly. 

On Rh(100), NO adsorbs molecularly at low temperatures, and dissociatively 
above 170 K [5-7]. The saturation coverage is found to equal 0.65 ML [6,8]. 

Several studies, mainly computational, conclude that NO occupies bridged 
sites [9-15]. SIMS studies indicate that NO occupies sites of high coordination, but a 
definitive site assignment could not be made based on SIMS results [5,16]. 
Vibrational studies also could not give a definitive site assignment [6,17]. 
Reinterpretation of the EELS results with the frequency ranges proposed by Brown 
and King [3] indicates that NO is most-likely two-fold bridge bonded. Also on other 
(100)-surfaces NO occupies bridged sites, for instance on Pd, Ni [3] and Cu [18]. 
However, Van Tol and Nieuwenhuys found indications that different sites are 
occupied at Rh(100) [7]. 

Castner et al. reported a c(2x2) structure on Rh(100) [19]. However, the NO 
was adsorbed at 298 K, therefore the NO adsorbed dissociatively, resulting in a c(2x2) 
structure from the nitrogen and oxygen atoms. Villarrubia and Ho [6] and Ho and 
White [8] did not observe any ordered patterns at any coverage. Castner et al. also did 
not find any structures on Pd(100) and Ni(100). On Pt(100)-(1x1) no c(2x2) was 
found, only a c(2x4) adlayer near the saturation coverage [20]. Recently, Bondino et 
al. [14] observed a weak and diffuse LEED pattern of the saturated NO layer prepared 
at 140 K. After heating the layer up to 273 K, a well-ordered p(4√2x√2)R45º 
developed. Indeed, NO from a saturated layer should not desorb or dissociate at this 
temperature according to TPSSIMS and TPD measurement performed by Hopstaken 
and Niemantsverdriet [5]. Furthermore, they could fit their X-ray photoelectron 
diffraction results of a saturated NO layer by adopting this ordered structure. 
 
In an electron energy loss spectroscopy study, Villarrubia et al. [6,17] observed two 
vibrational modes at 920 cm-1 and around 1580 cm-1 for NO on Rh(100) at 90 K. 
These vibrational modes were labeled α1-NO and α2-NO adsorption states 
respectively. The α1-NO was attributed to a much-weakened N-O molecular bond 
resulting from highly inclined geometry. This loss was only observed at low 
coverages and maintained its constant position. Not only neighboring NO molecules 
disturbed the presence of the α1-NO species, also oxygen destabilizes this state. The 
α2-NO state begins to populate at higher exposures, and shifts to around 1700 cm-1 at 
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saturation. The α2-NO was assigned to a vertically bound state. It was not possible to 
assign an adsorption state unequivocally. The reported energy loss for the α2-NO state 
was observed to be 1580 cm-1.  

Calculations performed by Sautet and co-workers [12,13] also indicate that 
apart from the most stable site for NO being the bridged site, an inclined species is 
very stable. At a coverage of 0.25 ML, the bridge site is slightly more stable than the 
lying-down species, with binding energies of respectively 257 and 251 kJ/mole 
respectively. 

DFT calculations and experimental results by Bondino et al. [14] indicated a 
bridged adsorption site for NO on Rh(100) at 140 K. At low coverages (0.25 ML) the 
most stable chemisorped state corresponded to bridge bonded vertical NO. However, 
a hollow-site lying-down NO was found to be only about 10 kJ less stable. The latter 
had a calculated stretching frequency 895 cm-1, which is close to the observed 
vibrational mode at low NO coverage [6,17]. At higher coverages, the highly inclined 
NO was not stable anymore. At coverages above 0.50 ML they reorient spontaneously 
to a vertical position. It was found that the bent structure was only stable if there are 
no other molecules adsorbed in the four first nearest-neighbor sites. Also oxygen 
adsorbed in an NN position induced the reorientation to a vertical-bridge 
configuration. The results from DFT calculations were backed up by the experimental 
data of the same work. X-ray photoelectron spectroscopy (XPS), photoelectron 
diffraction, and near-edge x-ray absorption spectroscopy (NEXAFS), indicated the 
presence of α1-NO and α2-NO species on Rh(100) as well. A further investigation by 
Bondino et al. [21] showed that only bridged NO (α2-NO) is present at saturation 
coverage. The molecules form a disordered phase which develops in an well-ordered 
p(4√2x√2)R45º structure after heating the adlayer to 353 K. Further, it was concluded 
that the lying-down NO configuration acts as precursor for NO dissociation.  
 
As Chapter 7 deals with the coadsorption of CO with NO, the behavior of single 
adsorbed NO should be investigated first. Therefore, the purpose of this paper is to 
determine the vibrational behavior of NO adsorbed on Rh(100). NO adsorbs 
molecularly at Rh(100) occupying bridged sites at low temperatures. The upward shift 
of the NO stretch frequency with increasing coverage can be attributed predominantly 
to dipole coupling, while at higher coverages a chemical contribution comes into play. 
The highly-inclined NO species, as proposed in literature, was virtually absent. Some 
possible reasons will be discussed. Further, the dissociation of NO was followed by 
EELS for an intermediate coverage. It was found that no molecular NO was present 
on the surface above 450 K. 
 
 
6.2 Experimental Methods 
See Chapter 5. 
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6.3 Results 
6.3.1 TPD 
TPD experiments were performed to allow calibration of coverage versus exposure. 
During the experiments only NO (m/e = 30), N2 (m/e = 28) and O2 (m/e = 32) were 
detected. Occasionally, small amounts of CO were observed indicating carbon 
contamination on the surface. No N2O (m/e = 44) or NO2 (m/e = 46) were detected. 

Figure 6.1 shows a family of desorption traces of NO and N2. Nitrogen 
recombination occurs in a single peak initially around 780 K, in agreement with 
literature in which the same heating rate is applied [5,16]. The peak shifts to lower 
temperatures with increasing coverage, indicating 2nd order kinetics. For coverages 
above ca. 0.2 ML, part of the NO desorbs in a single state around 420 K, while the 
peak shifts to 440 K with increasing coverage. Hopstaken and Niemantsverdriet found 
that the NO desorption first occurred above 0.3 ML NO and initially at a temperature 
of 400 K [5]. The NO desorption state is in good agreement with Siokou et al. [16], 
but Siokou et al. often found a small CO contribution in the spectra, indicating traces 
of carbon on the surface. Since we occasionally observed a small CO peak as well, 
this explains the small temperature difference with Hopstaken and Niemantsverdriet. 
Note that the retardation of the NO desorption by traces of carbon suggests that some 
attractive interaction is present between the two species. 

We use the amount of desorbing nitrogen to determine the initial coverage. 
The initial coverage was established from the amount of desorbing nitrogen atoms by 
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Figure 6.1 A selection of TPD spectra of NO (m/e=30) and N2 (m/e=28) after exposing the Rh(100)
crystal to various doses of NO at T < 125 K. The spectra of NO and N2 are not to scale with respect
to each other. The heating rate is 5 K/s.  
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determining the areas under the nitrogen recombination and NO desorbing peak. The 
N2 area was multiplied by 2, the NO peak area was divided by 1.2 [5] to account for 
the relative difference in mass spectrometer sensitivity for NO and N2 and these 
contributions were added. For the saturation coverage of NO on Rh(100) we have 
used the value of 0.65 ML reported by Ho and White [8]. Note that a N2 peak which 
occurs simultaneously with the NO desorption (not shown) was not included in the 
calibration, since it was conclusively shown by Hopstaken and Niemantsverdriet [5] 
that this peak is an artifact, originating from NO reacting on the hot filament of the 
spectrometer. The acquired uptake curve is shown in Fig. 6.2.  
 
6.3.2 HREELS 
Fig. 6.3 shows a family of EEL spectra of NO adsorbed on Rh(100) at 100 K. The 
different coverages were reached by incrementally dosing NO. Figure 6.4 shows the 
loss energies and normalized EELS intensities as function of the coverage. 

At all coverages one NO stretch frequency is visible. At the lowest coverage 
of 0.05 ML, this vibration has a frequency of 1610 cm-1, indicating that NO occupies 
bridge sites, in agreement with literature [13,14]. The metal-NO stretching vibration is 
seen around 400 cm-1. A very weak loss appears around 920 cm-1 and it is attributed 
by several authors to a highly inclined NO [6,13,14,17]. Additionally, two other losses 
are seen at this coverage: around 265 and 580 cm-1. We tentatively assign the minor 
loss at around 580 cm-1 to oxygen as a result of NO dissociation at some defects or 
under the influence of the electron beam. The loss around 265 cm-1 might be due to 
some CO adsorbed from the background in the vicinity of subsurface oxygen as 
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Figure 6.2 The NO coverage as function of the NO exposure at T < 125 K. The
saturation coverage was taken at 0.65 ML. 
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discussed in Chapter 5. Indeed, a very weak loss is also observed around 2200 cm-1 
(not shown). 
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Figure 6.3 EEL spectra after exposing the Rh(100) crystal to various doses of NO at 100 K (left). The
right panel shows a blow-up of the spectrum taken at 0.05 ML NO (box in the left panel).  
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Figure 6.4 The NO stretch frequency (squares, left axis) and integrated loss intensity (triangles,
right axis) as function of the coverage of NO adsorbed on Rh(100) at 100 K . The intensities are
normalized with respect to the elastic peak area. 
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As figure 6.3 shows, the N-O stretch frequency increases with coverage. At a 
coverage of 0.10 ML the vibrational mode at around 920 cm-1 has almost fully 
disappeared. The metal-NO frequency experiences only a slight shift up towards 406 
cm-1. 

Apparently the dipole-dipole coupling does not progress after 0.40 ML NO. 
Additional curves validate the constant NO stretch frequency between 0.40 ML and 
saturation coverage. The presence of inequivalent NO molecules at these coverages 
could explain the constant stretch frequency. Indeed, the broadened peakshape could 
indicate several NO species. In addition, the spectra for the highest two coverages also 
show an extra low-frequency modes around 300 cm-1. 
 
The increase of the NO stretch frequency up to 0.4 ML coverage can originate from 
dipole coupling or from chemical interactions. Isotopic mixtures can differentiate 
between the two effects (see also Chp. 5). There are essentially two different 
approaches to follow. At a given coverage, one can measure spectra from different 
ratios of isotopes. However, due to a limited resolution of our EELS, the peaks will 
not be separated well-enough. Another possibility is to initially dose one isotope, say 
14N16O, and follow with another, e.g. 15N18O. In the limiting case that dipole coupling 
is exclusively responsible for the blue shift, the initially dosed 14N16O will not 
experience a frequency perturbation by adding 15N18O. However, the stretch 
frequency of 14N16O will change if it is perturbed chemically by the added labeled 
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NO. Figure 6.5 shows the result of such an experiment. Initially we dosed 0.05 ML 
14N16O giving rise to a very weak loss around 1600 – 1650 cm-1. Adding 0.04 ML 
15N18O reveals two peaks, a low-frequency loss of 1557 cm-1 and a high-frequency 
loss around 1630 cm-1. After adding a total of 0.08 ML 15N18O, the high-energy loss 
peak did not shift, whereas the low-frequency loss shifted upward. Note that the 
intensity of the high-frequency loss is always equal or larger than of the low-
frequency loss due to intensity borrowing. Similar to the CO adsorption on Rh(100), 
we expect predominantly dipole coupling being responsible for the shift upward in the 
NO stretch frequency, especially at low coverages. At low coverages the high-
frequency loss indeed does not seem to shift after exposing more labeled NO. 
However, the intensities are very low at the lower (total) coverages and the peaks are 
poorly resolved, the peaks could not be deconvoluted properly. At higher coverages 
there is some indication of a static shift, as the frequency shifts slightly upward from 
0.13 to 0.20 ML and from 0.20 ML to 0.36 ML. 
 
To study the NO dissociation, additional EELS measurements as function of the 
temperature were carried out. We adsorbed 0.37 ML NO on Rh(100) at 100 K. Based 
on Hopstaken and Niemantsverdriet [5] and the TPD experiments carried out (Fig. 
6.1), NO will partially desorb molecularly upon increasing the temperature, while the 
majority dissociates to yield nitrogen and oxygen atoms. Since the magnetic field 
from the current applied to heat the crystal disrupts the electron beam, we cannot heat 
the crystal in the scatter chamber. Therefore, we moved the crystal out of the chamber 
to flash it to a certain temperature, and kept it at this temperature for 10 seconds. 
Then, we moved the crystal back in the scatter chamber to record an EEL spectrum 
while cooling the crystal again to liquid nitrogen temperature. Figure 6.6 shows the 
spectra and figure 6.7 the loss energies and the normalized intensities of the NO 
stretch frequency as function of the flash temperature. Note that the intensity 
corresponding after flashing to 350 K is very large (open triangle). This is a 
normalization artifact due to a considerably lower intensity of the elastic peak, as can 
also be seen by the relatively low signal to noise ratio of that spectrum (cf. Fig. 6.6). 
As Figs. 6.6 and 6.7 show, the NO stretch vibration gradually shifts down in 
frequency up to a flash temperature of 350 K. Heating the sample to 400 K causes a 
strong decrease in the stretch frequency to 1640 cm-1 – which corresponds to around 
0.12 ML NO initially adsorbed at 100 K – while it has lost about 70% of its intensity. 
Notice also the growth of two low-frequency peaks around 900 cm-1 originating from 
oxygen species. Neither of these losses seem to originate from the highly-inclined NO 
since the losses do not alter after heating the crystal to 450 K, where all NO has either 
dissociated or desorbed (see also later). The metal-NO stretch around 400 cm-1 does 
not shift significantly during the flashing of the crystal. However, this loss has 
broadened at 400 K, which we assign to an additional atomic nitrogen contribution. At 
450 K all NO has either dissociated or desorbed as evidenced by the total 
disappearance of the NO stretch frequency. The features around 400 and 900 cm-1 
show that the dissociation products nitrogen and oxygen atoms are still present on the 
surface. However, these features have a weak intensity. 
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6.4 Discussion 
EELS measurements of the adsorption of NO on Rh(100) at low temperatures 
revealed a strong loss attributed to the bridge bonded NO. A highly-inclined species 
with a vibrational mode around 920 cm-1 was very difficult to discern if present at all. 
Using isotopic mixtures it was found that the shift upward in NO stretch frequency 
could be explained by dipole coupling. At higher coverages chemical shifts come into 
play. The dissociation of NO could be followed using EELS. For 0.37 ML NO, the 
dissociation was found to start around 350 K. After heating the surface to 450 K, all 
NO was either dissociated or desorbed. 
 
6.4.1 The upright and highly-inclined NO species 
The observed NO stretch frequencies are in good agreement with literature [6,17] and 
theoretical predictions [12,13,15]. The frequency indicates that bridge bonded NO is 
the preferential adsorption site from low to saturation coverage on Rh(100) at an 
adsorption temperature of 100 K (Fig. 6.3). The presence of an inclined NO species, 
with a vibrational mode at 920 cm-1, was found previously by experimental and 
theoretical means [6,12-15,17]. We observed this loss only at the lowest coverages, 
with a very low intensity. 

The difficulty to observe this feature was already recognized by Villarrubia et 
al. [6,17]. Not only higher coverages of NO inhibited the inclined species, but also the 
presence of other adsorbates, such as CO and oxygen. Since the EEL spectrum taken 
from the clean surface (Fig. 6.3) showed no indication of impurities on the surface, 
the attenuation of the NO species by oxygen impurities seems unlikely. 

We cannot exclude the possibility that the inclined NO species is dissociated 
by the electron beam (Eb = ~6 eV), considering the time needed to measure a 
spectrum (15 minutes). Note that the measurements carried out by Ho and coworkers 
were performed on a unique spectrometer that allowed spectra to be recorded in 2 – 
60 seconds [6,14,17]. 

Steps and defects on the surface might also prevent the presence of the highly-
inclined NO species. Van Tol and Nieuwenhuys showed that upon dosing NO on 
Rh(100) the work function initially decreased steeply and after dosing further the 
work function rises monotonically until the net work function change is zero [7]. They 
proposed that the initial decrease of the work function is related to the inclined NO. 
Measurements on stepped Rh-surfaces, such as the (711)-plane, resulted in a 
monotonous increase of the work function, without the initial steep decrease. 
Moreover, it was found that the work function remained constant well before the 
saturation coverage. We have also indirect indications that the change in work 
function increases monotonously while remaining constant above 0.39 ML. While 
changing the NO coverage, a voltage is applied over the crystal to maximize the 
elastic peak intensity. This applied voltage account for changes in the work function 
[22]. At increasing NO coverages, the applied voltage had to be increased 
monotonously, until a coverage of 0.39 ML. For higher coverages the applied voltage 
could be kept constant, see Fig. 6.8. 
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As stepped surfaces are more active for the NO dissociation [23], the presence 
of steps could lead to the dissociation of the highly-inclined NO species. In addition, 
the oxygen and nitrogen atoms could inhibit this NO species even further [14,17,17]. 
The losses attributed to oxygen also overlap with the losses attributed to the inclined 
NO and the metal NO stretch loss.  
 
Nevertheless, it is interesting to note that also these three losses attenuate with 
increasing NO coverage. If we can assume that this species does not change in the 
course of the experiment, this shows that increasing amounts of NO adsorbed on the 
surface can indeed shield species from the electron beam. 
 
Odörfer et al. [24] investigated the adsorption of NO on clean Ni(100) and on an 
oxygen precovered Ni(100) surface by means of HREELS. On the clean surface, 
adsorption at low temperatures occurs in the hollow sites with the NO axis oriented 
perpendicular to the surface. Bridge sites are successively populated with both 
perpendicular and bent NO molecules. On the precovered oxygen surface, the 
majority of NO molecules are tilted, and a new adsorption mode with a vibration 
stretching frequency at 1840 cm-1 appeared. It was concluded that oxygen influenced 
terminally bonded NO species in a bent geometry gave rise to losses at 1840 cm-1 
(stretching mode) and at 610 cm-1 (bending mode). This effect of oxygen is reported 
more often in the literature for different metals, such as Ni(111), Rh(111), Pt(111) and 
Co(1010) [25]. We occasionally found an extraordinary high NO stretch frequency 
around 1750 cm-1, sometimes in the presence of the unperturbed stretch frequency, 
sometimes the latter was absent. With increasing coverage the high-frequency mode 
attenuated. We could not isolate the conditions under which this double peak 
occurred. 
 
6.4.2 Dissociation of NO 
The dissociation was studied by heating the crystal while recording EEL spectra at 
specific temperatures. This revealed the presence of nitrogen and oxygen atoms at 
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elevated temperatures indicating the dissociation. Even though the highly-inclined NO 
is the precursor in the dissociation, no indication of this species was found at 
increased temperatures. We assign the feature around 950 cm-1 at 400 K to an oxygen 
species, rather than the highly-inclined NO, as it is still present at 450 K, while the 
NO stretch frequency disappeared. Apparently, the decomposition reaction is so fast, 
that the precursor is too short lived to observe by a slow technique as HREELS. 

In TPD experiments, we found that at most around 0.20 ML of nitrogen atoms 
from the initial adsorbed NO can desorb as N2, in agreement with Siokou et al. [16]. 
Hopstaken and Niemantsverdriet [26] found a higher value of 0.30 ML of nitrogen 
atoms. These values indeed correspond rather well with the findings of the presence 
of the inclined NO species at low coverages. According to the work of Villarrubia et 
al. [6,17] the inclined species is stable up to a coverage of around 0.2 ML. Bondino et 
al. [14] predicted by means of DFT calculations that at 0.25 ML NO the highly-
inclined species is stable, while above 0.50 ML, the NO molecules spontaneously 
reorient to a vertical position. This suggests that the desorption of the excess NO is 
necessary to allow the stabilization of the inclined species which can result in the 
dissociation. 
 
6.4.3 Dipole coupling and lateral interactions 
The increase of the internal NO stretch frequency up to a coverage of 0.13 ML seems 
predominantly due to dipole coupling as indicated by the EEL spectra of the isotopic 
mixtures (see Fig 6.5). Between 0.13 ML and 0.37 ML there is some static 
contribution, as evidenced by the upward shift in the high-frequency loss. For 
coverages above 0.37 ML, the frequencies remain constant, similar as observed in the 
pure 14N16O experiments. This behavior is similar to the adsorption of CO on Rh(100) 
(see Chp. 5). Furthermore, theoretical studies also show only a mild repulsive 
interaction of 9 kJ/mole between mutual NO molecules at nearest neighbor positions 
(see Chp. 4). Lastly, no ordered structures are observed [6,8] at low coverages which 
would indicate lateral interactions.  
 
6.4.4 The presence of species other than NO? 
We did not find indication of nitrous oxide (N2O) or NO2 formation. The combination 
of bands assigned to N2O, ca. 600, 1250 and 2230 [4,27-29] were not observed. In 
addition, the vibrational modes for NO2 (800, 1300 and 1950 cm-1 based on the 
adsorption of NO2 on Ag(111) [30]) were not observed. Also the formation of dimers, 
indicative by modes at 1788 and 1863 cm-1 for NO on Ag(111) [3], was not detected.  
 
 
6.5 Conclusions 
The adsorption of NO on Rh(100) was studied using high resolution electron energy 
loss spectroscopy. NO adsorbs on bridge positions at all coverages. The NO stretch 
peaks are slightly asymmetric. This indicates random ordering on the surface, in 
agreement with most literature.  

We have no indication of the formation of NO dimers, or N2O and NO2. At 
low coverages, we found a minor vibrational mode indicating a highly inclined NO 
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species with an elongated bond, in accordance with literature. We saw this mode only 
occasionally and with very low intensities. We believe this can be explained by the 
presence of some defects or steps on the surface. Other groups reported that the 
presence of only a small amount of defects or steps could already destabilize this 
inclined species. Besides, indirect evidence for the work function change supports this 
conclusion. The different low-frequency modes attributed to one or more oxygen 
species can also result from surface defects. 

The shift upward of the NO stretch frequency of bridge bonded NO with 
increasing coverage could be attributed to dipole coupling for low coverages. At 
higher coverages, also chemical shifts come into play. Isotopic mixtures showed that 
the high-frequency mode attributed to 14N16O remained constant while dosing more 
15N18O. At intermediate coverage, this mode shifted upward indicative for a chemical 
shift.  

