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1 Introduetion 

1.1 The importance of catalysis for society 

Whereas some disciplines of "Arts & Science" might sometimes have difficulties 
with explaining their relevanee to society, catalysis does not or ought not. Since Berzelius 
introduced the name "Catalysis" around 1836, many examples have appeared which 
illustrate the importance of catalysis to society. We arbitrarily mention a few examples 
through history. In the beginning of the nineteenth century the miner's safety lamp was 
developed by Humphry Davy. It saved many mine worker's lifes by preventing explosions 
caused by mine gas. The synthesis of ammonia for agricultural needs ( and sadly also for 
the production of explosives) was unsuccessful until a catalytic route was developed by 
Haber in the beginning of the 20th century. Midway this century the fluid catalytic 
cracking (FCC) process was developed which enabled the upgrading of heavy oil 
fractions to the high quality gasoline necessary for the rapidly increasing fleet of cars. 
There were also several contributions in the field of polymerization reactions. Best known 
are Ziegier and Natta who received the Nobel prize in 1963 for the discovery of a Ti
based catalysts for the polymerization of polyethylene and polypropylene, respectively. 
The last few decades, catalytic processes have significantly contributed to the rednetion 
of environmentally hazardons waste streams. We mention the success of 
hydrodesulfurization of fuels, which has resulted in a significant rednetion of the SOx 
emissions. Also the conversion of NO, CO and CxHy from automotive exhaust gases to 
the environmentally harmless gases N2, C02 and H20 by the three-way catalyst is an 
elegant example of the benefits catalysis brings to society. 

At this moment more than 800/o of the chemical products is produced by processes 
that involve at least one catalytic reaction step. In the future, emission control and 
processes efficiency will become more and more important This requires adaptation of 
old and development of new processes, which promises achallenging future for catalysis. 

1.2 The principle of catalysis 

Old textbooks often define a catalyst as a substance that accelerates a certain 
chemical reaction without being consumed. Although this description as a whole is 
correct, it may lead to the misconception that a catalyst does not undergo changes during 
reaction. It is therefore better to think of catalysis in terms of cyclic processes. At the 
beginning of a cycle, the reactants and the catalyst interact Due to this interaction the 
chemical behaviour of the reactants changes and some specific reactions are facilitated. 
For the completion of the catalytic cycle, it is essential that the product-catalyst 
interaction is broken so that reactants can interact with the catalyst again and the cycle 
can be repeated over and over. The interaction between the catalysts and the reactants 
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often appears to be very critical. For this reason, almost every catalytic process bas its 
own catalyst and the development of these highly specific catalysts requires great research 
efforts. 

Catalysts come in a very wide variety; they can be metals, oxides, sul:fides, 
organometallic complexes, enzymes, etc. There are many different ways to categorize 
catalysts. For instance, this can be done basedon the nature ofthe catalytical material 
(metals, oxides, sulfides), or on the type of reaction that is catalyzed (oxidation, 
hydrogenation, isomerization, polymerization). Another commonly used distinction is 
between homogeneaus and heterogeneaus catalysts. In heterogeneaus catalysis, the 
reactants and the catalysts are in a different phase: the catalyst typically is a solid, 
whereas the reactants and products are gases or liquids. This thesis describes reactions of 
gases catalyzed by a metallic rhodium (model) catalyst and therefore belongs to the 
discipline of heterogeneaus catalysis. In heterogeneaus catalysis, three main steps of the 
catalytic cycle can be distinguished: adsorption, reaction and desorption, as shown 
schematically for the CO-NO reaction on rhodium in Figure l.I. 

NO-CO reaction on Rhodium 

~~ 

Adsorptie~ Reaction 

(fj)fZj§) 

/ Desorption 

Figure 1.1 Schematic 
representation of the 
rhodium catalyzed NO
CO reaction. 

One ofthe most important steps in the NO-CO reaction cycle is the dissociation of NO. 
The energy to break the NO bond in the gas phase is 650 kJ/mol [ 1 ], whereas a typical 
value for the NO dissociation energy on a rhodium surface is 60 kJ/mol [2], which is less 
than 1 00/o of the gas phase NO bond energy. This nicely illustrates the role of the rhodium 
catalyst in this particular case. Indeed, we can say that, in general, catalysts assist in 
breaking and forming chemica} honds. 

1.3 Chemical kinetics and catalysis 

Since catalysis deals with the acceleration of chemical reactions there is a close 
relation with reaction kinetics. The conneetion between these disciplines can be made on 
different levels. On a macroscopie scale, conversions and selectivities can be linked to the 
activity and performance of the catalyst. However, in order to understand the 
fundamentals of catalysis, which in truth is a molecular science, a comparison with 
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reaction kinetics on the molecular scale is desirable. 
The theory of rate processes on the molecular level was developed around 1935 

by Eyring [3,4], Polanyi [5] and Evans [6], basedon a statistica! mechanica! approach. 
This theory states that an elementary reaction proceeds via a so-called "activated 
complex" or "transition state". This transition state corresponds to the reaction complex 
at the top of the energy harrier, as indicated schematically in Figure 1.2. 

Transition State 

A 

Reactant 
B 

Product 

Figure 1.2 Basic concept of the 
transition state theory. The reactant 
A is in equilibrium with the 
activated complex at the top of the 
energy harrier A', for all degrees of 
freedom with exception of the one 
corresponding to the reaction 
coordinate. The effective rate of 
crossing the energy harrier equals 
kT/h. 

Reaction Coordinate 

The passage of the reacting complex over the harrier is assumed to be a one dimensional, 
classicalevent which involves only one degree offreedom, the reaction coordinate. For 
all other degrees of freedom equilibrium is assumed between the reactant A and the 
activated complex At. The value ofthe equilibrium constant, Kt, can be derived from the 
partition functions (pf) of the reactant in the ground state and the activated state: 

K~ ~ pJA: 
pjA 

pf 

(1.1) 

n.f • n.f • n.f • e kT 
rJ trans Y.J rot YJ vihr 

Partition functions, pf, are defmed as the summation over all the energy levels ei 
of a molecular system as shown in equation 1.1. Partition functions contain contributions 
from translational, rotational and vibrational energies and are often defined with respect 
to the ground state energy U0 of the molecular system. 

The partition function of the activated complex, pfA'+, does not contain the 
contribution that corresponds to the reaction coordinate. Furthermore, it can be derived 
that the effective rate of crossing the energy harrier by the activated complex equals kT!h 
[7]. In this way the transition state theory yields the following expression for the rate 
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constant: 

kTST 
kT 
h 

- IJ. E 

e kT 

Chapter 1 

(1.2) 

In this equation, áE is the energy difference between the potenrial energy minimum for 
A and the energy of the activated complex At at the top of the harrier, both corrected for 
the zero point vibration energy. For more details, the interested reader is referred to 
excellent textbooks on this subject [8,9]. 

No te that there is a slight difference with the widely used defmition of the rate 
constant as introduced by Arrhenius: 

- E 
act 

V • e kT 
Arr 

(1.3) 

In this case all temperature dependenee is in the exponential term and, as a consequence, 
E.ct and áE from equation 1.2 are not necessarily the same. 

Finally, it is important to note that catalysis can not beat thermodynamics: a 
catalyst can accelerate a chemica} reaction but has no influence on thermodynamic 
equilibria. 

1.4 Spectroscopy and catalysis 

The development of ( surface) spectroscopy has transformed catalysis from art into 
science, as is nicely illustrated by a comprehensive overview on the role of spectroscopy 
in catalysis as given by Niemantsverdriet [10]. Generally speaking, there are two different 
areas where spectroscopy contributes to catalysis science. The first one is closely related 
to material science. Commercial catalysts are highly complex systems, consisring of a 
supporting material and a variety of active components, including promoters, etc. 
Spectroscopy is indispensable to deterrnine the composition and structure of the catalyst, 
preferentially on a molecular scale. This knowledge is necessary in order to optimize 
preparation routes and understand phenomena like catalyst deactivation. Secondly, 
surface spectroscopy can yield essential information about surface reactions by studying 
the reactivity of adsorbed species and identifying reaction intermediafes and products. 
The ultimate goal would be to relate catalyst composition on the atomie scale to catalytic 
activity under realistic process conditions. Especially, this last requirement causes severe 
practical problems for the spectroscopist. Since the majority ofthe surface spectroscopie 
techniques uses electrons or ions, either as excitation souree or for detection purposes, 
measurements are restricted to high vacuum conditions (p<I0-6 mbar). Just a limited 
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munber oftechniques, e.g. EXAFS, Mössbauer Spectroscopy, and RAIRS, which all use 
photons for excitation and detection, enable monitoring under high pressure conditions. 
The discrepancy between the experimental and realistic pressure conditions often binders 
translation of results from one area to the other, and has led to the introduetion of the term 
"pressure gap". 

Support 

(AI2~) 

Rh partiele 

Industrial Catalyst 

Conducting 
Substrate 
(Si) 

Rh partiele 

Model Catalyst 

Hexagonallattice of 
Rhatoms 

ÀÀ 

I I 

Single Crystal 

Figure 1.3 Schematical representation of aporous industrial cata/ysts (left), a model 
catalyst on a flat, conducting support (middle), and a single crysta/ (right) representing 
a homogeneaus active phase. 

Another practical problem sterns 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 when this is an expensive material, such as rhodium. In 
practice, this is realized by finely distributing the active material over a porons support 
which has a high specific surface area and provides mechanical strength, see Figure 1.3. 
Consequently, most of the active material is bidden and not accessible for analysis by 
surface sensitive techniques. Furthermore, supports often are insulating materials, which 
can result in charging problems and accompanied loss of spectroscopie information. One 
of the possibilities to solvethese problems is using model supports, see Figure 1.3. A 
model support typically consists of a conducting substrate which is topped by a flat, thin 
layer ofthe supporting material, e.g. a silicon wafer with a 5 run thick Si02 oxide layer. 
On this model support the active phase can be deposited by evaporation [ 11] or by wet 
chemical methods which more closely resembie commercial catalyst preparation routes 
[12-15]. Applications of model catalysts and supports have recently been reviewed by 
Gunter et al. [16]. 

Many catalytic reactions have appeared to be structure sensitive [17, 18], which 
requires knowledge of the surface structure on the atomie level. This information can 
hardly ever be obtained from in dustrial catalysts. F or this reason, single crystals, of which 
the atomie arrangements at the surface are known, are often used. Spectroscopie data 
obtained from single crystals can provide information on the molecular level, which 
enables comparison with theory, like the transition state theory, and theoretica! cluster 
calculations [19]. Although the gap is large, the bridge to realistic catalysts is there, since 
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reactivity studies on single crystals significantly contribute to the unravelling of highly 
complex reaction systems, by providing rate parameters for elementary steps. 

1.5 Automotive exhaust catalysis 

By far the most important application of rhodium is as the active component in 
catalytic couverters for automotive exhaust gases. In 1990, 84% of the total Westem
world demand for rhodium originated from the production of autocatalysts [20]. The 
currently used catalytic exhaust gas converter is the "three-way catalyst", which is named 
this way since it promofes the remaval of 3 pollutants; CO, NO" and hydrocarbons: 

Y2 02 
(x+y/4) 0 2 
(CO+H2+CxHy) 

.... C02 

.... x co2 + y/4 Hzo 

.... N2 + (C02+H20) 

(1.4) 
(1.5) 
(1.6) 

ln three-way catalysts, rhodium is important for the selective catalytic rednetion ofNOx 
to N2, while it contributes significantly to CO and C"~ oxidation as well [20]. 

Ceramic Axial 
Channel 

CH x y 

Monolith catalytic 
Converter 

Figure 1.4 Schematic 
representation of the three
way exhaust gas converter. 
The monolith consists of 
parallel ceramic channels 
which are covered with an 
A/20 3 washcoat acting as 
support for the Pt and Rh 
particles. 

Figure 1.4 shows a schematic representation ofthe commercial automotive exhaust 
converter. In order to avoid pressure build up, a monolith consisting of parallel axial 
channels is used (~60 channels per cm2

, total volume 1400-1800 cm3
). The monolith is 

composed of cordierite (2Mg0·2Al20 3·5SiOJ and is covered with an AlzÜ3 washcoat, 
which is the actual supporting materiaL The noble metals Pt and Rh are applied to the 
support by impregnation (typicalloadings 2 g and 0.22 g, respectively). The catalyst 
contains several additives which imprave catalyst performance and durability. Ceria 
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(Ce02) is added in large amounts, 10-30 wfl/o of the washcoat, whereas also small 

amounts of lanthanum oxide and alkaline earth oxides are present Ceria bas many 
functions, for instance, itacts as a reversible oxygen storage component and it stahilizes 
the alumina support. 

The three-way catalyst simultaneously has to execute CO and CxHy oxidation, on 

the one, and NOx reduction, on the other hand (see equations 1.4, 1.5 and 1.6, 
respectively). High activity on both oxidation and rednetion reactions requires tight 

control of the air-to-fnel ratio in the combustion mixture for the car engine 
(AlF == 14.7±0.3). Under fuel-lean conditions (net oxidizing), NOx rednetion rapidly 
deteriorates, whereas CO oxidation is hampered in the reverse case. Practically, the 

oxygen excessin the exhaust gas is measured by an oxygen sensor (À-sonde) and by 
means of an electronk module the AlF ratio is adapted so that optimum conditions for 
catalysis are maintained. The time delay in the feed back is in the order of one second 
owing to which the AlF ratio in the exhaust oscillates with a frequency of 1 Hz around 

the stoichiometrically balanced ratio. Interestingly, these oscillations (provided they 
comprise a rather small window, AlF = 14.7±0.3) have been found to increase the 
effectiveness of the converter [20]. 

Future exhaust emission legislations require further development of the catalytic 
converter. For the rednetion of CO and CxHy emissions, the focus lies on the shortening 
ofthe light-offperiod (this is the time for the catalyst to reach operating conditions 350-
650 oq. However, NO x emission predominantly occurs with the fully warmed-up engine 

and further rednetion of the emissions requires improverneut of the catalyst activity. This 
explains the contemporary research efforts on NOx rednetion by rhodium. Other new 
challenges for emission control are the development of catalysts for NO x rednetion from 
diesel and lean hum engines, where AlF ratios are larger that 17: 1. Also the influence of 
fuel composition on the exhaust composition and thereby catalyst performance is a point 
of interest 

Another future application of rhodium may he in syngas production. Riekman and 
Schmidt [21] showed that rhodium is capable of converting methane to syngas, by direct 

oxidation ( efficiencies larger than 90%) when re action times are kept very short, < 1 o-3 s. 
Syngas can be used to produce a variety of products. Methanol can he produced 

by using a copper/zinc catalyst, while hydrocarbons can he obtained by the Fischer
Tropsch process. Interestingly, rhodium based catalysts can produce oxygenates like 

ethanol and ethanal from syngas [22-24]. The product selectivity in syngas conversion is 

determined by elementary reactions, such as CO dissociation, C-C coupling and CHx 
hydrogenation. These reacrions have been studied extensively on transition metal surfaces 

including rhodium. 



14 Chapter 1 

1.6 Scope of this thesis 

The purpose of this thesis is to investigate elementary surface reactions that occur 
during NO reduction on rhodium, with the ultimate ambition to determine the associated 
kinetic parameters. We will pay special attention to the reactivity of atomie nitrogen 
atoms, which play a decisive role in the selectivity of NOreduction reactions. Knowledge 
of kinetic parameters is essential to get a better understanding of the processes that 
determine the performance of the three-way catalyst, which is an important requirement 
for further development Kinetic parameters of elementary NO reduction reactions are 
also indispensable for the understanding and modeHing of the oscillatory reaction 
behaviour which has been reported for many NOreduction reactions on rhodium [25,26]. 

A rhodium ( 111) single crystal surface has been used as a model for the catalyst 
and all experiments have been carried out in an Ultra High Vacuum (UHV) system. F or 
the determination of kinetic parameters of certain elementary steps, we have employed 
a combination of two techniques: temperature-programmed desorption or reaction 
spectroscopy (TPD, TPRS) together with secondary ion mass speetrometry (SIMS). This 
combination of techniques has been proven very powerful, since, TPD or TPRS provide 
information about the gaseous products formed and SIMS monitors reactions on the 
surface and detects intermediates. 

In the following we describe the arrangement of this thesis. Chapter 2 depiets the 
experimental set up and gives a brief de scription of the physical principles that underlie 
the surface spectroscopies we have employed. Special attention is paid to the strengths 
and weaknesses of SIMS. Chapter 3 deals with the adsorption and dissociation of NO 
where the importance of lateral effects is illustrated. Chapter 4 shows how atomie 
nitrogen layers can be prepared. The mechanism of ammonia formation, by the stepwise 
hydrogenation of atomie nitrogen, is the subject of Chapter 5. The adsorption and 
desorption of ammonia have been studied separately and the results are described in 
Chapter 6. Chapter 7 deals with the reduction of NO by hydrocarbons, which has been 
investigated by reactions between NO and ethyl ene. The formation of cyanides and HCN 
has been studied in detail in Chapter 8, in which also kinetic parameters for both CN 
formation and decomposition are presented. Finally, Chapter 9 summarizes the most 
important results and conclusions of this thesis. 
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2 Experimental set-up and techniq u es 

2.1 Introduetion 

Experiments form the backbone of the research in this thesis. In this chapter we 
give a briefdescription of the experimental set-ups and techniques we have employed. 
First we describe the teehoical set-up of the UHV systems. Next we provide some 
physical background about the surface spectroscopie techniques we have employed: 
secondary ion mass speetrometry (SIMS), temperature-programmed desorption or 
reaction spectroscopy (TPD/TPRS), low energy electron diffraction (LEED), and Auger 
electron spectroscopy (AES). We most extensively discuss the SIMS technique, which 
is the major surface analysis tooi for the experiments presented in this thesis. 

2.2 Teehoical description of the UHV systems 

The vast majority ofthe experiments bas been carried out in a stainless steel ultra 
high vacuum (UHV) system, equipped with facilities for secondary ion and neutral mass 
speetrometry (SIMS/SNMS), temperature-programmed desorption and reaction 
spectroscopy (TPD/TPRS), and Auger electron spectroscopy (AES). In principle also 
ultraviolet pboton electron spectroscopy (UPS) and low energy ion scattering (LEIS) can 
be performed, but these techniques have notbeen applied in this study. 

Figure 2.1 shows a schematic drawing of the UHV system as adapted from my 
predecessor Borg [ 1]. 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 atrn) is incorporated, but has not been used in any of the 
experiments. The commercially available spherical analysis chamber (Leybold 
REZ 12/M) is pumped with a 360 Q/s turbomolecular pump (Leybold 360 CSV) and a 
water-cooled 600 Q/s titanium sublimation pump (Leybold V 150-2). The pressure is 
measured with an ionization gauge ofthe extractor type (Leybold IE 514) and is typically 
around 1 x 10"10 mbar. Gases can be introduced in the analysis chamber by two different 
leak valves, which allow a precise adjustrnent 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 5x 10·8 mbar by a 56 Q/s tw:bomolecular 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 
speetrometry (SIMS/SNMS). The mass spectrometer is also used for residual gas analysis 
(RGA) and temperature-programmed desorption andreaction spectroscopy (TPD/TPRS). 
The SSM 200 module incorporates three functional groups: an ion opties assembly, a 
Balzers QMG 511 quadrupole mass spectrometer (for the mass range m/e=0-511 ), and ion 
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Figure 2.1 Schematic representation of the UHV system consisting of an analysis 
chamber, a preparation chamber and a high pressure cell. The analysis chamber is 
equipped with a quadrupale mass spectrometer, an ion gun, an electron gun, and a 
hemispherica/ energy analyzer. The preparation chamber is separated from the main 
chamber by a valve and is equipped with a sputter gun for sample cleaning. 

counting electronics. The ion opties consists of a set of collector lenses, an ionizer (for 
SNMS, RGA, and TPD), an energy selector comprised of a 45 o electrostatic sector, and 
an exit lens to project the ions onto the aperture ofthe quadrupole mass spectrometer. In 
the quadrupole section the actual mass selection takes place: only i ons with a certain mie 
ratio are transmitted. These ions are subsequently accelerated and detected by an electron 
multiplier. The speetral data are acquired with a Leybold data acquisition unit (DAU 865 
985); subsequently, they can be sent via an IEEE interface to a PC for analysis and 
storage. The analysis chamber furthermore 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 reptacement 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) ofthe TUE. It is pumped with a 
150 Q/s turbomolecular pump (Leybold 150 CSV). The pressure in the preparation 
chamber is measured with a ionization gauge of the Bayard-Alpert type (Leybold IE 20) 
and is typically 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, so that it can be 
transferred rapidly between the two UHV vessels. The sample rod was developed and 
built at the central workshop (CTD) ofthe TUE. It consistsof a polisbed stainless steel 
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tube with an outer diameter of 12 mm, an inner diameter of 8 mm, and a totallength of 
1250 mm. It enters the UHV system through a gate equipped with a vacuum feedthrough 
system. The latter is basedon a set of differentially pumped Viton"'/TeflonT"' 0-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 0.30 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 takesabout 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 assembied at the central workshop (CTD). The unit consists of a 
Eurotherm TM 900 EPC PID controller and a Delta power supply. Aft er tuning of the PID 
parameters, hearing 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 1500 Kin order to avoid rapid wearing ofthe tantalum wires. 

Temperatures are measured with a chromel-alumel thermocouple spotwelded to 
the back ofthe sample. The thermocouple wiresalso 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, digitalized with an analog-to-digital converter, and stored in a 
personal computer (PC). 

The other UHV system comprises a slightly modified version of the RAIRS system 
as designed and built by De Jong in cooperation with the technical workshop (CTD) [2]. 
Compared to the old system, which is described in detail in ref. [2], the high-pressure cell 
(up to 1 bar) has been detached and the sample manipulation system bas been changed. 
Originally, the sample could be detached and transferred from the xyzO-manipulator in 
the main chamber to the one in the high-pressure cell, which required breakinglre
establishing both heating and thermocouple contacts. This concept shows limitations 
when extreme heating and cooling conditions are required (100-1500 K). We have 
replaced the detachable sample holderby a system with a fixed sample similar to the one 
described in the previous section. We only used the main chamber of the system which 
was equipped with a reverse view four grid AES/LEED opties (Spectaleed, Omicron 
Vakuum physik GmbH) and a Leybold-Heraeus Quadruvac QlOO mass spectrometer for 
TPD and TPRS. We predominantly used this system for LEED experiments and 
explorative TPRS studies. The base pressure ofthe system was typically around 2xl0-10 

mbar. 



20 Chapter 2 

2.3 Secondary ion mass speetrometry 

2.3.1 The principle of SIMS 

The history of SIMS goesback to 1910, when Thomson observed and identified 
the emission of positive secondary i ons when a metal surface was bombarded with high 
energetic primary ions in a discharge tube [3]. However, it took until the 1960s before 
SIMS came practically into use. Conceptually, the principle of SIMS seems rather simple. 
A surface is exposed toa beam of high energetic primary ions (0.5-5 keV). The primary 
i ons penetra te into the substrate and create a number of collision cascades. Part of the 
collision energy flows back to the surface and stimulates the ejection of atoms and multi
atomie clusters, the majority as neutrals but also as positive and negative i ons, see Figure 
2.2. Secondary ions can be detected directly with a mass spectrometer, whereas the 
detection of neutrals requires post-ionization. ln the latter case the term SNMS, secondary 
neutral mass speetrometry is used. 

For metallic substrates, the incoming primary ion is neutralized near the surface 
and when it penetrates into the surface, elastic collisions with nuclei of the substrate form 
the major souree of energy loss. Due to a very efficient process of recombination, the 
number oflattice defects that remain is limited to 1-10-3 per incoming primary ion [ 4]. 
The ejected atoms and clusters almost exclusively stem from the surface of the substrate 
and provide information in several ways: 
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Figure 2.2 Schematic 
representation of the SIMS 
principle. High energetic primary 
ions penetrate into the surface and 
cause a colliston cascade. Part of 
the energy jlows back to the sulface 
and stimulates the emission 
neutrals and ions, which are 
detected with a mass spectrometer. 

- single atoms give information about the elements that are present at the surface 
- molecular clusters can indicate the presence of surface compounds 
- characteristic fragmenta/ion patterns of molecular clusters can sometimes give 

additional information about the type of compound (e.g. Mo03 versus Mo02). 

- in some cases intensity rattos between secondary ions can give (semi-) 
quantitative information about surface coverages. 
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SIMS can be perlonned in various modes yielding rather different types of 
information. In dynamic SIMS, a very high flux of primary i ons is used which results in 
the removal of several tens of monolayers per minute. This highly destructive mode is 
generally used to monitor elemental composition as a function of depth, for instance, to 
determine the concentration depth profile of a boron implant in a silicon wafer. Thanks 
to the development ofprimary ion beams with diameters as smallSO nm [5], SIMScan 
be used to generate chemical mapsof surfaces; this mode is called imaging SIMS. In this 
thesis we apply SIMS is a static mode in which very low primary ion fluxes are used (1 
nA/cm2

) and the time to remove a monolayer is in the order of hours. Consequently, the 
surface structure doesnotchange on the time scale of a measurement (seconds, minutes) 
and the molecular ion fragments are indicative for the chemical structure of the surlace. 
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 intactemission ofvery large molecules, like vitamin B12 (m/e=l356), from 
metallic substrates has been observed [6]. 

