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"It is a capital mistake to theorise before one has data.  Insensibly one
begins to twist facts to suit theories, instead of theories to suit facts."

Sir Arthur Conan Doyle (1859-1930)
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I
Introduction

In this chapter we will point out our objectives for the research described in
this thesis. For this purpose, we first give a general overview of catalysis and its
role in society, as well as a more detailed description of molecular aspects such as
mechanism and kinetics of a given catalytic reaction. We give a short historic
overview, and sketch some backgrounds and technological aspects of automotive
exhaust gas catalysis, as this can be considered as the driving incentive for this
thesis. Because the research described has been carried out on single crystals under
Ultra High Vacuum conditions, we will discuss the possibilities and limitations of
this so-called surface science approach, and how it may contribute to the catalysis
society. Finally, we sketch our objectives, discuss our current understanding, and
outline the structure of this thesis.

1.1 Catalysis and our society

More than 80% of all the products from chemical industry we use in daily
life have been in contact with one or more catalysts, for instance, the fuel for our car,
polymers, pharmaceuticals, our food, clothes, and many others. However, most
people are unaware of the highly important role of catalysis in our society, because it
is a hidden technology, often implemented in a larger process. For instance, a
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catalyst is hidden inside a reactor to achieve selective conversion, before or after a
certain process to remove impurities in the reactant- and product streams, etc.
Importantly, catalysis never stands on its own and it is closely connected to other
technologies.

Nowadays, catalysis is widely applied in all large-scale industrial processes.
While catalyst sales are only a niche market, the gross of products in our
environment has been produced using one or more catalytic processes. Only 0.1 %
of the gross world production is spent on catalysts, while 25 % of the gross world
production is achieved with the aid of catalysts. So catalysts have a high turnover
number, also when speaking in terms of economical profit. Generally, a catalytic
process is more selective than the traditional uncatalyzed route. Hence, use of a
catalyst reduces the consumption of raw materials and energy, and leads to less
production of waste. This is desirable both from an economical and an
environmental point of view. This is a rather unique achievement, as economical and
environmental interests are often conflicting.

The growth of the chemical industry in the beginning of the 20th century is
closely connected to the emerging field of catalysis. Heterogeneous catalysis in flow
reactors enabled the development of large-scale continuous processes, where
products are continuously separated from the catalyst. The iron-based catalytic
synthesis of ammonia, discovered by Fritz Haber and Carl Bosch in 1909, has led to
one of the first applications of catalysis in large-scale industrial process. Besides the
rapid development of other large-scale industrial processes since then, this has had
large impact on our society. At first instance, the ammonia synthesis was developed
for production of soil fertilizers to satisfy the needs of the rapidly growing
population. At the very dawn of the First World War, however, it was realized that
ammonia could easily be converted to nitrates via the Ostwald process, which can be
used for production of explosives. In the later years the ammonia capacity was
greatly enlarged for the sake of production of nitrates and explosives and it is
believed that this has considerably elongated WW I.

Other important large-scale applications of catalysis in industry are the many
processes in the petrochemical industry. Driven by the increasingly larger demands
for automobile- and aviation fuel, there have been many developments in the 20th

century to upgrade both heavy- as well as light fractions to increase the gasoline
pool. One of the most important process is fluid catalytic cracking (FCC) in which
heavy oil fractions are cracked to shorter hydrocarbon chains, nowadays using acidic
zeolite-based catalysts. Another important process is catalytic reforming
(platforming), in which naphtha is isomerized to branched alkanes over platinum-
based catalysts. Superacids are used as catalysts for alkylation of light fractions such
as butane to branched olefins for high-octane gasoline. Closely connected to these
refinery processes is the development of hydrotreating to remove sulfur from
different distillation fractions, using sulfidic metal catalysts. This prevents poisoning
of noble metal catalysts in other downstream refining processes. Besides this,
removal of sulfur from crude oil fractions has led to a dramatic decrease in
emissions of SO2, which is one of the major causes for acidic rain.
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Environmental concerns have also led to the development of gas treatment
catalysts to reduce NOx emissions from both stationary sources such as the stack gas
of electricity generation plants, as well as emission of CO and NOx from the exhaust
gas of automobiles. We will pay special attention to the latter application in section
1.5.

Other important applications, which have had large impact on our society,
are the developments in the field of homogeneous catalysis. Here we name Ziegler-
Natta catalysts for the large-scale production of high-density polymers and
hydroformylation catalysts for production of (sterically pure) fine chemicals, which
are building blocks for pharmaceuticals.

In the near future we foresee many new applications, as our traditional
energy supplies will be replaced by alternative energy sources, driven by the finite
reserves of crude oil at first instance and other traditional resources such as natural
gas and coal. Natural gas resources can be converted to syngas (CO + H2) by
catalytic partial oxidation (CPO), which can be liquefied to methanol or synthetic
hydrocarbons by Fischer-Tropsch catalysis. In this way, exploitation of remote
resources of natural gas can be made commercially feasible. The CPO process can
also be used to replace the conventional combustion engines in our cars by electrical
fuel cells as gasoline can be on-board converted to hydrogen. This could largely
increase the total energy-efficiency of automobiles. We also want to name
biocatalysis by enzymes or (genetically modified) micro-organisms, which is
becoming increasingly more important for production of fine chemicals.

For this reasons we can safely state that catalysis is highly important in our
society. With increasingly stronger demands for cleaner and more efficient processes
and the need for alternative processes to provide in our needs for energy, we believe
that the crucial role of catalysis in our society will be sustained in this century.

1.2 The principle of catalysis

In the early 19th century there have been several reports of reactions
demonstrating in hindsight catalytic features such as the hydrolysis of starch to
glucose by acids by Kirchoff in 1814, the decomposition of ammonia on different
metals in 1813, the formation of water from H2 and O2 on Pt-foils by Faraday,
however the phenomenon catalysis still remained unrecognized. J.J. Berzelius was
the first to recognize the common factor in these studies and in 1835 he defined
catalysis as a chemical event that changes the composition of a reaction mixture,
while the catalyst itself remained unaltered.1 The name catalysis was formed by
contraction of the Greek prefix ‘κατα’ and the verb ‘λυειν’, the former meaning
‘nearby’ the latter ‘breaking apart’. The phenomenon catalysis was explained by
Berzelius in a rather metaphysical way as follows: ”Catalytic force actually means
that substances are able to awaken affinities which are asleep at this temperature by
their mere presence and not by their own affinity“. Due to a lack of molecular
understanding in those early days, the phenomenon catalysis must have appeared as
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some kind of magic. Up to today, the concept of catalysis as opposed by Berzelius is
still being used in many catalysis textbooks, suggesting a rather passive role of the
catalyst.

This view is not entirely complete, because catalysis involves an intimate
contact between the catalyst and the reactants and products. This was already
recognized by Langmuir in 1915, who proposed the first quantitative theory of
adsorption of gases to a solid surface. Figure 1.1 shows a schematic representation
of a model heterogeneously catalyzed reaction, i.e. CO oxidation on a transition
metal. This figure strongly emphasizes that catalysis can be best described as a
cyclic phenomenon. Firstly, reactants have to adsorb to the catalyst surface before
reaction. Adsorption can occur either molecularly (CO) or dissociatively (O2).
Secondly, the adsorbed species react on the catalyst surface, often initiated by bond
breaking of one of the reactants to smaller fragments, which can recombine to form
new bonds (CO2). Finally and most importantly, the newly formed product species
have to desorb from the catalyst surface in order to regenerate the catalytic surface,
such that the catalytic cycle may proceed. In this example, the product CO2 quickly
desorbs, as it is only weakly chemisorbed on most transition metals.

The bonding of the adsorbed species to the catalyst surface is crucially
important for the activity and selectivity. When the interaction is too weak, the
reactant coverages will be low and internal bonds within the reactants will only be
slightly activated, hence reactions proceed slowly. On the other hand, strong
interactions may also lead to poor catalytic performance. When the reaction products
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Figure 1.1 Schematic representation of a heterogeneously  catalyzed reaction,
i.e. the oxidation of CO with O2 on a catalyst surface (CO +  ½ O2 → CO2). This
representation strongly emphasizes the cyclic nature of a catalytic reaction.
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or -intermediates are absorbed too strongly, the catalytic cycle will be blocked as
catalytic sites become poisoned. This explains, for instance, the optimum observed
in the CO oxidation rate at an intermediate heat of oxygen adsorption over different
transition metals, i.e., the so-called volcano curve. The heat of adsorption for O-
atoms on noble metals is relatively low and hence, the reaction rate is limited by the
availability of O-atoms. On the other hand, the heat of adsorption is relatively high
on the early transition metals, and hence the O-atoms show lower reactivity towards
CO.

The main function of a catalyst is to provide a lower energy pathway for the
reaction. Figure 1.2 compares the catalytic route with the non-catalytic gas-phase
reaction, again for oxidation of CO. In the non-catalyzed gas phase process, the
activation energy is mainly determined by breaking of the internal O=O bond. The
energy required to break the O=O bond is relatively high, while dissociative
adsorption of oxygen is hardly activated on the Pt-group metals and the reaction
barrier for CO2 formation is determined by the activation energy for reaction
between COads and Oads.

This potential energy scheme (Figure 2.1) also implies that catalysis does not
alter the energetics of reactants and products, i.e., the thermodynamics. Hence, a
catalyst accelerates the rate to reach thermodynamical equilibrium, i.e., the reaction
kinetics.

Since its discovery, catalysis has developed into two major classes:
homogeneous and heterogeneous catalysis. At this time, the rapidly emerging field
of biocatalysis may be considered as a third class, which is growing close to
maturity. In heterogeneous catalysis, the catalyst and the reactants are in different
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oxidation of CO with O2 on a
catalyst surface (CO + ½ O2

→ CO2), compared with the
non-catalytic gas-phase
process (dashed line).
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phases: the catalyst is typically a solid, and the reactants and products are gases or
liquids. However, reactants have to travel to and products have to leave from the
catalyst surface, often by diffusion through a porous support material, hence the
reaction rate may be determined by diffusion limitations. Also, much effort is
required in the catalyst preparation to obtain and to keep a high surface area catalyst
with well-dispersed catalyst particles. A great advantage of heterogeneous catalysis
is the ease of separation of the catalyst and the reactants, which is beneficial for
large-scale industrial applications. In homogenous catalysis, the catalyst and the
reactants are well mixed in the liquid phase. Hence, the catalytic site is well
accessible, generally resulting in higher activity per catalytic site. However,
separation of catalyst and the products is difficult, making industrial separation
processes of homogeneous systems very expensive. This problem can be solved by
immobilizing the homogeneous catalyst on a solid support.

In catalyst research, we can roughly distinguish between three different
disciplines, i.e. preparation, characterization, and kinetics. Catalysts can be tailor-
made by using different preparation methods, for instance by control over porosity
and dispersion in heterogeneous catalysts and synthesis of different ligands as
building blocks for homogenous catalysts. Characterization aims to elucidate the
structure of catalysts. Modern in-situ characterization techniques can also be applied
to study reaction intermediates and hence, to elucidate the reaction mechanism.
Kinetics is an important tool to determine the catalytic performance (activity,
selectivity, and stability) and to deduce mechanistic information. Complete
understanding of any catalytic process can be obtained from an integrated approach,
by looking at the catalyst from different angles. The research described in this thesis
is concerned with heterogeneous catalysis, mainly focusing on the characterization
of reaction intermediates using different spectroscopies and the determination of
elementary reaction kinetics.

1.3 Chemical kinetics and catalysis

Since catalysis deals with the acceleration of chemical reactions, there is a
close relation with reaction kinetics. On a macroscopic level, the conversion and
selectivity are a measure for the catalytic performance and activity. On a
microscopic scale, the intrinsic kinetics (i.e., when the reaction rate is not limited by
diffusion limitations) can be linked to the rate constant, provided the mechanism is
known. Based upon the reaction mechanism, one can derive a set of rate equations to
describe the kinetics. Hence, kinetic modeling may be used to validate or reject a
certain mechanism. It should however be noted that different mechanisms might
result in similar kinetic behavior. Thus, additional information on the reaction
intermediates is necessary, in order to unequivocally determine the reaction
mechanism.
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From the variation of the rate constant with temperature, the kinetic
parameters can be derived using the Arrhenius-equation:






−⋅=

RT
Ek act

ArrArr expν (1.1)

In this equation, which reflects the exponential increase of the reaction rate with
temperature, Eact is the activation energy (kJ/mol) and νArr is the preexponential
factor (s-1).

For a complete understanding of the fundamentals of catalysis, which
essentially is a molecular science, it is desirable to compare with the reaction
kinetics on a molecular scale. The theory of rate processes on the molecular level
was developed around 1935 by Eyring,2, 3 Polanyi,4 and Evans,5 based on a statistical
mechanical approach. This theory states that an elementary reaction proceeds
through a so-called activated complex or transition state. This transition state
corresponds to the reaction complex at the top of the energy barrier, as schematically
depicted in Figure 1.3.

The passage of the reacting complex over the barrier is assumed to be a one-
dimensional, classical event which involves only one degree of freedom, the reaction
coordinate q#. For instance, in the case of bond breaking, the reaction coordinate can
be represented by the internal bond length. For all other degrees of freedom,
equilibrium is assumed between the reactant R and the activated complex R#. The
value of the equilibrium constant K# can be derived from the partition functions (pf)
of the reactant in the ground state and the activated state:
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Partition functions are defined as the summation over all the energy levels εi
of a molecular system as shown in Eq. 1.2. Partition functions contain contributions
from translational, rotational, and vibrational energies and are often defined with
respect to the ground state U0 of the molecular system.

The partition function of the activated complex, #Rpf , does not contain the
contribution that corresponds to the reaction coordinate. Furthermore, it can be
derived that the effective rate of crossing the energy barrier by the activated complex
equals kT/h.6 In this way, transition state theory yields the following expression for
the rate constant kTST:






 ∆−⋅⋅=

kT
E

pf
pf

h
kTk

R

R
TST exp

#
(1.3)

In this equation, ∆E is the energy difference between the potential energy
minimum for R and the energy of the activated complex R# at the top of the barrier,
both corrected for the zero point vibration energy. For more details, the interested
reader is referred to excellent textbooks on this subject.7, 8 It should be noted that
there is a slight difference with the widely used definition of the rate constant as
proposed by Arrhenius (Eq. 1.1). In this case, only the exponential term is
temperature dependent and, as a consequence, Eact and ∆E are not necessarily the
same.

1.4 Spectroscopy and catalysis

The development of surface-sensitive spectroscopies has transformed
catalysis from an art into a molecular science, as nicely demonstrated by a
comprehensive overview on the role of spectroscopy in catalysis, given by
Niemantsverdriet.9 Roughly, we can distinguish two different areas where
spectroscopy contributes to catalysis science. The first area is closely related to
materials science. Commercial catalysts are highly complex systems, consisting of a
supporting material and a variety of active components, including promoters, etc.
Spectroscopic techniques are indispensable to determine the composition and
structure of the catalyst, preferentially on a molecular scale. This knowledge is
necessary in order to optimize preparation routes, activation procedures, and
understand phenomena like catalyst deactivation.
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Secondly, surface spectroscopy yields essential information about surface
reactions by studying the reactivity of adsorbed species and identifying reaction
intermediates and products. The ultimate goal is to relate catalyst composition on the
molecular scale to catalytic activity under realistic pressure conditions. This last
requirement causes severe practical problems for most surface spectroscopies, since
the majority of these techniques apply electron- or ion beams either as excitation
source or for detection purposes. These kind of measurements are restricted to high
vacuum conditions (p< 10-6 mbar) to ensure a sufficiently long mean free path for
the charged particles. Just a limited number of techniques, e.g. Extended X-ray
Absorption Fine Structure (EXAFS), Mössbauer Spectroscopy, and Reflection
Absorption Infra-Red Spectroscopy (RAIRS), which all use photons for excitation
and detection, enable characterization under high pressure conditions. The
discrepancy between the experimental and realistic pressure conditions often hinders
the comparison of results from one area to the other, and has led to the introduction
of the term “pressure gap”.

Another practical problem stems from the nature of a practical catalyst. Since
catalysis is a surface phenomenon, a high specific surface area of the catalytically
active material is required, especially in the case of precious noble metals such as
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Figure 1.4 Schematical presentation of a technical supported catalyst (left) and
two catalytic model systems. In the technical catalyst, the active phase is dispersed over
a support, which is often a non-conducting porous oxide. In the model catalyst (middle),
the porous support is replaced by a thin oxide film of the same material on a conducting
substrate. The single crystal surface (right) represents an infinite large particle of the
active phase with a specific surface orientation.
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rhodium. In practice, this is accomplished by finely dispersing the active material
over a porous support that has a high surface area and provides mechanical strength,
as shown in the left hand in Figure 1.4.

As a consequence, most of the active material is hidden and not visible for
surface-sensitive spectroscopic techniques. Furthermore, the catalyst often consists
of a non-conducting, oxidic support, possibly leading to charging problems and
accompanied by deterioration or loss of spectroscopic information. Finally, use of
highly porous support materials can induce diffusion limitations, complicating the
determination of the intrinsic reaction conditions.

These problems can be solved by using model supports, see Figure 1.4
(middle). A model support typically consists of a conducting substrate, covered by a
flat, thin layer of the supporting material, e.g., a silicon wafer with a 5 nm thick
oxide (SiO2) layer. On this model support the active material can be deposited by
evaporation10 or by wet chemical methods which more closely resemble commercial
catalyst preparation routes.11-14 This approach has been proven very successful for
modeling of the Philips ethylene polymerization catalyst by Thüne et al.15 and
hydrotreating catalysts by Coulier et al.16 Applications of model catalysts and
supports have been extensively reviewed by Gunter et al.17

Many catalytic reactions are structure sensitive,18 which requires knowledge
of the surface structure on the atomic level. This information can hardly ever be
obtained from industrial catalysts or supported model catalysts, as the catalytically
active particles expose different faces, and hence exhibit different active sites. For
this reason, well-defined single crystals are being used. Spectroscopic data obtained
from single crystals can provide information on the molecular level, which enables
comparison with theory, like the transition state theory, and theoretical cluster
calculations.19 Despite the large pressure gap, we can lay a bridge from low-pressure
to realistic pressure conditions, since reactivity studies on single crystals
significantly contribute to the unraveling of complex reaction mechanisms, by
providing rate parameters for elementary steps.

1.5 Automotive exhaust catalysis

Automotive exhaust catalysis is literally an end-of-pipe solution, as in this
process harmful emissions originating from combustion in the vehicle engine are
after-treated in a catalytic device under the car. The typical constitution of the
exhaust gas before catalytic treatment is given in Table 1.1.20

Table 1.1  Typical concentrations of untreated exhaust gas
Pollutants Complete combustion products
Hydrocarbon (fragments) 750 ppm CO2 13.5 vol %
NOx 1050 ppm O2 0.5 vol %
CO 0.68 vol% H2O 12.5 vol %
H2 0.23 vol%
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Emission of these pollutants is highly undesirable because they can
contribute to acidification of the environment, formation of local smog, and
moreover, because of their humane toxicity. Conversion of hydrocarbons, CO, and
NOx to harmless gases is essential to meet the increasingly more stringent emission
requirements, imposed by the US government and other countries, starting from the
mid-1960s. The first generation of automotive emission control catalysts, introduced
around 1975, were oxidation catalysts. Increasingly more severe NOx emission
limits have led to introduction of the so-called three-way catalytic converter, in
combination with an oxygen sensor converter around 1980.20 The currently used
catalytic exhaust converter is named three-way catalyst (TWC), because it is able to
remove the three main pollutants (CO, NOx, and hydrocarbons), according to the
following reaction scheme:

CO + ½ O2 → CO2 (1.4)
CxHy + (x+y/4) O2 → x CO2 + y/4 H2O (1.5)
NOx + (CO + H2 + CxHy) → N2 + CO2 (1.6)

Air/Fuel (A/F) ratio

14.3 14.814.714.614.4 14.5 14.9
0

10

20

30

70

60

50

40

100

90

80

C
o
n
ve

rs
io

n
 (

%
.)

NOx

CxHy

CO

80 % eff.
A/F ratio
window

Stoechiometric
A/F ratio

Figure 1.5 Efficiency of a three-way catalyst for the conversions of CO, NO and
hydrocarbons at various Air/Fuel (A/F) ratios (adapted from Nieuwenhuys21).
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In the first two reactions (1.4 and 1.5) CO and hydrocarbons, originating
from incomplete combustion, are oxidized with O2 to the harmless products CO2 and
water. NOx, originating from reaction of N2 from intake air with oxygen at high
pressures and temperatures in the combustion engine, is reduced to nitrogen gas
(reaction 1.6). Optimum conversion of both oxidation (1.4, 1.5) and reduction
reactions (1.6), simultaneously occurring over the TWC, requires tight control of the
oxygen concentration in the combustion mixture. The principle of the TWC is
illustrated in Figure 1.5, which shows the conversion of the three major pollutants as
a function of the air/fuel (A/F) ratio. The A/F ratio is usually expressed as the weight
of air per weight of fuel and optimum conversion takes place in a small window
(A/F= 14.5-14.6). Under fuel-lean conditions (net oxidizing), the NOx reduction
rapidly deteriorates, whereas oxidation reactions are hampered under fuel-rich
conditions. Hence, precise control over the A/F ratio is required to achieve high
conversions of all pollutants. The composition of the air/fuel mixture introduced to
the engine is electronically controlled by a feedback system with an oxygen sensor
(λ-sonde) to monitor the oxygen concentration in the exhaust gas.

Most of the commercially applied catalytic converters consist of a flow-
through ceramic monolith covered with a high surface area washcoat, containing 1-3
grams of noble metals and various additives,20, 21 depicted in Figure 1.6. In order to
avoid a high-pressure drop over the TWC, a ceramic monolith (Figure 1.6; left side)
consisting of parallel axial channels is used (~60 channels/cm2, total volume 1400-
1800 cm3). The monolith is composed of cordierite (2MgO·2Al2O3·5SiO2) and is
covered with an Al2O3 washcoat, which is the actual catalyst support material
(Figure 1.6; right). The noble metals (Pt, Pd, and Rh) are applied to the support by
impregnation. Although the cheaper Pd-based catalysts can offer an alternative,
rhodium is the most preferable choice because of its advantageous properties in NO
conversion and its higher sulfur tolerance. The TWC is by far the most important
application of rhodium: in 1996, 87 % of the total Western-world demand for
rhodium originated from the production of automotive catalysts.22 The washcoat
contains various additives which improve catalyst performance and durability. Ceria
(CeO2) is added in large amounts, up to 30 % of the washcoat, whereas also small
amounts of lanthanum oxide and alkaline earth oxides may be present. Ceria has
many functions, for instance to act as a reversible oxygen storage component
canceling out small oscillations in the exhaust gas composition,23 and to increase the
thermal stability of the alumina support.

Future exhaust emission regulations require further development of the
catalytic converter. For the reduction of CO and hydrocarbon emissions, the focus
lies on shortening of the light-off period (the time required for the catalyst to reach
operating conditions 350-650 °C). This can be achieved by introduction of a second
smaller catalytic converter close to the engine manifold, the so-called close-coupled
converter. NOx emission, however, predominantly occurs with the fully warmed-up
engine and further reduction of the emissions requires further improvement of the
catalyst activity. This explains the contemporary research efforts on NOx reduction
by rhodium. Other new challenges for emission control are the development of
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catalysts for NOx emission from diesel and lean-burn engines, where A/F ratios are
larger than 17, requiring new robust catalysts which operate under net-oxidizing
conditions.

1.6 Scope of this thesis

1.6.1 Research objectives

The research described in this thesis is part of a broader program, aimed at
getting a better understanding of mechanism and kinetics of elementary surface
reactions occurring in automotive exhaust catalysis.24, 25 This program is
predominantly fundamental in nature and aims to gather information at the
molecular level by studying heterogeneously catalyzed reactions under UHV
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Figure 1.6 Left side: photograph of a TWC, contained in a stainless steel
housing. Part of the housing has been removed to show the ceramic monolith with its
parallel axial channels. The right side schematically shows a tangential view through
one single channel of the monolith. The cordierite walls of the monolith are covered
by a thin layer of a high surface area alumina washcoat, which is the actual catalyst
support (see Figure 1.4; left) for the noble metals. Usually, additives such as ceria
(CeO2) are added to increase catalyst performance and durability.
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conditions on well defined single-crystal surfaces which act as a model for the
catalyst surface, using different spectroscopic techniques.

This work focuses on the catalytic reaction of NO with CO on rhodium,
which is vitally important to decrease NOx emissions in automotive exhaust gas
catalysis. Rhodium is a major constituent of the 3-way catalyst and is essential for
the selective conversion of NOx to N2.20, 26, 27 The most important goals in this thesis
are to determine the reaction mechanism in detail and to derive the kinetic
parameters for the elementary steps in the CO + NO reaction on rhodium surfaces,
essential for modeling of the reaction kinetics.7 Kinetic modeling is a powerful tool
to obtain a better understanding of the fundamental processes on the catalyst surface
and may contribute to a more efficient use of the noble metals present in the 3-way
catalyst. Hence, a complete and accurate set of kinetic parameters is essential for
successful kinetic modeling. For this purpose, we have studied the elementary
reaction steps in separate, as well as the overall reactions between CO and NO.
Generally, breaking up a complex reaction mechanism in the elementary steps is
very effective to reveal subtleties in the mechanism, also those due to coverage
dependent effects, and to elucidate the kinetics.

Lateral interactions between adsorbates are of key importance in the
reactions between CO and NO on rhodium, as these greatly influence the reactivity
at higher coverage, for instance in the decomposition of NO on different transition
metals.28 Therefore, implementing the effects of lateral interactions on the kinetics
of the different elementary steps is essential for correct modeling of the overall
reaction kinetics at high coverages, as met under realistic pressure conditions. We
have uncovered lateral interactions between adsorbates relevant in the CO + NO
reaction, both qualitative and -whenever possible- quantitatively. This has been
achieved by analyzing the coverage-dependency of the different elementary steps or
by looking at the influence of a coadsorbed species on an elementary step. Again,
breaking up of the complex CO + NO reaction in elementary steps is very useful to
entangle the many different interactions.

Throughout this thesis, we have compared the kinetics of the different
elementary reaction steps on two rhodium single-crystal surfaces, e.g., Rh(111) and
Rh(100) to assess the role of surface structure on reactivity. This contributes to
fundamental knowledge of binding of adsorbates to metal substrates and catalytic
reactions in general. Also, understanding of the correlation between catalyst surface
structure and kinetics may give clues for optimizing catalyst design, for instance by
control over particle size.

The ultimate goal is to develop a model which describes the kinetics of the
CO + NO reaction on rhodium surfaces, based on the elementary kinetics obtained
under UHV conditions, holding up to high pressures as met under realistic
conditions. 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. At high coverage, however, the mean-field approach cannot be
applied, as lateral interactions are a strictly local phenomenon. Monte Carlo
simulations provide a way to specify the local environment of a reacting molecule.
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This allows for modeling of lateral interactions, diffusion of adsorbates, and island
formation.29, 30 The results obtained in this thesis will be the basis for detailed
modeling by means of Dynamic Monte Carlo simulations, in cooperation with the
theory group and the department of mathematics and computing science within the
Schuit Institute of Catalysis at the Eindhoven University of Technology.

1.6.2 Current understanding of CO + NO reaction on rhodium

The catalytic reduction of NO with CO has been studied extensively on
different rhodium surfaces, particularly on Rh(111), as described in an exhaustive
review by Zhdanov and Kasemo.31 Reaction between CO and NO has also been
investigated on Rh(100)32-34 and Rh(110),35 as well as over supported Rh-particles.36,

37

It is generally accepted that the reaction mechanism for the CO + NO
reaction on Rh(111) includes the reversible adsorption of CO and NO, the
subsequent irreversible dissociation of NO to N- and O-atoms, recombination of N-
atoms to N2 and recombination of CO and O-atoms to form CO2.38-43

Disproportionation between adsorbed NO and N-atoms via an N2O intermediate
(NOads + Nads → N2,gas + Oads) as a second N2 formation channel could be ruled out
on Rh(111) under UHV conditions.43 However, this step has been proposed to
account for multiple N2 formation states in the decomposition of NO on Rh(100),
including by our own group.44, 45 Formation of CO2 is generally believed to proceed
via the surface reaction between COads and Oads, originating from NO
decomposition. However, Brandt et al.,34 using a molecular beam of gas-phase
oriented NO molecules incident on a CO-precovered Rh(100), report a direct
reaction channel for CO2 formation between CO and NO, possibly following Eley-
Rideal kinetics. Apparently, a few discrepancies still exist between mechanism of
CO + NO reaction on Rh(111) and Rh(100).

The steady-state kinetics of the CO + NO reaction over rhodium surfaces are
very sensitive to reaction conditions and surface structure. At high pressures,
Rh(111) is predominantly covered by NO.40 Under these conditions N2O is the
major N-containing desorbing product and the steady-state reaction rate is probably
limited by the availability of empty sites, required for dissociation of NO.39 The
most comprehensive kinetic model for the CO + NO reaction on Rh(111) by
Zhdanov and Kasemo31 includes the coverage dependency of the different
elementary steps. Lateral interactions were accounted for by assuming a
homogeneous distribution of the adsorbates and a linear dependence of kinetic
parameters on global coverage in the so-called mean-field approach. This model,
however, still fails to predict the correct reaction rates, apparent activation energy,
and reaction orders especially when extrapolated to moderate pressures. The main
question which needs to be resolved for proper modeling of the kinetics of the CO +
NO reaction is a realistic and accurate description of adsorbate interactions. Hence,
monitoring all adsorbate coverages in-situ in a quantitative fashion, and revealing
lateral interactions between the adsorbed species is essential for an accurate
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description of the kinetics at higher pressures. In a previous study by Borg et al.,46

Static Secondary Ion Mass Spectrometry (SSIMS) was successfully applied to
follow the different surface species and the interactions in the decomposition of NO
on Rh(111).

Reaction between CO and NO on rhodium surfaces is also highly structure
sensitive.39 A recent reinvestigation of the steady-state reaction rate kinetics of the
CO + NO reaction on Rh(100) by Herman et al.33 revealed a transition in the steady-
state reaction kinetics around 600 K.  In order to understand the structure sensitivity
in the reaction between CO + NO on different Rh-surfaces, a detailed study of the
different elementary steps on various well-defined crystal faces is mandatory.

In the CO + NO reaction on Rh(110) hysterysis in the CO2 production and
irregular rate oscillations have been observed by Schmatloch et al.35 Non-linear
kinetics have also been observed in the closely related reduction of NO by H2 on
different Rh-surfaces by Cobden et al.47 and in the CO + NO reaction on Pt(100).48

Autocatalytic formation of vacant sites which are required for NO dissociation, was
shown to play a decisive role for non-linear phenomena such as a “surface
explosion”.49

1.6.3 Structure of this thesis

In Chapter II we describe the technical setup of the UHV systems and we
give some background information about the different surface spectroscopies that
we have used to obtain the results described in this thesis. Special attention is paid to
TPRS/TPD (Temperature Programmed- Reaction Spectroscopy/Desorption) and
TPSSIMS (Temperature Programmed Static Secondary Ion Mass Spectrometry),
which are highly complementary techniques as the former monitors gas phase- and
the latter surface reactions. In Chapter III we review the papers that have appeared
up to date on applications of SIMS in catalysis in a broader context.

Chapters IV to VII describe the experimental work, dedicated to the CO +
NO reaction on rhodium. Chapter IV deals with the different elementary reactions of
NO on Rh(100) and the comparison with Rh(111). We pay special attention to the
dissociation of NO, as this is a crucial step in the reaction between CO and NO. This
chapter demonstrates the powerful combination of SIMS and TPRS revealing
subtleties in the reaction mechanism, how SIMS can be used to quantify adsorbate
coverages and derive kinetics of surface reactions, and how SIMS reveals lateral
interactions. Chapter V describes desorption of CO from rhodium and the influence
of coadsorbed N-atoms, as both adsorbates are present during the CO + NO reaction.
Using Monte-Carlo simulations, we derive the repulsive pairwise lateral interaction
between CO and N-atoms. Chapter VI deals with the oxidation of CO on rhodium,
which is an important pathway to remove O-atoms originating from decomposition
of NO from the surface. Pushing TPRS to the very limit of its possibilities, we show
that the surface reaction step COads + Oads → CO2,gas is structure sensitive. Chapter
VII describes the results for the reaction between CO and NO on rhodium and
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extensively discusses the mechanism and kinetics in the light of the preceding
chapters describing the elementary steps.

Finally, Chapter VIII summarizes the most important results and conclusions
of this thesis and draws some general conclusions. We also sketch some perspectives
for continuation of future research.
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II
Experimental set-up and techniques

In this chapter we will give a technical description of the ultra high vacuum
(UHV) equipment used throughout this thesis to obtain our experimental results. We
also explain the principle, some of the physical background, and interpretation of
the different spectroscopic techniques we have employed. These are: Temperature-
Programmed Desorption or Reaction Spectroscopy (TPD/TPRS), Secondary Ion
Mass Spectrometry (SIMS), Low Energy Electron Diffraction (LEED), and Auger
Electron Spectroscopy (AES). Besides this, we also show a few typical cases,
demonstrating the capabilities of a certain technique. We will most extensively
discuss TPD and analysis of TPD-spectra and static SIMS, as most results presented
in this thesis have been obtained using these techniques.

2.1 Technical description of the Ultra High Vacuum (UHV) systems

Experiments have been carried out in two different stainless steel ultra high
vacuum (UHV) systems, hereafter referred to as the Leybold SIMS and the
LEED/TPD. The Leybold SIMS is equipped with facilities for secondary ion and
neutral mass spectrometry (SIMS/SNMS), temperature programmed desorption and
reaction spectroscopy (TPD/TPRS), and Auger electron spectroscopy (AES). In
principle also ultra-violet photon electron spectroscopy (UPS) and low energy ion
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scattering (LEIS) can be performed, but these techniques have not been applied in
this thesis.

Figure 2.1 show a schematic drawing of the Leybold SIMS UHV system as
adapted from my predecessors H.J. Borg and R.M van Hardeveld.1, 2 The system
consists of an analysis chamber for low pressure reactions and surface analysis, and
a preparation chamber for sample cleaning. A high-pressure stage (up to 10 atm.) is
incorporated, but has not been used in any of the experiments, presented in this
thesis. The commercially available spherical analyzer chamber (Leybold REZ 12/M)
is pumped with a 360 l/s turbomolecular pump (Leybold 360 CSV) and a water-
cooled 600 l/s titanium sublimation pump (Leybold V 150-2). The pressure is
measured with an ionization gauge of the extractor type (Leybold IE 514) and is
typically around 5·10-11 mbar after bake-out (48 hrs. at 150 °C). Gases can be
introduced in the analysis chamber by two different leak valves, allowing a precise
adjustment of the composition of gas mixtures. Both leak valves are positioned
between the analysis chamber and a gas dosing system which can be evacuated up to
5·10-8 mbar by a 56 l/s turbomolecular drag pump (Baltzers TMH 065).

The analysis chamber is equipped with a Leybold SSM 200 mass
spectrometer and a differentially pumped ion gun (Leybold IQE 12/63) for
secondary ion and neutral mass spectrometry (SIMS/SNMS). The mass spectrometer
is also used for residual gas analysis (RGA) and temperature programmed
desorption and reaction spectroscopy (TPD/TPRS) The SSM 200 module
incorporates three functional groups: an ion optics assembly, a Baltzers QMG 511

Figure 2.1 Schematic representation of the Leybold SIMS UHV system consisting
of an analysis chamber, a preparation chamber, and a high-pressure cell. The analysis
chamber is equipped with a quadrupole mass spectrometer, an ion gun, an electron
gun, and a hemispherical energy analyzer. The preparation chamber is separated from
the main chamber by a valve and is equipped with a sputter gun for sample cleaning.
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quadrupole mass spectrometer (for the mass range m/e= 0-511), and ion counting
electronics. The ion optics consists of a set of collector lenses, an ionizer (for post-
ionization of neutrals for SNMS, rest gas analysis, and TPD), an energy selector
comprised of a 45° electrostatic sector, and an exit lens to project the ions onto the
aperture of the quadrupole mass spectrometer. In the quadrupole section the actual
mass selection takes place: only ions with a certain m/e ratio are transmitted. These
ions are subsequently accelerated and detected by an electron multiplier. The
spectral data are acquired with a Leybold data acquisition unit (DAU 865 985);
subsequently, they are sent via an IEEE interface to a PC for storage and analysis.
The analysis chamber further contains a Leybold EA 10 hemispherical energy
analyzer and a Leybold PS-EQ 22 electron gun for electron spectroscopy.

The preparation chamber is separated from the analysis chamber by a valve,
which is closed during sample cleaning and when the preparation chamber is aerated
(which is necessary during replacement of the heating wires). Due to this
construction excellent pressure conditions can be maintained in the analysis
chamber. The preparation chamber was designed and built at the central workshop
(CTD) of the TUE. It is pumped with a 150 l/s turbomolecular (Leybold 150 CSV).
The pressure in the preparation room is measured with an ionization gauge of the
Bayard-Alpert type (Leybold IE 20) and is typically 5·10-8 mbar. This chamber is
equipped with a Penning ion gun (Leybold IQP 10/63) for sputter-cleaning single
crystalline samples and a leak valve for gas exposures.

The sample is mounted on a horizontally moveable sample rod, enabling
rapid transfer between the two chambers. The sample rod was developed and built at
the central workshop (CTD) of the TUE. It consists of a polished stainless steel tube
with an outer diameter of 12 mm, an inner diameter of 8 mm, and a total length of
1250 mm. It enters the UHV system through a gate equipped with a vacuum
feedthrough system. The latter is based on a set of differentially pumped
Viton/Teflon O-rings, which prevent leakage along the tube and the inner wall
of the vacuum chamber, and are kept in place by a set of hollow brass cylinders. The
main chamber and the preparation chamber are separated by a similar feedthrough.

The sample is mounted by pressing two tantalum wires of .30 mm diameter
into small grooves in the edges of the crystal; the tantalum wires are suspended
between gold-plated copper contacts at each side of the crystal. The sample can be
cooled by flowing liquid nitrogen through copper tubes; sample temperatures of 100
K are routinely obtained; cooling from 1400 to 100 K takes about 6 minutes. The
sample is resistively heated by passing currents up to 20 A through the copper tubes
and tantalum wires.

The sample temperature is regulated by a thermal control unit, which was
developed and assembled at the central workshop (CTD). The unit consists of an
Eurotherm 900 EPC Proportional Integral and Derivative (PID) controller and a
Delta power supply. After tuning of the PID parameters, heating rates up to 10 K/s
are constant with deviations smaller than 0.2 K/s while isothermal conditions could
be maintained within 0.1 K. We have limited the maximum temperature to 1475 K
to avoid rapid wearing of the tantalum wires. Temperatures are measured with a
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chromel-alumel thermocouple spotwelded to the back of the crystal. The
thermocouple wires also leave the system through the sample rod, via vacuum
feedthroughs of the appropriate thermocouple material. The reference junction is
located outside the UHV system. The thermocouple voltage is amplified by an
isolation amplifier, digitized with an analog-to-digital converter, and stored in a
personal computer (PC).

The other UHV system (LEED/TPD) comprises a slightly modified version
of the RAIRS system as designed and built by de Jong in cooperation with the
technical workshop.3 Compared to the old system, which is described in detail in ref.
3, the high-pressure cell (up to 1 atm.) has been detached and the sample
manipulation system has been changed.2 The system consist of one analysis
chamber, equipped with facilities for low-energy electron diffraction (LEED), AES
and TPD/TPRS. The analysis chamber is pumped by a 360 l/s turbomolecular pump
and a water-cooled titanium sublimation pump. The pressure of the UHV chamber is
monitored by a Bayard-Alpart ionization gauge (IG-3, Inficon). The base pressure
after bake-out is typically 2·10-10 mbar. Gases can be introduced in the analysis
chamber by three different leak valves, allowing a precise adjustment of the
composition of gas mixtures. All leak valves are positioned between the analysis
chamber and a gas dosing system which can be evacuated up to 1·10-6 mbar by a 150
l/s turbomolecular drag pump (Leybold 150 CSV). Normally, gases are dosed via
backfilling of the analysis chamber. Gases with a low pumping speed such as
methylamine (CH3NH2) or propylene (C3H6) could be dosed using a point doser to
maintain good vacuum conditions. For this purpose, one of the leak valves was
modified with a stainless steel tube with an inner diameter of 1 mm. Using the
manipulator, the crystal could be positioned in front of the doser within a few mm.

LEED and AES experiments are performed with a reverse-view four grid
AES/LEED retractable optics (Spectaleed, Omicron Vacuumphysik GmbH). The
integral electron gun in the optics can be used for both LEED and AES
measurements, so that no additional electron gun is needed for AES. LEED patterns
are acquired and digitized using a CCD camera  (Cohu), connected via a
framegrabber to a PC for analysis and storage of images. The mass spectrometer
used for TPD/TPRS is a quadrupole mass analyzer with a mass range m/e= 0-200
amu (Baltzers, QMA 200).

The sample is mounted on a xyzθ-manipulator. Cooling, heating and
temperature control is carried out in the same fashion as for the Leybold SIMS.
Sputter cleaning of the sample is carried out with an argon ion gun (AS-10, VSW).
Typically sputtering is performed with Ar+ ions with an energy of 500 eV at a beam
current of 7 µA/cm2s.

The rhodium crystals of (100) and (111) orientation have a thickness of about
1.2 mm. The Rh(111) crystal has a rectangular shape (8x6 mm) and Rh(100) has a
disk-like shape (d= 8 mm). Both crystals were obtained from the Surface
Preparation Laboratory (SPL), Amsterdam. Crystals were cut from a
monocrystalline Rh-rod within 0.5° and polished following standard procedures.
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2.2 Temperature Programmed Desorption (TPD)

TPD, or in many cases more correctly described as Temperature-
Programmed Reaction Spectroscopy (TPRS), can be considered as the working
horse of surface science. TPD or TPRS is widely used to determine the coverages of
adsorbates on solid surfaces, and to obtain information on reaction mechanism and
desorption kinetics. Paradoxically, desorption of a species often offers valuable
information on the adsorption energy.

2.2.1 Experimental setup and principle

Conceptually, TPS/TPRS appears to be rather simple. Experimentally, a
surface is covered with one or more adsorbates by exposing it to (a) certain
amount(s) of gas(es), usually at room temperature or below by using liquid nitrogen.
Subsequently, the UHV system is evacuated and the sample is heated with a linear
temperature ramp, while monitoring desorbing gases using a mass spectrometer. If
only parent gases are desorbing during temperature ramping, e.g., desorption of CO
from a rhodium surface, this technique is called TPD or thermal desorption
spectroscopy (TDS). When other reaction products are desorbing, e.g.
decomposition of NO to form N2 on a rhodium surface, we rather refer to this
technique as TPRS. A linear heating rate can be established by using a power supply
in combination using with a PID controller, with feedback by a thermocouple
attached to the back of the sample. The applied heating rate is often determined by a
trade-off between sensitivity and resolution of the mass spectrometer: high heating
rates are desirable for easier detection at the expense of time- or temperature
resolution. If the pumping rate of the UHV system is sufficiently high, i.e., when no
readsorption occurs, it can easily be shown that the mass spectrometer signal for a
particular product is linearly proportional to the desorption rate of the adsorbate:

( ) ( ) )/exp( RTEk
dt
dr des

n
des

n
desdes θθθνθθ −⋅⋅=⋅=−= (2.1)

With: rdes is the desorption rate [s-1]
θ is the fractional adsorbate coverage [-]
t is the time [s]
kdes is the rate constant for desorption [s-1]
n is the order of desorption [-]
νdes(θ) is the preexponential factor for desorption [s-1]
Edes(θ) is the activation energy for desorption [kJ/mol]
R is the gas constant [8.314 kJ/mol·K]
T is the temperature [K]
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Time can easily be substituted in Eq. 2.1 by temperature. Because a linear
heating rate is applied, we can write T= T0 + β·t, with T0 is the initial temperature
[K] and β [K/s] is the heating rate. From this, it simply follows that dT= β·dt.

2.2.2 Applications of TPD

TPD is frequently used to determine (relative) surface coverages. The area
below a TPD spectrum of a certain product is proportional to the total amount of that
particular gas that has desorbed. Therefore, determination of relative surface
coverage is straightforward when all parent molecules desorb. In the case when a
parent molecule partly decomposes, giving rise to multiple desorbing products, one
should correct the areas below the spectra with the appropriate mass spectrometer
sensitivities before summing these contributions.

Determining the correlation between TPD area and the absolute surface
coverage requires one calibration point. The absolute coverage is commonly
expressed in monolayers (ML), i.e, the fraction of adsorbate atoms/substrate surface
atoms. On single crystalline surfaces, calibration is often performed using low-
energy electron diffraction (LEED), as many adsorbates are known to form ordered
structures at certain coverage. Once this correlation is known, TPD can be used to
determine uptake curves which correlate gas exposure to surface coverage. TPD
areas of different products can directly be compared when the mass spectrometer
sensitivities are known.

TPD is also widely used to obtain information on desorption kinetics of
adsorbates from solid surfaces. In TPRS, the desorption rate of a certain reaction
product can also be limited by a preceding surface reaction, for instance the
evolution of H2 in the decomposition of hydrocarbons on transition metal surfaces.
In this case, the desorption spectrum does not yield information about the desorption
parameters, but about the rate-determining surface reaction. SIMS may often reveal
whether desorption of a gaseous product is desorption or reaction limited.

2.2.3 Analysis of desorption kinetics from TPRS

A thorough evaluation of different analysis techniques used to derive
desorption or reaction kinetics has been published by de Jong and
Niemantsverdriet.4 Basically, we can distinguish between empirical methods and
methods based on linearization of equation 2.1. Empirical methods require
parameters such as the peak maximum, peak width or other parameters which are
easily accessible from a single spectrum or a small series of TPD spectra.5-8 The
most simple and rapid from these methods is the one proposed by Redhead.5
Redhead analysis only requires the temperature at the peak maximum (Tmax) from a
single TPD spectrum. One major drawback is that the preexponential factor has to
be assumed. Commonly, a value of 1013 s-1 (≈ kT/h) is used, thus neglecting the
entropy change between the ground state and transition state for desorption. A more
sophisticated method is the Chan-Aris-Weinberg (CAW) analysis,8 which employs
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the maximum peak temperature and peak-width to determine the preexponential
factor and activation energy independently. This method gives satisfactorily results
in the zero-coverage limit4 and has been used throughout this study. CAW analysis,
however, is restricted to first- or second order reactions.