By recording EEL spectra at different temperatures we could follow the 
dissociation of a saturated NO adlayer on Rh(100). We found that the dissociation 
occurred between 400 and 450 K, in agreement with previous results from our group 
using TPD and TPSSIMS. The dissociation products nitrogen and oxygen atoms 
remain on the surface.  
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Chapter 7 

The Coadsorption of CO and NO on 
Rh(100) Studied with High Resolution 

Electron Energy Loss Spectroscopy 
 

As an example of interactions between adsorbed molecules, the 
coadsorption of NO and CO was investigated on Rh(100) by 
HREELS. Based on the internal stretch frequencies, NO conserves 
its preferred adsorption site upon coadsorption as compared to the 
single adsorption at 100 K. CO occupies both linear and bridged 
sites when coadsorbed with NO. Exposing small amounts of CO to a 
precovered NO adlayer results in higher stretch frequencies for 
both linear and bridged CO, whereas the NO frequencies remain 
unperturbed. The CO frequencies remain virtually constant upon 
increasing the CO exposure. We tentatively propose an intimately 
mixing of the two adsorbed gases. A small amount of CO in a NO 
surrounding experiences an upward shift of the stretch frequencies 
indicating a reduced backdonation from the metal. After low NO 
exposures, the NO stretch frequency remains roughly unperturbed 
with respect to the single adsorption, while especially the bridged 
CO frequency increases significantly. Higher NO exposures perturb 
the CO frequencies mildly further; the major shift occurred during 
the first exposure to NO. The NO stretch frequency also increases, 
but not nearly as much as compared to the single adsorption. This is 
attributed to a lower saturation NO coverage in the presence of CO 
and to the partially breaking up of the NO-NO dipole coupling. 
Apparently, the CO is stronger perturbed by the coadsorption than 
NO. More research is necessary to unravel the adsorbate structure 
and the binding perturbations of the CO and NO. Density functional 
calculations are needed to verify the suggestion that the upward 
shift in the CO frequencies may be attributed to a chemical effect. 
The EELS measurements presented yield good references for the 
calculations. In addition, DFT can be employed to determine 
whether CO and NO are preferably intermixed or segregated based 
on the binding energies. 
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7.1 Introduction 
The interaction between CO and NO on rhodium surfaces is of direct importance with 
respect to automotive exhaust gas catalysis. An important route to convert NOx is the 
reduction with CO. Rhodium is amongst the best catalysts for the selective conversion 
of NO into N2 [1,2]. Thus, the catalytic reduction of NO with CO has extensively 
been studied on low-index plane surfaces of rhodium. An exhaustive review covering 
the reaction between CO and NO on the most extensive studied surface Rh(111) has 
been given by Zhdanov and Kasemo [3]. Also the reaction on Rh(100) has been 
studied previously [4-9]. However, studies concerning the coadsorption of NO with 
CO on Rh(100) related to the perturbation of binding sites and energies are scarce. 

De Jong investigated adsorption of NO on Rh(100) with coadsorbed CO at 
300 K by means of RAIRS [10]. At low exposures of CO, the spectra revealed two 
infrared absorption bands at 1890 and 2010 cm-1, indicating bridged and linear CO 
species. Upon NO coadsorption a band appeared at 1630 cm-1. With increasing NO 
exposure this band shifted up to 1649 cm-1, while peaks assigned to adsorbed CO 
decreased in intensity indicating that CO was displaced by NO. The NO frequency 
was attributed to twofold bridge bonded species. 

Weaver and coworkers studied the adsorption of CO and NO and their 
coadsorption on different metals in aqueous solutions by means of RAIRS [11-13]. In 
aqueous solution, the CO exclusively binds in bridged sites at intermediate coverages 
[13], with a CO stretch frequency of 1878 cm-1. Evidently, the presence of water has a 
similar effect as hydrogen in a UHV system; it changes the preferred site for CO from 
on-top to bridged sites. At similar coverages, NO is found to occupy bridged sites 
with a frequency of 1666 cm-1. An adlayer of about 1:1 CO:NO exhibits frequencies 
at 2016, 1892 and 1658 cm-1, attributed to linear and bridged CO and bridged NO 
respectively. The CO is partially forced into on-top sites by the presence of bridge 
bonded NO. Essentially similar features were obtained by partial replacement of 
either saturated NO or CO adlayers. The bridged CO and NO frequencies are 
considerably lower than for the saturated pure CO or NO adlayer. The authors explain 
this observation in terms of intermixing of the CO and NO, and, thereby, breaking up 
the dipole coupling. 
 
The coadsorption of CO/NO mixtures on other transition metals and planes has been 
subject to investigation as well. Root et al. [14] studied the coadsorption of CO and 
NO on Rh(111) using EELS. Exposing a NO adlayer to CO produced a growing 
disorder in the adlayer as evidenced by a reduced elastic peak intensity. In addition, 
an upward shift of 10-20 cm-1 for the NO stretch was found. The behavior of CO in 
the presence of NO was found to be similar to CO on a clean surface at low 
coverages. In contrast, addition of NO to a partial CO adlayer causes frequency shifts 
for the CO stretch, indicative of an increased local CO coverage. It was concluded 
that CO exposure after NO adsorption results in a well-mixed or disordered surface, 
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while NO adsorption on a CO precovered surface results in CO segregation into 
islands, in which the NO coverage is low. 

In contrast to the results by Root et al. [14], different authors have shown 
more recently that adsorption of CO/NO mixtures on Rh(111) at elevated pressures 
and temperatures results in the occupation of threefold hollow sites by NO while the 
CO only occupies on-top sites. It was found that NO displaces the CO in the hollow 
sites [15-18].  

An elegant study of CO and NO coadsorption on Pd(110) by Raval et al. [19] 
using RAIRS revealed that the initially bridged CO is forced into top sites by NO, 
which itself remained unperturbed. The site transfer was attributed to the repulsive 
interaction between CO and NO molecules sharing a surface Pd atom, and attractive 
interactions between NO on bridge positions and linearly adsorbed CO on the 
neighboring sites. At large exposures of NO, it was suggested that a two-phase system 
is present, with islands of the mixed CO-NO phase in equilibrium with islands of NO. 

A RAIRS study of a CO/NO mixture adsorbed on Pd(100) [20] indicated that 
both CO and NO adsorb at twofold bridging sites at temperatures from 100 to 500 K, 
similar as for the adsorption of the separate gases. The frequencies for NO shifted 
about 40 cm-1 upwards in comparison with the adsorption of pure NO on Pd(100), 
whereas the CO frequencies shifted down about 23 cm-1 as compared to the 
frequencies of single CO adsorption on Pd(100). 

Banholzer et al. studied the adsorption of CO/NO mixtures on Pt(100) by 
RAIRS [21]. When CO and NO were coadsorbed below 325 K frequencies shifted 
down for both adsorbates with respect to the separate adsorption. These shifts were 
attributed to the chemical interaction between adsorbed CO and NO. Density 
functional calculations carried out by Eichler and Hafner [22] supported the 
conclusions made by the experimentalists for this system. The calculations showed 
that the coadsorption of the two gases gives rise to a shift down of the frequencies in 
comparison to the isolated species. For a coverage of 0.25 ML, there was a shift of 10 
cm-1 for CO and 30 cm-1 for NO, which was in good agreement with the 
experimentally observed shifts down of 14 and 24 cm-1 for CO and NO respectively. 

The purpose of this paper is to determine destabilization effects of CO and NO 
upon their coadsorption by studying their frequency shifts with respect to the single 
adsorption. The stretch frequencies of linear and bridged CO adsorbed in a NO 
surrounding exhibit an upward shift of 35 and 55 cm-1, respectively, as a result of 
reduced electron backdonation from the metal. NO is not strongly perturbed by CO. 
 
7.2 Experimental Methods 
See chapter 5. 
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7.3 Results 
7.3.1 CO and preadsorbed NO on Rh(100) 
Figure 7.1a shows a family of HREEL spectra of CO coadsorbed with NO on Rh(100) 
at an adsorption temperature 100 K. The clean surface exhibits a smooth HREEL 
spectrum of the inelastically scattered electrons. After the surface is precovered with 
0.24 ML NO, the HREEL spectrum features a sharp loss at 1671 cm-1 attributed to the 
internal stretch vibration of bridge bonded NO, associated with a minor loss at 404 
cm-1 of the metal-NO vibration. Additional exposure to 0.20 L CO leads to the 
appearance of two other losses at about 1888 and 2040 cm-1, attributed to bridged and 
on-top CO respectively, while the NO stretching frequency has shifted a little upwards 
to 1674 cm-1. The low-frequency mode grew in a shoulder on the high-frequency side, 
assigned to the metal-CO stretch. However, deconvolution of the peak could not be 
done reliably. Increasing the CO exposure to 0.51 L HREELS spectrum reveals 
qualitatively similar features. Both stretching frequencies of bridged and on-top CO 
have experienced a slight shift up, about 6 cm-1, whereas the NO stretching frequency 
is subject to an insignificant shift up of about 2 cm-1. After saturation exposure of CO, 
the stretching frequency of NO remains practically unchanged (1677 – 1679 cm-1), 
whereas the bridged and on-top CO stretching frequency increases to 1895 and 2054 
cm-1. The low frequency mode shifts to 418 cm-1. 
 
Fig. 7.1b and 7.1c show EEL spectra for successive exposures of CO to 0.16 ML and 
0.11 ML preadsorbed NO. For these experiments, the HREEL spectra of the clean 
Rh(100) surface indicated contamination which appeared in the region below 1000 
cm-1. These peaks have already been discussed in former chapters. The behavior is 
similar as for the coadsorption of CO on a 0.26 ML preadsorbed NO adlayer. 
Exposing CO to a 0.37 ML NO adlayer yields almost no adsorbed CO up to exposures 
of 3 L. All CO and NO stretch frequencies of Fig. 7.1 have been summarized in Fig. 
7.2. They will be discussed later on. 
 
7.3.2 NO and preadsorbed CO on Rh(100) 
To establish whether the coadsorbed system depends on the order of adsorption, we 
performed additional experiments where CO was adsorbed first followed by different 
exposures to NO. 
 
Fig 7.3a shows a family of EEL spectra of different NO exposures on a surface 
precovered with 0.50 ML CO. Initially, the CO exhibits two losses, 1916 and 2014 
cm-1. Upon exposing 0.34 L NO, the CO losses remain essentially the same. The NO 
loss appears at 1629 cm-1. Increasing the NO exposure to 0.51 L does not influence 
the CO vibrations. The NO loss is not changed much either, merely 4 cm-1. Saturation 
with NO results in an NO frequency around 1640 cm-1 and CO losses around 1925 
and 2028 cm-1. 
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Similar experiments of increasing exposures of NO on 0.27 and 0.10 ML CO 

are shown in panel b and c. Adsorbing 0.27 ML CO results in an 1885 cm-1 bridged 
CO peak and a 2004 cm-1 linear CO peak. Adding 0.36 L NO leads to an NO loss at 
1628 cm-1. The frequency of the bridge bonded CO shifts up, while the linear CO loss 
remains unperturbed. Most of the CO shifts to bridged sites, as seen by the intensities. 
At higher NO exposures, the CO stretch frequencies shift to about 1910 and 2035 cm-

1, while the NO loss is shifted to 1676 cm-1. 
Coadsorption of NO to 0.10 ML CO yields comparable results (right panel). 

The CO frequencies are shifted from 1856 and 1976 cm-1 for the pure CO adsorption 
to around 1892 and 2035 cm-1 when saturated with NO. The NO vibration now has a 
frequency of around 1695 cm-1, whereas at the lowest exposure the loss was 1621 cm-

1. The losses found around 280 and 2200 cm-1 while only CO is adsorbed are due to 
CO adsorbed in the vicinity of some subsurface oxygen (see also Chp. 5). Note that 
these losses have fully disappeared when exposing the surface with 0.36 L of NO. 
This demonstrates the weak binding energy of this species. Hence, the species will not 
have an important influence on the adsorption of CO and NO. 

Figure 7.4 shows the energy losses as function of the NO exposures for all 
preadsorbed CO coverages (0.50, 0.27 and 0.10 ML) together with pure NO.  
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7.4 Discussion 
7.4.1 CO and preadsorbed NO on Rh(100) 
HREEL spectra revealed that CO adsorbed linearly and bridged and NO adsorbed 
bridged when both gases were coadsorbed on Rh(100). This conservation of 
adsorption sites is in agreement with the findings of De Jong who studied the 
coadsorption of CO and NO on Rh(100) at 300 K [10].  

Figure 7.1 displays the CO and NO losses as function of the CO exposure for 
the three preadsorbed NO coverages discussed, together with the CO losses from pure 
CO adsorption. Note that the CO exposures for the different NO coverages do not 
necessarily represent similar CO coverages, as illustrated by Fig. 7.5. This figure 
shows the CO coverage as function of the CO exposure, with 0.25 ML preadsorbed 
NO. 
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Figure 7.5 CO coverage as function of
the CO exposure at 100 K precovered
with 0.24 ML (solid line) and for
adsorption on a clean Rh(100) crystal
(dotted line). 

Figure 7.4 The NO and CO stretch
frequencies as function of the NO
exposure for three coverages of CO (filled
points), together with the NO stretch
frequency after single NO adsorption
(dotted line with open circles). Note that
the different NO exposures do not
necessarily result in the same coverages. 
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For clarity, we have plotted in Fig. 7.6 only the frequencies of CO (left panel) 
and NO (right panel) for the lowest and highest CO exposures as function of the 
preadsorbed NO coverage. The right panel shows the NO loss without CO 
coadsorption. 

Before discussing these results in more detail, let us first review the limitations 
of having only EELS data available. Frequency shifts can originate from dipole 
coupling and chemical shifts. Coadsorption of another gas can break up the dipole 
coupling. At the same time, the coadsorption can lead to chemical interactions which 
become visible as a frequency shift. Although these two effects can in principle be 
separated by using isotopic mixtures, this becomes complicated due to the limited 
resolution of the HREELS combined with different gases and adsorption sites. In 
addition to dipole coupling, intensity borrowing can also come into play. This could 
lead to overestimating the population of the species with the highest frequency. It 
might even cause some low-frequency species to be overlooked. 

The rather poor resolution of the EELS does not allow detection of peak 
splitting or asymmetric peak shapes. Therefore, CO in a NO surrounding can probably 
not be distinguished from a CO in a CO surrounding. Further, island formation, which 
leads to distinct asymmetric losses (see Chp. 2), can probably also not be detected. 

In addition to these experimental limitations, virtually no information about 
the system is known beforehand. The absolute coverages of the postadsorbed 
molecule are generally not known. Only for the coadsorption of CO with 0.24 ML NO 
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this calibration is available. Furthermore, it is not known whether CO and NO are 
intimately mixed or segregated into separate islands. Possibly, the diffusion rate of the 
molecules is not sufficiently high to ensure a fully equilibrated adlayer at 100 K. 

As we shall show later, EELS provide leads to exclude between these 
possibilities, but it cannot prove either model. Hence, it is virtually impossible to 
prove a reliable model based on EELS data alone. 
 
We will therefore focus mainly on the effect a small amount of CO experiences in a 
NO surrounding. Table 7.1 shows the CO and NO frequencies corresponding to single 
adsorption and coadsorption of 0.24 ML NO and 0.10 ML CO. The presence of NO 
leads to an increase in the frequency of the CO stretch vibrations, while the NO 
remains essentially unperturbed. We can safely neglect dipole-dipole interactions 
between NO and CO, and between bridged CO and linear CO. Then there are 
essentially two possible explanations for the observed frequencies. 

One explanation is that CO is intimately intermixed with NO, such that at low 
CO coverages, the CO is ‘diluted’ by NO. Here, the CO-CO dipole coupling 
diminishes and the shifts upwards in the bridged and linear CO frequencies are caused 
by a strong decrease in backdonation. However, increasing the NO coverage perturbs 
the CO stretches only mildly (Fig. 7.6 left panel). This implies that the extra 
destabilization effect of the NO is countered by the stronger diminishing of CO-CO 
dipole coupling. 

Another possibility is that the CO is forced into islands with a locally high 
coverage. The CO-CO distance is decreased resulting in a stronger dipole coupling. 
Comparing the frequencies of the single CO adsorption (Chp. 5), the local coverage in 
the islands would be in the range of 0.30 – 0.60 ML. This would also explain why the 
frequencies of the CO losses are almost independent of the amount of precovered NO 
(Fig. 7.6 left panel). The shift of the NO loss in the presence of CO, on the other hand, 
increases as function of the NO coverage in much the same amount as it would 
without the CO present (Fig. 7.6 right panel). This suggests that NO does not 
segregate into islands. This observation indicates that segregation of islands is 
unlikely. At high CO and NO coverages (0.25 ML CO with 0.24 ML NO), the 
assumption that CO segregates into islands with a c(2x2) structure would imply that 
also the NO would be present in local 0.50 ML coverage, with a stretch frequency of 
around 1720 cm-1 (Chp. 6). Hence, island formation, even if only CO is forced into 

Table 7.1 The NO and CO stretch frequencies upon coadsorption and for single adsorption. 
Coverages υNO 

(cm-1) 
υCO, bridged 

(cm-1) 
υCO, linear 

(cm-1) 
0.24 ML NO 1670   
0.10 ML CO  1860 1990 

0.10 ML CO with 0.25 ML NO 1675 1895 2045 
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islands, would ultimately also result in a strong upward shift of the NO stretch 
frequency, which is not observed. 
 
Thus, the major and meaningful result is that the CO singleton frequency in a 
surrounding of NO molecules on Rh(100) shifts approximately 40 cm-1 upwards due 
to a chemical effect. For higher CO coverages we cannot discern between increased 
dipole coupling due to island formation or intermixing with the associated change in 
chemical environment as the reason for the frequency shift. 
 
7.4.2 NO and preadsorbed CO on Rh(100) 
Upon adsorption of a low amount of NO the bridged to linear ratio of CO increases. 
Almost all CO is pushed into the bridged site. This was not observed when exposing a 
NO adlayer to CO. The NO stretch frequency after exposing 5 L NO is dramatically 
lower with higher amounts of precovered CO (Fig. 7.4 and 7.7 left panel). This is 
most likely due to a decreasing NO coverage in combination with partial breaking up 
of the NO-NO dipole coupling. This indicates that NO is intermixed with the CO. 

After small NO exposures, the NO seem to be only slightly perturbed by the 
precovered CO, a shift of less than 10 cm-1 (Fig 7.7 left panel and Table 7.2). The CO 
losses are blue shifted due to the NO present. This effect is stronger if only a small 
amount of CO is precovered. The major contribution of this perturbation is caused by 
a small amount of NO (Fig. 7.4). Exposing the surface to additional NO does not 
perturb the bridged CO frequency significantly. The linear CO frequency shows more 
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scattering as function of the NO exposure. This is due to its low intensity and, hence, 
a larger error in the determined peak position. Both the shift and the increased 
population of the bridged sites are also observed by the presence of hydrogen (see 
Chp. 5 and 9). 

The small shift in the NO frequency (at low NO exposures), and the strong 
change in the CO bridged frequency indicate that mainly CO is perturbed by the 
coadsorption, similar to the CO on NO/Rh(100) system. The coadsorption of NO 
causes a reduced backdonation for the CO, yielding higher stretch frequencies. As the 
CO stretch frequency shifts further upwards with the NO exposure, it follows that the 
destabilization effect of NO grow stronger at larger NO exposures. 
 
Clearly, density functional calculations are needed to verify if the upward shift in the 
CO frequencies can be attributed to a chemical effect. The EELS measurements 
presented yield good references for such computable frequencies. In addition, DFT 
can be employed to determine whether CO and NO are preferably intermixed or 
segregated based on the binding energies. Additional experimental techniques will 
also provide more information. For instance, LEED might provide conclusive 
evidence for island formation, while RAIRS could be employed to study 
homogeneous and inhomogeneous peak broadening. 
 
7.5 Conclusions 
The coadsorption of NO and CO on Rh(100) at 100 K was examined by utilizing 
HREELS. NO conserves its preferred adsorption site upon coadsorption, while CO is 
partially forced from top to bridged sites. Exposing small amounts of CO to a 
precovered NO adlayer results in higher vibrational frequencies for both linear and 
bridged CO, whereas NO frequencies remain unperturbed. Furthermore, the observed 
CO frequencies remain essentially constant as function of the CO coverage. We 
tentatively propose an intimately mixing of the two gases. A small amount of CO in a 
NO surrounding experiences an upward shift for the stretch frequencies indicating a 
reduced backdonation from the metal surface. 

Low NO exposures to a precovered CO surface lead to frequency increases for 
especially the bridged CO stretch by almost 30 cm-1. The NO stretch vibration, on the 
other hand, remains roughly unperturbed. Higher NO exposures results in much lower 
NO stretch frequencies compared to the single adsorption. This is probably due to a 

Table 7.2 The CO and NO stretch frequencies upon coadsorption and for single adsorption. 
Coverages υNO 

(cm-1) 
υCO, bridged 

(cm-1) 
υCO, linear 

(cm-1) 
0.10 ML CO  1865 1975 
0.35 L NO 1620   

0.35 L NO with 0.10 ML CO 1620 1885 1995 
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lower saturation coverage in the presence of CO and partially breaking up the NO-NO 
dipole coupling. The CO frequencies shift up even further, but less strongly. Cleary, 
the CO is stronger perturbed by the coadsorption than NO. 
 Other techniques, both computational and experimental, need to be employed 
before the observed CO and NO frequency perturbations can be explained. The 
frequencies measured can serve as reference. 
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Chapter 8 

Coadsorption of CO with Nitrogen: 
Quantifying Lateral Interactions both 
Experimentally and Computationally 

 
This chapter consists of three papers, two published (a, b) and one letter accepted for 
publication (c). 
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Chapter 8A 

Quantification of Lateral Repulsion 

between Coadsorbed CO and N on 

Rh(100) using Temperature 

Programmed Desorption, Low Energy 

Electron Diffraction and Monte Carlo 

Simulations1 
 

Temperature programmed desorption of CO coadsorbed with 
atomic N on Rh(100), reveals interactions between adsorbed CO 
and N. For CO desorption from Rh(100) at low coverage we find an 
activation energy Ea of 137 ± 2 kJ/mole and a preexponential factor 
of 1013.8±0.2 s-1. Coadsorption with N partially blocks CO adsorption 
and destabilizes CO by lowering Ea for CO desorption. 
Destabilization at low N coverage is explained by long-range 
electronic modification of the Rh(100) surface. At high N and CO 
coverage, we find evidence for a short-range repulsive lateral 
interaction between COads and Nads in neighboring positions. We 
derive a pairwise repulsive interaction NN

NCO−ω = 19 kJ/mole for CO 

coadsorbed to a c(2x2) arrangement of N-atoms. This has important 
implications for the lateral distribution of coadsorbed CO and N at 
different adsorbate coverages. Regarding the different lateral 
interactions and mobility of adsorbates, we propose a structural 
model which satisfactorily explains the observed effects of atomic N 
on the desorption of CO. Dynamic Monte Carlo simulations were 

                                                 
1 The contents of this chapter have been published: A.P. van Bavel, M.J.P. Hopstaken, D. Curulla, J.W. 
Niemantsverdriet, J.J. Lukkien and P.A.J. Hilbers, J.Chem.Phys. 119 (2003) 524. The TPD 
experiments have already been described in the thesis from M.J.P. Hopstaken. 
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used to verify the experimentally obtained value for the CO-N 
interaction, by using the kinetic parameters and interaction energy 
derived from the TPD experiments. 

 
8A.1 Introduction 
Lateral interactions between adsorbates are crucially important in catalytic surface 
reactions, as they greatly influence reactivity at higher coverage, for instance in the 
decomposition of NO on different transition metals [1, 2]. Therefore, quantitative 
information about lateral interactions is essential to model reaction kinetics correctly 
at high coverages, as met under realistic catalytic conditions. Obviously, single crystal 
adsorption calorimetry (SCAC) is the most direct way to determine lateral interactions 
in a quantitative fashion [1]. Lateral interactions can also be derived from temperature 
programmed experiments, such as temperature programmed desorption (TPD) or 
temperature programmed secondary ion mass spectrometry (TPSIMS), by studying 
the coverage dependency of reaction kinetics. 