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

2.3.2 Secondary ion yields 

The yield of a positive or negative secondary ion 1/X"), emitted from a matrix M, 
is given by [4]: 

with 
1/X") 
lp 
8(X) 

Y(X.M) 

«"(X.M) 

I· 8(X) · Y(X,M) · a"(X,M) · q(X~) 
p 

(2.1) 

measured flux of positive or negative secondary i ons X± (in ionsis ); 
flux ofprimary ions (in ions/s); 
fractional concentration of element X in the sulface layer (0<8 <1 ); 
sputter yield of element X from matrix M (i.e. the number of atoms 
X emitted per incident ion); 
effective (positive or negative) ionization probability of atom X 
ejected from matrix M; 
transmission of the mass spectrometer for ion X", typically 1 o-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 the primary ions lr. However, in order to maintain static conditions the acquisition 
time has to be significantly smaller than the monolayer life time. Fora primary ion flux 
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of 1 nA/cm2
, the number of particles that arrive at the surface is 6x 109 particles/cm2

• 

For sensitive adsorbates like po1ymers, each primary partiele can affect an area of 10 nm2 

[4]. In this case it takesabout 25 minutes to entirely alter the ftrst surface layer. 
The sputter yield, Y, is deftned as the number of secondary atoms that is ejected 

per incoming primary ion. For pure elements the sputtering of atoms is reasonably well 
understood [7-9], 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 primary ion 
beam. Generally, the sputter yield increases with increasing mass of the primary ion, 

Yx.> YA,.> YNe· The dependenee 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 peneteation depth increases and fewer collision cascades reach 
the surface. Also the dependenee of the sputter yield on the angle of incidence of the 
primary ion shows an optimum. The peneteation depth of the primary ion decreases at 
more grazing angles; however, also the probability of scattering increases. Consequently, 
the sputter yield maximizes at around 70° for surfaces where channelling effects do not 
play a role [ 1 0]. Sputtering from multi-element targets is much more complicated and 
processes like preferential sputtering have been observed [4]. 

As stated previously, only a small fraction of the secondary particles is ejected in 
the form of i ons. The ionization process which takes place in the near surface region is 
not well understood and only some general correlations have been determined [4,6]. We 
discuss some properties of the ionization probability a ... for positive secondary i ons on the 
basis ofthe perturbation model ofN0CSkov and Lundqvist [15] which is illustrated by the 
following expression: 

f{J(M)- l(X) 

v,(X) (2.2) 
a'(X,M) "' e 

with 

a~(X,M) 

f{J(M) 
I(X) 

v~(.%J 

the net positive ionization probability of atom X emitted from matrix M; 
the work function of matrix M; 
the ionization potential of emitted partiele X; 
the velocity component perpendicular to the surface of emitted partiele X 

The ionization probability increases when the ionization potential decreases. 
Elements, such as, Na, K, Mg are therefore easily detected in positive SIMS in contrast 
to elements, such as, 0, 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 surface region. Therefore, a higher normal velocity vJ of the secondary ion 
results in a higher escape probability ofthe secondary ion. For elements, the ionization 
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probabilities vary over five orders of magnitude across the periodic table. However, also 
the chemical environment of the emitted partiele plays a decisive role in the ionization 
process. This so called matrix effect makes the ionization process rather intangible. 

A very important issue with respect to the detection efficiency is the energy 
distribution of the secondary ions. The energy distribution for elemental secondary i ons 
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 narrower. Since quadrupale mass spectrometers also operate with a 
narrow energy window, typically I 0 e V, the setting of the energy window is very critical, 
especially for the detection of cluster ions. This phenomenon causes serious problems 
when insuiators are analyzed. In this case (inhomogeneous) charging results in shifting 
and distorring of the energy distribution, which can seriously deteriorate the detection 
efficiency. 

2.3.3 Application of SIMS in surface science 

F or the applications of SIMS in catalysis and surface chemistry we refer the 
interested reader to an extensive, recently published review by Borg and Niemantsverdriet 
[ 11]. 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 
reactions. 

ln favourable cases SIMS can give information about; the coverage, the adwrption 
state (dissociative or molecular), and the adsorption site of an adsorbate. For instance, 
Zhu and White [12] showed that the Ni2W/Ni+ intensity ratio varies linearly with the 
hydrogen coverage on a Ni(IOO) single crystal surface. Similar correlations have also 
been observed for CO and NO on various metal surfaces [11]. 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 
moleculady adsorbed CO, PdC+ and PdO+ indicate dissociation [13]. Brown and 
Vickerman [14-16] have shown that the bonding geometry of CO is reflected by the 
relative intensities of the cluster i ons containing one, two or three substrate metal ions, 
Mco+, M2co+, M3CO+. 

ln 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. [17] used temperature-progranuned SIMS to determine the kinetic 
parameters for the NO dissociation reaction on Rh(111). Creighton and White [18] 
showed that SIMS can monitor, in situ, the H-D exchange in ethylidyne ( =C-CH3) on 
Pt(lll ). Furthermore, SIMS can provide information about the intermediafes that are 
present on the surface during reaction which can aid in the elucidation of complex 
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reaction mechanisms. 
Finally, we would like to state that the combination of SIMS and temperature

programmed reaction spectroscopy (TPRS) is extremely powerfut for studying complex 
surface reactions. Whereas (TP)SIMS provides information about reacrions that occur on 
the surface, desorption products are detected in a similar TPRS experiment. 

In the following section we briefly discuss the other surface analysis techniques 
we have employed. 

2.4 Other surface analysis tools 

2.4.1 Temperature-programmed reaction spectroscopy 

Conceptually, this technique is rather simpte. A surface is covered with one or 
more adsorbates at low temperature, the sample is heated at a constant rate and the 
desorbing gases are detected with a mass spectrometer. lf desorption is the only reaction 
process that occurs during the temperature ramp, this technique is called temperature
programmed desorption (TPD) orthermal desorption spectroscopy (TDS). TPD has been 
widely used in order to obtain information on the desorption kinetics of adsorbates from 
solid surfaces. If the pumping rate of the UHV system is sufficiently high, it can easily 
he shown that the mass spectrometer signal for a particular desorption product is linearly 
proportional to the desorption rate ofthe adsorbate: 

with 

r = -
des 

0 

V des 

Edes 

R 
T 

de 
dt 

the desorption rate 
the fractional adsorbate coverage 
the time 
the rate constant for desorption 
the order of desorption 
the pre-exponenrial factor of desorption 
the activation energy of desorption 
the gas constant (8.314x 10-3

) 

the temperature 

(2.3) 

[lis] 
[-] 
[s] 

[ 1/s] 
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[lis] 
[kJ/mol] 

[kJ/molK] 
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Various methods have been developed to determine the pre-exponential factor and 
activation energy for desorption from TPD spectra [19-23]. Some ofthemjust consider 
the peak maximum temperature [19], others also peak width [23]. Unfortunately, these 
methods generally only give reliable results in the limit of zero coverage [24]. 

In temperature-programmed reaction spectroscopy, the desorption ra te of a certain 
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product can also be determined by a preceding surface reaction. In this case the 
desorption spectrum does not give information about the desorption parameters but about 
the rate-determining surface reaction. SIMS can often reveal whether the formation of a 
gaseous product is desorption or reaction limited. 

TPD is also frequently used to determine (relative) surface coverages. The area 
below a TPD spectnun of a certain product is proportional to the total amount that 
desorbs. Therefore, only one calibration point is necessary to determine the correlation 
between TPD area and absolute surface coverage. Once this correlation is known, TPD 
can he used to determine uptake curves which correlate gas exposure to surface coverage. 
TPD areas of different products can directly he compared if the mass spectrometer 
sensitivities are known. 

2.4.2 Low-energy electron diffraction 

Low-energy electron diffraction (LEED) is a technique which is used todetermine 
the structure of ordered surfaces and adsorbate layers. In principle, it is possible to obtain 
three-dimensional information and to determine the exact position of adsorbed species 
[25]. However, in this thesis, we have used LEED only for two purposes; to check the 
structure of the Rh( 111) single crystal surface and to determine ordering of adsorbates. 
For an extensive description ofthe technique and all its possibilities, the reader is referred 
to the textbook of Van Hove and Tong [25]. 

The LEED technique uses a monochromatic beam oflow energetic electrous (50-
200 e V), which is aimed at the surface. The electrons, which can be considered as waves, 
are elastically scattered and will exhibit an interference pattem, which can be visualized 
by means of a fluorescent screen where places of constructive interference appear as 
luminous spots. Due to the periodic order of the surface atoms, constructive interference 
is only observed in directions for which the path length differs by an integral number 
times the electron wave length. The LEED pattem forms a regular arrangement of spots, 
representing a two-dimensionallattice with veetors b1 and b1. Figure 2.3 shows the 
correlations that exist between the lattice veetors b1 and b1, which construct the LEED 
pattem, and the veetors a1 and a1 that represent the two dimensionallattice of surface 
atoms (n represents the surface normal). 

In the case that the surface contains an ordered adsorbate layer, the LEED pattem 
is composed of spots stemming from the substrate and from the adsorbate layer. Figure 
2.3 shows the situation where a Rh(111) surface is covered with an ordered NH3 
adsorbate layer. In many cases, the lattice veetors of the adsorbate layer are simply a 
multiple of the lattice veetors of the substrate. 

For the situation sketched in Figure 2.3, the veetors a1• and a2• for the NH3 

adsorbate layer are twice as large as the veetors a 1 and a1 for the Rh( 111) surface layer, 
respectively, which is expressed in the Wood's notation for the adsorbate structure: (2x2)
NH3. Note that there is an inverse correlation between the length ofthe lattice veetors in 
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Figure 2.3 Correlation between sulface structure of the substrate and adsorbate, and 
the corresponding LEED pattern iilustrated for a Rh(lll) sulface covered with an 
ordered NH3 adsorbate iayer. 

the adsorbate structure and those in the corresponding LEED pattem. Consequently, the 
lattice veetors that construct the NH3 LEED pattern, b1* and b2 ·, are half the length of the 
vectors, b1 and b2, originating from the Rh( 111) substrate. 

The LEED pattem only gives information about the periodicities in the adsorbate 
layer and not about the location of the adsorbates. In Figure 2.3 we have arbitrarily 
located the NH3 molecules on top sites. 

In some cases, LEED pattems are observed in a rather small coverage window, for 
which the entire surface is covered with a certain adsorbate structure. If so, the LEED 
structure can give information about the surface coverage, e.g. a (2x2) structure 
corresponds to a surface coverage of 0.25 ML (or multiples, in case that the unit cel 
contains more than one adsorbate). 

2.4.3 Auger electron spectroscopy 

Although Auger electron spectroscopy (AES) provides qualitative and quantitative 
information about the composition of the surface region of the sample [26,27], we have 
used AES only in order to check the cleanliness of the rhodium surface. Basis for this 
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representation of the Auger 
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holes. The core hole is fllled by an 
electron from a higher energy level 
and the energy released by this 
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technique is the Auger process, which is depicted schematically in Figure 2.4. 
Irradiation of a sample with primary electrous (0.5-1 0 ke V) or with X-ray photons 

results in the emission of electrans from the core levels of atoms. The created core hole 
is filled by an electron from a higher energy level and the energy that is released by this 
transition is used to emit the Auger electron. The kinetic energy of the Auger electron 
'EnM can be approximated by: 

with 

(2.4) 

EKIM the kinetic energy ofthe Auger electron; 
EK the binding energy of an electron intheK shell, etc.; 
e the energy shift caused by relaxation effects due to the presence of 

a core hole; 
<p the work function ofthe sample. 

Apart from the relaxation effects and the work function of the sample, the kinetic 
energy of Auger electron is determined solely by the location of the energy levels of the 
electrans involved in the Auger process (and is thus independent of the energy of the 
primary electrans or photons ). Since the location of the energy levels is element specific, 
the kinetic energy of the Auger electron provides information about the elements in the 
surface region. Typical Auger energies are in the range between 0 and 2000 eV. Due to 
the limited inelastic mean free path of these electrons, the prohing depth of Auger is 
limited to several atom layers only. 
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3 The adsorption and dissociation of NO on Rh(lll) 

3.1 Introduetion 

For a long time, rhodium has been virtually irreplaceable as constituent in tbe 
catalytic automotive exhaust gas converter [1]. Whereas platinum is an excellent catalyst 
for tbe oxidation of botb CO and hydrocarbons, rhodium is necessary for tbe selective 
reduction ofNOx to N2. Fortbis reason, tbe interaction of NO with botb polycrystalline 
[2] and single crystal rhodium surfaces [3-16] has been studied extensively. lt has been 
well established now tbat NO adsorbs molecularly on all rhodium surfaces at liquid 
nitrogen temperatures. Furthermore, tbe reactivity for NO dissociation strongly depends 
on tbe surface structure. This is illustrated, for instance, by tbe large differences in tbe 
temperature at which NO dissociation becomes apparent at the various crystal planes. At 
low coverages, NO dissociation starts at around 275 K on tbe close-packed Rh(lll) 
surface [17], at around 200 Kon tbe Rh(110) surface [16], and at around 170 Kon the 
Rh(IOO) surface [11]. Despite tbe large number ofinvestigations, tbe mechanism ofNO 
dissociation is still only partly understood. The dissociation of anNO molecule requires 
a large ensemble of empty sites which makes tbe reaction strongly coverage dependent 
[ 17]. Another factor which complicates determination of the rate parameters for NO 
dissociation is tbe existence of strong lateral interactions between NO and its dissociation 
products N and 0. This has led to detailed studies of the NO and N, and NO and 0 2 

coadsorption systems on Rh(111) [18,19]. 
This chapter dealswithNO adsorption and dissociation on the Rh(lll) surface. 

The first part of this chapter is devoted to a careful calibration of tbe NO coverage and 
tbe construction of anNO uptake curve. NO coverage calibration is a prerequisite for tbe 
quantitative preparation of atomie nitrogen as described in Chapter 4 and the reactivity 
studies between NO and ethylene as described in Chapter 7. The second part of this 
chapter describes the results obtained from isotbermal NO adsorption experiments 
between 150 and 600 K. We have employed SIMS and TPD todetermine the composition 
ofthe adsorption layer obtained after saturating tbe Rh(lll) surface witb NO at various 
constant temperatures. The isothermal NO adsorption process has been modeled using a 
Monte-Carlo based simulation program. Comparison between the experimental results 
and the simulations has given detailed information about the important role that surface 
diffusion and lateral interactions play in processes, such as, surface ordering and 
dissociation. Usually, kinetic parameters for the NO dissociation reaction are derived 
from temperature-programmed experiments. The strong temperature dependenee oftbe 
killetic parameters for the NO dissociation reaction implies that these parameters change 
during the experiment. W orking isotbermally during NO adsorption has tbe advantage 
that the temperature dependenee of the NO dissociation reaction for a particular 
experiment is ruled out and that only coverage dependent effects have to he considered. 
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3.2 Experimental 

TPD, SIMS and work function experiments were perforrned in a stainless steel 
ultra high vacuwn (UHV) system, pwnped with a 360 lis turbomolecular pwnp and a 
water-cooled titanium sublimation pump. The base pressure was typically around 5.1 o·tt 

mbar, and mass spectra of the residual gas indicated the presence of mainly H2, CO and 
C02• The system is equipped with a Leybold SSM 200 quadrupole mass spectrometer for 
TPD and SIMS, and a Leybold EA 10 hemispherical energy analyzer for AES and D.q> 

measurements. Both analyzers were interfaced with a PC for data storage. 
SIMS measurements were perforrned in the static (low damage) mode. Typically, 

we used a defocused 5 ke V primary Aré' beam with a current density of 1-10 nA/cm2
. To 

average possible anisotropies in the secondary ion emission process we applied a target 
bias of +45 V and an extractor voltage of -300 V on the entrance lens of the quadrupole 
system. 

LEED experiments were perforrned in a different UHV system equipped with a 
Leybold Quadruvac Q 100 mass spectrometer and areverse view, four grid AES/LEED 
opties (Spectaleed, Omicron Vakuumphysik GmbH). LEED data were obtained with an 
electron beam current between 20 and 30 ~A. 

Each UHV system contained a rhodium crystal which was cut in the [ 111] 
orientation within 0.5 o and polisbed by standard procedures. The temperature was 
measured by a chromel-alumel therrnocouple spotwelded on the back of the crystal. The 
standard cleaning procedure consistedof an argon sputter treatrnent (900 K, 1.5 keV, 
5 ~Ncm~ foliowed by annealing in 2.10·8 mbar 0 2 (900 K-1100 K) and a fmal annealing 
treatrnent in vacuum at 1420 K. NO (Messer Griesheim, 99.5%) was used without further 
treatrnent. Exposures are reported in Langmuirs (1L = 1.33x 10·6 mbar.s) and coverages 
are expressed with respect to the number of Rh surface atoms (1 ML=1.6xl015 cm-2

). 

3.3 Experimental results 

3.3.1 Low-temperature adsorption of NO on Rh(lll) 

Figure 3.1 shows temperature-programmed desorption spectra ofN2 (28 amu, left 
panel) and NO (30 amu, right panel), obtained after exposing the Rh( 111) crystal to 
various amounts of NO at 120 K and heating at 10 Kis. At exposures below -0.4 L all NO 
dissociates upon heating, as is evidenced by the absence of molecular NO desorption. 
Only N2 and 0 2 desorption is observed. 0 2 desorption spectra are not shown, since the 
heating rate was not linear over the entire 0 2 desorption regime (900-1400 K). We also 
monitored for N20 ( 44 amu), but this product was not observed in any of the experiments. 
At NO exposures above 0.4 L an increasing amount of the adsorbed NO desorbs 
molecularly in a narrow desorption state, denoted a 2-NO, with a peak maximum at 430 K. 
Together with the appearance of molecular NO desorption, a second N2 desorption 
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Figure 3.1 Temperature-programmed desorption spectrafor N2 (mie =28, left 
panel) and NO (m/e=30, right panel) obtained after exposing a Rh(l11) crystal to 
various amounts of NO at 120 K and healing at 10 Kis. 
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state, denoted ~ 1- N2, is observed which shows pseudo first order desorption behaviour. 
At low coverage, all nitrogen desorbs in a regular secoud-order N 2 desorption state, 
denoted ~ 2-N2, of which the maximum shifts from 640 K to 525 K with increasing 
coverage. At NO exposures above -1.6 La secoud NO desorption state, denoted a cNO, 
is observed as a broad low temperature shoulder of the a 2-NO desorption state. In the 
discussion section we will finther dwell on the nature and origin of the various desorption 
states. For the moment, we willjust use the desorption data for the calibration ofthe NO 
surface coverage versus NO exposure. 

The amount of adsorbed NO is proportional to the weighted sum of the TPD areas 
of the N containing products, which are N2 and NO in our case. Since one N2 molecule 
sterns from two dissociated NO molecules, the N2 TPD area is multiplied by 2. In order 
to correct for differences in ionization probability of NO and N2 (SNJSN2=1.2), the NO 
peak area was divided by 1.2. The link between the sum of the TPD areas and the actual 
NO coverage requires at least one calibration point, which can be a saturation coverage 
or a weB defined coverage corresponding to an ordered structure observable by LEED. 
As calibration point, we have used the NO saturation coverage of 0.68 ML as reported by 
Root et al. [4] for adsorption at 120 K. This was preferred above cabbration basedon NO 
LEED patterns, which were observable in a rather broad coverage regime. 

Figure 3.2 shows the NO coverage as a function ofthe NO exposure at 120 Kas 
derived from the NO and N2 TPD areas according to the above described procedure. The 
solid line in Figure 3.2 represents a fit ofthe NO uptake curvebasedon the Langmuir 
adsorption model. This model assumes that the probability for adsorption on an occupied 
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site is zero, whereas it is equal to the initial sticking coefficient S0 (i.e. the sticking 
probability fora molecule on an empty surface) on an empty site: 

(3.1) 

Figure 3.2 shows that the NO adsorption behaviour can well be described by the 
Langmuir adsorption model. Contrary to Borg et al. [ 17] we have no evidence for the 
existence of a mobile precursor state for adsorption. We will tackle this phenomenon in 
the discussion section. 

In the literature two ordered adsorbate structures are reported for NO adsorption 
on Rh(111) at low temperatures. Kao et al. [8] observed a LEED pattem corresponding 
toa c(4x2)-2NO structure at a coverage of0.50 ML at 120 K. The other ordered structure, 
a (2x2)-3NO structure, corresponding to anNO coverage of 0.75 ML, could only be 
obtained ifNO was adsorbed at 250 K [8]. 

Figure 3.3 shows the LEED pattems which we obtained, corresponding to a 
c(4x2)-2NO ordered structure (left panel) and a (2x2)-3NO ordered structure (right panel) 
obtained by dosing -1.8 L NO at 120 K and 5.00 L NO at 225 K, respectively. The LEED 
pattem corresponding to the c(4x2)-NO was observed in a rather broad exposure regime, 
1.8 ± 0.2 L, and could therefore not act as a reliable calibration point for the NO uptake 

curve. The (2x2) LEED pattem could only be observed when the Rh(111) surface was 
saturated at more elevated temperatures, viz. at -225 K. 

On Ni(111) a similar c( 4x2)-2NO structure has been observed by various authors 
[20-23]. This structure has thoroughly been studied since it has become clear that former 
NO adsorption site assignments, based on vibrational frequencies, were erroneous. On 
Ni(lll ), Surface Extended X-ray Adsorption Fine-Stmeture (SEXAFS) [20], 
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Figure 3.3 The left panel shows a c(4x2) LEED pattern observed after dosing -1.8 
L NO at 120 K. The right panel shows a (2x2) LEED pattern observed after dosing 
5.00LNOat 225 K. 

Photoelectron Di:f:fraction (PO) [21] and dynamical LEED [22,23] studies all indicate that 
NO adsorbs at threefold hollow sites over the entire coverage regime. The c(4x2)-2NO 
structure has been found to eontain two distinct NO molecules, which are distributed over 
both fee and hcp threefold sites (an hcp site contains a second layer rhodium atom directly 
underneath, an fee site does not). 

Figure 3.4 shows a schematic representation ofthe c(4x2)-2NO adsorbate structure 
in which one of the NO molecules occupies an fee site and the other an hcp site. Both the 
c( 4x2) unit cell, which contains 4 NO molecules, and the associated primitive unit cell, 
which contains two NO molecules, are indicated. Ifboth hcp and fee sites are occupied 
the ordered structure contains a "pseudo" glide-line which is indicated by the horizontal 
line in Figure 3.4. The term glide-line refers toa combined symmetry operation which 
consists of a translation and a reflection. Figure 3.4 shows that an fee NO adsorption site 
transforms into an hcp NO adsorption site by translation over one unit vector along the 
horizontal axis foliowed by a reileetion in the plane through the glide-line and the surface 
normal. The term "pseudo" glide-line is used, since the symmetry operation transforms 
an fee site into an hcp site. On the surface layer, fee and hcp sites are equal, but when the 
second layer is considered too, the fee and hcp sites can be distinguished. 

Figure 3.4 also indicates the situation where bothNO molecules are adsorbed at 
the same threefold site (this can either be an fee site or an hcp site). In this case the second 
NO molecule in the centre of the primitive unit cell occupies a different position which 
is indicated by a grey circle. Ifthis were the correct structure, a "real" glide-line would 
be present as indicated by the vertical dasbed line in Figure 3.4. 

The existence of symmetry within the unit cell bas important implications for the 
observed LEED patterns, since partienlar spots may be absent due to extinction. 
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Glide-line Rhodium 

• NO Figure 3.4 Schematic 
representation of the 
c(4x2)-2NO structure in the 
case that one of the NO 
molecules accupies an fee 
site and the other an hcp 
site. The grey solid circle 
indicates the situation when 
both NO molecules occupy 
fee sites. 

Consequently these, so called, "missing spots" can provide valuable information about 
symmetry within the unit cell. 

Figure 3.5 shows the LEED pattems that are calculated for the NO adsorbate 
structures as indicated in Figure 3.4. Note that ordered structures on the Rh(lll) surface 
are present in three different domains, which transform into each other by rotation over 
120 or 240°. The unit veetors associated with one domain are indicated with arrows in 
Figure 3.5. The left panel ofFigure 3.5 shows the LEED pattem which is expected for the 
c(4x2)-2NO structure, where one NO molecule occupies an fee site and the other an hcp 
site. In consequence of the presence of the pseudo glide-line, some of the spots are not 
observed at low beam energies (these spots are marked by open circles). At higher 
electron energies, where multiple scattering becomes more important, the fee and hcp site 
beoome distinct, the symmetry disappears, and the spots become visible. The right panel 
of Figure 3.5 shows the LEED pattem which is expected for the c( 4 x 2)-2N 0 structure in 
which both NO molecules occupy identical threefold sites resulting in a true glide line 
(the verticalline in Figure 3 .4). In this case the family of ('i2, 'i2) spots is missing, also at 
higher beam energies. 

The observed c(4x2)-2NO LEED pattem, see Figure 3.3, is identical totheLEED 
pattem that is expected for the adsorbate layer shown in Figure 3.4 with one NO molecule 
at an fee and the other at an hcp site. Unfortunately, LEED provides no information about 
the adsorption site itself However, if we draw the analogy with Pt( 111) and Ni(lll ), NO 
adsorption in threefold sites seems the most probable hypothesis. We therefore conclude 
that NO orders into a c(4x2)-2NO structure in which one half of the NO molecules 
occupies fee and the other half hcp sites upon adsorption of0.50 ML ofNO at 120 K. 
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Figure 3.5 The left panel shows the calculated LE.blJ patternfor the c(4x2)-2NO 
adsorbate structure on Rh(l 1 1) in the case that one NO molecule accupies an hcp and 
the other an fee site (conform the situation sketched in Figure 3. 4). The open dots are 
not observed in single scattering The right panel shows the calculated LEED pattem 
for the situation that the two NO molecules occupy the same threefo/d adsorption site 
either fee or hcp. In this case the open circles are missing spots which do not appear 
at higher energies. 