Methods based on linearization of the Arrhenius equation (Eq. 2.1) generally
require more efforts, but are less dependent on assumptions and they may be applied
at higher coverages as well, revealing coverage-dependent effects in the kinetics.
The leading-edge method, proposed by Habenschaden and Küppers,9 is based on
linearization of the Arrhenius equation over a small interval at the low temperature-
side of the spectrum (i.e. the leading edge), where the decrease in coverage is
negligible. Assuming the kinetic parameters to be constant within this small interval,
equation 2.1 can be rewritten to:

Figure 2.2 Stepwise demonstration of the procedure applied in coverage-corrected
leading-edge analysis for determination of the desorption kinetics: Panel A shows the
normalised CO-TPD spectrum for 0.035 ML CO from Rh(100). Backwards integrating
yields the CO-coverage as a function of temperature, as depicted in panel B. Panel C
shows the desorption rate constant kdes, obtained by dividing rdes with θCO. Linearization
by plotting the natural logarithm of kdes against reciprocal temperature is depicted in
panel D. The kinetic parameters Ea and ν can easily be derived from the slope and
intercept, respectively. The drawn line in panel C represents ν·exp(-Ea/RT), with ν and
Ea obtained from the linear fit in Panel D.
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Plotting the natural logarithm of the desorption rate vs. the reciprocal
temperature yields a straight line. The kinetic parameters, Edes and ν, can easily be
determined from the slope and the intercept of this line, respectively. This method
can be further optimized by correcting for the changes in coverage during TPD,
because the coverage can easily be determined at any given temperature by
backwards integration of the TPD spectrum. In this case, the Arrhenius equation
(Eq. 2.1) can be rewritten to:
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The advantage of doing so is that we can fit Eq. 2.3 over a larger temperature
interval, increasing the accuracy of the kinetic parameters. We have widely applied
this method throughout this thesis and we will refer to it as coverage-corrected
leading-edge analysis. Because this method is not straightforward, we have
illustrated this concept in Figure 2.2, taking the desorption of a small amount of CO
from Rh(100) as an example. Here we describe the procedure to derive the kinetics
parameters in a stepwise fashion. Firstly, the area A of the TPD spectrum has to be
normalized, such that A equals β·θ0 (with θ0 is the initial coverage), to obtain the
absolute prefactor. The coverage can then be determined at any temperature by
backward integration of this spectrum (Figure 2.2; panel B). This enables one to plot
the rate constant kdes by dividing rdes by θ. This can be linearized by plotting the
natural logarithm of kdes against the reciprocal temperature 1/T. In this way, the
kinetics parameters Ea and ν can easily be derived from the slope and intercept,
respectively.

2.2.4 Case study TPD: reaction mechanism and kinetics

Decomposition of methylamine on Rh(111)

In this example we show how TPD can reveal important information about a
reaction mechanism, i.e., the decomposition of methylamine (CH3NH2) on
rhodium.10 This is interesting with respect to the dehydrogenation reactions and
reactivity of cyanide species on Rh-surfaces, as the latter can be an important
intermediate in automotive catalysis under restricted conditions.11

Figure 2.3 shows the TPD spectra of C2N2 (m/e= 52), N2 (m/e= 28), cracking
of N-containing products to N (m/e= 14), HCN (m/e=27), cracking of CN-
containing products to CN (m/e= 26), and H2 (m/e= 2) after a saturation dose of
CH3NH2 at 300 K (β= 5 K/s). Monitoring cracking fragments often simplifies the
assignment of TPD peaks to certain desorbing products. Note that desorption of the
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parent molecule is not observed because methylamine readily decomposes at this
temperature and desorption of CH3NH2 from multilayers occurs below 200 K.10 A
wide variety of desorbing products can be observed, reflecting the rich chemistry of
CH3NH2 on Rh. TPD of methylamine on Rh(111) points to the following
mechanism for decomposition of methylamine and its side reactions:

When adsorbed at low temperature, part of the methylamine desorbs intact
around 170 K, probably from a physisorbed multilayer. When adsorbed at 300 K,
some H2 is seen to desorb below 400 K. This H2 desorption state originates from
recombination of H-atoms, as evidenced from H2-TPD from H-covered Rh(111).10

H2 production above 400 K is no longer rate-limited by recombination of H-atoms,
and hence reflects the decomposition of an unknown CHxNHy intermediate. We
refer to this as reaction-limited H2 production. Part of these dehydrogenated
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hydrocarbon fragments can desorb as HCN around 460 K. HCN production is only
observed at higher methylamine coverages, indicating that HCN forms from further
dehydrogenation of CxHy, rather than from recombination of adsorbed CN and H.
Moreover, additional TPD experiments after exposing cyanide overlayers to H2 did
not reveal any HCN production.10 Desorption of C2N2 (cyanogen) is observed
around 680 K, as evidenced from the m/e= 26 and m/e= 14 cracking fragments. This
originates from recombination of adsorbed cyanide, which has been reported to be
stable up to 800 K on Rh(111).11 Also some N2 formation can be observed around
this temperature. This is probably formed by recombination of N-atoms, which
occurs at the same temperature. The N2 desorption peak around 800 K is reaction-
limited by the decomposition of CN-species, which must be present in relative large
amount during TPD of methylamine on Rh(111).

Summarizing, this example shows how a relatively complex reaction
mechanism can be elucidated to a great extent, only using TPD. Comparison with
the elementary processes (i.e. H2- or N2 production) reveals whether the kinetics of a
desorption state is desorption- or reaction limited. For a complete understanding of
the mechanism including all reaction intermediates, further investigations using
vibrational spectroscopies or SSIMS are necessary.

2.3 Static Secondary Ion Mass Spectrometry (SSIMS)

Static SIMS, or Temperature-Programmed Static SIMS (SSIMS), is one of
the less frequently used techniques in the broad spectrum of surface spectroscopies.
Unique features of SIMS for studying catalysts are its extremely high surface
sensitivity, enabling one to establish the presence of promoters and poisons with
concentrations down to the ppm level, and its capability to demonstrate, through the
analysis of molecular secondary ion clusters, which elements are in contact with
each other. In addition SIMS may give information about the distribution of a
species, by depth profiling. In surface science, SIMS offers the attractive possibility
to monitor the concentrations of surface species in real-time, making the technique a
unique tool for kinetic studies of surface reactions.

2.3.1 Experimental setup and principle

Conceptually the principle of SIMS seems rather simple. A surface is
exposed to a beam of high energetic primary ions (0.5-5 keV).  The primary ions
penetrate into the surface and create a number of collision cascades. Part of the
collision energy is directed back to the surface and induces the ejection of atoms and
multi-atomic clusters, the majority as neutrals but also as positive and negative ions,
see Figure 2.4. Secondary ions can be detected directly with a mass spectrometer,
whereas the detection of neutrals requires post-ionization. In the latter case, we refer
to this as secondary neutral mass spectrometry (SNSM).
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For metallic substrates, the incoming primary ion beam is neutralized near
the surface and when it penetrates into the surface, elastic collisions with nuclei of
the substrate are the major source of energy loss. Due to a very efficient process of
recombination, the number of remaining lattice defects is limited to 1-10-3 per
incoming primary ion.12 The ejected atoms and clusters almost exclusively stem
from the surface of the substrate and provide information in several ways:

• single atoms give information about the elements that are present on the surface
• molecular clusters may indicate the presence of surface compounds or surface

species that are in close contact
• characteristic fragmentation patterns of molecular cluster can sometimes give

information about the type of compound (e.g. MoO3 versus MoO2)
• in some cases intensity ratios between secondary ions can give (semi)-

quantitative information about surface coverages.

SIMS can be performed in various modes yielding rather different types of
information. In dynamic SIMS, a very high flux of primary ions is used which
results in the removal of several tens of a monolayers per minute. This highly
destructive mode is generally used to monitor elemental composition as a function

Figure 2.4 The principle of SIMS: primary ions with an energy between 0.5 and 5
keV cause a collisional cascade below the surface of the sample. Some of the branches
end at the surface and stimulate the emission of neutrals and ions. In SIMS, the
secondary ions are detected with a mass spectrometer, whereas in secondary neutral
mass spectrometry (SNMS) the secondary neutrals are post-ionized before entering the
mass spectrometer.
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of depth, for instance, to determine the concentration depth profile of a boron
implant in a silicon wafer. Thanks to the development of primary ion beams with
diameters as small as 50 nm,13 SIMS can be used to generate chemical maps of
surfaces; this mode is called imaging SIMS. In this thesis we apply SIMS in a static
mode, in which very low and defocused primary ion fluxes are being used (1
nA/cm2) and the time to remove a monolayer is in the order of hours. Consequently,
the surface structure does not change on the time scale of a measurement (seconds,
minutes) and the molecular ion fragments are indicative for the chemical structure of
the surface. The surface damage caused by a static SIMS experiment is even smaller
than that caused by a standard Auger or XPS measurement. The delicacy of this
technique is illustrated by the fact that intact emission of very large molecules, like
vitamin B12 (m/e= 1356), from metallic substrates has been observed.14

One of the most complex issues in SIMS is the emission of the secondary
ions, which, despite many investigations, is still only partly understood. In the next
section we qualitatively discuss the processes that play a decisive role in secondary
ion emission.

2.3.2 Secondary ion yield and neutralization probability

The yield of a positive or negative secondary ion Is(X±) emitted from a matrix
M is given by:12

)(),(),()()( ±±± ⋅⋅⋅⋅= XMXMXYXIXI ps ηαθ (2.4)

with: Is(X±) measured flux of positive or negative ions X± (in ions/s);
Ip flux of primary ions (ions/s);
θ(X) fractional concentration of element X in the surface layer (0<

θ < 1);
Y(X,M) sputter yield of element X from matrix M (i.e. the number of

atoms X emitted per incident ion);
α±(X,M) effective (positive or negative) ionization probability of

element X ejected from matrix M;
η(X±) transmission of the mass spectrometer for ion X± , typically

10-3 for a quadrupole and 10-1 for a time-of-flight instrument.

In the static mode, the intensity of the secondary ions is linearly proportional
to the flux of primary ions Ip. However, to maintain static conditions the acquisition
time has to be significantly smaller than the monolayer lifetime. For a primary ion
flux of 1 nA/cm2, the number of particles that arrive at the surface amounts ~ 6·109

particles/cm2. For sensitive substrates like polymers, each primary particle can affect
an area of 10 nm2. In this case it takes about 25 minutes to entirely alter the first
surface layer.

The sputter yield Y is defined as the number of secondary ions that are
ejected per incoming primary ion. For pure elements sputtering of atoms is
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reasonably well understood;15-17 the sputter yields roughly vary between 1 and 10
across the periodic table. The sputter yield depends on a number of properties of the
incident ion beam. Generally, the sputter yield increases with increasing mass of the
primary ion, YXe> YAr> YNe. The dependence of the sputter yield on the energy of
the primary ion goes through a maximum. Although the energy that is transferred to
the substrate increases with increasing energy of the primary ion, the effectiveness
of sputtering decreases at high energies, since the penetration depth increases and
fewer collision cascades reach the surface. Also the dependence of the sputter yield
on the angle of incidence of the primary ion beam shows an optimum. The
penetration depth of the primary ions decreases at more grazing angles; however,
also the probability of scattering increases. Consequently, the sputter yield
maximizes around 70° for surfaces where channeling effects do not play a role.18

Sputtering from multi-element targets is much more complicated and processes like
preferential sputtering have been observed.12

As stated previously, only a small fraction of the secondary particles is
ejected in the form of ions. The ionization process which takes place in the near
surface region is not well understood and only some general correlations have been
determined.12, 14 We discuss some properties of the ionization probability α+ for
positive secondary ions on the basis of the perturbation model of Nørskov and
Lundqvist19 which is illustrated by the following expression:
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with: α+(X,M) the net positive ionization probability of atom X ejected from
matrix M;

ϕ(M) the work function of matrix M;
I(X) the ionization potential of the emitted particle X;
ν⊥(X) the velocity component perpendicular to the surface of the

emitted particle X.

The ionization probability for positive ions increases when the ionization
potential decreases. Elements, such as Na, K, and Mg are therefore easily detected in
positive SIMS, in contrast to elements such as O, F, and Cl. Furthermore, a high
work function prevents that secondary ions are neutralized by an electron from the
substrate during emission. The probability for neutralization also decreases with
shorter residence times of the secondary ion in the near-surface region. Therefore, a
higher velocity perpendicular to the surface ν⊥ of the secondary ion results in a
higher escape probability of the secondary ion. For elements, the ionization
probabilities vary over 5 orders of magnitude, across the periodic table. However,
also the chemical environment of the emitted particle plays an important role in the
ionization process. This so-called matrix effect makes the ionization process rather
intangible.
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A very important issue with respect to the detection efficiency in quadrupole-
based instruments is the energy distribution of the secondary ions. The energy
distribution for elemental secondary ions usually has an optimum between 15-30 eV,
almost independent of the energy of the primary ions. For cluster ions, the optimum
shifts to lower energy and the distribution becomes much more narrow. Since
quadrupole mass spectrometers also operate with a narrow energy window of
typically 10 eV, the setting of the energy window is very critical, especially for the
detection of cluster ions. This phenomenon causes serious problems when insulators
are analyzed. In this case (inhomogeneous) charging results in shifting and
eventually distortion of the energy distribution, which seriously deteriorates the
detection efficiency.

2.3.3 Applications of SIMS in catalysis

For a comprehensive overview of the applications of SIMS in catalysis and
surface chemistry we refer the interested reader to extensive reviews by Borg and
Niemantsverdriet20 and Hopstaken et al.,21 also presented in Chapter III. Here, we
will focus on the use of SIMS in surface science, which can roughly be separated in
two different areas: adsorbate characterization and monitoring of surface reaction
kinetics.

In favorable cases SIMS can give information about the coverage, the
adsorption state (dissociative or molecular), and the adsorption site of an adsorbate.
For instance, Zhu and White22 showed that the Ni2H+/Ni+ intensity ratio varies
linearly with the hydrogen coverage on a Ni(100) single crystal surface. Similar
correlations have also been observed for CO and NO on various metal surface.20 The
adsorption state of molecules, such as, CO and NO can be derived from the nature of
the cluster ions appearing in SIMS. Whereas cluster ions like PdCO+ and Pd2CO+

are characteristic for molecularly adsorbed CO, PdC+ and PdO+ are indicative for
dissociation.23 Brown and Vickerman24-26 have shown that the bonding geometry of
CO is reflected by the relative intensities of the cluster ions containing one, two, or
three substrate metal ions, MCO+, M2CO+, and M3CO+.

In those cases where quantitative information about surface coverages is
obtained, SIMS can be used to determine kinetic parameters for surface reactions.
Due to the relatively short sample time scale, typically around 1 s, reactions can be
monitored in real-time. Borg et al.27 used temperature-programmed SIMS to
determine the kinetic parameters for the NO dissociation reaction on Rh(111).
Creighton and White28 showed that SIMS can monitor, in situ, the H-D exchange in
ethylidyne (C-CH3) on Pt(111). Furthermore, SIMS can provide information about
the intermediates that are present on the surface during reaction which can aid in the
elucidation of complex reaction mechanisms.

Finally, we would like to state that the combination of SIMS and TPRS is
extremely powerful for studying complex surface reactions. Whereas (TP)SIMS
provides information about reactions that occur on the surface, desorption products
are detected in a similar TPRS experiment.
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Figure 2.5 The principle of LEED is that a beam of monoenergetic electrons
scatters elastically from a surface. Because of the periodic order of the surface atoms,
electrons show constructive interference in directions for which the path lengths of the
electrons differ by an integral number times the electron wavelength. Directions of
constructive interference are made visible by collecting the scattered electrons on a
fluorescent screen.
.4 Low Energy Electron Diffraction (LEED)

Low-energy electron diffraction (LEED) is used to determine the surface
tructure of ordered surfaces such as single crystals and adsorbate layers.29-30

ynamic analysis of intensities, to account for multiple scattering of electrons, may
ield the structure of the surface with a precision of the order of 0.01 Å.

.4.1 Experimental setup and principle

The principle of LEED is based on the diffraction of a monochromatic beam
f low-energy electrons, as demonstrated in Figure 2.5. A monoenergetic low-
nergy electron beam (20-800 eV) is  directed on a surface and is scattered back. As
he mean free path of low-energy electrons in metallic solid is very small, making
his a highly structure sensitive technique. Low energy electrons can be considered
s a wave with wavelength given by the De Broglie relation:
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kine Em
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⋅⋅
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λ (2.6)

with: λ is the wavelength of the electrons
h is Planck’s constant (6.63·10-34 Js)
me is the mass of the electron (9.11·10-31 kg)
Ekin is the kinetic energy of the electron (eV)

For electrons, accelerated through a potential of 30 to 500 V, the wavelength
varies from 2.2 to 0.5 Å, which is in the range of atomic distances. Hence, scattered
electrons will exhibit an interference pattern with constructive interference (Bragg’s
reflection) in directions with:

,...2,1,0,
2

sin ==⋅= n
Emd

nh
d

n

kine

λα (2.7)

with: α the angle between scattered electrons and the surface normal;
n the order of diffraction;
d the distance between periodically ordered scatterers, i.e. the lattice

constant.

Usually the electron gun uses a LaB6 filament to provide a stable emission
current. Emitted electrons are accelerated and collimated to obtain a monoenergetic
electron beam with the desired kinetic energy. The primary electron beam impinges
on the surface and backscattered electrons are reflected. The diffracted directions
can be made visible with a fluorescent screen, on which the diffracted electron
beams appear as luminous spots. The sample is positioned in the focus of the
hemispherical screen, i.e., the distance from the sample to the screen is constant. The
function of the electron energy selecting grids is to pass the elastically scattered
electrons without distortion of their radial geometry and to retard the inelastically
scattered electrons, which should not pass to the fluorescent screen.

Because of the inverse relationship between interatomic distances d and the
directions in which constructive interference between the scattered electron occurs
(Eq. 2.7), the separation between the LEED spots is large when interatomic
distances are small and vice versa: the LEED pattern has the same form as the so-
called reciprocal lattice. This concept plays an important role in the interpretation of
diffraction experiments. In two dimensions, the construction of the reciprocal lattice
is relatively simple. If a surface lattice is characterized by two base vectors a1 and
a2, the reciprocal lattice follows from the definition of the reciprocal lattice vectors
a1

* and a2
*:

ijji aa δ=⋅ * (2.8)
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with: ai are the base vectors of the real lattice(i= 1,2)
aj

* are the base vectors of the reciprocal lattice (j= 1,2)
δij is the Kronecker delta: δ11= δ22= 1, δ12= δ21= 0.

It is important that the base vectors of the surface lattice form the smallest
parallelogram from which the lattice may be constructed through translations. In
many cases, the lattice vectors of the adsorbate layer are simply a multiple of the
lattice vectors of the substrate and we can use the Wood’s notation for the adsorbate
structure. For instance, when 0.25 ML ammonia (NH3) is adsorbed on Rh(111),31 the
vectors a1

* and a2
* for the NH3 adsorbate layer which forms at 0.25 ML on Rh(111)

are twice as large as the vectors a1 and a2 for the Rh(111), respectively, which is
expressed in the Wood’s notation for the adsorbate structure: (2x2)-NH3/Rh(111).

In cases where adsorbed gases from ordered layers with periodical structures,
the unit cell of the overlayers can readily be determined with LEED. The exact
position of the adsorbate atoms with respect to the substrate, however, remains
undetermined, because the LEED pattern only reflects the periodicity in the layer.
This is illustrated in the first example in the next section.

So far, we have discussed LEED patterns entirely in terms of two-
dimensional lattices. However, scattering of electrons from deeper layers, especially
at higher electron energies, affects the intensities of the diffraction spots, giving
information about the third dimension. However, structural analysis of the spot
intensity as a function of the electron energy (I-V plots) is not straightforward,
because their interpretation requires comparison with model calculations based on
the complete diffraction process, including multiple scattering contributions.29, 30

Automated procedures for optimizing the structures corresponding to a given set of
LEED intensities have recently been developed.32

In summary, LEED is most often used to verify the structure and quality of
single crystals, to study the structure of ordered adsorbates and to study surface
reconstructions. In the next section we will present two case studies, demonstrating
the capabilities of LEED in the structural determination of ordered adsorbate
structures and ordering of adsorbates.

2.4.2 Case studies LEED: structural determination and ordering of adsorbates

I Structural determination of ordered adsorbate structures: CO on Rh(111)
This first example shows the structural determination of various ordered

adsorbate structures on Rh(111).33, 34 Figure 2.6 shows the LEED patterns, observed
at various CO coverages on Rh(111) (left) and schematic representations of their
respective real-space structures (right). CO was adsorbed at low temperature (Tads<
150 K) and no heating was applied to increase adsorbate ordering. CO coverages
were determined by TPD, using the CO saturation coverage of 0.75 ML.

It can be seen that due to the hexagonal structure of the substrate Rh(111),
CO preferentially orders in hexagonal structures. At a CO coverage of 0.25 ML
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(Figure 2.6 B), LEED exhibits an ordered pattern with a reciprocal lattice twice as
small as the substrate lattice. This corresponds with a real-space structure in which
the CO molecules are arranged in a lattice twice as large as the Rh(111) lattice. At
an CO coverage of 0.33 ML (Figure 2.6 D) the distance between adsorbate spots in
the LEED pattern is √3 smaller than between substrate spots. Moreover, the
hexagonal pattern from diffraction of the CO adsorbate structure is rotated by 30°
with respect to the hexagonal pattern from diffraction of substrate rhodium atoms.

p(1×1)Clean Rh(111)

90.5 eVA.

p(2×2) + 
(√3×√3)R30° 

θCO= 0.30 ML 

109 eVC.

(√3×√3)R30°θCO= 0.33 ML

100 eVD.

Split (2×2)θCO= 0.47 ML

118 eVE.

(2×2)-3COθCO= 0.74 ML

102 eVF.

p(2×2)θCO= 0.26 ML

72.0 eVB.

LEED Patterns CO/Rh(111)
Real space models

CO/Rh(111)

Rh

CO

Figure 2.6 LEED images of Rh(111) (A) and after adsorption of 0.25 (B), 0.30 (C),
0.33 (D), 0.47 (E), and 0.75 (F) ML CO. Note that in all LEED images, the central (0th-
order) spot is missing because it falls behind the electron gun. The right part
schematically shows the real-space structure models for some of the ordered patterns.
CO is arranged in a p(2x2) structure at a coverage of  0.25 ML. At θCO=0.33 ML, CO
molecules are arranged in a (√3x√3)R30°-CO structure. Around 0.50 ML, we observe
the so-called ‘split’ (2x2) pattern (E). With increasing CO coverage the ‘split’ (2x2)
diffraction spots coalesce to form a (2x2) diffraction pattern at saturation (0.75 ML).
This is denoted as a (2x2)-3CO pattern, as the (2x2) unit cell contains 3 CO molecules
(see real space model).



Experimental set-up and techniques 37

This is expressed in the Wood’s notation as a (√3x√3)R30°-CO adsorbate structure.
In the real space-model, we have placed the CO molecules in ontop positions, as
evidenced by HREELS.34

Interestingly, for an CO coverage between 0.25 ML and 0.33, the observed
LEED pattern (C) is a superposition of a the (2x2)- and (√3x√3)R30° pattern,
indicative for the coexistence of p(2x2)-CO and (√3x√3)R30°-CO ordered phases.
For CO coverages between ~0.45 and ~0.70 ML, we observe a (2x2) pattern with
doubled spots, the so-called ‘split’ (2x2). With increasing coverage, the separation
between the split spots decreases and at saturation they coalesce to form a new (2x2)
pattern. TPD reveals that three CO molecules are present in the unit cell of the
ordered structure at saturation. Additional HREELS34 and high resolution XPS
measurements,35 enable to construct a real space model for the ordered CO
adsorbate layer at saturation (Figure 2.6).

p(2x2)/Pt(111):

100 %75 %

Pt(111): θO= 0.19 ML

60 %

Pt(111): θO= 0.15 ML

30 %

Pt(111): θO= 0.08 MLPt(111): θO= 0 ML

0 %

θO= 0.25 ML 

Figure 2.7 LEED images of Pt(111) and O-covered Pt(111) with various
coverages of O-atoms, increasing from 0.08, 0.15, 0.19, up to 0.25 ML at saturation.36

Different amounts of atomic oxygen were adsorbed by exposing to O2 at 150 K and
subsequent shortly heating to 300 K, to remove molecular O2 by dissociation or
desorption. Furthermore, shortly annealing to higher temperatures increases mobility
and hence, ordering of the adsorbate layer. Coverages were determined by TPD, using
a saturation coverage of 0.25 ML. This corresponds with the (2x2)-O pattern, observed
at saturation. Appearance of (weak) diffraction spots below the O-saturation coverage
indicates the formation of O-islands with local (2x2) ordering.
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II Ordering of adsorbates: O-atoms on Pt(111)
This second example demonstrates the capabilities of LEED to follow

ordering- and island formation of adsorbates on single crystal surfaces. Figure 2.7
shows the ordering of atomic oxygen on Pt(111).36  Atomic oxygen is deposited by
adsorbing molecular O2 on Pt(111) at 150 K and subsequent annealing to 300 K.
Heating is required to dissociate and desorb molecularly adsorbed oxygen, and
moreover, to provide sufficient mobility of the adsorbates to form ordered
structures. This method is preferred above directly exposing the Pt(111) surface to
O2 at 300 K, because of the low dissociative sticking coefficient at this temperature.
In this way, a maximum coverage of O-atoms of 0.25 ML can be obtained at
saturation. At 0.25 ML, oxygen atoms are arranged in a p(2x2) structure, in
agreement with the sharp (2x2) LEED pattern observed at 100 % saturation, see
Figure 2.7.

Appearance of diffraction spots already below the O-saturation coverage
indicates the formation of O-islands with local p(2x2) ordering. Because all LEED
images have been obtained at the same electron energy (~65 eV), the intensity of the
(2x2) adsorbate diffraction spots may be taken as a qualitative measure for the
average domain size. Careful examination of the LEED images in Figure 2.7 shows
that already at 30 % of the saturation coverage (θO= 0.08 ML) a very faint (2x2)
pattern can be distinguished. At 60 % of the saturation coverage we clearly observe
a p(2x2) diffraction pattern with some weak background intensity. Upon increasing
the oxygen coverage to 75% and higher, the adsorbate diffraction spots become
sharper and background intensity decreases. These observations provide clear
evidence that O-atoms tend to form ordered islands with local p(2x2) ordering. It
should be noted that ordering is slightly activated, because ordering only occurs
upon heating to room temperature due to the low mobility of O-atoms on Pt(111) at
low temperature. Probably, the driving force for formation of O-islands is the
existence of an attractive interaction between O-atoms in next-nearest neighboring
positions (i.e. the distance between O-atoms is twice as large as the Pt-lattice
constant).

2.5 Auger Electron Spectroscopy (AES)

2.5.1 Principle and experimental set-up

Auger electron spectroscopy (AES) provides qualitative and quantitative
information on the composition of the surface region of a sample.37, 38 This
technique is based on the so-called Auger process, which is schematically depicted
in Figure 2.8. Auger energies are in the range between 0 and 2000 eV. Due to the
limited inelastic mean free path (2-10 atomic layers) of these electrons, the probing
depth of AES is limited to the surface region of the sample only. Auger electron
emission is initiated by the creation of an ion with an inner shell vacancy. This
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photons. Because the location of the energy levels is element specific, the kinetic
energy of the Auger electron provides information about the elemental composition
of the sample. The intensity of the AES signal is proportional to the concentration of
the element in the near-surface region.

In some favorable cases, even information about the chemical binding state
of a certain element can be obtained from the peak position and shape of the AES
spectra. For example, Goodman and coworkers showed the existence of an active
carbidic carbon-species and an inactive ‘graphitic’ carbon species in the methanation
reaction on Rh and Ni surfaces.39

2.5.2 Case study AES: detection of surface contaminants

Cleanliness of a Rh(100) crystal

We have applied AES in the early stages of crystal cleaning to check for the
presence of impurities in the near-surface region of our Rh(100) crystal. Figure 2.9
shows an Auger electron spectrum of the Rh(100) crystal before cleaning. Electron
energy spectra in AES are dominated by a large background of secondary electrons.
These are either due to backscattering of primary electrons, inelastic scattering of

Figure 2.9 Auger electron
spectrum of the Rh(100) surface
in the normal electron counting
mode and in the derivative
mode. The most intense Auger
valence band transitions of Rh
are at 302 eV, 256 eV, and 222
eV, whereas less intense peaks
are observed at 185 eV, 168 eV,
and 135 eV (not shown). The
smaller Auger transition around
280 eV is attributed to the
presence of a residual amount
of near-surface carbon. This
could only be completely
removed by prolonged cleaning,
using Ar+-sputtering and O2
treatment at elevated
temperatures.
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Auger electron, or produced directly. Auger transitions are visible as small peaks
superimposed on this background, see Figure 2.9 (top). Therefore, it is customary to
take the derivative of the measured spectrum as shown in the bottom of Figure 2.9;
the position of the Auger peak minimum in this derivative spectrum is usually
reported as the kinetic energy of an Auger electron.

Besides the intense Auger valence band transitions of Rh at 302 eV, 256 eV,
and 222 eV, a smaller Auger transition around 280 eV was observed in the early
stages of crystal cleaning and was attributed to the presence of considerable amounts
of carbon in the near-surface region, possibly coming from the bulk of the crystal or
from contamination with hydrocarbons which are present in the air. Presence of
carbon was supported by TPD measurements, which showed formation of CO and
CO2 after adsorption of O2. We also checked for presence of other impurities such as
P, B, S, and Cl at lower electron energies, however their initial concentrations were
too low to be detected with AES.

With this knowledge, the crystal was exposed to extended periods of Ar+-
sputtering and annealing in 10-6 mbar of O2 to remove carbon from the near-surface
region. At first instance, some carbon kept coming up from the bulk, as carbon tends
to migrate to the surface. Prolonged cleaning was successful to remove all impurities
from the Rh(100) surface.
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III
Applications of SIMS in Catalysis*

In this chapter we review the literature on applications of SIMS or Time of
Flight- (ToF-) SIMS in catalysis and surface chemistry in a broader context. In
catalytic studies, (ToF-) SIMS is used to characterize catalysts in various stages of
their preparation or after reaction. Useful information can be obtained on the
elemental composition and the local molecular structure of the catalyst, and on the
interaction of the catalyst with reacting gases, promoters, and poisons. This
information can be obtained with monolayer sensitivity (static SIMS), as a function
of depth (dynamic SIMS), or as a function of lateral position on the surface (imaging
SIMS). In surface chemistry, SIMS has been successfully applied in studies on the
reactivity of single or polycrystalline surfaces. In these cases, questions are
addressed regarding the structure of adsorbates and the kinetics of surface
reactions. This review is an update of an earlier review on SIMS in catalysis and
surface chemistry, given by Borg and Niemantsverdriet.†

                                                
* The contents of this chapter is to be published: M.J.P. Hopstaken, R. Linke, W.J.H.

van Gennip and J.W. Niemantsverdriet, in: ToFSIMS: Surface Analysis by Mass
Spectrometry, Ed. by J.C Vickerman.

† H.J. Borg and J.W. Niemantsverdriet, in Catalysis: a Specialist Periodical Report,
Volume 11, eds. J.J. Spivey and A.K. Agarwal, The Royal Society of Chemistry,
Cambridge, 1994, p. 1.
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3.1 Introduction

Catalysis plays a prominent role in our society. The majority of all chemicals
and fuels produced in the chemical industry have been in contact with a catalyst, and
often more than once. Catalysis has also become indispensable in environmental
pollution control, as in automotive exhaust and industrial off-gas cleaning. Catalysis
is vitally important for our economies and it will be even more important in the
future.

A catalytic reaction begins with the adsorption of the reacting gases on the
surface of the catalyst, where intramolecular bonds are broken or weakened. Next
the adsorbed species react on the surface, often in several consecutive steps. Finally,
the products desorb from the surface into the gas phase, thereby regenerating the
active sites on the surface for the following catalytic cycle. The function of the
catalyst is to provide an energetically favorable pathway for the desired reaction, in
which the activation barriers of all intermediate steps are low compared to the
activation energy of the uncatalyzed reaction. Some introductory texts on the theory
of catalysis are listed in the references.1-5

As catalysis proceeds at the surface, a catalyst should preferably consist of
small particles with a high fraction of surface atoms. This is often achieved by
dispersing particles on porous supports such as silica, alumina, titania or carbon.
Nevertheless, unsupported catalysts are also in use. The iron catalysts for ammonia
synthesis and CO hydrogenation (the Fischer-Tropsch synthesis) or the mixed metal
oxide catalysts for production of acrylonitrile from propylene and ammonia form
examples.

Catalysts may be metals, oxides, zeolites, sulfides, carbides, organometallic
complexes, enzymes, etc. Here we limit ourselves to solids. Principal properties of a
catalyst are its activity, selectivity, and stability. Chemical promoters may be added
to optimize the quality of a catalyst, while structural promoters improve the
mechanical properties and stabilize the particles against sintering. As a result,
catalysts may be quite complex. Moreover, the state of the catalytic surface often
depends on the conditions under which it is used. No wonder that characterization
by means of spectroscopic techniques is an important discipline in the field of
catalysis. Static SIMS, although not used as frequently as X-ray photoelectron
spectroscopy, X-ray diffraction, electron microscopy or infrared spectroscopy, has
certainly become an appreciated tool among the few techniques that provided the
truly surface-specific information that is so vital for understanding how a catalyst
works.5

It should be noted that, contrary to applications in other fields such as
polymer science, most SIMS studies in catalysis are still carried out with
conventional, i.e. quadrupole-based equipment. Time-of-flight SIMS studies have
only rarely been reported. Hence, we have chosen to discuss applications of the
technique in catalysis irrespective of what type of equipment has been used to obtain
the data. SIMS investigations in catalysis fall roughly into three categories:6
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• Straightforward characterization of technical catalysts, employing the information
in molecular secondary ions to investigate the presence and coordination of
specific elements in catalysts, to verify contact between certain elements or to
map the chemical composition of the active particle – support combination, e.g. to
reveal where promoters or poisons reside.

• Studies on planar model systems which owing to the flat geometry and often their
conducting properties allow for optimum SIMS analysis. If such model catalysts
are made by the same preparation techniques (mainly wet chemical impregnation)
they often simulate their real life counterparts in a realistic way and offer
attractive opportunities for surface analysis.7

• Surface science studies dealing with the adsorption and reaction of gases on single
crystal surfaces or polycrystalline metal films. Here SIMS enables monitoring
reactions of adsorbed species in real time and contributes significantly to the
understanding of catalytic reaction mechanisms and the kinetics of elementary
surface reactions.

We discuss examples from all three categories.

As in many applications of SIMS in catalysis the information is derived from
molecular cluster ions, it is important to recall that in many cases such clusters are
emitted intact and are not the result of recombination processes above the surface.
Oechsner8 collected evidence that direct cluster emission processes predominate in
case relatively strong bonds exist between neighbor atoms. Direct emission becomes
even more likely if the two atoms differ significantly in mass and when the heavier
atom receives momentum from the sputter cascade in the solid. Thus there is little
doubt that clusters of the type ZrO+, FeCl3

-, MoS+, CH3
+ or RhNO+, which we will

encounter in the applications later on, stem from direct emission processes and
reflect bonds present in the sample.9, 10 Some evidence exists, however, that atomic
recombination may play a role in SIMS of metals, and in alloys where the two
constituents have comparable mass.8

3.2 Characterization of technical catalysts

Matrix effects and inhomogeneous sample charging seriously hinder
quantitative analysis of SIMS on technical catalysts. Although full quantification is
almost impossible in this area, the interpretation of SIMS data on a more qualitative
base offers nevertheless unique possibilities. Molecular cluster ions may be
particularly informative about compounds present in a catalyst. A TOF-SIMS study
on the automotive exhaust or three-way catalyst by Oakes and Vickerman11 nicely
illustrates the type of information that SIMS provides.

 The three-way catalyst consists of a ceramic monolith made of cordierite,
which serves as the structural support and is covered by a porous washcoat with
alumina and ceria as major constituents, onto which small amounts of platinum and
rhodium are deposited. Platinum efficiently oxidizes CO and unburnt hydrocarbons
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to CO2 and H2O, while rhodium catalyzes the reduction of NO to N2 by CO, H2 and
hydrocarbons. During its active life the catalyst may easily travel up to two hundred
thousand kilometers, during which poisons such as lead, sulfur, and phosphorous
accumulate on the surface. In addition, the catalyst may deteriorate due to thermal
and mechanical damage. Figure 3.1 shows positive and negative TOF-SIMS spectra
from a used three-way catalyst. One readily recognizes contributions from the
alumina-ceria washcoat and from contaminants (originating from lubricants and fuel
additives) which are obviously present in the form of lead sulfate and calcium
phosphate. In addition, elements such as Fe, Cu, Zn, are present, due to wear of
engine parts. Note that secondary ions from the noble metals are not prominently
visible, because they are to a large extent covered by the contamination layer.
Similar spectra from a fresh catalyst straightforwardly show aluminum, cerium and
combinations with oxygen, some chlorine, and rhodium and rhodium-oxygen
clusters. Interestingly, cerium is only observed in clusters containing one cerium,
whereas a CeO2 reference compound emits clusters up to Ce2O3

+ and Ce2O5
-,

indicating that the cerium ions in the washcoat are highly dispersed through the
alumina and certainly not present in the form of CeO2. Rhodium, at mass 103,
overlaps with several secondary cluster ions in a SIMS spectrum. The high
resolution of a TOF-SIMS instrument is a great asset here, as Figure 3.2 illustrates.

Platinum is not easily detected in SIMS when an argon primary beam is
used. Cesium guns offer an alternative for the detection of noble metals. A cesium
layer deposited through the experiment alters the electrostatic state of the surface

Figure 3.1 Positive and negative TOF-SIMS of an automotive exhaust catalyst
which traveled for more than 100000 km on a car (adapted from Oakes and
Vickerman11).
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and favors the emission of negative ions, enabling the detection of a series of
platinum ions including Pt-, PtO-, PtCl-, Pt(OH)3

-, and combinations with
hydrocarbon fragments, all showing the isotopic distribution pattern characteristic of
platinum.

In addition to static SIMS spectra as in Figures 3.1 and 3.2, Oakes and
Vickerman11 measured depth profiles of catalysts that had traveled different
distances on cars. Basically, these depth profiles show that the poisons deposit on
the surface, and that poisons such as lead, sulfur and zinc penetrate further into the
material than phosphorous does. Imaging SIMS has been used to visualize the
distribution of the poison species over the washcoat, making the study a complete
illustration of the capabilities of ToF-SIMS in catalyst characterization.

In another TOF-SIMS investigation, Winograd and coworkers12 analyzed the
coordination of platinum atoms in fresh and spent hydrocarbon reforming catalysts
consisting of 0.6 wt% of Pt on γ-Al2O3. Prepared from hexachloroplatinic acid,
H2PtCl6, the catalysts contain small amounts of chlorine, which is known to enhance
the acidity of the alumina support and is also believed to favor high platinum
dispersion through the formation of oxychlorinated platinum species in the
preparation stage. ToF-SIMS spectra, measured using a gallium ion source, provide
clear evidence for Pt-Cl contact, as the negative ion spectra of the freshly reduced
catalyst contain among others the clusters PtCl-, PtClO- and PtCl2

-. Also the spent
catalyst, measured after heptane reforming at 800 K for 24 hours, shows a clear
signal from the PtCl- secondary ion. To support the assignment of these chlorine-
containing cluster ions of platinum to the existence of Pt-Cl contact in the catalyst,
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Figure 3.2 High-resolution ToF-SIMS in the mass region of rhodium (103 amu) of
a fresh automotive exhaust catalyst (adapted from Oakes and Vickerman11).
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the authors measured spectra of a 20:1 NaCl:Pt physical mixture. This gave a
spectrum showing all the characteristic ions from a platinum reference, but no
combinations of Pt and Cl, confirming that such clusters measured from the catalysts
are unlikely to originate from recombination of Pt and Cl above the surface,
according to the authors.

Chlorine, though beneficial in reforming and epoxidation reactions, may also
be a highly undesirable poison, as for example in the ammonia synthesis reaction,
where it suppresses the propensity of the potassium-promoted iron catalyst to
dissociate N2. Plog et al.13 studied the effect of chlorine on the NH3 synthesis
reaction by adding CH2Cl2 to the reactants, N2 and H2. Deposition of Cl on the
surface during reaction can be monitored in detail, as SIMS distinguishes between
the formation of KCl and FeClx compounds through KCl2

- and FeCl3
- clusters,

respectively. The authors found that low levels of chlorine in the feed mainly lead to
coordination to the potassium promoter, whereas at higher levels the iron surface
was contaminated, resulting in decreased ammonia production.

While chlorine is a poison for the ammonia synthesis over iron, it serves as a
promoter in the epoxidation of ethylene over silver catalysts, where it increases the
selectivity to ethylene oxide at the cost of the undesired total combustion to CO2. In
this case an interesting correlation was observed between the AgCl2

-/Cl- ratio from
SIMS, which reflects the extent to which silver is chlorinated, and the selectivity
towards ethylene oxide.13 In both examples, the molecular clusters reveal which
elements are in contact in the surface region of the catalyst.

The examples thus show how useful SIMS is in the detection of promoters
and poisons, which often occur at levels where they are barely or not visible in other
methods as XPS. The unique feature of SIMS is that it reveals how these elements
are present in the catalyst and to which components they are bonded.

Determining which elements are in contact which each other, or to which
extent elements are mixed in multicomponent systems (alloys, mixed oxides) is
among the most difficult tasks in materials characterization. In favorable cases,
SIMS may provide this type of information, as a series of investigations on mixed-
oxide catalysts shows.

Mixed metal oxide catalysts such as FeSbOx and BiMoOx are used in
selective oxidation and ammoxidation reactions, such as the reaction between
propylene, ammonia and oxygen to acrylonitrile, or between propylene and oxygen
to acrolein.14 These catalysts have been investigated by SIMS.15, 16

Here we briefly discuss a ToF-SIMS study on catalysts based on oxides of
praseodymium, a lanthanide, and molybdenum, active for the selective oxidation of
isobutene to methacrolein, reported by De Smet et al.17 The catalyst is essentially a
mixture of MoO3 and Pr6O11, made by grinding the two oxides together in a mortar.
The catalyst is then used for isobutene oxidation at 1 bar and 400ºC. Whereas X-ray
diffraction and infrared spectroscopy point to the formation of Pr6MoO12 as the
major phase in the interior of the catalyst particles, X-ray photoelectron
spectroscopy detected clearly more molybdenum, suggesting the presence of
Pr2Mo3O12 in the surface region.
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In order to confirm the composition of the surface region, the authors
compared TOF-SIMS spectra of their catalysts with those from a series of reference
compounds, such as MoO3, Pr6O11, Pr6MoO12, Pr2Mo3O12, and Pr2MoO6. In
particular in negative TOF-SIMS, these oxides yield large secondary ions in the
mass region up to 800 atomic mass units. Some of the mixed phases produce unique
fragments, which the authors could interpret straightforwardly on the basis of the
crystal structure of the compounds. In principle such cluster ions can also be used
for identifying the presence of a certain compound at the surface of the catalysts.
However, the intensities of these rather large cluster ions (e.g. Pr4MoO10

- at 822 amu
for Pr6MoO12) are small, and therefore the authors preferred to distinguish between
different phases on the basis of characteristic intensity ratios of the more abundant
secondary ions in the spectrum. Figure 3.3 shows such a correlation for the intensity
ratio PrO3

-/MoO3
- versus the Pr/Mo ratio in the reference compound. TOF-SIMS

spectra of the catalysts all pointed to an average oxide composition close to
Pr2Mo3O12, in good agreement with results from XPS.17
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Figure 3.3 ToF-SIMS intensity ratio PrO3
- / MoO3

- versus the Pr/Mo ratio in three
praseodymium molybdate phases. The insets show the crystallographic structures of the
different praseodymium molybdate phases. The relatively high yield of binary
fragments, such as PrO2

- and PrO3
- from Pr2MoO6, is in line with the lamellar structure

of alternating MoO4 and Pr2O2 layers in the former phase. In the same way, the
relatively high emission of ternary ion clusters, such as PrMo3O11

- and Pr2Mo3O11
- from

Pr2Mo3O12, is in line with the defect structure of the latter (adapted from De Smet et
al.17).
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A useful property of all mass spectroscopic techniques is that it distinguishes
between isotopes. This gives interesting opportunities to study reaction mechanisms,
also in SIMS. Oxidation reactions on oxide surfaces are believed to proceed through
the so-called Mars-van Krevelen mechanism, in which lattice oxygen reacts with the
hydrocarbon, leaving a vacancy behind at the surface. The latter is filled by oxygen
from the gas phase.14 Aso et al. 15 addressed the question which of the components
in an iron antimony oxide catalyst is responsible for oxygen activation, Fe or Sb.
They exposed an active catalyst to 18O2 and followed the SIMS intensities of
oxygen-containing clusters as a function of time. The fact that the 18O content of the
SbOx

- clusters was initially higher than in the FeOx
- clusters strongly suggests that

antimony activates the oxygen which subsequently replenishes vacancies associated
with iron, and perhaps also antimony.

Kruse and coworkers18 reported one of the few studies in which SIMS
revealed information on the mechanism of a catalytic reaction on a real catalyst.
Interested in the sites where synthesis gas (CO + H2) reacts to methanol on
lanthanum-promoted Pd/SiO2, the authors compared SIMS spectra of a catalyst
before and after reaction, which was carried out in a high-pressure cell attached to
their SIMS/XPS spectrometer. As Figure 3.4 shows, the difference spectrum
indicates the formation of species such as formate (HCOO) and methoxy (OCH3),
which appear to be mainly present on the support, as the SiOCH3 fragment indicates.

Difference spectrum

Figure 3.4 Normalized SIMS spectra for a Pd/SiO2 catalysts promoted with
lanthanum. Top spectrum were taken after CO hydrogenation and reduction; the bottom
shows the difference spectrum (adapted from Sellmer et al.18).
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Some methoxy was found in association with the lanthanum promoter, but
combinations with palladium were not observed, and in fact, not expected, because
experiments with Pd(111) single crystals revealed that a stabilizing back ground
pressure of methanol would be required to observe methoxy species on the metal,
even at room temperature.19 However, even in the presence of gas phase methanol,
no signals due to Pd-OCH3 or PdOOCH could be measured, which led the authors to
the conclusion that methanol formation occurs on the promoted support, while the
role of the noble metal is to provide atomic hydrogen.

An overview of SIMS studies on technical catalysts is given in Table 3.1.
We have distinguished between zeolites, supported metal oxide catalysts, and
supported metal catalysts. Also, we have subdivided the different studies to the kind
of information derived from the SIMS experiments.