Lateral interactions are often accounted for by assuming a linear dependence 
between the kinetic parameters and global coverage in the so-called mean-field 
approach. However, this approach generally overestimates the effect of lateral 
interactions at low coverages, particularly if interactions are repulsive. A more 
rigorous description of lateral interactions takes the individual arrangement of 
adsorbates into account. In order to include these in the kinetics, pairwise interaction 
energies need to be estimated or determined experimentally. 
 Monte Carlo simulations provide a way to specify the local environment of a 
reacting molecule [3, 4]. This allows for modeling of lateral interactions, local 
reconstructions and diffusion of adsorbates. Our interest is to describe the kinetics of 
surface reactions on highly covered surfaces by including lateral interactions on a 
local basis. We focus on the system CO + NO on Rh(100), which is of interest for 
automotive exhaust catalysis [5, 6] and for which a number of elementary kinetic 
parameters have recently been obtained [2, 7, 8]. The reason for selecting Rh(100) 
instead of (111) is that the chemistry on the latter may be dominated by defects, 
whereas reactions on Rh(100) are expected to reflect intrinsic chemistry of the (100) 
surface, as was observed for the elementary reaction CO + O to CO2 [8]. 
 To our best knowledge, there is hardly any quantitative information available 
on interactions between CO and coadsorbates on rhodium. Daniel et al. [9] studied the 
desorption of CO from N-precovered Rh(100). Presence of coadsorbed N-atoms 
lowered both the CO desorption temperature and CO uptake, and gave rise to a new 
low-temperature CO desorption state. However, the authors studied only a limited 
range of coverages and gave no quantitative information on the N-CO interaction. 
Other studies addressing the influence of an atomic coadsorbate on the binding of CO 
on rhodium surfaces are mainly concerned with the effect of electropositive elements 
such as sodium or potassium. These promoters generally stabilize bonding of CO by 
increasing backdonation to the CO 2π* molecular orbital [10, 11]. On the contrary, 
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coadsorption of CO with electronegative elements such as sulphur [12] or iodine [13] 
leads to destabilization of CO. 
 The purpose of this paper is to quantify the lateral repulsion energy between 
coadsorbed CO and atomic nitrogen on Rh(100). The strategy is to find ordered 
structures in which the numbers of neighbors of the CO molecule can be estimated, 
determine the adsorption energy of CO in this arrangement, and derive the lateral 
repulsion energy. As CO occupies different adsorption sites with and without 
coadsorbed N-atoms, density functional calculations are needed to analyze differences 
in the heat of adsorption of CO on different sites. Finally the thus determined lateral 
interaction energy will be tested in a Dynamic Monte Carlo simulation of CO 
desorption in the presence of N-atoms, hence simulating a TPD experiment for direct 
comparison.  
  
 
8A.2 Experimental Methods 
8A.2.1 TPD and LEED measurements 
The experiments were done in a stainless steel ultrahigh vacuum (UHV) apparatus 
with a base pressure of 2·10-11 mbar, previously described in ref. [2]. The rhodium 
crystal of (100) orientation has a thickness of about 1.2 mm and was mounted on a 
moveable 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 resistively heating the 
sample up to 1450 K. The sample can be cooled by a flow of liquid nitrogen to 100 K. 
Temperature was measured with a chromel-alumel thermocouple spotwelded to the 
back of the crystal. The crystal surface was cleaned as described previously [2]. 
LEED experiments were performed with a reverse view, four grid AES/LEED optics 
(Spectaleed, Omicron Vakuumphysik GmbH). LEED data were obtained with an 
electron beam current between 20 and 30 µA. 
 Nitric oxide (Hoek Loos, 99.5 % pure) and carbon monoxide (Hoek Loos, 
99.997 % pure) were used without further purification. Temperature programmed 
experiments were done with a heating rate of 5 K/s. Calibration of the CO coverage 
was done by setting the saturation coverage at 300 K at 0.75 ML, according to De 
Jong et al. [14]. The N-coverage is determined as described in ref [2]. 
 
8A.2.2 Theoretical details 
We have performed a series of calculations to determine the adsorption energy of CO 
at different sites (ontop and four-fold hollow site) on Rh(100). We have used the 
Vienna ab-initio simulation program VASP [15, 16]. We have modeled the Rh(100) 
surface by means of a three layer slab representing a 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 3.854 Å. Relaxation of the first layer has been allowed in all the 
calculations. The electron-ion interaction is described by optimized ultrasoft 
pseudopotentials for C, O and Rh with a cut-off energy of 300 eV [17]. Non-local 
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corrections to the exchange-correlation functional in the form of the generalized 
gradient approximation proposed by Perdew et al. [18, 19] have been used. Brillouin-
zone integration has been performed using grids of (4x4x1) k-points. 

The thermal desorption data have been simulated with a dynamic Monte Carlo 
method in which the Rh(100) surface is modeled by a square 128 x 128 grid with 
periodic boundary conditions as described in detail by Jansen [3]. Rate constants for 
the reactions without lateral interactions are given as Arrhenius expressions 

)/exp( RTEk a−⋅=ν . Lateral interactions are modeled by letting the effective 

activation energy depend on the neighborhood of the reacting particles. As we limit 
ourselves to desorption, the activation energy is written in the form:  

∑ ⋅−=
i

NN
iiaeff nEE ω         (8A.1) 

in which Ea is the activation energy at zero coverage, ni is the number of nearest 
neighboring i particles and NN

iω is the nearest neighbor (NN) pairwise lateral 

interaction-term. The preexponential factor is assumed to be constant with coverage. 
The simulations were carried out using the computer program CARLOS [4] which is a 
general purpose program that admits specification of the adlayer, the species and the 
microscopic steps as input. 
 
 
8A.3 Results 
8A.3.1 Desorption of CO from Rh(100) 
TPD spectra (heating rate υ= 5 K/s), obtained after dosing various amounts of CO on 
Rh(100) below 200 K are shown in Figure 8A.1. Coverages of CO are expressed as 
monolayers (adsorbate/metal substrate surface-atom). The general shape and peak 
positions of the spectra agree with those reported previously by De Jong et al. [14] 
Also the CO uptake curve (not shown) is similar to the uptake curve presented in the 
former study and is best described by the precursor model by Kisliuk [20], indicating 
that CO adsorbs via a mobile precursor state [14]. 
 At low coverage (θCO< 0.10 ML), CO desorbs with a maximum rate around 
500 K which is 10 K higher than measured by De Jong et al. [14] This can be 
explained by the lower heating rate (υ= 3.5 K/s) applied in the former study. Upon 
increasing the coverage up to 0.50 ML, CO desorbs in a single state, shifting slightly 
to lower temperatures by 25 K. This is in line with the nearly constant heat of 
adsorption for CO on Rh(100) in this coverage range, as determined by Kose et al. 
[21] using microcalorimetry, and by Medvedev et al. [22] using reverse flash 
measurements, respectively. Up to θCO= 0.50 ML, only ontop sites are populated. 
Because repulsion between CO molecules in next-nearest neighboring (NNN) sites is 
only small [21], this results in the formation of a c(2x2) structure CO on Rh(100) [14, 
23, 24], which we observed as well in LEED (not shown). 
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 Above θCO > 0.50 ML, a poorly resolved shoulder grows in around 400 K. 
This shoulder is due to compression of the CO-overlayer, with CO increasingly 
populating bridge positions and simultaneously depopulating the ontop sites, as 
indicated by vibrational spectroscopy [14, 23] and high resolution photoelectron 
spectroscopy [24]. The appearance of this new desorption state is accompanied by a 
steep decrease in both sticking coefficient and heat of adsorption [21]. 
 For CO coverages exceeding 0.75 ML, an additional desorption channel 
appears around 305 K. This is due to further compression of the p(4√2x√2)R45° 
structure which forms at θCO= 0.75 ML into a c(2x6) structure with θCO= 0.83 ML 
[14]. This was not observed in the TPD spectra reported by De Jong et al., because 
CO was adsorbed at higher temperature. However, this state could be populated at 270 
K by dosing CO with pCO= 1·10-6 mbar. A similar desorption state was also reported 
by Baraldi et al. [25], after a CO saturation dose at 150 K. Probably, the residence 
time of a physisorbed CO molecule is too short around room temperature for 
accommodation of additional CO molecules within the p(4√2x√2)R45° structure in a 
chemisorbed state. 
 Application of Chan-Aris-Weinberg (CAW½) analysis [26] to the spectra in 
Figure 8A.1 yields an activation barrier of Ea= 137 ± 2 kJ/mole and a preexponential 
factor β = 1013.8±0.2 s-1 in the limit of zero CO coverage. These values are verified by 
the Redhead equation [27] (Tmax= 502 K, = 5 K/s; υ = 1013.8 s-1 from CAW½ analysis), 
which yields Ea= 137 kJ/mole. 
 Coverage corrected leading-edge analysis [7] allows for the determination of 
kinetic parameters for CO desorption as a function of initial coverage. At low CO 

Figure 8A.1 CO TPD spectra for
various amounts of CO adsorbed below
200 K on Rh(100). The applied heating
rate is 5 K/s. 
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coverage we find Ea= 140 ± 3 kJ/mole and v= 1014.1±0.3 s-1, in good agreement with 
CAW½ analysis. Upon increasing the CO coverage up to, Ea continuously decreases 
weakly to ca. 110 kJ/mole at θCO= 0.50 ML. These results are in good agreement with 
the nearly constant heat of adsorption in this coverage range as determined with 
calorimetry [21, 22]. 
 Close to saturation, we observe a new well-resolved desorption state around 
305 K, associated with the compression of the p(4√2x√2)R45° into a c(6x2)-
CO/Rh(100) structure. Redhead analysis (Tmax= 305 K, β = 5 K/s; assuming υ = 1013±1 
s-1) yields Ea= 78 ± 6 kJ/mole. This is in good agreement with the differential heat of 
adsorption of 80 kJ/mole for CO adsorption at 300 K close to the CO saturation 
coverage [21]. 

DFT calculations for CO on a Rh(100) slab yield adsorption energies of 178 
kJ/mole for CO in both on top and 4-fold hollow sites. 
 
8A.3.2 Effect of N-atoms on CO desorption from Rh(100) 
To study the interaction between these adsorbates, we have coadsorbed atomic N and 
CO. We exclude formation of isocyanate (NCO) on rhodium, as it has been shown by 
Solymosi and coworkers [28] that NCO readily decomposes to CO and N on Rh(111) 
even at 150 K, while coadsorbed oxygen has a slightly stabilizing effect [29]. Kostov 
et al. studied the formation of NCO from CO, coadsorbed with partly dissociated NO 
on Ru(0001) [30]. In the absence of coadsorbed O, formation of NCO was not 
observed [31]. 
 Overlayers of atomic N were prepared by dissociative adsorption of NO at 400 
K, followed by selective removal of O at 400 K under an ambient CO pressure 
(pCO=2·10-8 mbar; t= 180 s.) Importantly, Oads is completely removed in this fashion, 
while the residual amount of COads desorbs by shortly annealing to 600 K. The 
procedure allows preparation of N-overlayers on Rh(100) up to around θN= 0.3 ML 
without detectable contamination. 
 Figure 8A.2 shows CO TPD spectra for CO adsorbed on N-precovered 
Rh(100) with θN= 0.14 ML and θN= 0.27 ML. At the lower nitrogen coverage 
(θN=0.14 ML; left panel) up to θCO≈ 0.30 ML CO desorbs in a single state around 480 
K. This is slightly lower than in the absence of Nads, where CO initially desorbs 
around 500 K. CAW½ analysis yields an activation energy Ea= 133 ± 3 kJ/mole and a 
preexponential factor υ= 1013.9±0.2 s-1 in the limit of zero CO coverage and θN= 0.14 
ML. 
 At θCO ≈ 0.35 ML, a poorly resolved shoulder develops around 400 K, in the 
same temperature range for the case when CO is the only adsorbate (Figure 8A.1). 
Upon further increasing θCO to 0.44 ML, a new CO desorption feature appears around 
350 K. Finally, a new desorption state is observed around 250 K when θCO is close to 
saturation. This is in reasonable agreement with the low-temperature CO desorption 
features observed by Daniel et al. [9] at comparable coverages. 
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 At intermediate N-coverage (θN=0.27 ML; right panel Figure 8A.2), the first 
CO molecules desorb at a progressively lower temperature of 465 K. CAW½ analysis 
yields Ea= 122 ± 2 kJ/mole and υ= 1013.4±0.2 s-1 in the limit of zero CO coverage. Upon 
increasing θCO, the same qualitative features are observed as for the lower N-
coverage. However, the 400 K shoulder associated with CO-CO repulsion can hardly 
be distinguished. On the other hand, the CO desorption features around 350 and 250 
K become clearly more pronounced. Since this is not observed in the absence of Nads 
and these desorption states become more distinct with increasing N coverage, we 
assign these features to direct repulsion between atomic N and CO. 
 It is, however, not possible to extract a value for the CO-N pairwise interaction 
from these experiments. As the mixed CO + N adlayer is undefined in terms of 
ordering or island formation, and diffusion of a molecular adsorbate like CO is fast 
[32], many configurations of desorbing CO molecules with different numbers of 
neighboring N-atoms are possible. 
To circumvent this problem, we have examined the desorption of CO from an ordered 
c(2x2)-N/Rh(100) structure [33]. Preparation of Nads on Rh(100) by dissociative 
adsorption of NO and subsequent removal of Oads as described above, deposits around 
0.3 ML of Nads at maximum. Higher N-coverages can be achieved by exposing the 
Rh(100) crystal to a mixture of CO and NO above the NO desorption temperature 
(400 K) and below the onset of N2 formation (550 K). In this way, we can deposit up 

Figure 8A.2 CO TPD spectra for various amounts of CO adsorbed below 200 K on N-precovered
Rh(100) with θN= 0.14 ML (left panel) and θN= 0.28 ML (right panel). Fixed amounts of atomic N
were deposited by dissociative adsorption of NO and subsequent removal of O by stripping of with
CO (as demonstrated in Figure 8A.2). The applied heating rate is 5 K/s. 
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to around 0.5 ML Nads, as a clear c(2x2)-pattern can be seen by LEED (Figure 8A.3). 
We cannot conclude whether all N-atoms are part of the c(2x2) structure, and whether 
all N-atoms reside on the surface or that a fraction diffuses into subsurface positions. 
Nevertheless, the prominent c(2x2) pattern in LEED indicates that considerable parts 
of the surface are covered by this ordered array of N-atoms.  

Figure 8A.4 shows CO desorption spectra, saturated with Nads (c(2x2)-Na). At 
the lowest CO coverage, only broad and poorly resolved desorption features can be 
observed between 225 and 500 K. Upon increasing the CO coverage, a sharp and 
increasingly dominant CO desorption state arises at 240 K. We attribute this state to 
the adsorption of CO in the c(2x2) N-Rh(100) environment. Using the Redhead 
equation (Tmax= 240 K and 5 K/s; assuming υ = 1013±1 s-1) we find Ea= 60 ± 10 
kJ/mole for CO desorbing out of the c(2x2)-N arrangement. The weaker additional 
desorption states at higher temperatures are tentatively attributed to CO desorbing out 
of defects in the c(2x2)-N structure. 
 The corresponding LEED pattern in Figure 8A.3 confirms that CO does not 
destroy the ordered N-layer to an appreciable extent, since the c(2x2) pattern remains 
prominently visible after coadsorption of CO and heating to 600 K. Note that the 
LEED pattern provides no evidence for coadsorbate-induced reconstructions. The 

Figure 8A.3 LEED images of (left) a clean Rh(100) surface (middle) a c(2x2)-Nads/Rh(100) (right)
CO adsorbed below 200 K on a c(2x2)-Nads/Rh(100) and heated up to 600 K. The electron energy
was 145 eV. 
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weakening of the pattern is attributed to imperfect ordering of the coadsorbed CO in 
the ordered N-overlayer. Also we cannot exclude that the presence of coadsorbed CO 
promotes N-atoms into subsurface sites.  
 CO uptake curves were constructed by plotting the CO coverage as a function 
of exposure on clean and N-precovered Rh(100) with different N-coverages (not 
shown). From the initial slopes of the uptake curves at θCO= 0, it appears that the 
initial CO sticking coefficient is hardly influenced by the presence of Nads. This is 
consistent with precursor-mediated adsorption kinetics: an incoming CO molecule 
initially gets trapped in a physisorbed state and will diffuse rapidly across the surface 
until it finds an empty adsorption site unaffected by Nads. The effect of N-atoms on the 
CO uptake becomes apparent at θCO> 0.20 ML, and the CO sticking probability 
becomes lower with increasing N-coverage. Also, the CO saturation coverage 
decreases with increasing amounts of Nads as part of the CO adsorption sites surface 
are blocked, in agreement with Daniel et al. [9]. A similar effect has been observed 
for N/Rh(110) [34] and for I/Rh(111) [13].  
 Figure 8A.5 shows the kinetic parameters for CO desorption, i.e. activation 
energy Ea (upper panel) and preexponential factor υ (lower panel), as a function of the 
N-precoverage. Upon increasing θN from 0 to 0.27 ML, Ea only slightly decreases 
from 137 to 122 kJ/mole, while the preexponential factor is practically constant 
around 1013.7 s-1. At 0.5 ML of N-atoms, however, the CO molecules are less strongly 
bound with Ea about 60 kJ/mole. From this figure it immediately follows that the 
sudden decrease of the activation energy cannot be modeled by a simple mean-field 
approach (i.e. by numerical integration of the Polanyi-Wigner equation with a 
coverage dependence) as the decrease is not linear. 
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Figure 8A.4 CO TPD spectra for
various amounts of CO adsorbed
below 200 K on c(2x2)-
Nads/Rh(100). Fixed amounts of
atomic N were deposited by
simultaneous dissociative
adsorption of NO and removal of
O by CO. The applied heating
rate is 5 K/s. 
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We use the latter value to estimate the repulsion between CO and nearest N-
neighbor atoms in the Discussion Section.  
  
 
8A.4 Discussion 
Before we address the interaction energy between CO and N, we first discuss a 
number of issues around the adsorption of CO on Rh(100). 
 
8A.4.1 Kinetics of CO desorption from Rh(100) 
Kinetic parameters for CO desorption from Rh(100) as reported by various 
researchers are summarized in Table 8A.1. Our values for the kinetic parameters are 
generally in good agreement with those previously reported [14, 25, 35, 36]. Note that 
the high value of the preexponential factor, reported earlier by our group [14] is due to 
an error in application of the Chan-Aris-Weinberg equation for υ, where the authors 
divided by Tmax instead of Tmax

2 in the term before the exponent. Dividing the 
erroneous value of 1016.6 by the peak maximum temperature of 500 K yields a value 
of 1013.9 s-1, similar to the value in the present work. Also the values reported by Wei 
et al. [36], obtained by following the CO coverage using time resolved EELS under 
isothermal conditions with modulated beams of CO, appear to be too high. 
 Because molecular adsorption of CO on Rh-surfaces is non-activated, the 
activation energy for desorption equals the heat of adsorption. Indeed, 
microcalorimetry indicates a value of 118 kJ/mole for the differential heat of 
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Figure 8A.5 Kinetic parameters for
CO desorption (activation energy Ea

[top] and preexponential factor υ
[bottom]) as a function of N-coverage.
For the lower Nads-coverages (filled
symbols) kinetic parameters were
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adsorption [21] and reverse flash a bond energy of 121 kJ/mole (θCO→ 0) [22]. This 
enables us to construct a quantitative one-dimensional potential energy diagram for 
CO adsorption on Rh(100). However, the bond energy of 33 kJ/mole for the 
physisorbed state [22] would result in an unrealistically high barrier for adsorption of 
CO.  
 It remains unclear why theory fails to predict the correct adsorption energy for 
CO on Rh(100). Table 8A.2 summarizes calculated values for the adsorption energies 
by different groups. DFT calculations by Eichler and Hafner [37] predict an 
adsorption energy of 215 kJ/mole for bridged CO (θCO= 0.25 ML). Recent 
calculations by Hammer et al. [38], using a more sophisticated approach which 
corrects for overbinding more efficiently, predict an adsorption energy of 175 
kJ/mole, also for CO in the bridge site (θCO= 0.25 ML). Our calculations predict an 
adsorption energy of 178 for both CO adsorbed in the top and the hollow site (with 
θCO = 0.0625 ML). These values are clearly too high, compared to the experimentally 
determined adsorption energy of 120 – 140 kJ/mole [21, 22]. In addition, the bridge 
site is found to be energetically most stable, in contrast with all experimental 
observations [14, 24-26]. Much better agreement between calculations and experiment 
is obtained for the CO bond energy on different Ni and Pd surfaces [38]. Clearly, the 
large discrepancies found for CO adsorption on Rh(100) require further theoretical 
investigation. 
 Lateral repulsion between mutual CO molecules only comes into play at 
higher coverage. Upon filling of the c(2x2)-CO structure on Rh(100) structure (θCO≤ 
0.50 ML), the heat of adsorption is almost constant [21, 22] and CO desorbs in a 
single state. When θCO exceeds 0.50 ML, CO is compressed into a denser structure, as 
evidenced from the appearance of a shoulder in TPD. This is accompanied by 
reorganization of the CO overlayer, with increasing population of bridge sites and 

Table 8A.1 Kinetic parameters for CO desorption from Rh(100) and heat of 
adsorption on Rh(100) in the limit of zero CO coverage. 

Method Ea (kJ/mole) υ (s-1) Reference 

TPD (CAW½) 137 ± 2 1013.8±0.2 This work 
TPD (leading edge) 140 ± 3 1014.1±0.3 This work 

TPD (CAW½) 131 ± 4 1013.9±0.3 * 14 
TPD (CAW½) 134 1012.9 35 

single beam 
modulated beam 

135 ± 8 
149 ± 10 

1014.5±0.9 

1016.3±1.1 
36 
36 

TPD 140 1013.5 25 
- qads (kJ/mole) - 

SCAC 118 21 
Reverse flash 121 22 

* After correction for an incorrectly applied formula in ref. [14]. 
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depopulation of top sites [14, 24-26]. Also the sticking coefficient and the heat of 
adsorption sharply fall off around 0.50 ML CO coverage. Modeling the decrease in 
heat of adsorption using a Monte Carlo method, Kose et al. [21] derived a pairwise 
lateral repulsive energy of 9 kJ/mole for the CO-CO interaction ( NN

COCO−ω ). 