3.3.2 Adsorption of NO at various temperatures on Rh(lll) 

In order to obtain additional infonnation about the NO dissociation process, we 
have adsorbed NO at various constant temperatures between 150 and 600 K. We have 
applied identical adsorption conditions in all the experiments; i.e. the NO pressure being 
2.10·8 mbar and the NO dose 5.0 L. At 120 K, exposure of 5.0 L NO yields an NO 
saturated surface. Whereas the NO adsorption rate is expected to be only slightly 
temperafure dependent, the NO dissociation is strongly activated and therefore the rate 
of dissociation depends very much on the substrate temperature. As long as desorption 
is not relevant, the composition of the adsorbate layer is mainly detennined by the ratio 
between the rates of adsorption and dissociation. Despite the constant temperature, the 
NO dissociation rate is not expected to be constant during the entire adsorption 
experiment. Since NO dissociation requires an ensemble of empty sites, the dissociation 
rate is expected to be lowered by adsorbed products in the progress of the adsorption 
experiment. However, at the start of the adsorption all adsorbing molecules experience 
an empty surface and in this regime the ratio between the adsorption rate and 
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Figure 3.6 Left panel, SIMS spectra of the Rh(lll) surface qfter dosing 5. 0 L NO at 
the indicated temperatures, the NO pressure was 2.1 o-8 mbar. Right panel, RhJVO-!Rh2 +, 

Rh2~1Rh2 , and Rhp+!Rh/ SJMS intensity ratios as a function of the adsorption 
temperature. 

the dissociation rate is governed merely by the substrate temperature. We have used SIMS 
to examine the composition of Rh(lll) surface after dosing 5.0 L NO at various 
temperatures. 

The left panel of Figure 3.6 shows SIMS spectra of the Rh(lll) surface after 
dosing 5.0 L NO at the indicated temperatures. At 150 K, molecular NO is the only 
adsorbate, which is evidenced by the ~No+ cluster ion (mie = 236) in the SIMS spectra. 
However, a constant fraction of the Rh2NO+ cluster i ons fragments into Rh2N+ and Rh20'" 
cluster ions during emission, which explains the small peaks at mie 220 and 222, 
respectively. At 300 K a fraction of the NO has dissociated upon adsorption as is 
evidenced by the increasing intensity of the Rh2N+ and Rh20- peaks, representative for 
the presence of atomie nitrogen and oxygen, respectively. At 375 K, the absence of the 
RhzNO+ cluster ion indicates that molecular NO is no longer present on the surface. Now, 
atomie nitrogen and oxygen are the only adsorbates. At 450 K, the Rh2N+ peak has almost 
completely disappeared whereas the Rh20+ peak has increased. The translation of SIMS 
intensities into surface coverages is more precise if appropriate intensity ratios, such as 
~NO+!Rh/, are used insteadof absolute SIMS intensities. In this way, work function 
effects are ruled out and good correlations with the surface coverage are often obtained 
[24,25]. The right panel of Figure 3.6 shows the Rh2NO+/Rh2 , Rh2~1Rh2+ and 
Rhp+ IRht SIMS intensity ratios as a function of the adsorption temperature. If we take 
the Rh2NO+/Rh2+ SIMS intensity ratio as a measure for the NO coverage, Figure 3.6 
indicates that the NO coverage increases when the adsorption temperature is increased 
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from 150 to 225 K. 
NO dissociation is negligible at temperatures up to 225 K. However, the fact that 

the Rh2N'!Rh2+ and Rh20-1Rh2i- SIMS intensity ratios are non zero at this temperature and 
below is due to fragmentation ofthe Rh2NO+ cluster ion. From 250 to 375 K, a parallel 
increase of the Rh2N'/Rh2+ and Rh20+1Rh2+ SIMS intensity ratiosis observed, whereas 
the Rh2NO+!Rh2 SIMS intensity ratio drops to zero. In this temperature range, NO 
dissociation becomes more and more important and the surface becomes increasingly 
covered by atomie nitrogen and oxygen at the expense of molecular NO. 

From 375 to 450 K, the Rh2N+/Rh2+ intensity ratio decreases very rapidly 

indicating a fast decrease ofthe atomie nitrogen coverage, probably due to N2 desorption. 
In this temperature range, the Rh20+1Rh2+ intensity ratio continnes to rise. Apparently, the 
vacancies created by N2 desorption are filled up by atomie oxygen. From 450 K to 500 K, 
the Rh20+/Rh2+ intensity ratio remains constant, indicating a constant oxygen coverage. 
The decrease of the Rh20+/Rh2+ intensity ratio might indicate the migration of atomie 
oxygen into the bulk 

Additional information about the composition of the adsorbate layer that is created 
by dosing 5.0 L NO at a given temperature can be obtained by carrying out a temperature
programmed desorption experiment. For adsorbate layers which only contain atomie 
nitrogen and oxygen, the areas of the N2 and 0 2 desorption peaks are linearly proportional 
to the atomie nitrogen and oxygen coverages, respectively. When the adsorbate layer 
contains molecular NO, the situation is more complex, since NO can dissociate during the 
TPD experiment and the N2 peak area is not unequivocally related to the atomie nitrogen 
coverage in the adsorbate layer. However, the TPD areas then also provide information 
about the total amounts of oxygen and nitrogen present in the adsorbate layer. 

Figure 3.7 shows temperature-programmed desorption spectra ofN2 (28 amu, right 
panel) and NO (30 amu, left panel), obtained after dosing 5. 0 L NO to the Rh( 111) crystal 
at the indicated temperatures. The heating rate was 10 Kis. 0 2 desorption spectra are not 
shown, since the hearing rate was notlinearover the entire 0 2 desorption range. The NO 
and N2 TPD spectra that are obtained after dosing 5.0 L NO at 150 K are similar to 
spectra shown in Figure 3.1 for a Rh( 111) surface saturated withNO at 120 K. The NO 
desorption spectrum shows both the a 1-NO and a 2-NO desorption states, which have 
been associated with NO in bridge- and threefold sites, respectively [17]. The N2 

desorption spectrum shows the P1-N2 and P2-N2 desorption states, which are associated 
with the recombination of atomie nitrogen atoms [ 17 ,26]. Increasing the adsorption 
temperature from 150 K to 375 K, see Figure 3.7, results in a significant change ofthe 
NO desorption spectra. At increasing temperatures the a 1-NO desorption state becomes 
more significant and the a 2-NO desorption state slightly shifts to lower temperature. 
Above 250 K the amount of NO that desorbs, starts to decrease and above 375 K no NO 

desorption is observed, because obviously all NO dissociates. The most conspicuous 
change in the N2 desorption spectra for NO adsorption between 150 and 325 K is the 
appearance of a smal] N2 desorption state at the low temperature site of the P 1-state, at 
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Figure 3. 7 Temperature-programmed desarpfion spectra of N2 (28 amu, right panel) 
and NO (30 amu, left panel) obtained by dosing 5.0 Lof NO to Rh(lll) at the indicated 
temperatures. The healing rate was 10 Kis. 

about 380 K. For adsorption temperatures above 350 K the amount ofN2 desorbing starts 
to decrease and for adsorption temperatures above 600 K no N2 desorption is observed 
anymore. 

Figure 3.8 shows the total N2, NO, and 0 2 TPD peak areas obtained from 
experiments after dosing 5.0 L NO at various temperatures. Up to 350 K the N2 and 0 2 

TPD peak areas remain constant, which indicates that the amount of NO that dissociates 
remains constant. For the amount of NO that dissociates it apparently doesnotmatter 
whether NO dissociation occurs entirely during the TPD experiment, as with adsorption 
at 150 K, orpredominantly during adsorption, as with adsorption at 350 K. The amount 
of NO that desorbs increases in the temperature range from 150 to 225 K, above which 
it gradually decreases to zero for adsorption temperatures above 375 K. Since the amount 
of NO that dissociates remains constant, the increase of the NO desorption area from 150 
to 225 K indicates an increase ofthe NO coverage. The decrease ofthe NO TPD area 
between 225 and 375 K shows that the total amount of NO that can be adsorbed 
decreases. This is due to an increase of NO dissociation. Up to 350 K the ratio between 
the N2 and 0 2 TPD areas is constant, which indicates that no N2 desorption occurs during 
the NO adsorption experiment Above 350 K the N2 TPD area decreases, whereas the 0 2 

TPD area increases. This indicates that part ofthe atomie nitrogen already desorbsas N2 

during the adsorption experiment Apparently, the vacancies that are created by 
desorption ofN2 are used to dissociate some additional NO molecules which results in a 
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Figure 3.8 Total N2, 0 2 
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determined from a TPD 
experiment qfter dosing 5.0 
L NO at various adsorption 
temperatures. The healing 
rate was JO Kis . 

We have combined the information obtained from the SIMS and TPD experiments 
to determine the composition of the adsorbate 1ayer obtained after NO adsorption at 
various temperatures. In the temperature regime between 150 and 225 K the SIMS results 
indicate that molecular NO is the only adsorbate. In this case the NO coverage bas been 
determined from the NO and N2 TPD areas using the uptake curve shown in Figure 3.2. 
The SIMS results indicate that at temperatures above 350 K molecular NO is notpresent 
anyrnore. In this case the atomie nitrogen and oxygen coverages have been determined 
from the N2 and 0 2 TPD areas. Between 225 and 350 K we have determined the atomie 
oxygen coverage by assuming a linear relation between f>0 and the Rh20+/Rh2+ SIMS 
intensity ratio. This linear relation was confmned for temperatures between 375 and 
600 K. Since N2 desorption is negligible below 350 K, the atomie nitrogen coverage 
equals the atomie oxygen coverage. The total amount of NO that bas been adsorbed can 
be derived from the NO, N2 and 0 2 TPD areas. The molecular NO coverage is calculated 
by subtracting the atomie nitrogen coverage from the total amount of adsorbed NO 
molecules. 

Figure 3.9 shows the coverages of N, 0, and NO as a function of the NO 
adsorption temperature obtained by dosing 5.0 L NO at Rh(I 11). Figure 3.9 also shows 
the sum of the adsorbate coverages, indicated by etotal· Note that for adsorption 
temperatures between 375 and 550 K the sum ofthe adsorbate coverages is significantly 
larger than 1 ML ( -1.3 ML), which might indicate the presence of subsurface N and 0. 
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In order to get some insight in the development of the surface coverages of N, 0 
and NO during the NO adsorption experiment, we have applied SIMS in-situ, i.e. during 
the adsorption process. Figure 3.10 shows the development of the Rh2NOT/Rh2\ 

Rh2N-/Rh2+, and Rh20+1Rh/ SIMS intensity ratiosas a function of time when a Rh(lll) 
crystal is exposed to 2.10"8 mbar NO at 150, 300 and 450 K, respectively. At 150 K, NO 
adsorbs exclusively molecu1ar1y as is illustrated by the left: panel ofFigure 3.10. The non
zero intensities of the Rh2N-/Rh2+ and Rh20+/Rh2+ SIMS intensity ratios are due to 
fragmentation of the R~No+ cluster ion. At 300 K, the Rh2N'./Rh2 + and Rhp-/Rh2 + SIMS 
intensity ratios rise before the Rh2NO+!Rhz+ SIMS intensity ratio increases. This indicates 
that, initially, NO dissociation is fast as compared to the NO adsorption rate resulting in 
a small molecular NO coverage. The increasing adsorbate coverage leadstoa decrease 
ofthe NO dissociation rate, which results in an increase ofthe molecular NO coverage. 
Afterabout 50 seconds, the Rh2N+/Rh2+ and ~o+/Rh2+ SIMS intensity ratios become 
constant, indicating that the NO dissociation rate has dropped to zero and that the surface 
is tilled up with molecular NO. At 450 K, the NO dissociation is sofast that molecular 
NO can not be observed on the surface. Initially both atomie nitrogen and oxygen build 
up on the surface, as indicated by the simultaneous increase of the Rh2N+ 1Rh2 + and 
Rh20+/Rh2+ SIMS intensity ratios. However, aft:er some time (at about 65 secouds in 
Figure 3.10) the Rh2N'/Rh2+ SIMS intensity ratio starts to drop, indicating that N2 

desorbs. Being a second-order reaction, the rate of N2 desorption increases with coverage 
proportionally to EV, while repulsive interactions with atomie oxygen enhance the 
desorption rate even finther. The decrease in the atomie nitrogen coverage is accompanied 
by an increase ofthe atomie oxygen coverage. Note that the 0-signal continues to rise at 
the same rate as initially on the bare surface, implying that the NO dissociation rate 
remains constant. Despite the fact that the N-production rate ( equal to the NO dissociation 
rate) remains constant, the N-coverage decreases. This implies that the N2 desorption rate 
is accelerated with increasing 0 coverage. After approximately 125 secouds the 
RhzN+/Rh2+ intensity ratio becomes constant, and the dissociation rate decreases, 
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Figure 3.10 Development of the Rh!JO+/Rh/, Rhft'/Rh/, and Rhp+!Rh/ SIMS 
intensity rattos (indicated by NO, N and 0 respectively) as ajunetion oftime when a 
Rh(J 1 1) crystal is exposed to 2. 10'8 mbar NO at 150, 300 and 450 K. 

indicative of a steady state with respect to N-atoms, which may last until the surface 
becomes fully saturated. 

3.3.3 Coverage dependenee of the NO dissociation reaction 

Previous investigations have shown that the NO dissociation depends very much 
on the coverage [ 17]. In this paragraph we describe the coverage dependenee of the N 0 
dissociation basedon the TPD results measured on the Rh(lll) surface covered with 
various amounts of NO at 120 K. 

Figure 3.11 shows the distribution ofN between the desorption products N2 and 
NO in TPD experiments, as a function of the initial NO coverage at 120 K. Up to anNO 
coverage of -0.20 ML, all NO molecules dissociate upon heating and N2 is the only N
containing desorption product. For NO coverages between 0.20 and 0.45 ML, the absolute 
amount ofNO that dissociates remains constant, whereas the amount of NO that desorbs 
molecularly increases linearly with increasing NO coverage. For NO coverages above 
0.45 ML, the amount of NO that dissociates starts to increase again, whereas the amount 
of NO that desorbs molecularly remains constant. At the NO saturation coverage, 
~0=0.68 ML, approximately l/3 ofthe initially adsorbed NO desorbs molecularly and 
2/3 dissociates and desorbs as N2. These numbers are in excellent agreement with those 
reported by Borg et al. [17], but are slightly different from those reported by Root et al. 
[4], who found dissociation percentages of 65% and 55% at saturation, respectively. Borg 
et al. [17] observed that all NO dissociates at coverages below 0.25 ML, after which both 
the amount of NO desorbing as NO and that desorbing as N2 rise linearly at increasing 
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NO coverage up to saturation. The plateau for the desorbing N2 between 0.20 and 
0.45 ML was not observed by Borg et al. [17]. 

3.4 Mathematical modeling of NO adsorption at various temperatures 

3.4.1 Introduetion 

In order to tackle some questions raised by the experimental results described in 
section 3.3, we have simulated the NO adsorption process at various temperatures, using 
an advanced Monte Carlo based model. 

For adsorption temperatures below 250 K, the experiments indicate that NO 
adsorbs exclusively molecularly. In this temperature range, both the NO saturation 
coverage and the degree of ordering of the NO adlayer grow at increasing adsorption 
temperature. We have simulated the NO adsorption process to investigate whether these 
experimental results can be explained by surface diffusion of NO. 

Furthermore, we have used the model to extract kinetic parameters for NO 
dissociation from the experimental results. The Monte Carlo model enables us to 
incorporate the influence ofthe local environment on the NO dissociation. We will show 
that incorporation of lateral interactions is necessary to obtain kinetic parameters for NO 
dissociation which fit within theoretica! expectations for rate parameters of an elementary 
reaction step. 
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3.4.2 Model description · 

At the Rh(lll) surface, rhodium atoms form a hexagonallattice in which each 
surface atom bas six neighbours. In the Monte Carlo model we have applied a hexagonal 
lattice with periodic boundary conditions, three types of adsorbed species: NO, N, and 0 
(plus empty sites), and four reactions: 

N0
8 

+ * NOads + * NOads 

Nads + Nads 

_,. NOads 
_,. 

N.ds 
_,. N0

8 _,. 
N2.s 

+ 
+ 
+ 

(3.2) 

(3.3) 
(3.4) 
(3.5) 

For the rate constants of these four microscopie transitions we have used Arrhenius 
expressions to describe their temperature dependence. NO and N2 desorption parameters 
were taken from Borg et al. [17], whereas NO dissociation parameters have been varled 
to fit the experimental results. The NO adsorption rate at 150 Kand 2.10"8 mbar bas been 
derived from the initial slope ofthe NO uptake curve, see Figure 3.3, and yields a value 
of -7.10'3 NO molecules/(site.s). 

Table 3.1 Arrhenius parameters of NO adsorption, 
NO ndN d d. h I a 2 esorptwn as use m t e s1mu atzons. 

Re action v [ s"1
] E..,1 [kJ/mol] 

NO adsorption 0.01 0 
NO desorption 3xl013 113 
N2 desorption 1x1010 118 

Unfortunately, we have no information about the adsorption rate at higher 
temperatures. However, the sticking coefficient for NO adsorption is not expected to vary 
orders of magnitude with changing substrate temperature. For this reason, we have 
applied anNO adsorption rate of 10·2 NO molecules/(site.s) in all simulations. Besides 
the fourreactions, we have included both surface diffusion ofNO and of atomie N. Since 
no experimental data are available on NO surface-diffusion, we have defmed its rate with 
respect to the rate of the fastest other reaction, e.g. 100 times faster than the NO 
adsorption rate at 225 K. 

An important issue of the modeling is the selection of the adsorption sites that are 
involved. Figure 3.12 shows a schematical representation of the Rh(lll) surface in which 
rhodium atoms are located at the corners ofthe triangles. Four different adsorption sites 
top, bridge, fee, and hcp are indicated by circles numbered 1,2,3 and 4, respectively. For 
both atomie oxygen and nitrogen, it is well established that threefold hollow sites are 
energetically the most favourable ones [27]. This is also true for NO in the absence of 
coadsorbates, see section 3.3 .1 of this chapter. Each unit cell of the Rh(lll) surface 
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Figure 3.12 Schematic 
representation of the Rh(1 1 1) 
sur:face. Rh atoms are /ocated on 
the intersections ofthe lines. Top, 
bridge, fee and hcp sites are 
indicated by the numbers 1,2,3, 

and 4, respectively. Only fee sites 
and interactions with the 6 
nearest neighbour sites are 
considered in the model. 

contains both one fee and one hcp site. Consequently, 2 monolayers of threefold sites are 
present. In the model we have considered only one type of threefold site ( so either fee or 
hcp, which one is not important in the calculation), which reduces the number of sites 
available for adsorption to 1 ML. This seerns a reasonable assumption, since surface 
coverages in excess of 1 ML are not observed on Rh( 111 ). If only one type of threefold 
sites is considered, the sites constitute a hexagonallattice in which each site is surrounded 
by 6 neighbouring sites, see Figure 3.12. In the model only the interactions with these 6 
nearest neighbouring sites are considered. 

3.4.3 Modeling molecular NO adsorption between lSO and 225 K 

If the Rh( 111) surface is saturated withNO at 150 Ka disordered layer is obtained 
with a coverage of0.68 ML. When the adsorption temperature is increased, the adsorption 
capacity increases and at 225 KNO ordersintoa (2x2)-3NO structure corresponding to 
a coverage of0.75 ML. We have incorporated a maximum NO coverage of0.75 ML in 
the model by imposing the restrietion that only 3 of the 4 corners of a ( 1 x 1) unit cell can 
be occupied by NO molecules. This restrietion is visualized in Figure 3.13, empty 

• 
. ., 

\ 

• Figure 3.13 lllustration of the 3 out of 
4 restrietion for NO adsorption. NO 

covered sites are colored black, empty 

sites available for NO adsorptlon are 
white, and sites blocked by the 
restrietion are grey. 
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threefoid hollow sites are represented white or grey and sites occupied by NO are black 
A site is colored grey if it is the fourth of a ( 1 x 1) unit cell of which three sites are already 
occupied. NO can only adsorb on white sites thus obeying a global 3 out of 4 restriction. 

lncorporation of diffusion in the model is difficult, since it is extremely fast as 
compared to the other processes. The diffusion rate in the simulation has to be limited 
because otherwise the simulation consistsof diffusion steps only. We have investigated 
whether the increase of the NO adsorption capacity between 150 and 225 K can be 
explained by an enhanced NO mobility. Therefore, we have chosen parameters for the 
surface diffusion such that diffusion is slow as compared to adsorption at 150 K, but 
about 20 times faster at 200 K. The selection of the absolute values for the diffusion rate 
is quite arbitrary, unfortunately no experimental data are available. For temperatures 
above 200 K we took the surface-diffusion to be a hundred times as fast as the fastest 
other reaction. In the range 200 K-275 K the fastest reaction is adsorption; in the range 
300 K-350 Kit is dissociation. 

150K 
0.62ML 

200K 

0.75 ML 

Figure 3.14 Final conjigurations ofthe NO saturated Rh(J 11) surface for adsorption 
temperatures of 150, 175, 200 and 225 K. At 150 K the surface is disordered, increase 
of the adsorption temperafure results in almast complete ordering at 200 K. Sites 
occupied by NO are colared black, sites blocked for NO adsorption are white. At 225 K 
some dissociation occurs which explains the lower NO coverage of 0. 71 ML. Sites 
occupied by N and 0 are colared black also, which causes the smal! black clusters. 
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Figure 3.14 shows the final configurations ofthe NO saturated Rh(lll) surface for 
adsorption temperatures of 150, 175, 200 and 225 K. Sites occupied by NO molecules are 
represented by black spots and sites blocked for NO adsorption due to the 3 out of 4 
restrietion are colored grey. At 150 K, NO surface-diffusion is 250 times slower than NO 
adsorption, resulting in a disordered adsorption layer with a coverage of 0.62 ML. 
Simulations indicate that if diffusion is entirely excluded, the 3 out of 4 restrietion yields 
a saturation coverage of 0. 61 ML. With increasing adsorption temperature the mobility 
of the NO molecules rises, which is reflected by a growing ordering of the adsorbate 
layer, see Figure 3.14. At 200 K the adsorbate layer is almost fully ordered, although 
some boundaries remain visible. 

Figure 3.15 Detail of the Rh(JJJ) 
surface after saturation with NO at 
200 K The adsorption layer is al most 
fully ordered Black sites are 
occupied by NO, white sites are 
empty, but blocked due to the 3 out of 
4 restrietion 

Figure 3.15 shows a magnification ofthe Rh(lll) surface after saturation withNO 
at 200 K. Sites occupied by NO are black, the white sites are empty, but not available for 
NO adsorption, since the 3 out of 4 restrietion would not be obeyed. 

The experimental results indicated that ordering of the adsorbate layer is 
accompanied by an increase of the adsorption capacity of the Rh( 111) surface. Figure 
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Figure 3.16 Comparison 
between experimental and 
calculated NO(~, and N and 
0 (...;i) coverages. Lateral 
interactions affecting the NO 
dissociation reaction are not 
incorporated. Simulation results 
for NO dissociation parameters 
o1 v= 1 x 1011 s·1 and E =65 'J act 

kJ/mol are represented by the 
sofid fine, and those for v=30 
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dashed fine. 
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3.16 shows a comparison between the experimental and the simulated NO, N and 0 
coverages in the temperature range from 150 to 350 K. Below 250 K, where molecular 
NO is the only adsorbate, very good agreement is observed between the simulated and 
experimental NO coverage. 

The simulations indicate that surface di:ffusion of NO can explain both the ordering 
of the adsorbate layer and the increase of the NO saturation coverage with higher 

adsorption temperature. 

3.4.4 Modeling isothermal NO adsorption between 225 and 350 K 

For temperatures above 225 K, part ofthe NO dissociates during the adsorption 
experiment. By comparing the experimental and the calculated NO, N and 0 coverages, 
information can be obtained about the NO dissociation process. For a partienlar 
experiment, the adsorption temperature is constant and only coverage-dependent effects 
influence the NO dissociation rate. By comparison of the adsorption experiments at 
different temperatures, furthermore, the temperature dependenee of the NO dissociation 
reaction can be investigated. 

An important aspect of the modeling is to impose restrictions for the NO 
dissociation reaction. Obviously, for NO dissociation at least one of the neighbouring 
sites has to be empty in order to accommodate the resulting atomie oxygen. However, 
Borg et al. [ 17] showed that for an NO saturated Rh(lll) surface dissociation is 
suppressed up to 430 K, where new vacancies are created by NO desorption. Apparently, 
the sites which are blocked for NO adsorption by the global3 out of 4 restrietion are also 
not available for NO dissociation. Another important experimental observation is that at 
375 K the sum ofthe atomie nitrogen and atomie oxygen coverage is approximately 1 
ML, see Figure 3.9. This indicates that it should be possible to dissociate 0.5 ML of NO. 
We have implemented both experimental observations in the model by imposing the 
global 3 out of 4 restrietion only for NO occupied sites. Thus, only if a (I x 1) unit cell 
contains 3 NO molecules the empty site is blocked for both NO adsorption and 
dissociation. This restrietion can explain the NO saturation coverage of 0.75 ML at 
200 K. The dissociation is suppressed until NO desorption starts to create new vacancies 
and allows the total atomie oxygen and nitrogen coverage to rise to 1 ML. 