Table 3.1 SIMS studies in catalysis
Subject Info* References

Zeolites
Depth distribution of Si/Al after various treatments R 20, 21, 22
Depth distribution of Si/Al and metal ions after ion-exchange R 23
Lateral distribution of deposited metals in fluid catalytic
cracking catalysts

S,I 24, 25, 26, 27,
28, 29, 30

Deactivation and reactivation of MFI-type borosilicate (B-MFI)
catalyst for the Beckman rearrangement of cyclohexanone to ε-
caprolactam

S,M 31

Depth profiling of Ru/KY and Ru/NaY catalysts for ammonia
synthesis

S,R 32

Depth profiling of ion-exchanged titano-silicate (TS2 zeolite)
catalysts for the selective catalytic reduction of NO with NH3

S 33

Adsorption of propylene on Cu-ZSM-5 catalysts for NOx
reduction

S,M 34

(Supported) metal oxide catalysts
Structure of alumina-supported Re-oxide F 35
Structure of alumina- and silica-supported Cr-oxide F 36, 37
Structure of alumina-supported Co-oxide F 38
Dispersion of alumina- and silica-supported molybdena R 39
Composition of (platinized) Sb-doped SnO2; formation of
hydration layer

S 40, 41, 42

Preparation of silica-supported ZrO2 from zirconium ethoxide F 43
Lateral distribution of V and Sn in V2O5/SnO2 catalysts S 44
Depth distribution of V in V/MgO catalysts S 45
Depth distribution of metal ions deposited on alumina-
supported MoO3

S 46

18Oxygen adsorption sites on FeSb mixed metal oxides S 15
18Oxygen incorporation into MoO3 crystals S 47
Surface composition of Mn/Fe oxide catalysts for Fischer-
Tropsch

S 48
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Table 3.1 Continued…
Transformation of amorphous glassy metal/zirconium alloys
into CO/CO2 hydrogenation catalysts

S 49, 50

Characterization of V2O5-TiO2 aerogels (SCR catalysts) M,F 51
Surface composition of mixed Pr/Mo-oxide catalysts for
selective olefin oxidation

F 17, 52

Surface composition of SiO2-supported bismuth-molybdate
catalysts for selective olefin oxidation

F,I 16

Characterization of SiO2-supported Na2MoO4 catalysts for
oxidative coupling of methane

M,R 53

Surface composition of TiO2-supported V2O5 SCR catalysts M 54
Surface composition of highly dispersed partially stabilized
Sr/Ca/Ba-zirconia

R 55

Characterization of carbonaceous deposits on MnO2/CeO2 wet
oxidation catalysts

F 56

Surface- and bulk defects in α-Fe2O3, induced by mechanical
activation

R 57

Characterization of solid superbases from γ-Al2O3 treated with
alkali-hydroxide/alkali-metal

M 58

(Supported) metal catalysts
Depth profiling of Cs-promoted, α-Al2O3-supported Ag
catalysts for ethylene epoxidation

S 59, 60

Promoter and poison effects on the ammonia formation rate for
K2O/Fe

S,M 13

Metal-promoter contact in vanadium oxide promoted
Ru/alumina

M 61

18Oxidation of LiNbO3-supported Ag S 62
Determination of surface contaminants on PtRh S 63
Structure and composition of Pt-black catalysts S,M 64
Composition and structure of Pt3Pb bimetallic catalysts:
influence of electronegative species

S 65, 66

Oxygen-induced rhenium segregation on PtRe bimetallic
catalysts

R 67

Composition and structure of Pt-Sn/Al2O3 and Pt3Pb catalysts M,F 68
Depth profiling of washcoat components and poison species in
aged automotive exhaust catalysts

S,M,I 11

Interaction of Rh and Pt with γ-alumina M 69
Reaction intermediates in methanol synthesis over SiO2-
supported Pd

S,M 18

Structure of chlorinated Al2O3-supported Pt reforming catalysts M 12
CO adsorption on Al2O3/SiO2/TiO2-supported RuMn alloy M 70
Metal support interaction in TiO2-supported RuMn alloy M 71
Metal-promoter contact in Al2O3-supported, K-promoted RuMn
alloy catalyst for CO hydrogenation.

M 72

Characterization of Mo supported on activated-carbon F 73
Reduction behavior of Ni/Fe/Rh supported on hydrous ion-
exchanged TiO2

R 74
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Table 3.1 Continued…
Characterization of hydrocarbons in the Fischer-Tropsch
reaction over SiO2-supported Co

F 75

Nature of carbon deposits on Pt/Al2O3 catalyst for HCN
synthesis and Pd/SiO2 catalyst for selective acetylene
hydrogenation

F 76

Characterization of TiO2-supported Co/Ru Fischer-Tropsch
catalysts

M,R 77

Deactivation of La2O3-supported Ni and γ-Al2O3/CaO-
supported Ni catalysts and intermediates in CO2 reforming of
methane to syngas

S 78, 79

Various
Characterization of activated carbon catalyst supports F 80
Interaction of K2CO3 with carbon black F,R 81
Characterization of pyrolyzed organic Co and Fe-precursors on
carbon black for O2 electroreduction

M,F,S 82, 83, 84,
85, 86, 87

Depth-profiling of PbO2/RuO2/IrO2/ZrO2/TiO2 electrocatalytic
thin films

S,M,
R

88, 89, 90,
91

Metal-metal interactions in Pt-Co-Cr on carbon black for
phosphoric acid fuel cells

S,M 92

Surface modification of HCl treated activated carbon F 93
Methane adsorption on molybdenum-supported MoS2 F 94
*Type of information derived from SIMS experiments:

S Elemental analysis by inspecting single secondary ions;
M Intimate contact between elements, indicated by molecular ions;
F Structure information, given by characteristic fragmentation patterns;
R Semi-quantitative concentration determination derived from ion intensity ratios;
I Lateral distribution of surface species by imaging SIMS.

3.3 Model Catalysts

Many technical catalysts consist of particles on an oxide support. Of course,
these electrically insulating systems, with most of the active particles hidden inside
pores, are not particularly suited for SIMS analysis. Interesting new possibilities
arise if one replaces the porous, insulating oxide by a planar model support,
consisting of a thin oxide layer of a few nanometer thick on a conducting substrate.7
Borg et al.95 took this approach to study the decomposition of RhCl3-derived
complexes on alumina, modeled by a 4 nm thin layer of Al2O3 on an aluminum foil.
A clearly observable RhCl- signal in the SIMS spectrum of a freshly impregnated
catalyst reflected the presence of chlorine-containing rhodium complexes on the
support.  The cluster disappeared from the spectra after reduction in H2 at 200°C,
while the elemental Cl- signal still had substantial intensity, indicating that the
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rhodium chlorine cluster disintegrated but that chlorine was still present on the
support.

Another SIMS study on model systems concerns molybdenum sulfide
catalysts. The removal of sulfur from heavy oil fractions is carried out over
molybdenum catalysts promoted with cobalt or nickel, in processes called
hydrodesulfurization (HDS).14 Catalysts are prepared in the oxidic state but have to
be sulfided in a mixture of H2S and H2 in order to be active. De Jong et al.96 used
SIMS to follow the conversion of MoO3 into MoS2, in model systems of MoO3
supported on a thin layer of SiO2. Although XPS produced the best information on
the state of sulfidation, SIMS provided evidence for the presence of molybdenum-
oxysulfides in intermediate stages by showing that the surfaces contained both
oxygen and sulfur. Although SIMS analysis is somewhat hindered by the mass
interference of O2- and S-containing clusters, the sulfidation can be followed by
inspecting relative intensity ratios. Combination of these results with XPS and RBS
data revealed important information on the intermediate oxysulfides that occur in
initial stages of sulfidation.96 An overview of SIMS studies on planar model
catalysts is given in Table 3.2.

Table 3.2 SIMS studies on the surface chemistry of model catalysts
Model system Catalyst preparation or catalytic reaction Reference
MoO3/SiO2/Si(100) Sulfidation mechanism of silica-supported

MoO3

96

RhCl3/Al2O3/Si(100) Reduction of rhodium trichloride to Rh-
particles

95, 97

Rh/TiO2 and Pt/TiO2 Metal-support interactions on TiO2-supported
Rh and Pt particles

98

Pd/α-Al2O3 or Pd/mica CO adsorption on supported Pd 99, 100, 101
Pd/α-Al2O3 or Pd/MgO CO oxidation on supported Pd 102, 103, 104
Zn-titanate/SiO2/Si(100) Characterization of catalyst for isobutane

dehydrogenation
105

MoO3/Al2O3/Al Characterization of catalyst during calcination 106

3.4 Single crystal studies

Studies on metal and alloy foils and single crystals are yet another step away
from real catalysts, but can nevertheless provide highly relevant information.
Noteworthy is the work of Ott et al.107 on the behavior of FeRu alloys in CO
hydrogenation. SIMS was used to determine the outer layer composition of the
alloys, and the results could be successfully correlated with catalytic tests. The
characterization of carbonaceous deposits on Pt, Ir, and PtIr foils with SIMS fall also
in this category.108, 109 Here the negative C2Hn

- (n= 0-2) gave valuable information
on the hydrogen content of carbon on the surface, whereas the intensity ratio of
C4Hn

- to C2Hn
- clusters reflected the extent of polymerization of the carbon into
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larger units. The latter play a role in the deactivation of catalysts in hydrocarbon
conversions such as catalytic reforming.

In applications of SIMS on single crystals or metal foils, matrix effects are
largely circumvented. Excellent quantification has been achieved by calibrating
SIMS yields of adsorbates by means of other techniques such as electron energy loss
spectroscopy or thermal desorption spectroscopy.10, 110 Although the absolute SIMS
intensities depend sensitively on adsorbate coverage through the work function of
the surface, which has a large effect on the neutralization probability of secondary
ions upon emission, these matrix effects cancel out if one takes intensity ratios: The
ratio Ni2H+/Ni+, for example, varies linearly with the coverage of hydrogen atoms on
a nickel surface.110, 111 A similar correlation has been established for CO adsorption
on several metals. Vickerman and coworkers10, 112 demonstrated that the relative
intensities of Pd3CO+/Pd3

+, Pd2CO+/Pd2
+ and PdCO+/Pd+ may even be used to derive

the fractions of CO adsorbed in threefold, twofold and single positions on palladium.

3.4.1 Identification of adsorbates

A good example of monitoring adsorbed species on surfaces with SIMS is
shown in Figure 3.5. This figure shows positive SIMS spectra the interaction of NO
with the Rh(111) surface.113 The lower curve shows the adsorption of molecular NO
(peak at 236 amu) on Rh(111) at 120 K. The middle curve shows the situation after
heating the sample to 400 K. The presence of the peaks at 220 amu (Rh2N+) and 222

Nads

Nads+ Oads

NOads

Selective Oads
hydrogenation

heating

Figure 3.5 SIMS
spectra of a Rh(111)
surface after adsorption of
0.12 ML of NO at 100 K,
where NO adsorbs
molecularly, after heating
to 400 K, illustrating
dissociation of NO in to N
and O-atoms, and after
heating in H2, illustrating
the selective removal of O-
atoms. Note that the yields
of O and N differ in SIMS,
due to different ionization
energies of the respective
clusters (adapted from van
Hardeveld et al.113).
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amu (Rh2O+) and the absence of the Rh2NO+ (236 amu) indicate that NO has
dissociated. Heating the sample at 400 K in H2 causes the removal of atomic oxygen
and thus the disappearance of the Rh2O+ at 222 amu, whereas nitrogen atoms stay on
the surface, as the upper curve in Figure 3.5 shows. In this way, dissociation of NO
can be monitored in real time, by monitoring the intensities of the Rh2NO+ peak for
adsorbed NO, and Rh2N+ and Rh2O+ for the dissociation products. Borg et al.114

applied this to study the dissociation kinetics of NO on Rh(111) surfaces. Here we
discuss the same reaction on the significantly more reactive (100) surface of
rhodium.

3.4.2 Kinetics of surface reactions

Dissociation of NO is a crucially important elementary step in the
mechanism of the reaction CO + NO → ½ N2 + CO2 in automotive exhaust
catalysis. As NO dissociation produces two atoms from one molecule, the reaction
can only proceed when the surface contains empty sites adjacent to the adsorbed NO
molecule. In addition, the reactivity of the molecule is affected by lateral
interactions with neighboring species on the surface. Figure 3.6 clearly illustrates all
these phenomena.115 The experiment starts by adsorbing a certain amount (expressed
in fraction of a monolayer, ML) of NO at about 125 K, after which the surface is
heated linearly in time, during which the SIMS intensities of characteristic ions of

Figure 3.6 Dissociation of NO on the (100) surface of rhodium, as monitored by
TPD and SIMS, showing NO and N2 desorption rates and Rh2(NO)+/Rh2

+ and
Rh2N+/Rh2

+ TPSSIMS ion intensity ratios, representing the surface coverages of NO and
N-atoms respectively, during temperature programmed reaction of NO on Rh(100), for
low (left panel), medium (central panel), and high (right panel) initial NO coverages
(adapted from Hopstaken et al.115).

200 300 400 500 600 700 800 900

Temperature (K)

200 300 400 500 600 700 800 900

Temperature (K)

200 300 400 500 600 700 800 900

Temperature (K)

0.20 ML 0.37 ML 0.60 ML

N2

N2
N2

NO

NO

“θN”

NO

NO/Rh(100)
Tads=125 K

β=5 K/s

TPD

TPSSIMS

“θNO”

“θN”

“θNO”

“θN”

“θNO”



Applications of SIMS in catalysis 57

adsorbed species are followed, along with the desorption of molecules into the gas
phase.

At a low NO coverage of 0.2 ML, dissociation is observed between 170 and
280 K, whereas the N-atoms recombine and desorb as N2 between 600 and 800 K.
Oxygen atoms remain on the surface and have to be removed afterwards by flashing
to higher temperatures. If the NO coverage is higher, however, the NO dissociation
is seen to retard to higher temperatures, indicating that lateral interactions with NO,
N and O on the surface slow down the dissociation reaction. At the onset of the
reaction, NO dissociates in the presence of other NO molecules, but as the reaction
progresses the environment of a dissociating molecule changes to atomic species.
Hence, the measurement indicates that repulsion between NO and N and O atoms
has a much stronger effect on the dissociation rate of NO than interactions between
NO molecules has (also if one accounts for the difference in total coverage of almost
a factor of two near completion of the reaction). At high NO coverages the
dissociation reaction is blocked, as Figure 3.6 shows. All chemistry is suppressed
until some NO desorbs around 400 K, after which dissociation follows
instantaneously. The latter forms a clear illustration of the fact that ensembles of
more than one adsorption site are necessary for dissociating molecules. Analysis of
the rates of NO dissociation, and desorption of NO and N2 gives the kinetic
parameters for these elementary steps, see Table 3.3. The attractive feature of static
SIMS is that it provides a way to measure the kinetics of reactions on the surface,
which would be very difficult to do with any other technique. The importance of
working under static conditions should be strongly emphasized, when studying the
kinetics of surface reactions.

Table 3.3 Activation energies (kJ/mol) for several elementary reaction
steps involved in the CO + NO reaction on Rh(111) and Rh(100).114, 115

Elementary reaction step Ea on Rh(111) Ea on Rh(100)

NOads + ✻ → Nads + Oads 65 37

NOads → NOgas + ✻ 113 106

Nads + Nads → N2, gas + 2 ✻ 118 215

A very elegant example of this type of investigation is the SIMS study of the
H-D isotope exchange reaction in ethylidyne on platinum, reported in a seminal
paper by White and coworkers.116, 117 Ethylidyne, ≡CCH3, adsorbed on three metal
atoms, is a common species formed when ethylene adsorbs on group VIII metals
such as rhodium, palladium, iridium and platinum. The CH3 group gives a clear
signal at 15 amu in positive SIMS. Figure 3.7 shows what happens when ethylidyne
is exposed to D2: The mass 15 signal of CH3 goes down in favor of the mass 16
signal of CH2D, which goes through a maximum, followed by the mass 17 signal of
CHD2, until finally the mass 18 signal of CD3 of fully deuterated ethylidyne
becomes dominant. Note that the mass 16 signal does not go to zero, because it not
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only reflects ≡CCH2D, but also the CD2
+ fragment of ≡CCD3. The lower panel of

Figure 3.7 presents the results of a kinetic model based on the stepwise exchange of
one hydrogen for one deuterium atom. Figure 3.7 forms a beautiful illustration of the
kinetics of consecutive surface reactions through two intermediates.4

3.4.3 Identification of intermediates in surface reactions

As a final example, we show how SIMS can be used to identify the rate-
determining step in a sequence of elementary reactions.118 Imagine the following
situation: we have a Rh(111) surface partially covered by N-atoms which we heat up
to 400 K under a low, constant pressure of H2 with the aim to form NH3. We expect
the following reactions:

H2 + 2 ✻ → 2 Hads
Nads + Hads → NHads + ✻

NHads + Hads → NH2,ads + ✻

NH2,ads + Hads → NH3,ads + ✻

NH3,ads → NH3 + ✻

The corresponding SIMS spectrum in Figure 3.8 shows that the surface
contains N-atoms and NH2 species, whereas adsorbed NH and NH3 species are not
observed. A separate study on the adsorption of NH3 on Rh(111) revealed that
Rh2(NH3)+ peaks are clearly observable when NH3 is adsorbed.119 Repeating the

Figure 3.7
Secondary ion intensities
of ethylidyne, ≡CCH3, on
platinum (111) during
reaction with D2 at 383
K. Curves a-d are the
measured SIMS
intensities of CHn

+

fragments at 15-18 amu,
respectively. Curves e-h
represent a kinetic
simulation for a
consecutive reaction via
two intermediates
(adapted from Creighton
et al.116, 117).
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experiment with D2 in stead of H2 enhances the mass separation between peaks and
confirms the presence of N-atoms and ND2 species. The interpretation is that the
rate-determining step in the hydrogenation of N-atoms is the reaction from NH2 to
NH3. The presence of N-atoms may indicate that these atoms are present in islands
and that hydrogenation takes places at the boundaries of these islands.118 Again, the
unique aspect of this type of work is that SIMS monitors all surface species during
the reaction on the surface.

An overview of SIMS studies on single crystal surfaces and polycrystalline
films is given in Table 3.4.

Static SIMS of N / Rh (111)
5.10-7 mbar H2 or D2, T=375 K

Rh2

Rh2

Rh2D

Rh2H

Rh2N

Rh2N

Rh2NH2

Rh2ND2

+ +

+

+

+

+

+

200     205     210     215     220        225     230
atomic mass units

S
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S
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n
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Figure 3.8 SIMS spectra of
a Rh(111) surface covered by 0.1
ML of N-atoms, during
hydrogenation in H2 and D2
showing the presence of H
(Rh2H+ at 207 atomic mass
units), N (Rh2N+ at 220 amu),
and NH2 (Rh2NH2

+ at 222 amu)
as reaction intermediates. The
experiment with D2 confirms
these assignments. The results
indicate that the hydrogenation
of NH2 is the rate-determining
step in the hydrogenation of N-
atoms to NH3 (from van
Hardeveld et al.118).
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Table 3.4  SIMS studies in surface chemistry on single crystals and polycrystalline foils
Metal Plane Reaction References
Fe poly Adsorption of CO 120

poly Adsorption of H2S 121
(110) Thermal decomposition of NH3 122

FeRu poly Surface composition of FeRu alloys for
Fischer-Tropsch reaction

107, 123, 124

Ni poly thermal decomposition of HCOOH 125
(100) adsorption of O2 126,127
(100) adsorption of CO 128, 129,

130, 131, 132
(111) adsorption of CO 133, 134
poly adsorption of CO 120, 128
poly adsorption of H2 135
(100) adsorption of H2 111, 136,

137, 138
Poly thermal decomposition of C2H4 and C2H2 139, 140, 141
(100) and (111) thermal decomposition of C2H4 and C2H2 142, 143,

144, 145, 146
poly coadsorption of H2 and CO 147
poly coadsorption of H2 and C2H4, and H2 and

C2H2

148

(100),(110),(111) coadsorption of H2S and CO 128
(111) hydrogenation of CO 149
(100) thermal decomposition of CH3 derived

from methyl halides
150, 151

(111) hydrogenation of carbidic carbon 152
(111) thermal decomposition of CH3SH 153
(111) surface composition of PtNi single crystal

alloys
154

Cu (100) and poly adsorption of CO 120, 128
(100) adsorption of CH3OH 155
(100) and poly adsorption of H2S 121
(110) CH3OH oxidation 156
poly adsorption of C6H5COOH and C6H5CHO 157

Ru (0001) adsorption of CO 133, 134,
158, 159

(0001) dissociation of CO and C-D interaction 160
(0001) reactivity of surface carbon derived from

C2H4

161, 162

(0001) thermal decomposition of C2H4 163
(0001) thermal decomposition of C3H6 164
(0001) thermal decomposition of CH2CO 165, 166
(0001) polymerization and decomposition of

CH3CHO
167

(0001) coadsorption of C2H4 and CO 168
(0001) adsorption of C4H4S on clean and S-

covered surface
169, 170, 171



Applications of SIMS in catalysis 61

Table 3.4 Continued…
(0001) deposition of Cu 172
(0001) coadsorption of CO and Cu or Au 173
(0001) coadsorption of C2D4 and Au, thermal

decomposition of C2D4

174

(0001) coadsorption of CO and Mn 175
Rh (111) and (331) adsorption of CO 176

(210) adsorption and dissociation of CO 177, 178
(111) adsorption of O2 179
(111) and (331) adsorption of NO 180
(331) adsorption of NO on carbon covered

surface
181

poly adsorption and coadsorption of CO and O2 182
poly nature of carbonaceous deposits derived

from C2H4

108, 183, 184

(111) Adsorption and dissociation kinetics of
NO

113, 114

(111) Adsorption and decomposition of C2H4
and H-D exchange in ethylidyne (CCH3)

185, 186

(111) Adsorption of NH3 119
(111) Formation and decomposition of cyanide

(CN) from atomic N and C2H4 (or atomic
C)

113, 187

(111) Formation and decomposition of cyanide
(CN) from reaction between adsorbed NO
and C2H4

113, 186,
188, 189

(111) Formation of NH3 by hydrogenation of
atomic N

118, 190

(100) Adsorption and dissociation of NO 191
(100) Reactions of NO and CO 192
(100) Adsorption and dissociation kinetics of

NO
115

poly Adsorption and dissociation of NO 193
(110) Adsorption and dissociation of NO 194, 195

Pd (111) adsorption of CO 134
(100) adsorption of CO 196
poly adsorption of CO 120, 128
(111) CO oxidation 197, 198,

199
poly defect-induced dissociation of CO 200
(111) thermal decomposition of CH3OH 19, 201, 202,

203
Ag poly CH3OH oxidation 204, 205

poly adsorption of O2, H2O, CO, CO2, CH2O
and CH3OH

206

poly self-hydrogenation of C4H4S (thiophene) 207
(111) adsorption of C5H5N 208, 209
(111) adsorption of C6H6 209
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Table 3.4 Continued…
poly Coadsorption of oxygen and cyanogen

(C2N2)
210

Ir poly nature of carbonaceous deposits derived
from C2H4

108, 109, 184

Pt poly adsorption of CO 128
(111) adsorption of O2, influence of Si and Ca 211
(111) reaction of H2O with chemisorbed oxygen 212, 213, 214
(111) H2O formation 215, 216, 217
(111) thermal decomposition of CH3OD 218
(111) thermal decomposition of CH2CO 219
(111) dehydrogenation of C2H4 and C3H6 220, 221
(111) H-D exchange in alkylidynes 116, 117
(111) conversion of -CHCH2 to  CCH3 and C2H4 222, 223
poly nature of carbonaceous deposits derived

from C2H4

108, 183,
184, 211, 224

(111) coadsorption of K and CO 225, 226
(111) coadsorption of K and CO2 227
(111) coadsorption of K and C2H4 227
(111) surface composition of PtNi single-crystal

alloys
155

(111) Decomposition of 1,1-dimethylhydrazine 228
TiO2 (110) Formation of bicarbonate from CO2 and

H2O.
229

(110) Decomposition of formic acid (HCOOH) 230

3.5 Concluding remarks

In summary, SIMS is among the less frequently used techniques in catalysis
compared to other techniques like XPS and XRD. Applications of SIMS in catalysis
fall roughly into three categories. In characterization of technical catalysts SIMS can
provide valuable knowledge on the composition and structure of catalysts. The great
sensitivity of SIMS enables one to detect promoters or unwanted contaminations,
which could act as a poison. Also, the presence of certain molecular ion clusters in
SIMS often reveals that elements are in contact on the catalyst surface, giving
unique information of the catalyst structure on a molecular level. Careful
comparison of characteristic SIMS patterns with those of reference compounds helps
in compound identification. Some of the examples show the great advantages in
terms of sensitivity and mass-resolution, which can be achieved by ToF-SIMS. In
general, charging as well as matrix effects make the success of SIMS on technical
catalysts unpredictable, although useful applications certainly do exist. Especially,
charging of the technical catalyst samples, which usually consist of an oxidic –hence
isolating-support, leads to serious distortion of the intensity patterns.

Model systems such as particles on a flat conducting support, polycrystalline
foils and single crystals, however, offer excellent opportunities for using SIMS to its
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full potential, as these systems do not suffer from sample charging. Several single
crystal studies have demonstrated that static SIMS has great potential for monitoring
adsorbed species during catalytic reactions during temperature programming or
under steady state conditions, provided that such reactions can be carried out under
UHV conditions. If this is the case, one obtains unique information on mechanism,
kinetics and lateral interactions.

The latter will be demonstrated in the next Chapter, where we apply static
SIMS to study the dissociation of NO on Rh(100). This example will convincingly
demonstrate how the powerful combination of SIMS and TPRS can be used to
explain subtleties in the reaction mechanism, how SIMS can be used to quantify
adsorbate coverages and derive kinetics for surface reactions, and how SIMS reveals
lateral interactions between different adsorbates.
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IV
Lateral interactions in the dissociation

kinetics of NO on Rh(100)*

In this chapter we focus on the different elementary reactions of NO on
rhodium. We pay special attention to dissociation of NO, as this is a crucial step in
the reaction between CO and NO. Temperature programmed desorption and static
secondary ion mass spectrometry have been used to study the dissociation and
desorption of NO and the formation of N2 on the (100) surface of rhodium. At low
coverages we find an activation energy of 37 ± 5 kJ/mole for dissociation of NO,
and 225 ± 5 kJ/mole for N2 desorption. At higher coverages the dissociation is
significantly retarded by lateral interactions with N and O-atoms and NO molecules.
At coverages close to saturation the dissociation is entirely blocked by NO due to
the lack of ensembles containing empty sites. The results are compared with those of
earlier studies on Rh(111). It appears that dissociation of NO proceeds faster on the
more open Rh(100) surface, due to the higher heat of adsorption of the N-atoms. As
a consequence, formation of N2 is slower than on Rh(111).

                                                          
* The contents of this chapter have been published: M.J.P. Hopstaken and J.W.

Niemantsverdriet, J. Phys. Chem. B 104 (1999) 3058 (special issue honoring prof.
G.A. Somorjai).
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4.1 Introduction

Rhodium is a major constituent of the automotive exhaust gas converter,
owing to its properties to convert NO to N2 with high selectivity.1, 2 Adsorption and
dissociation of NO has been the subject of studies on polycrystalline Rh,3-6 and on
the three low Miller index surfaces: Rh(111),7-18 Rh(100),19-25 and Rh(110).26-31 The
results generally indicate that NO adsorbs molecularly at low temperature but
dissociates upon heating. At low coverage, NO dissociates completely as evidenced
by N2 formation between 450 and 800 K, depending on the surface orientation,
whereas O2 desorbs at much higher temperatures (1000-1400 K). At higher initial
coverages of NO, however, dissociation is incomplete, as indicated by desorption of
up to half of the originally present NO between 400 and 450 K. Using a combination
of temperature programmed desorption (TPD) and static secondary ion mass
spectrometry (SIMS), Borg et al. 13 showed that the dissociation of NO on Rh(111)
shifts to higher temperatures with increasing coverage. At saturation coverage,
dissociation is blocked completely until the temperature is reached where NO
desorbs. The coverage dependence of the NO dissociation rate points to the
requirement of an ensemble of unoccupied rhodium atoms for dissociation, as
predicted on the basis of theoretical calculations,32-34 although repulsive lateral
interactions are expected to increase the activation energy for dissociation as well.35

The kinetics of dissociation reactions, as well as that of any surface reaction
involving adsorbed atoms, notably N2 formation, depends for a given metal strongly
on the structure of the surface. Therefore, a detailed study of the NO dissociation on
Rh(100) and a comparison with the results on Rh(111) is clearly of interest with
respect to the kinetic modeling of NO reduction reactions such as the NO + CO and
NO + H2 reactions on automotive exhaust catalysts.

Only a few studies dealing with the dissociation of NO on Rh(100) exist.
Villarubia et al.,22 using temperature programmed electron energy loss spectroscopy,
report kinetic parameters (Edis= 44 kJ/mole and νdis= 1011 s-1) for dissociation of NO
on Rh(100). These values, however, were derived on the assumption that
dissociation is first order in NO coverage only, with no further effect of surface
coverage through ensemble requirements or lateral interactions. A preliminary SIMS
study by Siokou et al.24 indicates that NO decomposition on Rh(100) depends as
much on coverage as it does on Rh(111), be it that the dissociation proceeds at lower
temperatures. Nitrogen formation was observed at significantly higher temperatures
than on the (111) surface, however. A theoretical study by Shustorovich and Bell36

has reproduced the strong coverage dependence of the NO dissociation rate.
A point of debate is the existence of more than one formation channel for N2

on Rh(100). TPD measurements of NO on Rh(100) reveal two N2 desorption
regimes, one corresponding to second order recombination of N-atoms at 600-800
K, and another coincident with desorption of NO between 400 and 430 K. The latter
has been taken as evidence for a disproportionation reaction between NO and N to
yield N2 and an adsorbed O-atom.18, 22, 24 A similar mechanism proposed to explain a
low temperature N2 desorption state on Rh(111) could be discounted in an isotopic
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study by Belton et al.37 We present conclusive evidence in this paper that the low
temperature N2 desorption peak on Rh(100) is an artifact caused by decomposition
of NO at hot filaments.

In this paper we present a detailed study on the dissociation of NO on
Rh(100) by monitoring surface coverages during reaction with static SIMS and
TPD. A simple model will be introduced to describe the coverage dependence of the
kinetic parameters. Finally we compare the results with the kinetics of NO
dissociation on Rh(111) as presented in earlier studies from our laboratory.13, 35

4.2 Experimental

The experiments were done in a stainless steel ultrahigh vacuum (UHV)
system with a base pressure of 10-10 mbar, as previously described by Borg et al.13

Static SIMS spectra were taken by using a defocused 5 keV Ar+ primary ion beam
with a current density of 1 nA/cm2 at an incident polar angle of 60° with respect to
the surface normal. Secondary ions were collected under a polar angle of 50°. To
average possible anisotropies in the emission process we applied a target bias of +40
V and an extractor voltage of –300 V on the entrance lens of the quadrupole system.
These conditions enable measurements in static mode, with a removal rate of less
than one monolayer of adsorbates per hour. The longest experiments lasted 3
minutes, a typical scan took around one minute.

The rhodium crystal of (100) orientation with a thickness of about 1.2 mm
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
resistive heating up to 1450 K. The sample could be cooled to 100 K by flowing
liquid nitrogen through the manipulator. Temperatures were measured with a
chromel-alumel thermocouple spotwelded to the back of the crystal.

The crystal surface was cleaned by cycles of argon sputtering and annealing
under oxygen and UHV. Argon sputtering (1.5 keV, 2 µA/cm2) at 870 K was used to
remove small amounts of impurities, such as boron, sulfur, phosphorus, and
chlorine, until these were no longer detectable with Auger electron spectroscopy
(AES) or SIMS (both positive and negative secondary ions). Carbon appeared to be
the most difficult impurity to remove, since it is known to dissolve in the bulk at
elevated temperatures (>900 K).38 Near-surface carbon was removed by heating the
crystal in 2·10-7 mbar O2 , cycling the temperature between 900 and 1300 K, until
CO and CO2 were absent in TPD spectra taken after saturating the surface with
oxygen. Oxygen was removed by annealing the sample to 1425 K.

Nitric oxide (Hoek Loos, 99.5 % pure) was used without further purification.
Gas dosing for TPD or TPSSIMS measurements was done at 125 K or lower. All
temperature-programmed experiments were done at a heating rate of 5 K/s.
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4.3 Results

4.3.1 Temperature Programmed Desorption (TPD)

Temperature programmed desorption spectra, obtained after dosing various
amounts of NO on Rh(100) at 125 K are given in Figure 4.1. During these
experiments, the only desorption products observed were NO (m/e = 30), N2 (m/e =
28), and O2 (m/e = 32); N2O (m/e=44) was not detected. We show the desorption
spectra of NO and N2 only and note that O2 desorbs at higher temperatures (1200-
1400 K) with similar peak shapes and desorption temperatures as after adsorption of
O-atoms alone.

Before we quantify these results, we discuss the origin of the peaks in Figure
4.1. For low NO coverages, N2 and O2 are the only desorbing products, indicating
that dissociation of NO is complete at low coverage. At higher coverages, NO
desorption is observed as well, and the N2 TPD spectra reveal a second peak at low
temperature. A similar peak was observed by several other authors,18, 22, 24 and
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Figure 4.1 TPD spectra of NO (m/e=30) and N2 (m/e=28) after exposing the
Rh(100) crystal to various doses of NO at 125 K. The spectra of NO and N2 are not to
scale with respect to each other. The heating rate was 5 K/s. The N2 desorption peak at
400-430 K is an artifact, caused by decomposition of NO on the filament of the mass
spectrometer.
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labeled as an additional desorption state, β1-N2, This state was attributed to a
disproportionation reaction between NO and N to form N2 and O-atoms, with N2O
as a possible intermediate. We believe that this β1-N2 state is explained by a reaction
of desorbing NO over the filament of the mass spectrometer, for the following
reasons:
1. The low temperature N2 desorption state appears at exactly the same

temperatures and has the same shape as the desorption peak of NO.
2. Admitting 5·10-9 mbar of NO in the UHV chamber with the rhodium crystal

retracted in the preparation chamber yields mass spectrometric signals of both
NO (m/e = 30), N2 (m/e = 28) and O2 (m/e = 32) with the former two at the same
intensity ratio as for the NO peaks and the low temperature N2 peaks in Figure
4.1.

Hence, the low temperature N2 desorption peaks in the TPD spectra from NO on
Rh(100) are fully explained by decomposition of desorbed NO over the filament of
the mass spectrometer. After correction for this effect we find no evidence for the
disproportionation reaction invoked by previous authors (including from our own
group).

Extent of NO dissociation The initial coverage of NO was determined from the
amount of desorbing nitrogen atoms, by integrating the high-temperature N2 (600-
800 K) and NO desorption peaks, multiplying the N2 peak area by 2, dividing the
NO peak area by the relative difference in mass spectrometer sensitivity for NO and
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Figure 4.2 The fraction of NO dissociating to form N2 and desorbing intact during
temperature programmed reaction of NO on Rh(100) as a function of the initial NO
coverage. The data were obtained by quantification of the TPD spectra in Figure 4.1.
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N2 (=1.2), and adding these contributions. For the saturation coverage of NO on
Rh(100) at 125 K, we use the value of 0.65 ML reported by Ho and White.18

As summarized in Figure 4.2, all NO dissociates completely at coverages
below 0.28 ML, giving rise to desorption of N2 at 650 - 850 K and O2 at 1200 –
1400 K. At coverages above 0.28 ML NO, the N2 desorption channel appears to be
largely saturated: going from a initial NO coverage of 0.28 ML to 0.65 ML, the
amount of N desorbed as N2 in TPD increases only slightly from 0.28 to 0.34 ML
and almost all NO in excess of 0.28 ML desorbs molecularly. At saturation,
approximately 52% of the NO dissociates and the remaining 48% desorbs. This is in
good agreement with Ho and White,18 who reported a 54% selectivity to N2.
However, different results were found by Siokou et al.,24 reporting 46% dissociation
and Villarubia and Ho,22 who found a remarkably higher value of 62% dissociation
at saturation coverage. The latter high value may in part have been caused by the
fact that Villarubia and Ho included the low N2 desorption peak (see Figure 4.1) in
their quantification, implying that they significantly overestimated the extent to
which NO dissociates. The results of Siokou et al. have most probably been
influenced by the presence of atomic carbon on the surface, as visible in a CO
contamination peak (which they identified as such) in their N2 TPD spectra.24

Hence, we conclude that about half (52%) of the NO in an initially saturated
adsorbate layer on Rh(100) dissociates upon heating.

N2 desorption The TPD spectra of N2 in Figure 4.1 show that N2 is produced
in a single peak which shifts to lower temperatures with increasing coverage. This
behavior is typical for 2nd order desorption kinetics, as expected for recombination
of N-atoms to N2. However, the N-atoms recombine on a surface where O-atoms are
also present.

To assess the role of coadsorbed oxygen, we prepared oxygen free surfaces
covered by atomic N by dissociating NO at 500 K and removing Oads under an
ambient CO pressure (pCO=2·10-8 mbar) at 500 K. After this treatment, no surface
oxygen could be detected with SSIMS while CO2 did not form in TPD after CO
coadsorption. Figure 4.3 shows N2 TPD spectra for two different N coverages from
stoechiometric amounts of Nads and Oads, prepared by dissociative adsorption of NO,
and from pure atomic nitrogen, prepared as described above. As Figure 4.3 shows,
the presence of surface oxygen has no noticeable effect on the N2 desorption at a low
nitrogen coverage θN= 0.14 ML. At the higher coverage, 0.28 ML of N and O-atoms
each, the oxygen accelerates the N2 desorption.

Analysis of TPD spectra by either the Chan-Aris-Weinberg method39 or the
leading-edge analysis40 usually yields the most reliable results.41 Application of the
Chan-Aris-Weinberg method for 2nd order kinetics on the spectra of N2 desorption in
the absence of coadsorbed oxygen yields an activation energy of 215 ± 10 kJ/mole
and a preexponential factor of 1015.1±1 s-1 in the zero coverage limit (θN= 0). Leading
edge analysis yields values that are slightly higher (Edes= 225 ± 5 kJ/mole; ν =
1015.8±0.5 s-1). These desorption energy values are substantially higher than 180
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kJ/mole reported earlier in our laboratory,24 which may have been caused by the
presence of carbon impurities on the surface of the crystal.

NO desorption For NO coverages between 0.28 and 0.50 ML, NO desorbs in
a single desorption state around 400 K, which is symmetric by first approximation
and which can be described by simple first order desorption kinetics. For NO
coverages higher than 0.50 ML, the NO desorption state shifts to higher
temperatures up to 430 K at saturation. Also the peak shape shows remarkable
changes: at the low temperature side of the NO desorption state sharp increase and
abrupt decrease at high temperature side. Similar phenomena have been observed for
NO on Rh(111),13 but for Rh(100) these features are much more distinct. The
activation energy of desorption of NO at an initial coverage of 0.3 ML of NO has
been determined by Redhead analysis, choosing the same value of the
preexponential factor that Borg et al.13 used for desorption of NO from Rh(111), ν =
1013.5±1 s-1, yielding Edes=  106 ± 10 kJ/mole. Note that this value concerns the
desorption of NO in the presence of other species, notably N and O-atoms.
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4.3.2 Static Secondary Ion Mass Spectrometry (SSIMS)

Figure 4.4 shows a typical static SIMS spectrum of the Rh(100) surface
taken after a saturation dose (5 L) of  NO at 120 K. The spectrum shows intense
substrate peaks of Rh+ at m/e = 103 and Rh2

+ at m/e = 206. Peaks due to adsorbed
NO appear at m/e = 30 (not shown) and at the masses of molecular cluster ions such
as Rh(NO)+ at m/e=133, Rh2(NO)+ at m/e=236, while small peaks due to Rh(NO)2

+

at m/e=163, Rh2N+ at m/e=220, and Rh2O+ at m/e=222 are observed as well. The
high intensity of clusters of the type Rhn(NO)+ with respect to the intensities of
RhnN+ and RhnO+ indicates that the adsorption of NO on the Rh(100) at 125 K is
molecular, in agreement with high-resolution electron-energy loss spectroscopy
(HREELS) studies of NO on Rh(100), which show that dissociation does not occur
for temperatures below 170 K.22 We attribute the small Rh2N+ and Rh2O+ peaks to
the fragmentation of molecular NO during the secondary ion emission process, in
analogy with the presence of Rh2N+ and Rh2O+ clusters in SSIMS spectra of
molecular NO on Rh(111),13  and the presence of Rh2C+ and Rh2O+ clusters in
SSIMS spectra of molecular CO on Rh(111).42 Finally, the small Rh(H2O)+ ion
cluster (m/e=121) is due to the adsorption of tiny amounts of water –for which
SSIMS is particularly sensitive42– originating from the residual gas during cooling
and NO adsorption at 125 K.
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In general, quantification of SSIMS intensities in terms of adsorbate surface
concentrations is best done by considering intensity ratios of suitable secondary ion
clusters.43, 44 For example, ratios such as Rh(NO)+/Rh+ and Rh2(NO)+/Rh2

+ often
correlate well with the coverage of NO, particularly at low coverages. By taking
such ratios the intensity differences due to different neutralization probabilities at
different coverages, caused by differences in work functions45, 46 usually cancel out
satisfactorily.13, 47, 48 For the present study, the ratio Rh2(NO)+/Rh2

+ varied
proportionally with coverage for 0 < θNO < 0.3 ML, and linearly but with a steeper
slope for 0.3 < θNO < 0.5 ML; at higher coverages, the Rh2(NO)+/Rh2

+
 becomes

more or less constant and does not reflect the actual coverage of NO anymore.
Hence, quantification is possible at coverages up to 0.5 ML of NO.

The intensity ratio Rh2(NO)+/Rh2
+ is considerably larger than the ratio

Rh(NO)+/Rh+, which, in analogy with work by Vickerman and coworkers on CO43,
may be taken as evidence that NO binds in sites of high coordination (bridge or 4-
fold hollow). This is in agreement with the EELS study of Villarubia and Ho, which
exclude linearly bound NO, and with density-functional calculations by Loffreda et
al.,17 which favor the bridge site for NO on Rh(100).

Decomposition of NO To investigate the decomposition of NO, Figure 4.5
shows static SIMS spectra (m/e = 200-250) of NO on Rh(100) after heating to the
indicated temperatures. All spectra were normalized to the Rh2

+ intensity for easy
comparison. After adsorption at 120 K, the spectra exhibit intense Rh2(NO)+ peaks
which are characteristic for the presence of molecular NO; the small intensities of
Rh2N+ and Rh2O+ are attributed to the fragmentation of intact NO during the ion
emission process.

Heating the surface with a low coverage of NO [Figure 4.5 (left panel)] to
250 K results in a decrease of the Rh2(NO)+ peak and a significant intensity rise of
the Rh2N+ and Rh2O+ peaks. This, together with the absence of desorption
phenomena between 120 and 250 K (see the TPD spectra in Fig. 1), indicates that a
significant fraction of the NO has dissociated at 250 K. Upon further heating to 350
and 450 K, the Rh2(NO)+ peak disappears completely, accompanied by a further
increase in both the Rh2N+ and Rh2O+ peaks. As equal amounts of atomic nitrogen
and oxygen are formed upon dissociation and no desorption takes place, it may be
concluded that SSIMS is about 4 times more sensitive towards adsorbed Nads than to
Oads, in agreement with previous SSIMS data of Borg et al.13 and DeLouise and
Winograd.8 We note that diatomic RhN+ and RhO+ cluster ions were virtually absent
in the SSIMS spectra of both isolated and mixed overlayers of atomic N and O, in
analogy with SSIMS results of NO on Rh(111).13 This is related to the fact that
nitrogen and oxygen atoms reside in fourfold hollow sites on the Rh(100)
surface,17,49 which favors the emission of secondary ion clusters containing multiple
metal atoms.43 Heating the crystal to 850 K results in the disappearance of the Rh2N+

cluster ion, due to desorption of N2, leaving oxygen atoms as the only adsorbate.
The series of SIMS spectra for NO on Rh(100) at a higher coverage of 0.60

ML, show that dissociation occurs at higher temperatures (Figure 4.5, right panel).
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No dissociation has taken place after heating to 250 K, whereas only part of the NO
has dissociated at 350 K, as indicated by a small decrease in Rh2(NO)+ intensity and
a concomitant increase of Rh2N+ and Rh2O+ intensities. Heating to 450 K is
sufficient to remove all molecular NO from the surface, both by dissociation as
evidenced by increase of Rh2N+ and Rh2O+ intensities, and by desorption, as
evidenced by the TPD spectra in Figure 4.1. Again, heating to 850 K removes all
nitrogen and leaves only oxygen on the surface.

4.3.3 Temperature programmed static SIMS (TPSSIMS)

Monitoring characteristic cluster ion intensities in SSIMS as a function of
time by multiplexing the mass spectrometer has proven to be a powerful way to
study the kinetics of surface reactions in an at least semi quantitative fashion.50

Figure 4.6 shows the intensity ratios Rh2(NO)+/Rh2
+ and Rh2N+/Rh2

+, characteristic
of adsorbed NO and N respectively, during temperature programmed heating of
Rh(100) with different coverages of NO, which was adsorbed at 120 K. The heating
rate of 5 K/s was the same as used in TPD, to enable comparisons between
TPSSIMS and TPD spectra. For coverages below 0.25 ML, the Rh2N+/Rh2

+ intensity
ratio is linearly proportional to the coverage of atomic nitrogen. Good quantitative
agreement exists between the decrease in Rh2N+/Rh2

+ intensity ratio between
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temperatures of 650  and 850 K, and the atomic nitrogen coverage as determined
from the N2 TPD spectra.

For NO coverages below 0.28 ML, where NO desorption does not occur, the
decrease of the Rh2(NO)+/Rh2

+ ion intensity ratio reflects the dissociation of NO. As
Figure 4.6 shows, dissociation starts at temperatures below 200 K at low NO
coverages, as evidenced by the decrease of the Rh2(NO)+/Rh2

+ ratio and the
concomitant increase in Rh2N+/Rh2

+ at temperatures below 200 K. However,
dissociation of NO is progressively retarded at increasing coverages, ultimately to
about 425 K for coverages of the order of 0.4 ML and higher. The continuous
decrease of the Rh2N+/Rh2

+ ratio in the temperature range of 650 to 850 K
corresponds to the recombination of N-atoms into desorbing N2.

Note that the Rh2N+/Rh2
+ signal becomes noisy for temperatures where no

molecular NO resides on the surface. The reason is that SIMS intensities are high
when the work function of the surface is high. The work function, however,
decreases when NO disappears, either by dissociation or desorption. Hence, the
absolute SIMS intensities decrease and the statistics deteriorate.
 We discuss the dissociation in the intermediate coverage regime, where part
of the NO desorbs from the surface, in more detail. For NO coverages exceeding
0.30 ML, the decrease in the Rh2(NO)+/Rh2

+  intensity ratio reflects dissociation and
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desorption of NO, hence the dissociation rate is more directly reflected by the
Rh2N+/Rh2

+ ratio. Clearly, the rate of dissociation is slowed down at higher
coverages of NO. At low coverage (θNO< 0.30 ML), there is only one regime from
250-400 K where the nitrogen coverage increases continuously with temperature,
with the completion of dissociation shifting to higher temperature with increasing
coverage. For coverages between 0.30 and 0.50 ML, dissociation in this temperature
regime is suppressed, and an additional fast dissociation channel appears between
400 and 430K, as evidenced by the steep increase of the Rh2N+/Rh2

+ ratio in this
temperature range. This channel coincides with the desorption of NO, which occurs
between 400 and 430 K for θNO> 0.30 ML, as evidenced by the TPD spectra in
Figure 4.1.

At NO coverages close to saturation (0.60 ML), dissociation is completely
inhibited in the temperature range between 250 and 400 K; dissociation takes place
exclusively in the temperature range between 400 and 430 K. In this range, the
atomic N coverage increases rapidly and reaches a maximum after 430 K, where it
stays constant up to the temperature where N2 desorbs.

4.4 Discussion

4.4.1 Mechanism of NO decomposition

The following elementary reactions occur during temperature programmed
heating of NO adsorbed on Rh(100):

NOads + ✻ → Nads + Oads T= 170-430 K, depending on θNO (1)
NOads → NO + ✼ T= 400-430 K, for θNO > 0.28 ML (2)
Nads + Nads → N2 + 2 ✼ T= 600-800 K (3)
Oads + Oads → O2 + 2 ✼ T= 1200-1400 K (4)

This scheme differs from the one proposed by Ho and White,18 Villarubia et
al.,22 and Siokou et al.24 in that it does not contain the disproportionation reaction
between adsorbed NO and N-atoms to form N2 and Oads around 430 K. The N2
production observed around 430 K in the initial NO coverage regime above 0.28 ML
can entirely be attributed to decomposition of desorbed NO on the hot filament of
the mass spectrometer. Note that the issue has implications for quantification:
inclusion of the low temperature N2 leads to an overestimate of the NO fraction that
dissociates.22 We believe that this explains why Villarubia and Ho reported a higher
fraction of dissociated NO (62%) than the 52% we find in this study.