 
8A.4.2 Repulsive interactions between CO and N-atoms 
Figure 8A.6 shows selected CO-TPD traces for two different N-coverages. At N 
coverages leaving sufficient space on the surface for CO to adsorb in sites not directly 
adjacent to N-atoms, the desorption of CO shifts nevertheless to slightly lower 
temperatures, indicating that CO is somewhat destabilized (θN = 0.14 ML, both left 
and right panel). We attribute this effect to a slight modification of the electrostatic 
potential of Rh(100) covered by N-atoms. Similar effects were reported for low 
amounts of CO desorbing from iodine-precovered Rh(111) [13]. Also, DFT 
calculations indicate that coadsorption with sulphur slightly lowers the CO bond 
energy on Rh(111) for intermediate coverages (θS= θCO= 0.25 ML) [12]. Coadsorption 
of CO on N/Rh(110) has also been observed to shift desorption of both CO and N2 to 
lower temperatures. In this case determination of kinetic parameters was complicated 
due to formation of separated phases and existence of multiple reconstructions [34]. 
 The reason that CO desorption goes faster with increasing number of nitrogen 
(or sulphur-; iodine-) atoms at low CO coverage is probably that the electronegative 
atoms modify the electrostatic potential of the surface with a long-range effect that is 
similar but opposite in sign as small amounts of alkali do [39]. As a result the CO 
becomes destabilized on the entire surface, also when adsorbed further away from an 
adsorbed N-atom. 
 At relatively high CO coverage (right panel), a small amount of Nads already 
leads to significant compression of the CO domains, as a clear shoulder is present 
while for CO desorption from a clean Rh(100) surface this is first observed for θCO> 
0.50 ML. This implies separated domains of N atoms and compressed CO. At the 
higher N coverage, new desorption features due to direct repulsion between CO and N 
are observed. 

Table 8A.2 Calculated adsorption energies for CO on Rh(100) in kJ/mole.  
Coverage (ML) Group Site 

1/16 1/4 2/4 3/4 4/4 
Eichler and Hafner [38] Top  191 188 150 141 

 Bridged  215 202 176 170 
 Hollow  207 189 151 130 

Hammer [39] Bridged  175    
This work Top 178     

 Hollow 178     
 



Quantification of Lateral Repulsion between Coadsorbed CO and N… 137

 
8A.4.3 Quantification of the CO-N Interaction 
The results described above allow for an estimate of the CO-N repulsion between 
nearest neighbors. We associate the sharp 240 K CO desorption state in the TPD of 
CO from a c(2x2)-N overlayer (Figure 8A.4) with the structural model presented in 
Figure 8A.4, with N-atoms forming a c(2x2)-structure adsorbed in 4-fold hollow sites 
and CO-molecules randomly placed in-between. Theory predicts that atomic 
adsorbates such as Nads are exclusively chemisorbed in the highest coordination site 
[40]. This is evidenced both by HREELS [41] and DFT calculations [42]. As 
nitrogen-atoms are much more strongly bound on Rh(100) than CO molecules, we 
assume that the preference of Nads for the fourfold bonding site is not changed by the 
presence of coadsorbed COads. The LEED data in Figure 8A.3 are in agreement with 
this assumption (albeit they do not form conclusive proof). We have also assumed that 
the Rh(100) substrate does not reconstruct upon coadsorption of N and CO. Although 
square lattice (100)-surfaces of different transition metals have been observed to 
reconstruct upon adsorption of atomic adsorbates, e.g. with Oads on Rh(100) [43] and 
Nads on Ni(100) [44], recent DFT calculations by Alfè et al. [45] predict that Rh(100) 
does not reconstruct upon adsorption of atomic N. Hence, we have tentatively placed 
the CO molecules in 4-fold hollow sites in-between 4 N-atoms in neighboring 
positions. In order to compare the heat of adsorption of CO in the fourfold site in the 
presence of N-atoms with CO on the otherwise empty Rh(100) surface, where it 
adsorbs in the ontop mode, we rely on DFT calculations in Table 8A.2. The 
conclusion from these DFT calculations is that the heat of adsorption for CO does not 

200 300 400 500 600

C
O

 D
es

or
pp

tio
n 

ra
te

 (a
.u

.)

Temperature (K)

0.05 ± 0.01 ML CO
from N-Rh(100) 

θN=0 ML

θN=0.14 ML

θN=0.27 ML

200 300 400 500 600

Temperature (K)

0.45 ± 0.01 ML CO
from N-Rh(100) 

θN=0 ML

θN=0.14 ML

θN=0.27 ML
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panel) and high (right panel) CO coverages (not to scale with respect to each other) at 
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vary appreciably between ontop, bridge and hollow sites. Hence we assume that the 
experimentally determined value of 135±5 kJ/mole also applies to CO if it were 
adsorbed in a fourfold site.  
 Now the pairwise repulsive interaction between COads and Nads ( NN

NCO−ω ) can be 

derived from Eq. (8A.1) by taking the difference in Ea between CO desorbing from 
Rh(100) and from c(2x2)-N/Rh(100), divided by four, because CO feels the repulsion 
from four neighboring N-atoms. This yields NN

NCO−ω  ≈ (Ea,0- Ea,c(2x2))/4 = 19±3 kJ/mole. 

Calculations by Curulla Ferré et al. [46] (see Chp. 8B) show an interaction of 30 
kJ/mole. So the theoretical and experimental methods are in reasonable agreement. 
 Repulsion between COads and Nads is larger than repulsion between mutual CO 
molecules ( NN

NCO−ω = 19 kJ/mole vs. NN
COCO−ω = 9 kJ/mole [16]). Together with the high 

mobility of CO [32], this has important consequences for the lateral distribution of 
both adsorbates when coadsorbed. At low coverage, the first CO molecules are 
adsorbed on empty Rh-patches where the heat of adsorption is only slightly decreased 
by small modification of the electrostatic potential. Increasing θCO leads to formation 
of separated domains of Nads and compressed domains of CO, as mutual repulsion 
between CO molecules is relatively small. Only when the surface becomes saturated 
in CO, additional CO molecules will becomes adsorbed in-between or close to N-
atoms, leading to increased repulsion between CO and N. This point of view is 
consistent with the observed changes in the CO desorption rate from Rh(100) and N-
covered Rh(100). 
 
8A.4.4 Dynamic Monte Carlo Simulations 
In order to see to what extent the determined pair-wise repulsion energy between CO 
and N on Rh(100) correctly predicts the experimental TPD data, we have carried out 
dynamic Monte Carlo simulations, see Figure 8A.7. Both CO and N were placed in a 
square grid of adsorption sites representing the Rh(100) substrate. Arrhenius rate 
parameters were taken from the TPD experiments and mutual repulsion between CO 
molecules was ignored. Diffusion of neither CO nor N is allowed.  
 CO without N-atoms (Figure 8A.7, top traces) is predicted to desorb around 
500 K, in good agreement with the experiment (Figure 8A.1). The small shift of the 
maximum CO desorption rate to lower temperatures observed in the TPD experiments 
for low coverages (θCO<0.25 ML), is probably due to repulsion between CO 
molecules in combination with their high mobility, and is thus not reproduced in the 
simulations.  
 In the second set of simulations in Figure 8A.7 CO was adsorbed on a 
perfectly ordered c(2x2)-N/Rh(100) surface, as depicted in the inset. For NN

NCO−ω  we 

have used the value of 19 kJ/mole, as derived from TPD experiments. Now the 
simulated CO desorption spectra are shifted to 230 K. This is in very good agreement 
with the peak temperature of the well-defined desorption state observed in TPD 
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(Figure 8A.4) around 240 K, especially if we keep in mind the fact that we have not 
used any fitting parameter in the simulations. Also note that the simulated CO 
desorption spectra from the c(2x2)-N/Rh(100) surface are sharper than those from 
Rh(100), in agreement with experiment. 
 The ill-defined desorption states in Figure 8A.4 at higher temperatures are 
probably due to desorption of CO from different adsorption sites, where CO has less 
neighboring N-atoms due to defects in the c(2x2) nitrogen adlayer. Figure 8A.8 shows 
different TPD spectra in which these defects are incorporated in the Monte Carlo 
simulations. The peak around 300 K can be assigned to CO molecules, desorbing 
from a site with 3 neighboring N-atoms. The feature around 370 K arises from CO 
molecules with two nitrogen neighbors. In the experiment the equivalent peak is not 
as strong, but here the peaks are much more smeared out over a broad temperature 
range, probably due to fast diffusion of CO on the defect c(2x2)-N overlayer, thereby 
rapidly changing configurations. By including also next-nearest neighbor interaction, 
the peak around 415 K can also be reproduced. However, the value of NNN

NCO−ω  was 

fitted to 5 kJ/mole.  
 We conclude that the determined nearest neighbor repulsion between CO and 
N-atoms of 19 kJ/mole in combination with the assumption of pairwise additive 
interaction energies (∑ ⋅

i

NN
iin ω ) provides a quite accurate description of all features 

Figure 8A.7 Simulated CO
desorption rates from Rh(100)
(upper panel) and c(2x2)-
N/Rh(100) (lower panel) on a
square 128x128 grid of sites
using a Dynamic Monte Carlo
method. Kinetic parameters for
CO desorption and pairwise
lateral repulsive interaction
between COads and Nads were
taken from TPD experiments.
The simulated heating rate was
5 K/s. 100 200 300 400 500 600
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in the experimental TPD spectra of CO-N coadsorbate system in Figure 8A.4. Defects 
in the c(2x2)-N adlayer explain the additional desorption states. 
  
 
8A.5 Conclusions 
Inclusion of lateral interactions on a square surface satisfactorily describes increased 
repulsion at high coverage leading to destabilization of adsorbates, for example in the 
desorption of CO from N-precovered Rh(100). This phenomenon is successfully 
simulated by a dynamic Monte Carlo (DMC) method. Using only experimentally 
determined parameters, DMC correctly reproduces the most important desorption 
features of the CO + N coadsorbate system on Rh(100). 

It appears that in the adsorption of CO on Rh(100) a mobile precursor state is 
involved. The activation energy for desorption Ea at low coverages is 137 ± 2 kJ/mole 
and the preexponential factor υ is 1013.8±0.2 s-1. The large discrepancy between the 
experimentally and theoretically determined adsorption energy (of 178 kJ/mole) and -
site for CO on Rh(100) calls for further theoretical investigation. 

Coadsorbed Nads destabilizes CO and lowers the CO saturation coverage. In 
the limit of zero CO coverage, Ea decreases with increasing θN, indicative of a lower 
heat of adsorption. At higher CO coverage, additional desorption features appear in 
CO-TPD which are connected to short-range repulsive lateral interaction between 
COads and Nads. For CO desorbing from a mainly ordered c(2x2)-N structure we find 
Ea= 60 kJ/mole. Considering the local environment of the desorbing CO molecules we 
derive NN

NCO−ω = 19 kJ/mole. This value, along with the assumptions of pair-wise 

additive lateral interactions gives a satisfactory description of the desorption of CO 
from CO+N coadsorption on Rh(100).  
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Chapter 8B 

Adsorbate-adsorbate Lateral 
Interactions. Testing the Pairwise 

Additive Potential Approximation using 
DFT 

case study: coadsorption of CO and N on 
Rh(100)1 

 

The interaction between adsorbates is a key issue in surface 
science, because it can strongly influence the properties of 
chemisorbed species with consequences for the thermodynamics 
and the kinetics of surface processes. The simplest representation of 
adsorbate-adsorbate interactions is based on the assumption that 
all interactions are pairwise additive. This approach has been 
satisfactorily used in the modeling of TPD spectra using both 
continuum and Monte Carlo methods. However, the energies 
estimated within the pairwise approximation have never been 
compared to the energies calculated using density-functional-theory 
(DFT) methods. We will demonstrate that the pairwise additive 
potential approximation is indeed a good representation of the 
adsorbate-adsorbate interactions and that we do not need to include 
three-body interactions or higher-order terms in order to estimate 
the perturbation energy of the adsorption energy of an adsorbate by 
the presence of other coadsorbates. Moreover, we will show for the 
first time how DFT can be used to explain the desorption features 
that one finds in TPD experiments, linking the TPD desorption 
features with actual microscopic configurations. 

 

                                                 
1 The contents of this chapter have been accepted for publication: D. Curulla Ferré, A.P. van Bavel and 
J.W. Niemantsverdriet, ChemPhysChem 6 (2005) 473-480. 
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8B.1 Introduction 
The interaction between adsorbates is a key issue in surface science, because it can 
strongly influence the properties of chemisorbed species with consequences for the 
thermodynamics and the kinetics of surface processes. Experimentally, it has been 
observed that lateral interactions between adsorbates can increase or decrease the 
adsorption energy of surface species [1-6]. Single-crystal adsorption calorimetry 
(SCAC) [3,4] and temperature-programmed desorption (TPD) [2,5,6] have been used 
to investigate the effect of lateral interactions on the activation energy of surface 
reactions. 

Qualitatively, adsorbate-adsorbate interactions can be electrostatic or chemical 
in nature [1]. The interaction between mutually aligned dipoles (dipole-dipole 
coupling) in a homogeneous adlayer can destabilize the adsorbate-surface bond. On 
the contrary, two different coadsorbed species can form adlayer structures with 
alternate positive and negative charges; in such situation, electrostatic interactions can 
result in an increase in the adsorption energy of the surface species. This is the case of 
coadsorption of carbon monoxide and alkali metal atoms, in which, the alkali metal 
atoms have a partial positive charge and carbon monoxide has a partial negative 
charge [6]. Chemical-effects are caused by the change in the orbital adsorbate-surface 
and the adsorbate-adsorbate overlap. For example, the overlap between adsorbate and 
surface orbitals decreases as surface coverage increases, thus weakening the 
adsorbate-surface bond.  

From a quantitative point of view, the effect of adsorbate-adsorbate interactions 
is usually expressed as a perturbation in the adsorption energy of the adsorbate in the 
absence of lateral interactions, according to the following equation [1]: 

EEE AadsAads ′∆+∆=∆ )0()( ,, θ          (8B.1) 

where )(, θ∆ AadsE  is the adsorption energy of an adsorbate A at some coverage θ, 

)0(, AadsE∆  is the adsorption energy of the adsorbate A in the absence of lateral 

interactions, and E ′∆  is the perturbation of the adsorption energy due to the presence 
of other adsorbates. The simplest representation of adsorbate-adsorbate interactions is 
based on the assumption that all contributions are pairwise additive. This assumption 
is the cornerstone of the pairwise additive potential approximation, in which the 
perturbation energy in equation 8B.1 is estimated by a sum of pairwise interaction 
energies.  

AAAAAadsAads nEE Φ+∆=θ∆ )0()( ,,           (8B.2) 

where ABΦ  is the pairwise interaction energy (or pairwise potential) between the 
adsorbate A and another adsorbate B. The nature of adsorbates A and B can be the 
same (homogeneous adlayer) or different (heterogeneous adlayer). Within the 
pairwise additive potential approximation, it is common to take into account nearest-
neighbors interactions (nn) and next nearest-neighbors (nnn) [7, 8]. If we only 
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consider nearest-neighbors interactions in a homogeneous adlayer, equation 8B.2 can 
be simplified to: 

AAAAAadsAads nEE Φ+∆=θ∆ )0()( ,,          (8B.3) 

where AAn is the number of A nearest-neighbors. This approximation has been widely 
used in the modelization of TPD spectra using both continuum and Monte Carlo 
methods [1]. However, the quantification of adsorbate-adsorbate interactions is a 
difficult task from an experimental point of view, because we need to know the 
number and nature of the neighbors for every adsorbate. Three strategies can be 
followed: (1) pairwise potentials can be fitted in order to obtain the best agreement 
between the simulated and the experimental TPD spectra [7], (2) pairwise potentials 
can be calculated from experimental TPD spectra corresponding to well-ordered 
adsorbate overlayers [9], or (3) density functional calculations can be used to 
determine pairwise potentials [10, 11]. 

Beyond the pairwise additive potential approximation, high-order interactions 
can also be added to equation 8B.2. For example, three-body interaction potentials can 
be used to account for the modification in the interaction between two adsorbates by 
the presence of a third one [12, 13]. However, Jansen has shown very recently that 
three-body interaction potentials are not necessary in order to obtain a good fit 
between experimental and modeled TPD spectra [7]. 

An alternative to the pairwise additive potential approximation is the bond-
order-conservation Morse-potential approach (BOC-MP) developed by Shustorovich 
[14]. Within the BOC approach, each two-center interaction between an adsorbate and 
the surface is described by a Morse potential, and the total energy is the sum of all 
two-center interactions. Unlike the pairwise additive potential approximation, the 
equations that are involved in the BOC approach can become rather complicated. On 
the other hand, while the BOC approach is based on a physical model for the 
adsorbate-surface and adsorbate-adsorbate interactions, the pairwise additive potential 
approximation is derived empirically. The BOC-MP approach was developed initially 
to study the thermodynamics of surface processes involving adatoms or diatomic 
molecules. Later, this approach was extended so that it could be used to study 
polyatomic species as well, and was renamed to unity-bond-index quadratic-potential 
(UBI-QP). Shustorovich and Sellers have published an excellent review on the 
foundations, formalism and applications of the UBI-QP approach [15]. 

In this study, we have calculated the adsorption energy of carbon monoxide on a 
clean and a Rh(100)-c(2x2)-N surface by means of density functional calculations. 
We have added various CO molecules (up to four) and we have calculated the 
adsorption energy for every CO molecule for all the possible configurations within 
our model. Hence, we have evaluated the dependence of the adsorption energy with 
surface coverage from ab-initio calculations. The calculated adsorption energies have 
been used to determine CO-CO and CO-N pairwise additive potentials, which have 
been used afterwards to estimate the adsorption energy of CO at several CO surface 
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coverages. Defects in the c(2x2)-N structure have been generated by removing one 
nitrogen atom in our model. We have then calculated again the adsorption energy for 
every CO molecule for all the possible configurations and a new set of CO-CO and 
CO-N pairwise potentials has been calculated. We will show that the adsorption 
energies estimated using the pairwise additive potential approximation are in very 
good agreement with those calculated using DFT, and consequently that the pairwise 
additive potential approximation describes correctly the perturbation of the adsorption 
energy of an adsorbate by the presence of coadsorbates. In addition, we will show that 
DFT calculations can explain the various TPD desorption states that have been 
observed experimentally. 
 
8B.2 Computational details 
We have modeled the Rh(100) surface within the slab model approximation using a 
three-layer slab model, describing a p(4x4) surface unit cell, and six vacuum layers. 
The relative positions of the metal atoms are those as in the bulk, with an optimized 
lattice parameter of 3.854 Å (the experimental value is 3.8034 Å) [16]. 

Because of the size of the surface unit cell - p(4x4) contains 16 metal atoms -, 
we have used only a three-layer slab model in order to avoid paramount 
computational times. Consequently, we have first studied the dependence of the 
adsorption energies and other variables such as the CO distance on the size of the 
model, in terms of number of layers. In order to do that, we have calculated the 
optimized geometry of CO and its adsorption energy on a p(2x2) slab model with 
three, five and seven layers. We can conclude from the results in table 8B.1 that the 
influence of the number of metal layers on the adsorption energy of CO as well as on 
the CO and M-CO distances is very small. 
 

 We have used the Vienna ab-initio simulation package (VASP) [17, 18], 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 [19, 20], usually referred to as Perdew-Wang 91 (PW91). The 
electron-ion interactions are described by optimized ultrasoft pseudopotentials for C, 

Table 8B.1 C-O (Å), M-CO (Å) and adsorption energies (eV) 
of CO at ontop sites using a Rh(100)-p(2x2) slab model 
containing 3, 5 and 7 metal layers including relaxation of the 
top layer. 

 3 LAYERS 5 LAYERS 7 LAYERS 
C-O (Å) 1.164 1.164 1.164 
M-CO (Å) 1.865 1.850 1.852 
∆Eads (eV) 1.87 1.87 1.93 
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N, O and Rh [21]. The reciprocal space has been sampled with a (4x4x1) k-points grid 
automatically generated using the Monkhorst-Pack method [22]. For the calculation of 
the fractional occupancies, a broadening approach proposed by Methfessel and Paxton 
[23] is used with N = 2 and σ = 0.2 eV. The coordinates of the N atoms and the CO 
molecules have been fully optimized and relaxation of the first metal layer has been 
considered in all the geometry optimizations. 
 We will continuously refer to the integral adsorption energy and to the 
differential adsorption energy. Therefore, it is necessary before proceeding to clearly 
define what are these two quantities and how we can calculate them. The integral 
adsorption energy is the average adsorption energy per CO molecule of nCO 
molecules and we will calculate it using the following equation: 
 

( ) ( ) ( )[ ]CORh(100)c(2x2)NRh(100)c(2x2)NnCO1 EEEE nn
av
ads −−−−−−−−=∆     (8B.4) 

 
On the other hand, the differential adsorption energy is the adsorption energy of one 
CO molecule and we will calculate using equation 8B.5:  
 

( ) ( ) ( )[ ]CORh(100)c(2x2)N-1)CO-(nRh(100)c(2x2)NnCO EEEE diff
ads −−−−−−−−=∆   (8B.5) 

 
In equations 8B.4 and 8B.5, E(nCO-N-c(2x2)-Rh(100)) is the energy of the nCO-N-
c(2x2)-Rh(100) system, E((n-1)CO-N-c(2x2)-Rh(100)) is the energy of the (n-1)CO-
N-c(2x2)-Rh(100) system , E(N-(c2x2)-Rh(100)) is the energy of the N-c(2x2)-
Rh(100) system and E(CO) is the energy of a CO molecule. 
 
8B.3 Results and discussion 

8B.3.1 CO + Rh(100) 
The Rh(100) surface has three different adsorption sites where the CO molecule can 
bind: (1) one-fold or ontop site, (2) two-fold bridge site, and (3) four-fold hollow site. 
The calculated adsorption energy of the CO molecule is similar for all three 
adsorption sites (Table 8B.2). These energies are somewhat lower than those reported 
by Eichler and Hafner [23], who modeled the adsorption of CO on Rh(100) using a 
p(2x2) unit cell. Using both IRAS [25, 26] and EELS [27, 28], it was observed that 

Table 8B.2 DFT and experimental values in electronvolts of the CO adsorption energy on 
Rh(100)  

 DFT Experimental 
Site This work Eichler et al. [23] SCAC [4] TPD [26] 

Ontop 1.85 1.98 1.22 (118)* 1.36 (131)* 
Bridge 1.93 2.18   
Hollow 1.84 2.16   
* The value in brackets is the experimental adsorption energy in kJ/mol. 
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CO could adsorb at both atop and bridge sites at low coverages, although adsorption 
at atop sites dominates. Furthermore, single-crystal adsorption calorimetry 
experiments of CO on Rh(100) yield an adsorption energy of 118 kJ/mol [4], and 
temperature-programmed desorption experiments yield a value of 131 kJ/mol [26], 
134 kJ/mol [29] and 137 kJ/mol [9]. Significantly, the experimental adsorption 
energies are smaller than those calculated theoretically reported in the literature or 
calculated in this study. The discrepancy between the experimental adsorption 
energies and those obtained using Hartree-Fock or Density Functional calculations is 
already known, in this respect, Kresse et al. have shown very recently using the 
GGA+U method that the adsorption energy of CO depends on the HOMO-LUMO gap 
[30]. 
 