In the fust set of simulations we have omitted influences of the local environment 
on the NO dissociation rate. The only criterion for NO dissociation is the availability of 
an empty site which obeys the 3 out of 4 restriction. If an empty site is available, the 
probability for NO dissociation in a certain time interval is determined by the rate of the 
microscopie transition. We have investigated a number ofkinetic parameters for NO 
dissociation on Rh(lll) as reported in the literature. Root et al. [6] reported a pre

exponentlal factor and activation energy of 1014 s·1 and 80 kJ/mol, respectively, while 
Borg et al. [ 17] found 106 s·1 and 40 kJ/mol. If these latter parameters were used as input 
for the NO dissociation rate, a large discrepancy between measured and calculated NO, 
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N and 0 coverages results. Also adaptation of pre-exponential factor and activation 
energy in the range reported by these authors could not yield a satisfactory agreement 
between measured and calculated coverages. 

Figure 3.16 shows a oomparisou between the experimental NO, N and 0 coverages 
and the calculated ones (solid line), using a pre-exponential factorand activation energy 
for NO dissociation of 1 x 1011 s·1 and 65 kJ/mol, respectively. For temperatures above 
225 K, there is a clear discrepancy between the calculated and the experimental NO and 
0 coverages. The simulations predict atomie oxygen coverages that are much too high 
and NO coverages that are far too low. Apparently, the model overestimates the NO 
dissociation rate at higher temperatures. If a higher pre-exponential factor and activation 
energy are used, the discrepancy between the calculated and experimental NO and 0 
coverages becomes even worse. 

We found that an excellent agreement between simulation and experiment is 
obtained fora pre-exponential factor and activation energy for NO dissociation of 30 s·1 

and 23 kJ/mol, respectively. The calculated coverages based on these parameters are 
indicated by a dasbed line in Figure 3.16. However, for an elementary transition these 
parameters are rather unrealistic, since on theoretica] grounds the pre-exponential has to 
be in the range between 1010 and 1016 s·1 [28]. 

lf the NO dissociation rate is influenced by coadsorbates, the above described 
model is erroneous. Lateral interactions between NO, N and 0 are known to significantly 
affect the adsorption energies ofthe adsorbates. Therefore, it is very well conceivable that 
also the NO dissociation reaction is influenced by lateral interactions. Introduetion of 
lateral interactions makes the model considerable more complex. Proper implementation 
of lateral interaction requires knowledge of all the individual interaction parameters 
between N, 0 and NO species. Furthermore, it has to be known to what extent several 
interactions are additive. However, there is very little quantitative experimental 
information about N, 0, and NO interactions, although it is known that all the interactions 
are repulsive [29]. Qualitatively, the presence of coadsorbates is expected to slow down 
the NO dissociation. 

The NO dissociation is expected to be most rapid in the beginning of the 
adsorption experiment, where the surface is bare and lateral interactions are insignificant. 
When the adsorption proceeds the NO dissociation reaction is slowed down by the build 
up of coadsorbates. Initially these coadsorbates are predominantly atomie nitrogen and 
oxygen, especially at higher temperatures. For this reason we have introduced a negative 
influence ofboth N and 0 on the NO dissociation rate in the model. If at least one of the 
six neighbours of anNO molecule is either an Nor an 0 adatom, the activation energy 
for dissociation is increased by 6 kJ/molto 47 kJ/mol (when no atomie neighbours are 
present it is 41 kJ/mol). In both cases a pre-exponenrial factor of 1.6x 105 s·1 is used. Since 
a neighbourhood containing an N or 0 adatom is assumed to be less favourable, we have 
adjusted the surface-diffusion such that NO tends to move away from these spots: the 
activation energy for diffusion to an empty site with an N or 0 neighbour is increased by 
4.2 kJ/moL 
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Figure 3.17 Comparison between 
experimental and calculated NO 
(11}, N and 0 ( ~). Simu/ation 
results for a lateral interactions 
with one neighbour and 
dissociation parameters of 
v=J.6x1rf s·1 and Eact=40 kJ/mol 
are represented by the dashed fine, 
and for lateral interactions with 
every neighbour and v= 1 ou s·1 and 
Eac1=65 kJ/mol by the solid fine (see 
text for details). 

Figure 3.17 shows a comparison between the measured and the calculated NO, N 
and 0 coverages, the calculated data being indicated by the dasbed line, using the above 
described model. Now a very good agreement with the experimental NO and 0 coverages 
is obtained over the entire temperafure regime. 

Although incorporation of a lateral interaction for NO dissociation results in more 
realistic kinetic parameters, the pre-exponenrial factor of 1.6x 105 is still too small. We 
have further expanded the model in order to see whether realistic values for the pre
exponential factor could be obtained. Iflateral interactions are additive, NO dissociation 
is increasingly impeded with increasing occupation of neighbouring sites. We have 
carried out simulations in which the activation energy for NO dissociation rises with the 
number of occupied neighbouring sites. The solid line in Figure 3.17 shows the calculated 
NO, N and 0 coverages using a pre-exponenrial factor of 1.1011 s·1 and a dependenee of 
the activation energy on the number of neighbours as shown in Table 3.2. 

In order to obtain good agreement between calculations and experiment it appeared 
necessary to use a slightly larger increase in the activation energy going from 0 to 1 
occupied neighbouring site, 5.8 kJ/mol, than for the additional neighbours, 4.6 kJ/mol. 
Figure 3.17 shows a very good agreement between measured and calculated NO, N and 
0 coverages apart from a slight deviation at 275 K. 

Table 3.2 Dependenee ofthe activation energy for NO dissociation on the number of 
occupied neighbouring sites corresponding to the simu/ation results shown 
by the dashed line in Figure 3.17. 

1 2 3 4 

71.1 75.7 80.3 84.9 
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These simulation results indicate that incorporation of lateral interactions has a 
very important impact on the kinetic parameters that are obtained for the NO dissociation 
ra te. 

3.5 Discussion 

3.5.1 Molecular NO adsorption at low temperatures 

We have investigated the influence ofthe NO adsorption temperature on both the 
surface ordering and the saturation coverage. Until now, the increase of the NO saturation 
coverage at rising adsorption temperatures has never been demonstrated experimentally. 
Both SIMS and TPD results (see Figures 3.6 and 3.8, respectively) indicate that the NO 
saturation coverage grows when the adsorption temperature is increased from 150 to 
225 K. If, in accordance with Root et al. [6], a saturation coverage of 0.68 ML is assumed 
for adsorption at 150 K, the saturation coverage at 225 Kis 0.75 ML. This agrees very 
well with our LEED results and those ofKao et al. [8], which indicate a disordered NO 
layer for adsorption temperatures below 225 K and a (2x2) ordered structure after 
saturation at 225 K. 

On Ni(111) and Pt(111) it has been well establîshed that NO adsorbs in threefold 
sites at all coverages [22,30]. On Rh( 111 ), EELS results for NO adsorption at low 
temperature indicate that only one NO species is present [6]. It seems therefore plausîble 
that, also on Rh(111), NO adsorbs at threefold hollow sites only. However, Kim et al. 
[31] using X-ray Photoelectron Diffraction to determine the NO chemisorption geometry 
for the (2x2)-3NO structure on Rh(lll) found that 2 NO molecules are adsorbed in 
threefold sites and 1 NO molecule is adsorbed on top. 

In the simulations, we are not interested in the actual position of the NO molecules. 
Therefore we have not attempted to incorporate different types of adsorption sites in the 
model. In the simulations we have used a hexagonallattice of threefold hollow sites and 
imposed a global 3 out of 4 restrietion to account for the 0. 75 ML saturation coverage. 
Although the threefold hollow site seems the most favourable one, the actual structure of 
the NO adsorbate layer will probably be different from the simulated one. However, the 
simulations of the NO adsorption process qualitatively illustrate that both the ordering of 
the NO adlayer and the increase of the saturation coverage can be explained by an 
increase of the NO mobility at higher temperatui es. 

We found that NO adsorption at 150 K can well bedescribed by the Langmuir 
adsorption model. This result conflicts with the observations by Borg et al. [ 17], who 
reported that NO adsorbs via a mobile precursor, resulting in a coverage independent 
sticking coefficient over a rather broad coverage range. We tentatively give an 
explanation for this discrepancy. The N2 TPD spectra of Borg et al. [17] show the 
desorption of small amounts of CO, which probably sterns from CO uptake from the 
background during cooling and NO adsorption at low temperature. Since H2 is generally 
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more abundant in the residual gas, it is conceivable that also small amounts of hydrogen 
are adsorbed. For equal H2 and CO pressures in the background, moreover, the H2 

adsorption rate is about 6 times faster than that of CO assuming equal sticking 
coefficients (higher collision frequency of H2, two H atoms are formed from one H2 

molecule). However, H atoms are easily displaced from rhodium surfaces by NO, even 
at low temperafure [32]. Consequently, empty sites are created at higher NO coverage, 
which might explain why the sticking coefficient does not decrease as fast as expected 
when Langmuir adsorption behaviour is obeyed. 

3.5.2 The role of lateral interactions 

In contrast to what one would expect at first sight, investigation of the reactivity 
of NO on Rh(lll) is an intricate matter. This is mainly caused by the fact that lateral 
interactions between the adsorbates, viz. NO, N and 0, strongly influence the rates of all 
surface reactions, as we will discuss next. 

Investigations on the N2 desorption behaviour from atomie nitrogen layers have 
shown that repulsive interactions between N atoms have to be considered in order to 
explain the pronounced shift of the second order P2-N2 desorption state to lower 
temperafures at increasing coverage [33,34]. By modeling ofthe N2 desorption spectra 
Zhdanov [35] calculated a repulsion energy of 7 kJ/mol between two N atoms in 
neighbouring threefold hollow sites. Several investigations have shown that also the 
interaction between atomie oxygen and atomie nitrogen is strongly repulsive [17,33] (see 
also Chapter 4). Makeev and Slinko [29] modeled the N2 desorption spectrum that is 
observed during NO decomposition. They attributed the low temperafure PcN2 

desorption state to the existence of strong repulsive interactions between adsorbed NO 
and N (10 kJ/mol). 

Also the desorption of NO is significantly affected by the presence of 
coadsorbates. Root et al. [19] investigated the N0/0 coadsorption system andreport an 
additionallow-temperafure NO desorption state around 400 K, which can be attributed 
to repulsive interactions between 0 and NO. Belton et al. [18] investigated the NO/N 
coadsorption system, and also found a low-temperafure NO desorption state (380 K) 
indicative for repulsive NO-N interactions. 

For 0 2 desorption the above mentioned interactions are insignificant, since the N 
and NO coverages are negligible in the temperature range where 0 desorbs. 

Our results also reveal the importance of lateral interactions in surface reactions 
ofNO. Both the NO and N2 TPD spectra are significantly affected by the composition of 

the adsorbate layer that is obtained after adsorption of NO at various temperafures. With 
increasing amounts ofN and 0 in the adsorbate layer, the low-temperafure a 1-NO state, 
desorbing at 380 K, becomes more significant in good agreement with the results for the 
N0/0 and NO/N coadsorption systems [19,18]. 
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In this respect it is also important to note the small N2 desorption state around 
380 K, which appears upon NO adsorption at temperatures above 250 K. Fora saturated 
adsorbate layer which only contains NO, no atomie nitrogen is present at the surface at 
temperatures up to 430 K (since NO dissociation is inhibited until NO desorption starts) 
and therefore this N2 desorption state at 380 is not observed. lt is remarkable that N2 and 
NO desorption at 380 K run parallel. This suggests that N-NO interactions are responsible 
forthese low-temperature states. 

The importance of lateral effects is also illustrated by the in situ SIMS 
measurements for NO adsorption at 450 K, see Figure 3.10. In the beginning ofthe 
adsorption experiment both atomie nitrogen and oxygen accumulate on the surface. As 
the coverages increase, N2 desorption becomes pertinent, whicb results in a decrease of 
the atomie nitrogen coverage. Since N2 desorption is a second-order process, it is not 
surprising that it becomes more pronounced at higher coverages. However, the atomie 
nitrogen coverage goes through a maximum and becomes significantly smaller after 
passing through the maximum. In this region the atomie oxygen coverage continnes to 
increase at a constant rate, which indicates that the decrease of the atomie nitrogen 
coverage is not a consequence of a decrease of tbe NO dissociation rate. Therefore, the 
decrease of the atomie nitrogen coverage bas to he attributed to an increase of the N2 

desorption rate by repulsive interactions between N and 0. In fact atomie nitrogen is 
displaced by atomie oxygen. 

The rate of the NO dissociation reaction bas been found to depend very mucb on 
coverage [11,15,17]. This is nicely illustrated by the in situ SIMS experiments for NO 
adsorption at 300 K, see Figure 3.10. In the beginning ofthe NO adsorption experiment 
wben the surface is bare, NO dissociation is fast as compared to NO adsorption and no 
molecular NO can he observed on the surface. As the surface becomes increasingly 
covered by N and 0 adatoms, the NO dissociation rate decreases and NO starts to 
accuruulate on the surface. Tbe drop of the NO dissociation rate with increasing adsorbate 
coverage can he explained by assuming that an ensemble of 3-4 empty sites is necessary 
for dissociation [17]. However, another explanation could he tbat lateral interactions 
between NO and coadsorbates are responsible for the decrease ofthe NO dissociation 
rate. We will discuss tbis matter in the following section. 

3.5.3 Tbe NO dissociation mechanism 

In this section, we will first discuss the information we have obtained about tbe 
NO dissociation mechanism from NO TPD experiments for different coverages after low
temperature adsorption. Next, we exarnine NO dissociation parameters calculated by 
modeling the NO adsorption experiments at various temperatures. 

Summarizing, the most important results from the TPD experiments for various 
amounts ofNO adsorbed at 120 K are: 
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1) All NO dissociates during TPD, for NO coverages below 0.20 ML. 
2) The temperature of the a: 2-NO desorption state is almost constant, viz. about 

430K. 
3) The a 1-NO desorption state is observed in relatively small amounts for NO 

coverages larger than -0.50 ML. 
4) Por 0.20 ML<SN0<0.45 ML, the amount ofNO that dissociates is constant (- 0.20 

ML), whereas it increases for 6N0 >0.45 ML. 
5) At the saturation coverage (0.68 ML), about 0.45 ML of the adsorbed NO 

molecules dissociates. 

Both the last two observations are remarkable and cannot be explained by a theory that 
asswnes that the NO dissociation process is govemed solely by the availability of empty 
sites. Note that if0.45 ML ofNO is adsorbed, only 44% dissociates during TPD, while 
66% dissociates at the NO saturation coverage of 0.68 ML. Since the NO dissociation is 
strongly coverage-dependent, the fraction of NO that dissociates is expected to decrease 
with additionally adsorbed NO. Apparently, other factors play a decisive role in the 
dissociation process as well. 

Additional information about the NO dissociation process is provided by the NO 
adsorption experiments at various temperatures, and the TPD and SIMS results of the thus 
obtained adsorbate layer, see Pigures 3.6-3.9. The most important results are: 

1) A total N+O coverage of 1ML can be obtained by adsorption of NO at 375 K. 
2) Por surfaces saturated with NO, the NO dissociation is totally inhibited until NO 

desorption starts at around 430 K, see also Borg et al. [17]. 
3) Por NO adsorption below 350 K, the total amount of NO that dissociates in the 

subsequent TPD experiment is 0.45 ML, irrespective ofthe composition ofthe 
adsorbed layer that is obtained upon NO adsorption. 

The first observation indicates that 0.5 ML of NO can be dissociated, in other 
words, 1 ML of sites is available for dissociation. However, for a surface saturated with 
NO at low temperature, NO dissociation does not proceed at temperatures up to 430 K, 
where NO starts to desorb and new sites become available. This indicates that NO 
dissociation is more significantly blocked by NO than by N or 0. 

Another important ob servation is that as long as the Rh( 111) surface is saturated 
with NO, 0.45 ML of NO can be dissociated. Apparently, it makes no difference whether 
dissociation occurs entirely during the TPD experiment, which is the case for adsorption 
temperatures below 225 K, or dissociation proceeds already partially during adsorption. 
This is quite remarkable since, depending on the adsorption temperature, the adsorbate 
layer differs considerably in composition. A common feature of the saturated adsorbate 
layers is that NO dissociation in the TPD experiment is suppressed until NO starts to 
desorb and new vacancies are generated. As a result NO dissociation takes place at 
relatively high temperatures (around 430 K), which might be a determining feature. 
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In this respect it is interesting to fmd an explanation for the fact that NO desorption 
is already observed in TPD experiments for NO coverages just above 0.20 ML obtained 
by adsorption at 120 K. Based on the foregoing this is very surprising, since at saturation 
coverages 0.45 ML NO can be dissociated. The most important difference for the NO 
dissociation process at low and at high NO coverage is the temperature at which NO 
dissociation proceeds. During TPD, NO dissociation starts at 275 Kandis completedat 
around 350 Kat low coverage, whereas it starts at around 430 K at saturation coverage. 
At intermediate NO coverages, e.g. 0.35 ML, NO dissociation starts at 275 K and 
continues up to 430 K. Based on the coverage dependenee of the NO TPD behaviour we 
tentatively suggest the following model for the NO dissociation reaction. For NO 
coverages below 0.20 ML all NO dissociates below the NO desorption temperature and 
N2 is the only N-containing product. At intermediate coverages, between 0.20 and 0.45 
ML, NO dissociation starts at 275 K, which results in the formation ofN and 0 adatoms 
and a reduction ofthe number of empty sites. Since the repulsion between NO and Nor 
0 is stronger than that between NO molecules, NO tends to diffuse away from N and 0 
and segregates into islands. We assume that in the N/0 islands, at least one site near every 
N or 0 adatom remains empty and is therefore not available for dissociation. In the NO 
islands, NO dissociation is blocked until NO starts to desorb at around 430 K. This 
interpretation explains why the a 1-NO desorption state, which is associated withNO near 
Nor 0, is absent. The cx 2-NO state doesnotshift significantly withNO coverage, and the 
NO desorption already starts just above about 0.20 ML. At high coverages the NO 
dissociation is inhibited until NO desorbs. At this temperature NO dissociation is very fast 
and an empty site which is created by desorption of an NO molecule is immediately used 
for dissociation. In this case NO molecules have no time and no empty space to diffuse 
away and therefore more sites are available for NO dissociation, which can explain the 
increase in the fraction of NO molecules that dissociates. 

Support for the above described model comes from a recent S TM study by Xu and 
Ng [36], who observed segregation of 0, N and NO into separate islands when NO was 
coadsorbed with 0 on Rh(ll1) around 375 K. These authors also report a (1 x2)-N 
reconstruction of the Rh( 111) surface. Formation of this phase may also be responsible 
for enhanced NO dissociation. 

By modeling the NO adsorption process at various temperatilles we have obtained 
kinetic parameters for the NO dissociation rate. If lateral interactions on the NO 
dissociation reaction are omitted and only a free site requirement is imposed, a pre
exponential factor of 30 s-1 and 23 kJ/mol are calculated. Sellmer et al. [37] modeled the 
NO dissociation reaction on a polycrystalline Rh foil, using frrst order kinetics and 
neglecting lateral interactions. These authors calculated a pre-exponential factor and 
activation energy of 10-o.z s-1 and 8 kJ/mol, respectively. Using the same model, 
Schmatloch [16] et al. reported comparably low values for the pre-exponential factorand 
activation energy for NO dissociation on Rh(llO), viz. 1019 s-1 and 15 kJ/mol, 
respectively. Interestingly, we have shown that incorporation of lateral interactions for 
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the NO dissociation reaction in the model results in an entirely different set of kinetic 
parameters. In this case a theoretically reasonable pre-exponenrial factor of 1011 s·1 is 
calculated [28]. This might indicate that neglecting lateral effects when modeling the NO 
dissociation reaction leads to erroneous (and theoretically unrealistic) kinetic parameters. 

Borg et al. [ 17] have stuclied the kinetics of the NO dissociation reaction for low 
NO coverage (0.15-0.20 ML) by temperature-programmed SIMS on Rh(lll). These 
authors incorporated an ensemble size requirement for NO dissociation by fitting the 
experirnental results by the following equation: 

V d;,, eNO , 

e 
:ral 

(3.6) 

In this equation 8No is the absolute NO coverage, a. is the absolute coverage of empty 
sites, v dis is the pre-exponenrial factor for dissociation, Ed;. is the activation harrier for 
dissociation, and P is the heating rate. These authors normalized the coverages to a 
saturation value esatof 0.50 ML, which they assumed to be the concentration of threefold 
hollow sites available for the adsorption of a 2-NO, N, and 0. The parameter n bas been 
considered as an effective ensemble size required for the dissociation of NO. For n=O, 
these authors found a pre-exponenrial factor and activation energy of 106 s·1 and 40 
kJ/mol, respectively, while for n=3-4 they arrived at 1011 s·1 and 65 kJ/mol, respectively. 

For low NO coverage we can easily compare the results of our simulation with the 
model of Borg et al. [17], since S.zl and most NO molecules have no occupied 
neighbouring sites. For this situation we have used a pre-exponenrial factor and activation 
energy of 1011 s·' and 65.3 kJ/mol, respectively, see table 3.2, in excellent agreement with 
the kinetic parameters reported by Borg et al. for n=3-4. 

However, we believe that it is more realistic to interpret the decrease in the NO 
dissociation rate in terms of lateral interactions than by assurning an ensemble of 3-4 
empty sites for NO dissociation. In the later case it would not be possible to dissociate 
more than 0.25 ML NO if the adsorbate species are homogeneously distributed over the 
surface (which is expected basedon the repulsive lateral interactions). 

3.6 Conclusions 

On Rh(111), NO adsorption below 250 Kis exclusively molecular and can be 
described by the Langmuir adsorption model At 150 K and 0.5 ML coverage, NO orders 
into a c( 4x2)-2NO structure in which one half of the NO molecules occupies fee and the 

other halfhcp threefold hollow sites. Saturation ofthe surface withNO at 150 K results 
in a disordered layer with a coverage of 0.68 ML. Increasing the NO adsorption 
temperature to 225 K results in the formation of awellordered (2x2)-3NO layer, which 
is observable by LEED and bas a coverage of0.75 ML. The growth ofthe NO coverage 
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with increasing adsorption temperature is evidenced both by TPD and SIMS experiments. 
Simulations ofthe NO adsorption process, by means of a Monte Carlo model, indicate 
that the rise of the NO saturation coverage and the increase of ordering at higher 
adsorption temperatures can very well he explained by an enhanced surface-mobility of 
NO. 

For temperatures above 250 K a substantial part of the NO dissociates during 
adsorption. The combination of SIMS and TPD enables us to determine the individual 
coverages ofN, 0 and NO in the adsorbate layer obtained by saturating the surface with 
NO at a constant temperature. For adsorption temperatures between 250 and 350 K the 
adsorbate layer contains both NO, N and 0. In this temperature range both N2 and 0 2 

desorption are insignificant. Compared to the state at low temperatures, where the NO 
saturated surface only contains molecular NO, TPD spectra of the NO, N and 0 
containing surface reveal additional desorption states for both NO and N2. With 
increasing N and 0 content, the low-temperature a 1-NO desorption state at 380 K 
becomes more apparent, while an additional N2 desorption state develops at the same 
temperature. These observed shifts to lower temperatures can he explained by strong 
repulsive interactions between NO and 0, and NO and N. 

With adsorption at temperatures above 350 K, molecular NO is absent in the 
adsorbate layer; N and 0 are the only surface species. With increasing NO adsorption 
temperature the 0 coverage increases at the expense of the N coverage. At temperatures 
above 350 K, the sum ofthe oxygen and nitrogen coverages exceeds 1 ML, which might 
indicate the formation of subsurface 0 and N. Support for the formation of subsurface N 
arises from the observation that, above 425 K N is not observable by SIMS, whereas TPD 
indicates that significant amounts of sorbed N are still present. 

Simulations of the NO adsorption experiment indicate that incorporation of lateral 
interactions for the NO dissociation reaction is necessary to obtain kinetic parameters that 
are acceptable from a theoretica! point of view. Iflateral interactions are omitted and only 
a free site requirement is imposed, a pre-exponenrial factor and activation energy for NO 
dissociation of 30 s-1 and 23 kJ/mol, respectively, are calculated. If the activation energy 
for NO dissociation is made dependent on the number of occupied neighbouring sites, the 
experimental results could satisfactorily he modeled using a more realistic pre
exponenrial factor of 1 Oll s-1

• In this case we find an activation energy of 65 kJ/mol for 
NO dissociation in the limit of zero coverage. 
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4 Preparation of atomie nitrogen adlayers on Rh(lll) 

4.1 Introduetion 

The reactivity of atomie nitrogen on rhodium surfaces is of great interest for the 
understanding of the elementary processes in the automotive exhaust gas convertor. 
Under normal operation conditions, NO" dissociates rapidly on rhodium and thus is a 
souree ofboth atomie nitrogen and oxygen. Several studies on, for instance, the CO+NO 
reaction have indicated that significant amounts of N.ds can accumulate on the rhodium 
surface [1-6]. In principle, NO" reduction can yield several N-contabiing reaction 
products, ofwhich N2, N20 and NH3 are the most important (although we will show in 
the Chapters 7 and 8 that also HCN can be formed under certain conditions). In the 
context of automotive exhaust gas catalysis, reduction of NO towards N2 clearJy is the 
desired reaction pathway. The reactivity of atomie nitrogen plays an important role in the 
selectivity issue of NO reduction, since it is involved in the formation of all the reaction 
products: 

Nru~s + Nru~s -7 

N.ds + NOru~s -7 

N.d, + 3 H.d, -7 

N2,g + 
N20 8 + 
NH3,8 + 

(4.1) 
(4.2) 

(4.3) 

The presence of coadsorbates can have a significant in:fluence on the reactivity of 
atomie nitrogen atoms. For instance, the presence of atomie oxygen considerably 
accelerates the formation of N2 [7,8]. In order to simplify the situation and to enable 
kinetic analysis at the level of elementary steps, preparation of N.ds layers can be 
desirable. 