We will now discuss the kinetics of the individual steps in the scheme above.
To facilitate the discussion, Figure 4.7 compares SIMS and TPD results for three
characteristic coverages in the behavior of NO on Rh(100):
• θθθθNO < 0.28 ML: The low coverage range, see Figure 4.7, is characterized by
complete NO dissociation. For the lowest coverages, dissociation starts around 170
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K and is completed around 250 K. With increasing coverage, the onset of
dissociation shifts slightly to about 200 K. However, the completion of dissociation
is significantly retarded to 375 K. Hence, dissociation is retarded due to interactions
of the dissociating NO molecule with NO (shift in onset of dissociation from 170 –
200 K), and with the atomic adsorbates, Nads and Oads, which retard the dissociation
up to 375 K. Hence the adsorbed atoms appear to affect the dissociation of NO most.
• 0.28  < θ0.28  < θ0.28  < θ0.28  < θNO < ~0.50 ML: In the medium coverage range, NO dissociates until all
sites are occupied, after which the remaining NO starts to desorb when the
temperature reaches about 400 K. Additional NO dissociates on the empty sites
freed by desorption of NO, due to the creation of vacancies in the relatively small
temperature regime between 400 and 430 K. The effect is best seen in the increase in
the SIMS intensity ratio characteristic of atomic nitrogen, Rh2N+/Rh2

+, since the
decrease in the corresponding signal for NO reflects both desorption and
dissociation. Note that the desorbing NO molecules do so from an environment
containing atomic and molecular species.
• ~0.50 ML < θθθθNO  ≤≤≤≤ 0.65 ML:  At coverages close to saturation, dissociation is
self-inhibited until desorption of NO takes place at temperatures above 400 K. Here
desorption and dissociation of NO occur rapidly in a narrow temperature region. The
onset of NO desorption is delayed by ca. 25 K (from ~375 K at 0.40 ML to ~400 K
at 0.60 ML), which we attribute to the absence of atomic species and the associated
repulsive N-NO and O-NO interactions. Note that at the onset of the desorption, at
400 K, NO molecules leave from an environment of NO molecules. As discussed
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above, desorption of NO from a mixed environment of atomic and molecular species
starts at 375 K already. Apparently, repulsion between NO molecules is smaller than
repulsion between NO and its dissociation products. The remarkably sharp shape of
the NO desorption peak and the steep increase in the SIMS signal for atomic
nitrogen in Figure 4.7 can now be explained by an autocatalytic mechanism and the
delicate interplay of repulsive interactions: as soon as the first NO molecules desorb,
empty sites become available for dissociation. Since dissociation of NO is a very
rapid process at this temperature, these empty sites are filled instantaneously by Nads
and Oads. These atoms enhance the NO desorption rate, and more empty sites
become available. This mechanism results in an explosive increase in the rates for
both desorption and dissociation until all NO has disappeared from the surface.

Hence the rate of NO dissociation on Rh(100) is strongly affected by several
factors, such as the availability of vacant sites and lateral interactions between the
dissociating molecule and coadsorbed NO, N and O. We will therefore determine
the kinetic parameters for the dissociation step in the limit of zero coverage, and
describe the effects of coverage in a qualitative fashion. As adsorbate coverages
from the SIMS intensity ratios can only reliably be obtained at low coverages, we
restrict the determination of the kinetic parameters to the regime of θNO< 0.28 ML.

4.4.2 Kinetic parameters of NO dissociation

Figure 4.8 shows the coverages of NOads and Nads as derived from the
corresponding TPSSIMS ion intensity ratios as a function of temperature during a 5
K/s heating ramp, starting from molecular NO adsorbed at 125 K. We discuss
different approaches to model the curves in Figure 4.8. The first try is based on the
requirement of an ensemble of n empty sites for dissociation and kinetic parameters
that are independent of coverage, similarly as reported by Borg et al.13 for NO on
Rh(111), as expressed in the following differential equation:
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in which θNO and θ* are the absolute coverages (in ML) of NO and vacant
sites, respectively, θsat is the total saturation coverage of O and N-atoms, 0.66 ML,
equivalent to the maximum amount of NO that can dissociate, νdis (s-1) and Edis
(kJ/mole) are the preexponential factor and activation energy for dissociation,
respectively, and β is the heating rate. The parameter n represents the number of
sites in the ensemble required for dissociation of NO. This differential equation was
integrated numerically for independent values of the preexponential factor and
activation energy to obtain the best fit for both the measured NOads and Nads
coverages.
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The fits indicated by dotted lines correspond to the case of n= 0 and ignores
any ensemble requirement. Clearly, these fits are unacceptable for higher coverages.
Including the site requirement in the kinetics by increasing the value of n improves
the fits somewhat (the fit corresponding to n= 6 is shown as the dashed line in
Figure 4.8), and leads to kinetic parameters Edis = 20±5 kJ/mole and νdis= 105±1.5 s-1

for n= 2, Edis = 23±5 kJ/mole and νdis = 106±1.5 s-1 for n= 4, and Edis = 25± kJ/mole
and νdis = 107±1.5 s-1 for n= 6.

All these fits based on site blocking are not acceptable, however, because the
preexponential factors well below 1010 s-1 are inconsistent with transition state
theory.51-53 Also, ensemble sizes of up to six free sites are hard to reconcile with the
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2 kJ/mole with Edis,0= 37 ±  6 kJ/mole, α= 175, θsat= 1 ML].
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result that 52% of the NO dissociates. Experimental preexponential factors for
dissociation of different diatomic molecules on various metal surfaces have been
found to fall between 109 and 1012 s-1.54 Calculations on the dissociation of CO and
NO on Cu(100) and Cu(111) cluster models by van Daelen et al.55, 56 predict that the
entropy loss when going from a perpendicularly adsorbed NO molecule to a
constrained, inclined transition state results in preexponential factors of 1011-1012 s-1.
Hence, site blocking can only partially account for the inhibition of NO dissociation
on Rh(100) at increasing coverages.

As coadsorbed NO and coadsorbed N and O atoms clearly affect the
dissociation in different ways, it is obvious that the effective activation barrier Edis
for NO dissociation is affected by interactions with coadsorbed species. This is
confirmed by bond-order conservation Morse potential (BOCMP) calculations by
Shustorovich and Bell36, who found an increase in the activation energy for
dissociation of NO on Rh(100) from 34 kJ/mole on an empty surface to 107 kJ/mole
for a surface covered with a c(2x2)-array of N and O-atoms, respectively.

A rigorous description of the effect of lateral interactions on the kinetics
requires the incorporation of local geometries in a Monte-Carlo simulation.16,35 Such
studies are in progress. Here we describe the effect of lateral interactions in an
empirical way by assuming the following relation between the activation barrier for
dissociation and the total adsorbate coverage:

m
totodistotdis EE θαθ ⋅+= ,)( , (4.2)

where Edis(θtot) is the activation barrier for dissociation of NO as a function
of total coverage, Edis,0 is the activation barrier at zero coverage, α is a constant, θtot
is the total adsorbate coverage θNO+ θN+ θO and m is an integer. Increasing m above
unity provides an artificial means to stress that the effect of lateral interactions
becomes particularly apparent at higher total coverages. The differential equation
4.1 was numerically solved for independent values of Edis,0 and α to obtain the best
fit over the measured temperature range for the different coverages. The
preexponential factor νdis was kept fixed at 1011 s-1, in agreement with theory.55,56

Site blocking was modeled by assuming that dissociation of an NO molecule
requires one vacancy (n=1); larger ensemble sizes (n> 1) heavily restrict the total
amount of NO that can be dissociated. The total number of sites available, θsat in (1),
was fixed at a complete monolayer, implying that in principle all 4-fold hollow sites
can be occupied by NO, N and O. This seems the most realistic approach, because
all 4-fold sites have the same geometry, hence the same reactivity.

Figure 4.8 shows a number of fits based on Eq. 4.2. First, ignoring all lateral
interactions by keeping the activation energy the same for all coverages (dotted line
in Figure 4.8), grossly overestimates the rate of dissociation at low temperatures.
Choosing a linear relation between activation energy and coverage yields the dash-
dotted line, also this results in too much dissociation at too low temperatures.
Increasing the value of m in (2) to 2 stresses that lateral interactions become notably
present at higher coverages, when near-neighbor sites of the dissociating NO
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molecule become progressively more occupied. The solid line in Figure 4.8
corresponds to Edis,0= 37 kJ/mole, m= 2 and α= 175. Without associating any other
physical meaning to α  and m, we conclude that the notion of lateral interactions
coming into play at higher coverages leads to an acceptable description of the
coverage dependence of the NO dissociation rate. This description accounts for
continuously increasing lateral repulsion in the adlayer with increasing coverage.
This appears to be reasonable since at low coverages NO can diffuse easily over the
surface to find an empty site for dissociation without neighboring atoms or
molecules. Hence dissociation will not be seriously affected at low coverage but
becomes increasingly hindered at higher coverages. We note that the activation
energy for NO dissociation on Rh(100) in the limit of zero coverage, 37 ± 3 kJ/mole,
is in good agreement with the 34 kJ/mole predicted by Shustorovich and Bell.36

Experimentally determined kinetic parameters for NO dissociation on
different Rh-surfaces are summarized in Table 4.1. The value of 44 ± 3 kJ/mole
reported by Villarubia and Ho,22 valid at an NO coverage of 0.15 ML, agrees well
with the value derived from (2) for the same coverage. However, the NO
dissociation kinetics clearly do not follow simple first order behavior. We remark
that fitting the NO and N-coverages over the whole temperature range where
dissociation takes place, enables to describe coverage-dependency in the NO
dissociation.

Table 4.1 Experimentally determined kinetic parameters for the dissociation of NO on
various rhodium surfaces. The parameter n denotes the ensemble size required for the
dissociation of an NO molecule.

Surface Edis (kJ/mole) νdis (s-1) Remarks Reference

Rh(100) 37 ± 3 1011±1 θNO→ 0 This work
44 ± 3 1011.8±0.7 Inclined NO; θNO=0.15 ML 22
23 ± 3 103.3±0.6 Coadsorbed K; θK=0.17 ML 57

Rh(111) 65 ± 6 1011±1 n=3-4; θNO= 0.15-0.20 ML 13
80 ± 1 1014±0.3 θNO= 0.20 ML 9

Rh(110) 15 ± 2 101.9±0.5 θNO= 0.12 ML 29
21 ± 2 102.5±0.5 θNO≈ 0.30 ML 30

Rh-foil 8 ± 2 10-0.2±0.4 θNO≈ 0.30 ML 4

The NO dissociation kinetics for NO on Rh(111), previously reported by
Borg et al.,13 have similarly been derived by numerically solving equation (1),
assuming an ensemble size n of 3-4 free rhodium atoms. Alternatively, the NO
dissociation kinetics on Rh(111) can be simulated, using the same parameters in the
zero coverage limit by means of a Dynamical Monte-Carlo technique, assuming Edis
to increase with increments of ~5 kJ/mole for every neighboring N, O, or NO-
species to account for lateral interactions.35 The kinetics parameters, reported by
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Root et al.9 are slightly higher. Their value for the preexponential factor seems too
high within the concept of transition state theory.51-53

Determination of the NO dissociation kinetics on Rh(110) is complicated by
N-induced reconstruction of the surface at the reaction temperature.30 However, a
detailed description of all the elementary processes involved in the dissociation is
lacking. Therefore, the kinetic parameters for Rh(110)29, 30 do not reflect the
elementary kinetics, but should be rather considered as effective rate parameters.

The surface of the polycrystalline Rh-foil is composed of multiple crystal
planes, and is expected to have a high density of defects as well. This is evident
from the onset of dissociation already at 130 K,4 which is considerably lower than
observed on the three low Miller index surfaces.13, 22, 29 The kinetics for dissociation
of NO greatly differ on the various crystal planes, as evidenced form Table 4.1. This
gives rise to the presence of multiple dissociation states on Rh-foil with different
kinetics, which cannot be resolved. Hence, fitting the dissociation rate by only one
state with a constant activation energy and prefactor leads to anomalously low
parameters.4 This is probably also the case when the Rh(100) surface is promoted
with potassium, as this also gives rise to different sites on the surface with a locally
lowered activation barrier.57

4.4.3 Kinetics of N2 and NO desorption

The N2 TPD spectra obtained upon heating an NO adlayer on Rh(100) show
only one N2 desorption state, originating from recombination of surface N atoms
between 600-800 K. The rate of desorption is accelerated by the presence of atomic
O, when the total coverage is high, as evidenced by the experiment at θN = θO = 0.28
ML in Figure 4.3. At this coverage, the presence of Oads has a distinct repulsive
effect on the desorption of N2, however. Due to atomic oxygen, the N2 desorption
peak is sharpened and the peak maximum is shifted to lower temperature. More
important, the high temperature side (trailing edge) of the N2 desorption trace has
shifted to lower temperatures, which is a strong indication for increased repulsion in
the mixed Nads + Oads adlayer. This can be easily rationalized, since atomic N and
atomic O both compete for the 4–fold hollow sites.17, 49 In addition, we cannot
exclude the possibility that a surface reconstruction influences the N2 desorption
kinetics at higher coverages as well. The square lattice of the Rh(100) surface is
reported to undergo a clockwise-anticlockwise reconstruction upon adsorption of
0.50 ML atomic O.58, 59 We conclude on the basis of the oxygen coadsorption
experiments that the desorption parameters for 2nd order N2 desorption, 215 ± 10
kJ/mole and 1015.1±1 s-1, obtained at coverages of θN = θO = 0.15 ML and lower are
not affected by lateral interactions between N and O atoms.

Finally, the desorption of NO is necessarily affected by the presence of
coadsorbed species. Repulsion by N and O atoms has a stronger effect than
repulsion by coadsorbed NO. The desorption parameters ν = 1013.5±1 s-1 and Edes=
106 ± 10 kJ/mole describe desorption of NO in the presence of Nads and Oads,
implying that the actual heat of adsorption of NO on an empty Rh(100) will be
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considerably higher than this value. Indeed, Loffreda et al.17 calculate adsorption
energies on the order of 200 kJ/mole for NO in (2x2) structure on Rh(100) (-2.18 eV
for adsorption on bridge sites, -1.82 eV for NO in the fourfold hollow site). Thus
lateral interactions play a decisive role in the selectivity of the NO decomposition.
At low coverage, the activation barrier for dissociation (Edis) is much lower than the
barrier for desorption (Edes), resulting in complete dissociation and subsequent
complete conversion to N2. With increasing coverage and thus increasing lateral
repulsion in the adlayer, Edis increases, slowing down the rate of dissociation. On the
other hand, Edes decreases, in particular by repulsion between NO and its
decomposition products. When ca. 0.28 ML of NO is decomposed, dissociation and
desorption of NO become competing processes with Edis≈ Edes. Since the
preexponential factor for desorption is 2-3 orders larger than that for dissociation,
desorption will prevail.

4.4.4 Comparison NO dissociation and N2 desorption on Rh(100) and Rh(111)

The decomposition and desorption of NO on Rh(100) shows many
similarities with the same reactions on the more densely packed Rh(111) surface. On
both surfaces, NO adsorbs molecularly at low temperatures, and upon heating the
NO at small coverages  (θNO<0.25 ML), dissociation to Nads and Oads is complete.
On both surfaces, nitrogen atoms exclusively recombine to form N2 and formation of
N2O is not observed under UHV conditions. The activation energies for dissociation
of NO and desorption of N2, however, differ substantially, see Table 4.2.

 Dissociation proceeds much faster on Rh(100) than on Rh(111), as is best
seen by comparing the TPSSIMS spectra reported here with those obtained by Borg
et al.,13 especially in the low coverage limit (θNO<0.15 ML) where lateral
interactions play a minor role. Whereas on Rh(100) dissociation of NO starts around
170 K and is completed around 250 K, dissociation on Rh(111) only starts around
250 K and is finished around 350 K. This clearly shows that the more open Rh(100)
surface is intrinsically more active in the dissociation of NO than the densely packed
Rh(111) surface.

Table 4.2 Kinetic parameters for the elementary reaction steps involved in the
thermal decomposition and desorption of NO on Rh(100) and Rh(111).

Ea
(kJ/mole)

ν
(s-1)

Ea
(kJ/mole)

ν
(s-1)

Elementary  reaction Rh (111) Rh(100) Remarks

NOads + ✻ � Nads + Oads 65 ± 6 1011±1.0 37 ± 3 1011±1.0 Low coverage
limit

NOads � NOgas + ✻ 113 ± 10 1013.5±1.0 106 ± 10 1013.5±1.0 at θN = θO ≈
0.25 ML

Nads + Nads � N2 + 2 ✻ 118 ± 10 1010±1.0 225 ± 5 1015.8±0.5 low coverage
limit
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Here we wish to discuss the role of steps in the dissociation of NO on
rhodium surfaces. A scanning tunneling microscopy study (STM) by Zambelli et
al.60 reveals that for small exposures of NO on a slightly miscut Ru(0001) surface,
dissociation exclusively occurs at atomic steps. This is supported by a recent DFT
study by Hammer et al.,61 which predicts a lower activation barrier for dissociation
of NO at steps, compared to the flat Ru(0001) surface. One could even think of a
mechanism in which the removal of N-and O-atoms by desorption or diffusion from
the steps becomes rate-limiting, as NOads can rapidly diffuse across the terraces to
find a step, where dissociation can take place. A recent molecular beam study by
Dahl et al.62 revealed that dissociation of N2, which is even more highly activated
than dissociation of NO, is completely dominated by steps on Ru(0001). Hence,
steps greatly increase the reactivity of Ru(0001) towards diatomic molecules by
lowering the barrier for dissociation.

On rhodium surfaces, the situation seems more complex. Using SSIMS,
DeLouise and Winograd8 reported a 10-fold increase in the dissociation rate of NO
on Rh(331) at 300 K, compared to Rh(111). However, preferential sputtering due to
local workfunction differences between steps and terraces, might obscure the
interpretation in this particular case. A systematic TPD study by Janssen et al.63 for
NO adsorbed on various stepped rhodium surfaces showed that the decomposition
on Rh(533) [i.e. 4(111)×1(100)] closely resembled the decomposition on Rh(111)
and similarly, Rh(410) [i.e. 4(100)×1(111)] closely resembled Rh(100). A recent fast
X-ray photoelectron spectroscopy (fast XPS) study by Esch et al.64 on Rh(111) and
stepped Rh-surfaces, consisting of (111) terraces separated by (100) steps,
convincingly shows that dissociative adsorption of NO at 430 K initially occurs at
the (111) terraces. This is evidenced by the higher initial reactive sticking coefficient
on the flat Rh(111) surface, compared to the stepped surfaces. Moreover, N-atoms
were initially adsorbed on the (111) terraces, despite their higher binding energy at
the (100) steps. For this reason, we believe that in this work the NO dissociation
kinetics are not influenced by the presence of steps, and hence the kinetic parameters
in Table 4.2 do reflect the elementary kinetics of NO dissociating on the atomically
flat surface.

At higher NO coverages, dissociation of NO is no longer complete and part
of the NO desorbs intact. On both surfaces, dissociation and desorption of NO are
highly coverage dependent, due to the requirement of an ensemble of one or more
vacant sites and also because dissociation is inhibited by the decomposition products
Nads and Oads. The latter is particularly apparent in the present study, as discussed in
relation with Figure 4.8. At saturation coverage, dissociation is completely blocked
on both surfaces and is delayed until NO desorption (~400 K) produces free sites.

The activation barrier and also the preexponential factor for nitrogen
formation on Rh(100) are  much higher than on Rh(111), see Table 4.2. We have no
explanation for the large difference in the preexponential factor. We cannot exclude
the role of an inhomogeneous distribution of the N-atoms15, and the involvement of
surface reconstruction.58, 59 The higher activation energy for N2 desorption on
Rh(100), however, is in agreement with the stronger bonding of atomic adsorbates



Lateral interactions in the dissociation kinetics of NO on Rh(100) 91

o
a

t
t
t
s
e
w
t
s

d
f
a
a
w
o
N

m

Rh(111) Rh(100)

37

NO(g)

Na+Oa

65

94

½ N2 (g)
210

NOa 20

118

230
27

225

NOa

+Oa

37

½ N2 (g)

+Oads

Na+Oa
Figure 4.9 Energy diagram comparing the decomposition of NO and the formation
of N2 on Rh(100) and Rh(111). Adsorption energies (θNO=0.25 ML) are taken from the
work of Loffreda et al.,17 and activation energies for dissociation of NO and formation
of N2 on Rh(111) from Borg et al.13 Activation energies on Rh(100) were taken from this
work.
n more open surfaces51 as e.g. observed in calorimetric measurements for
dsorption of oxygen on different surfaces of nickel.65-68

Under the assumption that preexponential factors are equal (ν=1013.5 s-1),
here is only a small difference in the activation barrier for NO desorption from the
wo crystal surfaces. Desorption of NO on Rh(100) occurs only a 15-25 K earlier
han on Rh(111). This effect is relatively small when compared with the temperature
hifts observed for dissociation and N2 formation on the different crystal faces. As
xplained elsewhere, the nature of the bonding of molecules such as CO and NO,
ith counteracting contributions from the 5σ and the 2π* orbitals forms the reason

hat adsorption energies of these molecules vary generally much less with crystal
tructures than those of atoms.51

Figure 4.9 summarizes the energetics of the reactions in a schematical energy
iagram. The heats of adsorption of NO, N and O have been taken from the density-
unctional slab calculations using periodic boundary conditions by Loffreda et al.17

nd the activation energies from Borg et al.13 and this work. The calculated
dsorption energies are believed to be accurate within 20 kJ/mole for NO, and
ithin 10 kJ/mole for the atoms. The higher heats of adsorption of N and O atoms
n the Rh(100) surface form the key factor why the energy barrier for dissociation of
O is lower on this surface.

In conclusion, we note that the combination of TPSSIMS, which successfully
onitors the decomposition of NO, with TPD, to follow the desorption of NO and
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N2, has provided a rather complete picture of the reactions of NO on the surface of
rhodium at various adsorbate coverages. The results of this work will be used in a
subsequent study where Monte-Carlo simulations will be used to incorporate the
effect of lateral interactions on the kinetics of NO dissociation and reactions of NO
with CO. These simulations indicate that pair wise repulsive energies between either
of the atoms, N and O, and molecular NO are on the order of 10-15 kJ/mole. The
simulations also underline the importance of NO diffusion enabling the NO
molecule to move to sites where the repulsion by N and O-atoms is minimal.

4.5 Conclusions

Temperature programmed heating of NO adsorbed on Rh(100) as
investigated by desorption and static secondary ion mass spectrometry reveals the
following:

• NO present at low coverages dissociates between 170 and  250 K, corresponding
to an activation energy of 37 kJ/mole at a prefactor of 1011 s-1.

• At higher coverages the onset of dissociation shifts to slightly higher
temperatures, indicating that neighboring NO molecules have a relatively weak
effect on the dissociation process. The temperatures at which dissociation is
complete, however, increases considerably, providing evidence that N and O
atoms retard the dissociation significantly. The activation energy of dissociation
increases appreciable faster than expected on the basis of a linear relation with
coverage as is often used in mean-field kinetic descriptions.

• The existence of a disproportionation reaction between adsorbed NO and N to
N2 and O, as invoked by several authors,  can entirely be excluded under UHV
conditions.

• NO dissociates faster on Rh(100) (37 kJ/mole) than on Rh(111) (65 kJ/mole),
but formation of N2 is much slower on Rh(100) (215 kJ/mole) than on Rh(111)
(120 kJ/mole).
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V
Coadsorption of CO and Atomic

Nitrogen on Rh(100):
Modeling repulsive interactions by

Monte-Carlo simulation*

In this chapter, we show the influence of nitrogen-atoms on adsorption and
desorption of CO on Rh(100), as both adsorbates are present during the reaction
between CO and NO. Temperature-programmed desorption of CO coadsorbed with
atomic N on Rh(100), in combination with kinetic modeling by means of Monte
Carlo simulations, reveals different long- and short range interactions between
adsorbed CO and Nads. At low CO coverage we find an activation energy Ea of 137 ±
2 kJ/mol and a preexponential factor of 1013.8±0.2 s-1 for CO desorption from
Rh(100). Coadsorption with Nads partially blocks CO adsorption and destabilizes
CO by lowering Ea for CO desorption. Destabilization at low CO coverage is
explained by long-range electronic modification of the Rh(100) surface by Nads. At
high 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−ϕ = 19 kJ/mol. This is larger than the mutual interaction between
CO molecules NN

COCO−ϕ = 9 kJ/mol, derived by Yeo, Vattuone, and King [J. Chem.

                                                          
* The content of this chapter is to be published: M.J.P. Hopstaken, A.P. van Bavel,

J.J. Lukkien, and J.W. Niemantsverdriet, to be submitted.
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Phys. 104 (1996) 8096.]. 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.

5.1 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
modeling of Temperature Programmed (TP) experiments, such as TP-Desorption
(TPD) or TP- 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. At high coverage, however, the
mean-field approach cannot be applied, as lateral interactions are a strictly local
phenomenon.

Monte Carlo simulations provide a way to specify the local environment of a
reacting molecule. This allows for modeling of lateral interactions, local
reconstructions and diffusion of adsorbates, which can eventually lead to formation
of spatio-temporal patterns and observation of oscillatory behavior at a macroscopic
level as shown for example by Gelten et al.3 for CO oxidation on Pt(100).

In this paper, we have studied coadsorption of CO and atomic nitrogen on
Rh(100). This is also interesting from a practical point of view, as both adsorbates
are present as reaction intermediates in automotive exhaust gas catalysis.4 In a
previous paper, we reported that CO is only slightly destabilized on Rh(111) by the
presence of atomic N.5 This implies that the large shift in CO desorption, observed
in TPD of mixed CO + NO adlayers on Rh(111), is mainly caused by the presence
of molecular NO. This is in contrast with an earlier interpretation by Root et al.,6
who attributed this destabilization mainly to CO–N repulsion. However, a later
study by the same authors revealed -besides N and CO- the presence of NO on the
surface,7 complicating the assignment of the observed shift to the different adsorbate
interactions. Casalis et al.8 studied the adsorption of CO on N-precovered Rh(110).
Desorption of CO and N2 appeared to be complex, due to formation of separated
domains of Nads and compressed CO domains and different adsorbate-induced
reconstructions on this corrugated crystal phase. 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 the effect of N-atoms



Coadsorption of CO and atomic Nitrogen on Rh(100):
Modeling repulsive interactions by Monte-Carlo simulation

97

on the desorption of CO for only a limited range of coverages and did not derive any
quantitative information with respect to adsorbate interactions.

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 coadsorbates generally
tend to stabilize binding of CO by increasing backdonation to the CO 2π* molecular
orbital, promoting dissociation of CO.10, 11 On the other hand, coadsorption of CO
with an electronegative element such as sulphur12 or iodine13 leads to destabilization
of CO.

To our best knowledge, there is hardly any quantitative information available
about interactions between CO and a different coadsorbate on rhodium surfaces.
Also some discrepancy exist for the kinetic parameters for CO desorption from
Rh(100) reported by different researchers.

The purpose of this paper is to determine the kinetics for desorption of CO
from Rh(100) and interactions between CO and atomic nitrogen on Rh(100) by
means of TPD. Lateral interactions are modelled using a Dynamic Monte-Carlo
simulation. We also discuss the implications of these interactions for the lateral
distribution of CO and atomic N on Rh(100).

5.2 Experimental methods

5.2.1 TPD 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

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.

5.2.2 Dynamic Monte-Carlo simulations

The thermal desorption data obtained for CO from Rh(100) and Rh(100)
precovered with an ordered Nads overlayer have been simulated with a dynamic
Monte Carlo method. The Rh(100) surface is modeled by a square 128 x 128 grid
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with periodic boundary conditions. The evolution of the system is described by the
following master equation:

∑ →→ −=
β

αβαβαβ
α )( PkPk

dt
dP (5.1)

in which α and β are 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
master equation cannot be solved analytically for any but the simplest systems.
Instead, the system is simulated with reaction order and times according to the
master equation. Such a simulation represents a possible real-time trajectory of the
system (an "experiment"). The method used for the simulation is the dynamic Monte
Carlo method described in ref. 15, which also simulates time-dependent rate
constants (TPD) faithfully.

The 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. We use the Brønsted-Polanyi relation to describe this.16, 17 Let for a
reaction α→ β,  Eα and Eβ denote the lateral energy in states α and β respectively.
The effective activation energy for α→ β is defined by:

]1,0[),( ∈−+= ρρ αβ EEEE aeff (5.2)

The idea is that the transition state of the reaction and, hence, the activation
energy changes when the energy level of the reactant and product states changes. A
value of ρ close to 0 represents the situation that the transition state is close to the
reactant state (α); similarly, a value close to 1 represents a transition state that is
close to the reactant state (β). Parameter ρ is called the Brønsted-Polanyi coefficient.
Common choices are 0 for adsorption, 1 for desorption and 0.5 for diffusion. The
lateral energies themselves are described by summing pairwise contributions of
neighboring sites. In the current work we only look at lateral interactions with
nearest-neighbor sites, and we restrict our attention to desorption. Then, Eq. (5.2)
reduces to:

∑ ⋅−=
i

NN
iiaeff nEE ϕ (5.3)

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

iϕ is the nearest neighbor (NN) pairwise lateral
interaction-term.
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The simulation method including the lateral interactions have been
implemented in the computer program CARLOS18 which is a general purpose
program that admits specification of the adlayer, the species and the microscopic
steps as input.

5.3 Results

5.3.1 Desorption of CO from Rh(100)

To understand the influence of lateral interactions on the desorption of CO at
high coverages, is it essential to know the desorption behavior at low coverage, i.e.,
where lateral interactions can be neglected. TPD spectra (heating rate β= 5 K/s),
obtained after dosing various amounts of CO on Rh(100) below 200 K are shown in
Figure 5.1.

Coverages of CO are expressed as monolayers (adsorbate/metal substrate
surface-atom). The general shape and peak positions of the spectra are in excellent
agreement with those determined previously by de Jong et al.14 Also the CO uptake
curve (not shown) is very similar to the uptake curve presented in the former study
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and can be best described by the precursor model by Kisliuk.19 This indicates that
CO is adsorbed via a mobile precursor state.14 Interestingly, Medvedev et al.20 found
evidence for a weakly physisorbed CO layer at CO saturation coverage with a
binding energy of 33 kJ/mol by reverse flash measurements.

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 (β= 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 back 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 independently
by King and coworkers21 using microcalorimetry and by Medvedev et al.20 using
reverse flash measurements. 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,

22, 23

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 ontop positions, as
indicated by vibrational spectroscopy14, 22 and high resolution photoelectron
spectroscopy.23 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.,24 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.

Kinetics CO desorption We have applied Chan-Aris-Weinberg (CAW½)
analysis25 to the spectra in Figure 7.1, yielding an activation barrier Ea= 137 ± 2
kJ/mole and a preexponential factor ν= 1013.8±0.2 s-1 in the limit of zero CO coverage.
These values are verified by the Redhead equation24 (Tmax= 502 K, β= 5 K/s;
assuming ν= 1013.8 s-1), which yields Ea= 137 kJ/mole.

Coverage corrected leading-edge analysis5 allows for the determination of
kinetic parameters for CO desorption as a function of coverage. At low CO 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 θCO= 0.50 ML, Ea continuously
decreases to ca. 110 kJ/mol. The increase in the desorption rate is partially
compensated for by a decrease in the preexponential factor. This in line with the
nearly constant heat of adsorption in this coverage range.20, 21
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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 ν=
1013±1 s-1) yields Ea= 78 ± 6 kJ/mol. This is in good agreement with the differential
heat of adsorption of 80 kJ/mol for CO adsorption at 300 K, close to the CO
saturation coverage.21

5.3.2 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 coworkers27 that NCO readily decomposes to CO and
N on Rh(111) even at 150 K, while coadsorbed oxygen has a slightly stabilizing
effect.28 Kostov et al. studied the formation of NCO from CO, coadsorbed with
partly dissociated NO on Ru(0001).29 In the absence of coadsorbed O, formation of
NCO was not observed.30

Preparation of atomic nitrogen on rhodium Overlayers of atomic N were prepared
by dissociative adsorption of NO at 400 K, followed by selective removal of O at

200 300 400 500 600

p
(

)

Temperature (K)

0.62

CO/N-Rh(100)  (θN=0.14 ML)
Tads< 175 K
β= 5 K/s

0.12
0.10
0.08
0.06
0.03

0.44

0.39
0.34
0.28
0.21
0.17
0.15

0.58
0.56

0.53

200 300 400 500 600

CO
 D

es
or

pt
io

n 
ra

te
 (a

.u
)

Temperature (K)

0.45

0.42
0.39
0.35
0.31
0.27
0.23
0.20

0.09
0.08
0.06
0.04
0.02

0.15
0.11

0.18

CO/N-Rh(100) (θN=0.27 ML)
Tads< 175 K
β= 5 K/s

θCO
(ML)

θCO
(ML)

Figure 5.2 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. The applied heating rate is 5 K/s.



Chapter V102

400 K under an ambient CO pressure (pCO=2·10-8 mbar; t= 180 s.) Importantly, Oads
can be completely removed in this fashion, while the residual amount of COads can
be simply removed by shortly annealing to 600 K. This enables us to prepare
overlayers of Nads on Rh(100) up to θN= 0.34 ML without any contamination.

Influence atomic N on CO desorption Figure 5.2 shows the CO TPD spectra
for CO adsorbed on N-precovered Rh(100)  with θN= 0.14 ML and θN= 0.27 ML. At
the lowest 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/mol and a preexponential factor ν= 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 5.1).
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 reasonably good agreement with the low-temperature
CO desorption features, observed by Daniel et al.9 at comparable coverages.

At intermediate N-coverage (θN=0.27 ML; right panel Figure 5.2), the first
CO molecules desorb at an progressively lower temperature of 465 K. CAW½
analysis yields Ea= 122 ± 2 kJ/mol and ν= 1013.4±0.2 s-1f in the limit of zero CO
coverage. Upon increasing θCO, the same qualitative features are observed as for the
lowest N-coverage. However, the 400 K shoulder that is 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 not well
defined in terms of ordering or island formation and diffusion of a molecular
adsorbate like CO is fast,31 many configurations of desorbing CO molecules with
different numbers of neighboring N-atoms are possible.

To assess this problem, we have examined the desorption of CO from an
ordered c(2x2)-N/Rh(100) structure.32 Preparation of Nads on Rh(100) by
dissociative adsorption of NO and subsequent removal of Oads as described above,
deposits 0.34 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 to ~0.6 ML Nads, where most N-atoms are probably ordered in a
c(2x2)-structure. Figure 5.3 shows CO desorption spectra, saturated with Nads (θN=
0.58 ML). 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,
the 240 K CO desorption state, associated with direct repulsion between adjacent
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CO and Nads appears. This is a well resolved and relatively narrow desorption state,
associated with CO desorbing from a well-defined configuration. Using the Redhead
equation (Tmax= 240 K and 5 K/s; assuming ν= 1013±1 s-1) we find Ea= 60 ± 10
kJ/mol. Also note the small desorption state around 325 K.

We propose the structural model for CO adsorbed within the ordered c(2x2)-
N/Rh(100) structure depicted in Figure 5.3, which has been based on the following
assumptions: firstly,  CO does not destroy the ordered N-structure and secondly,
there are no major adsorbate-induced surface reconstructions. Together with this
structural model, we can now estimate the lateral pairwise interaction between COads
and Nads. This will be used in the next section, where we describe simulated (DMC)
CO desorption spectra from Rh(100) and from c(2x2)-N/Rh(100), using the kinetic
parameters in the limit of zero CO coverage and pairwise interaction between COads
and Nads as input.

Influence Nads on CO Uptake 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

200 300 400 500 600

C
O

 D
es

or
pt

io
n 

ra
te

 (a
.u

.)

Temperature (K)

0.05

θCO
(ML)

0.11

0.12

0.17

0.20

0.24

0.06

CO+Nads/Rh(100) 
with θN≈ 0.6 ML
Tads< 175 K; β= 5 K/s

CO N

N
N

N N
N

N
N

CO

CO

Figure 5.3 CO TPD
spectra for various
amounts of CO adsorbed
below 200 K on c(2x2)-
Nads/Rh(100) (θN= 0.58
ML). 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.



Chapter V104

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.
Roughly, the uptake curves diverge for 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)8 and for I/Rh(111).13 The total saturation coverage θCO + θN
amounts ca. 0.80 ML, which is close to the total saturation coverage in the case
when an O-precovered Rh(100) surface is saturated with CO.33

Influence Nads on CO desorption kinetics Figure 5.4 shows the kinetic parameters
for CO desorption, i.e. activation energy Ea (upper panel) and preexponential factor
ν (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
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preexponential factor is practically constant around 1013.7 s-1. Probably, the presence
of Nads lowers the heat of adsorption for CO. This will be discussed later.

Note that the data point at θN= 0.58 ML has been determined using Redhead
analysis for the 240 K desorption state. Hence, this cannot directly be compared with
the data obtained by CAW½ analysis. However, if we assume that all desorption
features above 250 K (Figure 5.4) are due to CO desorbing from imperfections in the
c(2x2)-N structure, Redhead analysis yields a reasonably good estimate for the
activation energy for CO desorbing from a perfectly ordered c(2x2)-N/Rh(100)
structure (θCO→ 0). Assuming ν does not significantly change, Ea significantly
decreases upon modification of the Rh(100) surface with a c(2x2)-N overlayer.

CO-N pairwise repulsive interaction The sharp 240 K CO desorption state is
indicative for CO desorption from a well-defined configuration. We propose the
structural model presented in Figure 5.3, 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.34 This is evidenced both by HREELS35 and DFT
calculations.36 As nitrogen-atoms are much more strongly bound on Rh(100) than
CO molecules, we assume that bonding of Nads is not likely to be influenced by the
presence of COads. We have also assumes that the Rh(100) substrate does not
reconstruct upon coadsorption of N and CO. The square lattice (100)-surfaces of
different transition metals tend to reconstruct upon adsorption of atomic adsorbates.
Clockwise-anticlockwise reconstructions have been experimentally observed for
saturation coverages of Oads on Rh(100)37 and Nads on Ni(100)38. Recent DFT
calculations by Alfè et al.39 on the structure of X-Ni(100) and X-Rh(100) surfaces
(with X= C, N, O), are in good agreement with these observations. The same
calculations also 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. Because molecular adsorption
of CO is generally a non- or only slightly activated process, Ea for desorption may
be assumed to be approximately equal to the heat of adsorption.

Now the pairwise repulsive interaction between COads and Nads ( NN
NCO−ϕ ) can

be derived from Eq. (5.3) 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−ϕ  ≈ (Ea,0- Ea,Redhead)/4=
(137- 60)/4= 19 kJ/mol.

5.3.3 Monte Carlo Simulations

We have simulated desorption of CO to verify the repulsive interaction
between CO and N derived from TPD experiments. Figure 5.5 shows simulated
spectra for CO from Rh(100) and N-precovered Rh(100), for different amounts of
CO. For CO desorbing from Rh(100), CO was adsorbed on top sites of a square
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lattice. Arrhenius rate parameters were taken from TPD experiments and mutual
repulsion between CO molecules was neglected. Although diffusion of molecular
adsorbates is fast,31 we did not allow CO to diffuse in these simulations. Since we
have neglected mutual repulsion, CO molecules do not feel each other’s presence,
even in neighboring positions. Hence, diffusion does not change the configuration of
desorbing CO molecules.

In the simulated spectra (upper panel) CO desorbs around 500 K, in good
agreement with experiment (see Figure 5.1). The small shift of the maximum CO
desorption rate to lower temperatures observed in the TPD experiment 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 CO was adsorbed on a perfectly ordered
c(2x2)-N/Rh(100) surface, as depicted in the inset. For NN

NCO−ϕ  we used the value of
19 kJ/mole, derived from TPD experiments. Again, repulsion between CO
molecules is neglected and repulsion between N-atoms is only relevant in diffusion
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of N-atoms and in N2 formation. We also did not allow diffusion of CO, for the
same reason as stated above. Diffusion of N-atoms can be neglected, at least in the
temperature range where CO desorbs.

On the ordered c(2x2)-N/Rh(100) surface, the simulated CO desorption
spectra (Figure 5.5; lower panel) are shifted to 230 K. This is in remarkably good
agreement with the peak temperature of the well-defined desorption state observed
in TPD (Figure 5.3) 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 the
spectra from Rh(100), in agreement with experiment.

The ill-defined desorption states in Figure 5.3 at higher temperatures are
probably due to desorption of CO from different adsorption sites, where CO has less
neighboring N-atoms or is in a different adsorption sites. For instance, the poorly
resolved feature around 325 K can possibly be assigned to CO molecules, desorbing
from a site with 3 next-neighboring N-atoms. Redhead analysis (Tmax=325 K, β= 5
K/s; assuming ν= 1013 s-1) yields Ea= 83 kJ/mol. This in fair agreement with the
calculated Ea= Ea,0- 3· NN

NCO−ϕ  = 137- 3·19= 80 kJ/mol. However, diffusion of CO on
the defect c(2x2)-N overlayer rapidly changes configurations, smearing out CO
desorption from this state over a broad temperature range.

5.4 Discussion

5.4.1 Kinetics CO desorption from Rh(100)

We have summarized the kinetic parameters reported for CO desorption
from Rh(100) by various researchers in Table 5.1.

Table 5.1 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/mol) ν (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 38
Single beam

Modulated beam
135 ± 8
149 ± 10

1014.5±0.9

1016.3±1.1
39
39

TPD 140 1013.5 22
- qads (kJ/mol) -

SCAC 118 19
Reverse flash 121 18

* After correction for an incorrectly applied formula in ref. 14.
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Our values for the kinetic parameters are generally in good agreement with
those previously reported.14, 24, 40, 41 However, rather large discrepancy exist between
the high value of the preexponential factor, reported earlier in our group by de Jong
et al.14 and the other values. This is due to an erroneous application of the Chan-
Aris-Weinberg equation for ν, where the authors divided by Tmax instead of Tmax

2 in
the term before the exponent. Dividing their value of 1016.6 by 500 (≈ Tmax) yields a
value of 1013.9 s-1, which is close to the value in the present work. Also the values
reported by Wei et al.,41 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- or only slightly
activated, the activation energy for desorption should be close to the heat of
adsorption. Indeed, microcalorimetry indicates a value of 118 kJ/mol for the
differential heat of adsorption21 and reverse flash a binding energy of 121 kJ/mol
(θCO→ 0).20 This implies that adsorption of CO on Rh(100) is slightly activated, in
agreement with the observation of precursor-mediated adsorption kinetics.14, 21 This
enables us to construct a quantitative one-dimensional potential energy diagram for
CO adsorption on Rh(100). However, the binding energy of 33 kJ/mol for the
physisorbed state20 would result in a very high barrier for adsorption of CO and
appears to be too high.

It remains unclear why theory fails to predict the correct binding energy for
CO on Rh(100). DFT calculations by Eichler et al.42  predict a binding energy of 215
kJ/mol for bridged CO (θCO= 0.25 ML). Recent calculations by Hammer et al.,43

using a more sophisticated approach which corrects for overbinding more
efficiently, predict a binding energy of 175 kJ/mol, also for CO in the bridge site
(θCO= 0.25 ML). These values are clearly too high, compared to the experimentally
determined binding energy of 120 kJ/mol.20, 21 In addition, the bridge site is found to
be energetically most stable, in contrast with all experimental observations.14, 23-25

Much better agreement between calculations and experiment is obtained for the CO
binding energy on different Ni and Pd surfaces.43 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 constant20, 21 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
depopulation of top sites.14, 23-25 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 by using a Monte-Carlo method, Kose et al.21 derived a pairwise
lateral repulsive energy of 9 kJ/mol for the CO-CO interaction ( NN

COCO−ϕ ). We remark
that this is an upper value, because CO molecules do not occupy directly
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neighboring sites on Rh(100) in the real space structures close to saturation CO
coverage.14 Hence, CO-CO distances are slightly larger than one lattice constant,
complicating the exact determination of NN

COCO−ϕ .

5.4.2 Repulsive interactions between CO and N-atoms

We will now discuss the effect of Nads on the desorption of CO from
Rh(100). To facilitate this, Figure 5.6 shows selected CO-TPD traces for three
different CO-coverages and three different N-coverages.

• θCO≈ 0.05 ML. At low CO coverage, desorption shifts to slightly lower
temperature with increasing θN. This corresponds with a lower activation energy
(Figure 5.4), which is probably related to a lower heat of adsorption. We
attribute this 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 sulfur slightly lowers the CO binding energy on Rh(111)
for intermediate coverages (θS= θCO= 0.25 ML).12 Coadsorption of CO on
N/Rh(110) shifts 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.8

The reason that CO desorption goes faster with increasing number of
nitrogen (or sulfur-; 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
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Figure 5.6 Selected CO desorption rates from Figures 5.1 and 5.3 for low (left
panel), medium (central panel), and high (right panel) CO coverages (not to scale with
respect to each other) at three different N-coverages.
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do.44 As a result the CO becomes destabilized on the entire surface, also when
adsorbed further away from an adsorbed N-atom.

• θCO≈ 0.26 ML. At slightly higher CO coverage, the main CO desorption state
follows the same trend. Besides this, the CO desorption trace broadens with
increasing θN and an additional shoulder develops around 360 K for the highest
N-coverage. The shoulder is associated with CO populating bridge sites, which
normally occurs on the clean Rh(100) surface for θCO> 0.50 ML.14, 23-25 This
implies the formation of separated domains of Nads and slightly compressed
(θCO> 0.50 ML) CO. Hence, at these coverages lowering of the CO desorption to
lower temperatures is mainly due to repulsion between mutual CO molecules,
because mutual repulsion is smaller than CO-N repulsion.

• θCO≈ 0.45 ML. At relatively high CO coverage, CO still desorbs in a single state
when no Nads is present.  A small amount of Nads already leads to significant
compression of CO domains. At the highest N-coverage -when the surface is
saturated with CO- new desorption features are observed due to direct repulsion
between COads and Nads. From TPD of CO from a partially ordered c(2x2)-N
overlayer on Rh(100), assuming that the c(2x2)-N structure stays intact during
CO adsorption and no major reconstructions occur, we derive NN

NCO−ϕ = 19
kJ/mol. This value is verified by Monte-Carlo simulations, using only the kinetic
parameters from experiment as input.

Repulsion between COads and Nads is larger than repulsion between mutual
CO molecules ( NN

NCO−ϕ = 19 kJ/mol vs. NN
COCO−ϕ = 9 kJ/mol19). Together with the high

mobility of CO,31 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 will 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).

5.5 Conclusions

We have shown in the present work that 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 described by a dynamic
Monte Carlo (DMC) method that enables the inclusion of reactions such as
desorption, dissociation, diffusion etc. as well as lateral interactions between
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adsorbates, and describe these processes in real time. 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/mol
and the preexponential factor ν is 1013.8±0.2 s-1. The large discrepancy between the
experimentally and theoretically determined binding energy and -site for CO on
Rh(100) calls for further theoretical investigation.

We are able to prepare pure Nads-overlayers on Rh(100) by dissociative
adsorption of NO and (simultaneous) removal of Oads by CO. Coadsorbed Nads
destabilizes CO and lowers the CO saturation coverage. The total coverage (θN +
θCO) which can be achieved, is practically constant (∼0.80 ML). In the limit of zero
CO coverage, Ea decreases with increasing θN, indicative for a lower heat of
adsorption. This long-range effect is probably due to electronic modification of the
Rh(100) surface by electronegative N-atoms, suppressing backdonation from the
metal d-bands into the CO 2π* state.