8B.3.2 CO + N-c(2x2)-Rh(100) 
In this section, we will study the influence of the number of CO molecules (up to four 
in our model) on the average adsorption energy and on the differential adsorption 
energy of CO on the N pre-covered Rh(100) surface. In the N-c(2x2) structure, N 
atoms occupy four-fold hollow sites, blocking the adsorption of CO molecules either 
at atop sites or bridge sites, and consequently only the empty four-fold hollow sites 
are accessible for the CO molecules on the N-c(2x2) Rh(100) surface (Figure 8B.1a). 
This model has already been proposed by Van Bavel et al. from low-electron energy 
diffraction (LEED) and temperature-programmed desorption mass spectroscopy 
(TPD) measurements [9].  
 The adsorption energy of one CO molecule on a N-c(2x2)-Rh(100) surface is 
0.64 eV (62 kJ [31]), in good agreement with the energy reported by Van Bavel et al. 
[9]. This energy is considerably smaller than that of the CO molecules at four-fold 
hollow site on the clean surface (1.84 eV). Since we have worked with a large unit 
cell, we can conclude that the decrease in the adsorption energy is due only to lateral 
interactions between the CO molecule and the four N neighbors. We can estimate the 
CO-N pairwise potential  NCO−Φ a  in a straightforward manner using equation 

8B.3; we have obtained a value of 0.30 eV, while the value reported by Van Bavel et 
al. is 19 kJ/mol (or 0.20 eV) [9]. 

Figure 8B.1 Top view of
the slab models used to
simulate the adsorption of
CO on a) N-c(2x2)-
Rh(100), and b) on N-
quasi-c(2x2)-Rh(100). 
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 We have then added a second CO molecule to the model. This second CO 
molecule can adsorb at three non-equivalent adsorption sites with respect to the 
distance to the first CO molecule (Figure 8B.2): (a) 3.850 Å [a+b], (b) 5.445 Å [2a], 
and (c) 7.700 Å [2a+2b]. We have only succeeded in converging two of them, [2a] 
and [2a+2b]. The second CO molecule has four CO neighbors and a differential 
adsorption-energy of 0.61 eV, when it is located at a distance 2a+2b from the first 
molecule. This adsorption energy is very similar to that of the first CO molecule and 
indicates that the interaction between CO molecules at such configuration is 
negligible. When the second CO molecule is located at a distance 2a with respect to 
the first molecule, it has two CO neighbors and a differential adsorption-energy of 
0.34 eV. This adsorption energy is considerably smaller than that for the first CO 
molecule and shows that the interaction between CO molecules at a distance 2a is 
significant. Next, we add a third CO molecule. There is only one configuration that 
can accommodate three CO molecules, however, the differential adsorption energy of 
the third molecule depends on the initial configuration (Figure 8B.2). If the starting 
configuration contains two CO molecules at a relative distance of 2a, then the 
differential adsorption energy of the third molecule is 0.26 eV. On the other hand, if 
the starting configuration contains two CO molecules at a relative distance of 2a+2b, 
then the differential adsorption energy of the third CO molecule is -0.01 eV. Finally, 
we can add a fourth CO molecule to complete the CO-p(2x2) structure (which is 
reported to be the saturation coverage of CO on a N-c(2x2) overlayer). The 
differential adsorption energy of the fourth CO molecule is -0.11 eV; according to the 
definitions in equation 8B.4 and 8B.5, the negative sign means that the adsorption 
process is endothermic and consequently not favored.  
 Unlike the differential adsorption energy, the average or integral adsorption 
energy is always positive and decreases from 0.64 eV when n = 1, to 0.28 eV when n 
= 4. Therefore, the formation of a CO-p(2x2) overlayer structure on a N-c(2x2) 

Figure 8B.2 Adsorption of two CO (dark small circles) molecules on N-c(2x2)-Rh(100): (a) the
CO-CO distance is [a+b] or 3.850 Å, (b) the CO-CO distance is [2a] or 5.445 Å, and (c) the CO-
CO distance is [2a+2b] or 7.700 Å. The picture represents the 2D unit-cell that is repeated
indefinitely in the surface plane by translational vectors (4a and 4b), therefore each CO molecule
has two CO neighbours in configuration (b) and four in configuration (c). 
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Rh(100) surface would be favorable at low temperatures according to the low integral 
adsorption energy.  
 

8B.3.3 CO + N-quasi-c(2x2)-Rh(100) 
The experimental TPD of CO on N-c(2x2) Rh(100) shows a major peak at 240 K [9]. 
Using the Redhead equation and assuming an exponential pre-factor of 1013 s-1, the 
activation energy of desorption was reported to be 60±10 kJ/mol. However, at low CO 
doses, poorly resolved desorption features were also observed between 225 and 500 
K. These weak additional desorption features were qualitatively reproduced with 
Monte Carlo simulations, in which defects in the N-c(2x2) were created. The presence 
of defects in the N-c(2x2) may modify the interaction between adsorbates. Therefore, 
we have created a defect in the N-c(2x2) overlayer structure by removing a N atom in 
our model (Figure 8B.1b) in order to study the effect of N-defects on the CO-CO and 
CO-N interactions. The N structure with one N-vacancy will be referred to as N-
quasi-c(2x2) and represents a N-c(2x2) Rh(100) surface with a surface concentration 
of defects in the N-overlayer structure of 12.5 %.  
 In the N-quasi-c(2x2) Rh(100), there are four non-equivalent adsorption sites 
where a CO molecule can adsorb (Figure 8B.3): (a) four-fold hollow site at the N 
vacancy, (b) four-fold hollow site with 3N neighbors (close to the N vacancy), (c) 
four-fold hollow site with 4N neighbors, like in the ideal N-c(2x2)-Rh(100), and (d) at 
bridge sites in the vicinity of the N vacancy. The adsorption energy of one CO 

Figure 8B.3 Adsorption of one
CO (dark small circles)
molecule on N-quasi-c(2x2)-
Rh(100): (a) at the N-vacancy
site, (b) at a four-fold hollow
site with 3-N neighbors, (c) at a
four-fold hollow site with 4-N
neighbors, and (d) at a bridge
site next to the N-vacancy site.
The picture represents the 2D
unit-cell that is repeated
indefinitely in the surface plane
by translational vectors (4a and
4b). The distance between the
CO and the nearest N-
neighbors are shown. 
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molecule is 1.76 eV at bridge sites. This value is slightly lower than that calculated on 
the clean Rh(100) (Table 8B.2), indicating that there is some interaction between the 
CO molecule and the closest N atoms; the corresponding pairwise potential will be 
referred to as NCO

21
−
+Φ ba . The adsorption energy of one CO molecule at the N-vacancy is 

1.83 eV. This value is very similar to that on the clean surface (1.84 eV) and shows 
that the interaction between a CO molecule and a N atom at a distance a+b ( NCO−

+Φ ba ) 

is negligible. The adsorption energy of CO at a four-fold hollow site with three N 
neighbors is 0.95 eV, and with four N neighbors is 0.71 eV. These two energies can 
be obtained using equation 8B.3 and the NCO−Φ a  calculated in the previous section. 

The small difference between the adsorption energy of CO at a hollow site with four 
N neighbors in the N-c(2x2) Rh(100) and in the N-quasi-c(2x2) Rh(100) models is 
probably due to the fact that the atomic N coordinates are also optimized. At this 
point, we will postpone until next section the determination of the pairwise potentials 
and we will focus on the results that we have obtained for two, three and four CO 
molecules in the N-quasi-c(2x2) overlayer. 
 The differential adsorption energy of a second CO molecule depends on the 
initial configuration (there are four different configurations with one CO molecule on 
the N-quasi-c(2x2) Rh(100) model). In addition, each starting configuration leads to 
several different final configurations and consequently, the addition of a second CO 
molecule in the model result in nine different final configurations and sixteen 
differential adsorption energies. The differential adsorption energies can be divided 
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Figure 8B.4 Simulated TPD spectrum directly obtained from DFT calculations using the
differential adsorption energies. 
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into three groups: a first group with energies about 0.6 eV, a second group with 
energies about 0.9 eV and a third group with energies between 1.5-1.8 eV (Figure 
8B.4).  
 The addition of a third CO molecule in the model results in seven different 
configurations and eighteen adsorption energies. Again, it is interesting to focus on 
the differential adsorption energy, and as in the case with only two CO molecules, we 
encounter three groups: a first group with energies about 0.3 eV, a second group with 
energies about 0.5-0.7 eV, and a third group with energies about 1.5-1.8 eV. It is also 
interesting to notice that some CO molecules have zero or nearly zero differential 
adsorption energies. Finally, adsorption of a fourth CO molecule generates two new 
configurations and six new adsorption energies. Again, several configurations have 
differential adsorption energies close to zero, but there are also some configurations 
that yield adsorption energies about 0.3, 0.5 and 1.5 eV. 
 Assuming a pre-factor of 1013 s-1 and a typical ramp temperature of 5 K/s, we 
can convert the differential adsorption energies into desorption temperatures using 
Redhead's equation [32]. If we plot the number of CO molecules as a function of the 
temperature, we obtain a plot that resembles the experimental TPD spectra reported 
by Van Bavel et al. [9]. Such DFT-TPD spectrum contains six "desorption states" 
(Figure 8B.4). The two lowest-temperature desorption states appear below 150 K and 
therefore we can not see them in the experimental TPD spectrum reported by Van 
Bavel et al. Then, we encounter a third desorption state that appears at 230 K. This 
desorption state is clearly seen in the experimental TPD spectrum and corresponds 
mainly to CO molecules desorbing from four-fold hollow sites surrounded by four 
nitrogen atoms. However, other configurations also contribute to this desorption state. 
Next, a fourth CO desorption state appears at 370 K. Several configurations with 2 
and 3 CO molecules contribute to this state. Finally, there two more desorption states 
between 550 and 700 K. These two desorption states correspond to CO molecules 
desorbing from unperturbed four-fold hollow sites or from two-fold bridge sites. The 
temperature range where these last two desorption states appear is considerably larger 
than that reported experimental (between 450-550 K). This is due to the fact that our 
calculations yield adsorption energies for the CO molecule that are too large 
compared to the experimental values and is known as the overbinding effect: Kresse 
et al. [30] have found that the adsorption energy of CO depends strongly on the 
HOMO-LUMO gap, but there is not a thorough study of the overbinding problem yet. 
Eventually, we cannot know a priori if the extent of the overbinding is independent of 
the presence of other adsorbates. Consequently, we may conclude by direct 
comparison with the experimental results that our DFT calculations clearly 
overestimate the adsorption energy of CO on the clean surface, but they do not 
overestimate it in the case of the adsorption of CO on the N-c(2x2) and N-quasi-
c(2x2) Rh surfaces. It is remarkable that our DFT calculations using a p(4x4) unit cell 
can help to explain the major desorption peaks in the experimental TPD spectrum, 
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however, the model is too small in order to account for the intensities of the peaks as 
well. 
 
 

8B.3.4 Determination of the pairwise potentials 
In section 8B.3.2, we have studied the adsorption of CO molecules, from one to four, 
on the defect-free N-c(2x2)-Rh(100) surface. The adsorption energy of one CO 
molecule is lowered by the repulsive interaction with four nitrogen atoms. We have 
then defined a pairwise interaction, labeled NCO−Φ a , to account for the CO-N 

interaction. Further, we have seen that the adsorption energy of a second CO molecule 
can be influenced by the presence of the first CO molecule when the distance between 
the two CO molecules is 2a; we can define thus a second pairwise potential that we 
shall label as COCO

2
−Φ a . On the other hand, if the second CO molecule is adsorbed at a 

distance 2a+2b, the interaction between the CO molecules is very small. We define 
then a third pairwise potential, COCO

22
−
+Φ ba , to account for the interaction between two CO 

molecules at a distance 2a+2b (Figure 8B.5). With all the energies that we have 
calculated in the case of the adsorption of CO on N-c(2x2)-Rh(100), we can write the 
following set of equations (Eq. 8B.6a-f):  

eV64.04)CO()CO( NCO0)1( =Φ+∆=∆ −
aadsads EE        (8B.6a) 

eV61.044)CO()CO( COCO
22

NCO0)2( =Φ+Φ+∆=∆ −
+

−
baaadsads EE      (8B.6b) 

eV34.024)CO()CO( COCO
2

NCO0)2( =Φ+Φ+∆=∆ −−
aaadsads EE      (8B.6c) 

eV26.0244)CO()CO( COCO
2

COCO
22

NCO0)3( =Φ+Φ+Φ+∆=∆ −−
+

−
abaaadsads EE    (8B.6d) 

eV01.044)CO()CO( COCO
2

NCO0)3( −=Φ+Φ+∆=∆ −−
aaadsads EE      (8B.6e) 

eV11.0444)CO()CO( COCO
2

COCO
22

NCO0)4( −=Φ+Φ+Φ+∆=∆ −−
+

−
abaaadsads EE    (8B.6f) 

 
where )CO()(n

adsE∆  is the adsorption energy of nth CO molecule on the N-c(2x2) 

Rh(100) surface, and )CO(0
adsE∆  is the adsorption energy of the CO molecule on the 

clean Rh(100) surface. Equations (8B.6a-f) form a set of linear equations that has 
more equations than unknown variables, the pairwise potentials. In order to quantify 
these three pairwise potentials, we can make use of the well known least-square 
method to solve equations 8B.6a-f. The pairwise potentials that yield the best fitting 
are: NCO−Φ a = -0.296 eV; COCO

2
−Φ a = -0.171 eV; and COCO

22
−
+Φ ba = -0.018 eV. 

All three pairwise potentials are negative, indicating that the interaction between 
CO and N, and between two CO molecules is repulsive. We observe that the CO-N 
interaction is the strongest, that the interaction between two CO molecules at a 
distance 2a is significant, and that the interaction between two CO molecules at a 
distance 2a+2b is almost negligible. Moreover, it is interesting to note that there is a 
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N atom in between two CO molecules when they are located at a distance 2a. In order 
to know the influence of the N atom on the CO-CO pairwise potential  COCO

2
−Φ a , 

we have removed all the N atoms from the model and then we have recalculated the 
pairwise potential between the CO molecules. Interestingly, the CO-CO pairwise 
potential in the N-free Rh(100) surface is zero. We can conclude then that the CO-CO 
interaction at a distance 2a is N-mediated. Further investigation in terms of chemical 
bond should be addressed to reinforce this point. From now on, we will label this 
pairwise potential as COCO

)(2
−Φ Na . 

Figure 8B.5 Pictorial description of all the pairwise potentials that arise in the
case of the adsorption of CO on N-quasi-c(2x2)-Rh(100) model. 
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 We need now to check how good are the pairwise potentials that we have 
calculated above. In order to do so, we will use equation 8B.7 to estimate the 
differential adsorption energy of CO, and we will compare these values with those 
obtained directly from the DFT calculations. 

COCO
)(22

COCO
221

NCO0 4)CO()CO( −−
+

− Φ+Φ+Φ+∆=∆ Nabaaadsads nnEE       (8B.7) 

 The agreement between the adsorption energies obtained directly from the DFT 
calculations and those estimated within the pairwise additive potential approximation 
is considerable good; remarkably, the largest difference is 0.03 eV. If we plot the 
differential adsorption energies obtained directly from DFT calculations (y-axis) 
against the estimated values using the pairwise potentials (x-axis) (Figure 8B.6), we 
obtain a straight line and therefore we can conclude that equation 8B.7 describes 
correctly the adsorption of CO molecules on the ideal N-c(2x2)-Rh(100) surface. 

As we have seen in the previous section, the presence of a defect in the nitrogen 
overlayer generates a large number of likely configurations for one, two, three or four 
CO molecules. The spread of the adsorption energies increases accordingly, revealing 
the existence of new lateral interactions. In fact, in the case of the adsorption of CO 
on N-quasi-c(2x2)-Rh(100) surface, we have defined a total number of eleven 
pairwise potentials (Figure 8B.5); eight new potentials plus the three we have already 
defined in the case of the defect-free N-c(2x2)-Rh(100) surface. With all the energies 
calculated in the case of the adsorption of CO on N-quasi-c(2x2)-Rh(100), we can 
write forty-four equations with eleven unknowns. The general form of these equations 
is the following (Eq. 8B.8): 
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Figure 8B.6 Adsorption of
CO on N-c(2x2)-Rh(100):
correlation between the
adsorption energy of CO
calculated using DFT and
that estimated using the
pairwise additive potential
approximation.  
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We can solve once more this set of linear equations using a standard least-square 
method. The best pairwise potentials obtained are listed in table 8B.3. The first three 
pairwise potentials are the same as those we have used in the ideal N-c(2x2)-Rh(100) 
surface. We can notice that these three pairwise potentials are very similar to those 
calculated in the N-c(2x2) overlayer. This fact is of crucial importance because it 
means that pairwise potentials are transferable. It is remarkable that all the adsorbate-
adsorbate interactions are repulsive and that the strongest interactions are the CO-N at 
a distance of a, and the CO-(N)-CO at a distance of 2a.  
 Like previously, we have to check how good are the pairwise potentials that we 
have obtained from the least-square method. In order to do so, we have estimated the 
differential adsorption energy of CO on N-quasi-c(2x2) Rh(100) using equation 8B.8. 
The agreement between the adsorption energies obtained directly from the DFT 
calculations and those estimated within the pairwise additive potential approximation 
is again considerable good, being the largest difference 0.04 eV. Figure 8B.7 shows 
that there exist a perfect linear relationship between the differential adsorption 
energies calculated at DFT level and those estimated within the pairwise additive 
potential approximation. The correlation coefficient is 0.9989. However, it is 
necessary to use a proper statistical test to see whether the correlation coefficient is 
indeed significant. The simplest method of doing this is to calculate a t-value [33]. 

Table 8B.3 Pairwise potentials calculated for CO on N-c(2x2)-Rh(100) 
and N-quasi-c(2x2) Rh(100). The letter in brackets correlates with the 
letters in Figure 8B.6.  
Pairwise Potential N-c(2x2)-Rh(100) N-quasi-c(2x2)-Rh(100) 

(a) NCO−Φ a  -0.296 -0.286 

(b) CO
Na
−ΦCO

)(2  -0.171 -0.166 

(c) CO
ba

−
+ΦCO

22  -0.017 -0.015 

(d) NCO−
+Φ ba   -0.009 

(e) CO
ba
−
+ΦCO

2   -0.016 

(f) CO
a
−ΦCO

(*)2   -0.057 

(g) NCO
)2/1(

−
+Φ ba   -0.084 

(h) CO
a

−ΦCO
)2/3(   -0.021 

(i) CO
ba

−
+ΦCO

)2/3(2   -0.007 

(j) COCO
)2/1(2

−
+Φ ba   -0.079 

(k) CO
ba

−
+ΦCO

)2/3(   -0.069 
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The null hypothesis is that there is no significant correlation between the differential 
adsorption energies calculated using DFT and those estimated using the pairwise 
additive potential approximation; that is to say that the pairwise additive potential 
approximation is not sufficient and that we should need to reconsider our model (for 
example, that we should need to include high-order terms in equation 8B.7 or simply 
that adsorbate-adsorbate interactions are indeed not pairwise additive). If the 
calculated value of t is greater than the tabulated value, then the null hypothesis is 
rejected; in such case we conclude that a significant correlation does exist and that the 
pairwise additive approximation is indeed a good representation of the adsorbate-
adsorbate interactions. The calculated t value is 138.06 and the tabulated t value at a 
significance level of 99% using a two-tailed t-test and (n-2) degrees of freedom is 
2.68. The calculate t-value is much greater than the tabulated one and consequently 
the null hypothesis can be rejected and we can conclude that there is a significant 
correlation between the DFT differential adsorption energies and the energies 
estimated using the pairwise additive potential approximation.  
 
8B.4 Conclusions 
In this study, we have shown that the pairwise additive potential approximation can be 
used to calculate the perturbation energy of the adsorption energy of a CO molecule 
by the presence of other coadsorbates such as N adatoms or other CO molecules. 
Furthermore, we have shown that we can quantify adsorbate-adsorbate interactions in 
a straightforward manner using DFT. We have also demonstrated that the pairwise 
additive potential approximation is indeed a good representation of the adsorbate-
adsorbate interactions and that we do not need to include three-body interactions or 
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Figure 8B.7 Adsorption of
CO on N-quasi-c(2x2)-
Rh(100): correlation
between the adsorption
energy of CO calculated
using DFT and that
estimated using the
pairwise additive potential
approximation. 
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higher-order terms in our expression for the adsorption energy. In addition, we have 
shown for the first time how DFT can be used to explain the desorption features that 
one finds in TPD experiments, linking the TPD desorption features with actual 
microscopic configurations.  
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Chapter 8C 

Simulating Temperature Programmed 
Desorption Directly from Density 

Functional Calculations: 

how adsorbate configurations relate to 
desorption features1 

 
DFT calculations are used to explain states in TPD spectra by 
relating the differential adsorption energies for different 
configurations to the desorption features. A plot of the number of 
molecules versus these temperatures strongly resembles the TPD 
spectrum. The calculations were also used to obtain pairwise 
additive potentials. These were used in a Monte Carlo model to 
simulate the TPD spectrum. The spectra obtained from both 
approaches are in good agreement, validating the pairwise additive 
approximation. 

 
 
Temperature Programmed Desorption (TPD) is an extensively used technique for 
investigating adsorbate states, reaction mechanisms and for determining kinetic 
parameters in heterogeneous catalysis and particularly in surface science. One or more 
reactants are adsorbed on the catalyst at low temperature. Then the catalyst is heated 
linearly with time and the partial pressures of the desorption products are monitored 
using a mass spectrometer [1, 2]. 

It is common to assign different features observed in the TPD traces, both 
peaks and shoulders, to different ‘states’, in which the molecules occupy some 
specific adsorption sites, but they are rarely correlated with a microscopic description. 
While this may be valid for simple systems, e.g. consisting of one molecule on a low-
index plane surface (such as CO on Pt(111)), such correlations require a detailed 
                                                 
1 The contents of this chapter is to be published:  A.P. van Bavel, D. Curulla Ferré and J.W. 
Niemantsverdriet, Chem.Phys.Lett, accepted 
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microscopic analysis for more complicated situations, which – unfortunately – is 
rarely done. When lateral interactions are known to be present, it is often assumed that 
each ‘TPD state’ corresponds to a specific adsorbate configuration, and hence to a 
specific energy perturbation originating from the interactions present at that 
configuration. In some special cases these configurations can be visualized by other 
experimental methods, such as LEED. 
 Dynamic Monte Carlo (DMC) simulations can visualize the desorption 
processes on a molecular level, as the processes on the surface can be followed 
directly [3-5]. The kinetic parameters of the surface reactions involved are necessary 
as input for the Monte Carlo simulations. These data can be obtained either 
experimentally, from TPD or calorimetric measurements, or from ab-initio 
calculations. In addition, the values for the (pairwise additive) lateral interactions are 
needed for more complex systems. These are more difficult to obtain. Fitting the 
simulations to experimental data by varying the interactions is one approach [4, 6]. 
Another is to compute them by ab-initio calculations [4, 5, 7]. 