Since N2 does not dissociate on Rh(111 ), an alternative route has to be employed 
to deposit atomie nitrogen on the surface [9]. The literature reports a number of methods 
to achleve a layer of nitrogen atoms. Belton et al. [10] prepared Nru~s layers by dissociating 
NO at low temperature with an electron beam and removing o.ds by reaction with CO. 
Bugyi et al. [ 11] used a discharge tube to atomize N2 before adsorption. Another way to 
prepare Nads layers is exposing the surface to NH3 at temperatures above -400 K [12-14]. 
All the above mentioned preparation methods have the disadvantage that it is difficult to 
deposit a controllable amount of atomie nitrogen. 

In Chapters 5 and 8 we describe the hydrogenation of atomie nitrogen to NH3 and 
the reactions between atomie nitrogen and ethylene, respectively. For both these studies 
it is important that a well defined amount of atomie nitrogen can be deposited on the 
surface in a reproducible way. In the first part of this chapter, we show that the quantity 
of atomically adsorbed nitrogen can he adjusted by a two-step process in which NO is 
molecularly adsorbed at low temperatures foliowed by reaction with H2 at elevated 
temperatures to selectively remove the atomie oxygen stemming from the dissociated NO. 
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Ox:ygen removal by H2 is preferred above removal by CO, since H2 desorbs below the N2 

desorption temperature even at high N.<~s coverages. 
The last part ofthis chapter describes the preparation of atomie nitrogen layers on 

Rh(lll) by NH3 decomposition and by exposure ofthe surface to NO+H2 mixtures at 
elevated temperatures. Especially the latter method appears to be suitable for the 
preparation of high coverages of atomie nitrogen. 

4.2 Experimental 

All experiments were done in a stainless steel ultra-high vacuum (UHV) system, 
pumped by a 360 Q/s turbomolecular pump and a water-cooled titanium sublîmation 
pump. The base pressure was typically around 5xl0'11 mbar, and mass spectra ofthe 
residual gas indicated the presence of mainly H2, CO and C02• The system is equipped 
with a Leybold SSM 200 quadrupole mass spectrometer for TPD and SIMS, and a 
Leybold EA 10 hemispherical energy analyzer for AES and t:.q> measurements. Both 
instruments were interfaced with a PC for data storage. 

SIMS measurements were performed in the static (low damage) mode. Typically, 
we used a defocused 5 keV primary ArT beam with a current density of 1-10 nA/cm2

. To 
average possible anisotropies in the secondary ion ernission process we applied a target 
bias of +45 V and an extractor voltage of -300 V on the entrance lens of the quadrupole 
system. 

The UHV system contained a rhodium crystal which was cut in the [ 111] 
orientation within 0.5° and polisbed by standard procedures. The temperature was 
measured by a chromel-alumel thermocouple spotweldedon the back ofthe crystal. The 
standard cleaning procedure consistedof an argon ion sputter treatment (900 K, 1.5 ke V, 
5 J..lA!cm~ foliowed by annealing in 2x10·8 mbar02 (900 K-1100 K) and a final annealing 
treatment in vacuum at 1420 K. NO (Messer Griesheim, 99.5%), H2 (Messer Griesheim, 
99.995%), and NH3 (UCAR electronic grade, 99.995%) were used without further 
treatment. Exposures are reported in Langmuirs (lL = 1.33 x10·6 mbar.s) and coverages 
are expressed with respectto the number of Rh surface atoms (1 ML=l.6x1015 cm-2

). 

4.3 Results 

4.3.1 Preparation of adsorbed atomie nitrogen by reaction between NO and H2 

The left panel of Figure 4.1 illustrates the procedure to prepare atomie nitrogen by 
SIMS spectra ofthe Rh(lll) surface after adsorption of0.12 ML NO at 120 K, heating 
to 400 K to dissociate the NO, and after reaction with hydrogen at 400 K to remove the 
oxygen. The presence of molecularly adsorbed NO at 120 K is indicated in the SIMS 
spectrum by the appearance ofthe Rh2NO+ cluster ion at mle=236. Heating to 400 K 
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results in complete dissociation of the adsorbed NO molecules. This is evidenced by the 
appearance ofthe Rh2N" and Rh20+ cluster ions (at mle=220 and mle=222) whieh are 
representative for atomie N and 0, respeetively, and by the di sappearanee of the Rh2NO~ 
cluster ion. The removal of atomie oxygen by reaetion with hydrogen is clearly illustrated 
by the disappearance of the Rh20+ peak, the presenee of atomie nitrogen remains clearly 
visible by the Rh2N,_ peak at mle=220. 

The right panel ofFigure 4.1 shows the selective removal of atomie oxygen from 
a mixed N+O layer, eN=60 =0.12 ML, by exposure to hydrogen at 400 Kas monitored 
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Figure 4.1 The left panel shows SIMS spectra ofthe Rh(J 11) surface after adsorption 
of0.12 ML NO at 120 K, after healing to 400 K to dissociate the NO, and after reaction 
with H 2 at 400 K to remove the oxygen. The right panel shows the selective removal of 
oxygen by H2 at 400 Kfollowed in situ by SIMS. 

in situ by SIMS. Figure 4.1 clearly shows that the Rh20+1Rh2 SIMS intensity ratio, whieh 
is representative for the atomie oxygen eoverage, deereases rapidly after H2 is introdueed. 
The Rh20+/Rh2+ SIMS intensity ratio beeomes zero after approximately 150 seeonds 
indieating that all oxygen bas been removed. The Rh2W!Rh2+ SIMS intensity ratio 
deereases only slightly indieating that hydrogenation of atomie nitrogen to NH3 and N2 

formation are very slow reaetions under these eonditions. 
In order toprepare pure atomie nitrogen layers by suecessive reaetion between NO 

and H2 it is essential that all NO dissociates. The temperature at whieh NO dissoeiates 
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strongly depends on the initial NO coverage. For NO coverages below 0.15 ML Borg 
et al. [ 15] showed that dissociation is complete below 350 K, while for the saturation 
coverage of 0.68 ML dissociation does not start until430 K. 1n order to prepare atomie 
nitrogen layers an optimum temperature bas to be found at which all NO is dissociated, 
the lossof atomie nitrogen due to N2 desorption is small, the reaction between atomie 
oxygen and H2 proceeds rapidly, and NH3 formation is insignificant 

We have used SIMS todetermine to what temperature the Rh(111) surface had to 
be heated in order to dissociate all adsorbed NO. As could be expected, this temperature 
depended very much on the initial NO coverage. We found that heating to 400 K was 
necessary to dissociate all NO when the surface was saturated at 120 K (eN0=0.68 ML). 

Figure 4.2 shows the Rh2N+!Rh2' and Rh20+1Rh/ SIMS intensity ratios for several 
mixed N+O adlayers which were obtained by adsorbing various amounts of NO at 120 K 
and heating to 400 K. For NO coverages below 0.20 ML, no desorption takes place and 
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intensity ratios for several 
mixed N+O adlayers which 
were obtained by adsorbing 

various amounts of NO at 
120 K and healing to 400 K 

all NO dissociates upon heating (see Chapter 3). In this case, the resulting N.ds and O.d, 
coverages equal the initial NO coverage (6N0 =60 =6N), provided that no 0 2 and N2 

desorption takes place. For oxygen this assumption is certainly valid, since oxygen 
desorption only becomes significant above 700 K [16]. Figure 4.2 clearly shows a linear 
relation between the Rhp+!Rh2 SIMS intensity ratio and the initial NO coverage for 
~0<0.20 ML, indicating that no NO desorption occurs. The Rh2N

1/Rh/ SIMS intensity 
ratio increases linearly with the initial NO coverage below 0.15 ML. Apparently, N2 

desorption beoomes important for ~o>0.15 ML. For initial NO coverages above 0.20 ML 
both the Rhp+/Rh2+ and the Rh2~1Rh2+ SIMS intensities become constant, although the 
data exhibit some scatter. 

We have used TPD to determine the amount of atomie nitrogen on the Rh( 111) 
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sUlface both before and after reaction with H2 at 400 K. In order to relate N2- TPD areas 
to atomie nitrogen coverages we have used the correlation obtained from the NO uptake 
curve (Figure 3.2). Figure 4.3 shows the N.ds coverage before and after H2 reaction as a 
fimction ofthe initia! NO coverage. For initia! NO coverages smaller than 0.15 ML the 
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nitrogen coverages, as 
determined by TPD, 
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reaction as a function of 
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atl20K. 

amount of N ads that is deposited on the sUlface equals the amount of initially adsorbed 
NO. For initia! NO coverages between 0.15 and 0.45 ML, the N.d, coverages before and 
after H2 reaction are constant. So far these results are fully in line with the SIMS results 
of Figure 4.2. However, for initia! NO coverages larger than 0.45 ML the situation 
becomes different. Figure 4.3 shows that the N.ds coverage both before and after H2 

reaction increases with the initially adsorbed NO for 9N0 >0.45 ML and shows large 
variations. The increase of the Nads coverage as determined by TPD conflicts with the 
SIMS results ofFigure 4.2, which indicate a constant Nads coverage. An increase in the 
N.d., coverage is surprising anyway, since enhanced NO dissociation results in a higher 
Oads coverage and thus finther destabilization ofN.ds is expected. This would result in an 
increase of the N2 desorption and therefore a decrease of the Nads coverage. We will 
address this point in the discussion section. 

Figure 4.4 shows N2 TPD spectra, m/e=28, obtained ftom adsorbed atomie 
nitrogen layers with coverages ranging from 0.04 to 0.25 ML. For N.d., coverages from 
0. 04 to 0.13 ML the desorption tails of the spectra at high temperature overlap very well, 
as is expected for ordinru:y second order desorption behaviour. The peak maximum of the 
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Rh(lll) TPD of Nads 

300 400 500 600 700 800 900 

T emperature [K] 

Figure 4.4 N2 TPD spectra 
obtained from Nads layers of 
various coverages. Nads was 
prepared by adsorbing NO at 
120 K, foliowed by healing to 
400 K and reaction with H2 to 
remave the oxygen. The 
healing rate was 10 Kis. 

spectra shifts from 645 Kat E)N=0.04 ML to 595 Kat E)N=0.13 ML. A shift ofthe peak 
maximum is inherent to a second order desorption process. However, in this case also 
repulsive interactions between atomié nitrogen atoms play a role and cause a more 
pronol.Ulced shift ofthe peak maximum to lower temperature [10,17,18]. lfwe employ a 
CA W analysis to these TPD spectra, we find an activation energy and pre-exponenrial 
factor of 120±3 kJ/mol and 10105

±
1 s·I, respectively, for N2 formation in the zero coverage 

limit. These parameters are in excellent agreement with those reported by Borg et al. [ 15], 
who determined the N2 desorption rate in the presence of 0 in the limit of zero coverage. 

For aN > 0.13 ML the shape of the desorption spectra becomes remarkably 
different. Instead offollowing the desorption trend that was observed for ax < 0.13 ML, 
the spectra start to show increased N2 desorption in the high-temperature range. 
Remarkable fact is that the deviating N2 desorption behaviour coincides with the increase 
ofthe N.ds coverage for initial NO coverages larger than 0.45 ML, see Figure 4.3. 

4.3.2 Preparadon of atomie nitrogen layers by NH3 decomposition 

Atomie nitrogen cannot be obtained by adsorption of NH3 at low temperature 
foliowed by heating, since NH3 desorption is much faster than NH3 decomposition on 
Rh( 111 ), see Chapter 6. For this reason, deposition of atomie nitrogen by NH3 

decomposition is only possible by exposing the Rh(lll) crystal toa background pressure 
ofNH3 at elevated temperatures. We have only briefly investigated this metbod for the 
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Figure 4.5 The lefl panel shows N2 TPD speetrafor various atomie nitrogen eoverages 
obtained by exposing JxJft8 mbar NH3 at 450 K. The right panel shows the obtained 
atomie nitrogen eoverage as ajunetion ofthe NH3 exposure at 450 K. 

deposition of atomie nitrogen, since, alike H20, NH3 has a high tendency to stick to the 
chamber walls causing a low pumping speed and residual NH3 in the background and thus 
strongly deteriorated UHV conditions after NH3 exposure. 

The left panel of Figure 4.5 shows the N2 desorption spectra (mle=28) obtained 
from atomie nitrogen layers prepared by exposure of 1 x 10·8 mbar NH3 at 450 K. H2 

desorption (mle=2) was not observed indicating that no significant amounts ofNHx are 
present. We have not applied a CAW analysis to the N2 desorption spectra, since the 
heating rate was not perfectly linear over the entire temperature range ( approximately 10 
Kis on average). Compared to the N2 TPD spectra ofthe N.ds layers prepared by NO+H2 

reaction, see Figure 4.4, the desorption maximum seems to be slightly shifted to higher 
temperatures. However, a broadening at the high-temperature side is not observed. 

The right panel ofFigure 4.5 shows the obtained atomie nitrogen coverage as a 
function ofNH3 exposure. Initially, the atomie nitrogen eoverage inereases linearly with 
NH3 exposure. However, as the atomie nitrogen coverage becomes larger, the growth of 
the atomie nitrogen coverage with increasing NH3 exposure (the slope of the solid curve, 
see Figure 4.5) decreases. Three factors may be responsible for this phenomenon. First, 
the atomie nitrogen atoms simply block empty sites, which results in a rednetion of the 
number of sites available for NH3 adsorption. Second, the presenee of nitrogen atoms 
alters the NH3 adsorption equilibrium resulting in a lower steady state eoverage ofNH3 . 

Third, the NH3 decomposition rate is deereased by the presenee of atomie nitrogen, whieh 
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is not inconceivable, since decomposition reactions quite often require ensembles of 

empty sites. 

4.3.3 Preparadon of atomie nitrogen from NO+H2 mixtures 

We have investigated the deposition of atomie nitrogen by exposing the Rh(lll) 
surface to NO+H2 mixtures in order to obtain coverages higher than could be obtained by 
successive NO+H2 reaction or by NH3 decomposition. The advantage of using NO+H2 

mixtures above successive reaction between NO and H2 is that oxygen is removed during 
the reaction and sites are freed where new NO molecules may dissociate. In order to limit 
N2 desorption it is essential to keep the reaction temperature as low as possible. 
Furthennore it is important to use a low H2 pressure in order to prevent hydragenation of 
atomie nitrogen to NH3• On the other hand, the removal of oxygen by H2 must be fast 
enough to prevent accumulation on the surface. 

We have varied both the reaction temperature and the H2:NO pressure ratio to 
achieve the highest possible atomie nitrogen coverage. Investigation of the surface by 
SIMS indicates that below 375 K accumulation of NO and 0 is inevitable when the 
surface gets covered. F or this reason we used a reaction temperature of 400 K and varied 
the H2:NO ratio from 1:1 to 25:1. The NO pressure was 2xlo-s mbar in all cases. We 
found that below a H2:NO ratio of about l 0: l atomie oxygen starts to build up when the 
surface becomes increasingly covered by Nads. Apparently, dissociation of H2 and/or 
hydragenation of atomie oxygen to H20 is severely hindered at high atomie nitrogen 
coverages. 

Figure 4.6 shows the N2 desorption spectrum from an atomie nitrogen layer with 
a coverage of 0.45 ML that was obtained by exposing the Rh(lll) crystal to an H2:NO 
mixture of 15: l at 400 K. Under these conditions, SIMS spectra ofthe Rh(lll) surface 
after reaction indicated that atomie nitrogen was the only adsorbate. The shape of the N2 

desorption spectrum is significantly different from an ordinary second order desorptîon 
spectrum. Not only the steep onset for N2 desorption at 400 K, but also the broad 
temperature regime for N2 desorption ( 400-750 K) illustrates that other influences, like 
repulsive lateral interacts, play a significant mie. Figure 4.6 also shows the N2 desorption 
spectrum resulting from anNO saturated surface of which 0.45 ML of the NO molecules 
dissociates and 0.23 ML ofthe NO molecules desorbs. In both cases the amount ofN2 that 
desorbs is thus similar. However, the N2 desorption spectra are considerably different. 
The most striking difference is the less prominent P1-N2 desorption state in case ofN2 

desorption from a pure atomie nitrogen layer. Apparently, the PcN2 desorption state is 
favoured by the presence of coadsorbed oxygen and/or NO but is not caused the higher 
atomie nitrogen coverage. Recently, Makeev and Slinko [19] demonstrated that the 
appearance ofthe P1-N2 desorption state can be explained by incorporating repulsive NO
N interactions intheir mathematica} model. This explanation seems more dependable than 
fonner theories which attributed the P1-N2 desorption state to an NO+N reaction [8,20]. 
The latter theory was recently invalidated by Belton et al. [21] who investigated reactions 
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Figure 4.6 N2 TPD 
spectra from an NO 
saturated surface of which 
0. 45 ML dissociates (top) 
and from an atomie 
nitrogen layer of 0. 45 ML 
(bottom) prepared by 
reaction of2x]()·8 mbar NO 

2xJ0·7 mbar H2 at 400 K 
for 5 minutes. 

between N and NO on Rh(lll). Figure 4.6 also nieely illustrates the intluenee of 
repulsive interaetions between atomie nitrogen and atomie oxygen. In the presenee of 
atomie oxygen N2 desorption is more pronourteed in the low temperature range. 

We did notsneeeed in preparing atomie nitrogen eoverages larger than 0.45 ML 
by NO+H2 reaetion at 400 K. As Figure 4.6 illustrates, N2 desorption starts arourtd 400 
K, implying that N2 desorbs also during the NO+H2 reaetion at 400 K. Higher atomie 
nitrogen eoverages might be obtained by applying higher pressures (whieh is 
urtforturtately not possible in our experimental setup) or by lowering the temperature 
(whieh is, however, aeeompanied by the build up of atomie oxygen and NO). 

Although we examined many different atomie nitrogen eoverages and temperature 
treatments we did not abserve ordering in LEED experiments. 

4.4 Discussion 

4.4.1 Comparison ofmethods toprepare Nad• on Rh(lll) 

Figure 4.7 sehematieally summarizes the three methods we have explored for 
deposition of atomie nitrogen on Rh(lll): (i) low-temperature NO adsorption foliowed 
by H2 reaetion, (ii) NH3 deeomposition, and (iii) exposure to NO+H2 reaetion mixtures. 
Conseeutive reaetion between NO and H2 is the preferred method to deposit eontrollab te 
amounts of atomie nitrogen. However, this metbod is only quantitative for NO (Nads) 
eoverages below 0.15 ML, where all NO dissoeiates upon heating and no N2 desorption 
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Figure 4. 7 Schematic 
representation of the three 
procedures to prepare 
atomie nitrogen layers on 
Rh(J 11). 

occurs below 400 K. Deposition of atomie nitrogen by NH3 decomposition at 
temperatures above 400 K is very well possible, but undesirable due to deteriorating UHV 
conditions. Exposure of Rh( 111) to NO+H2 re action mixtures at 400 K is the obvious way 
toprepare high coverages of atomie nitrogen. On Rh(llO), the experimental method used 
to deposit atomie nitrogen has a significant influence on the N2 desorption behaviour 
[13,14,22]. On Rh(lll), this effect on the N2 desorption is less pronounced. Nevertheless, 
we will address some peculiarities of the N2 desorption behaviour in the following 
section. 

4.4.2 N2 desorption from atomie nitrogen Iayers 

One of the interesting features of N-N recombination is the role of lateral 
interactions which have been recognized in NO TPD experiments [8, 15]. However, in 
NO TPD experiments, N2 desorption is quite complex, since lateral interactions between 
N, 0 and NO play a role. The determination ofthe kinetic parameters for N2 desorption 
from atomie nitrogen layers has been an issue of considerable interest [10,11,17,18]. 
Zhdanov [17] recently simulated N2 desorption from atomie nitrogen layers on Rh(111) 
using the data previously reported by Belton et al. [10]. A second order desorption 
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mechanism and an assumed pre-exponenrial of 1013 s·' yielded an activatîon energy of 167 
kJ/mol for low coverage and an N-N lateral interaction energy of 7 kJ/mol. These results 
illustrate that the deviations from ordinary second order desorption can he explained 
solely by repulsive lateral interactions between nitrogen atoms. This explanation seems 
more solid than that of Belton et al. [10], who used three discrete N adsorption states to 
simulate N2 desorption at high coverages. 

V Eact ~ Reference 
[s-'] [kJ/mol] [Kis] 

1013 167 10 [17] Table 4.1 Comparison of 
5.1011 147 10 [11] N2 desorption parameters 

1010 118 10 [15]* from Nads layers on Rh(J 11) 
3.108 97 8.2 [18] in the limit of zero coverage. 
3.1010 129 10 [9]* An asterix indicates N2 
3.1010 120 10 [this work] desorption from NO. 

Table 4.1 shows a comparison of the N2 desorption parameters in the limit of zero 
coverage as reported by various authors. The varlation in the reported values is quite 
large, although there is a clear correlation between pre-exponenrial factor and activatîon 
energy, e.g. Obuchi et al. [18] report both a low pre-exponential factor and a low 
activation energy. Our values are in between those reported by the other authors and most 
closely resembie those of Borg et al. [15]. All authors describe N2 desorptîon at low 
coverages by a second order process. 

The atomie nitrogen layers prepared by low-temperature NO adsorption foliowed 
by reaction with H2 show second order desorption behaviour for atomie nitrogen 
coverages smaller than 0.13 ML, see Figure 4.4. At higher coverages the spectra show 
broadening at the high-temperature si de. In principle, the delayed N2 formation can he a 
consequence of a stronger adsorption site for atomie nîtrogen, but can also he a re sult of 
another rate-limiting process, like for instanee diffusion of atomie nitrogen from the bulk 
to the surface. In this respect it is interesting to make a comparison with the sîtuation on 
Rh(110). On this surface N-induced reconstructions have been reported by several authors 
[13,14,22]. Both (2x1)-N and (3xl)-N ordered phases are observed by LEED on the 
Rh(llO) surface. Formation of these ordered structures was accompanied by 
reconstruction of the Rh(llO) surface and resulted in a shift ofN2 desorptîon to higher 
temperatures. Kiskinova et al. [14] found that the presence of small amounts of subsurface 
oxygen resulted in a significant shift of N2 desorption to higher temperatures. A 
discrepancy between TPD deduced coverages and AES nitrogen intensities led several 
authors [13,22] to conclude that subsurface N is easily formed on Rh(llO) at high 
coverages. Also the formation of' subsurface oxygen' has been reported by several authors 
[16,23-25] 

On Rh(111) ordering of pure atomie nitrogen layers has never been observed. The 
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Figure 4.8 Schematic 
representation of the (2 x 1 )
IV ordered structure as 
proposed by Xu and /Vg 
{26]. The Rh(lll) surface 
shows a (2x 1) "added row" 
reconstruction. 

role of oxygen in the formation of ordered structures on Rh( 111) has been illustrated by 
a recent S TM study on the adsorption of NO on oxygen precovered surfaces by X u and 
Ng [26]. Atomie nitrogen was found to segregate into islands and to order in linear ebains 
forming a (1 x2)-N structure. Figure 4.8 shows a schematic representation ofthe (1x2)-N 
structure as proposed by Xu and Ng [26]. For the formation of this (1x2)-N phase, a 
significant surface reconstruction is necessary, since added rows of Rh atoms are formed. 
This is the fust time that a reconstruction of the Rh( 111) surface, which as all fee ( 111) 
surfaces is supposed to be very rigid, is reported. Unfortunately, Xu and Ng [26] did not 
perform TPD experiments ofthe ordered layers they observed by STM. Hence it remains 
unclearwhether the formation ofthe ordered (2x1)-N structure results in an increase of 
the adsorption energy and consequently a shift ofN2 desorption to higher temperatures. 