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 partially ordered N-structure we find Ea= 60 kJ/mol.
Considering the local environment of the desorbing CO molecules we derive

NN
NCO−ϕ = 19 kJ/mol. This is verified by dynamic Monte-Carlo simulations.
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VI
Structure Sensitivity in the CO

Oxidation on Rhodium:

effect of adsorbate coverages on oxidation kinetics
on Rh(100) and Rh(111)*

This chapter deals with the oxidation of CO by atomic oxygen on rhodium,
which is an important elementary step in the CO + NO reaction. Temperature-
Programmed Reaction Spectroscopy has been used to study the surface reaction
between CO and O-atoms on Rh (100) and Rh(111) at a range of different adsorbate
coverages.  Comparison of the reaction on both surfaces in the low coverage
regime, where the kinetics can be described by a straightforward Langmuir-
Hinshelwood mechanism reveals that the CO oxidation is structure sensitive, with
the rate constant being an order of magnitude higher on the Rh(100) than on the
Rh(111) surface. As a consequence, the selectivity of the CO + O reaction to CO2 is
about 100% on Rh(100), whereas on Rh(111) the oxidation reaction competes with
CO desorption. At low CO coverage, CO oxidation is an elementary step on Rh(100)
for a broad range of oxygen coverages. We report kinetic parameters Ea= 103 ± 5
kJ/mol and ν= 1012.7±0.7 for θO= θCO� 0 on Rh(100). The activation energy for CO

                                                          
* The contents of this chapter have been published: M.J.P. Hopstaken and J.W.

Niemantsverdriet, J. Chem. Phys. 113 (13) (2000) 5457.



Chapter VI114

oxidation on Rh(100) decreases continuously with increasing O-coverage. At low
coverage (θO< 0.25 ML) we attribute this to destabilization of CO, leading to an
increase in the CO2 formation rate. At higher coverage (θO> 0.25 ML) O-atoms
become destabilized as well, as lateral interactions between O-atoms come into play
at these coverages. The interactions result in a greatly enhanced rate of reaction at
higher coverages.

6.1  Introduction

The oxidation of CO on noble metals such as platinum,1-3 rhodium,4-20

palladium,21-23 and ruthenium6, 21, 24 is one of the most studied catalytic reactions in
surface science. In the context of automotive exhaust catalysis the CO oxidation is
important in two respects: first, in the reaction between O2 and CO, which is most
efficiently catalyzed by platinum and palladium, and second, in the removal of
atomic oxygen originating from NO decomposition, for which rhodium and to a
lesser extent palladium are the best catalysts. CO oxidation has been studied on
different rhodium surfaces e.g. Rh(111),4-13 Rh(110),11, 14, 15  Rh(100),6-7, 10, 16-18

polycrystalline Rh,19 and supported Rh-particles8, 20 as well.
Kinetic studies by Oh et al.8 and Peden et al.10 revealed that turnover

frequencies of the CO oxidation at high pressures on rhodium single crystals and
supported particles are very similar, indicating this reaction to be structure
insensitive. However, under these conditions the surface is largely covered by CO
and the rate is limited by the dissociative adsorption of oxygen. Kinetic studies at
conditions where oxygen is the majority reactive intermediate, however, do reveal
rates that depend on structure, as shown by Bowker et al. for Rh(111) and
Rh(110).11 Several authors report kinetic parameters for the CO oxidation on
Rh(111), however these values differ widely, e.g. from activation energies of 70
kJ/mol13 to 190 kJ/mol.4

The kinetics of surface reactions under high coverage conditions, where
lateral interactions cause adsorbates to order into islands and reactions may even
occur in the oscillatory regime, has received considerable interest from
experimentalists3 and theoreticians25 in the past decade. Recent scanning tunneling
microscopy (STM) work by Wintterlin et al. points to the importance of reactive
CO-O pairs at the boundaries between islands of adsorbed CO and O on Pt(111).26

On rhodium, the reacting species Oads and COads may either segregate into separate
phases,4 or form mixed structures,27, 28 depending on coverages and on temperature.

Several studies demonstrate that different oxygen structures on rhodium
surfaces possess different reactivity towards adsorbed CO,15, 16, 29-31 whereas
reconstruction has also been shown to affect the reactivity on Rh(110).15 Baraldi et
al.,16 investigating the reaction between CO and preadsorbed oxygen on Rh(100),
observed a higher reactivity for the reconstructed (2x2)p4g O-structure (θO= 0.50
ML) than for the p(2x2)-O structure (θO= 0.25 ML).32 The lower reactivity of the
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latter was explained by reduced mobility of CO, preventing it to overcome the
barrier imposed by CO-O repulsion.

The strong dependence of mechanism and kinetics on adsorbate coverages is
an important factor behind the large differences in activation energies and
preexponential factors as reported in the literature. In fact, such parameters are only
meaningful for elementary surface reactions in the limit of low coverages of at least
one of the adsorbates.33, 34

The purpose of this paper is to determine the kinetic parameters of the
reaction between preadsorbed CO and O on Rh(100) and Rh(111) by means of
temperature programmed reaction spectrometry. The results confirm the structure
sensitivity of the CO oxidation reaction, and demonstrate in a systematic way the
effect of adsorbate coverages on the rate of the reaction.

6.2 Experimental

The experiments were done in two stainless steel ultrahigh vacuum systems
with a base pressure of 10-10 mbar. The experiments with Rh(100) were done in a
Leybold TPD/SIMS spectrometer equipped with a SSM 200 mass spectrometer
system as previously described by Borg et al.35 Static SIMS spectra were taken by
using a defocused 5 keV Ar+ primary ion beam with a current density of 1 nA/cm2.
The experiments on Rh(111) were done in a home built UHV system, equipped with
a Baltzers Prisma quadrupole mass spectrometer (QMA 200) and an Omicron
LEED/Auger system, described in detail in a previous publication.36 Some of the
experiments with Rh(100) were repeated in the second system to verify that the
temperature calibration in both systems was the same.

In both systems, the rhodium crystals of (100) and Rh(111) orientation with
a thickness of about 1.2 mm were spotwelded on two tantalum wires of 0.3 mm
diameter, pressed into small grooves on the side of the crystal. This construction
allows for resistive heating up to 1450 K. The samples could be cooled to 100 K by
flowing liquid nitrogen through the manipulator. Temperatures were measured with
a chromel-alumel thermocouple spotwelded to the back of the crystal.

The Rh(100) crystal surface was cleaned by cycles of argon sputtering and
annealing under oxygen and UHV, as described elsewhere.37 The Rh(111) crystal
surface was cleaned in a similar fashion at slightly higher temperatures, as described
previously.13After the cleaning procedure, residual oxygen was removed and surface
order was restored by annealing the crystals  to 1400 K. Surface cleanliness and -
ordering were checked by Auger spectroscopy, which did not show any
contamination and LEED, which showed sharp p(1x1) patterns for both crystals.
Also, the absence of CO2 during TPD of CO confirms the complete removal of
residual oxygen on both crystals.

Oxidation of CO to CO2 was studied by depositing a fixed amount of atomic
O at 273 K after which the sample was cooled to 175 K or below to adsorb CO.
Carbon monoxide (Hoek Loos, 99.995 % pure) and oxygen (20% O2/80% Ar) were
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used without further purification. The initial coverages of CO were determined from
the amount of desorbing carbon atoms, by integrating the CO2 and CO desorption
peaks, dividing the CO peak area by the relative difference in mass spectrometer
sensitivity for CO2 and CO (=1.1), and adding these contributions. For the saturation
coverage of CO on Rh(100) we used the value of 0.75 ML for the p(4√2x√2)R45°-
CO/Rh(100) structure36 and for CO on Rh(111) the value of 0.75 ML corresponding
to the (2x2)-3CO/Rh(111) structure.38, 39 The CO TPD spectra were corrected for
cracking of CO2 in the mass spectrometer. The amount of preadsorbed oxygen on
Rh(100) was determined from the amount of CO2 formed in TPD, since the removal
of Oads appeared to be complete in the presence of an equal or higher amount of CO.
On Rh(111) removal of Oads is not always complete, so the amount of oxygen was
determined from O2-TPD, using the saturation coverage of 0.50 ML for O on
Rh(111).27, 40, 41 All TPD spectra were taken at a heating rate β= 5 K/s.

Kinetic parameters for the reaction between CO and O were determined on
the assumption that the reaction is, at least at low coverages, first-order in adsorbed
O and CO, while CO2 desorbs instantaneously. Provided both reactants are
homogeneously distributed over the surface, the rate of CO oxidation rox is given by
the following Arrhenius-equation:






−⋅⋅⋅=

RT
Er a

OCOox expθθν (6.1)

which can be rewritten to:

RT
Er a

OCO
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⋅

ν
θθ

lnln (6.2)

The adsorbate coverages θCO and θO can be calculated at any temperature from the
CO and CO2 TPD spectra. A plot of ln(rox/(θCO·θO)) versus 1/T, yields the activation
energy Ea and the preexponential factor ν from the slope and the intercept,
respectively.

6.3 Results

To illustrate the experimental approach and the kinetic analysis we compare
the results of CO oxidation experiments at similar coverages on the two rhodium
surfaces. Approximately 0.16 ML of O-atoms and 0.07 ML of CO were coadsorbed
on each surface. The inset of Figure 6.1 shows the TPD spectra of CO2. The
structure sensitivity of the reaction is evident from the significantly faster rate of
reaction on Rh(100) than on Rh(111). A second difference between the two systems
is that on Rh(100) all CO is oxidized to CO2, whereas on Rh(111) part of the CO
desorbs.
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Figure 6.2 CO2 formation from different amounts of CO on oxygen-precovered
Rh(100). Oxygen atoms were deposited by adsorbing a O2/Ar gas mixture (20% O2/
80% Ar) at 273 K; a heating rate of 5 K/s was applied. Note that the desorption spectra
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Figure 6.3 Amount of COads reacted with Oads to CO2  on Rh(100) (left) and
Rh(111) (right), derived by integration of TPD spectra. The dotted lines are
representative for the ideal case of stoichiometric reaction between COads and Oads.
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at higher oxygen coverages (θO = 0.28 and 0.40 ML), some CO desorbs in parallel to
CO2, but also in this case the selectivity towards oxidation is high.

CO oxidation kinetics

Kinetic analysis as explained in the experimental part was applied to those
spectra which exhibit a single desorption state. Figure 6.4 gives an example of
activation energies and preexponential factors obtained for the series of spectra at an
oxygen precoverage of 0.09 ML. The peak shifts in the TPD spectra to lower
temperatures with increasing CO coverage are reflected in a decrease of the
activation energy and the preexponential factor. Also note that the change in slope
around θCO= 0.1 ML corresponds with the downward shift of the leading edge in the
CO2 TPD spectra (Figure 6.2).

At θO= 0.40 ML and low CO coverages, the oxygen coverage is much higher
than that of CO, and the reaction becomes pseudo 1st order in CO. In this case we
can also apply Chan-Aris-Weinberg (CAW½) analysis.42 This yields an activation
energy Ea= 74 ± 8 kJ/mole and a preexponential factor ν= 1011±1.3 s-1 in the zero CO
coverage limit. As a double check, we applied the Redhead formula43 for ν= 1011±1 s-

1, taking Tmax= 350 K and β= 5 K/s, which yields an activation barrier Ea= 76 ± 5
kJ/mol, consistent with the CAW½ analysis.
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The kinetic parameters obtained as in Figure 6.4 were extrapolated to zero
CO coverage for all four initial O-coverages; these extrapolated values are shown in
Figure 6.5. Both the activation energy and the preexponential factor for CO
oxidation decrease with increasing O-coverage on Rh(100). The preexponential
factors are all in accordance with the reaction COads + Oads being an elementary
step.33, 34

Provided the total coverage θO + θCO is high enough, an unusually sharp CO2
formation channel opens up around 280 K. It can be seen from Figure 6.2 that this
state emerges at decreasingly lower CO coverage with increasing O-precoverage.
For instance, at θO= 0.16 ML this CO2 formation channel opens up for θCO> 0.45
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ML, whereas at θO= 0.40 ML this state can already be distinguished for θCO> 0.14
ML. The position of this state hardly depends on both θO and θCO and it sharpens up
with increasing O-coverage, reminiscent of an autocatalytic process. In order to
reveal the nature of this unusual CO2 formation state, we have carried out additional
static SIMS experiments.

Coordination of CO during temperature programmed reaction with Oads

At first sight, application of SIMS seems trivial for CO oxidation as the
product CO2 immediately leaves the surface, hence we do not need SIMS to follow
adsorbate coverages as for instance in the reduction of NO, as described in Chapter
IV. In this case, however, SIMS provides useful information with respect to the
adsorption geometry of CO during temperature programmed reaction of COads with
Oads.

Combined TPD and TPSSIMS spectra for saturated adlayers of Oads + COads
on Rh(100) are shown in Figure 6.6. Instead of absolute SIMS intensities, we rather
use ion intensity ratios to correct for work function changes, as explained in Chapter
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Figure 6.6 Selected CO and CO2 desorption rates from Figure 2 (top panels) and
Rh2O+/Rh2

+ and RhnCO+/RhnCO+ (n= 1, 2) ion intensity ratios representing the surface
coverage and coordination of O-atoms and CO, respectively, for intermediate oxygen
coverage (θO= 0.28 ML; left) and high oxygen coverage (θO= 0.40 ML; right),
saturated with 0.50 and 0.40 ML CO, respectively. The applied heating rate β during
temperature programmed reactions was 5 K/s.
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II. Systematic studies by Brown and Vickerman44 for CO adsorbed on different
transition metal surfaces have revealed that the intensities of SSIMS MnCO+ ion
clusters consisting of more than one metal atom M (i.e. n> 1) increase relative to the
MCO+ intensity when the coordination of the CO adsorption site increases.

For θO= 0.28 ML saturated with 0.50 ML CO (left panel), no reaction occurs
below 225 K, consistent with the constant TPSSIMS ratios. CO2 production takes
place from 225 K to 460 K, in line with the monotonously decreasing Rh2O+/Rh2

+

TPSSIMS ion intensity ratio reflecting the consumption of O-atoms. The excess CO
desorbs when all O-atoms are consumed. The RhnCO+/RhnCO+ (n= 1, 2) ion
intensity ratios, however, do not show a simple monotonous decrease. From 225 to
300 K, where the sharp CO2 production can be observed, both the RhCO+/Rh+ and
the Rh2CO+/Rh2

+ intensity ratios increase, which seems to conflict with the decrease
in θCO due to CO2 production. Above 300 K, the Rh2CO+/Rh2

+ ratio continuously
decreases and the RhCO+/Rh+ ratio maximizes between 350 and 400 K. Essentially,
the same trends can be observed for θO= 0.40 ML, saturated with 0.40 ML CO (right
panel). However, the increase in the Rh2CO+/Rh2

+ ratio is much more pronounced.
Also, the Rh2CO+/Rh2

+ ratio steeply decreases around 280 K, concomitant with the
sharp CO2 formation state. Above 400 K both RhnCO+/Rhn

+ (n= 1, 2) ratios decrease
as expected for the continuous removal of CO via formation of CO2.

For CO2 formation below 400 K, the changes in the RhnCO+/Rhn
+ ratios (n=

1, 2) are indicative for a shift in the population of different CO binding sites. We
propose that in the presence of high Oads coverages, CO initially adsorbs in sites
with a higher coordination than the preferred ontop sites. This is in agreement with a
high-resolution electron energy loss spectroscopy (HREELS) study by Gurney et
al.18, who studied adsorption of CO on O-precovered Rh(100). A similar shift of CO
to higher coordination sites has been observed for CO adsorption on O-precovered
Rh(111).27, 28 This can be rationalized by keeping in mind that an atomic adsorbate
such as Oads exclusively adsorbs in the sites with the highest coordination i.e., fcc 3-
fold hollow for Rh(111)27 and 4-fold hollow for Rh(100).32, 33 Because Oads is much
more strongly adsorbed than CO, one O-atom will block 3 or 4 linear CO adsorption
sites for Rh(111) or Rh(100), respectively. As oxygen atoms are removed during
temperature programmed reaction of COads and Oads on Rh(100), CO molecules may
migrate to the preferred ontop site, in agreement with the increase in the RhCO+/Rh+

ratio at the onset of CO2 production in Figure 6.6. This is in agreement with time
resolved EELS measurements during temperature programmed reaction of COads
and Oads on Rh(100).18

6.3.2 Oxidation of CO on Rh(111)

The oxidation of CO on Rh(111) has been described extensively in the
literature.4-13 However, as the kinetic parameters reported vary considerably between
different authors, we prefer to determine some kinetic data on this surface in the
same manner as we did for Rh(100), to allow meaningful comparison.
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Figure 6.7 shows the TPD spectra of CO2, CO, and O2 for fixed amounts of
0.17 and 0.35 ML O coadsorbed with varying amounts of CO. The CO TPD spectra
have been corrected for cracking of CO2. At low coverages, CO2 is formed between
400 and 500 K. At higher coverages, a faster CO2 formation channel around 350 K
becomes available, in good agreement with earlier observations.4, 27 This faster
reaction channel is possibly associated with CO in a different binding geometry.27, 28

Also note the small upward temperature shift of the CO desorption with increasing
θCO as more O-atoms are removed (see Figure 6.7; right panel), decreasing the
repulsion between COads and Oads. The amount of CO reacted to CO2 has been
included in Figure 6.3 and the activation energies and preexponential factors for
oxidation, derived in a similar way as for Rh(100), in Figure 6.5. Desorption of O2
via recombination of O-atoms takes place over a broad temperature range (800-1300

700 800 900 1000 1100 1200 1300

O
2 f

or
m

at
io

n 
ra

te
 (a

.u
.)

Temperature (K)

1000 1100 1200 1300

O
2 f

or
m

at
io

n 
ra

te
 (a

.u
.)

Temperature (K)
200 300 400 500 600

C
O

 d
es

or
pt

io
n 

ra
te

 (a
.u

.)

Temperature (K)
200 300 400 500 600

C
O

2 f
or

m
at

io
n 

ra
te

 (a
.u

.)

Temperature (K)

0.46

θCO
(ML)

0.45
0.39
0.32
0.26

0.13
0.17
0.22

0.11
0.09
0.08
0.06

CO2 from COads + Oads on Rh(111)

0.46

θCO
(ML)

0.45
0.39
0.32
0.26

0.13

0.22

0.11
0.09
0.08
0.06

200 300 400 500 600

C
O

2 f
or

m
at

io
n 

ra
te

 (a
.u

.)

Temperature (K)
200 300 400 500 600

C
O

 d
es

or
pt

io
n 

ra
te

 (a
.u

.)

Temperature (K)

θCO
(ML)

0.04
0.07
0.10
0.15
0.22
0.25
0.28

θCO
(ML)

0.04
0.07
0.10

0.15

0.22
0.25

0.28

θO= 0.17 ML

CO from COads + Oads on Rh(111)

θO= 0.17 ML

CO2 from COads + Oads on Rh(111)

θO= 0.35 ML

CO from COads + Oads on Rh(111)

θO= 0.35 ML

0.17

0.46

θCO
(ML)

0.45
0.39
0.32
0.26

0.13
0.17
0.22

0.11
0.09

0.06
0.08

O2 from COads + Oads on Rh(111)

θO= 0.17 ML

θCO
(ML)
0.04
0.07
0.10
0.15
0.22
0.25
0.28

θO= 
0.35 ML

O2 from COads + Oads            on Rh(111)

Figure 6.7 TPRS spectra of CO2 (left), CO (middle), and O2 (right) for a fixed
amount of 0.16 ML O (top) and 0.35 ML (bottom) coadsorbed with varying amounts of
CO (Tads< 175 K). Oxygen atoms were deposited by adsorbing an O2/N2 gas mixture
(20%/80%) at 293 K and a heating rate of 5 K/s was applied. CO-TPD spectra have
been corrected for cracking of CO2.
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K). The strong broadening of O2-TPD traces is indicative for strong lateral
interactions between adsorbed O-atoms.

Analyzing the spectra in terms of Equation (2) was not successful for the
spectra at high oxygen coverage of 0.35 ML, as the kinetic plots could not be fitted
with straight lines. As for low initial CO coverages the coverage of oxygen
decreases only slightly during CO2 formation, the reaction follows pseudo first-order
kinetics in θCO. This allows for the application of Chan-Aris-Weinberg (CAW½)
analysis, which yields an activation energy Ea= 70 ± 6 kJ/mol and a preexponential
factor ν= 108.4±0.5 s-1 for CO oxidation in the limit of zero CO coverage. These
values are confirmed by Redhead analysis, which yields Ea= 72 kJ/mol, assuming ν=
108.4 s-1 (Tmax= 425 K, β= 5 K/s). This value is included in Figure 6.5.

We also considered CO2 formation for θO close to the saturation value of
0.50 ML, where O-atoms are reported to form a 3-domain (2x1)-structure with O-
atoms in rows separated by one Rh-lattice constant.27, 42, 43 The uptake of CO is
limited to only 0.03 ML of CO at saturation. Interestingly, recent high-resolution
core-electron spectroscopy measurements by Jaworowski et al.28 point to the
existence of an ordered 2 O + CO phase with θO= 0.50 ML and θCO= 0.25 ML,
which we have not been able to realize. At these very high O/CO ratios, oxidation is
complete as CO desorption is hardly observed. Formation of CO2 occurs in a single
state around 410 K, not shifting with θCO. Analysis by Equation (2) yields an
activation energy of 80 ± 6 kJ/mol and a preexponential factor of 1010±0.5 s-1 for CO
oxidation in the zero CO coverage limit. As the CO oxidation becomes first-order in
θCO under these conditions, Chan-Aris-Weinberg analysis becomes applicable again,
which yields the lower values of Ea= 69 ± 5 kJ/mol and ν  = 108.5±0.5 s-1.

As the spectra in Figure 6.7 and the quantification in Figure 6.3 show,
oxidation of CO is accompanied by desorption of CO at all coverages, even in the
presence of excess O. This desorption is at lower temperatures than observed for CO
on oxygen-free Rh(111). At comparable coverages of O and CO, the peak
temperatures for oxidation on Rh(111) are at least 35 K higher than on Rh(100). At
high coverages, the difference becomes even larger. As a result, the oxidation
reaction on Rh(111) falls largely in the temperature range where CO desorption
occurs as well, and the selectivity for CO2 formation is significantly lower on
Rh(111) than on Rh(100).

The kinetic parameters for CO oxidation on Rh(111) are completely different
than those for comparable CO- and O-coverages on Rh(100). The preexponential
factors for CO oxidation on Rh(111) are in the range of 107-109 s-1, which is lower
than normally observed for an elementary step. This may indicate that CO oxidation
on Rh(111) cannot be described by a simple mean-field Langmuir-Hinshelwood
approach, as we discuss further on.

Finally, Figure 6.8 shows the uptake of CO on O-precovered Rh(100) and
Rh(111) surfaces. On Rh(100) O-atoms and CO molecules are mutually exclusive
with respect to adsorption sites, despite the fact that CO and O are adsorbed in
different sites, as the sum of  θO and θCO is constant (≈ 0.82 ML). However, on
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Rh(111) the sum of the coverages decreases significantly when the surface fills up.
When the rhodium surfaces are close to saturation with O-atoms, Rh(100) can still
accommodate a stoichiometric amount of CO, whereas on Rh(111) hardly any CO
can be chemisorbed.

6.4 Discussion

6.4.1 Structure sensitivity of the CO oxidation on rhodium

The direct comparison of the rate constant for CO oxidation over Rh(100)
and Rh(100) in Figure 6.1, as well as the difference in kinetic parameters at different
oxygen coverages collected in Figure 6.5 clearly illustrate the structure sensitivity of
the CO oxidation reaction in the regime where reactant coverages are low. As stated
in the Introduction, the reaction becomes apparently insensitive for catalyst structure
under conditions where CO is the majority reacting intermediate, i.e. under steady
state conditions for CO and O2 partial pressures ranging from 1 to ∼100 mbar at
relatively low temperatures (∼500 K). Under these conditions, the CO2 formation
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Figure 6.8 Effect of O-precoverage on the total saturation coverage (θO + θCO)sat

and the CO saturation coverage θCO,sat on Rh(100) and Rh(111). Whereas on Rh(100)
the total coverage is hardly affected over the whole coverage range, less CO can be
accommodated within the O-structure at higher O-coverage on Rh(111).
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exhibits first-order in the partial pressure of O2 and negative first order in CO.10

Here the reaction is rate-limited by the availability of dissociatively adsorbed
oxygen. Hence, under these conditions desorption of CO is required to liberate
empty sites for dissociation of O2. Comparison of CO desorption from Rh(111),45

Rh(110),11, 46 Rh(100),16, 36 and supported Rh-particles47 shows that the rates of CO
desorption are quite similar on these surfaces. So it appears that, instead of CO
oxidation, desorption of CO is structure insensitive. Only weak dependence of the
adsorption energy on surface structure of a molecular adsorbate like CO is in line
with theory predictions.33, 48 This probably explains the very similar reaction rates,
observed under high-pressure steady state experiments.  This is the regime
investigated by Goodman,6 Oh,8 and Peden and coworkers.10 Bowker et al. studied
the reaction under steady state conditions as a function of temperature on both
Rh(111) and Rh(110).11 These authors observed that the rates were similar at low
temperature, but different at higher temperature, in full agreement with the notion
that COads dominates the surfaces at lower and Oads at higher temperatures. A similar
conclusion can be drawn from the experiments by Schwartz et al. for CO oxidation
on Rh(111) and Rh(100).7 For temperatures higher than 600 K, the CO2 formation
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rate on Rh(100) was found to be higher by one order of magnitude than on Rh(111),
at comparable reactant pressures.

The major differences between the two rhodium surfaces with respect to CO
oxidation investigated here are:
• At relatively low O-coverage the rate on Rh(100) is roughly an order of

magnitude faster than on Rh(111). Structure dependence becomes even more
pronounced at higher O coverage, as the rate on Rh(100) becomes about 102

faster than on Rh(111).
• As long as O-atoms are available, all CO oxidizes to CO2 on Rh(100); on

Rh(111) CO desorption competes with oxidation, as the rate of CO oxidation is
comparable to CO desorption on Rh(111). This is demonstrated in Figure 6.9.
We exclude (partial) migration of Oads into subsurface sites on Rh(111) as the
cause for this lowered selectivity to CO2. A recent X-ray Photo-emission
Diffraction (XPD) study by Wider et al.49 shows that subsurface sites only
become occupied at elevated temperature and high O2 exposures, i.e. when θO
exceeds 0.50 ML.

• CO oxidation on Rh(100) exhibits kinetic parameters (Ea= 103 ± 5  kJ/mol; ν=
1012.7± 0.7 s-1 at θO= θCO→ 0) representative of a true elementary step, whereas
the CO oxidation on Rh(111) is characterized by kinetic parameters (Ea= 65 ± 5
kJ/mol; ν= 107.5± 1 s-1 at θO= 0.16 ML ; θCO→ 0) indicative for a more
complicated reaction sequence.

The total coverage of O and CO, achieved when CO is adsorbed to saturation
on O-precovered surfaces is significantly larger on Rh(100) than on Rh(111), as
shown in Figure 6.8. Whereas the sum θO + θCO is approximately constant and equal
to 0.82 ML on Rh(100), the total coverage decreases in monotonous fashion from
0.75 ML for fully saturated  CO/Rh(111) to 0.5 ML for fully saturated O/Rh(111).
Apparently, no CO molecules can be accommodated within the (2x1)-O structure on
Rh(111). This is consistent with the observation of inhibition in the CO2 formation
on Rh(111) for high oxygen coverage, at higher temperature and high p(O2)/p(CO)
ratio.7, 10 The fact that CO oxidation is faster on Rh(100) than on Rh(111) is
somewhat surprising. In view of the higher heat of adsorption of atoms on more
open surfaces, while the heat of adsorption of CO on different surfaces of rhodium is
not too different, one might have expected the rate of reaction to be slower on the
(100) surface. The fact that this is not so may have to do with differences in the
activated complex or transition state for CO2 formation, on which information for
the case on rhodium is not available, however. In the transition state for CO
oxidation on the closest-packed surfaces of Pt and Ru it appears that partial
loosening of the oxygen-metal bond gives the highest contribution to the reaction
energy barrier.50-52 It is well possible that this step is energetically more favorable on
the (100) surface, owing to the different geometry on the more open surface.
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6.4.2 Different CO2 formation channels on Rh(100)

The overview of temperature programmed CO2 formation from COads and
Oads at different initial coverages in Figure 6.2 reveals several reaction channels. At
low coverages of both COads and Oads, CO2 forms in a single peak around 450 K.
Analyzing this in terms of the straightforward rate equation (2), which expresses
first-order kinetics in each reactant, yields Ea= 103 ± 7 kJ/mole and ν= 1012.7±0.7 s-1.
In particular the preexponential has a value characteristic for an elementary step33, 34

and hence, it appears reasonable to attribute the CO2 reaction channel at 450 K to a
reaction between species that are randomly distributed across the surface and
encounter each other because at least one the reactants, in this case CO, diffuses
freely over the surface. A previous Monte-Carlo simulation of ordering phenomena
of NO on Rh(111) indicated that diffusion of molecules such as NO ad CO started to
become detectable at much lower temperatures of 200 K already, and that diffusion
of these molecules was by far the fastest surface process at temperatures above 250
K.53 Adsorbed atoms diffuse much more slowly, although mobility of O atoms on
ruthenium at room temperature has been demonstrated.54

Considering reaction around 450 K as the reference case for the limit of low
reactant coverage, we see that increasing the precoverage of O-atoms but keeping
the CO coverage low (below about 0.10 ML) leads to an intrinsically faster reaction,
characterized by a lower activation energy, and a preexponential factor that changes
only insignificantly (Figure 6.5). The reason that the reaction goes faster with
increasing number of oxygen atoms in the low coverage regime (θO< 0.25 ML) is
probably that the O-atoms enhance the electrostatic potential of the surface with a
long range effect that is similar but opposite in sign as small amounts of alkali do.55

As a result the CO becomes destabilized on the entire surface. This leads to
enhanced mobility and, probably also, reactivity towards O.

In the high coverage regime (θO> 0.25 ML) the reaction rate is probably
increased due to repulsive interactions between O-atoms, as evidenced both from
TPD,56 single crystal adsorption calorimetry (SCAC),57 and density functional
theory (DFT) calculations.58, 59 This leads to a decrease in the oxygen binding
energy and hence a lower reaction barrier for CO oxidation. DFT calculations for
CO oxidation on noble metal surfaces reveal that the most important part of the
energy barrier for CO oxidation is caused by partially loosening the O-atom in the
transition state for CO2 formation.50-52 This also explains the observed trend in
increasing activity for CO oxidation going from left (Ru) to right (Pd) in the periodic
table, concomitant with the decrease in the oxygen binding energy.

Oxygen atoms are known to order on Rh(100) and this strongly affects the
COads+ Oads reaction at higher O-coverages, as evidenced by Figure 6.2. We propose
the structural model of Figure 6.10 to explain some of the observed shifts in the CO2
formation. For oxygen coverages below 0.25 ML, the Oads-atoms arrange in islands
of  p(2x2) geometry.60 The first CO molecules will adsorb on the free metal patches,
as CO prefers to bind linearly, as has been observed experimentally.36 When the free
metal is filled, additional CO has to penetrate the O-islands. According to Figure
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6.8, this is well possible on the Rh(100) surface. However, for Oads coverages above
0.25 ML, the atoms in excess of 0.25 ML occupy centered positions in the (2x2) cell
and at θO=0.50 ML the c(2x2) structure is complete.60 Figure 6.10 indicates that
such surfaces can still accommodate about 0.25 ML of CO.

These considerations suggest we have the following reaction channels for
Oads and low concentrations of COads on Rh(100):
• Low coverage of Oads and COads: Reaction between isolated species,

characterized by a CO2 formation peak around 450 K.
• θO < 0.25 ML: Oads present locally in p(2x2) islands, reaction of CO adsorbed

initially adsorbed on free rhodium with O-atoms at the perimeter of these
islands, CO2 formation between 400 and 450 K. At higher CO coverages,
reaction takes place within the islands, leading to CO2 formation between 300
and 400 K.

• θO > 0.25 ML: Oads present in a complete p(2x2) structure, with locally a c(2x2)
structure. At low CO coverage all COads is inside the p(2x2) and reacts to CO2
between 300 and 400K. As all linear CO adsorption sites are blocked within the
p(2x2) structure, CO molecules are adsorbed in higher coordination sites, in
close proximity to O-atoms. We have tentatively placed CO in the 4–fold hollow
site. We cannot, however, exclude (local) distortions of the first layer of Rh-
atoms, as we discus below.

Figure 6.10 Structural model for the CO oxidation on Rh(100) for initial O-
coverages below 0.25 ML (left) and above (right) and low θCO. For θO< 0.25 ML, O-
atoms are arranged in local p(2x2)-islands and the first CO molecules are probably
linearly adsorbed on the bare metal patches, giving rise to CO2 formation between 425-
450 K. Upon completion of the ordered p(2x2)-O (θO> 0.25 ML) structure on Rh(100),
excess O-atoms are arranged in local c(2x2)-islands and the first CO molecules are
adsorbed in a higher bonding geometry in close proximity to Oads. This gives rise to CO2
formation around 350 K.
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• At higher coverages of COads, reaction occurs in the c(2x2) with a sharp CO2
formation peak around 280 K. We wonder if this peak is associated with the
lifting of the well-documented clockwise-anticlockwise reconstruction of the
Rh(100) surface upon saturation with O.32, 61-63 This is supported by careful
examination of the shape and position of this state, which shifts to slightly higher
temperatures (from 270 to 290 K, at θO= 0.16 and θO=0.40 ML, respectively)
and sharpens up with increasing O-coverage. This is suggestive for an increase
in the average domain size of the locally reconstructed areas, as this
reconstruction is controlled by local O-coverage. Also, the relatively steep
changes in the Rh2CO+/Rh2

+ ratio at high θO (Figure 6.6; right panel) suggest an
abrupt change in the coordination of CO, concomitant with the sharp production
of CO2 around 280 K. This might be connected with the lifting of the clockwise-
anticlockwise reconstruction of the Rh(100) surface.

The splitting up of the 350 K CO2 formation into a lower and a higher
temperature CO2 formation channel with increasing CO coverage as seen in the right
part of Figure 6.2 is due to depletion of oxygen atoms. As the θO decreases below
the critical coverage of 0.25 ML, CO molecules will segregate to the bare metal
patches, in-between the (2x2)-O islands and hence reaction proceeds in the lower
reactivity channels. This is consistent with the changes in the RhnCO+/Rhn

+ (n= 1, 2)
fragmentation pattern above 300 K in Figure 6.6, which are indicative of CO
migrating from higher coordination- to linear sites.

6.4.3 Kinetic parameters CO oxidation

Kinetic parameters for CO oxidation on different rhodium surfaces as
measured by various researchers are presented in Table 6.1. As we have stated
before, there is large scatter in the kinetic data for Rh(111). This can partly be
explained by different reaction conditions. Under high pressure conditions, when the
surface is almost completely covered by CO and the rate is limited by the
availability of O, the activation energy amounts to ca. 110 kJ/mol.6- 8, 10 Importantly,
the preexponential factor is 1012 s-1 in all cases, suggesting that this is indeed an
elementary step. These kinetic parameters most probably reflect the kinetics of CO
desorption from a CO-saturated surface as this frees up empty sites, necessary for
the adsorption of oxygen.

Steady-state experiments consider the overall reaction mechanism COg+O2,g

→ CO2,g, and thus they are not very informative with respect to surface reaction step
COads+ Oads → CO2,g+2 ✻. TPD experiments only reflect the latter step, as the
reactants are preadsorbed. Our experiments indicate that oxidation of CO in the low
coverage limit on Rh(100) is an elementary step, whereas on Rh(111) it is not. This
is most probably due to a non-homogeneous distribution of the adsorbates on
Rh(111). Mixed structures of CO and O on Rh(111) are only observed when the O-
atoms are well-ordered.27, 28 However, in the absence of a well ordered O-overlayer,
segregation of the reactants in islands is reported.4 This implies that CO oxidation on
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Table 6.1 Kinetic parameters for CO oxidation on Rh-surfaces

Surface Method Ea
(kJ/mol)

ν
(s-1) Conditions Ref.

Rh(111) UHV conditions,
TPD (leading edge)

65 ± 5
80 ± 6

107.5±1

1010±0.5
Low θO; low θCO

High θO; low θCO

This
work

UHV conditions,
Molecular beam reactive

scattering

102 ± 2 1012.3±0.3 High θO; low θCO 9

10-300 mbar, steady state
CO2 production

106 1012 Low θO; high θCO 6, 10

10-300 mbar, steady state
CO2 production

84 ± 8 - T<425 K 7

UHV conditions,
TPD (isostere analysis)

188
117

-
-

Low θO; low θCO

High θO; low θCO

4

Rh(111)
Rh/Al2O3

10-300 mbar, steady state
CO2 production

121
126

1012

1012
Low θO; high θCO

Low θO; high θCO

8

Rh-wire Kinetic modelling 60
105

105.6

1010.9
High θCO; low θO

Low θCO; high θO

19

Rh(110) Molecular beam
Kinetic modelling

71 107 Low θO; low θCO 14

Rh(100) UHV conditions,
TPD (leading edge)

103 ± 5
75 ± 8

1012.7±0.7

1011±1.2
Low θO; low θCO

High θO; low θCO

This
work

Rh(111) cannot be described by the simple Arrhenius-equation (1), as reaction only
occurs along the island perimeters. Surprisingly, this does not seem to occur on the
more open Rh(100) surface, although formation of O-islands has been reported.58

Surface structure might play a decisive role is this issue, as the absolute atom-
density on Rh(100) is lower. This would imply that the oxygen structures on
Rh(100) are more open than on Rh(111) at equal coverage. Possibly, this enables
CO to penetrate more easily within the oxygen structures on Rh(100), whereas
restricted mobility of CO on Rh(111) prevents CO to mix within O-islands. This is
in agreement with Figure 6.8.

We cannot, however, rule out that the CO oxidation on Rh(111) is dominated
by steps as recently was found to be the case for the dissociation of N2 on
Ru(0001).63 This would also lead to a low value of the preexponential factor, and it
might also provide a good explanation for why the activation energy is apparently
lower on Rh(111) than on Rh(100).
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6.5 Conclusions

We have used Temperature-Programmed Reaction Spectroscopy to monitor
the reaction between COads and Oads on two different Rh-surfaces, (100) and (111).
We find that application of coverage-corrected leading-edge analysis, i.e. plotting
the natural logarithm of the desorption rate divided by the actual coverages of the
reactants versus 1/T, works remarkably well to analyze the TPD spectra and to
determine the kinetic parameters. The main results from this work are:
• Oxidation of CO on rhodium surfaces is a structure sensitive reaction. The

surface reaction step COads + Oads � CO2,g is intrinsically faster on Rh(100) than
on Rh(111).

• As a consequence, selectivity to CO2 is generally higher on Rh(100). On
Rh(100) reaction between COads  and Oads goes to completion, whereas on
Rh(111) oxidation and desorption of CO are competing channels.

• At low CO coverage, CO oxidation is an elementary step on Rh(100) for a broad
range of oxygen coverages. We report kinetic parameters Ea= 103 ± 5 kJ/mol
and ν= 1012.7±0.7 for θO= θCO� 0.

• The activation energy for CO oxidation on Rh(100) continuously decreases with
increasing O-coverage. At low coverage (θO< 0.25 ML) we attribute this to
destabilization of CO, leading to an increase in the CO2 formation rate. At higher
coverage (θO> 0.25 ML) O-atoms become destabilized as well, as lateral
interactions between O-atoms come into play at these coverages.

• On Rh(100) the coverages of O-atoms and CO molecules add up to a constant
coverage of 0.82 ML at all O-precoverages. On Rh(111), however, O-atoms
progressively exclude the adsorption of CO, such that the saturation coverage of
CO decreases from 0.75 ML in the absence of Oads to zero at an O-saturated
surface (θO= 0.5 ML).

• At high total coverages (in particular at high θO), an apparently autocatalytic
CO2 formation channel becomes available. This is possibly connected with
lifting of clockwise-anticlockwise reconstruction of the Rh(100) surface. This
requires further investigation by means of HREELS and LEED, in order to
determine CO adsorption sites and presence of ordered structures, respectively.

References

1. J.L. Gland and E.B. Kollin, J. Chem. Phys. 78 (1983) 963.
2. C.T. Campbell, G. Ertl, H. Kuipers, and J. Segner, J. Chem. Phys. 73 (1980) 5862.
3. G. Ertl, Adv. Catal. 37 (1990) 213.
4. T. Matsushima, T. Matsui, and M. Hashimoto, J. Chem. Phys. 81 (1984) 5151.
5. T.W. Root, L.D. Schmidt, and G.B. Fisher, Surf. Sci. 150 (1985) 173.
6. D.W. Goodman and C.H.F. Peden, J. Phys. Chem. 90 (1986) 4839.
7. S.B. Schwartz, L.D. Schmidt, and G.B. Fisher, J. Phys. Chem. 90 (1986) 6194.
8. S.H. Oh, G.B. Fisher, J.E. Carpenter, and D.W. Goodman, J. Catal. 100 (1986) 360.



Structure sensitivity in the CO oxidation on rhodium:
effect of adsorbate coverages on oxidation kinetics on Rh(100) and Rh(111)

133

9. L.S. Brown and S.J. Sibener, J. Chem. Phys. 89, 1163 (1988); 90 (1989) 2807.
10. C.H.F. Peden, D.W. Goodman, D.S. Blair, P.J. Berlowitz, G.B. Fisher, and S.H. Oh,

J. Phys. Chem. 92 (1988) 1563.
11. M. Bowker, Q. Guo, Y. Li, and R.W. Joyner, Catal. Lett. 18 (1993) 119.
12. J.I. Colonell, K.D. Gibson, and S.J. Sibener, J. Chem. Phys. 103 (1995) 6677.
13. M.J.P. Hopstaken, W.J.H. van Gennip, and J.W. Niemantsverdriet, Surf. Sci. 433-

435 (1999) 69.
14. M. Bowker, Q. Guo, and R.W. Joyner, Surf. Sci. 280 (1993) 50.
15. F.M. Leibsle, P.W. Murray, S.M. Francis, G. Thornton, and M. Bowker, Nature 363

(1993) 706.
16. A. Baraldi, L. Gregoratti, G. Comelli, V.R. Dhanak, M. Kiskinova, and R. Rosei,

Appl. Surf. Sci. 99 (1996) 1.
17. L.W.H. Leung and D.W. Goodman, Catal. Lett. 5 (1990) 353.
18. B.A. Gurney, L.J. Richter, J.S. Villarubia, and W. Ho, J. Chem. Phys. 87 (1987)

6710.
19. C.T. Campbell, S.-K. Shi, and J.M. White, J. Phys. Chem. 83 (1979) 2255.
20. T. Bunluesin, H. Cordatos, and R.J. Gorte, J. Catal. 157 (1995) 222.
21. G. Ertl, Adv. Catal. 28 (1979) 2.
22. T. Matsushima and H. Asada, J. Chem. Phys. 85 (1986) 1658.
23. I.Z. Jones, R.A. Bennett, and M. Bowker, Surf. Sci. 439 (1999) 235.
24. A. Böttcher, H. Niehus, S. Schwegmann, H. Over, and G. Ertl, J. Phys. Chem. B

101 (1997) 11185.
25. R.J. Gelten, A.P.J. Jansen, R.A. van Santen, J.J. Lukkien, J.P.L. Segers, and P.A.J.

Hilbers, J. Chem. Phys. 108 (1998) 5921.
26. J. Wintterlin, S. Völkening, T.V.W. Janssens, T. Zambelli, and G. Ertl, Science 278

(1997) 1931.
27. S. Schwegmann, H. Over, V. DeRenzi, and G. Ertl, Surf. Sci. 375 (1997) 91.
28. A.J. Jaworowski, A. Beutler, F. Strisland, R. Nyholm, B. Setlik, D. Heskett, and

J.N. Andersen, Surf. Sci. 431 (1999) 33.
29. G. Comelli, V.R. Dhanak, M. Kiskinova, N. Pangher, G. Paolucci, K.C. Prince, and

R. Rosei, Surf. Sci. 260 (1992) 7.
30. G. Comelli, V.R. Dhanak, M. Kiskinova, G .Paolucci, K.C. Prince, and R. Rosei,

Surf. Sci. 269/270 (1992) 360.
31. P.W. Murray, F.M. Leibsle, Y. Li, Q. Guo, M. Bowker, G. Thornton, V.R. Dhanak ,

K.C. Prince, and R. Rosei, Phys. Rev. B 47 (1993) 12976.
32. W. Oed, B. Dötsch, L. Hammer, K. Heinz, and K. Muller, Surf. Sci. 207 (1988) 55.
33. R.A. van Santen and J.W. Niemantsverdriet, Chemical Kinetics and Catalysis,

Plenum Press, New York, 1995.
34. V.P. Zhdanov, Surf. Sci. Rep. 12 (1991) 183.
35. H.J. Borg, J.P.C.-J.M. Reijerse, R.A. van Santen and J.W. Niemantsverdriet, J.

Phys. Chem. 101 (1994) 10052.
36. A.M. de Jong and J.W. Niemantsverdriet, J. Phys. Chem. 101 (1994) 10126.
37. M.J.P. Hopstaken and J.W. Niemantsverdriet, J. Phys. Chem. B 104 (2000) 3058.
38. A. Beutler, E. Lundgren, R. Nyholm, J.N. Andersen, B. Setlik, and D. Heskett, Surf.

Sci. 371 (1997) 381.
39. M. Gierer, A. Barbieri, M.A. van Hove, and G.A. Somorjai, Surf. Sci. 391 (1997)

176.
40. D.G. Castner and G.A. Somorjai, Appl. Surf. Sci. 6 (1980) 29.



Chapter VI134

41. K.C. Wong, W. Liu, and K.A.R. Mitchell, Surf. Sci. 360 (1996) 137.
42. C.-M. Chan, R. Aris, and W.H. Weinberg, Appl. Surf. Sci. 1 (1978) 360.
43. P.A. Redhead, Vacuum 12 (1962) 203.
44. A. Brown and J.C. Vickerman, J.C. Surf. Sci. 117 (1982) 154; 124 (1983) 267; 151

(1985) 319.
45. P.A. Thiel, E.D. Williams, J.T. Yates, Jr. and W.H. Weinberg, Surf. Sci. 84 (1979)

54.
46. M. Bowker, Q. Guo, and R.W. Joyner, Surf. Sci. 253 (1991) 33.
47. V. Nehasil, S. Zafeiratos, S. Ladas, and V. Matolín, Surf. Sci. 433-435 (1999) 215.
48. B. Hammer, L.B. Hansen, and J.K. Nørskov, Phys. Rev. B 59 (1999) 7413.
49. J. Wider, T. Greber, E. Wetli, T.J. Kreutz, P. Schwaller, J. Osterwalder, Surf. Sci.

417 (1998) 301.
50. A. Eichler and J. Hafner, Surf. Sci. 433-435 (1999) 58.
51. C. Stampfl and M. Scheffler, Surf. Sci. 433-435 (1999) 119.
52. A. Alavi, P. Hu, T. Deutsch, P.L. Silvestrelli, and J. Hütter, Phys. Rev. Lett. 80

(1998) 3650.
53. R.M. van Hardeveld, M.J.P. Hopstaken, J.J. Lukkien, P.A.J. Hilbers, A.P.J. Jansen,

R.A. van Santen, and J.W. Niemantsverdriet, Chem. Phys. Lett. 302 (1999) 98.
54. J. Wintterlin, J. Trost, S. Renisch, R. Schuster, T. Zambelli, and G. Ertl, Surf. Sci.

394 (1997) 159.
55. T.V.W. Janssens, G.R. Castro, K. Wandelt, and J.W. Niemantsverdriet, Phys. Rev.