In this paper we use DFT calculations to relate desorption states to 
microscopic configurations. Large unit cells are needed in order to obtain sufficient 
configurations such that a representative variety of desorption events can be covered. 
A system displaying considerable complexity but that is nonetheless well-
characterized is that of CO coadsorbed with a c(2x2)-N on Rh(100) which contains 
defects. The nitrogen atoms do not react with CO; they merely perturb the binding 
energy of CO. In the temperature region where CO desorbs, the nitrogen atoms are 
largely immobile. This system exhibits some strong but well-defined lateral 
interactions, which are worth investigating deeper. This system is experimentally 
well-documented [8], allowing verification of many details of the model.  

Generally, energies calculated from Density Functional Theory are interpreted 
based on the integral adsorption energy, in other words on the average adsorption 
energy per adsorbate: 

( ) ( ) ( )[ ]CORh(100)c(2x2)NRh(100)c(2x2)NnCO1 EEEE nn
av
ads −−−−−−−−=∆   (8C.1) 

TPD monitors the rate of desorption, which corresponds to the activation energy of a 
particular molecule desorbing from a specific configuration. As the CO adsorption is a 
non-activated process, the activation energy equals the adsorption energy. In other 
words, TPD monitors the differential adsorption energies. The desorption temperature 
of a CO molecule is determined by its binding energy to the surface, which can be 
considered to be the binding energy to the clean surface perturbed by the lateral 
interactions – (de)stabilizing effects – of near adsorbates. Note that the average energy 
of the adlayer is not probed in TPD experiments. The differential adsorption energy 
can be calculated via: 

( ) ( ) ( )[ ]CORh(100)c(2x2)N-1)CO-(nRh(100)c(2x2)NnCO EEEE diff
ads −−−−−−−−=∆        (8C.2) 

By means of DFT calculations we have calculated the adsorption energy of carbon 
monoxide coadsorbed with an imperfect c(2x2)-N adlayer by removing one nitrogen 
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atom in our p(4x4) unit cell to create a more realistic representation of the surface in 
the actual experiment. We have used the Vienna ab-initio simulation package (VASP) 
and the slab model approximation. For more details we refer to a previous paper [9]. 
We have added various CO molecules (up to four) and calculated the adsorption 
energy for every CO molecule for all possible configurations within our model. Next, 
we have calculated the differential adsorption energy for every CO molecule for all 
the possible configurations using equation (2). An example is given in Fig. 8C.1. The 
average (or integral) adsorption energies are given for both configurations as 
calculated by eq. (1). It is important to note that the differential energy for in this 
particular example the desorbing CO molecule is different from the average 
adsorption energy. Finally, the calculated adsorption energies have been used to 
determine CO-CO and CO-N pairwise additive interactions. 
 
If we assume that all desorption events occur with the same preexponential factor, the 
differential adsorption energies can be converted to desorption temperatures by 
applying the Redhead equation [10]. We have used a typical ramp temperature of 5 
K/s and a prefactor of 1013 s-1 implying a standard transition state [11, 12]. A plot of 
the number of CO molecules desorbing as function of the temperature (Fig. 8C.2), 
strongly resembles the experimental TPD spectra reported by Van Bavel et al. [8] The 
calculated spectrum has four desorption states below 150 K which are not present in 
the experimental TPD spectrum since it starts around this temperature. The desorption 
state that appears between 200 and 300 K has an experimental counterpart. This state 
corresponds mainly to CO molecules desorbing from hollow sites surrounded by four 
nitrogen atoms. However, it is important to note that other configurations also 
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contribute to this desorption state. The next CO desorption state appears at 370 K. 
Several configurations with 2 and 3 CO molecules contribute to this state. Finally, 
there are two more desorption states between 550 and 700 K. These two desorption 
states correspond to CO molecules desorbing from unperturbed four-fold hollow and 
two-fold bridge sites. The temperature range where these last two desorption states 
appear is considerably higher than observed experimentally (between 450-550 K), 
because of the overbinding effect [13]. We cannot know a priori if the extent of the 
overbinding is independent of the presence of other adsorbates. Consequently, we 
may conclude by direct comparison with the experimental results that our DFT 
calculations clearly overestimate the adsorption energy of CO on the clean surface, 
but they do not overestimate it in the case of the coadsorption of CO with nitrogen 
atoms. 
 The sampling of all configurations possible is sufficient to account for the 
most likely configurations – and thereby the correct desorption states – but is not 
sufficient to calculate the intensities of those states. In Figure 8C.2, the intensities 
merely represent the number of configurations actually calculated with DFT. 
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Figure 8C.2 Simulated TPD spectrum obtained directly from DFT calculations. The bar diagram
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 To circumvent this limitation and to validate the calculated TPD spectrum 
further, we have performed Dynamic Monte Carlo simulations. The calculated 
adsorption energies and derived pairwise additive lateral interactions [9] were used as 
input. We have used a 128x128 square grid consisting of both hollow and bridged 
sites which was built up from the same unit cell as was used for the DFT calculations, 
hence a p(4x4) unit cell with one nitrogen atom missing in the ordered adlayer. For 
the desorption reaction, the prefactor was fixed at 1013 s-1, while the activation barriers 
depend only on the adsorption site (hollow or bridged) and the lateral interactions as 
calculated by DFT. Both simulations with and without diffusion were carried out. 
Figure 8C.3 shows the simulated TPD spectra based on the average of ten consecutive 
DMC runs without diffusion (middle panel) and with diffusion (lower panel) together 
with the temperatures derived directly by the DFT calculations (upper panel). Some 
typical adsorbate configurations (obtained from the DFT calculations) are depicted as 
insets at their specific desorption peaks. The numbering of these configurations 
corresponds to the temperature desorbing spectrum obtained from the DFT 
calculations in the upper panel. The Monte Carlo simulations ran from 50 K, therefore 
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Figure 8C.3 Simulated TPD spectrum from DFT (top panel) and simulated TPD spectrum
from DMC with direct input from the DFT calculations without diffusion (middle panel) and
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nitrogen temperature used to cool the single crystal. The ‘x’ denotes a nitrogen atom, a red
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we do not see the initial DFT ‘peak’. The contributions according to the DFT 
calculations around 50 and 90 K are also not observed in the Monte Carlo simulations. 
Evidently, no CO is adsorbed in such configurations, labeled ‘0’ in the figure. 
However, the other contributions overlap very well with the spectrum calculated 
directly from DFT, while the intensities of the peaks are indeed different. The major 
peak (labeled ‘5’) originates from CO desorbing from the defect site in the nitrogen 
adlayer, while the contribution from the bridged CO near a missing nitrogen is much 
less pronounced. The main perturbed state according to the DMC model is the peak 
around 250 K, which can be attributed mainly to CO molecules desorbing from a 
hollow site with four direct nitrogen neighbors and to desorbing CO with three 
nitrogen neighbors and some other CO molecules in its vicinity. These two states 
account for more than 80% of the desorbing CO. 
 
Including diffusion for CO molecules near defect sites only results in the attenuation 
of the peak near 370 K. As the CO is allowed to hop during adsorption, the molecule 
will virtually never stay in hollow site with three nearest nitrogen neighbors; rather it 
hops immediately towards the vacant hollow site or possibly its neighboring bridged 
site. 

In conclusion, calculating all possible configurations with DFT allows us to 
relate different desorption states as seen in TPD to microscopic configurations on the 
surface. This clearly illustrates that temperature programmed desorption probes the 
binding energy of molecules in different configurations, and not necessarily in 
different sites. By combining DFT calculations with Dynamic Monte Carlo 
simulations the intensities of the different desorption states can be accounted for. For 
this typical system studied, it shows that desorption states are mainly originating from 
specific configurations, not so much from specific sites. Finally, it is important to 
realize that the conversion from DFT to a simulated TPD diagram was carried out 
using differential adsorption energies. For the Monte Carlo simulations pairwise 
additive interactions derived from these DFT calculations were used. Both simulated 
TPD diagrams have the desorption states around the same temperatures. This shows 
that the pairwise additive approximation holds in this system. 
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Chapter 9 

The Influence of Lateral Interactions on 
the Coadsorption of CO and H2 on 

Rh(100): 

a DFT study 
 

The coadsorption between CO and hydrogen atoms on Rh(100) has 
been investigated by means of DFT calculations. The adsorption 
energy of CO calculated at the three adsorption sites is very similar. 
This is in disagreement with the well-established observation that 
CO adsorbs preferentially linearly at low coverages, while above 
0.50 ML also the bridge sites become occupied. The calculated 
vibrational frequencies, however, are in good agreement with 
experimental values. Hydrogen is found to adsorb preferably in 
four-fold hollow sites. The calculated vibrational frequency is in 
good agreement with experimental and computational data 
available in literature. Calculations of CO coadsorbed with H 
reveal that the hydrogen perturbs the binding of CO on Rh(100). 
The internal stretch frequencies of CO exhibit a blue shift due to the 
hydrogen present. At saturation coverage for both CO and 
hydrogen, the two adsorbates are intimately intermixed, where CO 
preferably adsorbs linear, while the hydrogen favors the hollow 
sites. When 0.50 ML CO and 0.50 ML H are coadsorbed on the 
surface, it is energetically favored to occupy the bridge sites for 
both CO and hydrogen. Furthermore, the calculations show that an 
intermixed phase is favored over a segregated one. 

 

9.1 Introduction 
The coadsorption of CO and hydrogen on transition metals is of great interest. On a 
fundamental level the interest is two-fold. Fundamental studies on single crystals are 
generally performed under UHV conditions as this allows for a well-defined surface. 
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However, as seen in Chapter 5, hydrogen is always present in UHV systems and can 
influence the system studied significantly. Apart from this, the study of (relatively) 
well-behaved coadsorption systems is important to obtain a better understanding of 
the influence of lateral interactions. The system of CO + H is also of technical 
significance, as the gas mixture CO/H2 is an important feed for industrial processes. 

The coadsorption of CO and H2 has been studied in detail on different 
transition metals, such as Pd [1,2], Ni [2-4], Pt [5] and Cu [6], and on Rh(100). As we 
focus our study on the adsorption of CO on a hydrogen precovered surface, we will 
discuss the relevant literature specifically on this system. Kim et al. employed 
temperature programmed desorption (TPD) of both H2 and CO and low energy 
electron diffraction (LEED) [7]. In the presence of CO the H2 desorption spectra 
exhibited three distinct desorption features, around 150 K, 210 K and 270 K. 
Especially the two lower temperatures are interesting, since they are directly related to 
the presence of CO. Furthermore, they concluded that pre-adsorbing D2 before CO 
resulted in a partially mixed and segregated surface. The first would give rise to the 
new TPD states. Peebles et al. studied the same system with ultraviolet photoemission 
spectroscopy (UPS), X-ray photoemission spectroscopy (XPS), electron energy loss 
spectroscopy (EELS) and work function changes [8]. Their results were consistent 
with previous work. Richter et al. showed the destabilization effect of hydrogen on 
CO adsorbed on-top [9,10]. Furthermore, based on their LEED, TPD and EELS data, 
the authors proposed different surface structures corresponding to the different 
temperature desorption states [9,10]. In section §9.3.3.2 we will discuss these results 
in more detail. 

The adsorption of hydrogen on transition metals has been studied extensively, 
both on flat and stepped surfaces with a complete set of different experimental and 
computational tools, we list a few of the more recent studies [11-24]. Molecular 
hydrogen adsorbs dissociatively on transition metals, generally occupying fourfold 
hollow sites. An exception is W(100)  where the hydrogen atoms adsorb in bridged 
positions [25-27]. It is well-known that hydrogen can diffuse into subsurface and bulk 
layers on different metals such as Cu, Pd and Ni [11-14]. On Rh(100) subsurface sites 
can be occupied by dosing atomic H or D, but virtually not  by exposure to molecular 
hydrogen [24]. A bulk hydride is difficult to form. The solubility of H in Rh is very 
low: At 520 K hydrogen pressures above 43 kbar are necessary to form the hydride 
which rapidly decomposes at atmospheric pressure even at 170 K [28]. Earlier 
experimental studies agreed upon a saturation coverage of 1 ML [7,29]. However, 
recently Pauer et al. determined the saturation coverage to equal 1.22 ML [24].  

We observed in Chapter 5 that hydrogen has a strong influence on the 
vibrational behavior of CO. Therefore, we have studied the coadsorption of CO and 
H2 on Rh(100) by means of DFT ab-initio calculations. The influence of hydrogen on 
the stretch frequencies and the adsorption energies of CO is discussed. Furthermore, 
we discuss different models proposed for this system by calculated adsorption 
energies and frequencies. 
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9.2 Computational Details 
We have modeled the Rh(100) surface within the slab model approximation using a 
four-layer slab model, describing a p(2x2) surface unit cell, and six vacuum layers. 
The relative positions of the metal atoms are those as in the bulk, with an optimized 
lattice parameter of 3.854 Å (the experimental value is 3.8034 Å) [30].  

We have used the Vienna ab-initio simulation package (VASP) [31,32], 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 [33,34], usually referred to as Perdew-Wang 91 (PW91). The 
projector augmented-wave method PAW) [35,36] was used to treat the core electrons. 
The reciprocal space has been sampled with a (5x5x1) k-points grid automatically 
generated using the Monkhorst-Pack method [37]. For the calculation of the fractional 
occupancies, a broadening approach proposed by Methfessel and Paxton [38] is used 
with N = 2 and σ = 0.2 eV. The coordinates of the H atoms and the CO molecules 
have been fully optimized and relaxation of the first metal layer has been considered 
in all the geometry optimizations. 

Adsorbate frequencies were calculated from the forces originating from finite 
displacements (∆=±0.02 Å) of each of the atoms involved (H, C and O) in all 
Cartesian coordinates, and in the z direction (vertical with respect to the surface) of 
the Rh atoms in the first surface layer. Unless mentioned specifically otherwise, all 
frequencies mentioned correspond to the in-phase vibrations. For instance, the 
frequency of 0.50 ML hydrogen adsorbed in the hollow site corresponds to the 
vibration with both atoms in the unit cell move away from the surface.  
 

9.3 Results and Discussion 

9.3.1 CO / Rh(100) 
The adsorption energy of the CO molecule calculated at the three different adsorption 
sites, top, bridge and four-fold hollow, is very similar. The bridge sites, with an 
adsorption energy of -2.12 eV, are the most stable sites (Table 9.1). These results are 
quantitatively similar to the adsorption energies reported by Eichler and Hafner using 
the same slab model [39] and slightly larger than previous results in our group using a 
larger unit cell [40] (Chp. 8). This is, however, in contradiction with the experimental 
observation that CO adsorbs preferentially at on-top sites at low coverages, as was 
reported using EELS [41] (see also Chp. 5) as well as IRAS [42,43]. The fact that 
DFT fails to predict the correct adsorption site has already been discussed in the 
literature (see, e.g., Refs [44-46]), and recently, Gil et al. [47] and Kresse et al. [48] 
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attributed this failure to the fact that DFT calculations using the Perdew-Wang 91 
exchange-correlation functional yield too small values for the 5σ-2π gap. The same 
effect would also account for the fact the calculated adsorption energies are too large 
in comparison with the experimental energies reported either with TPD [43,49] or 
single-crystal adsorption calorimetry [50] experiments. 

On the other hand, EELS and IRAS experiments yield a CO stretching 
frequency of 1990 cm-1 for CO molecules adsorbed at top sites, while our calculations 
give a value of 2000 cm-1, in good agreement with experiment. However, we have to 
remark that our vibrational frequency calculations yield two imaginary frequencies for 
CO adsorbed at top sites (Table 9.2), and rigorously speaking this means that CO 
would not be stable at top sites. Nevertheless, the comparison between the calculated 
and the experimental CO stretching frequencies is still valid, because the CO stretch is 
not coupled with the other vibrational modes, since its frequency is much larger than 
the others. In addition, we think that these two imaginary frequencies are indeed an 
artifact derived by the overbinding effect described by Kresse, Gil and Sautet. 
Furthermore, we have also calculated the vibrational frequencies of CO at bridge and 
four-fold hollow sites; the calculated CO stretching frequency for CO molecules at 
bridge and four-fold hollow sites is 1861 and 1669 cm-1. Experimentally, CO 
molecules adsorb preferentially at on-top sites at low coverages, and bridge sites start 
to be populated above ½ ML of CO giving rise to a new feature at 1910 cm-1. 
Consequently, the calculated values for the CO stretch at top and bridge sites are both 
in good agreement with experiment. 
 

9.3.2 Hydrogen / Rh(100) 
On a (100)-plane of an fcc-metal three high symmetry sites are available for 
adsorption: the four-fold hollow, the two-fold bridge and the on-top site. The 

Table 9.1 DFT values (eV) of the CO adsorption energy on Rh(100) with respect 
to CO in the gas-phase  
 CO adsorption energy (eV) 
Site p(2x2) / 0.25 ML c(2x2) / 0.50 ML 
Top 1.99 1.99 
Bridge 2.12 NA 
Hollow 2.05 1.92 
 
Table 9.2 Frequencies of CO in a p(2x2) structure calculated in the harmonic approximation. 
The shadowed frequencies belong to the vibrations of the metal atoms in the z direction. 

Site Calculated harmonic frequencies (cm-1) 
Top -69 -58 112 145 153 162 355 357 516 2000 
Bridge -61 97 125 147 160 193 274 345 393 1861 
Hollow 124 126 129 135 136 142 215 222 278 1669 



The Influence of Lateral Interactions on the Coadsorption of CO and H2… 171

calculated binding energies for the bridge and hollow site are very similar, while the 
top is less stable (Table 9.3). However, since the hydrogen has a low mass and the 
frequencies are rather high, zero-point corrections to the energy are important. By 
calculating all frequencies we can determine the zero-point corrected energy (ZPE): 
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with ħ Planck’s constant and υi the frequency in s-1. 
All adsorption energies for hydrogen on Rh(100) include the ZPE correction, 

unless stated otherwise. When CO molecules are coadsorbed (§9.3.3) the ZPE are 
omitted, since CO exhibits imaginary frequencies when adsorbed in the bridge or on-
top sites. 

The frequencies of the hydrogen in the hollow site are rather low (for instance 90 
meV or 725 cm-1 perpendicular to the surface), while the modes for bridged-bonded 
hydrogen are much higher, such as 162 meV (1307 cm-1) perpendicular to the surface, 
see Table 9.4. When considering the zero-point-corrected energies the hollow site is 
clearly favored. Experimental and computational data also support the hydrogen to 
adsorb in the fourfold hollow site [9,10,24,29,51-53]. The occupation of the fourfold 
hollow site is also consistent with the general observation that hydrogen at transition 
metal surfaces tends to occupy sites with the largest coordination number first [54]. 
The top site is not stable. Apart from a much lower adsorption energy, linear bonded 
hydrogen exhibits imaginary frequencies originating from equal x- and y-components. 
This shows that the hydrogen atom tends to move towards a hollow site. 

Table 9.3 Comparison with the literature of DFT values (eV) of the atomic hydrogen adsorption 
energy on Rh(100) with respect to molecular (di)hydrogen in the gas-phase (when including ZPE 
also for hydrogen in the gas-phase)  
p(2x2) / 0.25 ML Without ZPE correction Including ZPE correction 
Site This work Pauer et al. This work Pauer et al. 
Atop 0.24 NA  (*) NA 
Bridge 0.55 0.54 0.50 0.52 
Hollow 0.57 0.54 0.56 0.56 
(*) Unstable site as evidenced by the imaginary frequencies 
 

Table 9.4 Frequencies of H in a p(2x2) structure calculated in the 
harmonic approximation. The shadowed frequencies belong to the 
vibrations of the metal atoms in the z direction. 

Site Calculated harmonic frequencies (cm-1) 
Atop -208 -193 136 149 157 166 1993
Bridge 134 141 147 164 248 1049 1308
Hollow 128 133 140 153 311 321 725 
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Adding another H atom in the unit cell, corresponding to a c(2x2) structure with a 
coverage of 0.50 ML, does not change the adsorption energy per atom significantly, 
for all three adsorption sites studied. Increasing the coverage to 1 ML, thereby 
occupying all vacancies, only leads to a lowering of the adsorption energy for 
hydrogen adsorbed on-top. For bridged and hollow bonded hydrogen the adsorption 
energy remains nearly constant (Table 9.5). This agrees well with TPD experiments. 
The main desorption feature around 360 K for low coverage shifts only mildly to 
lower temperature at increasing coverage [7,24,55]. This shift can be attributed to 
bringing two hydrogen atoms in close vicinity by diffusion (2nd order kinetics). 
 
When hydrogen is adsorbed on Rh(100), only vibrations originating from hydrogen 
adsorbed in the fourfold hollow site have been observed experimentally, in agreement 
with its highest stability. Pauer et al. [24] and Richter et al. [29] report losses assigned 
to the symmetric stretching vibration of hydrogen against the rhodium atoms of 84 
meV (678 cm-1) and 82 meV (661 cm-1) at saturation coverage for hydrogen adsorbed 
in fourfold hollow sites. Note that both groups define the saturation coverage 
differently as mentioned earlier. Pauer et al. [24] also calculated the frequency to 
equal 91 meV (734 cm-1). We have calculated a frequency of 90 meV (729 cm-1) 
(Table 9.6, and Figure 9.1), in reasonable agreement with the experimental and 

Table 9.5 DFT values (eV) of the atomic hydrogen adsorption energy on Rh(100) with respect to 
molecular (di)hydrogen in the gas-phase and the most stable structure, p(2x2)-H in the hollow sites. 
In parentheses the uncorrected adsorption energy is given. 
 Adsorption energies (eV) 
 With respect to H2 in the gas-phase With respect to Hhol - p(2x2) 

Site p(2x2) c(2x2) p(1x1) p(2x2) c(2x2) p(1x1) 

Atop(*) 
- 
(0.21) 

- 
(0.21) 

- 
(0.15) 

- 
(0.35) 

- 
(0.35) 

- 
(0.41) 

Bridge 
0.50 
(0.55) 

0.49 
(0.55) 

0.47 
(0.54) 

0.06 
(0.01) 

0.07 
(0.01) 

0.09 
(0.02) 

Hollow 
0.56 
(0.56) 

0.56 
(0.56) 

0.56 
(0.57) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

(*) Unstable site as evidenced by the imaginary frequencies 

Table 9.6 Symmetric vibrations of atomic hydrogen on Rh(100) (in cm-1) calculated in the harmonic 
approximation. 
Site Calculated frequencies (cm-1) 
 p(2x2) / 0.25 ML c(2x2) / 0.50 ML p(1x1) / 1.00 ML 
Atop 1993 1991 2008 
Bridge 1308 1304 1353 
Hollow 725 694 729 
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computed values in literature [24,29,56]. Richter et al. [29] also observed the 
asymmetric vibration of the hydrogen with a frequency of 65.5 meV (528 cm-1). 
Again, our calculated frequency of the parallel vibration is in good agreement: 68 
meV (550 cm-1). Pauer et al. calculated a frequency of 58 meV (478 cm-1) [24] while 
Hamann and Feibelman calculated a frequency of 67 meV (540 cm-1) [56]. For the 
lowest coverage studies, the frequencies for the parallel and perpendicular vibration 
are 40 meV 321 (cm-1) and 90 meV (725 cm-1), again in good agreement with 
previous calculations (48 and 88 meV) [24]. At slightly higher coverages (0.32 ML) 
Richter et al. found losses of 50 (403 cm-1) and 70 meV (565 cm-1) for the asymmetric 
and symmetric vibration respectively [29]. 