Although we can not rule out that the (2x 1)-N ordered phase is formed in the 
mixed N+O layers we produce by dissociation of NO at 400 K, we do notbelieve that 
ordering of atomie nitrogen is the reason for the delayed N2 formation for atomie nitrogen 
coverages above 0.13 ML. Since only a small amount of the nitrogen desorbs at higher 
temperature this would imply that only a small part of the atomie nitrogen is present in 
the more stabie ordered phase while the majority remains present in the disordered phase. 
We tentatively attribute the delayed N2 formation to the existence of a subsurface state 
of atomie nitrogen. Support for this interpretation comes from a comparison of the SIMS 
results of Figure 4.2 and the TPD results of Figure 4.3. F or initial NO coverages above 
0.45 ML, the TPD results of Figure 4.3 indicate that the amount of atomie nitrogen that 
is deposited by the dissociation of NO increases. However, this increase is not reflected 
by an increase ofthe Rh2N+/Rh2 ' SIMS intensity ratio. Although at higher coverages, 
deviations from linearity between the RhzN+/Rh2+ SIMS intensity ratio and the atomie 
nitrogen coverage can be expected, it is quite unlikely that the dependenee changes very 
abruptly and a very significant increase of the atomie nitrogen coverage cannot be 
observed by a change in the Rh2N"!Rh/ SIMS intensity ratio. It is important to note that 
the Rh20"/Rh2+ SIMS intensity ratio also remains constant, whereas the amount of atomie 
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nitrogen and, consequently, the amount of atomie oxygen increases. This might indicate 

that also subsurface atomie oxygen is formed. 
Th ere is apparently a threshold for the formation of subsurface N and/or 0 around 

an initial NO coverage of 0.45 ML. Interestingly, this is also the coverage regime where 
the NO dissociation mechanism changes, see also paragraph 3.5.3. Below 0.45 ML, NO 
dissociates predominantly before NO desorbs. With NO coverages higher than about 
0.45 ML NO, dissociation is, however, almost completely inhibited until NO desorption 
starts around 400 K. Furthermore, the amount of NO that dissociates during a TPD 

experiment starts to increase at initial NO coverages above about 0.45 ML. Surnmarizing, 

with initial NO coverages above 0.45 ML, larger amounts of atomie N and 0 are formed 
at temperatures around 400 K, which forces part of the atomie nitrogen andJor oxygen 

into a 'subsurface' state. 

4.4.3 NH3 decomposition 

In this section we discuss the deposition of atomie nitrogen by NH3 decomposition 
in order to determine kinetic parameters for the latter process. At 450 K the ammonia 
desorption rate is much faster than the ammonia decomposition ra te ( see also Chapter 6). 
For this reason, the ammonia adsorption can be assumed to be at equilibrium during the 
experiment. Furthermore, H2 that is formed by NH3 decomposition will desorb 

instantaneously resulting in a very small steady state coverage ofhydrogen on the surface. 
Rehydrogenation of NHx fragments seems, therefore, very unlikely. Based on these 

assumptions we propose the following reaction scheme: 

NH. -= NH - NH ~ NH ~ N 
.),gas J,adv 2,.ads wJ;r; (1t.is (4.4) 

The ammonia adsorption rate can be derived from the collision theory. For an 
ammonia pressure of l x 1 o-s mbar and a gas temperature of 300 K the number of NH3 

molecules that collides with the surface is -3.7xl016 [llm2.s]. Ifwe assume that the 
sticking coefficient is unity, the ammonia adsorption rate at 1 x w-s mbar equals 0.0023 

[MUs]. For ammonia desorption from Rh(111) we have determined an activation energy 
of81 [kJ/mol] assuming a pre-exponenrial factor of 1013 [s.1

], see Chapter 6. From these 
values we can calculate the steady-state NH3 coverage as follows: 

d fjNH 
Et/es 

3 
r wlv V des fjNH ·e RT 

V dec fjNH3 e RT 0 --= 

dt 3 

fjNH 
rad.\' 6. 10 7 [ML] 

(4.5) 
"' 3 

V de., e JU' 
V dcc e RJ' 

t 
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Since at 450 K N2 desorption does not proceed at these low coverages, the NH3 

decomposition rate can be calculated from the increase of the atomie nitrogen coverage 
with time, see Figure 4.5. From the initial slope ofthe curve, an NH3 decomposition rate 
of 1.9xl0-<~ [ML/s] is calculated. Using this value, the NH3 steady state coverage can be 
calculated from equation 4.5, yielding a very small value of 6x 1 o-7 [ML] 

d eN 
d t 

k · e dts NH3 
v · e 

E act 

(4.6) 

Ifwe assume a pre-exponenrial factor of 1013 [s-1
], we findan activation energy for 

NH3 decomposition of 90 [kJ/mol]. Although this is a rather rough calculation, it very 
well illustrates that anunonia desorption is much faster than anunonia decomposition. At 

450 K the ratio hetween the rates of anunonia desorption and decomposition is 
approximately 10. 

4.5 Conclusions 

Adsorption of NO at low temperature foliowed by heating to 400 K andreaction 
with H2 is a suitable metbod to deposit atomie nitrogen on Rh(lll). For coverages below 
0.13 ML, atomie nitrogen can be deposited in an adjustable way. In this coverage range, 
the N2 TPD spectra show a second order desorption behaviour which is best described by 
a pre-exponential factor and activation energy of 10105

"" 
1 s·1 and 120 ± 3 kJ/mol, 

respectively, in the limit of zero coverage. For initial NO coverages higher than 0.45 ML, 
atomie nitrogen coverages in excess of 0.13 ML can be obtained. However, part of the 
atomie nitrogen thus applied desorbs at higher temperatures, which is attributed to the 
formation of 'subsurface' nitrogen. 

Atomie nitrogen can be deposited by exposure to NH3 at elevated temperatures. 
Initially the amount of deposited atomie nitrogen is proportional to the exposure time. The 
activation energy for NH3 decomposition was determined from the increase of the atomie 
nitrogen coverage with time. Assuming equilibrium adsorption of NH3 and choosing a 

pre-exponenrial factor of 1013 [s-1
] for NH3 decomposition leads to an activation energy 

of -90 kJ/mol. 

Reaction between NO and H2 at 400 K temperatures can produce atomie nitrogen 
coverages as high as 0.45 ML. Reaction at lower temperatures results in the accumulation 
of atomie oxygen and NO on the surface in the pressure regime investigated (P101<10-6 

mbar). We have not observed ordering of atomie nitrogen by LEED measurements. 
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5 The mechanism ofNH3 formation on Rh(lll) 

5.1 Introduetion 

The reduction of NO" on rhodium is one of the key reacrions that occurs in the 
automotive exhaust gas convertor. Although the greater part of the NO is reduced by 
reaction with CO, a substantial part is reduced by hydrogen which is present in exhaust 
gas and which is, moreover, formed on the surface of the roetal particles by 
decomposition ofhydrocarbons and by the water gas shift reaction [1,2]. NOreduction 
by H2 may yield three different N-containing products, viz. N2, N20 and NH3, ofwhich 
the latter two are undesirable from an environmental point of view. 

Kineric studies ofthe Nû+H2 reaction have been performed on Pt foil [3], Rh foil 
[4], PtiRh single crystals [5,6], Rh/Si02 [7], and Rh/AlP3 [8]. These studies have shown 
that the reactivity of atomie nitrogen, which is formed by the dissociation of NO, plays 
a key role in the selectivity issue of the NO+H2 reaction. Whereas reactions, such as, the 
NO dissociation [9-11] and the recombination of atomie nitrogen to N2 [12, 13], have been 
stuclied extensively, the microscopie mechanisms of N20 and NH3 formation are still 
unknown. NH3 formation is commonly described by the stepwise hydrogenation of atomie 
nitrogen [14]. lndeed, many reports on NH and NR species exist. On Rh(lOO) [15] and 
Pt/Rh(lOO) [6,16] evidence was found byEELS for an NH intermediate which was 
reversibly formed when a c(2x2)-N adlayer was exposed to H2 . Zemlyanov et al. [17] 
observed an NH intermediate during the Nû+H2 reaction on Pt(lOO) by EELS. Prasad and 
Gland [ 18] explained the formation of diirnide NzR2 during the decomposition of NH3 and 
N2H4 on Rh foil by the coupling ofNH species on the surface. NHx intermediates were 
also observed in NH3 and N2H4 decomposition studies on Ni [19,20], Pt [21], Rh [22,23] 
and Ru [24]. 

Recently, the NO+H2 reaction regairred interest, in the context of chemica} waves 
and oscillations which develop under specific reaction conditions on Rh single crystal 
planes [25-30]. Cholach et al.[30] concluded that the moving wave front, as observed in 
FEM, represents the hydrogenation of the atomie nitrogen layer, foliowed by the 
decomposition and/or dissociation ofNR species into N2. 

The purpose of this paper is to reveal the mechanism of NH3 formation on 
Rh(lll). Since the details of the NH3 formation in the NO+H2 reaction are concealed by 
simultaneously running reactions, such as, NO dissociation, N2 and H20 formation, we 
have chosen to study the NH3 formation starting from a well defined atomie nitrogen 
layer. We have prepared atomie nitrogen layers by adsorbing NO at low temperature and 
removing the 0-atoms selectively by reaction with H2 at temperatures where N-atoms are 
not yet hydrogenated or desorb as N2. Details of the preparation method are described in 
Chapter 4. Finally, Secondary Ion Mass Speetrometry (SIMS) applied under reaction 
conditions reveals that NH2,.dsis the dominant NH" species on the surface during the N
hydrogenation. 
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5.2 Experimental 

TPD and SIMS experiments were done in a stainless steel ultra-high vacuum 
(UHV) system, pumped by a 360 Q/s turbomolecular pump and a water-cooled titanium 
sublimation pump. The base pressure was typically around 5 x 10·11 mbar, and mass spectra 
of the residual gas indicated the presence of mainly H2, CO and C02. The system is 
equipped with a Leybold SSM 200 quadrupole mass spectrometer for TPD and SIMS, and 
a Leybold EA 10 hemispherical energy analyzer, for AES and t.<p measurements. Both 
analyzers are interfaced with a PC for data storage. 

SIMS measurements were carried out in the static (low damage) mode. Typically, 
we used a defocussed 5 keV primary Ar+ beam with a current density of 1-10 nA/cm2

. To 
average possible anisotropies in the secondary ion emission process we applied a target 
bias of +45 V and an extractor voltage of -300 V on the entrance lens of the quadrupole 
system. 

The UHV system contained a rhodium crystal which was cut in the [111] 
orientation within 0.5° and polisbed according to standard procedures. The temperature 
was measured by a chromel-alumel thermocouple spotweldedon the back of the crystal. 
The standard cleaning procedure consistedof an argon sputter treatment (900 K, 1.5 ke V, 
5 IJ.A/cm2

) foliowed by annealing in 2x10.8 mbar 0 2 (900 K-1100 K) and a final annealing 
treatment in vacuum at 1420 K. The gases, NO (Messer Griesheim, 99.5%) and H2 

(Messer Griesheim, 99.995%), were used without further treatment. Exposures are 
reported in Langmuirs (11 = 1.33x10·6 mbar.s) and coverages are expressed with respect 
to the number of Rh surface atoms (1 ML=1.6x1015 cm-2

). 

Atomie nitrogen layers with a coverage of 0.10 ML were obtained by adsorbing 
0.25 L NO at 120 K and selectively removing the atomie oxygen at 375 K by reaction 
with 2 x 1 o-s mbar hydrogen during 160 s. The atomie nitrogen layers were exposed to llz 
at various pressures and temperatures. The amount of nitrogen remaining after the 
hydrogenation experiment was determined by TPD. Although the surface also contained 
N~ intermediates, N2 was the only nitrogen containing desorption product observed. We 
mention bere that the experiments were only possible with an excellent background 
pressure (p<5 x 1 o-tt mbar ), where CO adsorption during the reaction procedure can be 
prevented. 

5.3 Results 

5.3.1 Preparation of atomie nitrogen layers on Rh(lll) 

For all the experiments we started from anatomie nitrogen layer with a coverage 
of0.10 ML (±3%). The atomie nitrogen layerwas obtained by adsorption of0.10 ML NO 
at 120 K, heating to 375 K to dissociate the NO, andreaction with hydrogen at 375 K to 
remove the oxygen. Since the initial NO coverage is small, heating to 375 Kis sufficient 
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to dissociate all NO. SIMS indicated that all atomie oxygen could be removed by reaction 

with 2x w-s mbar H2 for 160 seconds at 375 K. We have used areaction temperature of 
375 K in order to entirely exclude N2 desorption during the oxygen removal treatment 
Further details on the preparation metbod are described in Chapter 4. 

5.3.2 Hydragenation of atomie nitrogen at constant temperature and H2 pressure 

In this section we show how the coverage of an atomie nitrogen layer decreases 

when it is exposed to a constant H2 pressure at a fixed temperature. The decrease of the 
atomie nitrogen coverage was determined by camparing the N 2 TPD area after a 

hydragenation experiment with the N2 TPD area ofthe initia} atomie nitrogen layer. 
As we will show in the discussion section, the hydragen adsorption readily 

equilibrates under our reaction conditions. We have restricted the upper temperature limit 
to 400 K in order to prevent that N2 formation and desorption takes place during the 

experiment. We found that up to 400 K the atomie nitrogen coverage remained unchanged 
when the crystal was kept isothermally in vacuum for several minutes. Under these 
conditions the rate of ammonia formation equals the decrease of the atomie nitrogen 
coverage and can be written as: 

deN.'"' 
dt 

k . e n em 
ejf N, tot H 

k e n 
~n N,tot 

(5.1) 

In this equation eN,tot represents the total of the nitrogen containing products as 
determined in the TPD experiment (all the NRx intermediates decompose when the 
hydrogen pressure is removed and desorb as N2 in the subsequent desorption experiment). 
It can be shown that this equation is valid, independent of which hydragenation step is 

rate-determining as long as the equilibrium between the N~ intermediates before the rate 
determining step is maintained. The decrease of the nitrogen coverage with time is 

determined by the n'h order dependenee of the ammonia formation ra te on the nitrogen 
coverage. Figure 5.1 shows the decrease ofthe nitrogen coverage with time at T=375 K 
and pH2=2 x 10'7 mbar, and at T=400 K and PH2=5 x 1 o-7 mbar. Although the nitrogen 
coverage continues to decrease below 0.04 ML, the data are not shown in Figure 5.1, 

since the relative error in the remaining Nads coverage deterrnination by TPD becomes too 
large. 

The decreasing slope of the eN coverage-versus-time curve indicates a positive 
order n of the ammonia formation rate with respect to the nitrogen coverage. If the order 

n is assumed to be unity, integration of Equation 5.1 yields: 

ln - ketf . t (5.2) 
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Figure 5.1 Decrease of 
the atomie nitrogen 
coverage with time due to 
reaction with H2 at constant 
temperature and pressure. 
The inset shows that a linear 
relation is obtained when 
the ratio of the initia/ to the 
remaining atomie nitrogen 
coverage is plotled versus 
the time, indicating that the 
hydragenation rate is jirst 
order in the atomie nitrogen 
coverage. 

where 8Jt) and eN(O) are the nitrogen coverages after and before reaction, respectively. 
The inset ofFigure 5.2 confirms that a linear relation is obtained ifthe logarithm ofthe 
coverage ratio is plotled versus the time. This indicates that the ammonia formation rate 
is proportional to the nitrogen coverage. 

5.3.3 Dependenee of the NH3 formation ra te on the H2 pressure 

The H2 pressure dependenee of the NH3 formation rate can give information on the 
rate-determining step in the consecutive hydrogenation of atomie nitrogen to NH3. Under 
the applied reaction conditions, the hydrogen atom coverage is expected to be small 
(8H«1) and therefore proportional to the square root ofthe H2 pressure. In this case the 
following general dependenee is expected: 

(
eN, lol ( ()) m " m /2 

ln =-k ·8 ·t=-k ·p ·t 8 (0) eff H eff H2 
N,fot 

(5.3) 

The pressure dependenee of the hydrogenation rate was investigated by keeping the 
reaction time constant at 160 s and varying the H2 pressure in the range between 2 x 1 o-s 
and 1x10·6 mbar. Figure 5.2 shows a plot ofthe logarithm ofthe ratio ofthe remaining 
and initial Nads coverage versus the hydrogen pressure at 375 K. The curve shows that for 
pressures below 5 x 10'7 mbar, the dependenee is close to linear, while the dependenee 
levels off in the pressure range from 5 x 1 o-7 to 1 x 10-6 mbar. A similar experiment at 400 K 

showed a similar H2 pressure dependence. 
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Based on these results only, assignment of the rate-determining step is not 
possible. However, we definitely conclude that the frrst hydrogenation step is not rate
limiting. In that case, the H2 pressure dependenee would be at most a square root 
dependence. Figure 5.2, however, shows a linear dependenee for H2 pressures below 
5xl0'7 mbar. 

5.3.4 Identification ofNH, reaction intermediates by SIMS 

For elucidating the hydrogenation mechanism of atomie nitrogen to NH3, the 
identification of surface intermediates is of great significance. In previous studies, SIMS 
has successfully been applied to identify NH, intermediates on the surface [31,32]. This 
section presents the SIMS results of the Rh(111) surface during N hydrogenation. The 
collection timefora SIMS spectrum was 15 seconds, which is about 10% ofthe time 
scale of a typical hydrogenation experiment. Spectra were taken after 20 s of reaction to 
be sure that equilibrium was established between the NH" intermediates and to compare 
different reaction conditions with similar nitrogen coverages. 

Figure 5.3 shows two characteristic mass regions of a SIMS spectrum of the 
Rh(111) surface taken after 20 secouds ofreaction at 5x10-7 mbar H2 and 375 K. The 
presence ofNH3 on the surface is evidenced by the appearance ofthe Rh(NH3Y cluster 
ion at m/e=/20. In the high mass range, Nru~, and NH2,ads are observed as predominant 
surface species by the appearance ofthe Rh2N+ and Rh2(NH2Y cluster ions at mle=220 

and mle=222, respectively. From a previous investigation we know that the Rh2(NH2Y 
cluster ion is nota consequence ofthe presence ofNli3 on the surface [32]. The presence 
ofhydrogen on the surface is evidenced by the appearance ofthe Rh2H+ peak at mle=207, 
which is not fully resolved from the Rh2+ peak, however. To facilitate the assignment of 
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Figure 5.3 SJMS spectra of the Rh(l 1 1) surface duringa hydragenation experiment 
showing the presence of H (Rhjr 207 amu), N (Rh2~ 220 amu), NH2 (Rh2NH2 + 222 
amu) and NH3 (RhNH3 + 120 amu) as reaction intermedia/es. Peak assignments were 
verified by using D2 inslead of H2• The spectrum was taken after 20 sof reaction, the H2 

pressure was 5x10'7 mbarand T=375 K. 

the SIMS peaks, H2 was exchanged for D2 which resulted in the expected mass shifts, as 
Figure 5.3 shows. In this case also a small peak at mle=222 is resolved. Whether this peak 
sterns from the presence ofND on the surface or results from fragmentation ofND2 is 
unknown. 

Although the presence ofN, NH2 and NH3 on the surface is clearly established by 
the spectra in Figure 5.3, interpretation of the peak intensities in terms of surface 
coverages is rather complicated. Previous studies have shown that SIMS peak intensity 
ratioscan give quantitative information about coverages of adsorbates [32-34]. However, 
it should be noted that occasionally non-linear correlations between intensity ratios and 
coverage are observed. Therefore, careful cabbration is required in order to obtain 
quantitative information from SIMS measurements. For NH3 we have been able to do 
such a calibration by studying the adsorption ofNH3 on Rh(lll), see Chapter 6. In the 
case ofNHx intermediates, however, calibration is much more difficult since no methods 
are at hand toprepare well defined coverages ofNHx species on the surface. We have 
therefore assumed that the Rh2NH2 + /Rh2N+ peak ratio reflects at least qualitatively the 
coverage ratio ofNH2 and N on the surface. The intensity of the Rh2 + peak was not used 
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Figure 5.4 The left panel shows the H2 pressure dependenee of the SIMS 
Rh2NH2 + !Rhp peak intensity ratio which, initially, increases with H2 pressure but 
reaches a saturation value of z0.43 above 5x10·7 mbar. The right panel shows the 
dependenee of the RhNH3 +!Rh+ peak intensity ratio which monotonically increases with 
the H2 pressure. In both cases the temperafure was 375 K and the SIMS spectra were 
taken after 20 s of reaction. 

as a reference, since it was not fully resolved from the Rh2W peak. 
Figure 5.4 shows the H2 pressure dependenee of the Rh(NH3}'1Rh+ and 

Rh(NH2}'/RhN+ peak intensity ratios at a constant temperature of 375 K. The SIMS 
spectra were taken after 20 s of reaction. The Rh(NHX /RhN+ peak intensity ratio 
increases in the H2 pressure regime between lxl0'8 and "'5xl0·7 mbar, but becomes 
constant at higher H2 pressures. The Rh(NH3}'/Rh+ peak intensity ratio increases over the 
whole pressure regime. Thus, NH2 is the predominant NHx species during the 
hydragenation of atomie nitrogen, whlle small amounts of NH3 are present as well. The 
coverage of both NH2 and NH3 rises at increasing H2 pressure, but for NH2 the 
dependenee levels off to a constant value at a pressure of about 5.1 o·7 mbar. 

We have also investigated the influence of the temperature on the presence of the 
intermediates on the surface. Figure 5.5 shows the dependenee ofthe Rh(NH3f/Rh+ and 
Rh(NH2f/RhN+ peak intensity ratios on temperature at a constant H2 pressure of 1 x 1 o·6 

mbar, also after 20 s ofreaction. The Rh(NH3f/Rh+ peak ratio increases somewhat up to 
temperatures of 365 K., whereafter it decreases rapidly. Except for the measurement at 
325 K, the Rh(NHJ+/RhN+ peak ratio remains more or less constant over the entire 
temperature range. 
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Figure 5.5 The left panel shows that the SIMS Rhj[H2 +/RhF peak intensity ratio at 
a H2 pressure of 1 x 1 o·6 mbar is independent of the temperature. The right panel shows 
that the RhNH/IRh+ peak intensity ratio first slightly increases with temperature, but 
decreases rapidly above 360 K. SIMS spectra were taken after 20 s ofreaction. 

5.3.5 Evidence for NH, intermediafes from TPD 

In the literature, much of the evidence for the existence of NHx intermediates is 
basedon the appearance of areaction limited H2 desorption state [23,35,36]. To compare 
this procedure with our results, we have frozen the intermediates present under reaction 
conditions by rapid cooling (4 Kis) under H2 to 275 K, after which the system was 
evacuated for 2 minutes and a TPD experiment was performed. Figure 5.6 shows the H2 

and N2 TPD spectra obtained by freezing the reaction at 350 K and 5 x 10·7 mbar H2 after 
20 seconds. The H2 desorption spectrum clearly shows two desorption states. The low
temperature desorption state with a peak maximum at 330 K represents the common 
second order desorption limited state. The H2 desorption state with a peak maximum 
around 415 K corresponds to a reaction limited state, which is attributed to the 
decomposition ofNHx intermediates. 
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Figure 5.6 The left panel shows the H2 and N2 TPD spectra resultingfrom an NH .. 
covered sulface which was obtained by cooling to 270 Kafter 20 sof re action at 350 K 
and 5x10-7 mbar Hr The reaction limited H2 desorption state at 415 K indicates the 
presence ofNH .. intermediates. Comparison ofthe H2 andN2 peak areas yields an overall 
N:H surface ratio in the NHx intermediales of 1:1.1. The right panel shows a SIMS 
spectrum of the sulface before TPD was carried out indicating the presence of H, N, NH2 

and NH3" 

The only nitrogen containing product that was observed during TPD was N2, 

whereas no NH3 and N2H2 could be detected. Furtherrnore, it appeared that all NH, had 
decomposed before N2 desorption started at around 500 K. Figure 5.6 also shows a SIMS 
spectrum of the surface before TPD was perforrned, which indicates the presence ofN, 
NH2 and NH3 on the surface. 

The ratio between the atomie nitrogen coverage and the amount of hydrogen 
desorbing in the reaction limited desorption state at 415 K is of interest because it can 
give additional inforrnation about the composition of the NH" interrnediate. Comparison 
of the N2 and H2 TPD peak areas and correcting for differences in ionization probabilities 
(S1JSN2=0.45) yields an overall N:H ratio of 1:1.1 for the NHx interrnediates. A different 
way to deterrnine the N:H ratio is relating the N2 and H2 TPD areas to the NO and H2 

uptake curves. In this way, the atomie nitrogen coverage was estimated to be 0.10 ML and 
the amount of hydrogen desorbing from the reaction limited state was 0.11 ML which 
results in the same overall N :H ratio of 1: 1.1 for the NHx interrnediates. 
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Note that the H:N ratio of 1.1 reflects the overall composition ofthe surface after 
20 s of hydrogenation at 350 K, excluding the atomie hydrogen, and has no hearing on 
the composition of the NHx species themselves. 

5.3.6 Dependenee of the NH3 formation rate on temperature 

In order to determine the effective Arrhenius parameters, we investigated the rate 
ofNH3 formation in the temperature range between 325 and 400 K. In these experiments 
the H2 pressure was kept constant at lxl0"6 mbar. Figure 5.7 shows the logarithm ofthe 
hydrogenation rate versus the reciprocal temperature. The slope of the curve corresponds 
to an effective activation energy of 33 kJ/mol while the effective pre-exponential equals 
102 s·1

• We use the terms effective activation energy and pre-exponenrial factor, since 
several equilibrium and rate constants may be involved depending on the rate-limiting 
step. At least the hydrogen adsorption equilibrium has to be incorporated, since the H2 

pressure is kept constant whereas the temperature changes, which results in varying 
hydrogen coverages. 
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Figure 5. 7 Temperafure 
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genation rate determined as 
/n(Op/0)/0p/t))/t after 160 s 
of reaction at 1 x 10·6 mbar. 
The effective activation 
energy was 33 kJ/mol and 
the effective pre-exponential 
factorwas 102 s·1 

5.4 Discussion 

5.4.1 Mechanism and kinetic description ofNH3 formation on Rh(lll) 

With respect to the kinetic mechanism of the step-wise hydrogenation of atomie 
nitrogen to NH3, the following experimental results are pertinent: 

The rate of ammonia formation is linearly proportional to the hydrogen pressure 
below 5xl0·7 mbar H2. 
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SIMS spectra indicate that N and NH2 are the predominant sUlface species lUlder 
reaction conditions, whereas NH3 and possibly NH are present only in very small 
amolUlts. 