B 49 (1994) 14599.
56. G.B. Fisher and S.J. Schmieg, J. Vac. Sci. Technol. A 1 (1983) 1064.
57. R. Kose, W.A. Brown, and D.A. King, Surf. Sci. 402-404 (1998) 856.
58. D. Loffreda, D. Simon, and P. Sautet, J. Chem. Phys. 108 (1998) 6447.
59. E. Hansen and M. Neurock, Surf. Sci. 441 (1999) 410.
60. A. Baraldi, V.R. Dhanak, G. Comelli, K. Prince, and R. Rosei, Phys. Rev. B 56

(1997) 10511.
61. D. Alfè, S. de Gironcoli, and S. Baroni, Surf. Sci. 410 (1998) 151.
62. A. Baraldi, J. Cerdá, J.A. Martin Gago, G. Comelli, S. Lizzit, G. Paolucci, and R.

Rosei, Phys. Rev. Lett. 82 (1999) 4874.
63. J.R. Mercer, P. Finetti, F.M. Leibsle, R. McGrath, V.R. Dhanak, A. Baraldi, K.C.

Prince, and R. Rosei, Surf. Sci. 352-354 (1996) 173.
64. S. Dahl, A. Logadottir, R.C. Egeberg, J.H. Larsen, I. Chorkendorff, E. Törnqvist,

and J.K. Nørskov, Phys. Rev. Lett. 83 (1999) 1814.



VII
Lateral interactions in the reactions
between CO and NO on rhodium:

effect of different adsorbates on CO oxidation
and NO dissociation kinetics*

Temperature programmed reaction spectroscopy and static secondary ion
mass spectrometry have been used to study the reactions between CO and NO on the
Rh(100) surface. The results are compared with those obtained in previous studies
of the different elementary reaction steps such as NO dissociation, N2 formation,
and CO oxidation on Rh(100) and Rh(111). With respect to the reaction mechanism,
we find that dissociation of NO is a prerequisite for CO2 formation and that N2 is
exclusively formed by recombination of N-atoms over the whole range of coverages
studied. The kinetics of the different elementary steps on Rh(100) are significantly
different from those on Rh(111): dissociation of NO and oxidation of CO are
remarkably faster, while recombination of N2 is much slower on the (100) surface.
This has important consequences for the steady-state reaction rate at realistic
                                                          
* The contents of this chapter have been published: M.J.P. Hopstaken and J.W.

Niemantsverdriet, J. Vac. Sci. Technol. A 18 (4) (2000) 1503; M.J.P. Hopstaken,
W.H.J. van Gennip, J.W. Niemantsverdriet, Surf. Sci. 433-435 (1999) 69; and
M.J.P. Hopstaken and J.W. Niemantsverdriet, to be submitted.
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pressures. Based on our results for the different elementary steps at low pressures,
we discuss how this affects the apparent kinetics and selectivity at different reaction
conditions and how this relates to structure sensitivity in the CO + NO reaction, as
observed on different Rh-surfaces. The kinetics are influenced in a complex manner
by the many interactions between different adsorbates on the Rh(100) surface. At
low coverage, dissociation of NO and oxidation of CO can be described with the
kinetics of the respective elementary steps. When the surface becomes crowded, CO
can inhibit dissociation of NO in a similar way as NO inhibits its dissociation at
high coverage. Whenever the CO2 formation channel becomes available,
dissociation of NO is indirectly accelerated by the presence of CO. This is due to
removal of O-atoms, which strongly inhibit dissociation. When the Rh(100) surface
is saturated with CO and NO, we observe explosive formation of CO2. This can be
explained by an autocatalytic mechanism, controlled by a delicate interplay of
lateral interactions. The creation of vacancies, required for dissociation, plays a
crucial role in here.

7.1 Introduction

The reaction between CO and NO, catalyzed by various transition metals, is
of great practical importance with respect to automotive exhaust gas catalysis,
because it is the major pathway to convert NOx in the so-called three-way catalyst.
Rhodium is virtually irreplaceable in the catalyst composition, owing to is unique
properties to convert NO to N2 with high conversion and selectivity.1, 2 The catalytic
reduction of NO with CO has been studied extensively on different rhodium single
crystals,3-24 polycrystalline rhodium surfaces,25-28 and supported rhodium particles as
well.4, 6, 29-38 In addition, some investigations have been aimed on the reaction
between CO and  NO over supported PtRh-alloy particles and PtRh-alloy single
crystals.38-43 From the three low Miller index surfaces the CO + NO reaction on
Rh(111)3-15 has been studied most extensively, as described in an exhaustive review
by Zhdanov and Kasemo.12 Reaction between CO and NO has also been
investigated on the other low miller index surfaces Rh(100)8, 16-19 and Rh(110)11, 20-

23, as well as on a stepped Rh(331) crystal.24

It is generally accepted that under steady-state conditions the reaction
mechanism for the CO + NO reaction on rhodium surfaces includes the reversible
adsorption of CO and NO, subsequent irreversible dissociation of NO to N- and O-
atoms, and recombination of CO adsorbed CO and O-atoms to form CO2.12 Since
the first detailed investigation of the CO + NO reaction on rhodium by Campbell
and White,25 various mechanisms with different reaction pathways leading to the
formation of N2O and N2 have been proposed.12

Our current understanding of the reaction mechanism is largely based on the
experimental work by Belton and coworkers.9-11, 41, 44-46 The most important
conclusions are that under ultra-high vacuum (UHV) conditions nitrogen is
exclusively formed via recombination of nitrogen atoms and N2O is formed via



Lateral interactions in the reactions between CO and NO on Rh(100):
effect of adsorbate interactions on CO oxidation and NO dissociation kinetics

137

recombination of Nads and NOads. Previously, a disproportionation reaction between
adsorbed NO and N-atoms via an N2O intermediate (NOads + Nads → N2,gas + Oads)
was invoked by different authors to account for the existence of multiple N2
desorption states in temperature programmed reaction spectroscopy (TPRS) of NO
on different Rh-surfaces. 3, 16, 25, 29, 47, 48 Using isotopically labeled N and NO, this
second N2 formation channel could be ruled out on Rh(111) under UHV
conditions.46 Recently, we have shown that the disproportionation reaction can also
be discarded on Rh(100) under UHV conditions, leaving recombination of Nads as
the only pathway for N2 formation.49 The relevance of readsorption and
decomposition of N2O at elevated pressures on different Rh-surfaces as a possible
N2 formation channel, which was claimed by various authors,35, 36, 44 remains an
open question.12

Formation of CO2 is generally believed to proceed via the surface reaction
between COads and Oads, originating from NO decomposition.12 However, a study by
Brandt et al.17 using a molecular beam of gas-phase oriented NO molecules incident
on a CO-precovered Rh(100) surface, indicated that the initial formation of CO2 was
strongly dependent on the preferential orientation of NO molecules i.e. directed with
the N-end or O-end towards the surface. This was interpreted as evidence for a
direct reaction channel for CO2 formation between CO and NO, possibly following
Eley-Rideal kinetics. This calls for further investigation of the CO + NO reaction on
Rh(100), to determine whether the mechanism differs from the one generally
accepted for Rh(111).12

The kinetics of the CO + NO reaction over different rhodium surfaces are
very sensitive to different aspects. Steady-state reaction rates, apparent activation
energies, reaction orders with respect to reactant pressures, and the selectivity to N2
have been reported to be strongly dependent on reaction conditions and surface
structure. Generally, under steady-state conditions at low reactant pressures (pCO≈
pNO < 10-3 mbar) formation of N2O is not observed.6, 14-16, 23, 25-27 Also during
transient TPRS experiments of NO adsorbed on different rhodium crystals or -foils
no N2O is formed, irrespective of the presence of CO.3, 13, 19, 24, 49, 50 On the other
hand, at high reactant pressures (pNO≈ pCO> 0.1- 1 mbar) significant amounts of N2O
are formed under steady state conditions, both on different rhodium crystals or –
foils8-10, 18 and supported catalysts.30, 32, 38 Also N2O selectivity in the CO + NO
reaction over an alloy Pt10Rh90(111) crystal is comparable with Rh(111).41 Under
certain conditions N2O can even be the major desorbing N-containing product: for
reactant pressures around 10 mbar and temperatures below 650 K, the N2O
selectivity amounts 70-80 % for both Rh(111)10 and 5 wt% Rh/SiO2.30 Under these
conditions, the reaction rates for all reaction products (CO2, N2, and N2O) exhibit
apparent zero-order dependence on partial pressures of both reactants CO and NO
on various rhodium surfaces.8-10, 18, 30, 41 Permana et al.11 have shown using
reflection-adsorption infra-red spectroscopy (RAIRS) that for sufficient high NO
pressure (pNO> 1.3 mbar) and temperatures below 675 K, the Rh(111) surface is
predominantly covered by NO. Under these conditions N2O is the major N-
containing desorbing product and the steady-state reaction rate is probably limited
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by the availability of empty sites, required for dissociation of NO. At lower reactant
pressures and higher temperatures, the rate becomes sensitive to partial pressures of
both CO and NO as more vacant sites are available under these conditions.6, 16, 26, 27

The NO coverage and as a consequence the N2O selectivity on Rh(111) have been
shown to decrease at lower pNO and higher temperatures.9-11

Different models have been proposed to describe the kinetics of the CO +
NO reaction rate on Rh(111).4, 6, 12 These models fit the experimental data
reasonably well, but only within a restricted range of reaction conditions and they
lead to contradicting conclusions. The model developed by Oh et al.4 is mainly
based on kinetic parameters obtained under UHV conditions and was used to
extrapolate to moderate pressures (pNO= pCO≈ 10 mbar). This kinetic model predicts
that the Rh(111) surface is predominantly covered by Nads (θN> 0.95; 500< T < 675
K) and hence concluded that formation of nitrogen is rate limiting. This is contrast
with RAIRS measurements by Permana et al.11 who finds that the surface is
predominantly covered by NOads under these conditions. Modeling the reaction
kinetics at low pressures, Schwartz et al.6 assumed N2 formation to be very fast,
despite the presence of considerable amounts of Nads at the temperature where the
CO2 production rate is at maximum as evidenced from XPS measurements reported
in this work. Above 500 K, the model by Schwartz et al.6 predicts that Oads is the
only adsorbate, i.e. oxidation of CO becomes rate limiting. This is contrast with
various observations, which state that the CO2 formation rate from the CO + O2
reaction is generally 1-2 orders of magnitude higher than from the CO + NO
reaction under comparable reaction conditions.4, 7, 25, 26 The most comprehensive
model as proposed by Zhdanov and Kasemo12 includes the coverage dependency of
the different elementary steps, using a mean-field approach, i.e., assuming a
homogeneous distribution of adsorbates and linear dependence of the kinetic
parameters on global coverage. This model, however, still fails to predict the correct
reaction rates, apparent activation energy, and reaction orders especially when
extrapolated to moderate pressures.

The main question which needs to be resolved for proper modeling of the
kinetics of the CO + NO reaction is a proper description of the adsorbate
interactions, which exert large influence on the kinetics of the different elementary
steps. This is closely connected with the problem of monitoring all different
adsorbate coverages in-situ, in a quantitative fashion. RAIRS is particularly hard to
quantify and only monitors molecular adsorbates.11 Tolia et al.28 invoked the
presence of Nads in the CO + NO reaction on Rh(111) using Surface-Enhanced
Raman Spectroscopy (SERS). However, identification of Nads is not unambiguous,
as the Rh-N and Rh-NO stretch frequencies cannot be resolved. Also, the
determination of adsorbate coverages by post-reaction temperature programmed
desorption (TPD)14, 15 or X-ray photoelectron spectroscopy (XPS)10, 18 is hampered
by background adsorption during quenching of the reaction and occurrence of
reactions during TPD. Hence, monitoring all adsorbate coverages and the lateral
interactions between the adsorbed species during reaction is essential for an accurate
and realistic description of the kinetics at moderate pressures.
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Reaction between CO and NO on rhodium surfaces is also highly structure
sensitive. The apparent activation energy for CO2 formation under steady-state
conditions (pCO≈ pNO≈ 10 mbar) over different rhodium single crystal surfaces, have
been reported to vary from 143 kJ/mol for Rh(111) to 117 kJ/mol for the more open
surface Rh(110) surface.4, 7-10, 18 A recent reinvestigation of the steady-state reaction
rate kinetics of the CO + NO reaction on Rh(100) by Herman et al.18 revealed
significant changes in the apparent activation energies, selectivities and reaction
orders with respect to NO pressure around 600 K. This was interpreted as a
transition in the reaction kinetics, with desorption of NO and dissociation of NO
being the rate-limiting step below and above this temperature, respectively. Post-
reaction XPS indicated different amounts of Nads and NOads, however this does not
reflect in-situ adsorbate coverages, as was already noticed by the authors. The
reaction rate is also strongly dependent on particle size for Al2O3-supported Rh-
catalysts, with higher turn-over numbers (CO2 molecules/site·s) with increasing
particle size.34 Whereas the steady-state reaction rate over a low loaded (0.01 wt%
Rh/γ-Al2O3) catalyst is more than 1 order of magnitude lower compared to the rate
over Rh(111),4 the kinetics over a 5 % Rh/SiO2 catalyst are very similar to those
observed over Rh(111). However, the influence of metal-support interaction cannot
be excluded.31, 34 Also, the selectivity to N2O is much lower over low-loaded
alumina-supported Rh-catalysts.32-36 In this case, however, the importance of the
decomposition reaction of N2O cannot entirely be excluded. In order to understand
the structure sensitivity in the reaction between CO + NO on different Rh-surfaces, a
detailed study of the different elementary steps on various well-defined crystal faces
is mandatory.13, 19, 49-51

In the CO + NO reaction on Rh(110) even hysterysis in the CO2 production
and irregular rate oscillations have been observed by Schmatloch et al.21, 22 On this
highly corrugated surface, the reaction kinetics are probably complicated by the
adsorbate-induced reconstructions and migration of atomic adsorbates in the
subsurface region,52 which is beyond the scope of this paper. Non-linear kinetics
have also been observed in the closely related reduction of NO by H2 on different
Rh-surfaces by Cobden et al.53, 54 and for the CO + NO reaction on Pt(100).55-58 In
the latter case, it was experimentally evidenced that oscillatory behavior could be
sustained without the involvement of the surface structural transformation from the
unreconstructed Pt(100)-(1x1) to the reconstructed Pt(100)-(hex).58 Autocatalytic
formation of vacant sites which are required for NO dissociation, was shown to play
a decisive role for non-linear phenomena such as a “surface explosion”.57

Previously, we have shown explosive formation of CO2 for saturated adlayers of CO
+ NO on Rh(100).19

In this paper, we have used TPRS and temperature programmed static
secondary ion mass spectrometry (TPSSIMS) to study the respective gas-phase and
surface reactions in the CO + NO reaction on Rh(100). Application of SIMS enables
us to monitor all adsorbate coverages in an at least semi-quantitative fashion,59

revealing the reaction mechanism and most importantly the effect of lateral
interactions on the kinetics of the different elementary steps.
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We show that the reaction mechanism of the CO + NO reaction on Rh(100)
is similar to the generally accepted reaction mechanism on Rh(111).12 The
anomalous CO2 formation observed by Brandt et al.17 can alternatively be explained
on the basis of lateral interactions, described in this work. So, reaction between CO
+ NO on different rhodium surfaces under UHV conditions can be described by one
general mechanism.

We compare the kinetics of the different elementary steps in the CO + NO
reaction previously obtained on both Rh(111) and Rh(100),13, 19, 49-51 and discuss the
consequences for the steady state kinetics at moderate pressures. The transition in
the kinetics on Rh(100) reported by Herman et al.18 is probably connected with the
onset of N2 production. Due to the high binding energy of N-atoms on the latter
surface, exposure to CO and NO under steady state conditions will lead to
accumulation of high coverages of Nads below 600 K. Hence, removal of Nads –via
recombination with Nads to N2 or with NOads to N2O- is rate-limiting. Above 600 K,
the N2 production channel via recombination of Nads becomes available. In this
regime, the reaction rate is probably limited by (dissociative) adsorption of NO.
Dissociation of NO, being key step in the overall mechanism, is greatly influenced
by lateral interactions, as different coadsorbates greatly affects the rate of
dissociation. For this purpose we look in detail at the effect of both molecular (NO,
CO) and atomic (N, O) adsorbates on the NO dissociation kinetics, as these
influence the decomposition in very different ways. Whereas atomic adsorbates
strongly retard dissociation of NO, COads can indirectly accelerate this step by
removing O-atoms via the CO2 formation channel.

7.2 Experimental

The experiments were done in a stainless steel ultrahigh vacuum (UHV)
system (Leybold TPD/SIMS spectrometer equipped with a SSM 200 mass
spectrometer system) with a base pressure of 10-10 mbar, as previously described by
Borg et al.50 Static SIMS spectra were taken by using a defocused 5 keV Ar+

primary ion beam with a current density of 1 nA/cm2 at an incident polar angle of
60° with respect to the surface normal. Secondary ions were collected under a polar
angle of 50°. To average possible anisotropies in the emission process we applied a
target bias of +40 V and an extractor voltage of –300 V on the entrance lens of the
quadrupole system. These conditions enable measurements in static mode, with a
removal rate of less than one monolayer of adsorbates per hour. The longest
experiments lasted 3 minutes, a typical scan took around one minute. Static
conditions for SIMS experiments were verified by monitoring the absolute RhNO+

ion intensities after dosing NO under isothermal conditions.
The rhodium crystal of (100) orientation with a thickness of about 1.2 mm

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
resistive heating up to 1450 K. The sample could be cooled to 100 K by flowing
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liquid nitrogen through the manipulator. Temperatures were measured with a
chromel-alumel thermocouple spotwelded to the back of the crystal. The Rh(100)
crystal surface was cleaned by cycles of argon sputtering and annealing under
oxygen and UHV until no impurities could be detected, as described  elsewhere.49

Carbon monoxide (Hoek Loos, 99.995 % pure) and nitrogen monoxide
(Hoek Loos, 99.5 % pure) were used without further purification. Gas dosing for
TPD or TPSSIMS measurements was done at 150 K or lower. All temperature-
programmed experiments were done at a heating rate of 5 K/s.

Reactions between NO and CO were studied by depositing CO and NO
below 150 K, to ensure initial molecular NO adsorption.49 The initial coverages of
CO were determined from the amount of desorbing carbon atoms, by integrating the
CO2 and CO desorption peaks, dividing the CO peak area by the relative difference
in mass spectrometer sensitivity for CO2 and CO (=1.1), and adding these
contributions.51 For the saturation coverage of CO on Rh(100) we used the value of
0.75 ML for the p(4√2x√2)R45°-CO/Rh(100) structure.60 The initial coverages of
NO were determined from the amount of desorbing nitrogen atoms, by integrating
the NO and N2 desorption peaks as described elsewhere.49

Desorption of CO and formation of N2 (both at m/e= 28) during TPRS were
well separated by more than 100 K, as evidenced form their cracking patterns at
m/e= 12 and m/e= 14, respectively. This helps to avoid the use of isotopically
labeled reactants such as 13CO, which was necessary to discriminate between CO
and N2 in TPRS of CO + NO on Rh(111).13 The CO TPD spectra were corrected for
cracking of CO2 in the mass spectrometer and N2 TPD spectra were corrected for
decomposition of NO on the filament of the mass spectrometer, as described in ref.
49.

7.3 Results

7.3.1 Reaction between coadsorbed CO and NO on Rh(111) and Rh(100)

We have studied reaction between CO and/or 13CO with NO over a broad
range of coverages on both Rh(111) and Rh(100), which is in part described in refs.
13 and 19. On Rh(111) we have used isotopically labeled 13CO to discriminate
between N2 and CO, and CO2 and N2O. Whereas N2O is reported to be the main
product during steady state experiments at higher pressures (pNO≈ pCO> 1 mbar),8-10,

18,.30, 32, 38 we did not observe formation of N2O at any coverage, neither on Rh(111)
and Rh(100). This is in line with previous observations in the CO + NO reaction on
rhodium surfaces under low pressure conditions (pCO≈ pNO< 10-3 mbar).6, 14, 15, 23, 25-27

As the main differences between the two surfaces we have found earlier that
dissociation of NO and oxidation of CO are faster on Rh(100) and N2 formation is
slower, compared to Rh(111).13, 19, 49-51 Due to the fast oxidation of CO, selectivity
to CO2 is usually higher on Rh(100), both for reaction between CO and NO,19 as
well as reaction between COads and Oads.51 The differences in the kinetics of the
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elementary steps have important consequences for the kinetics of the overall CO +
NO reaction under steady state conditions on different rhodium surfaces, which we
will discuss extensively in section 4B. Here below we describe the reactions
between CO and NO on Rh(100) in complete, as we have only described small part
of this in ref. 19.

7.3.2 Reaction between CO and NO on Rh(100)

7.3.2.1 Temperature programmed reactions (TPD/TPSSIMS)

Low CO coverage Figure 7.1 shows the temperature programmed reaction
between NO and CO on the (100) surface of rhodium, for a fixed CO coverage of
0.10 ML and varying NO coverage. Integration of TPD peak areas yields the
amounts that desorb, as shown in Figure 7.2. Initially CO desorbs around 500 K
with the amount of CO continuously decreasing with increasing NO coverage,
concomitant with increasing CO2 production. When the NO coverage exceeds ∼0.20
ML, all CO is consumed. When θNO approaches saturation, a small amount of CO is
seen to desorb around 380 K. This slightly lowers the selectivity to CO2, as shown in
Figure 7.2.
NO desorption and N2 formation Formation of N2 in the 650-800 K temperature
range and desorption of NO around 400-430 K are very similar to the case when NO
is the only adsorbate and both amounts increase with increasing NO coverage.
Previously, we reported that N2 formation on Rh(100) exclusively occurs via
recombination of adsorbed N-atoms.49 Desorption of NO shifts to higher
temperatures and sharpens up with increasing NO coverage. This is caused by
differences in the repulsive interactions between mutual NO molecules and its
decomposition products.49 We remark that higher amounts of NO are decomposed in
the presence of a small amount of CO, as NO only desorbs for θNO> 0.40 ML. When
the surface is saturated with NO (θNO= 0.65 ML), approximately 62 % decomposes
in the presence of 0.10 ML CO during TPD, whereas for the pure NO overlayer at
the same NO-coverage only 52 % is decomposed.49 This is attributed to the removal
of O-atoms during the dissociation of NO, liberating empty sites and lowering the
activation barrier for dissociation.49

Decomposition of NO and CO Oxidation Formation of CO2 appears to be quite
complex. Initially at low θNO, CO2 is formed around 450 K. This is at the same
temperature where CO2 is seen to desorb when low amounts of COads and Oads are
present on Rh(100).51 This is as we expect, since dissociation of NO at low coverage
is already complete below room temperature49 and a low amount of atomic nitrogen
hardly affects the binding of CO to the rhodium surface.61

The question arises whether the presence of CO influences the rate of NO
dissociation, as this step is significantly inhibited by the presence of atomic
adsorbates such as atomic N and O.62 For the NO decomposition step, however, the
dissociation products remain on the surface and react to desorbing products at higher
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Figure 7.1 TPRS spectra of CO and N2 (m/e= 28, top panel), CO2 (m/e= 44,
bottom left panel), and NO (m/e= 30, bottom right panel) after exposing the Rh(100)
crystal to a fixed dose of CO (θCO= 0.10 ML) and various doses of NO below 150 K.
The spectra of the different desorbing products are not to scale with respect to each
other and have been offset for clarity. The m/e= 28 desorption traces have been
corrected for cracking of CO2 and for reaction of desorbing NO over the filament of the
mass spectrometer. The heating rate β was 5 K/s.
emperatures. Hence, to monitor this step we need a technique, which is able to
onitor changes in coverages of adsorbed species. For this purpose we have used

tatic SIMS.59 Figure 7.3 shows combined TPRS/TPSSIMS spectra for the case
hen relatively low amounts of CO and NO (θCO= 0.20 and θNO= 0.13 ML) are

oadsorbed on Rh(100). Previously, it has been shown for decomposition of NO on
ifferent rhodium surfaces that emission of molecular cluster ions such as RhnNO+
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(n= 1, 2) at m/e=133 (n= 1) and m/e= 236 (n= 2), Rh2N+ at m/e= 220, and Rh2O+ at
m/e= 222 is characteristic for the presence of molecularly adsorbed NO, atomic N,
and atomic O, respectively.49, 50 Similarly, emission of molecular cluster ions such as
RhnCO+ (n= 1, 2) at m/e=131 (n= 1) and m/e= 234 (n= 2) is characteristic for
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Figure 7.2 Amounts of NO, decomposing to form N2 and desorbing intact, and
amounts of CO, reacting to form CO2 and desorbing, during TPRS of CO and NO on
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The data were obtained by quantification of the TPRS spectra in Figure 7.1 (θCO= 0.10
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0.60 ML).
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presence of molecularly adsorbed CO.63 As absolute ion intensities are very
sensitive for changes in work function i.e. changes in adsorbate coverages, we
preferably use ion intensity ratios of the form RhnX+/Rhn

+ (n= 1, 2) since these
usually correlate well with adsorbate coverage, especially at low coverage.64, 65

At 150 K or below, CO and NO are both molecularly adsorbed, as evidenced
from the Rh2NO+/Rh2

+ and Rh2CO+/Rh2
+ ion intensity ratio. Between 170 K and 250

K, both the Rh2NO+/Rh2
+ as well as the RhNO+/Rh+ (not shown) intensity ratio

decrease, together with a concomitant increase in the Rh2N+/Rh2
+ and Rh2O+/Rh2

+

ratio. This has been shown to reflect the dissociation of NO.49, 50 Note that the
Rh2O+/Rh2

+ ratio has been multiplied by 4 with respect to the Rh2N+/Rh2
+ as SSIMS

is about 4 times more sensitive towards Nads than to Oads.49, 50 At low coverage,
dissociation of NO in the presence of CO occurs in the same temperature range as
we observe for the decomposition of a pure NO overlayer on Rh(100) at comparable
coverage.49 Apparently, the dissociation of NO is not influenced by the presence of
low CO coverage, in contrast to the presence of atomic species.62 Up to 360 K no
other gas phase or surface reaction occurs. Production of CO2 starts beyond this
temperature, accompanied by the decrease in the Rh2O+/Rh2

+ and the Rh2CO+/Rh2
+
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ratios. The RhCO+/Rh+ ratio (not shown) follows the same trend. As oxygen atoms
become depleted, CO2 production ceases and excess CO desorbs around 500 K.
Finally N-atoms recombine to form N2 around 800 K.
CO oxidation kinetics Importantly, it follows from the NO and O-surface
coverages in Figure 7.3 that the kinetics of CO2 formation are controlled by the
kinetics of the elementary step COads + Oads which was studied in detail in Chapter
VI. We have derived the kinetic parameters for CO2 formation using coverage-
corrected leading-edge analysis, as described in Chapter II. At low NO coverage,
dissociation is complete around 250 K on Rh(100) and the presence of coadsorbed
CO does not inhibit the dissociation of NO, as evidenced from Figure 7.3. Hence,
for θNO<0.20 ML we may assume complete dissociation, so that at the onset of CO2
formation the initial oxygen coverage equals the initial NO coverage. At θCO≈ θNO≈
0.10 ML, we derive an activation energy Ea= 84 ± 4 kJ/mol and a preexponential
factor ν= 1010.3±0.5 s-1 for CO2 formation. This is in excellent agreement with the
kinetics (Ea = 85 ± 2 kJ/mol and ν = 1010.3±0.3 s-1), which we have previously derived
for CO2 formation from equal amounts of CO with O-atoms.51 We will come back to
this issue in section 7.4.3.

With increasing NO coverage, the CO2 formation state broadens at the low
temperature side and a new state grows in around 335 K at θNO= 0.30 ML (Figure
7.1). Remarkably, for 0.45< θNO< 0.54 ML, the CO2 formation rate becomes
apparently 0th order with respect to the oxygen coverage. Plots of ln(r/θCO) vs. 1/T
can be fitted with straight lines, yielding apparent kinetic parameters Ea= 76 ± 3
kJ/mol and ν= 1010.5±0.3 s-1. Formation of CO2 possibly becomes rate-limited by
dissociation of NO at relatively high NO coverage. We will discuss this further in
section 7.4.3. Upon further increasing the NO coverage, this state becomes sharper
and shifts the opposite way to higher temperature (390 K). When the surface is
saturated with NO, the CO2 formation state becomes very narrow (W½≈ 11 K), with
a steep decline at the high-temperature side. This explosive CO2 formation points to
an autocatalytic mechanism. This will be discussed in more detail in section 7.4.4.

Intermediate CO coverage To get a complete picture of the reactions between CO
+ NO over a broad range of adsorbate coverages, we also studied reaction at higher
CO coverages. Figure 7.4 shows the temperature programmed reactions between NO
and CO on Rh(100), for a higher CO coverage of 0.20 ML and varying NO
coverage. Again, integration of TPRS peak areas yields the desorbing amounts,
shown in Figure 7.2. Initially, the amount of CO2 formed during TPRS increases
with increasing NO coverage, concomitant with decreasing amounts of desorbing
CO. In addition, desorption of CO shifts to slightly lower temperatures around 480
K at θNO=0.25 ML, as relatively large amounts of N-atoms are building up. So,
desorption of CO appears to be hardly influenced by the presence of small amounts
of Nads, in agreement with independent TPD measurements of COads and Nads.61

Again a small amount of CO desorbing around 360 K is observed when the surface
becomes saturated, lowering the selectivity to CO2.
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NO desorption and N2 formation Formation of N2 and desorption of NO are less
similar to the case when NO is the only adsorbate. It appears that still more NO can
be dissociated in the presence of 0.20 ML CO, as NO only starts to desorb above
θNO=0.50 ML. Remarkably, the presence of 0.20 ML of CO hardly affects the NO
saturation coverage. At saturation (θNO≈ 0.63 ML) 84% of the amount of initially
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Figure 7.4 TPRS spectra of CO and N2 (m/e= 28, top panel), CO2 (m/e= 44,
bottom left panel), and NO (m/e= 30, bottom right panel) after exposing the Rh(100)
crystal to a fixed dose of CO (θCO= 0.20 ML) and various doses of NO below 150 K.
The spectra of the different desorbing products are not to scale with respect to each
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corrected for cracking of CO2 and for reaction of desorbing NO over the filament of the
mass spectrometer. The heating rate β was 5 K/s.
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adsorbed NO is decomposed to form N2 in TPRS. Also note the less strong
autocatalytic behavior in the NO desorption traces, as the NO desorption peak
hardly shifts to higher temperature and narrows less at higher coverage. Both
features can be attributed to the removal of O-atoms during the dissociation of NO,
freeing up empty sites and decreasing repulsive interactions.49

Decomposition of NO and CO Oxidation Initially at low θNO, CO2 is formed
around 430 K. Again, this corresponds well with the temperature where CO2 is seen
to desorb, when equal amounts of COads and Oads are present on Rh(100).51

Application of coverage-corrected leading-edge analysis at θNO= 0.06 ML assuming
complete dissociation below the onset of CO oxidation, yields Ea= 91 ± 5 kJ/mol
and ν= 1011.2±0.5 s-1. This is again in excellent agreement with the reaction kinetics,
observed for CO2 formation from COads and Oads on Rh(100) at comparable
coverages, where we have obtained Ea= 92 ± 7 kJ/mol and ν= 1011.3±0.8 s-1 at θCO=
0.17 ML and θO→ 0.51

With increasing NO coverage, formation of CO2 follows the same trends as
we have observed for the lower 0.10 ML CO coverage (Figure 7.1), i.e., broadening
of the CO2 formation state at low-temperature side, appearance of a fast CO2
formation channel around 330 K, and finally sharpening and shifting to higher
temperatures -indicative for an autocatalytic mechanism- when the surface is close
to saturation with NO. Again, the CO2 formation rate becomes apparently 0th order
with respect to θO, which indicates that CO oxidation is no longer the rate-limiting
step.

The appearance of this fast CO2 formation channel around 330 K is not
observed when equal amounts of COads and Oads are present.51 This is indicative for
a transition in the kinetics for CO2 formation: at low coverage the kinetics are
controlled by the COads + Oads reaction whereas at higher coverage CO2 formation
follows different kinetics or the kinetics are influenced by the presence of other
adsorbates. To assess this question, we have used temperature-programmed static
SIMS to follow surface reactions and monitor the different adsorbate coverages.

Figure 7.5 shows combined TPRS/TPSSIMS spectra at intermediate surface
coverages of CO and NO (θCO= 0.21 and θNO= 0.26 ML), which are the coverages
where the 330 K CO2 formation channel is just developing. Dissociation starts
around 190 K, as evidenced from the increase in the decrease in the RhnNO+/Rhn

+

(n= 1, 2) ratios and the concomitant increase in the Rh2N+/Rh2
+ and Rh2O+/Rh2

+

ratios. So the onset of the dissociation is hardly shifted with increasing NO
coverage, as mutual interactions between NO molecules are relatively small.
However, dissociation becomes progressively retarded as soon as N- and O-atoms
are building up at higher temperature.49 At this coverage, dissociation proceeds up to
~350 K, whereas for θNO= 0.13 ML dissociation is already completed below 250 K
(see Figure 7.3).

Interestingly, the slope of the RhnNO+/Rhn
+ ratios (n= 1, 2) becomes steeper

around 320 K. Because these ratios show good correlation with θNO, the slope is
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approximately proportional to the dissociation rate 
dt

dr NO
diss

θ
−= . Thus, this change

in slope indicates that NO decomposes in two separate temperature regimes, with
distinctly different kinetics. From 190 to 310 K where no desorbing species leave
the surface, dissociation is relatively slow because its rate is retarded by the
decomposition products. In this range, the NO dissociation rate in the presence of
0.21 ML of NO is comparable to the case when NO is the only adsorbate.49 So in
this temperature range, dissociation is a self-poisoning process. Around 325 K the
dissociation rate increases and all NO is decomposed at 350 K, while in the case
when NO is the only adsorbate dissociation proceeds up to 400 K at this coverage.
The increase of the dissociation rate practically coincides with the onset of CO2
production at 310 K. The increase in the dissociation rate around 325 K is due to
consumption of O-atoms by CO, freeing up empty sites and decreasing NO-O
repulsion and thus lowering the activation energy for dissociation of NO.49 So in this
temperature range, dissociation is indirectly accelerated by the presence of
coadsorbed CO, as this provides a pathway to remove O-atoms via the CO2 reaction
channel. We will discuss the effect of CO on the NO dissociation rate in section
7.4.4.
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We remark that TPRS and SSIMS measurements cannot be done
simultaneously and acquisition of SSIMS intensities is limited to a few channels
only in order to achieve sufficient signal-to-noise ratio at this time resolution. Due to
these experimental limitations, adsorption of the different adsorbates has been
repeated several times to obtain the data shown in Figure 7.5. Hence, we cannot
exclude small differences in coverage (± 0.02 ML) between separate experiments,
leading to small differences between the different gas-phase and surface reactions.

When all NO is dissociated around 350 K, the CO2 formation rate drops and
we observe relatively slow CO2 production between 375 and 525 K from reaction of
Oads with COads, in agreement with the slow removal of O-atoms and CO molecules
as evidenced from the course of both Rh2O+/Rh2

+ and RhnCO+/Rhn
+ (n= 1, 2) ratios.

It has been shown by Brown and Vickerman64 for CO on different metal
surfaces that the relative magnitude of the different MnCO+/Mn

+ (with n= number of
metal atoms in the ion cluster) ratios is related to the binding geometry e.g., linearly
bound CO gives rise to a relatively high MCO+/M+ ion intensity ratio. Occupation of
higher geometry sites gives rise to increased MnCO+/Mn

+ ion intensity ratio (n= 2, 3)
ratios. It has been well established that CO preferentially binds ontop,60 but in the
presence of other coadsorbates such as atomic O, it can be adsorbed in a higher
coordination site.66 We remark the small increase in the RhCO+/Rh+ ratio around
350 K. This might be indicative for partially shifting of the CO molecules from
higher coordinated sites to the ontop sites, as the total surface coverage decreases
from this temperature. We have observed similar changes in the RhnCO+/Rhn

+ (n= 1,
2) ratios during temperature programmed reaction of CO and O on Rh(100). Besides
oxidation of CO, a small amount of CO (ca. 15 %) is seen to desorb around 490 K,
despite the fact that the oxidizing reactant is present in excess. This is in contrast
with reaction between coadsorbed COads and Oads, where oxidation was always
found to be complete when both reactant are present on the surface.51

According to the reaction stoichiometry, there should be a small excess of
Oads left because dissociation of NO is complete. This is not reflected in the
Rh2O+/Rh2

+ ratio, which is most probably due to poor sensitivity in the absence of
molecular adsorbates. This is also responsible for the decrease in the signal-to-noise
ratio in the Rh2N+/Rh2

+ ratio after 500 K, as the work function strongly decreases
upon desorption of CO, which in turn increases the neutralization probability of
emitted ion clusters.65

 We also observe an increase in the Rh2N+/Rh2
+ ratio from 375 K to 500 K.

This cannot originate from NO dissociation as NO is no longer present above 350 K.
This is probably due to suppression of the Rh2N+ signal intensity by the presence of
COads, breaking up linearity of the Rh2N+/Rh2

+ ratio with θN at higher coverage. This
effect has also been observed in the clean-off reaction of Oads with CO from mixed
Oads + Nads adlayer. Finally, N-atoms recombine to form N2 around 800 K. The N2
desorption state is broader and slightly shifted to higher temperature, compared to
decomposition of 0.26 ML NO. This is due to the (partial) removal of O-atoms via
formation of CO2, decreasing repulsion between Oads and Nads.49
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The most important conclusion which can be drawn from Figure 7.5 is that
the fast CO2 production channel around 330 K is also due to reaction between COads
and Oads. Removal of O-atoms accelerates the dissociation of residual NO. The
effect of CO on the dissociation rate of NO will be discussed in more detail in
section 7.4.4. The other way around, presence of NO appears to accelerate the CO
oxidation reaction, as the CO2 production rapidly falls off after completion of the
dissociation of NO. This is caused by delicate interplay of lateral interactions
between the different species, which will be discussed in section 7.4.3.

High CO coverage Upon further increasing the CO coverage, the reactant/product
distributions of CO and CO2, and NO and N2 continuously change in the reaction
between CO and NO on Rh(100). Figure 7.6 shows the CO2 TPRS spectra for a
fixed amount of CO (θCO= 0.43 ML (left) and θCO= 0.58 ML (right)), coadsorbed
with different amounts of NO. At these high CO coverages, less NO can be
adsorbed, lowering the NO saturation coverage to 0.45 (θCO= 0.43 ML) and 0.16
ML (θCO= 0.58 ML). As the dissociation of NO is complete at these coverages,
desorption of NO is no longer detected. Desorption of CO (not shown) is observed
over the whole range of NO-coverages and is only slightly affected by the presence
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of N-atoms. N2 formation increases with increasing NO coverage and is shifted to
slightly higher temperatures, as O-atoms are removed via formation of CO2. The
desorbing amounts of reactants and products are shown in Figure 7.2.
CO oxidation At these high CO coverages, CO2 is initially produced around
385 K and 340 K for θCO= 0.43 ML and θCO= 0.58 ML, respectively. So, the
increasingly higher CO coverage continuously increases the CO2 production rate, in
line with our previous observations for the reaction between COads and Oads on
Rh(100).51 For the lower CO coverage (θO= 0.43 ML), the fast CO2 formation
channel around 330 K already appears at relatively low NO coverage (θNO≈ 0.12
ML), see inset Figure 7.6. Increasing the NO coverage shifts formation of CO2 to
higher temperatures. Simultaneously, the CO2 formation sharpens up as the reaction
mechanism becomes autocatalytic when the surface is crowded with COads and
NOads. For the highest CO coverage, CO oxidation shifts monotonously to higher
temperatures with increasing NO coverage.

Determination of the kinetic parameters appears to be troublesome at these
high CO coverages. The coverage-corrected leading-edge method yields no

consistent results for low NO- or oxygen coverages as 





⋅ OCO

r
θθ

ln  is not linear

with 1/T. Probably, decomposition of NO and oxidation of CO take place
simultaneously, complicating the determination of the O-coverage.

7.3.2.2 Product selectivity during TPRS of CO and NO on Rh(100)

Figure 7.2 shows the amounts of reactants desorbed (CO + NO) and products
formed (CO2 and N in N2) during TPRS as a function of initial NO coverage for 4
different CO coverages. We choose to plot out the amount of N2 formed as the
amount of NO decomposed in TPRS (N in N2). The amount of N2 produced in TPRS
can be easily calculated by dividing this value with 2. From Figure 7.2 we can make
the following observations:
• Preadsorbed CO is not replaced by coadsorbing NO at 150 K, whereas it is

easily displaced at 300 K.15

• The threshold initial NO coverage from which NO starts to desorb increases with
increasing CO precoverage. This implies that more NO can be decomposed in
the presence of CO. As a consequence, increasingly more N2 is produced with
increasing CO coverage. At the highest CO coverage (θCO= 0.58 ML) only 0.16
ML N-atoms are desorbed as N2, because only 0.16 ML NO can be adsorbed.

• The total saturation coverage (θCO + θNO)sat goes through a maximum around
θCO≈ 0.42 ML, where θtot,sat≈ 0.9 ML. So the total saturation coverage for a
mixture of CO and NO is higher than the saturation coverage for pure CO-
(θCO,sat= 0.82 ML)60 or NO overlayers (θNO,sat= 0.65 ML)47, 48 at 150 K, reaching
a maximum around equimolar composition.

• At the two lowest CO precoverages (θCO= 0.10 and 0.20 ML), we observe a
small decrease in the selectivity to CO2 at high θNO. This is due to low
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temperature (360 K) CO desorption channel, indicative for repulsion between
CO and NO. This phenomenon was also observed on Rh(111).13

• At low NO coverages the amount of N-atoms which desorbs as N2 is 20-25 %
higher than the amount of CO2 formed, which is not consistent with the overall
reaction stoichiometry NO + CO → ½ N2 + CO2. Considering that dissociation
of NO is complete at low coverages, this must be due to incomplete oxidation
reaction. This is in contrast with the reaction between COads and Oads on
Rh(100), which is complete for all adsorbate coverages.51 We speculate that the
presence of Nads blocks part of the O-atoms, preventing CO to get in close
proximity required for CO oxidation.61 We will return to this in section 7.4.3.
We can, however, not entirely exclude a systematic error in the determination of
the NO coverage, because some uncertainty exists in the saturation coverage of
NO on Rh(100). Whitman et al.67 have reported a considerably lower NO
saturation coverage of θNO,sat= 0.4 ML. However, this was determined in a very
indirect way, possibly including systematic errors such as reaction with
background gases. Also, we believe that θNO,sat, reported by Whitman et al.67, is
possibly lowered by surface contamination, as these authors report 70 % of the
initial amount of NO to decompose, while we have found only 50 %
decomposition at NO saturation.49 Furthermore, we would not expect a large
difference between θNO,sat on Rh(100) and Rh(111) 50 (θNO,sat = 0.68 ML at 150
K), as density functional theory (DFT) calculations by Sautet and coworkers68

predict comparable heats of adsorption for NO on Rh(100) and Rh(111).

7.3.2.3 Explosive CO2 formation from saturated CO + NO layers on Rh(100)

A special case arises when the Rh(100) surface becomes saturated with an
overlayer of CO and NO, when production of CO2 is delayed to higher temperature
and is preceded by the desorption of a small amount of CO, see Figures 7.1 and 7.4.
Also the CO2 production sharpens up, increasing stronger than exponentially at the
leading edge and declining steeply at the trailing edge. This is indicative for an
autocatalytic mechanism. To understand this, it is essential to follow the
decomposition of NO during temperature programmed reaction. For this purpose,
we have used static SIMS to monitor adsorbate coverages during temperature
programmed reaction of saturated CO + NO adlayers on Rh(100).

Figure 7.7 shows the desorption rates and characteristic SIMS intensity ratios
during temperature programming of 0.20 ML CO coadsorbed with 0.60 ML NO
(left) and 0.40 ML CO coadsorbed with 0.41 ML NO on Rh(100) (right). In both
cases, all reactions including dissociation of NO are hold up to ∼325 K, as evident
from the absence of any desorbing species and the fact that all adsorbate coverages
are constant. Around this temperature, a small amount of CO desorbs, freeing up
some empty sites. This triggers all further surface reactions: in both cases,
dissociation of NO starts around 350 K as evidenced by the increase in the
Rh2N+/Rh2

+ ion intensity ratio. Note that at these high coverages the SIMS intensity
ratios are at best a qualitative measure of the coverages. The Rh2O+/Rh2

+ ratio also
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increases only slightly, but less than when the same amount of NO is adsorbed on
Rh(100) alone since O-atoms are now rapidly consumed by CO.

When NO is present in excess (Figure 7.7; left panel), this results in a very
sharp CO2 peak which maximizes around 395 K. As the minority reactant CO has
been consumed at 400 K, as evidenced from the RhnCO+/Rhn

+ (n= 1, 2) ion intensity
ratios, production of CO2 stops abruptly. Note the small increase in the shift
RhCO+/Rh+ ion intensity ratio, which may be indicative for an increased population
of linearly bound CO. Excess NO desorbs between 400 and 450 K. In this
temperature range, additional NO is dissociated, as evidenced by the increase in the
Rh2N+/Rh2

+ and Rh2O+/Rh2
+ ion intensity ratios. The decrease in the Rh2NO+/Rh2

+

ratio reflects the decrease in θNO, both by desorption and dissociation. Up to 700 K,
N and O coverages stay constant. Between 700 and 850 K, N-atoms recombine to
form N2 as evidenced by TPRS and the concomitant decrease in the Rh2N+/Rh2

+

ratio. The decrease in the Rh2O+/Rh2
+ ion intensity ratio might reflect part of the O-

atoms migrating to subsurface positions. However, we cannot exclude the possibility
of some matrix effects in adlayers of Nads and Oads or restructuring of the first metal
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layer upon removal of Nads as decrease in the Rh2O+/Rh2
+ ratio virtually coincides

with the formation of N2.
When CO and NO are present in nearly stoichiometric amounts (Figure 7.7;

right panel, the CO + NO adlayer is also unreactive up to 350 K. In this case,
presence of CO inhibits dissociation, as partial decomposition takes place between
250 and 350 K in the case when NO is the only adsorbate on Rh(100).51 After
desorption of a small amount of CO around 350 K, we observe the same explosive
CO2 formation, at a slightly lower temperature (380 K). In this case, the fast CO2
production abruptly stops around 400 K, because the other reactant Oads is depleted.
At the highest CO coverage we observe a relatively large increase in the RhCO+/Rh+

ratio, during decomposition of NO between 350 and 400 K and subsequent
explosive reaction of Oads with COads. We propose that at high coverage, part of the
CO molecules occupy sites with higher coordination number. When the total
coverage decreases by removal of Oads, CO partly shifts back to the ontop positions,
which is the most favorable binding site at low coverage.60 Again, we note an
increase in the Rh2N+/Rh2

+ ratio, as well as the deterioration of the signal-to-noise
ratio, in the temperature range where CO desorbs. Note that the N2 formation is
considerably broadened, due to absence of O-atoms.

Importantly, when the surface is saturated with an NO + CO mixture, all
reactions are inhibited to higher temperatures. Dissociation of NO and subsequent
explosive formation of CO2 is triggered by desorption of a small amount of CO.
These phenomena can be explained by a vacancy model, in combination with a
delicate interplay between lateral interactions, as will be discussed in section 7.4.3.