Bridged-bonded hydrogen has only been observed when coadsorbed with CO. 
Richter et al. observed corresponding frequencies of 165 meV (1330 cm-1) and 126 
meV (1016 cm-1) for the symmetric and asymmetric vibration [10]. The system 
accommodates 0.50 ML CO and 0.50 ML H both bridged-bonded. If we compare this 
with the calculated symmetric and asymmetric frequencies of 162 meV (1304 cm-1) 
and 131 meV (1055 cm-1) for only bridged-bonded c(2x2)-H, this is again in 
reasonable agreement.  
 
Although the surface can accommodate over 1 ML of hydrogen atoms, exposure of 
molecular hydrogen (or deuterium) results in a saturation coverage of 1 ML [7,29]. 
Recently, however, Pauer et al. [24] found a saturation coverage of 1.22 ML. 
Apparently, above approximately 1 ML the surface cannot dissociate the molecule 
anymore. Indeed, STM studies on Pd(111) showed that in order to dissociate the 
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Figure 9.1 Calculated stretch frequencies (cm-1) of hydrogen adsorbed on top (right part),
bridged (middle part) and fourfold hollow (left part) sites in p(2x2), c(2x2) and p(1x1)
adlayers on Rh(100).  
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hydrogen molecule, three vacancies are needed [57]. TPD and HREELS experiments 
show coverages over 1 ML and possibly subsurface hydrogen when dosing atomic 
hydrogen or deuterium [24]. 
 
In view of the possible compression of the hydrogen layer due to CO at liquid 
nitrogen temperatures, some structures with coverages above 1 ML have been 
considered. At higher temperature part of the hydrogen desorbs, as will be discussed 
in §9.3.3. A structure with the four hollow sites and the middle top site occupied, with 
a coverage of 1.25 ML, is not stable. The average adsorption energy per hydrogen 
atom equals 0.47 eV (uncorrected for ZPE). However, the differential adsorption 
energy of the ‘extra’ atop H atom is merely 0.09 eV. So although the structure is 
stable, the hydrogen on-top has a very low adsorption energy. More importantly, this 
system exhibits a negative frequency, indicating a non stable system. When both 
bridge sites are occupied per rhodium atom with a coverage of 2 ML the adsorption 
energy equals 0.36 eV. A coverage of 1.50 ML with only bridge sites occupied yields 
an adsorption energy of 0.38 eV. In contrast to structures below 1 ML, adsorbing 
extra atoms does lower the average adsorption energy significantly. 
 

9.3.3 Coadsorption of CO and H / Rh(100) 

9.3.3.1 Effect of hydrogen on CO at low temperatures 
In chapter 5 we showed that hydrogen adsorption from the background pressure 
induced a site change in the CO adsorption as detected by HREELS. Therefore, we 
first discuss the effect of the adsorbed hydrogen on the internal stretch frequency of 
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Figure 9.2 Calculated internal stretch frequencies (cm-1) of CO adsorbed
on the three adsorption sites, on a clean Rh(100) and in the presence of
c(2x2) and p(1x1) hydrogen in the hollow site.  
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CO. Figure 9.2 shows the calculated internal CO stretch frequencies adsorbed on the 
three different adsorption sites, without hydrogen and with 0.50 and 1.00 ML of 
hollow bonded hydrogen. For all binding sites, the CO stretch frequency shifts up in 
the presence of hydrogen. The effect is strongest at a low coverage of CO. At 0.50 
ML CO, the frequency is already higher due to the dipole coupling. Here, the effect of 
hydrogen is two-fold. As we saw, it induces a blue shift of the CO stretch frequency. 

The influence of hydrogen can also be seen in the change in adsorption energy 
of CO (Fig. 9.3). The bridged-bonded CO is perturbed the strongest by hydrogen. This 
is to be expected, as in this configuration CO and H come in close proximity. As we 
will discuss later, however, with 0.50 ML of hydrogen and 0.50 ML of CO both 
species will move to bridged sites, as this is the most stable configuration. Here we 
only want to illustrate the perturbed frequency and adsorption energy of CO due to 
hydrogen. With TPD or similar techniques where the sample is heated during the 
experiment, this strong influence of hydrogen on the CO adsorption behavior cannot 
be revealed, since CO desorbs at higher temperatures than hydrogen. However, with 
vibrational spectroscopy such as HREELS, the effect can be observed, as illustrated in 
Chp. 5. 
 

9.3.3.2 Surface structures during TPD experiments of a hydrogen and CO saturated 
surface 

The saturation exposure of CO on a Rh(100) surface containing 1 ML of atomic 
hydrogen exhibits three different hydrogen desorption states, which were observed 
with TPD (see Fig 9.4). Richter et al. related these states to different surface structures 
[9,10]. Below 160 K (REGION I, cf. Fig. 9.4) the hydrogen occupies the four-fold 
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Figure 9.3 Calculated adsorption energies (kJ/mole) of CO adsorbed on top
(left), bridge (middle) and hollow sites (right), in the presence of H atoms in
c(2x2) and p(1x1) structures in the hollow site on Rh(100).  



Chapter 9 176

hollow sites, and the CO the top sites in a c(2x2) structure, see also Fig. 9.5a. Upon 
heating the surface a very sharp H2 desorption peak occurs around 160 K thereby 
removing 0.50 ML of hydrogen atoms (REGION II). Both the CO and H are now 
shifted to bridge sites and according to Richter et al. intimately mixed. The authors 
proposed a model where the hydrogen atoms occupy the bridged sites in the center of 
the c(2x2) layer of CO (Fig. 9.5b). Heating the surface further removes another 0.25 
ML hydrogen atoms in a desorption feature around 200 K (REGION III). The H and 
CO now segregates into ordered domains of CO with a local coverage of 0.75 ML 
with an p(4√2 x √2)R45º structure and H with a local coverage of 1 ML. We have not 
studied this system in detail due to our limited unit cell. Heating the surface further 
leads to the complete desorption of H in a desorption state around 270 K and the 
unperturbed desorption of CO around 490 K. 
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We discuss the surface structures corresponding to the first two regions based on our 
computational results. Coadsorption CO and H at low temperatures (REGION I) can 
accommodate 0.50 ML CO and 1 ML H. We have calculated the adsorption energies 
for different combinations of binding sites for hydrogen atoms and CO for both 0.50 
and 0.25 ML CO (see Table 9.7). According to these calculations the hydrogen is the 
most stable in the hollow sites, similar as in the case without CO. The most favorable 
site for CO is the top site for both 0.25 and 0.50 ML. This is in agreement with EELS 
measurements performed by Richter et al. [9]. The average adsorption energy per 
molecule for CO in a p(2x2) and a c(2x2) fashion is rather similar, indicating a 
negligible nearest neighbor interaction in the presence of H in the fourfold hollow 
sites. However, the CO itself is destabilized considerably from 1.99 eV to 1.45 eV. 
Also the average adsorption energy of the H has decreased, from 0.57 eV without CO 
coadsorbed to 0.44 eV with CO coadsorbed atop. Recall that all adsorption energies 
are given without the zero-point energy corrections since some calculated frequencies 
for adsorbed CO are imaginary. However, since the vibrational frequencies do not 
change drastically, the correction term will generally be in favor for the fourfold 
hollow site for hydrogen adsorption. 

The calculated perpendicular vibrations of hydrogen are shown in Table 9.8. 
Note that since the frequencies of the hydrogen adsorbed on-top and the on-top 
bonded CO are in close range, these vibrations couple. The vibration of the hydrogen 
adsorbed in the hollow site with 0.50 ML CO adsorbed on-top (hence, the most 
stable) has a value of 69 meV (559 cm-1), a downshift of 170 cm-1 with respect to the 
p(1x1)-Hhollow. This is in qualitative agreement with EELS measurements [10]. 
 
In region II, 0.50 ML CO and 0.50 ML H are present on the surface. Again, we have 
calculated the adsorption energies of different structures: CO adsorbed in top, bridge 
or hollow sites intermixed with hydrogen also adsorbed atop, bridged or hollow, see 
Table 9.9. The most stable structure is where CO and H are both bridged-bonded, see 
also Figure 9.5 structure II. Both the adsorption energies of CO and H are only mildly 
perturbed by the coadsorption. 

The difference in the average adsorption energy for CO between 0.25 and 0.50 
ML is small, only 0.04 eV. Again, the CO-CO interaction at nearest neighbor position 

Table 9.7 DFT values (eV) of the H adsorption energy for 1 ML of H adsorbed on Rh(100) with 
respect to the most stable site (Hhol p(2x2)) in the presence of CO molecules. 
 H adsorption energies (eV) 
 CO top CO bridge CO hollow 
H-p(1x1) p(2x2) c(2x2) p(2x2) c(2x2) p(2x2) c(2x2) 
Atop - - 0.82 1.27 0.79 1.12 
Bridge 0.37 NA 0.28 NA 0.59 NA 
Hollow 0.13 0.28 0.27 0.63 - - 
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is below the error margin. Also experimental evidence exists for the shift of both H 
atoms and CO towards bridge sites [10]. This EELS study has revealed a frequency of 
165 meV (1331 cm-1) for the symmetric vibration of H, which can indeed be assigned 
to H adsorbed in a bridge site. The asymmetric vibration was found to be 126 meV 
(1016 cm-1). We have found 1375 and 1047 cm-1 for these vibrations, again in good 
agreement (Table 9.8).  

However, an interesting issue is whether the two adsorbates are indeed 
intimately mixed as proposed by Richter et al. (Fig. 9.5b and 9.5c). Though it might 
be difficult to imagine a well-segregated system in which the hydrogen atoms can 
influence the CO in separate islands to prevent occupying top sites even within these 
islands, this situation has been suggested recently for CO + H on Pd(111) [1,58]. 
Rupprechter et al. explain this by assuming that the CO-H interaction at the island 
boundaries is “passed-on” to the inner part of the CO islands. This is supported by 
STM studies [58]. Based on vibrational spectroscopy it is difficult to differentiate 
between these options. Ordinarily, the possible shift in the frequencies corresponding 
to the CO and H would give an indication. However, since both hydrogen and CO 
occupy different sites than they would without being coadsorbed, this comparison is 
not possible. As the site change occurs from a (most likely) intermixed situation, it is 
unlikely that segregation occurs. The adsorption energies ( slab

COH
sys EE −+ ) for CO 

intermixed with H both in bridge sites is 41.59 eV. Adding the adsorption energy for 

Table 9.8 Symmetric vibrations of atomic hydrogen on Rh(100) (in cm-1) calculated in the 
harmonic approximation. 
  c(2x2)-H p(1x1)-H 
  top bridge hollow top bridge hollow
 without CO: 1991 1304 694  2008 1353 729 
CO         
p(2x2) top 2012 1303 675  - 1355 655 
 bridge 2010 1375 766  2015 1477 775 
 hollow 2108 1293 691  2115 1374 - 
c(2x2) top 2028 NA 574  - NA 559 
 bridge - NA NA  2165 NA 550 
 hollow 2218 NA 650  2233 NA - 
 

Table 9.9 DFT values (eV) of the H adsorption energy on Rh(100) with respect to molecular 
(di)hydrogen in the gas-phase in the presence of CO molecules. 

 CO Adsorption energies (eV) 
H-c(2x2) Top Bridge Hollow 
 p(2x2) c(2x2) p(2x2) c(2x2) p(2x2) c(2x2) 
Atop 0.11 0.00 -0.20 NA -0.20 -0.56 
Bridge 0.23 NA 0.53 0.47 0.00 NA 
Hollow 0.40 0.28 0.26 NA 0.48 0.44 
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bridged-bonded hydrogen and bridged-bonded CO from separate calculations 
( slab

CO
xc

H
xc EEE ⋅−+ 2)22()22( ) yields a value of 41.77 eV which resembles the situation 

where CO and H are in separated islands. It follows that the intermixed system is 
more stable than the segregated one. For the latter, boundary effects are neglected, but 
this would probably even lower the adsorption energy assuming lateral repulsions. 
Also the experimental data from Peebles et al. [8] are consistent with this picture. 
When D2 was adsorbed first, the measured change in work function was nonadditive, 
suggesting intimate mixing. Therefore, we propose an intermixed CO – H layer. 
 

9.4 Conclusions 
We have calculated the adsorption energies and frequencies of systems where 
hydrogen and CO are coadsorbed on Rh(100). Our results show that the adsorption 
energy of CO calculated at the three adsorption sites is very similar. This is in 
disagreement with the well-established observation that CO adsorbs preferentially 
linearly at low coverages, while above 0.50 ML also the bridge sites become 
occupied. The discrepancy has already been reported in literature. In spite of the fact 
that the vibrational frequencies calculations yield two imaginary frequencies for linear 
CO, the frequencies are in good agreement. 

Calculations of the adsorption energies for hydrogen on-top, bridged and 
fourfold hollow, yielded a similar adsorption energy for the bridge and hollow sites. 
However, after correcting for the zero-point energy, the hollow site was clearly the 
favored adsorption site. Frequency calculations showed that the atop site is unstable as 
evidenced by imaginary frequencies. The calculated vibrational frequencies for the 
other two sites are in good agreement with experimental and computational data 
available in literature. 

Calculations of the coadsorbed systems of CO + H showed that hydrogen 
perturbs the binding of CO on Rh(100). We found that CO prefers the on-top site, 
while the hydrogen favors the hollow sites. The internal stretch frequencies of CO 
exhibit a blue shift due to the hydrogen present. This shift is also observed 
experimentally, see Chp. 5. It is important to note that this perturbation by hydrogen 
can only be made visible at low temperatures, since hydrogen is less strongly bound to 
the surface. 

Furthermore, we have validated the surface structures during the TPD 
experiment of saturation exposures of CO on a hydrogen saturated surface proposed 
by Richter et al. [9,10]. At low temperature the CO and hydrogen are intimately 
intermixed, where CO preferably adsorbs linear, while the hydrogen favors the hollow 
sites. Flashing the sample to around 160 K, 0.50 ML H and 0.50 ML CO are left on 
the surface. Here it is energetically favored to occupy the bridge sites for both CO and 
hydrogen. In addition, we have shown that the intermixed surface is favored over a 
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segregated one. The hydrogen desorption state around 160 K could originate from the 
hydrogen recombination from the hollow sites, in the vicinity of bridged-bonded CO. 
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Chapter 10 

Concluding Remarks and Future 
Prospects 

 

10.1 Summary 
Kinetic modeling of heterogeneously catalyzed reactions is traditionally carried out on 
the assumption that adsorbed species do not interact and that all adsorption sites on 
the surface are equivalent. However, in reality lateral interactions between the 
adsorbates can have a profound influence on reaction rates. The aim of this thesis is to 
assess the magnitude of such interactions and the role they play in the kinetics of 
catalytic reactions.  

For visualizing and quantifying these interactions, both experimental and 
computational tools have been used. On the experimental side, the main technique 
used is high resolution electron energy loss spectroscopy (HREELS), which has the 
potential to provide a full vibrational analysis of adsorbates on surfaces. Other 
experimental techniques employed are temperature programmed desorption (TPD), 
giving surface concentrations and adsorption bond strengths, and low energy electron 
diffraction (LEED), which reveals the structure of ordered adsorbate layers.  

Computational tools used are Density Functional Theory Calculations, 
yielding structures, bond energies and vibrational frequencies which can be compared 
to experiments, as well as dynamic Monte Carlo simulations, which have been used to 
simulate the kinetics of surface reactions in the presence of lateral interactions. Such 
simulations can be optimized by varying the unknown lateral interaction energies, and 
thus give insight in their magnitude. These simulations also function as a link between 
DFT calculations and experimental data.  
 
We use dynamic Monte Carlo simulations to test different methods to extract kinetic 
parameters from TPD spectra. 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. 
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A study of the adsorption of CO on Rh(100) by means of HREELS and TPD 
reveals that increasing the coverage leads to an upshift in the CO stretch frequency. 
This is caused almost exclusively by dipole-dipole coupling; virtually no chemical 
interactions are involved. Further, the preferred adsorption site of CO can be changed 
by the presence of coadsorbates. Even hydrogen adsorbed from the background 
pressure already induces a site change. Computational work on this system shows that 
a change from both CO and hydrogen atoms to bridge sites results in an energy gain. 
This accounts for the significant occupation of bridge-bonded CO at low 
temperatures. 

The same computational project shows a nice example of the necessity to 
include vibrational zero-point energy correction in studies of hydrogen atoms. 
Although hydrogen is observed to occupy exclusively fourfold hollow sites on 
Rh(100), energy calculations show no significant energy difference between hydrogen 
in hollow and bridge sites. The zero-point energy really makes the difference, as the 
perpendicular hydrogen stretch frequency for the hollow site is much lower. 

Also the investigation of the adsorption of NO on Rh(100) shows the 
importance of a very well-defined and clean surface. At low coverage, NO adsorbs 
with two geometries, one most probably in a highly-inclined bridged or di-bridged 
fashion and the other bridged and perpendicular to the surface. At higher coverages, 
only the latter is observed. We find indications that the existence of highly-inclined 
NO is very sensitive towards the presence of steps and defects on the surface. By 
employing isotopic mixtures we have found that higher coverages of NO leads to 
repulsive interactions, whereas low coverages do not exhibit interactions. This agrees 
well with dynamic Monte Carlo simulations performed on the dissociation of NO. 
Here, the lateral interactions are both fitted directly via the Monte Carlo simulations, 
and derived from DFT calculations. Although the strongest repulsions were found to 
be between atoms and between atoms and NO molecules, also the mutual repulsion 
between the NO molecules play a role.  

The coadsorption of CO with NO leads to some striking observations. When 
we first expose the metal surface to a small amount of NO, we break the dipole-dipole 
coupling of CO, and the stretch frequency of CO is found to be independent of the 
coverage of CO. The NO is almost unperturbed by the presence of CO. We propose a 
model in which the CO and NO are intimately intermixed. Reversing the exposure 
order leads to different results. Although the CO is clearly more perturbed by the 
presence of NO than vice versa, there is no indication of island formation. 

Creating ordered patterns of adsorbates in which the numbers of neighbors can 
be estimated, allows for quantifying interactions directly from experiments. Following 
this approach, the interaction between CO and nitrogen on Rh(100) was determined. 
Using an ordered c(2x2)-N structure we could estimate from TPD experiments the 
NN interaction between CO and N to equal 20 kJ/mole. Density functional 
calculations on the same system were employed to validate the pairwise additive 
interaction approximation. We show that this approximation holds remarkably well. 
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In addition, the repulsive interaction between CO and N was found to be 28 kJ/mole, 
in good agreement with the value obtained experimentally. Moreover, we show how 
DFT can be used directly, without assumptions on the interactions, to explain the 
desorption features that one finds in TPD experiments, by linking the TPD desorption 
features with actual microscopic configurations. However, especially the combination 
of the DFT energies with Monte Carlo simulations proves to be a powerful method to 
gain more insight in the effect of interactions. This allows for assigning different 
typical configurations on the surface to the peaks observed in TPD spectra, explaining 
peak positions and intensities. 
 

10.2 Concluding remarks and future prospects 

10.2.1 Lateral interactions and spectroscopy 
We have used different techniques and tools to identify the presence of interactions, 
and to quantify them. Low energy electron diffraction is an important tool to visualize 
the ordered structures on the surface. In this manner, this technique alone already 
provides us with a wealth of information. Ordered structures at high coverages tell 
something about repulsive interactions present, while island formation at low 
coverages is indicative for attractive interactions. In addition, the knowledge of 
ordered structures allows us to assign interactions quantified by different techniques. 
Temperature programmed desorption certainly qualifies for such a technique. The 
technique is straightforward and activation energies can be determined quantitatively 
– even though this is less straightforward when lateral interactions are present as we 
have shown in this thesis. 
 Finally, the last technique we have employed in the search for interactions is 
the high resolution electron energy loss spectroscopy or HREELS. How useful is this 
technique? On the one hand, it is a very powerful tool. It gives a lot of direct 
information of species adsorbed on the surface, in contrast to TPD which yields 
information indirectly. The two scatter mechanisms, with different selection rules, 
allows for identification of adsorption sites and even geometry. Lateral interactions 
can be identified by shifts in the internal stretch frequencies as well as in the metal 
adsorbate vibrations. However, here lie also the downsides of the technique. The 
frequency shifts can originate from ‘interesting’ lateral interactions, or from ‘trivial’ 
dipole coupling, which can be considered as merely a disturbing factor from a 
chemical point of view. Isotopic mixtures may split the total shift in these 
contributions, but the limited resolution of the HREELS makes this approach certainly 
not always successful. We only had moderate success with it. When interested in 
lateral interactions, the vibrational spectroscopic technique of choice would be 
RAIRS, since it has superb resolution. This does not only help with the separation of 
peaks from isotopic mixtures, but also in analyzing the peak shapes, which contain 
interesting information about surface ordering, and hence, interactions. Furthermore, a 
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RAIRS is much more reliable in obtaining data, than the delicate and sometimes ill-
tempered EELS. Finally, most EELS setups do not allow heating of the sample while 
recording spectra. We found that even heating the crystal while positioned in the 
scatter chamber (so, without recording a spectrum) had it drawbacks on the resolution 
and counts. However, the EELS has another important advantage, which we initially 
anticipated to be quite informative: the possibility to observe the metal adsorbate 
vibrations. As the catalytic activity is determined by the binding strength of the 
adsorbate with the surface, these vibrations yield direct information. Unfortunately, as 
discussed extensively throughout this thesis, we had severe problems with 
contaminations which yielded low-frequency losses. Therefore, we could not exploit 
the low-frequency information as well as we wanted to. 

Computational tools become increasingly important in the research of surface 
chemistry, and of lateral interactions in particular. DFT calculations provide us with a 
wealth of information, which is certainly not limited to mere adsorption energies. 
Apart from acquiring values for adsorption energies and activation energies and such, 
electronic structure calculations provide us with more insight on the actual processes 
occurring on the surface.  

Together with dynamic Monte Carlo simulations, DFT calculations can be 
extended to larger models and timescales. DFT calculations yield energies and 
interactions of a small system derived from first principles. These values can be used 
in dynamic Monte Carlo simulations to extend the system to include more reactions, 
increase the surface, and to investigate the system as function of temperature.  

Basically, Monte Carlo simulations are nothing more than a powerful 
technique to test models. However, as we found more than once, it turns out that 
systems with only a limited number of reactions and kinetic parameters can behave 
much more complicated than anticipated. Therefore, Monte Carlo simulations allow 
us to test and check ideas and values obtained otherwise by direct comparison to 
experimental data. However, one has to realize that Monte Carlo simulations using the 
lattice gas model, i.e. when species are adsorbed at specific sites, do not allow (subtle) 
relaxation effects of the surface or adsorption geometry. Adsorbates cannot shift 
somewhat to allow diffusion. This could lead to a frozen adlayer at high coverages, 
which is not realistic. 