The reaction-limited H2 desorption state, emanating from the Nf4 decomposition, 
indicates the presence of significant amolUlts ofNHx on the sUlface lUlder reaction 
conditions, the average H:N ratio in the NH" intermediates is 1: 1.1. 

Together, these results point to the hydrogenation ofNH2 as the rate determining 
step. We therefore propose the following sequence of steps with the associated 
equilibrium constants: 

H2,g + 2* .. 2 Haàs Kl=eH2/(e.2·pH2) (5.4) 

Nads + ~ .. NH.ds + * K2=(eNH·e.)J(ei,.eJ (5.5) 

NHads + H.ds .. NH2,ads + * K3=(8NH2·8.)/(8~'H·OH) (5.6) 

NH2,ads + Hads ~ NH3,ads + * rNH3=k4·8l\'H2·8H (5.7) 

NH3,aàs ~ NH3,g + * rNH3=ks·ONHJ (5.8) 

We will justify and discuss this kinetic mechanism in the following. Under our 
experimental conditions, i.e. 2x 10.s < Pm < 1 x 10-6 mbarand 325 < T < 400 K, the rate of 
both hydrogen adsorption and desorption are fast compared to the NH3 formation rate. 
Furthermore, hydrogen adsorption is sufficiently fast to supply hydrogen for the 
conversion of atomie nitrogen in Nf4 species. We therefore conetude that H2 adsorption 
rapidly reaches equilibrium (within the order of seconds). 

While initially aH the nitrogen on the sUlface is present as N.ds, exposure to 
hydrogen results in conversion of part of the atomie nitrogen in NH" species. It is difficult 
to determine the .exact time scale within which equilibrium between the Nf4 
intermediates is established. However, the rapid build up of the NH" intermediates and 
the absence of an induction period in the time-dependent hydrogenation experiments 
indicate that equilibrium conditions apply for the major part of the time scale of the 
hydrogenation experiments. In the final step, NH3 readsorption can be neglected, since 
the NH3 production rate is slow as compared to the pumping speed of the vacuum system, 
resulting in a negligible NH3 backgroWld pressure. 

Under the assumption that equilibrium conditions apply for both H2 adsorption and 
the Nf4 intermediates up to NH2> the following kinetic expression can be derived for the 
decrease of the nitrogen coverage with time, which is equal to the NH3 formation rate: 
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(5.9) 

The number of empty sites available for hydrogen adsorption equals: e.=l-8H

'[8NHx· For the denvation ofEquation 5.9 we have made the assumption that e.",l-8H. 
This has the advantage that two independent factors are obtained for the H2 pressure 
dependenee of the hydrogen adsorption equilibrium and the equilibria of the NHx 

intermediates (last and forelast factor in Equation 5.9, respectively). The choice ofthe 
number of empty sites available for hydrogen adsorption is quite arbitrary anyway, so we 
have assumed it to be unity in accordance to the situation on the bare surface. In fact the 
number of empty sites increases during the hydrogenation experiment due to the decrease 
of the nitrogen coverage. However, the decrease of the atomie nitrogen coverage in a 
typical hydrogenation experiment was in the order of 0. 05 ML, and therefore the increase 

of the number of empty sites is relatively smalt. Hence equation 5.9 should be valid under 
the conditions employed in this work. 

5.4.2 The H2 pressure dependenee of the NH3 formation ra te 

As the last but one factor in Equation 5. 9 indicates, the order in the H2 pressure of 

the NH2 coverage can vary between 0 and 1. As stated previously, the hydrogen atom 
coverage is small under our reaction conditions and therefore proportional to I Pm· This 
can easily beseen from the last factor in Equation 5.9, which represents the hydrogen 
coverage andreduces to I(K1.pm), if K1.pm « 1. As a result, the order of the NH3 

formation rate in the H2 pressure can vary between 112 and 3/2 as extremes. 
Figure 5.4 shows that the NH2 coverage grows at increasing H2 pressures below 

"'5xl0-7 mbar, while the NH2 coverage becomes constant at higher H2 pressures. From a 

kinetic point of view, the observed H2 dependenee of the NH2 coverage and the NH3 

formation rate are consistent. At pressures below 5x 10·7 mbar both the NH2 and the 

hydrogen coverage depend on the H2 pressure resulting in an overall frrst order 
dependenee ofthe NH3 formation rateon the H2 pressure. Above 5x 10·7 mbar H2, the NH2 

coverage becomes constant and the H2 pressure dependenee of the NH3 formation rate is 

determined solely by the pressure dependenee of the hydrogen coverage ( - I pHz). 
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5.4.3 Presence of NHx intermediates on the surface under reaction conditions 

The SIMS results of the surface under reaction conditions indicate that N and NH2 

are the predominant nitrogen surface species. Drechsler et al. [31 ], using SIMS, have 
demonstrated that NH is the main surface species during the NH3 decomposition on Fe. 
We may therefore conclude that the absence ofNH in our SIMS spectra is not caused by 
a poor sensitivity, but due to a low surface coverage ofNH. NH3 is also detected, but only 
in very small amounts. A previous study on the adsorption of NH3 on Rh(lll) [32] 
indicated that an NH3 coverage as smallas 0.01 ML resulted in a SIMS Rh(NH3f/Rh+ 
peak intensity ratio as large as z7. In the present case the SIMS Rh(NH3f/Rh+ peak 
intensity ratio does not exceed a value of 0.25, see Figure 5.4, which pointstoa negligibly 
low coverage. In fact the NH3 steady state coverage is determined by the ratio between 
the NH3 production and desorption rate: 

- NH 3,gas 

(5.10) 

Under steady state conditions the rate of NH3 formation is equal to the rate at 
which the nitrogen coverage decreases. As Figure 5.1 shows, a typical value for the 
decrease of the nitrogen coverage is 0.0002 MUs. For the NH3 desorption rate an 
activation energy of 81.5 kJ/mol was found if a pre-exponential factor of 1013 was 
assumed [32]. Using these values an NH3 steady state coverage of 4x 10.;; ML is calculated 
at 375 K. Since this coverage is very small we must, envisage about the role that surface 
defects might play. IfNH3 is, for instance, adsorbed more strongly to defect sites, the 
coverage might become significantly higher. 

Equation 5.10 prediets that the NH3 steady state coverage increases if the NH3 

formation rate increases. This is in line with the results in Figure 5.4, which shows that 
the NH3 steady state coverage for a given temperature rise at increasing H2 pressure. 

Since no reference is available, it is difficult to give a precise estimate of the 
NH2:N surface coverage ratio on the basis ofthe SIMS Rh2NH2+1Rh2N+ peak intensity 
ratio. Quantification is complicated, since the relative SIMS sensitivities for N and NH2, 

and the fragmentation ofthe Rh2NH2+ cluster ion to Rh2N' are unknown. Nevertheless, 
it is remarkable that the SIMS Rh2NH2+/Rh2N+ peak intensity ratio becomes independent 
of the H2 pressure above 5xi0-7 mbar at 375 K, see Figure 5.4 (note the logarithmic 
pressure scale ), and is also independent of the temperature at a constant H2 pressure of 
1x10-6 mbar, see Figures 5.5. In all cases the Rh2NH2+/RhzN+ peak intensity ratio 
saturated at a value of z0.43. This might indicate that notall nitrogen is accessible to 
hydrogen. Yamada et al. [15] reported that exposure of a c(2x2)-N adlayer on Rh(lOO) 
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to hydrogen only resulted in Nf1x formation at the edges of nitrogen islands. From our 

results we have no direct evidence for island formation, but it could explain why the NH2 

coverage saturates while the Rh2NH2+1Rh2N+ ratio remains small. 

In the literature most of the information conceming the stability of NH" 

intermediates sterns from decomposition experiments. Bassignana et a/.[20] showed that 

on Ni(llO) NH2 is the predominant intermediate formed during thermal NH3 

decomposition at 350 K. An activation energy of 20 kcal/mol was reported for NH2 

decomposition into Nor NH. Rausher et al. [24] reported NH2 as a stabie intermediate 

also on Ru(OOI) between 280 and 300 K during N2H4 decomposition. The NH2 

intermediate was fmmd to decompose into NH at higher temperatures. On Rh(lll), 

Wagner and Schmidt [22] reported a reaction-limited H2 desorption peak at 430 K, when 

studying the reactions of oxygen with NH3 and N2H4. This reaction-limited H2 desorption 

peak seems to be identical to the one we observed during TPD of the Rh( 111) surface 

containing the Nf1x intennediates formed during the hydrogenation of Nads, see Figure 5.6. 

However, Wagner and Schmidt attributed the H2 formation to decomposition ofNH rother 

than to NH2. This latter assignment has been made in a previous investigation by the same 

authors Wagner and Schmidt [37], in which they investigated the decomposition of 

H2NCHO, D2NCHO, N2~ and NH3 on Rh(111). Decomposition ofD2NCHO showed that 

the reaction-limited H2 (D2) peak at 430 K stemmed from decomposition of the amino 

NH2 (ND2) group. Similar to our findings, they determined an overall N:H ratio of 1:1.08, 

when comparing the N2 andreaction lirnited H2 (D2) desorption peak areas. From this 

result they concluded that decomposing NH" species was NH. A reaction-limited NH3 

desorption state was also observed in these experiments, which was explained by 

hydrogenation of NH2. It should be noted that their results could of course also be 
explained by assuming that the surface contained N and NH2 in a 1:1 ratio. 

5.4.4 Kinetic parameters of the NH3 formation 

Figure 5.6 shows that at a H2 pressure of lx10"6 mbar the Rh2NH2+1Rh2N+ peak 

ratio is almost independent of the temperature and equal to the saturation value. If we 

assume that the Rh2NH2+1Rh2N- peak ratio is a measure for the NH2 coverage, the latter 

is also temperature independent. This greatly simplifies the interpretation of the measured 

activation energy, since the temperature dependenee of the NH2 equilibrium is not 

incorporated. In this case, the effective rate constant that is measured equals the product 

ofthe elementary rate constant for the reaction from NH2 to NH3 and the square root of 

the H2 adsorption equilibrium constant, k.g=k4K/12
, see equation 5.9. Under these 

assumptions, the activation energy for the reaction ofNH2 to NH3 equals: 

eff + Y2 EdesJI
2 

~ 33 + 36 69 [kJ/mol] (5.11) 
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H2 TPD experiments yielded an activation energy and pre-exponential of 72 kJ/mol and 
1011 s·l, respectively, for desorption in the low coverage limit, in good agreement with the 
literature [38]. 

The only activation energy reported in the literature on NH3 formation sterns from 
Hirano et al. [5]. They found an effective activation energy of 55 kJ/mol for NH3 

formation by the reaction of NO+H2 on a Pfo_25-Rho_75(100) single crystal. Comparison 
with our value is difficult, since it is not clear which reaction constants contribute to the 
effective activation energy. Shustorovich and Bell [39] have studied the synthesis and 
decomposition ofNH3 on transition metal surfaces by a bond-order-conservation-Morse
potential analysis and concluded that the first hydrogenation step, i.e. the reaction from 
N to NH, is rate-limiting in NH3 formation on Pt. Furthermore, they concluded that both 
NH2 and NH3 are more stabie surface intermediates than NH, and that NH3 desorption is 
favoured above NH3 decomposition. Although the calculations are performed for Pt(111), 
the discrepancies with our findings and those of other authors are striking. First, it 
contradiets the H2 pressure dependenee we observed for the NH3 formation rate on 
Rh( 111) and, secondly, it cannot explain the build up of significant amounts of Nflx 
intermediates, either during NH3 decomposition or NH3 formation. 

5.5 Conclusions 

Atomie nitrogen layers with well determined surface coverage can be prepared by 
adsorbing NO at low temperatures, foliowed by thermal dissociation and selective 
removal of the atomie oxygen by reaction with hydrogen. When the atomie nitrogen layer 
is exposed to H2 at constant temperature and pressure, the rate at which the atomie 
nitrogen coverage decreases appears to be fust order in the atomie nitrogen coverage. The 
rate of NH3 formation is first order in the H2 pressure between 1 x 1 o-8 and 5 x 1 o-7 mbar, 
but the order decreases between 5 x 10"7 and 1 x 1 0"6 mbar. SIMS spectra of the surface 
under reaction conditions indicate, by the appearance of Rh2N+ and Rh2NH2 peaks at 
mle=220 and 222, respectively, that N and NH2 are the predominant surface 
intermediates. Small amounts of NH3 could be monitored on the surface by the 
appearance of the RhNH3.,. cluster ion in the SIMS spectra. The NH2 coverage grows at 
increasing H2 pressure between 1 x 10"8 and 5x 10"7 mbar at 375 K. In the pressure range 
between 5xl0"7 and 1xi0·6 mbar the NH2 coverage became constant. At a pressure of 
1 x 10-6 mbar Hz, the NH2 steady state coverage is independent of the temperature. The 
presence of NHx species is also evidenced by the appearance of a reaction limited Hz 
desorption state at 415 K, attributed to decomposition ofNH2• 

From the temperature dependenee of the NH3 formation ra te, an effective pre
exponential and activation energy of 102 s·1 and 33 kJ/mol, respectively, were calculated. 
The experimental results can best be explained by assuming that the third hydragenation 
step, i.e. the hydragenation from NH2 to NH3, is rate-limiting. The activation energy of 
this step is 69 kJ/mol. 
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6 Adsorption and desorption ofNH3 on Rh(lll) 

6.1 Introduetion 

Understanding the adsorption and the reactivity ofNH3 on rhodium surfaces is of 
interest for large scale industrial processes. Both the HCN synthesis, according to the 
Andrussow process [1], and the formation ofNO by oxidation ofNH3, known as the 
Ostwald process [2], are realized on Pt-Rh catalysts. Furthermore, formation ofNH3 has 
been considered as a possibility in the rednetion of NO by H2 with automotive exhaust 
catalysis [3]. 

Surprisingly little has been reported in the literature about the interaction between 
NH3 and rhodium. In contrast to the other transition metals, the attention has been focused 
mainly on the decomposition ofNH3 in the moderate pressure regime [4,5,6]. Table I 
summarizes what is known about adsorption ofNH3 on rhodium. The results reported thus 
far suggest that NH3 decomposes at least partially on defect-rich rhodium surfaces, such 
as wires and foils, but stays intact on the close-packed (111) surface. Evidence for NH3 

dissociation on the facetted surface of a rhodium field emitter tip was only found when 
adsorption took place at elevated temperature, as reported by Van Tol et al. [7]. 
Noteworthy is the formation ofN2H2, found by Prasad and Gland [8], and attributed to 
the recombination of imide (NH • .:~s) surface intermediates. 

More complete schemes ofNH3 adsorption exist for the transition metals Ni, Pt, 
Ru, Cu and Ag, for which results have briefly been summarized by Thomburg and Madix 
[12]. The adsorption behaviour ofNH3 on the various metals shows large similarities. The 
NH3-Ru(0001) system has been studied in greatest detail and will therefore be briefly 
reviewed here. 

TPD experiments indicate four distinct desorption states ofNH3 from Ru(0001) 
[13,14]. The first two states, denoted a 1- and a 2-NH3, have peak maxima at 315 and 
180 K, respectively. Complete filling of these two states leads to saturation ofthe first 
adsorption layer and yields a sharp (2x2) LEED pattem corresponding to a coverage of 
0.25 ML. ESDIAD results show that in the a 1-state, which saturates at 0.15 ML, NH3 

is adsorbed with its C3v synunetry axis perpendicular to the surface; the molecules are 
either rotating freely around the perpendicular axis or possess a random azimuthal 
orientation [14]. Filling ofthe a 2-state leadstosome tilting of the molecules with respect 
to the surface normal. Further increase of the NH3 coverage results in the formation of a 
second adsorption layer, which gives rise to a sharp desorption peak at 130 K, denoted 
~-NH3. During filling ofthe second adsorption layer a (2v'3x2v'3)R30° LEED pattem is 
observed. For this ordered structure a model is proposed in which all fust layer molecules, 
0.25 ML, occupy threefold sites on which 0.08 ML of'second layer' or ~-NH3 is adsorbed 
through hydrogen bonding [14]. The formation of multilayers, y-NH3, commences at 
coverages in excessof 0.50 ML, and is readily observed by a desorption peak at 115 K. 
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Table 6.1 Literature overview on the adwrption of NH3 on rhodium 

Rhodium T"" Swface species Evidence Reference 
substrate [KJ 

wire 300-450 N, Nll.,H reaction-limited H2 desarpiion at 420 K [9] 
foil 80 NI-I.. NH3,H N2, N2H2 , and NH3 desorption [8] 
Rh(! I I) 100 NH, NH3 desorption only [10,11] 

Rh tip 80-300 NH, image clean tip appears at 400 K [7] 
>400 N,NII.,H tip clean above 650 K due to N2 desarpiion [7] 

Rh(! IJ) 120 NH, NH3 desarpiion only, SIMS thiswork 

The work function ofthe NH/Ru(OOOI) surface decreases linearly with coverage 
during the filling of the a 1-state. lt diminishes further, with a decreasing slope, as the a 2-

and P-states populate, to reach a maximum value of Llcp=-2.4 eV after complete filling 
of the P-state. 

EELS and RAIRS measurements confirm the existence of various adsorption states 
ofNH3 onRu(0001) [13, 15]. The IR-cross section for the NH3 deformation mode appears 
to behave strongly non-linearly with coverage. During filling of the a 1-NH3 state the 
absorption increases linearly with coverage, but formation of a 2-NH3 reduces the cross 
section and completion ofthe P-NH3 state, thought to occur through H-bonding, queuehes 
the deformation mode entirely. 

In this chapter we characterize the adsorption of NH3 on Rh( 111) by temperature 
programmed desorption (TPD), low energy electron diffraction (LEED), work function 
measurements and static secondary ion mass speetrometry (SIMS). Results of the latter 
technique serve as a reference for the kinetic study on the hydragenation of atomie 
nitrogen on Rh(l11) [16], as discussed in Chapter 5. 

6.2 Experimental 

TPD, SIMS and work function experiments were performed in a stainless steel 
ultra high vacuum (UHV) system, pumped with a 360 els turbomolecular pump and a 
water-cooled titanium sublimation pump. The base pressure was typically around 5x 10-11 

mbar, and mass spectra of the residual gas indicated the presence of mainly H2, CO and 
C02• The system is equipped with a Leybold SSM 200 quadrupale mass spectrometer for 
TPD and SIMS, and a Leybold EA 10 hemispherical energy analyzer for AES and Acp 
measurements. Both analyzers were interfaced with a PC for data storage. 

SIMS measurements were performed in the static (low damage) mode. Typically, 
we used a defocussed 5 keV primary At beam with a current density of 1-10 nA/cm2

. To 
average possible anisotropies in the secondary ion emission process, we applied a target 
bias of +45 V and an extractor voltage of -300 V on the entrance lens of the quadrupale 
system. 

W ork function changes were determined by measuring the shift of the low kinetic 
energy onset of the secondary electron emission in AES. In order to minimize damage 
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effects due to electron irradiation, we used a primary electron beam of 500 eV and 

0.02 ~· The sample was biased -10 V with respect to the ground potential. The onset 
was defined as the energy at which the derivative of the secondary electron distribution 
maximizes. The shifts are reported with respect to the clean Rh( 111) surface ( 5. 6 e V) 
[17]. 

LEED experiments were performed in a different UHV system equipped with a 
Leybold Quadruvac Q100 mass spectrometer and areverse view, four grid AES/LEED 
opties (Spectaleed, Ornicron Vakuumphysik GmbH). LEED data were obtained with an 

electron beam current between 20 and 30 J.lA. 
Each UHV system contained a rhodium crystal which was cut in the [ 111] 

orientation within 0.5° and polisbed by standard procedures. The temperature was 

measured by a chromel-alumel thermocouple spotwelded on the back of the crystal. The 
standard cleaning procedure consisted of an argon sputter treatment (900 K, 1.5 ke V, 
5 J1Aicm~ foliowed by annealing in 2x 10·8 mbar 0 2 (900 K-1100 K) and a fmal annealing 

treatment in vacuum at 1420 K. The gases, NH3 (UCAR electronic grade, 99.995%) and 
D2 (Messer Griesheim, 99.7%) were used without further treatment. Exposures are 
reported in Langmuirs (1L 1.33x 10-6 mbar.s) and coverages are expressed with respect 
to the number of Rh surface atoms (I ML=1.6x 1015 cm-2

). 

6.3 Results 

6.3.1 Temperature-programmed desorption 

After adsorption of NH3 at 120 K, temperature-programmed desorption spectra 

were measured at a heating rate of 5 Kis, by monitoring the mass channels mle=2 (H2), 

m!e=l7 (NH3), mle=28 (N0 and mie=30 (N2H0. In all cases, NH3 was the only detectable 
N-containing desorption product. Some H2 desorption was observed, which was attributed 

to adsorption of small amounts of H2 from the background. 
The NH3 desorption spectra in Figure 6.1 show three distillet desorption states 

depending on the NH3 coverage. The frrst low coverage state, denoted by a 1-NH3, has a 
maximum around 320 K which broadens significantly to lower temperature at increasing 

NH3 coverage. Note that the spectra contain a small shoulder at higher temperatures, 
which grows with increasing exposure. The origin of this signal is not clear; possible 
explanations will be given in the discussion section. 

Application of the Redhead method [ 18] to the low-coverage peak at 320 K yields 
a desorption energy of 81.5±3 kJ/mol for a 1-NH3, if a pre-exponential factor of 1013 s·1 

is assumed. Other analysis methods which in general give more reliable answers [ 19], 
appeared to be unsuitable because of the strong dependenee of the desorption energy on 

the coverage. 
The transition to the second desorption state a 2-NH3, which maximizes at 155 K, 

takes place very gradually. Above NH3 exposuresof ::::0.45 L, a third desorption state, 
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Figure 6.1 Temperature
programmed desorption 
spectra of NH3 measured 
after adsorption of various 
amounts of NH3 at 120 K 
The healing rate was 5 Kis. 

P-NH3, is observed by a very sharp peak at 130 K. Application ofthe Redhead method 
yields a desorption energy of 32 kJ/mol for this P-NH3, if a pre-exponential factor of 
1013 s-1 is assumed. 

6.3.2 D1 coadsorption 

The fact that none ofthe experiments showed any traces of desorbing N2 or N2H2 

suggests that NH3 adsorbs exclusively intact. In order to confirm this, some TPD 
experiments were done after coadsorption of D2 and NH3• If anunonia decomposes on the 
surface, andrecombines upon desorption, NH3_xDx would he expected in the gas phase. 
Deuterated products did not form, ho wever. D2, NH3 and small amounts of HD were the 
only desorption products observed, see Figure 6.2. 

The presence ofHD indicates that some hydrogen was present on the surface also. 
Since the shape of the HD desorption peak is approximately the same as that of D2 ( see 
Figure 6.2}, it is most likely that this hydrogen sterns from background adsorption. The 
small difference in the peak maximum of HD and D2 ("' 10 K) is in line with the isotope 
shift that is observed when comparing H2 and D2 desorption. Coadsorption of D2 appears 
to destabilize adsorbed ammonia: the NH3 peak maximum shifted from "'300 to 265 K 
when l.O L 0 2 was post dosed toa surface covered by 0.06 ML ofNH3, as Figure 6.2 
shows. 
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Rh(lll)+0.06 ML NH 3 
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6.3.3 LEED ofNH3 on Rh(lll) 

Figure 6.2 Temperature 
programmed desorption of 
0. 06 ML of NH3, in the 
absence and presence of 
coadsorbed D2 does not 
indicate deuterated 
ammonia. HD formation is 
attributed to H2 adsorption 
from the residual gas. The 
ammonia desorption shifts 
to lower temperature by 
coadsorbed D2-

LEED experiments have been done to provide a calibration point for the NH3 

coverages. Figure 6.3 shows the ( 1 x 1) LEED pattem of the clean Rh( 111) surface and the 
(2x2)-NH3 LEED pattem observed after dosing 0.45 L NH3. The visibility of the (2x2) 
pattem depends strongly on the NH3 coverage and the (2x2) pattem arises only at a 
coverage obtained aftera 0.45 L exposure, or after higher exposures followed by heating 
to 150 K. We therefore conclude that the (2x2) NH/Rh( 111) structure is uniquely 
associated with completely tilled a 2- and a 1 -states. The applied beam energy was 58 e V 
in both cases and the temperature was 120 K. We stress that under our conditions the 
(2x2) pattem was observable only for a few seconds. NH3 decomposition by electrans is 
well known [20], but also local heating may contribute to the rapid disappearance of the 
(2x2) LEED pattem We assign the (2x2) pattem to an NH3 surface coverage of 0.25 ML, 
corresponding toa fully occupied a1- and a 2-state. Similar assignments were made for 
Ru(0001) [14], Ni(lll) [21] and Pt(1ll) [22]. 
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Figure 6.3 The Ie ft picture shows the (1 x 1) LEED pattem of the clean Rh(111) 
surface. The right picture shows the (2x2)-NH3 LEED pattern, corresponding to 
ONH3=0. 25 ML, obtained after exposure of 0. 45 L NH 3" The electron energy was - 58 e V 

6.3.4 Coverage calibration and sticking coefficient 

Figure 6.4 shows the NH3 uptake curve which was constructed by integrating the 
NH3 TPD peak areas and using the calibration point that the TPD area obtained after 
0.45 Lexposure corresponds to 0.25 ML. During the filling ofthe a 1- and a 2-NH3 states, 
the NH3 coverage increases linearly with NH3 exposure, which implies that the sticking 
coefficient is independent ofthe coverage. We estimate that the initial sticking coefficient 
is close to unity. However, uncertainty in the total pressure measurement preelucles an 
accurate assessment. 