7.4 Discussion

7.4.1 Elementary reaction steps in CO + NO reaction on rhodium surfaces

The TPRS and TPSSIMS data provide evidence for the following reaction
mechanism, operating during temperature programmed reactions of NO with CO on
both Rh(111) and Rh(100) under UHV conditions:

COads � CO + ✻ T= 300-525 K (1)
NOads � NO + ✻ T= 400-450 K (2)
NO + ✻ � Nads + Oads T= 170-450 K (3)
Nads + Nads � N2 + 2 ✻ T= 450-750 K (4)
COads + Oads � CO2 + 2 ✻ T= 300-500 K (5)

In the different elementary reaction steps above, ✻ denotes an empty site.
We are well aware of the fact that the empty sites, required or released in the
different elementary steps, are not equivalent. For instance, CO is reported to adsorb
(reaction 1) on top sites, whereas recombination of two nitrogen atoms releases two
4-fold hollow sites. Some uncertainties with respect to binding sites still exist,
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especially in the adsorption and dissociation of NO, so for simplicity we simply
write ✻.

Formation of N2O is not observed under UHV conditions, in agreement with
other observations at low reactant pressures.6, 14-16, 23, 25-27 As stated in the
Introduction, significant amounts of N2O are formed under steady state conditions at
high reactant pressures, both on different rhodium crystals or –foils9, 10, 18 and
supported catalysts.30, 32, 38 At higher pressures N2O can be the main product with a
selectivity up to 80%.10, 30 Formation of N2O at higher pressures probably occurs via
the elementary reaction step NOads + Nads � N2O +2 ✻, as proposed by Belton and
coworkers.46 Some controversy exists whether decomposition of readsorbing N2O
according to N2O + ✻ � N2 + Oads, giving rise to a second N2 formation channel,
should be incorporated in the mechanism at higher pressures at various rhodium
surfaces.35, 36, 44, 12

We exclude formation of isocyanate (NCO) on rhodium, as it has been
shown by Solymosi and coworkers that NCO readily decomposes to CO and Nads on
Rh(111) even at 150 K.69, 70 The relatively high amounts of isocyanate, detected
during CO + NO reaction on SiO2-30 and Al2O3-71 supported Rh-particles must be
attributed to stabilization of the ionic NCO species on the oxidic supports.

The mechanism above shows that dissociation of NO (reaction 3) is of
crucial importance in the CO + NO reaction on rhodium. SSIMS clearly indicates
that decomposition to Nads and Oads is a prerequisite for other reactions to occur, see
Figures 7.3, 7.5, and 7.7. Formation of N2 exclusively occurs via recombination of
N-atoms (reaction 4). Existence of a second N2 formation channel via
disproportionation (NOads + Nads � N2 + Oads + ✻) can be excluded on Rh(100), as
the low temperature N2 peak could entirely be explained by reaction of NO over the
filament of the mass spectrometer.49 Using isotopically labeled N and NO, this
channel for N2 formation was also rejected by Belton et al.46 on Rh(111). The
second low temperature N2 desorption state in TPD of NO on Rh(111) should rather
be ascribed to reaction of Nads, destabilized by lateral interactions.46, 50 Hence, under
UHV conditions there is only one N2 formation pathway in the CO + NO reaction on
both Rh(100) and Rh(111). There is general agreement that formation of CO2 in the
CO + NO reaction exclusively occurs via the surface reaction between CO and O-
atoms (reaction 5).12

The mechanism above is valid for reaction between NO and CO on both
Rh(100) and Rh(111) under UHV conditions. Therefore, we propose that this
mechanism is generally applicable for the CO + NO reaction on rhodium surfaces.
The kinetics of the different elementary steps are highly dependent on adsorbate
coverages and surface structure. Therefore, the kinetics of the CO + NO reaction on
different rhodium surfaces are in a very complex way dependent on reaction
conditions.
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7.4.2 Kinetics of the CO + NO reaction on rhodium surfaces

In this section, we compare the elementary kinetics on Rh(100) and Rh(111)
and we discuss the implications for the CO + NO reaction on the two Rh-surfaces
under UHV conditions, as presented in this and in previously published work.13, 19

We also discuss how these affect the steady-state kinetics of the CO + NO reaction
at varying reaction conditions (temperature and reactant pressures), and how these
explain the structure sensitivity in the CO + NO reaction.4, 8-11, 16, 18 The kinetics of
the different elementary in the CO + NO reaction steps on Rh(100) and Rh(111),
e.g. dissociation and desorption of NO, oxidation and desorption of CO, and
formation of N2, which were determined in previous work, are given in Table 7.1.

Table 7.1  Kinetic parameters for the elementary reaction steps involved in the
CO + NO reaction on Rh(100) and Rh(111).

Eact
(kJ/mole)

ν
(s-1)

Eact
(kJ/mole)

ν
(s-1)

Elementary  reaction Rh (111) Rh(100) Remarks

NOads + ✻ � Nads + Oads 65 ± 6 1011±1.0 37 ± 3 1011±1.0 Low coverage
limit a

NOads � NOgas + ✻ 113 ± 10 1013.5±1.0 106 ±10 1013.5±1.0 at θN =θO ≈
0.25 ML a

Nads + Nads � N2 + 2 ✻ 118 ± 10 1010±1.0 215 ±10 1015.1±0.5 low coverage
limit a

COads + Oads � CO2 + 2 ✻ 67 ± 3 107.3±0.2 90 ± 7 1011.2±0.7 θO≈0.15 ML;
θCO → 0b

COads � COgas + ✻ 155 ± 5 1015 ±1.0 139 ± 3 1013.8±0.2 low coverage
limit c

a see Refs. 49 and 50 (Chapter IV)
b see Ref. 51 (Chapter VI)
c see Refs. 13, 19 and 61 (Chapter V).

7.4.2.1 Elementary kinetics in the CO + NO reaction on Rh(111) and Rh(100)

Dissociation of NO Assuming a preexponential factor νdiss of 1011±1 s-1 for both
surfaces, we have previously derived the activation energies Ediss= 65 ± 6 kJ/mol and
Ediss= 37 ± 7 kJ/mol for NO dissociation in the limit of zero NO coverage on
Rh(111)50 and Rh(100),49 respectively.  Hence, we have concluded that dissociation
of NO is intrinsically faster on Rh(100). This is consistent with the higher binding
energy for atomic adsorbates on the more open surface.68, 72 For both crystals,
decomposition of NO was found to be significantly retarded by the decomposition
products Nads and Oads. At saturation coverage, dissociation is self-inhibiting, i.e.
dissociation does not occur until some empty sites are liberated by desorption of
NO.
NO desorption The kinetics for NO desorption cannot be determined at low
coverage, as dissociation is complete on both Rh(100) and Rh(111).49,50 On both
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crystals, NO desorption is observed after a certain threshold coverage (θNO≈ 0.3
ML). Hence, NO initially desorbs from a surface covered with equal amounts of N-
and O-atoms (θN= θO ≈ 0.3). This is illustrated in Figure 7.8. For initial desorption
of NO, we have estimated using Redhead analysis (assuming ν= 1013.5±1 s-1) Ea= 106
± 10 and 113 ± 10 kJ/mol, for Rh(100) and Rh(111), respectively. Due to lateral
repulsive interactions between NO and its decomposition products, the heat of
adsorption for θNO is almost certainly higher. This is confirmed by Sautet and
coworkers,68 who report calculated NO binding energies of 230 and 210 kJ/mol for
Rh(100) and Rh(111) at θNO= 0.25 ML. Also, the heat of adsorption of NO on
Rh(111) must be higher than that of CO (159 ± 5 kJ/mol; θCO→ 0), as NO is able to
displace preadsorbed CO around room temperature.15

In the dissociation of NO on both Rh(100) and Rh(111), SIMS clearly
reveals that repulsive lateral interactions between mutual NO molecules ( NN

NONO−ϕ )
are smaller than those between NO and its decomposition products ( NN

NNO−ϕ  and
NN

ONO−ϕ ).49, 50 This explains the upwards temperature shift and the sharpening of the
NO TPD spectra in Figure 7.8: at θNO≈ 0.33 ML the first NO molecules desorb from
a primarily N- and O-covered surface and for θNO> 0.60 ML -where dissociation is
self-inhibiting- from an NO-covered surface, as schematically depicted in Figure
7.8. As we already pointed out, desorption of NO becomes autocatalytic for θNO>
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0.60 ML, as desorption releases a few empty sites, which are rapidly filled by Nads
and Oads, which in turn accelerate the desorption, etc.49 This effect is much more
pronounced for Rh(100), as evidenced from the stronger than exponentially
increasing leading-edge and the steeply decreasing trailing edge close to saturation
coverage. This implies that the lateral repulsion between NO and its decomposition
products is larger on Rh(100). This is supported by the fact that the initial desorption
temperature on Rh(100) is slightly lower than on Rh(111), despite the higher
binding energy of NO which has been theoretically predicted on the more open
surface.68

Desorption and oxidation of CO Reaction between adsorbed O and CO on
Rh(100) and Rh(111) has been extensively described in Chapter VI. As the most
important conclusions we find that the surface reaction COads + Oads on rhodium is
structure sensitive, in agreement with an earlier observation by Bowker et al.,73 and
the oxidation rate is always faster by 1-2 orders of magnitude on Rh(100) than on
Rh(111) at comparable coverages. Oxidation of CO on Rh(100) is an elementary
step with an activation energy Ea= 103 ± 5 kJ/mol and a preexponential factor ν=
1012.7±0.7 s-1. In contrast, CO oxidation on Rh(111) proceeds via a more complex
mechanism, as the reactants are probably inhomogeneously distributed.
Furthermore, the kinetics of CO oxidation on Rh(100) are strongly dependent on
both CO and O-coverage. Due to the higher rate of reaction, the selectivity to CO2 is
near 100% during temperature programmed reaction between COads and Oads on
Rh(100), whereas on Rh(111) oxidation and desorption of CO are competing
channels.13, 19 This also results in a higher selectivity to CO2 in during TPD of CO
and NO on Rh(100).

The rates for CO desorption are quite similar on both crystals.13, 19 However,
the activation barrier Ea for desorption from Rh(100) is slightly lower than from
Rh(111), in contrast to theory predictions.72 We also report a relatively small effect
of Nads on the desorption of CO at lower coverage. Repulsion between CO and N
becomes only significant when the surface is crowded.61

N2 formation on rhodium We have previously derived Ea= 215  ± 10 kJ/mol; ν=
1015.1±0.5 s-1 and Ea= 118 ± 10 kJ/mol; ν=1010.0±1.0 s-1 for N2 formation (for θN→ 0)
on Rh(100)49 and Rh(111), respectively.50 This results in a much lower N2 formation
rate on Rh(100). Again, this is in line with the higher heat of adsorption for N-atoms
on the more open surface.67, 68 The N2 formation rate is highly sensitivity to the N-
coverage, in a much stronger fashion than expected for straight-forward 2nd order
desorption kinetics. Kinetic modeling of N2-TPD spectra from Nads on Rh(111) by
Belton et al.45 shows a dramatic increase in the N2 formation rate by ~4 orders of
magnitude upon increasing θN. Similarly, leading edge analysis of N2 TPD spectra
from Nads on Rh(100) (not shown) show a decrease in the Ea -partly compensated by
a decrease in ν− for N2 production, resulting in an increase of 2-3 orders of
magnitude upon increasing θN from 0.05 to 0.3 ML.
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Formation of N2O The only observation of N2O formation under UHV
conditions till so far has been reported by Belton et al.46 in TPD of coadsorbed Nads
+ NOads on Rh(111). Small amounts of N2O were seen to desorb around 325 K,
provided sufficiently high coverages of Nads and NOads. Zhdanov and Kasemo12 have
estimated an activation barrier of 81 kJ/mol for N2O formation. We have not been
able to reproduce this in TPD from Nads + NOads, neither on Rh(111) and on
Rh(100).

Knowledge of N2O adsorption and decomposition kinetics on rhodium is
scarce. In a separate study on the steady-state CO2 formation kinetics from reaction
between N2O and CO on Rh(111), Belton et al.44 estimated an activation energy Ea=
73 kJ/mol for decomposition of N2O to N2 and Oads. Their kinetic model, however,
heavily relied on the N2O sticking coefficient (estimated ONS

2
= 0.5), and therefore

predicted that dissociation of adsorbed N2O was the rate-limiting step. More
recently, Bowker and coworkers,74 using a molecular beam of N2O,  reported a
sticking coefficient of ~0.5 for dissociative adsorption on Rh(110). However, the
close-packed Rh(111) surface was virtually inert towards N2O over a wide range of
temperatures and the small amount of sticking on Rh(111) was solely ascribed to
defects. Hence, the dissociative adsorption of N2O is probably rate-limiting in the
N2O + CO reaction on Rh(111). We believe that the observed structure sensitivity in
the dissociative adsorption of N2O74 partly explains the differences in N2O
selectivity on different single crystals and supported rhodium surfaces.4, 6, 9, 18

7.4.2.2 Steady-state kinetics and structure sensitivity in the CO + NO reaction on
rhodium

As stated in the Introduction, the kinetics of the CO + NO reaction under
steady state conditions at higher reactant pressures are strongly dependent on both
reaction conditions and surface structure. Permana et al.10, 11 have provided strong
evidence for Rh(111) that at high NO pressures (pNO> 1.3 mbar) the surface is
dominated by NO. Under these conditions, the selectivity to N2O is high (80 %) and
is rather insensitive to the reaction temperature (T< 700 K), and the reaction shows
zero order kinetics with respect to both CO and NO pressures. This is consistent
with the high θNO, required for formation of N2O under UHV conditions.46 For pNO<
1 mbar, the NO coverage decreases with decreasing pNO and increasing temperature,
and the N2O selectivity rapidly decreases (T= 600 K or above). Hence, the N2O
selectivity on Rh(111) appears to be controlled by the NO adsorption-desorption
equilibrium at high NO pressure. Desorption of NO becomes probably rate-limiting,
as this frees up empty sites for dissociation. This is consistent with the observation
that during temperature-programmed reaction of NO on rhodium, dissociation of
NO becomes self-inhibiting when θNO is close to saturation.49, 50 Similarly, steady-
state CO oxidation from reaction between CO + O2 at high pressures is controlled by
the CO adsorption-desorption equilibrium.51, 73 In this case, desorption of CO
becomes rate-limiting as this creates empty sites for dissociative adsorption of O2.
The even higher heat of adsorption of NO, compared to CO, probably explains the
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strong inhibition of CO2 formation in reaction of ternary CO-O2-NO mixture on
rhodium.26, 27, 75, 76

At lower NO pressures, dissociation of NO probably becomes rate-limiting.12

However, the kinetics of the different elementary steps are strongly coverage-
dependent and the rates of adsorption, dissociation and N2 formation may become
interdependent, as suggested by Permana et al.10 This calls for further optimization
of coverage-dependent effects in the kinetic model for the CO + NO reaction on
rhodium.

Structure sensitivity in CO + NO reaction has been observed on different
single crystals and supported rhodium surfaces.4, 6, 9, 18 Goodman and coworkers
have observed similar structure sensitivity in the CO + NO reaction on different Pd-
surfaces.77, 78 The CO + NO reaction is extremely sensitive to surface structure on
Pt-surfaces: whereas high activity has been observed on Pt(100),55-58 hardly any
reaction occurs on Pt(111).79 This is attributed to the large differences in the NO
dissociation rate on Pt-surfaces.

Table 7.2 shows the apparent kinetic parameters for CO2 production in the
CO + NO reaction on different Rh-surfaces and supported Rh-particles.

Table 7.2 Kinetic data: effective activation energies for CO2 production in the
CO + NO reaction on different Rh-surfaces and supported Rh-particles.

Surface Conditions Ea,app (kJ/mol) ν (s-1) Reference

Rh(111) pNO= pCO= 8 Torr 143 1013.7 9
pNO= pCO= 8 Torr 120 - 7

pNO= 0.8; pCO= 4 Torr 105 1010.7 10

Rh(100) pNO= pCO= 8 Torr (T> 590 K) 93
(T< 590 K) 146

109.8

1014.5 18

pNO= pCO= 8 Torr 100 - 7

Rh(110) pNO= pCO= 8 Torr 117 1011.9 9

Peden et al.9 already pointed out that the differences in the apparent kinetic
parameters cannot be simply attributed to structure sensitivity in the dissociation of
NO, as in the case for Pt-surfaces. Although the intrinsic dissociation rate at low
coverage is higher on more open surfaces, under these reaction conditions the
surface is crowded with NO and Nads, and dissociation is inhibited.

Besides the differences in the apparent kinetics, selectivity to N2O is strongly
structure sensitive as well. Peden et al.9 reported that the selectivity to N2O was
higher on Rh(111) than on Rh(110) under all reaction conditions. It was argued that
the N2O selectivity is determined by the relative surface coverages of NO and Nads.
The Rh(111) surface is dominated by NO,11 favoring the reaction of NO with Nads to
form N2O. On the other hand, Rh(110) was largely covered by Nads, as evidenced
from post-reaction XPS, favoring the formation of N2. This might also explain the
particle-size dependency on Al2O3-supported Rh-particles: whereas the kinetics of
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the CO + NO reaction over large particles strongly resemble those on Rh(111), the
kinetics of

On Rh(100) dissociation is relatively fast and recombination of N-atoms is
slow. Our measurements indicate that the N2 formation channel by recombination of
N-atoms becomes available around 600 K. The presence of strongly bound Nads
gives rise to a distinct transition in the kinetics of the CO + NO reaction on Rh(100):
below 600 K, N2 formation is rate-limiting on Rh(100) and above 600 K probably
the dissociative adsorption of NO. A similar transition in the kinetics was also
observed on small Al2O3-supported Rh-particles by Oh et al.33, 34 while TPD shows
presence of strongly bound N-atoms as evidenced from N2 formation around 800 K.

7.4.3 Formation of CO2 from CO and NO on Rh(100)

Reaction between CO and NO on Rh(100) reveals different CO2 formation
channels, with the kinetics strongly depending on adsorbate coverages. We will
explain the shifts in the CO2 production in TPRS of mixed CO + NO adlayers on
Rh(100) observed in Figures 7.1, 7.4, and 7.6 by comparing this with CO2 formation
from COads + Oads

51 and by considering the influence of interactions between the
different adsorbates.

7.4.3.1 CO oxidation at low θθθθNO: comparison with COads + Oads reaction kinetics

At low NO coverages (θNO< 0.2 ML) (Figure 7.3) dissociation of NO is
completed before the onset of CO2 formation. Considering the small effect of N-
atoms on the binding of CO at low coverages,61 we expect the kinetics for CO2
formation from CO and NO to be virtually the same as for reaction between COads
and Oads from dissociatively adsorbed O2. Indeed, at the lowest coverage CO2 forms
between 400 and 450 K on Rh(100), irrespective of the oxidizing reactant.51 Figure
7.9 shows the kinetic parameters at θCO≈ 0.10 ML for CO2 formation both from
reaction of coadsorbed NO and CO and from reaction of coadsorbed CO and O
(taken from chapter VI) as a function of the initial NO or O-coverage (oxidizing
reactant). Kinetic data for the CO2 formation in the CO + NO reaction were obtained
using coverage-corrected leading edge-analysis.13, 51 The O-coverage at the onset of
CO2 formation should be equal to the initial θNO, because dissociation of NO is
already completed below 300 K at these coverages, as evidenced from Figure 7.3.
This clearly demonstrates that for NO- or O-coverages below 0.15 ML, the kinetics
for CO2 formation from COads and NOads are very similar to the kinetics for CO
formation from COads + Oads. At higher coverages there is some scatter in the data,
which is probably due to presence of coadsorbed nitrogen. Similarly, Bald et al.80

have found that the internal energy distributions of CO2 produced in the CO + NO
on Pt-foil are equal to the energy distributions of CO2 produced in the CO + O2
reaction, which strongly suggests an equal transition state for CO2 formation in the
two reactions.
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We wish to comment on the molecular beam experiments with gas-phase
oriented NO reported by Brandt et al.17 When the NO beam was directed on the CO-
precovered Rh(100) surface, the initial CO2 formation rate was found to be higher
when the NO-molecules were oriented preferentially with the N-end towards the
surface, compared to preferential O-end collisions. This reaction asymmetry was
larger than could be explained by the difference in the sticking coefficient for
preferential N-end and O-end collisions (sticking asymmetry). For longer NO dosing
times, the reaction asymmetry decreases and becomes equal to the sticking
asymmetry. This was interpreted as evidence for a direct reaction channel between
CO and NO for initial exposure to the molecular NO beam (i.e. for low θNO)
possibly via an Eley-Rideal mechanism, but it can alternatively be explained by the
results obtained in this work. Because the crystal temperature is constantly held at
393 K and CO is the only adsorbate present (θCO≈ 0.40 ML), the dissociation rate
will be very high. Hence, molecular NO will either desorb of undergo rapid
dissociation. Probably, the kinetic energy of the incoming NO molecule is not fully
equilibrated with the surface due to its short residence time. We propose that this
excess energy might assist in crossing the energy barrier for dissociation for
preferential N-end adsorption. For preferential O-end adsorption, the NO molecule
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has to be re-orientated on the surface prior to adsorption and dissociation. In the
meanwhile, the lateral energy can be equilibrated with the surface. Because CO2 is
instantaneously produced at these conditions,51 the initial reaction asymmetry (θNO
low) will be larger than the sticking asymmetry. With increasing NO dosing time,
N-atoms will accumulate on the surface, slowing down the dissociation rate and
increasing the residence time of NOads. Hence, the kinetic energy can more
effectively be equilibrated with the surface, and the reaction asymmetry becomes
equal to the sticking asymmetry.

7.4.3.2 CO oxidation at intermediate θθθθNO: 330 K CO2 formation channel

We have noticed the appearance of a new CO2 formation channel around 330
K with increasing NO coverage in Figures 7.1, 7.4 and 7.6. At the lowest CO
coverage, this channel opens up around θNO≈ 0.25 ML. With increasing CO
precoverage, this threshold NO coverage ( *

NOθ ) decreases. Figure 5 clearly
demonstrates that this channel is closely connected with the presence of molecular
NO on the surface. As all NO has been dissociated at 350 K, the fast CO2 production
stops and the oxidation slowly proceeds with similar kinetics as CO oxidation with
Oads at low coverages.51 Taking into account that dissociation is complete below

*
NOθ , the 330 K CO2 channel just appears at a total coverage (θCO+ θN+ θO) of ca.

0.6 ML, for CO precoverages varying from 0.1 to 0.6 ML.
Comparison of the CO2 formation kinetics in the CO + NO reaction for θNO>

*
NOθ  with the kinetics determined for reaction between COads + Oads on Rh(100) is

complicated due to the presence of 4 different adsorbates. Furthermore, θO is not
known, as NO is only partly dissociated. Close inspection of the Rh2O+/Rh2

+ ratio in
Figure 7.5 shows that θO is more or less constant between 310 and 360 K, where the
fast CO2 production channel can be observed. This implies that in this narrow
temperature range the consumption of O-atoms via formation of CO2 is
counterbalanced by simultaneous production of O-atoms via dissociation of NO.
From the Rh2NO+/Rh2

+ and Rh2O+/Rh2
+ ratios, we estimate that ca. 60 % of the

amount of NO has dissociated at the onset of CO2 production. We remark that this is
a rough estimate because interpretation of SIMS intensity ratios becomes
troublesome at these coverages. Based upon this estimate, we derive the following
adsorbate composition θCO= 0.20, θNO≈ 0.10, and θO= θN≈ 0.16 ML at this point.
Comparison with CO2 formation in the reaction between COads + Oads at comparable
θCO and θO described in Chapter VI reveals that in both cases the CO2 production
comes up around 310 K. For reaction between CO and NO, however, CO2
production rapidly increases to reach a maximum around 330K, while CO2
production from CO + O proceeds slowly and maximizes around 430 K. We can see
the following reasons for the increased CO2 formation rate:

• During the latter reaction θO steadily decreases as O-atoms are removed, while
in TPRS of CO and NO, O-atoms are continuously replenished by dissociation as
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long as molecular NO is present on the surface, see Figure 7.5. Previously, we have
shown that Ea for CO oxidation decreases with increasing θO.51

• Possibly, oxidation of CO in presence of NO can be enhanced by presence of
short-living so-called ‘hot’ O-atoms, which have not been thermally equilibrated
with the surface. Because dissociation of NO is highly exothermic on Rh-surfaces,
some of the excess energy may retain in the resulting O-atom for a short period of
time. These thermally ‘hot’ O-atoms are expected to be highly reactive towards CO.
A similar mechanism involving ‘hot’ oxygen atoms is well-accepted for reaction
between CO and molecularly adsorbed O2 on Pt(111), giving rise to a sharp low-
temperature CO2 formation channel.81 An important requirement for such a
mechanism is that CO and NO need to be well mixed, as the ‘hot’ O-atoms quickly
equilibrate with the surface.
• The CO oxidation rate is probably also influenced by the continuous build-up of
strongly bound N-atoms. These can affect the oxidation of CO in several ways: first,
N-atoms may destabilize O-atoms in a similar way as O-atoms repel each other at
higher coverages.68, 82, 83 Second, decomposition of NO in Nads and Oads likely leads
to compression of CO in domains with a local higher coverage, due to considerable
repulsion between CO and N.61 Above, we derived that the total coverage (θCO+ θN+
θO) where CO2 production becomes accelerated (θNO≈ *

NOθ ) amounts ca. 0.6 ML,
irrespective of θCO. This would result in compression of CO molecules in domains
with local θCO> 0.5 ML. Above this coverage, mutual interactions between CO-
molecules lead to increased population of bridge sites and decreasing population of
ontop sites.60, 61 This is supported by the changes in the RhnCO+/Rhn

+ (n= 1, 2) ratios
in Figures 7.5 and 7.7. We propose that formation of CO2 formation can be triggered
because CO and O-atoms are forced in close proximity at the domain boundaries.
Recent scanning tunneling microscopy (STM) work by Wintterlin et al.84 points to
the importance of reactive CO-O pairs at the boundaries between islands of adsorbed
CO and O on Pt(111).

The other way around, this ‘proximity effect’ might help to explain why part
of the O-atoms appears to be unreactive for CO oxidation. When an O-atom is
surrounded by N-atoms, CO-N repulsion will prevent the CO molecule to diffuse
close enough to Oads for reaction.

7.4.3.3 Explosive CO2 formation at NO saturation coverage

As the NO coverage is increased, CO2 formation is shifted to higher
temperatures, because dissociation becomes progressively retarded.49 In this way,
the critical O-coverage, required for the onset of CO2 formation, is reached at higher
temperature. At this stage, production of O-atoms by dissociation of NO becomes
rate-limiting. We already noted the apparent 0th order dependence in θO for a limited
range of NO coverages. This also indicates that the CO2 formation kinetics are
controlled by a different step than the recombination between COads and Oads. As the
NO coverage is further increased up to saturation, the CO2 production shifts to
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higher temperature and becomes sharper, eventually resulting in a surface explosion.
At this coverage, dissociation of NO becomes completely inhibited and as a
consequence formation of CO2 can only occur when empty sites become available
by desorption of a small amount of CO, see Figure 7.7.

Figure 7.10 shows selected CO2 TPRS spectra for Rh(100) saturated with
CO + NO for different CO/NO ratios. The position of the explosive CO2 formation
varies from 355 K at low θCO/θNO ratio to 390 K at high θCO/θNO ratio. Explosive
formation of CO2 has also been observed in the CO + NO reaction on Pt(100),55-58

Pd(320),85 and Pd(100).86 Different mechanisms have been proposed to explain the
phenomenon of a surface explosion. Lesley and Schmidt proposed a chemical
autocatalysis model for Pt(100), which is initiated by dissociation of NO and
propagated by N-assisted dissociation according to NOads + Nads → 2 Nads + Oads and
the subsequent fast CO oxidation.55 These authors could similarly explain their
results by the Pt(100)-(1x1) → Pt(100)-(hex) phase transition, which was shown to
accompany the desorption of reaction products. Both these mechanisms cannot be
responsible for the explosive formation of CO2 on Rh(100). The propagation step in
the chemical autocatalysis model would lead to self-accelerating dissociation of NO
in the case that NO is the only adsorbate. This is clearly in contrast with our SIMS
results, which show the opposite.49, 62 We can also exclude the role of a structural
phase transition as the driving force behind the autocatalytic CO2 formation, because
Rh(100) does not reconstruct upon adsorption of molecular CO or NO, in contrast to
Pt(100).47, 48,  60 The Rh(100) surface has been reported to undergo a clockwise-
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anticlockwise reconstruction upon saturation with oxygen.87, 88 However, we do not
expect this reconstruction to occur because the O-coverage is only small during the
surface explosion, as can be seen from Figure 7.7.

Fink et al.58 showed both experimentally and by kinetic modeling that
oscillatory behavior of the CO + NO reaction on Pt(100) could be sustained without
involvement of the structural phase transition. Autocatalytic formation of vacant
sites, required for dissociation of NO, was shown to play a crucial role in non-linear
phenomena such as kinetic oscillations and surface explosions, according to the
following mechanism:57

Reaction trigger: COads → COgas + ✻ (1)
NOads + ✻ → Nads + Oads (2)
COads + Oads → CO2,gas + 2 ✻ (3)

This mechanism is strongly supported by our measurements presented in
Figure 7.7. Reaction is initiated by desorption of a small amount of CO (reaction 1),
freeing up empty sites. Propagation of the reaction takes place by dissociation of NO
(2) and subsequent CO oxidation (3), which are both fast processes at this
temperature. Provided the adsorbed molecules are well mixed, reactions (2) and (3)
are autocatalytic in the free sites as dissociation of NO (reaction 2) requires one
empty site but the subsequent formation of CO2 liberates two sites, with the overall
reaction being COads + NOads + ✻ → CO2,gas + Nads + 2 ✻. The explosive reaction is
terminated as one of the reactants has been consumed. This simple vacancy model,
however, explicitly assumes that all adsorbates are adsorbed in equivalent sites and
neglects lateral interactions. Removal of one CO molecule via reaction (3) does not
necessarily produce one site for NO dissociation. Previously, we have shown for NO
on Rh(100) that dissociation is retarded at higher coverages, especially by the
presence of Nads and Oads.49 Hence, the removal of oxygen by CO greatly relieves the
retarding effect of atomic adsorbates on the dissociation. Furthermore, the upward
shift of the CO2 formation temperature with decreasing CO/NO ratio in Figure 10
suggests that dissociation of NO is more strongly inhibited by NO itself than by CO
i.e. repulsion between mutual NO molecules is larger than repulsion between CO
and NO.

Importantly, the reactants need to be well mixed for explosive CO2 formation
to ensure rapid removal of Oads. Using LEED, Daté et al.86 identified the existence
of mixed c(3x2) islands of CO and NO, where the reactants are in intimate contact
with each other. Also, Fink et al.58 assumed a homogeneous distribution of the
reactants in their kinetic modeling on Pt(100). Interestingly, Root et al.5 have
observed segregation of CO and NO into islands on Rh(111) at low temperature (95
K). At higher temperatures (> 250 K) where reactions may occur, the islands
become dispersed and mix to form a homogeneous layer. This is most probably
connected to the high mobility of molecular adsorbates with increasing
temperature.89

The kinetics for this autocatalytic mechanism on Rh(100) are in one way
essentially different from those on Pt(100) and Pd(100). Whereas on Pt(100) and
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Pd(100) explosive CO2 formation is already observed
coverages, this phenomenon is only observed on Rh(100) 
our view, this is due to the higher barrier for NO dis
compared to Rh. On the former surfaces, NO is present at h
CO2 formation takes place, even at low initial coverage. P
of CO and NO is an essential condition for the autocatalyti
the other hand, on Rh-surfaces low NO coverages are eas
temperature where CO can be oxidized.

7.4.4 Influence of adsorbed CO on the dissociation of N

 In previous studies aimed at the dissociation of N
Rh(100),49 we have reported the dramatic inhibiting eff
products on the dissociation rate. Coadsorption of NO wit
decreases the fraction of NO which decomposes in T
retarded to higher temperatures.62, 90, 91 The interaction with
because CO occupies different binding sites and CO is ab
decomposition products.

Presence of CO greatly increases the amount of N
N2 during TPRS of mixed layers of NO and CO on Rh(10
decreases the amount which desorbs molecularly (see Figu
which decomposes, one can easily determine the selectiv
initial NO coverage, shown in Figure 7.11. For reasons of
N2 selectivity for θCO= 0 ML, i.e. when NO is the only ads
Because N2 is the only N-containing desorbing produc
selectivity to N2 may be taken equal to the NO conversion.

Whereas TPRS only gives information about the
decompose in the presence of CO, SIMS reveals how CO i
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kinetics. Figure 7.12 clearly demonstrates the effect of preadsorbed CO on the
dissociation of NO, by comparing with equal amounts of NO as the only
adsorbate.49 At the lowest coverage, dissociation of 0.13 ML NO in presence of 0.20
ML CO occurs in the same temperature range as in the case that NO is the only
adsorbate, which can be seen from the similar decrease of the RhnNO+/Rhn

+ (n= 1,
2) ion intensity ratios and the concomitant increase of the Rh2N+/Rh2

+ and
Rh2O+/Rh2

+ intensity ratios. Dissociation of NO and oxidation of CO are well
separated in temperature, so no removal of O-atoms occurs during the former
reaction. Apparently at low total coverage (θNO+ θCO), coadsorbed CO does not
influence the dissociation of NO on Rh(100). A similar conclusion was drawn from
a HREELS investigation by Root et al.5 for dissociation of NO on Rh(111), who
found no measurable effect of CO on the dissociation rate at low θNO.

In contrast, small amounts of Nads or Oads already exert a significant retarding
effect on the dissociation on different Rh-surfaces.49, 50, 62 This can partly be
explained by the different adsorption geometry (steric effect): whereas atomic
adsorbates exclusively bind in the site with the highest coordination number (i.e. the
4-fold hollow in the case of a square lattice),68, 92 CO preferentially binds ontop at
low coverage.60, 61 Therefore, CO will not perturb dissociation of NO at low
coverage. Molecular and atomic adsorbates also exert different electronic effects, as
Nads and Oads are much more strongly bound to the surface than CO. This results in
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Figure 7.12 RhnNO+/Rhn
+ (n= 1, 2), Rh2N+/Rh2

+, and Rh2O+/Rh2
+ TPSSIMS ion

intensity ratios, representing the adsorbate coverages of NO, N- and O-atoms
respectively, during temperature programmed reaction of NO with CO on Rh(100)
(filled symbols; from Figures 7.3, 7.5, and 7.7) and during reaction of equal amounts of
pure NO on Rh(100) (empty symbols; taken from Chapter IV). Signals at equal NO
coverages have been scaled with respect to each other and different spectra have been
offset for greater clarity. Shaded areas indicate where gaseous products desorb i.e. as
CO2, NO or CO.
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larger repulsive lateral interactions between atomic adsorbates and NO, which may
increase the activation barrier for dissociation of NO.49, 62, 93 The relation between
the heat of adsorption of an adsorbate and its effect on  the NO dissociation rate on
rhodium will be the subject of a forthcoming publication.62

At intermediate total coverage (θNO= 0.26, θCO= 0.21 ML), presence of CO
still has no significant effect on the dissociation of NO, as can be envisaged from the
RhnNO+/Rhn

+ (n= 1, 2) ratios which practically coincide up to 320 K. Note that both
Rh2N+/Rh2

+ and Rh2O+/Rh2
+ ratios are suppressed by presence of CO, so these

reflect θN and θO at best only qualitatively. Upon increasing θNO from 0.13 to 0.26
ML, dissociation of NO is considerably retarded to higher temperatures, mainly due
to building up of Nads and Oads.49 When NO is the only adsorbate, dissociation is not
completed before 400 K. In presence of CO, however, CO2 formation provides a
channel to remove O-atoms above 320 K (see Figure 7.7). This creates empty sites,
required for dissociation and partly relieves repulsive interactions, lowering Ediss. So
in this case, presence of CO indirectly increases the rate of dissociation by formation
of CO2.

We observe even larger effects when the Rh(100) surfaces is saturated with a
mixed layer of CO and NO. For instance, when CO and NO are present in
stoichiometric amounts (θNO≈ θCO≈ 0.4 ML), presence of CO initially inhibits
dissociation of NO. When NO is the only adsorbate, a small fraction (ca. 20 %)
slowly dissociates between 225 and 350 K, as evidenced from the increase in both
Rh2N+/Rh2

+ and Rh2O+/Rh2
+ ratios and the corresponding decrease in the

Rh2NO+/Rh2
+ ratio. When coadsorbed with CO up to saturation, dissociation of NO

is almost completely blocked in this temperature region, because its rate is limited
by the availability of empty sites. Around 350 K, a small amount of CO desorbs,
liberating a few empty sites. As we have pointed out in the previous section, this
leads to explosive CO2 production, because dissociation and the subsequent
oxidation are fast above this temperature. All NO dissociates rapidly during this
surface explosion and dissociation is completed at 375 K, due to fast removal of O-
atoms. In the absence of CO, dissociation slowly proceeds up to 400 K. From 400 to
450 K, the remaining NO rapidly disappears by simultaneous desorption and
dissociation.49

Essentially the same phenomena are observed at the highest NO coverage
(θNO= 0.60 ML): again dissociation of NO is triggered by desorption of a small
amount of CO around 360 K, as evidenced from the decrease in the Rh2NO+/Rh2

+

ratio and the concomitant increase in the Rh2N+/Rh2
+ ratio in the temperature range

from 360 to 410 K where explosive formation of CO2 takes place, consuming all O-
atoms. We note the increase of the Rh2NO+/Rh2

+ ratio around 400 K and remark that
the ion intensity ratios are apparently not linear with adsorbate coverage at these
high adsorbate coverages.

At these adsorbate coverages -with NO in large excess- there is not sufficient
CO to establish complete dissociation of NO and the remaining NO is by
simultaneous desorption and dissociation between 410 and 450 K. It is however
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evident from the Rh2N+/Rh2
+ ratios that in presence of CO a larger fraction of NO is

decomposed.

7.5 Conclusions

Combination of temperature programmed reaction spectroscopy and static
secondary ion mass spectroscopy enables us to monitor gas-phase products and all
adsorbate coverages in real time. This reveals subtle mechanistic details, a complete
and rather accurate description of the reaction kinetics at an elementary level, and
many lateral interactions between the different adsorbates for the CO + NO reaction
on Rh(100). Our main conclusions are summarized below:
• The reaction between CO and NO on different rhodium surfaces under UHV
conditions can be described by one general reaction mechanism. The most crucial
step is dissociation of NO to Nads and Oads. The products CO2 and N2 are exclusively
formed by recombination of COads with Oads and recombination of Nads, respectively.
• The kinetics of the different elementary steps are remarkably different on
Rh(100) and Rh(111). Dissociation of NO is intrinsically faster on the more open
Rh(100) surface than on Rh(111) at low coverage. Formation of CO2 is faster at all
coverages on Rh(100). This gives rise to relatively faster CO2 production and higher
selectivity to CO2 in the CO + NO reaction on Rh(100) than on Rh(111). Production
of N2 is remarkably slower on the former surface.
• The differences in the elementary kinetics are very useful to explain the
differences in the apparent reaction kinetics, the selectivity to N2, and structural
selectivity, observed in steady-state reaction on various rhodium surfaces under
realistic pressure conditions. The relatively high barrier for N2 formation gives rise
to a distinct transition in the kinetics of the CO + NO reaction on Rh(100): below
600 K N2 formation rate-limiting on Rh(100) and above 600 K probably dissociative
NO adsorption.
• The kinetics of the different elementary steps are more or less dependent on
coverage. This is ascribed to repulsive lateral interactions, which strongly influence
the kinetics at high coverage. These may lead to quite opposite effects: whereas
dissociation of NO is significantly retarded at high coverage and becomes self-
inhibited close to saturation, CO2 formation is accelerated at high O- and CO
coverages.
• At low NO coverages, the kinetics for CO2 formation from reaction between CO
and NO can be satisfactorily described with the kinetics of the elementary surface
reaction COads + Oads → CO2. CO2 formation is accelerated at intermediate
coverage, which is probably due to the presence of molecular NO, acting as a
reservoir to replenish the O-atoms removed during CO oxidation. We cannot
exclude the role of ‘hot’ oxygen atoms or compression of CO in domains with
higher local coverage, giving rise to enhanced reactivity at the domain boundaries.
When the surface becomes crowded, CO2 formation becomes rate-limited by the
availability of O-atoms via dissociation of NO. Dissociation of NO in its turn is
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limited by the availability of empty sites. Desorption of a small amount of CO
triggers the dissociation and CO2 is produced in a surface explosion. This can be
explained by a simple vacancy model, which is autocatalytic in the production of
empty sites. Moreover, removal of O-atoms via formation of CO2 greatly relieves
the inhibiting effect on the NO dissociation.
• Presence of CO greatly enhances the dissociation of NO, opposite to the effect of
atomic adsorbates. Generally, more NO can be decomposed in presence of CO.
SIMS reveals that this is due to removal of O-atoms during the decomposition of
NO. This frees up empty sites and relieves repulsion between NO and O, shifting
dissociation to lower temperatures.
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VIII
Summary, General Conclusions,

and Future Prospects

8.1 Summary

The research described in this thesis, aims at getting a molecular
understanding of the mechanism and kinetics of elementary reaction steps occurring
in automotive exhaust catalysis. To this end, we have studied the catalytic reduction
of NO with CO on well defined single-crystal surfaces, which act as a model for the
catalyst surface, using different spectroscopic techniques. Our experimental pressure
range is restricted to the ultra-high vacuum (UHV) regime (p< 10-6 mbar). This is
necessary to facilitate the use of different surface spectroscopies, which often
employ ion- and electron beams and to avoid surface contamination of the single
crystals with relatively small surface area (typically 1 cm2).

More specifically, this thesis concentrates on the CO + NO reaction on
rhodium, which is crucially important to decrease NOx emissions in automotive
exhaust gas catalysis. Rhodium is an essential constituent of the 3-way catalytic
converter for the selective conversion of NOx to N2. More stringent NOx emission
standards in the future and rapidly decreasing rhodium reserves demand for further
improvement of the catalyst performance. Kinetic modeling is a powerful tool to
obtain a better understanding of the fundamental processes on the catalyst surface
and may contribute to a more efficient use of the noble metals present in the 3-way
catalyst. In this respect, determination of the reaction mechanism in molecular detail
and knowledge of the kinetic parameters for the elementary steps in the CO + NO
reaction on rhodium surfaces is essential for modeling of the reaction kinetics.
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Another ambition is to reveal the lateral interactions between the different
adsorbates in the elementary reactions between CO and NO on rhodium, as these
exert large influence on the reactivity at higher coverage. Implementing the effects
of lateral interactions is essential for correct modeling of the kinetics at high
coverages, as met under realistic pressure conditions. The kinetics of the different
elementary reaction steps on two rhodium single-crystal surfaces, e.g., Rh(111) and
Rh(100) are compared throughout this thesis to assess the role of surface structure
on reactivity. This contributes to fundamental knowledge of binding of adsorbates to
metal substrates and catalytic reactions in general.

The main question which needs to be resolved for proper modeling of the
kinetics of the CO + NO reaction is a realistic and accurate description of adsorbate
interactions. Hence, monitoring all adsorbate coverages in-situ in a (semi-)
quantitative fashion, and revealing lateral interactions between the adsorbed species
is essential for an accurate description of the kinetics at higher pressures. To this
end, we have mainly applied two (combined) techniques: temperature programmed
reaction spectroscopy or -desorption (TPRS/TPD) and temperature programmed
static secondary ion mass spectrometry (TPSSIMS). These techniques are highly
complementary as the former monitors desorbing gas phase-products and the latter
surface intermediates and reactions.

Because of the important role of SSIMS in this thesis, we have dedicated
Chapter III to applications of SSIMS in catalysis in a broader context. These
applications can roughly be subdivided into three categories. In characterization of
technical catalysts SIMS can provide valuable knowledge on the composition and
structure of catalysts. The great sensitivity of SIMS enables one to detect promoters
or unwanted contaminations, which could act as a poison. Also, the presence of
certain molecular ion clusters in SIMS often reveals that elements are in contact on
the catalyst surface, giving unique information of the catalyst structure on a
molecular level. In general, charging as well as matrix effects make the success of
SIMS on technical catalysts unpredictable, although useful applications certainly do
exist. Especially, charging of the technical catalyst samples, which usually consist of
an oxidic -hence isolating- support, leads to detrimental intensity losses.

This problem can successfully be circumvented by use of model systems
such as particles on a flat conducting support, polycrystalline foils and single
crystals.  Several studies on single crystal surfaces have demonstrated that static
SIMS has great potential for monitoring adsorbed species during catalytic reactions,
giving unique information on mechanism, kinetics and lateral interactions.

The latter is demonstrated in Chapter IV, where we apply static SIMS to
study the dissociation of NO on Rh(100). This example convincingly demonstrates
how the powerful combination of SIMS and TPRS can be used to explain subtleties
in the reaction mechanism, how SIMS can be used to quantify adsorbate coverages,
derive kinetics for surface reactions, and reveal lateral interactions between different
adsorbates.
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At low coverages, NO already dissociates below room temperature,
corresponding to an activation energy of 37 kJ/mole assuming a preexponential
factor of 1011 s-1. Nitrogen atoms recombine to form N2 between 600 and 800 K,
following second order kinetics with Ea= 215 kJ/mole and ν= 1015.1 s-1 (θN= 0). At
higher coverages the onset of dissociation shifts to slightly higher temperatures,
indicating that neighboring NO molecules have a relatively weak effect on the
dissociation process. The temperature at which dissociation is complete, however,
increases considerably, providing evidence that N and O atoms retard the
dissociation significantly. The activation energy of dissociation increases
appreciably faster than expected on the basis of a linear relation with coverage as is
often used in mean-field kinetic descriptions.

The existence of a disproportionation reaction between adsorbed NO and
Nads to N2 and Oads, as invoked by several authors, can entirely be excluded under
UHV conditions. Comparison of the elementary kinetics with those obtained for
Rh(111) reveals that dissociation of NO is intrinsically faster on Rh(100). This is in
line with the higher heat of adsorption for the decomposition products on more open
surfaces. As a consequence, formation of N2 is much slower on Rh(100).

In Chapter V we describe the adsorption and desorption of CO on Rh(100)
and Rh(111), and the effect of coadsorbed N-atoms. We are able to prepare pure
Nads-overlayers on Rh(100) by dissociative adsorption of NO and (simultaneous)
removal of Oads by CO. Adsorption of CO on both rhodium surfaces involves a
mobile precursor. On Rh(100), Ea is 140 kJ/mol and ν is 1014 s-1 for CO desorption
(θCO→ 0). For CO desorbing from Rh(111), we find somewhat higher values for Ea=
155 kJ/mol and ν= 1015 s-1. On both Rh-surfaces, coadsorbed Nads destabilizes CO
and lowers the CO saturation coverage.

The total coverage (θN + θCO) which can be achieved on Rh(100), is
practically constant (∼0.80 ML). In the limit of zero CO coverage, Ea for CO
desorption from Rh(100) decreases with increasing θN, indicative for a lowered heat
of adsorption. This long-range effect is probably due to electronic modification of
the Rh(100) surface by electronegative N-atoms, suppressing backdonation from the
metal d-bands into the CO 2π* state. 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 partially ordered N-
structure we find Ea= 60 kJ/mol. Considering the local environment of the desorbing
CO molecules we derive NN

NCO−ϕ = 19 kJ/mol. This is verified by dynamic Monte-
Carlo simulations.