Concluding, the real power of all these techniques lies in the combination of 
the different experimental and computational data. All tools and techniques provide 
different information about a system. Only by combining all this information and 
using modeling algorithms we can continue to make progress in the intriguing part 
that lateral interactions play in surface chemistry. 
 

10.2.2 Lateral interactions 
Lateral interactions have a strong influence on the processes taking place on the 
surface. Without interactions, adsorbates would not yield ordered structures. Ordered 
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structures can have a crucial effect on the reaction kinetics. Island formation, for 
instance, results in less contact between species and, hence, in a lower reaction rate. 
The direct effect of interactions is probably even stronger. The modeling of the 
dissociation of NO on Rh(100) shows this effect elegantly. Without the presence of 
repulsions the behavior cannot be simulated consistently. It is to say that at higher 
coverages the interactions steer the surface processes. 

Apart from the NO dissociation, this thesis dealt mainly with the lateral 
interactions for unreactive situations. Generally, interactions between adsorbates are 
present as repulsions. Repulsive interactions do not play a role of importance at low 
coverages. Indeed, the NO dissociates unperturbed around 180 K for coverages below 
0.30 ML. At high coverages close to saturation, simple site blocking accounts for 
most observations. For the NO dissociation this can simply be seen as lack of 
vacancies for dissociation. Repulsive interactions are mainly visible at intermediate 
coverages. Even though there is sufficient space on the surface, processes are 
perturbed, such as the retardation of NO dissociation between 0.30 and, say, 0.50 ML. 

This line of reasoning holds for both adsorbed molecules and atoms. However, 
since atoms generally bind more strongly to the surface and in high coordinated sites, 
mutual interaction is very strong. Indeed, both Monte Carlo simulations and density 
functional calculations show high values for nearest neighbor interactions between 
atoms, between 40 – 60 kJ/mole. As a direct consequence, these interactions become 
already visible at relatively low coverages. It is well-known that oxygen adsorbed on 
Rh(100) for instance already shows an ordered structure p(2x2) at 0.25 ML, while 
already at 0.50 ML the surface is saturated. Another indication of the strong 
interactions, together with the strong binding energies, is the tendency of atoms to 
reconstruct the surface. Saturation coverage of oxygen leads to a surface 
reconstruction where the rhodium atoms are displaced in a clock-wise fashion. 

Molecules bind weaker to the surface and, hence, the interactions are softer. 
Without atoms present, molecules can fill up a surface to rather high coverages until 
repulsion starts playing a role. For the adsorption of CO on Rh(100), interactions are 
virtually not observed below a coverage of 0.50 ML. Unlike for atoms, the saturation 
coverage can easily exceed 0.50 ML; that of CO on Rh(100) being 0.75 ML, or even 
0.82 ML at higher dosing pressures. Obviously, the interactions are weaker and come 
into play only at much higher coverages. When molecules are coadsorbed with atoms, 
the molecules are destabilized. The molecule-atom interactions are stronger than the 
interactions between molecules, as we also found during the NO dissociation and the 
coadsorption of CO with nitrogen atoms.  
 

10.3 Future prospects 
A final question. What more do we want to know about interactions? A more detailed 
understanding of interactions could allow us to find generally applicable rules or 
equations for interactions, without the need of complex and time-consuming modeling 
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such as dynamic Monte Carlo simulations. Further, we would like to be able to predict 
lateral interactions and the direct effect of them. As we understand more, we can 
predict interactions better. For instance, already we have seen that the interactions are 
related to the heat of adsorption. However, ultimately we want to be able to predict 
lateral interactions quantitatively and their direct effect. This insight might eventually 
lead to the use of interactions to steer chemical reactions to obtain a normally less 
stable product, or in general to affect selectivity patterns. This could result in novel or 
cheaper catalysts, and milder reaction conditions. 
 



 

Conclusies en Vooruitblik 
 
Samenvatting 
Kinetisch modelleren van heterogene gekatalyseerde reacties worden meestal 
uitgevoerd met daarbij de aannamen dat geadsorbeerde deeltjes elkaars aanwezigheid 
niet voelen en dat alle adsorptieplaatsen op het oppervlak gelijk zijn. Echter, in 
werkelijkheid kunnen laterale interacties een sterke invloed hebben op 
reactiesnelheden. Het doel van dit proefschrift is om een beter inzicht te verkrijgen in 
de sterkte van deze interacties en rol die ze spelen in de kinetiek van katalytische 
reacties. 
 Zowel experimentele als theoretische methoden zijn toegepast om deze 
interacties te visualiseren en te kwantificeren. De belangrijkste experimentele 
techniek is hoge resolutie elektronen energie verlies spectroscopie (HREELS). Deze 
techniek maakt het mogelijk om een volledige vibrationele analyse van de 
geadsorbeerde moleculen uit te voeren. De andere gebruikte experimentele technieken 
zijn temperatuur geprogrammeerde desorptie (TPD), die informatie over 
oppervlakteconcentraties en bindingssterkten geeft, en lage energie elektronen 
diffractie (LEED), die de structuur van geordende adsorbaatlagen geeft. Gebruikte 
theoretische technieken zijn dichtheidsfunctionaaltheorie (DFT) en dynamische 
Monte Carlo simulaties (DMC). Met DFT zijn bindingssterkten en vibrationele 
frequenties uit te rekenen. Monte Carlo simulaties zijn gebruikt om de kinetiek van 
oppervlaktereacties te simuleren in de aanwezigheid van laterale interacties. Deze 
simulaties kunnen geoptimaliseerd worden door de onbekende interactie energieën te 
variëren, hetgeen inzicht verschaft in de orde grootte van deze interacties. 

We hebben Monte Carlo simulaties gebruikt om verschillende methoden die 
de kinetische parameters uit TPD spectra distilleren, te testen. De methoden werken 
allemaal goed bij zeer lage bedekkingsgraad. Het bepalen van de bedekkingsgraad 
afhankelijke waarden is echter veel moeilijker, aangezien er een ‘geforceerd’ 
compensatie-effect kan optreden. Dit leidt tot onjuiste waarden voor zowel de 
preëxponentiële factor als de activeringsenergie. 

Het onderzoek naar de adsorptie van CO op Rh(100) met behulp van HREELS 
en TPD heeft aangetoond dat een toenemende bedekkingsgraad resulteert in een 
verhoging van de CO strekfrequentie. Dit wordt hoofdzakelijk veroorzaakt door 
dipool-dipool koppeling; vrijwel geen chemische interacties spelen een rol. De 
geprefereerde adsorptieplaats van CO kan beïnvloed worden door de aanwezigheid 
van coadsorbaten. Waterstof geadsorbeerd uit de achtergronddruk kan al voldoende 
zijn om een verandering van adsorptieplaats teweeg te brengen. Theoretische 
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berekeningen laten inderdaad zien dat de verandering van de adsorptieplaats van 
zowel CO als waterstof naar de gebrugde posities leidt tot een energiewinst. Dit 
verklaart de significante hoeveelheid gebrugde CO bij lage temperatuur. 

Dezelfde theoretische berekeningen geven ook duidelijk het belang aan van 
nulpuntsenergie correcties bij berekeningen aan waterstof atomen. Hoewel waterstof 
alleen in de viervoudig gecoördineerde adsorptieplaatsen gevonden is op Rh(100), 
laten dichtheidsfunctionaal berekeningen vrijwel geen energieverschil zien tussen 
deze adsorptieplaatsen en de gebrugde. Na het verwerken van de nulpuntsenergie 
correcties is het energieverschil echter duidelijk in het voordeel van de viervoudig 
gecoördineerde adsorptieplaatsen, aangezien de loodrechte waterstof strekfrequenties 
voor deze posities veel kleiner zijn. 

Ook het onderzoek naar de adsorptie van NO op Rh(100) toont duidelijk het 
belang van een goed gedefinieerd en schoon oppervlak. Bij lage bedekkingsgraad 
adsorbeert NO met twee verschillende geometrieën: één hoogstwaarschijnlijk in een 
platliggende gebrugde geometrie en de ander in een gebrugde positie loodrecht op het 
oppervlak. Bij hogere bedekkingsgraad komt alleen de laatste voor. De experimenten 
lijken erop te wijzen dat de platliggende NO erg gevoelig is voor de aanwezigheid van 
stappen of defecten op het oppervlak. 

Door gebruik te maken van een isotopen mengsel hebben we aangetoond dat 
repulsies optreden bij hoge bedekkingsgraad, terwijl bij lage bedekkingsgraad 
interacties geen rol van betekenis spelen. Dit wordt ondersteund door DMC simulaties 
van de dissociatie van NO. De interacties zijn zowel direct verkregen uit de simulaties 
als berekend via DFT. Hoewel de repulsies tussen moleculen en atomen het grootst 
zijn, spelen ook de repulsies tussen de NO moleculen een rol. 

De coadsorptie van CO met NO heeft tot opvallende resultaten geleid. 
Wanneer we het metaaloppervlak eerst blootstellen aan een weinig NO, en vervolgens 
CO adsorberen, wordt de dipool-dipool koppeling van CO verbroken. De 
strekfrequentie van CO blijkt onafhankelijk te worden van de CO bedekkingsgraad. 
De NO blijft vrijwel ongestoord door de aanwezigheid van CO. We stellen een model 
voor waarin CO en NO gemengd op het oppervlak voorkomen. Wanneer we de 
volgorde van blootstelling omdraaien leidt dit tot andere vibrationele spectra. De CO 
is sterker verstoord door de aanwezigheid van NO dan andersom. Ook hier lijkt het 
model waarbij CO en NO door elkaar gemengd op het oppervlak geadsorbeerd zijn 
het meest plausibel. 

Door gebruik te maken van geordende adsorbaatstructuren – zodat het aantal 
buren bekend is – kunnen interacties rechtsreeks uit experimenten worden bepaald. 
Via deze aanpak is de interactie tussen CO en stikstof op Rh(100) bepaald. Met een 
geordende c(2x2)-N structuur hebben we uit TPD experimenten kunnen bepalen dat 
de NN interactie tussen CO en N gelijk is aan 20 kJ/mol. Dichtheidsfunctionaal 
berekeningen aan hetzelfde systeem leveren een waarde van 28 kJ/mol. Bovendien 
zijn deze berekeningen gebruikt om de paarsgewijze optelbare interactie benadering te 
verifiëren. We laten zien dat deze benadering erg goed bruikbaar is. De DFT 



Conclusies en Vooruitblik 191

berekeningen zijn ook gebruikt om desorptie pieken van TPD experimenten te 
verklaren door de TPD desorptie pieken rechtstreeks te koppelen aan microscopische 
configuraties, zonder aannames te hoeven doen betreffende de laterale interacties. 
Echter, vooral DFT gecombineerd met Monte Carlo simulaties bewijst een krachtige 
methode te zijn om meer inzicht te krijgen in de effecten van interacties. Deze 
combinatie maakt het mogelijk om verschillende oppervlakte configuraties direct te 
koppelen aan de pieken in de TPD spectra, inclusief de intensiteiten van deze pieken. 
 
Conclusies en Vooruitblik 

Laterale interacties en spectroscopie 
We hebben verschillende technieken gebruikt om de aanwezigheid van interacties te 
identificeren en te kwantificeren. Lage energie elektronen diffractie is een belangrijke 
techniek om de geordende structuren op het oppervlak te visualiseren. Alleen hierdoor 
verschaft deze techniek ons al een schat aan informatie. Geordende structuren 
aanwezig bij hoge bedekkingsgraden zeggen iets over de aanwezigheid van repulsieve 
interacties, terwijl eilandvorming bij lage bedekkingsgraad wijst op attractieve 
interacties. Bovendien kunnen we de geordende structuren gebruiken om interacties 
die gekwantificeerd zijn door andere technieken preciezer toe te kennen. Temperatuur 
geprogrammeerde desorptie is één zo’n techniek om interacties te kwantificeren. De 
techniek is eenvoudig in gebruik, en activeringsenergieën kunnen kwantitatief worden 
bepaald – ook al is dit minder eenvoudig wanneer laterale interacties aanwezig zijn, 
zoals we in deze these hebben besproken. 

De laatste techniek die we gebruikt hebben om interacties te onderzoeken is de 
hoge resolutie elektronen energie verlies spectroscopie of HREELS. Hoe nuttig is 
deze techniek? Aan de ene kant is het een erg krachtige techniek. Het geeft veel 
directie informatie over een geadsorbeerd deeltje. Dit in tegenstelling tot TPD die 
indirecte informatie levert. De twee verstrooiingsmechanismen, met ieder hun eigen 
selectieregels, leveren informatie betreffende de adsorptieplaats en zelfs de –
geometrie. Laterale interacties kunnen herkend worden door verschuivingen van 
zowel de interne strekfrequentie als de metaal-adsorbaat vibraties. Hier liggen echter 
ook de nadelen van deze techniek. De verschuivingen in de frequenties kunnen zowel 
veroorzaakt worden door de ‘interessante’ laterale interacties, alsook door ‘triviale’ 
dipool koppeling, die voor een chemicus gezien kan worden als niet meer dan een 
storende factor. Via isotopen mengsels kan de totale frequentieverschuiving worden 
opgesplitst in deze twee bijdragen. Deze aanpak is echter door de beperkte resolutie 
van de HREELS lang niet altijd succesvol. Een betere vibrationele techniek om 
laterale interacties te onderzoeken lijkt daarom de RAIRS, aangezien deze een veel 
betere resolutie heeft. Dit helpt niet alleen bij het scheiden van pieken bij isotopen 
mengsels maar ook bij het analyseren van de piekvorm, die informatie bevat 
betreffende adsorbaatordening en dus interacties. Bovendien is een RAIRS een 
betrouwbaardere techniek dan de kwetsbare en arbeidsintensieve EELS. Tenslotte kan 
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men bij de meeste EELS opstellingen het preparaat (of één-kristal) niet verwarmen 
tijdens het opnemen van een spectrum. Zelfs het opwarmen van het kristal wanneer 
deze zich in de EELS kamer bevond terwijl niet gemeten werd, gaf in ons geval een 
verslechterde resolutie en intensiteit. 

De EELS heeft echter, buiten de verschillende verstrooiingsmechanismen, nog 
een ander voordeel, waarvan we aanvankelijk hoge verwachtingen hadden: de 
mogelijkheid om de metaal-adsorbaat vibraties te meten. Aangezien de katalytische 
activiteit bepaald wordt door de bindingssterkte van het adsorbaat met het 
katalysatoroppervlak, leveren deze vibraties hierover directe informatie. 
Ongelukkigerwijze hadden we veel problemen met verontreinigen op het oppervlak 
met lage frequenties tot gevolg, zoals uitvoerig besproken in deze dissertatie. 
Hierdoor was het niet mogelijk om de informatie die in het lage frequentiebereik 
opgesloten ligt optimaal te benutten. 

Theoretische berekeningen worden steeds belangrijker in het onderzoek naar 
oppervlaktechemie, en naar laterale interacties in het bijzonder. DFT berekeningen 
leveren een schat aan informatie die zeker niet is beperkt tot alleen adsorptie-
energieën. Behalve adsorptie-energieën en activeringsenergieën, en dergelijke, geven 
elektronen structuur berekeningen ook meer inzicht in de daadwerkelijke processen 
die op het oppervlak plaatsvinden. 

Gecombineerd met dynamische Monte Carlo simulaties kunnen DFT 
berekeningen worden uitgebreid tot grotere modellen en tijdschalen. DFT 
berekeningen leveren energieën en interacties van een klein systeem. Deze waarden 
kunnen gebruikt worden in dynamische Monte Carlo simulaties om het systeem uit te 
breiden door meer reacties te implementeren, om het oppervlak te vergroten en om het 
systeem als functie van de temperatuur te onderzoeken. 

In principe zijn Monte Carlo simulaties niets meer dan een krachtige techniek 
om modellen te testen. Echter – zoals we vaak hebben gemerkt – blijkt dat een 
systeem met slechts een klein aantal reacties en kinetische parameters zich al veel 
gecompliceerder kan gedragen dan verwacht. Met Monte Carlo simulaties kunnen 
ideeën en parameters die op een andere wijze verkregen zijn, getest worden door 
directe vergelijking met experimentele data. Met moet zich echter realiseren dat 
Monte Carlo simulaties gebruik maken van het ‘rooster gas model’, m.a.w. wanneer 
deeltjes geadsorbeerd zijn op een adsorptieplaats kunnen ze niet relaxeren. 
Adsorbaten kunnen dus niet ietwat opschuiven om diffusie toe te staan. Dat kan ertoe 
leiden dat bij hoge bedekkingsgraad het oppervlak als het ware bevriest, wat niet 
realistisch is. 

Concluderend, alleen met het combineren van verschillende experimentele 
technieken met theoretische berekeningen en modellen is het mogelijk om meer 
inzicht te krijgen in de rol die laterale interacties spelen in oppervlaktechemie. 
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Laterale interacties 
Laterale interacties hebben een sterke invloed op de processen die op het oppervlak 
plaatsvinden. Zonder interacties zouden adsorbaten geen geordende structuren 
vormen. Deze geordende structuren kunnen een cruciaal effect hebben op de reactie 
kinetiek. Bijvoorbeeld eilandvorming resulteert in een verminderd contact tussen 
adsorbaten, en dus een lagere reactiesnelheid. Het directe effect van interacties is 
mogelijk zelfs sterker. Het modelleren van de dissociatie van NO op Rh(100) laat dit 
effect duidelijk zien. Zonder laterale interacties kan de dissociatie niet goed 
gesimuleerd worden. Bij hogere bedekkingsgraad sturen de interacties de oppervlakte 
processen. 

Behalve de NO dissociatie zijn in deze these hoofdzakelijk laterale interacties 
behandeld van niet-reactieve systemen. In het algemeen zijn interacties aanwezig als 
repulsies. Repulsieve interacties spelen vrijwel geen rol bij lage bedekkingsgraad. 
Bijvoorbeeld NO dissocieert rond 180 K voor bedekkingsgraden lager dan 0.30 ML. 
Bij hoge bedekkingsgraden rond verzadiging, is vooral het simpelweg blokkeren van 
adsorptieplaatsen verantwoordelijk voor de vertraging van de dissociatie. Er zijn 
simpelweg niet voldoende lege plaatsen op het oppervlak. Repulsieve interacties 
manifesteren zich vooral bij bedekkingsgraden tussen deze extremen in. Zelfs hoewel 
er voldoende plaats is op het oppervlak, worden processen gehinderd, zoals de 
vertraging van de NO dissociatie tussen 0.30 en, zeg, 0.50 ML. 

Deze gedachtegang geldt zowel voor moleculen als atomen. Echter, aangezien 
atomen over het algemeen sterker aan het oppervlak binden dan moleculen, 
gecombineerd met de voorkeur voor hoog gecoördineerde adsorptieplaatsen, zijn 
onderlinge interacties erg sterk. Zowel Monte Carlo simulaties als DFT berekeningen 
laten hoge waarden zien voor repulsies tussen atomen op directe buurafstand, tussen 
de 40 en 60 kJ/mol. Deze hoge waarden zorgen er voor dat de interacties al bij relatief 
lage bedekkingsgraden zichtbaar worden. Het is bekend dat zuurstof geadsorbeerd op 
Rh(100) al een p(2x2) geordende structuur laat zien bij 0.25 ML, terwijl het oppervlak 
al verzadigd is bij 0.50 ML. Deze verzadiging resulteert in een reconstructie van het 
oppervlak, waarbij de rhodium atomen een soort klokbeweging maken. 

Moleculen binden zwakker aan het oppervlak, en daarom zijn de interacties 
zwakker. Zonder de aanwezigheid van atomen kunnen moleculen een oppervlak tot 
vrij hoge bedekkingsgraad vullen totdat ook hier repulsies belangrijk gaan worden. 
Voor de adsorptie van CO op Rh(100) zijn interacties vrijwel niet zichtbaar onder 
0.50 ML. De verzadigingsbedekkingsgraad kan eenvoudig boven 0.50 ML uitkomen, 
dit in tegenstelling tot atomen. Voor CO op Rh(100) is dit 0.75 ML of zelfs 0.82 ML 
bij hogere doseerdrukken. De interacties zijn duidelijk zwakker en spelen pas een rol 
van betekenis bij veel hogere bedekkingsgraden. Wanneer moleculen worden 
gecoadsorbeerd met atomen, zijn het vooral de moleculen die gedestabiliseerd 
worden. De molecuul-atoom interacties zijn sterker dan die tussen moleculen, zoals 
we hebben aangetoond bij de NO dissociatie en de coadsorptie van CO met 
stikstofatomen.  
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Vooruitblik 
Een laatste vraag. Wat willen we nog meer weten over interacties? Een beter begrip 
van interacties kan ervoor zorgen dat we algemeen toepasbare regels of vergelijkingen 
voor interacties kunnen opstellen, zonder de noodzaak van complexe en tijdrovende 
modellen zoals dynamische Monte Carlo simulaties. Bovendien willen we graag de 
grootte van interacties en hun effect kunnen voorspellen. Door een beter begrip van de 
interacties, kunnen we ze ook beter voorspellen. We hebben bijvoorbeeld gezien dat 
de interacties zijn gerelateerd aan de adsorptiewarmte. Echter, het uiteindelijke doel is 
de mogelijkheid om interacties kwantitatief te kunnen voorspellen, en hun directe 
effect op de oppervlaktechemie. Dit inzicht kan ertoe leiden dat interacties gebruikt 
kunnen worden om chemische reacties te sturen naar een normaliter minder stabiel 
product, of meer algemeen om de selectiviteit van reacties te beïnvloeden. Dat zou 
kunnen leiden tot nieuwe of goedkopere katalysatoren en minder extreme 
reactiecondities. 
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1. Hoewel het toekennen van de verschillende pieken in een TPD spectrum aan 

verschillende adsorptieplaatsen of –geometriën intuïtief aanvoelt, ligt het in werkelijkheid 
een stuk subtieler: de verschillende desorptietoestanden correleren met verschillende 
oppervlakteconfiguraties, niet noodzakelijkerwijs met verschillende adsorptieplaatsen. 

 
2. Eén-kristallen zijn een stuk minder goed gedefinieerd dan oppervlaktechemici graag 

willen geloven. 
 
3. Oppervlaktechemie reikt verder dan alleen het oppervlak. 
 
4. Het toekennen van pieken in vibrationele spectra lijkt af en toe teveel te gebeuren met de 

blik gericht op de eigen hypothese. 
A.J. Slavin, B.E. Bent, C.-T. Kao and G.A. Somorjai, Surf.Sci. 202 (1988) 388 
A.J. Slavin, B.E. Bent, C.-T. Kao and G.A. Somorjai, Surf.Sci. 206 (1988) 124 

 
5. De meeste oppervlaktechemische vraagstukken worden al gauw te complex om louter met 

een HREELS op te lossen. 
 
6. Hoewel vanuit experimenteel oogpunt het gebruik van het molecuul N2 in de gasfase als 

referentiepunt voor electronen berekeningen aan geadsorbeerd N voor de hand ligt, komt 
daardoor de sterke adsorptie-energie van stikstof op overgangsmetalen niet goed tot 
uiting. 

 
7. Getallen en zelfs verklaringen afkomstig uit modellen kunnen niet op waarde geschat 
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