Chapter VI deals with the oxidation of CO on rhodium, which is an essential
step in the CO + NO reaction for the removal of O-atoms, originating from
dissociation of NO. We have used TPRS to monitor the reaction between COads and
Oads on Rh(100) and Rh(111). Application of coverage-corrected leading-edge
analysis works remarkably well to determine the kinetic parameters for CO2
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formation. This reveals that oxidation of CO on rhodium surfaces is structure
sensitive. The surface reaction step COads + Oads � CO2,g is intrinsically faster on
Rh(100) than on Rh(111). As a consequence, selectivity to CO2 is generally higher
on Rh(100). On Rh(100) reaction between COads  and Oads goes to completion,
whereas on Rh(111) oxidation and desorption of CO are competing channels. At low
CO coverage, CO oxidation is an elementary step on Rh(100) for a broad range of
oxygen coverages. We report kinetic parameters Ea= 103 kJ/mol and ν= 1012.7 for
θO= θCO� 0. The activation energy for CO oxidation on Rh(100) continuously
decreases with increasing O-coverage. For θO< 0.25 ML, we attribute this to
destabilization of CO, leading to an increase in the CO2 formation rate. At higher
coverage (θO> 0.25 ML) O-atoms become destabilized as well, as lateral interactions
between O-atoms come into play at these coverages.

On Rh(100) the coverages of O-atoms and CO molecules add up to a
constant coverage of 0.82 ML at all O-precoverages. On Rh(111), however, O-
atoms progressively exclude the adsorption of CO, such that the saturation coverage
of CO decreases from 0.75 ML in the absence of Oads to zero at an O-saturated
surface (θO= 0.5 ML).

At high total coverages (in particular at high θO), an apparently autocatalytic
CO2 formation channel becomes available on Rh(00). This is possibly connected

Figure 8.1 Temperature programmed reactions of 0.15 ML of 13CO coadsorbed
with 0.24 ML of NO on Rh(111) (left panel) and 0.20 ML of CO coadsorbed with 0.26
ML NO on Rh(100) (right panel). Reactants were adsorbed at 150 K; the heating rate
was 5 K/s.
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with lifting of O-induced clockwise-anticlockwise reconstruction of the Rh(100)
surface. This requires further investigation by means of HREELS and LEED, in
order to determine CO adsorption sites and presence of ordered structures,
respectively.

Having determined the mechanism and kinetics of the different elementary
steps in detail, Chapter VII presents the complete reaction between CO and NO. The
reaction between CO and NO on different rhodium surfaces under UHV conditions
can be described by one general reaction mechanism. The most crucial step is
dissociation of NO to Nads and Oads. The products CO2 and N2 are exclusively
formed by recombination of COads with Oads and recombination of Nads, respectively.
The kinetics of the different elementary steps, obtained throughout this thesis, are
remarkably different on Rh(100) and Rh(111), see Table 8.1. Dissociation of NO is
intrinsically faster on the more open Rh(100) surface than on Rh(111) at low
coverage, in agreement with our observations in Chapter IV. Formation of CO2 is
faster at all coverages on Rh(100). This gives rise to relatively faster CO2 production
and higher selectivity to CO2 in the CO + NO reaction on Rh(100) than on Rh(111),
in line with our finding in Chapter VI. Production of N2 is remarkably slower on the
former surface. Figure 8.1 nicely demonstrates the structure sensitivity of the
different elementary steps in the CO + NO reaction.

Table 8.1 Kinetic parameters for the elementary reaction steps involved in the
CO + NO reaction on Rh(100) and Rh(111).

Eact
(kJ/mole)

ν
(s-1)

Eact
(kJ/mole)

ν
(s-1)

Elementary  reaction Rh(100)1, 3, 5 Rh (111)2-4 Remarks

NOads + ✻ � Nads + Oads 37±3 1011±1 65±6 1011±1 Low coverage

m
totdistotdis EE θαθ ⋅+≈ 0,)(

- -
0.10 ≤ θNO ≤ 0.26

ML; (ν=1011;
α= 175; m= 2)

NOads � NOgas + ✻ 106±10 1013.5±1 113±10 1013.5±1 θN =θO ≈ 0.25 ML

Nads + Nads � N2 + 2 ✻ 215±10 1015.1±0.5 118±10 1010±1 low coverage

COads + Oads � CO2 + 2 ✻ 103±5 1012.7±0.7 - - θO, θCO → 0

90±7 1011.2±0.7 67±3 107.3±0.2 θO≈0.15 ML;
θCO → 0

77±7 1011.4±0.8 - - θO= 0.28 ML;
θCO → 0CO

O O

OO

CO
O

θO< 0.25 ML θO≥ 0.25 ML

COads + Oads/Rh(100)

75±8 1011±1.2 - - θO= 0.40 ML;
θCO → 0

COads � COgas + ✻ 139 ± 3 1014±0.3 155 ± 5 1015 ±1.0 low coverage
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The differences in the elementary kinetics are very useful to explain the
differences in the apparent reaction kinetics, the selectivity to N2, and structural
selectivity, observed in steady-state reaction on various rhodium surfaces under
realistic pressure conditions. The relatively high barrier for N2 formation gives rise
to a distinct transition in the kinetics of the CO + NO reaction on Rh(100) around
600 K: below this temperature, formation of N2 is rate-limiting on Rh(100) and
above, probably dissociative adsorption of NO. The kinetics of the different
elementary steps are more or less dependent on coverage. This is ascribed to
repulsive lateral interactions, which strongly influence the kinetics at high coverage.
These may lead to quite opposite effects: whereas dissociation of NO is significantly
retarded at high coverage and becomes self-inhibited close to saturation, CO2
formation is accelerated at high O- and CO coverages.

At low NO coverages, the kinetics for CO2 formation from reaction between
CO and NO can be satisfactorily described with the kinetics of the elementary
surface reaction COads + Oads → CO2. Formation of CO2 is accelerated at
intermediate coverage, which is probably due to the presence of molecular NO,
acting as a reservoir to replenish the O-atoms removed during CO oxidation. We
cannot exclude the role of ‘hot’ oxygen atoms or compression of CO in domains
with higher local coverage, giving rise to enhanced reactivity at the domain
boundaries. When the surface becomes crowded, CO2 formation becomes rate-
limited by the availability of O-atoms via dissociation of NO. Dissociation of NO in
its turn is limited by the availability of empty sites. Desorption of a small amount of
CO triggers the dissociation and CO2 is produced in a surface explosion. This can be
explained by a simple vacancy model, which is autocatalytic in the production of
empty sites. Moreover, removal of O-atoms via formation of CO2 greatly relieves
the inhibiting effect on the NO dissociation.

Presence of CO greatly enhances the dissociation of NO, opposite to the
effect of atomic adsorbates. Generally, more NO can be decomposed in presence of
CO. SIMS reveals that this is due to removal of O-atoms during the decomposition
of NO. This frees up empty sites and relieves repulsion between NO and O, shifting
dissociation to lower temperatures.

8.2 General Conclusions

Combination of temperature programmed reaction spectroscopy and static
secondary ion mass spectroscopy enables one to monitor gas-phase products and all
adsorbate coverages in real time. This reveals mechanistic details, a complete and
accurate description of the reaction kinetics at an elementary level, and lateral
interactions between the adsorbates. In many cases, breaking up a more complex
reaction into its elementary steps is very useful to unravel the mechanism and
kinetics and to entangle the many lateral interactions.
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The differences in kinetic parameters for various elementary steps on single
crystals with different surface structure can be rationalized by change in energy,
going from the reactant to the product on a particular crystal face. Surface reactivity
theory generally predicts a higher heat of adsorption for atomic adsorbates on more
open surfaces and small differences between molecular adsorbates. Hence, the
barrier for dissociation of a diatomic molecular adsorbate is expected to be lower on
a more open surface and as a consequence, the barrier for association of atoms is
higher.  Knowledge of the differences in the elementary kinetics can be very helpful
to explain structure sensitivity in a reaction under steady-state conditions.

Lateral interactions between adsorbates are crucially important in catalytic
surface reactions as they greatly influence the reactivity at higher coverage. This
may lead to opposite effects: whereas dissociation of a diatomic molecule to atoms
is generally retarded at retarded, recombination of atoms to new molecules may be
accelerated at high coverages.

The activation barrier for dissociation of NO increases at higher coverage
due to repulsive lateral interactions with different coadsorbates, retarding the
dissociation to higher temperatures and decreasing the amount which can
decompose. The inhibiting effect of different coadsorbates (Oads> Nads> NOads>
COads) seems to correlate with their heat of adsorption. This idea may be the basis
for a more general concept, relating lateral interactions between any given adsorbate
with their electronic effects. To this end, we propose density functional theory
calculations to establish a correlation between the barrier for NO dissociation and
electronic effect of different adsorbates.

At low coverage, repulsion between different adsorbates will be minimized
by diffusion, in particular for molecular adsorbates. At higher coverage, the different
adsorbates will -provided the mobility to be sufficiently high- diffuse to the most
favorable configuration to minimize repulsive interactions, which may lead to
formation of different phases. Therefore, an accurate and realistic kinetic model for
a given reaction at high surface coverages e.g., high pressures, should treat lateral
interactions between different species as a strictly local phenomenon. Monte Carlo
simulations provide a way to specify the local environment of a reacting molecule,
allowing for modeling of lateral interactions and diffusion of adsorbates.

8.3 Future Prospects

The experimentally derived kinetic data, presented in Table 8.1, will be the
basis for kinetic modeling of the CO + NO reaction on rhodium surfaces, using
Dynamic Monte Carlo (DMC) simulations, in cooperation with the theory group and
the computer science group. We have developed a model to describe the dissociation
of NO on Rh(100) by means of DMC simulations, including lateral interactions
between neighboring species and allowing diffusion of the different adsorbates.
Figure 8.2 show preliminary results for the temperature programmed reactions of
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NO adsorbed on Rh(100), which were obtained by A.P. van van Bavel, in
cooperation with R.A. van Santen, J.J. Lukkien, and P.A.J. Hilbers.6 Lateral
interactions between the different adsorbates were both deduced from experimental
observations and derived from DFT calculations by Sautet and coworkers.7
Although the implementation of lateral interactions and the absolute values for
pairwise interactions in the model need further optimization, the repulsive
interaction between NO and its decomposition products is necessarily higher than
mutual repulsion between NO, in order to reproduce the retardation of dissociation
with increasing coverage to higher temperatures. Adsorbates were allowed to diffuse
according to an Arrhenius rate equation for hopping between sites. Although the
preexponential factor has to be lowered because of computational limitations,
diffusion is still the fastest process. We have chosen the rate parameters for diffusion
in such a way that the rate of diffusion is at least one order of magnitude faster than
the fastest reaction step, in order to equilibrate the configuration of the adsorbate

Figure 8.2 Dynamic Monte Carlo simulations on a 64 x 64 square grid of
temperature programmed reactions of NO on Rh(100), by A.P. van Bavel, in
cooperation with R.A. van Santen, J.J. Lukkien, and P.A.J. Hilbers.6 In analogy with
Figure 4.7, the upper panels show the reaction rates (nr. of events), including the NO
dissociation rate, and the lower spectra the different adsorbate coverages. In addition,
the figures below show snapshots of the adsorbate layer at three different temperatures,
where empty sites are white, sites occupied by NO are light gray, and sites occupied by
N and O are darker gray.
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layer. Besides the reaction rates and adsorbate coverages, these simulations also
reveal the configuration of the adsorbate layer during reaction. Snapshots were taken
at 100 K, where NO is molecularly adsorbed, and one at 800 K, where Nads and Oads
are the only adsorbates. On more snapshot was taken during dissociation of NO,
where both NO and its decomposition products were present.

Similarly to Figure 4.7, we distinguish three characteristic coverage regimes:
• The low coverage range (θNO= 0.20 ML) is characterized by complete

dissociation. NO dissociates in a sharp state around 170 K, in good agreement
with experimental observations. The snapshot at 170 K shows that all adsorbates
are well mixed, justifying our approach in Chapter IV to model the NO
dissociation kinetics. A smaller amount of NO (20%) dissociates above 300 K.
This is probably due to dissociation of NOads with one neighboring N- or O
atom. Formation of N2 occurs at slightly highly temperature than experimentally
observed.

• At medium NO coverage (θNO= 0.37 ML), dissociation becomes significantly
retarded and some NO starts to desorb, in good agreement with experiment.
Interestingly, at 300 K where ca. 33 % of the NO has been dissociated, the
remaining NO molecules tend to segregate and the N- and O-atoms start to form
mixed c(2x2)-domains.

• At high coverage (θNO= 0.60 ML), dissociation becomes self-inhibited and the
main part of the NO dissociates simultaneously with NO desorption, in
agreement with experiment. Also, sharpening of the NO desorption is in
accordance with the autocatalytic mechanism at saturation, proposed in Chapter
IV. However, small part of the NO already dissociates below 400 K, indicating
that mutual interactions between NO molecules are too small. The snapshot of
the adsorbate configuration at 400 K clearly shows that NO molecules are
compressed in (1x1) domains with local coverage θNO= 1 ML, and N- and O-
atoms form well mixed c(2x2) domains with local coverage (θN+ θO)= 0.50 ML.
We tentatively propose that at this stage of the reaction, dissociation takes place
at the boundaries of the c(2x2)-N,O domains by desorption of an NO molecule,
freeing up an empty site, and subsequent dissociation.

The model, described above, very well reproduces the most important
features in a qualitative fashion. In addition, it gives valuable information about the
local distribution of adsorbates. We are well aware of the many quantitative
discrepancies with experimental observations. Therefore, further refining of the
model by optimizing the values for lateral interactions is compulsory. We strongly
encourage close collaboration between experimentalists and theoreticians in the
future. Furthermore, study of the CO + NO reaction on different rhodium surfaces
by means of vibrational spectroscopy is mandatory to reveal lateral interactions
between CO and NO and to determine the adsorption sites. This is necessary for
further refinement of the simulations and will eventually lead to a realistic
description of the kinetics of CO + NO reaction at high coverages, as met under
catalytically relevant high-pressure reaction conditions.
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Samenvatting, Algemene Conclusies,
en Vooruitblik

Samenvatting

Het onderzoek, beschreven in dit proefschrift, is gericht op het verkrijgen
van een moleculair begrip van het mechanisme en de kinetiek van elementaire
reactie stappen zoals deze voorkomen in auto-uitlaatgas katalyse. Hiervoor hebben
we de katalytische reductie van NO met CO bestudeerd op goed gedefinieerde
éénkristal-oppervlakken om het katalytische oppervlak te modeleren,
gebruikmakend van verschillende spectroscopische technieken. Onze experimentele
range is beperkt tot het ultra-hoog vacuüm (UHV) gebied (p< 10-6 mbar). Dit is
noodzakelijk voor het gebruik van verschillende oppervlakte-spectroscopiën, die
vaak gebruik maken van elektronen- en ionenbundels en om vervuiling van het
oppervlak van de éénkristallen met een relatief laag oppervlakte (typisch 1 cm2) te
voorkomen.

Dit proefschrift concentreert zich meer specifiek op de NO + CO reactie op
rhodium, wat van cruciaal belang is voor de reductie van NOx emissies in auto-
uitlaatgas katalyse. Rhodium is een essentieel bestanddeel van de 3-weg katalysator
voor de selectieve omzetting van NOx naar N2. Toekomstig strengere NOx emissie
standaarden en snel afnemende voorraden van rhodium dwingen tot verdere
verbetering van de prestaties van de katalysator. Kinetisch modeleren is een krachtig
hulpmiddel voor het verkrijgen van een beter begrip van de fundamentele processen
op het katalysatoroppervlak en kan bijdragen tot een efficiënter gebruik van de
edelmetalen, aanwezig in de 3-weg katalysator. In dit verband is het bepalen van het
reactie mechanisme tot in moleculair detail en kennis van de kinetische parameters
van de elementaire stappen in de CO + NO reactie op rhodium oppervlakken
essentieel voor het modeleren van de reactie kinetiek. Een andere ambitie is het
onthullen van de laterale interacties tussen de verschillende adsorbaten, betrokken in
de elementaire reacties tussen CO en NO op rhodium, aangezien deze grote invloed
uitoefenen op de reactiviteit bij hogere bedekking.

Het implementeren van de effecten van laterale interacties is essentieel om
de kinetiek correct te modeleren bij hogere bedekking, zoals dit voorkomt onder
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realistische condities bij hogere drukken. De kinetiek van de verschillende
elementaire stappen op twee rhodium éénkristal oppervlakken, nl. Rh(111) en
Rh(100) worden doorlopend in dit proefschrift met elkaar vergeleken om de rol van
oppervlaktestructuur op de reactiviteit vast te stellen. Dit draagt bij aan
fundamentele kennis over de binding van adsorbaten aan metaal substraten en
katalytisch reacties in het algemeen.

De belangrijkste kwestie die opgelost moet worden voor een juiste
modelering van de kinetiek van de CO + NO reactie is een  realistische en accurate
beschrijving van de interacties tussen de adsorbaten. Daarom is het volgen van de
bedekkingen van alle adsorbaten in-situ op een semi-kwantitatieve manier en het
onthullen van laterale interacties tussen de geadsorbeerde species essentieel voor een
accurate beschrijving van de kinetiek bij hogere drukken. Hiertoe hebben we
voornamelijk twee (gecombineerde) technieken gebruikt: temperatuur-
geprogrammeerde reactie spectroscopie of -desorptie (TPRS/TPD) en temperatuur-
geprogrammeerde statische secundaire ionen massa spectrometrie (TPSSIMS). Deze
technieken vullen elkaar uitstekend aan omdat met de eerstgenoemde techniek
desorberende gasfase producten gevolgd kunnen worden en met laatstgenoemde
oppervlakte intermediairen en -reacties.

Vanwege de belangrijke rol van SSIMS in dit proefschrift, hebben we
Hoofdstuk III gewijd aan de toepassingen van SSIMS in katalyse in een bredere
context. Deze toepassingen kunnen ruwweg worden onderverdeeld in drie
categorieën. SIMS kan waardevolle informatie leveren voor de karakterisering van
technische katalysatoren met betrekking tot samenstelling en structuur van
katalysatoren. De grote gevoeligheid van SIMS maakt het mogelijk om promotoren
of ongewenste vervuilingen, die de katalysator zouden kunnen vergiftigen, te
detecteren. Tevens onthult de aanwezigheid van samengestelde cluster ionen in
SIMS vaak welke elementen met elkaar in contact zijn op het katalysatoroppervlak,
wat unieke informatie geeft over de structuur van de katalysator op een moleculaire
schaal. In het algemeen is het slagen van SIMS op technische katalysatoren
onvoorspelbaar zowel door oplading als matrix effecten, alhoewel er zeker nuttige
toepassingen bestaan. Vooral het opladen van de technische katalysator samples, die
gewoonlijk bestaan uit een oxidische –en dus isolerende- drager, leidt tot een
dramatisch verlies van intensiteit.

Dit probleem kan op een succesvolle manier omzeild worden door gebruik te
maken van modelsystemen zoals deeltjes op een vlakke geleidende drager,
polykristallijne folies, en éénkristallen. Verscheidene studies op éénkristal-
oppervlakken hebben de grote mogelijkheden laten zien van SIMS voor het volgen
van geadsorbeerde species tijdens oppervlakte reacties, wat unieke informatie over
mechanisme, kinetiek, en laterale interacties oplevert.

Dit laatste wordt gedemonstreerd in Hoofdstuk IV, waar we statische SIMS
hebben toegepast om de dissociatie van NO op Rh(100) te volgen. Dit voorbeeld laat
overtuigend zien hoe de krachtige combinatie van SIMS en TPRS gebruikt kan
worden om subtiele details in het reactiemechanisme te verklaren, hoe SIMS
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gebruikt kan worden om adsorbaat bedekkingen te kwantificeren, om de kinetiek
van oppervlaktereacties af te leiden, en om laterale interacties tussen de
verschillende adsorbaten te onthullen.

Bij lage bedekking dissocieert NO reeds bij temperaturen lager dan
kamertemperatuur, wat overeenkomt met een activeringsenergie van 37 kJ/mol
onder aanname van een pre-exponentiële factor van 1011 s-1. Stikstofatomen
recombineren en vormen N2 tussen 600 en 800 K volgens tweede orde kinetiek met
Ea= 215  kJ/mol en ν= 1015.1 s-1 (θN= 0). Bij hogere bedekking verschuift de aanvang
van de dissociatie naar enigszins hogere temperaturen, wat aangeeft dat naburige
NO moleculen een relatief zwak effect hebben op het dissociatie proces. Echter, de
temperatuur waarop de dissociatie compleet is neemt aanzienlijk toe, wat aangeeft
dat N- en O-atomen de dissociatie significant vertragen. De activeringsenergie voor
dissociatie neemt aanmerkelijk sneller toe dan verwacht zou worden op basis van
een lineair verband met bedekking zoals vaak gebruikt in de zogenaamde mean-field
kinetische beschrijvingen.

Het bestaan van een disproportionatie reactie tussen geadsorbeerd NO en
Nads tot N2 en Oads, zoals voorgesteld door een aantal auteurs, kan volledig
uitgesloten worden onder UHV condities. Vergelijking van de elementaire kinetiek
met deze verkregen op Rh(111) laat zien dat de dissociatie van NO intrinsiek sneller
is op Rh(100). Dit is in lijn met de hogere adsorptie- warmte van de decompositie
producten op meer open oppervlakken. De vorming van N2 is veel langzamer op
Rh(100) als gevolg hiervan.

In hoofdstuk V beschrijven we de adsorptie en desorptie van CO op Rh(100)
en Rh(111), en het effect van gecoadsorbeerde N-atomen. We zijn in staat om
zuivere monolagen van Nads op Rh(100) te bereiden door dissociatieve  adsorptie
van NO en (gelijktijdige) verwijdering van Oads door CO. Adsorptie van CO
verloopt via een mobiele precursor toestand op beide oppervlakken. Voor CO
desorptie van Rh(100) bedraagt Ea 140 kJ/mol en ν is 1014 s-1 (θCO→ 0). Voor CO
desorberend van Rh(111) vinden we enigszins hogere waarden voor Ea= 155 kJ/mol
en ν= 1015  s-1. Gecoadsorbeerde N-atomen destabiliseren CO op beide Rh
oppervlakken en verlagen de verzadigingsbedekking van CO.

De totale bedekking (θN+ θCO) die bereikt kan worden op Rh(100), is
praktisch constant (∼0.80 ML). In de limiet van nul CO bedekking neemt Ea voor
desorptie van CO af met toenemende θN, suggestief voor een verlaging van de
adsorptiewarmte. Dit lange-afstands effect wordt waarschijnlijk veroorzaakt door
elektronische modificatie van het Rh(100) oppervlak door de elektronegatieve N-
atomen, die backdonatie van de metaal d-banden in de CO 2π* toestand
onderdrukken. Bij hogere CO bedekking verschijnen er nieuwe karakteristieke
desorptie toestanden in CO-TPD, gerelateerd aan een korte-afstands repulsieve
interactie tussen COads en Nads. Voor CO desorberend vanuit een gedeeltelijk
geordende N-structuur vinden we Ea= 60 kJ/mol. De lokale omgeving van het
desorberende CO molecuul in acht genomen, leiden we NN

NCO−ϕ = 19 kJ/mol af. Dit is
geverifieerd door middel van dynamische Monte-Carlo simulaties.
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Hoofdstuk VI behandelt de oxidatie van CO op rhodium, wat een essentiële
stap is in de CO + NO reactie voor de verwijdering van O-atomen, afkomstig van de
dissociatie van NO. We hebben TPRS gebruikt om de reactie tussen COads en Oads te
volgen op Rh(100) en Rh(111). Toepassing van bedekkings-gecorrigeerde leading-
edge analyse werkt opzienbaarlijk goed om de kinetische parameters voor CO2
vorming te bepalen. Dit laat zien dat oxidatie van CO structuur gevoelig is op
rhodium oppervlakken. De oppervlakte reactie stap COads + Oads � CO2,g is
intrinsiek sneller op Rh(100) dan op Rh(111). Als gevolg hiervan is de selectiviteit
naar CO2 in het algemeen hoger op Rh(100). Op Rh(100) loopt de reactie tussen
COads and Oads volledig af, terwijl op Rh(111) oxidatie en desorptie van CO
competitieve kanalen zijn.

Bij lage CO bedekking is de oxidatie van CO een elementaire stap op
Rh(100) voor een breed gebied van zuurstofbedekkingen. Wij rapporteren kinetische
parameters Ea= 103 kJ/mol en ν= 1012.7 voor θO= θCO� 0. De activeringsenergie
voor CO oxidatie op Rh(100) neemt continu af met toenemende O-bedekking. Voor
θO< 0.25 ML schrijven we dit toe aan destabilisering van CO, wat leidt tot een
toename in de snelheid voor vorming van CO2. Bij hogere bedekking (θO> 0.25 ML)
worden O-atomen eveneens gedestabiliseerd, omdat bij deze bedekkingen laterale
interacties tussen O-atomen een rol gaan spelen.

Op Rh(100) komt de som van de bedekkingen van O-atomen en CO
moleculen uit op een constante bedekking van 0.82 ML voor alle voorbedekkingen
van Oads. Echter, O-atomen op Rh(111) sluiten de adsorptie van CO progressief uit,
zodanig dat de verzadigingsbedekking van CO afneemt van 0.75 ML in de
afwezigheid van Oads naar 0 op een oppervlak verzadigd met zuurstof (θO= 0.5 ML).

Bij hoge totale bedekkingen (in het bijzonder voor hoge θO), komt een
schijnbaar autokatalytisch kanaal voor CO2 vorming beschikbaar op Rh(100). Dit is
mogelijk gerelateerd aan het opheffen van een O-geinduceerde ‘clockwise-
anticlockwise’ reconstructie van het Rh(100) oppervlak. Dit vereist verder
onderzoek met behulp van HREELS en LEED, om respectievelijk de plaatsen voor
CO adsorptie en de aanwezigheid van geordende structuren vast te stellen.

Na het bepalen van het gedetailleerde mechanisme en de kinetiek van de
verschillende elementaire stappen, wordt in Hoofdstuk VII de volledige reactie
tussen CO en NO gepresenteerd. De reactie tussen CO en NO op verschillende
rhodium oppervlakken onder UHV condities kan beschreven worden met één
algemeen reactiemechanisme.

De meest cruciale stap is de dissociatie van NO naar Nads en Oads. De
producten CO2 and N2 worden exclusief gevormd door, respectievelijk, de
recombinatie van COads met Oads en recombinatie van Nads. De kinetiek van de
verschillende elementaire stappen, verkregen door dit proefschrift, zijn opmerkelijk
verschillend voor Rh(100) en Rh(111), zie Tabel 8.1. Dissociatie van NO is bij lage
bedekking intrinsiek sneller op het meer open Rh(100) oppervlak dan op Rh(111), in
overeenstemming met onze waarnemingen in Hoofdstuk IV. Vorming van CO2 is bij
alle bedekkingen sneller op Rh(100). Dit leidt tot een relatief hogere CO2 productie
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Tabel 8.1 Kinetische parameters voor de elementaire reactie stappen betrokken
in de CO + NO reactie op Rh(100) en Rh(111).

Eact
(kJ/mol)

ν
(s-1)

Eact
(kJ/mol)

ν
(s-1)

Elementaire reactie Rh(100)1, 3, 5 Rh (111)2-4 Opmerkingen

NOads + ✻ � Nads + Oads 37±3 1011±1 65±6 1011±1 lage bedekking

m
totdistotdis EE θαθ ⋅+≈ 0,)(

- -
0.10 ≤ θNO ≤ 0.26

ML; (ν=1011;
α= 175; m= 2)

NOads � NOgas + ✻ 106±10 1013.5±1 113±10 1013.5±1 θN =θO ≈ 0.25 ML

Nads + Nads � N2 + 2 ✻ 215±10 1015.1±0.5 118±10 1010±1 lage bedekking

COads + Oads � CO2 + 2 ✻ 103±5 1012.7±0.7 - - θO, θCO → 0

90±7 1011.2±0.7 67±3 107.3±0.2 θO≈0.15 ML;
θCO → 0

77±7 1011.4±0.8 - - θO= 0.28 ML;
θCO → 0CO

O O

OO

CO
O

θO< 0.25 ML θO≥ 0.25 ML

COads + Oads/Rh(100)

75±8 1011±1.2 - - θO= 0.40 ML;
θCO → 0

COads � COgas + ✻ 139 ± 3 1014±0.3 155 ± 5 1015 ±1.0 lage bedekking

en een hogere selectiviteit naar CO2 in de CO + NO reactie op Rh(100) dan op
Rh(111), in lijn met onze bevindingen in Hoofdstuk VI. Productie van N2 is
aanzienlijk langzamer op het eerstgenoemd oppervlak. De structuur gevoeligheid
van de verschillende elementaire stappen in de CO + NO reactie wordt mooi
verbeeld door Figuur 8.1

De verschillen in de elementaire kinetiek zijn erg nuttig om de verschillen in
de schijnbare reactiekinetiek, de selectiviteit naar N2, en de structuur gevoeligheid,
waargenomen gedurende steady-state reactie op verschillende rhodium opper-
vlakken onder realistische condities bij hogere drukken te verklaren. De relatief
hoge barrière voor vorming van N2 leidt tot tot een scherpe overgang in de kinetiek
van de CO + NO reactie op Rh(100) om en nabij 600 K: onder deze temperatuur is
de vorming van N2 de snelheidsbeperkende stap en hierboven waarschijnlijk de
dissociatieve adsorptie van NO.

De kinetiek van de verschillende elementaire stappen is min of meer
afhankelijk van bedekking. Dit wordt toegeschreven aan laterale interacties, die de
kinetiek bij hogere bedekking sterk beïnvloeden. Dit kan tot tegengestelde effecten
leiden: enerzijds, de dissociatie van NO wordt significant vertraagd bij hogere
bedekking en blokkeert zichzelf bij verzadiging, anderzijds, de vorming van CO2
wordt versneld bij hogere O- en CO bedekkingen.

De kinetiek voor CO2 vorming van reactie tussen CO en NO bij lagere NO
bedekkingen kan naar volle tevredenheid beschreven worden met de kinetiek van de
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elementaire oppervlakte reactie COads + Oads → CO2. Vorming van CO2 wordt
versneld bij middelmatige bedekking, wat waarschijnlijk veroorzaakt wordt door de
aanwezigheid van moleculair NO, dat fungeert als een reservoir om de O-atomen
-verwijderd gedurende CO oxidatie- aan te vullen. We kunnen de rol van ‘hete’
zuurstofatomen of compressie van CO in domeinen met hogere lokale bedekking,
leidend tot een verhoogde reactiviteit aan de domeingrenzen, niet uitsluiten. Bij
volledige bezetting van het oppervlak wordt de vormingssnelheid van CO2
gelimiteerd door de beschikbaarheid van O-atomen afkomstig van dissociatie van
NO. Dissociatie van NO is op zijn beurt gelimiteerd door de beschikbaarheid van
lege adsorptieplaatsen. Desorptie van een kleine hoeveelheid CO brengt de
dissociatie op gang en CO2 wordt geproduceerd in een zogenaamde oppervlakte
explosie. Dit kan met een eenvoudig ‘vacancy’ model worden verklaard, dat
autokatalytisch is in de productie van lege adsorptieplaatsen. Bovendien wordt, door
verwijdering van O-atomen via de vorming van CO2, het vertragende effect op de
dissociatie van NO aanzienlijk verlicht.

De aanwezigheid van CO vergemakkelijkt de dissociatie van NO,
tegengesteld aan het effect van atomaire adsorbaten. In het algemeen kan een grotere
hoeveelheid NO ontleed worden in de aanwezigheid van CO. SIMS laat zien dat dit
wordt veroorzaakt door verwijdering van O-atomen gedurende de dissociatie van

Figuur 8.1 Temperatuur-geprogrammeerde reacties van 0.15 ML 13CO
gecoadsorbeerd met 0.24 ML NO op Rh(111) (linker helft) en 0.20 ML CO
gecoadsorberd met 0.26 ML NO opRh(100) (rechter helft). Reactanten werden
geadsorbeerd bij 150 K; de verwarmings snelheid bedroeg 5 K/s.
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NO. Hierdoor worden lege adsorptieplaatsen vrijgemaakt en de repulsie tussen NO
en O verlicht, zodat de dissociatie naar lagere temperatuur verschuift.

Algemene Conclusies

De combinatie van temperatuur-geprogrammeerde reactie spectroscopie en
statische secundaire ionen spectrometrie maakt het mogelijk om in real-time alle
gasfase producten en adsorbaat bedekkingen te volgen. Dit onthult mechanistische
details en geeft een complete en accurate beschrijving van de reactie kinetiek op een
elementair niveau en de laterale interacties tussen de adsorbaten. In veel gevallen is
het opbreken van een complexe reactie in zijn elementaire stappen zeer nuttig om
het mechanisme en de kinetiek te ontrafelen en om de vele laterale interacties te
ontwarren.

De verschillen in de kinetische parameters voor de verscheidene elementaire
stappen op éénkristallen met verschillende oppervlakte structuur kunnen begrepen
worden uit de verandering in energie, bij de overgang van de reactant tot het product
op een bepaald kristalvlak. De theorie van oppervlakte-reactiviteit voorspelt in het
algemeen een hogere adsorptiewarmte voor atomaire adsorbaten op meer open
oppervlakken en slechts kleine verschillen tussen moleculaire adsorbaten.
Tengevolge hiervan verwachten we dat de barrière voor dissociatie van een twee-
atomig moleculair adsorbaat lager is op een meer open oppervlak en de barrière voor
recombinatie van atomen hoger is. Kennis van de verschillen in de elementaire
kinetiek kan zeer nuttig zijn om structuur gevoeligheid in een reactie onder steady-
state condities te verklaren.

Laterale interacties tussen adsorbaten zijn van cruciaal belang in katalytische
oppervlakte reacties aangezien deze een grote invloed uitoefenen op de reactiviteit
bij hogere bedekking. Dit kan tot tegengestelde effecten leiden: enerzijds wordt
dissociatie van een twee-atomig molecuul tot atomen over het algemeen vertraagd,
en anderszijds wordt recombinatie van atomen tot nieuwe moleculen eventueel
versneld bij hogere bedekkingen. De activeringsbarrière voor dissociatie van NO
neemt toe bij hogere bedekking door toedoen van repulsieve laterale interacties met
verschillende adsorbaten, waardoor de dissociatie naar hogere temperaturen wordt
vertraagd en de hoeveelheid NO die uiteen kan vallen wordt verminderd. Het
vertragende effect van de verschillende coadsorbaten (Oads> Nads> NOads> COads)
lijkt samen te hangen met hun adsorptiewarmte. Dit idee is wellicht de basis voor
een meer algemeen concept, waarin de laterale interacties tussen willekeurige
adsorbaten gerelateerd zijn aan hun elektronische effecten. Om dit aan te kunnen
tonen, willen we density functional theory berekeningen voorstellen om een
correlatie tussen de barrière voor NO dissociatie en het elektronisch effect van
verschillende adsorbaten aan te tonen.
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Bij lage bedekking zal de repulsie tussen verschillende adsorbaten
geminimaliseerd worden door diffusie, en in het bijzonder voor moleculaire
adsorbaten. Bij hogere bedekking zullen de verschillende adsorbaten –aangenomen
dat de mobiliteit voldoende hoog is- diffunderen naar de meest gunstige configuratie
om de repulsieve interacties te minimaliseren. Daarom zou een accuraat en
realistisch model voor een gegeven reactie bij hoge oppervlakte bedekkingen –
oftewel hoge drukken-  laterale interacties tussen verschillende adsorbaten moeten
benaderen als een zuiver lokaal fenomeen. Monte Carlo simulaties zijn een manier
om de lokale omgeving van een reagerend molecuul te specificeren, wat het
modeleren van laterale interacties en diffusie van adsorbaten mogelijk maakt.

Vooruitblik

De experimenteel verkregen data, gepresenteerd in Tabel 8.1 zullen de basis
vormen voor het kinetisch modeleren van de CO + NO reactie op rhodium
oppervlakken, gebruikmakend van Dynamische Monte-Carlo technieken, in
samenwerking met de theorie groep en de computer-wetenschaps groep. Wij hebben
een model ontwikkeld om de dissociatie van NO op Rh(100) te beschrijven met
behulp van DMC simulaties, waarin laterale interacties tussen naburige species zijn
ingesloten en diffusie van de verschillende adsorbaten is toegestaan. Figuur 8.2 laat
voorlopige resultaten zien voor de temperatuur-geprogrammeerde reacties van NO
geadsorbeerd op Rh(100), verkregen zijn door A.P. van Bavel, in samenwerking met
R.A. van Santen, J.J. Lukkien, en P.A.J. Hilbers.6 Laterale interacties tussen de
verschillende adsorbaten werden afgeleid van zowel experimentele waarnemingen
als van DFT berekeningen door Sautet en medewerkers.7 Alhoewel de
implementatie van laterale interacties en de absolute waarden voor paarsgewijze
laterale interacties in het model verdere verbetering behoeven, is de repulsieve
interactie tussen NO en zijn decompositie producten noodzakelijkerwijs hoger dan
de onderlinge repulsie tussen NO, om de vertraging van de dissociatie met
toenemende bedekking naar hogere temperaturen te kunnen reproduceren. Diffusie
van adsorbaten werd toegestaan volgens een Arrhenius snelheid vergelijking voor
het verplaatsen tussen sites. Alhoewel de pre-exponentiële factor verlaagd moet
worden vanwege limiteringen aan de berekeningen, blijft diffusie steeds het snelste
proces. We hebben de snelheidsparameters zodanig gekozen dat de diffusiesnelheid
tenminste een orde van grootte hoger is dan de snelste reactie stap om de
configuratie van de adsorbaat-laag op evenwicht te houden. Naast de
reactiesnelheden en de adsorbaat bedekkingen, laten deze simulaties ook de
configuratie van de adsorbaat-laag tijdens reactie zien. Er werden momentopnamen
genomen bij 100 K, waar NO moleculair geadsorbeerd is, en op 800 K, waar Nads en
Oads de enige adsorbaten zijn. Een andere momentopname werd genomen gedurende
de dissociatie van NO, waar zowel NO en zijn decompositie producten aanwezig
zijn.

In analogie met Figuur 4.7 onderscheiden we drie karakteristieke bedekkings
gebieden:
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• Het lage bedekkinggebied (θNO= 0.20 ML) wordt gekenmerkt door volledige
dissociatie. NO dissocieert in een scherpe toestand rond 170 K, in goede
overeenstemming met experimentele waarnemingen. De momentopname bij 170
K laat zien dat alle adsorbaten goed gemengd zijn, wat onze benadering om de
NO dissociatie te modeleren in Hoofdstuk IV rechtvaardigt. Een kleinere
hoeveelheid NO (20%) dissocieert boven 300 K. Dit is waarschijnlijk te wijten
aan  dissociatie van NOads met één naburend N- of O atoom. Vorming van N2
gebeurt op enigszins hogere temperaturen dan experimenteel wordt
waargenomen.

• Bij middelmatige bedekking (θNO= 0.37 ML) wordt de dissociatie aanzienlijk
vertraagd en een kleine hoeveelheid NO begint te desorberen, in goede
overeenstemming met het experiment. Bij 300 K, waar ca. 33 % van het NO
gedissocieerd is doen we een interessante waarneming, nl. dat de overblijvende
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Figuur 8.2 Dynamische Monte Carlo simulaties op een 64 x 64 vierkant grid van
temperatuur-geprogrammeerde reacties van NO op Rh(100), door A.P. van Bavel, in
samenwerking met R.A. van Santen, J.J. Lukkien, and P.A.J. Hilbers.6 In analogie met
Figuur 4.7, laten de bovenste panelen de reactie snelheden (aantal gebeurtenissen)
zien, inclusief de NO dissociatie snelheid, en de onderste spectra de verschillende
adsorbaat-bedekkingen. Hiernaast laten de onderste figuren snapshots zien van de
adsorbaat laag bij drie verschillende temperaturen, waarbij lege adsortie-plaatsen met
with worden aangeduid, adsorptie-plaatsen bezet door NO zijn licht grijs, en adsorptie-
plaatsen bezet door N en O zijn donker grijs.
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NO moleculen neigen tot segregatie en de N- en O-atomen gemengde c(2x2)
domeinen beginnen te vormen.

• Bij hoge bedekking (θNO= 0.60 ML) wordt de dissociatie zelf-remmend en het
grootste gedeelte van de NO dissocieert gelijktijdig met NO desorptie, in
overeenstemming met het experiment. Ook het scherper worden van de NO
desorptie is in overeenstemming met het autokatalytische mechanisme bij
verzadiging, zoals voorgesteld in Hoofdstuk IV. Een klein gedeelte van het NO
dissocieert reeds beneden 400 K, wat aangeeft dat de onderlinge interacties
tussen de NO moleculen te klein zijn. De momentopname van de adsorbaat
configuratie bij 400 K laat duidelijk zien dat de NO moleculen samengedrukt
zijn in (1x1) domeinen met een lokale bedekking θNO= 1 ML, en N- en O-
atomen vormen goed gemengde c(2x2) domeinen met een lokale bedekking
(θN+θO)= 0.50 ML. Wij willen voorstellen dat in dit stadium van de reactie,
dissociatie plaatsvindt aan de randen van de c(2x2)-N,O domeinen door
desorptie van een NO molecuul, waardoor een lege site vrijgemaakt wordt,
gevolgd door dissociatie.

Het hierboven beschreven model reproduceert de belangrijkste
eigenschappen zeer goed op een kwalitatieve manier. Daarnaast geeft het
waardevolle informatie over de lokale verdeling van de adsorbaten. Wij zijn ons
terdege bewust van de vele kwantitatieve discrepanties met de experimentele
waarnemingen. Daarom wordt verdere verfijning van het model door optimaliseren
van de waarden voor laterale interacties stellig aangeraden. Wij willen nauwe
samenwerking tussen experimentalisten en theoretici in de toekomst sterk
aanmoedigen. Verdere studie van de CO + NO reactie op verschillende rhodium
oppervlakken door middel van vibratie-spectroscopie wordt sterk aangeraden om
laterale interacties tussen CO en NO te onthullen en om de adsorptie-plaatsen te
bepalen. Dit is noodzakelijk voor verdere verfijning van de simulaties en zou
uiteindelijk kunnen leiden tot een realistische beschrijving van de kinetiek van de
CO + NO reactie bij hoge bedekkingen, zoals deze voorkomen onder katalytisch
relevante hoge druk reactie condities.
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Elementary Reaction Kinetics
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on Rhodium Surfaces
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1. De verschillende coadsorbaten, aanwezig tijdens de katalytische reductie van
NO met CO op rhodium, hebben opmerkelijk verschillende remmende effecten
op de dissociatie van NO. Een juiste implementatie van deze gegevens kan de
modellering van de reactie-kinetiek aanzienlijk verbeteren.
- Hoofdstuk VII van dit proefschrift
- V.P. Zhdanov and B.E. Kasemo, Surf. Sci. Rep. 29 (1997) 31.

2. De veronderstelling dat de lage activiteit van Rh(100) in de katalytische
reductie van NO met waterstof voor temperaturen lager dan 600 K wellicht
veroorzaakt wordt door een hoge barrière voor NO dissociatie getuigt van een
gebrekkig theoretisch inzicht en -zo mogelijk nog ernstiger- laksheid in het
raadplegen van literatuurbronnen.
- K. Tanaka and A. Sasahara, J. Mol. Catal. A: Chem 155 (2000) 13
- Hoofdstuk IV van dit proefschrift en referenties hierin.

3. De elementaire reactie-stap tussen geadsorbeerd CO en atomaire zuurstof naar
CO2 op rhodium is afhankelijk van de oppervlaktestructuur. In de praktijk
echter wordt deze structuurgevoeligheid niet waargenomen in de CO oxidatie
over rhodium katalysatoren, omdat onder deze omstandigheden het
katalysatoroppervlak vergiftigd is door geadsorbeerd CO.
- Hoofdstuk VI van dit proefschrift
- S.H. Oh, G.B. Fisher, J.E. Carpenter, and D.W. Goodman, J. Catal. 100, 360 (1986).

4. De kinetiek van de electrochemische reductie van NO op een verzadigd metaal-
oppervlak is eerste orde in de concentratie van NO in de vloeistoffase. Dit is een
sterke aanwijziging voor een tweede reactie-mechanisme, dat essentieel
verschillend is van de katalytische reductie van NO in de gasfase.
- J.F.E. Gootzen, R.M. van Hardeveld, W. Visscher, R.A. van Santen, and J.A.R. van
Veen, Recl. Trav. Chim. Pays-Bas 115 (1996) 480
- A.C.A.  de Vooys, M.T.M. Koper, R.A. van Santen, and J.A.R. van Veen, Electrochim.
Acta (accepted for publication).

5. De uitzonderlijk hoge laterale interacties tussen atomaire adsorbaten in de
dissociatie van NO op een nikkel éénkristal, gerapporteerd door Vattuone et al.,
zijn waarschijnlijk het gevolg van de onterechte aanname dat de dissociatie van
NO bij 300 K reeds bij lage bedekkingen instantaan plaatsvindt na adsorptie.
- L. Vattuone, Y.Y. Yeo, and D.A. King, Catal. Lett. 41 (1996) 119.
- L. Vattuone, Y.Y. Yeo, and D.A. King, J. Chem. Phys. 104 (1996) 8096.

6. De Monte-Carlo simulaties van de invloed van laterale interacties op de
ordening van zuurstofatomen en desorptie van O2 op Pt(111) door Zhdanov en
Kasemo staan of vallen met de juiste keuze van de reactieve configuratie voor
recombinatie van O-atomen. De enige conclusie die uit dit werk getrokken kan
worden is dat verkeerde modelaannames, die niet in overeenkomst zijn met
experimentele waarnemingen, leiden tot betekenisloze uitkomsten.
- V.P. Zhdanov and B.E. Kasemo, Surf. Sci. 415 (1998) 403.



7. Feitelijk gezien is de benaming statische SIMS een contradictio in terminis.
Aangezien iedere andere benaming lastigere vragen oproept, is dit echter wel de
meest werkbare.

8. De aanwezigheid van ruis in Monte-Carlo simulaties van temperatuur-
geprogrammeerde reacties geeft een groot gevoel van verbondenheid tussen
experimentalisten en theoretici.

9. Louis Pasteur, Revue Scientific, 1871:

 “… there does not exist a category of science to which one can give the name
applied science. There are science and the applications of science, bound
together as the fruit to the tree which bears it.”

Wanneer we deze metafoor voor de relatie tussen wetenschap en haar
toepassingen doortrekken, volgt hieruit dat de boom der wetenschap goed
verzorgd dient te worden om hem fruit te laten dragen. Ook moet men zich
realiseren dat niet alle vruchten direct bijdragen aan de opbrengst: een gedeelte
moet de kans krijgen om uit te groeien tot een nieuwe boom, om het
voortbestaan van de soort op de lange termijn te garanderen.

10. Het is spijtig dat de discussie over de arbeidspositie van promovendi zich veelal
beperkt tot salarisverhoging. Maatschappelijke status, professionele waardering,
en een goede begeleiding zouden even belangrijke discussiepunten moeten zijn.
Meer aandacht voor deze positieve punten zal de aantrekkingskracht van het
beroep van promovendus op jonge onderzoekers sterk verhogen.

11. Het uitbesteden van CO2-reductie door de westerse geïndustrialiseerde landen
aan derde wereldlanden komt neer op een oneerlijke en afkeurenswaardige
afwenteling van verantwoordelijkheden, getuigend van een neo-koloniale
mentaliteit.

12. Een nieuwe olie-crisis lijkt noodzakelijk voor de succesvolle introductie van
nieuwe technologieën voor het opwekken van duurzame energie.

13. Alwaar de toekenning van Nobel prijzen in de exacte wetenschappen wordt
toegekend op basis van prestaties, menigmaal verricht over enkele decennia,
wordt de toekenning van de Nobelprijs voor de Vrede eerder ingegeven door de
politieke wenselijkheid hiervan in de komende decennia.
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