During the filling ofthe second adsorption layer above 0.25 ML, the scatter in the 
data enlarges and the uptake curve starts to deviate from linearity. This is probably due 
to larger errors that derive from integrating the sharp desorption peak at 130 K. Also 
desorption ofNH3 may become important, since the adsorption temperature of 120 Kis 
just below the desorption temperature of NH3 in the second layer, 130 K. Multilayers 
were not observed, as this requires adsorption temperatures below 110 K. 
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Figure 6.4 Uptake curve 
obtained by inlegration of 
the NH3 TPD peak areas. 
Exposure of 0.45 L NH3 is 
assumed to correspond to 
an NH3 coverage of 0.25 
ML. The sticking coefficient 
is independent of the 
coverage and close to unity. 

6.3.5 Work function measurements 

Figure 6.5 shows the change ofthe work function versus the NH3 coverage. Up to 
an NH3 coverage of :::0.15 ML, where the a 1-state prevails, the work function decreases 
linearly with NH3 coverage. The initial slope, indicated by the solid line in Figure 6.5, 
equals -11.5 eV/ML. For NH3 coverages between 0.15 and 0.25 ML, where the a 2-state 
becomes occupied, the drop in work function becomes less pronounced. For NH3 

coverages in excess of 0.25 ML, corresponding to the P-state, the work function becomes 
constant and reaches a saturation value of -2.4 eV below the value of clean Rh(lll). 
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Figure 6.5 Workfunction 
change as a function of the 
NH3 coverage. The solid 
fine indicates the initia/ 
work function decrease 
which equals -11.5 eVIML. 
The slope of the curve 
decreases around an NH3 

coverage of -0. 15 ML, the 
maximum decrease is -2.4 
eV. 
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6.3.6 Secondary Ion Mass Speetrometry 

Figure 6.6 shows three characteristic mass regionsof a SIMS spectrum of the 
Rh(lll) surface covered with 0.10 ML ofNH3 at 120 K. The presence ofNH3 on the 
surface is best illustrated by the appearance of the Rh(NH3}' cluster ion at mie= 120. In 
the low-mass region the predominant features are W and NH/ stemming from NH3 

fragmentation during the emission process. Comparable NH3 fragmentation was observed 
in a previous SIMS study on the adsorption ofNH3 on Fe(llO) by Drechsler et al. [23]. 
The appearance ofNH/ is attributed to recombination ofNH3 and H in the near surface 
region during emission. The right panel ofFigure 6.6 shows the mass region associated 

.~ 
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NH+ 
x 

x~ 0.1.2.3.4 

Sx Rh~ 

Rh(lll) 

0.10 ML NH3 

Tads = 120 K 

Sx 

0 5 10 15 20 25 lOO lOS 110 115 120 125 200 205 210 215 220 225 

Mass [amu] 

Figure 6.6 Three characteristic mass regions of a SIMS spectrum of the Rh(ll 1) 
surface coveredwith 0. JO ML ofNH3 at 120 K The Rh(NH)+ peak at m/e=J20 is the 
predominant ammonia-derived cluster. NH3 fragmentation produels are observed in the 
low-mass range. Although weak ofintensity, the Rh2(NH)+ cluster at mle=223 can be 
distinguished. 

with the emission of Rh2-related clusters. Although the intensities are close to the noise 
level, both the Rh2+ and Rh2(NH3t clustersionscan be recognized at mle=206 and 223, 
respectively. The nature of the signals in the region from mie= 212 to 21 4 is unclear, but 
the signals might he due to Pt(NH4}' cluster ions of the three Pt isotopes, since Pt is a 
known trace impurity of rhodium. 

We note in partienlar that SIMS gives no evidence for the presence of any 
dehydrogenated NR. species on the surface. Studies on the hydragenation of adsorbed 
N-atoms revealed that such speciescan he detected in SIMS [16]. The SIMS data thus 
confirm the intact adsorption ofNH3 on the Rh(lll) surface. 
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The study of the NH3-Rh(lll) adsorption system by SIMS is somewhat 
complicated by the fact that the work function of the surface decreases significantly upon 
increasing the NH3 coverage. A work function decrease generally results in a higher 
neutralization probability of the emitted secondary ions [24,25], which leads to a decrease 
of the SIMS peak intensities. In practice only the Rh(NH3Y cluster ion has enough 
intensity to give reliable information about NH3-Rh( 111) system in a broad coverage 
regune. 
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Figure 6. 7 The left panel shows SIMS spectra of the Rh(1 1 1) surface for some 
characteristic NH3 coverages at 120 K The right panel shows the decrease of the 
absolute Rh• peak with increasing NH3 coverage. The work function decrease is shown 
for comparison. The SIMS Rh(NH:PIRh+ peak intensity ratio is a strongly non-linear 
function ofthe NH3 coverage. 

The left panel of Figure 6. 7 shows some characteristic SIMS spectra in the mass 
region from m!e=JOO to 125 ofthe Rh(lll) surface for various NH3 coverages at a 
temperature of 120 K. The spectra clearly show that the absolute intensity of the 
Rh(NH3r cluster varies non-linearly with the NH3 coverage, while also the Rh+ peak 
intensity drops significantly with increasing coverage. The right panel of Figure 6. 7 
clearly shows the correlation between the decrease ofthe absolute Rh+ SIMS signaland 
the drop ofthe work function. During ftlling ofthe a 1-state the Rh+ intensity decreases 
rapidly with increasing NH3 coverage, this dependenee levels off when the a 2-state 
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becomes occupied. Formation of ~-NH3 influences neither the absolute Rh+ intensity nor 
the work function. 

In order to compensate for work function effects, one has usually considered peak 
intensity ratios rather than absolute intensities. In studies of adsorbed CO [26,27 ,28] and 
NO [29], ratios ofthe type RhNO+fRh+ and Rh;NO+!Rh2+ correlated satisfactorily with the 
actual coverages. The right panel of Figure 6.7 shows the Rh(NHS!Rh+ ratio as a 
function of NH3 coverage. The non-linear behaviour shown by this figure is striking, 
although certain features are seen to correspond to transitions between the different 
adsorption states. We discuss the results ofFigure 6.7later on in this chapter. 

Temperature-programmed SIMS experiments were carried out to monitor the 
various NH3 adsorption statesas a function ofthe temperature and initia! coverage. Figure 
6.8 shows the Rh(NHS"/Rh+ intensity ratio as a function ofthe temperature. The upper 
spectrum is obtained starting from an NH3 coverage of0.50 ML, where both a 1-, a 2- and 
~-NH3 are present. The desorption ofNH3 from the P-state is clearly demonstrated by the 
decrease ofthe Rh(NH3r!Rh+ ratio at about 130 K. Both the upper and middle spectrum 
show that NH3 desorption in the temperature regime between 150 and 260 K does not 
result in a significant change ofthe Rh(NHS~!Rh+ intensity ratio. However, above 260 K 
the intensity ratio starts to increase again and reaches a maximum at 310 K. The decrease 
ofthe Rh(NH3r!Rh+ ratio above 310 Kis displayed by all spectra and corresponds to the 
desorption of a 1-NH3 which is present on the surface up to temperatures of370 K. 

....... 
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150 200 250 300 350 400 450 500 550 
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Figure 6.8 Temperature 
programmed SIMS spectra 
showing the Rh(NH,F!Rh+ 
peak intensity ratio as a 
function of the temperafure 
for various initia/ NH3 
coverages. The healing rate 
was 5 Kis. The desorption of 
the second adsorption layer 
at 130 K is clear/y 
illustrated by the upper 
spectrum. Desarpfion of u2-

NH3 cannot be observed, u r 
NH3 desorption above 300 K 
is exhibited by all spectra. 
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6.4 Discussion 

6.4.1 Adsorption states of NH3 

The adsorption of NH3 on Rh( 111) greatly resembles that on the hexagonally 
close-packed surfaces of other group VIII metals, such as Pt(lll), Ru(0001) and Ni(lll). 
This is most prominently shown by the respective temperature-programmed desorption 
data. Tab1e 6.2 presents an overview of the different desorption states and the 
corresponding peak maximum temperatures for NH3 on these metals. Note, however, that 
different authors used different hearing rates, implying that the peak temperatures in Table 
6.2 can only serve as a rough guide for comparison. 

Table 6.2: Comparison of the desorption maxima, maximum work fo.nction change 
Ll tP max• and average initia/ dipole j2 of NH3 for some group VIII metals. 

me tal TPD peak maximum temperature * "'<[)max ** il referenee 
[K] [eV] [D] 

o:~-NH3 o:2-NH3 P-NH3 y-NH3 

Rh(lll) 320 155 130 -2.4 1.9 this work 
Ru(OOI) 310 180 130 liS -2.4 1.9 [14,15] 
Pt(lll) 360 160 110 -3.0 2.0 [22] 
Ni(lll) 290 145 [21] 

* Note that the heating rates were not the same in the different studies 

** The dipole moment ofthe free NH3 molecule is 1.47 Debeye 

The high-temperature desorption state o: 1-NH3 is observed for all the metals and 
also the broadening of the o: 1-NH3 desorption peak towards lower temperature at 
increasing NH3 coverage is a common feature. The o: 2-NH3 desorption state, which occurs 
on Ru(OOOl) at about 180 Kandon Rh(lll) at about 155 K, doesnotstand out as a 
separate peak in the desorption ofNH3 from Ni( 111) and Pt( 111 ). The separation between 
the o: 1- and o: 2-NH3 statesis a bit arbitrary anyway, as the transition between the two is 
rather gradual. Benndorf et al. [14] take 0.15 ML ofNH3 on Ru(0001) as the coverage 
where the o: 1-state saturates and the o: 2-state starts to form. This is in good agreement with 
whatwe find forthe TPD ofNH3 from Rh(111) in Figure 6.1. In addition, 0.15 ML is also 
the coverage where the work function changesits slope and the Rh(NH3Y/Rh+ intensity 
ratio shows a sharp decrease. Both observations support the notion of a discontinuity in 
structure at 0.15 ML ofNH3. 

The P-NH3 desorption state, associated with desorption from a 'second' adsorption 
layer, is observed on all metals by the appearance of a sharp desorption peak in the 
temperature range between 130 and 160 K. We did not observe the formation ofthe y
NH3 state corresponding to multilayers, since the adsorption temperature of 120 K 
employed hereis just above the y-NH3 desorption temperature of 100-115 K. 
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The TPD experiments gave no indication of NH3 decomposition. This was 
evidenced by the complete absence of any decomposition products, and by the D2 

coadsorption experiments. If any NH3 decomposition would take place during heating, 
this would have been reflected in the HD desorption spectra. However, the HD trace 
closely follows the D2 desorption (Figure 6.2) indicating that the ratio between hydrogen 
and deuterium on the surface remains constant. This confirms that there is no production 
of surface hydrogen by decomposition ofNH3• 

Also the NH3 TPD studies on Ru(0001), Pt(111) and Ni(111) show that desorption 
is highly favoured over dissociation, provided adsorption of NH3 is done at low 
temperatures. Even on Ru(OOO 1 ), expected to he the most reactive metal, not more than 
3% ofthe adsorbed NH3 was found to dissociate [15]. 

In addition to the three distinct desorption states, the NH3 TPD spectra of Figure 
6.1 show a small high temperature tail which extends from 340 to 380 K. The TPSIMS 
spectra reveal that in this temperature rangethereis stillsome NH3 on the surface. The 
most obvious explanation for the desorption tail would he limited pumping speed, caused 
by adsorption ofNH3 on the UHV chamber walls, resulting in some readsorption on the 
rhodium surface. In principle the NH3 desorption tail might he due to decomposition and 
rehydrogenation, but this explanation is invalidated by the absence ofH-D exchange in 
NH3 in the coadsorption experiments with D2. As the amount ofNH3 desorbing in this tail 
accounts for less than 1% of a monolayer, we can also not exclude that defects play a role. 

6.4.2 Effective dipole moment of adsorbed NH3 

Adsorption of ammonia results in a significant lowering of the work function. Gas 
phase NH3 has a dipole moment of 1.47 Debye [30]. As NH3 is bonded to the substrate 
via the lone pair of the nitrogen atom, a work function decrease is expected on the basis 
of the orientation of the dipole on the surface. 

The Helmholtz equation [31] translates the initial work function change to an 
average dipo1e moment of the adsorbate: 

-
ll = 

a 

= average dipole moment 
= work function change 
= electric permittivity of vacuum 
= adsorbate concentration 

(6.1) 

[DJ 
[eV] 

[D.cm·2.eV1
] 

[cm·2
] 
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Inserting the initial work function decrease of -11.5 eV/ML, and using 60 = 2.66x1014 

D.cm·2.eV1
, and u= 1.6x1015 cm·2.ML'\ we fmd an average dipole of 1.9 Debye for the 

NH3 molecule adsorbed at low coverage. This value is about equal to the dipole moments 

calculated in the same way forNH3 on Ru(0001) [14] and Pt(ll1) [22], as Table 6.2 
shows. It should be noted that the Helmholtz equation attributes the work function change 

entirely to charge separation in the adsorbate molecule, which is not necessarily true, 
since also charge transfer between the adsorbate and the substrate has to be considered. 
However, the fact that the calculated effective dipole of adsorbed NH3 ( 1. 9 D) is stronger 
than inthefree molecule (1.47 D) indicates that charge transfer from NH3 to the substrate, 

or an enhancement ofthe NH3 dipole upon adsorption, or a combination of these factors 
plays a role. 

6.4.3 Coverage-dependent effects 

The outstanding coverage-dependent effect in the adsorption of NH3 on Rh( 111) 
is the dramatic decrease of the a 1-NH3 desorption temperature with increasing NH3 

coverage. Formerly, this broadening has entirely been attributed to a decrease of the 
desorption energy caused by repulsive lateral interactions between NH3 molecules [14]. 
If a constant pre-exponentlal factor was assumed, the desorption behaviour could be 

described by assurning the desorption energy Edes to obey the following functional form: 

E = E W · 0 312 
de,v Jes,O (6.2) 

A problem with the above described explanation is that the dramatic influence of the 
coverage on the desorption energy is by no means reflected in the coverage-dependent 
behaviour of the work function. Up to a coverage of ::::0.15 ML, the work function 
decreases linearly with the NH3 coverage, implying that the work function change and, 

consequently, the average dipole per adsorbed NH3 molecule is constant. If repulsive 
lateral interactions are responsible for the large decrease in the desorption energy, the 
average dipole of the NH3 molecules is expected to be influenced too. We therefore 
wonder whether entropy effects could be responsible. In the framework of Eyring's 

transition state theory, the rate of desorption is written as [32]: 

kT .411 
B E!_ e -Ede/RT 

h pj 

NH3 desorption rate 

Boltzmann's constant 

(6.3) 

[ML/s] 
[J/K] 
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T 
h 
pf" 
pf 

temperature 
Planck's constant 
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partirion function transition state 
parrition function ground state 
desorption energy 
gas constant 
NH3 coverage 

[K] 
[J.s] 

[-] 
[-] 

[J/mol] 
[J/mol.K] 

[ML] 

If the adsorption energy and, hence, E.:~es is constant, as the constant work function 
deercase seems to suggest, then a coverage-dependence of the desorption rate constant 
can still be caused by the ratio of the partirion functions. For example, suppose that 
adsorbed ammonia molecules are mobile in the high-temperature /low-coverage regime 
of the TPD spectra, and that the transition state for desorption is mobile as well, then the 
ratio of the partition functions pf# /pf is of the order of unity and the molecule desorbs 
with a pre-exponential factor on the order of e·k8 ·Tih = 1013 s-1

• As the coverage becomes 
higher, the translational partition function of the ground state decreases, while that of the 
transition state may remain high. In this respect, it is important to note that the sticking 
coefficient for adsorption in this coverage regime is constant and of the order of unity, 
which might point to the existence of a mobile precursor state of ammonia. The result is 
that the ratio pf#/pf in ( 6.3) increases, causing the pre-exponential to go up with coverage, 
while the adsorption energy may remain constant until the adsorbate molecules start to 
internet, in the a 2-state. Note that, if the above interpretation is correct, the estimate of the 
low coverage adsorption energy on the basis of the Redhead formula, 81 kJ/mol, should 
be correct, as the pre-exponenrial factor would indeed be on the order of l 013 s-1

. 

The drop in the work function versus coverage slope at 0. 15 ML corresponds to 
the occupation of the a 2-NH3 state, where lateral interactions between adsorbed NH3 

molecules become important. This correlates well with the ESDIAD results on Ru(OOOI), 
which indicate that NH3 tilts above a coverage of 0. 15 ML [ 14). Although tilting of the 
NH3 molecules results in a deercase of the effective dipole moment, mutual depolarization 
caused by lateral interactions between the NH3 molecules is expected as well. After 
adsorption of0.25 ML ofNH3, the average dipole per NH3 molecule is 1.60 D, which is 
significantly lower than the initial value. 

6.4.4 SIMS ofNH3 on Rh(lll) 

The most striking result from the SIMS experiments is the strongly non-linear 
behaviour ofthe Rh(NH3Y!Rh+ ratio as a function ofthe ammonia coverage. A complete 
explanation of the SIMS intensities is difficult to present, since the emission process of 
secondary ionsis highly complex and not fully understood. Nevertheless, it is instruclive 
to discuss the intensities in the light of the changing work function (right panel 
Figure 6. 7) on the basis ofNerskov and Lundqvist's perturbation model [33]. The latter 
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states that the ionization probability, which predominantly determines the positive 
secondary ion yield, can be written as: 

rp 
1 
V..L 

q>-1 
COn.\·t-

the ionization probability of R 
work function of the substrate 
ionization energy of R 
normal velocity of the sputtered partiele 

(6.4) 

[-] 
[eV] 
[eV] 

[m/s] 

The rationale behind the equation is that the work function affects the neutralization 
probability of the secondary ion during the emission process. 

The decreasing yield of the Rh+ ion as shown in the right panel of Figure 6. 7 is 
straightforwardly explained by the decreasing work function when the surface fills with 
ammonia. It should be realized, however, that the observed correlation can only be 
qualitative, since the property of interest is not the macroscopie work function of the 
surface, but the local surface potential or the local work function. Calculations by 
Janssens et al. [34,35] on the electrostatic surface potential of an ordered array of dipoles, 
chosen to represent the adsorption of potassium on Rh( 111 ), provide at least a qualitative 
guide for the situation of NH3 on Rh(lll). In the limit of low NH3 coverage, each 
molecule decreases the work function on the adsorption site and on the nearest neighbour 
rhodium atoms. The strong local variations in the work function complicate the 
interpretation of the emission behaviour of the Rh(NH3t cluster ions. In the low coverage 
regime, ho wever, where mutual interactions between the NH3 molecules are of minor 
importance, the intensity of the Rh(NH3f signal is expected to be proportional to the NH3 

coverage, which is indeed the case. The question remains why the Rh(NH3t/Rh+ ratio 
showsasharp decrease around an NH3 coverage of "'0.12 ML. It seems obvious that the 
decrease is caused by increasing interactions between the NH3 molecules. Whether 
the decrease ofthe Rh(NH3Y!Rh+ ratio is due to local work function effects, to changes 
in the adsorption geometry, or to bonding between the NH3 molecules cannot be answered 
from these experiments. However, it should be mentioned that the non-linear behaviour 
of the SIMS Rh(NH3r!Rh+ intensity ratio versus the NH3 coverage shows some 
resemblance with the non-linear behaviour of the IR cross section of the NH3 umbrella 
mode with NH3 coverage as reported for Ru(OOOl) [13]. The drop intheIR cross section, 
which was observed at an NH3 coverage of "'0.15 ML, was attributed to tilting ofthe NH3 

molecules and the formation ofhydrogen bonds at higher coverages. 
SIMS is extremely sensitive towards NH3 in the low coverage regime, NH3 

coverages below 0.01 ML can easily be detected. This makes SIMS very suitable to detect 
small traces of NH3 on the surface under reaction conditions. 
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6.4.5 Adsorption site of NH3 

The adsorption site of a 1- NH3 on the transition metals is still under de bate. Ah 
initio calculations on Ni( 111) show that the adsorption energies of NH3 in the on top site, 
the fee threefold site, and the twofold or bridge site are very similar, 79, 75 and 71 kJ/mol, 
respectively [36]. Tentatively, the fee site has been suggested for Ni(111) [21] and 
Pt(111) [22], while on Ru(0001) both the on-top [15] and the fee site [14] have been 
proposed. Brown and Vickerman [26] have demonstrated that SIMS intensity ratios yield 
information on the adsorption site of simple adsorbate molecules such as CO and NO. 
Unfortunately, it is not possible todetermine the distribution ofNH3 over Rh+, Rh2+ and 
Rh3 + clusters because of intensity limitations. N evertheless, we tend to favour adsorption 
ofNH3 in the on top site, since the Rh(NH3r cluster ion is observed very explicitly. 

6.5 Conclusions 

Adsorption of NH3 on Rh( 111) greatly resembles that on the hexagonally close 
packed surfaces ofPt, Ru and Ni. NH3 adsorbs moleculady on Rh(111) at 120 K and no 
evidence for any decomposition or H-D exchange is found during heating. 
The NH3 desorption behaviour shows a very explicit coverage dependence. At low 
coverage a 1-NH3 desorption is observed at 320 K, corresponding toa desorption energy 
of81.5 kJ/mol. Gradual broadening ofthe a 1-NH3 desorption state to lower temperatures 
results in a smooth transition to the second desorption state a 2-NH3 at 155 K. Filling of 
the a 1- and a 2-NH3 states yields a sharp (2x2) LEED pattern, which we attribute to 
completion ofthe fi.rst adsorption layer and an NH3 coverage of0.25 ML. The sticking 
coefficient of NH3 at 120 K is close to unity and independent of the coverage during 
filling ofthe first adsorption layer. Desorption of P-NH3 occurs at 130 K. 
During filling of the a 1-state the work function decreases linearly with coverage, the 
dependenee levels off during filling ofthe a 2-state and a maximum decrease of -2.4 eV 
is found after completion of the first adsorption layer. The enlargement of the average 
dipole of NH3 from 1.47 to 1.9 Debeye upon adsorption indicates that either charge 
transfer from NH3 to the substrate or enlargement of the NH3 dipole or both has to take 
place. 

The presence ofNH3 on the surface is clearly evidenced by the appearance ofthe 
Rh(NH3r cluster ion in the SIMS spectra. The Rh(NH3r/Rh+ peak intensity ratio shows 
non-linear behaviour with the NH3 coverage and indicates some structural changes in the 
adlayer at a coverage of "'0.12 ML. 

SIMSappears to be very sensitive for NH3. Coverages below 0.01 ML can easily 
be detected. TPSIMS experiments confirm that desorption of the second adsorption layer 
occurs at 130 K. Also the desorption of a 1-NH3 is observed and it becomes clear that 
some NH3 is present on the surface up to 370 K during TPD. 
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7 Rednetion of NO by ethylene on Rh(lll) 

7.1 Introduetion 

Although the reaction between NO and CO to C02 and N2 is commonly held 
responsible for the removal of NO from automotive exhausts in the three-way catalyst, 
hydrogen and hydrocarbons make a substantial contribution to NO rednetion as well [1]. 
Cracking of gasoline in the engine of a car is the souree of H2 ( estimated to account for 
roughly 30% of the concentration of CO in the exhaust) and a wide range of smaller 
hydrocarbons, among which methane, acetylene, ethylene, benzene and toluene are the 
most abundant ones [2]. Unsaturated hydrocarbons, such as ethylene and propylene, 
readily adsorb on the noble metals of the three-way catalyst and are a souree of H- and 
C-atoms available for reaction with e.g. the 0-atoms of dissociatively adsorbed NO and 

02. 
Several papers have been publisbed on the rednetion ofNO by small hydrocarbons 

in copper-exchanged zeolites [3-5]. However, much less is known about the NO
hydrocarbon interaction on platinum and rhodium [ 6]. A recent infrared study by 
Bamwenda et al. [7] revealed that the surface of a Rh/ Al20 3 catalyst contained NCO and 
CN species during the selective rednetion of NO by propylene. This is illustrative fora 
rather rich surface chemistry, allowing for several reaction pathways for the formation of 
undesired products such as HCN, HCNO, NH3 [8, 9] or even NHPCN [ 1 0]. DeLouise and 
Winograd investigated the reacrions between NO and carbon on Rh(331) by XPS and 
SIMS and detected a CN surface species in the temperature range between 400 K and 
800 K [11]. 

In this chapter we use temperature-programmed reaction spectroscopy (TPRS) and 
secondary ion mass speetrometry (SIMS) to explore the surface reacrions between NO 
and ~H4 on Rh( 111 ). Ethylene bas been chosen as model hydrocarbon since it constitutes 
a substantial part of the hydrocarbon emission in exhaust gas and is characteristic for 
decomposition (H2 evolution) of many unsaturated hydrocarbons. Besides, the adsorption 
and decomposition of ethylene on Rh(111) is well documented in work from several 
laboratorles [ 12-14]. 

First we briefly describe the most important characteristics of the separate 
adsorption and decomposition of ethylene and NO on Rh(lll). Next we present the 
results oftwo detail studies, viz., H20 formation by reaction between atomie oxygen and 
hydrogen, and reactions between atomie oxygen and ethylene. The results of these studies 
enables us to present a thorough interpretation of the complex NO-ethylene reaction 
system. Next follows a qualitative description of the reactions and surface species during 
heating of coadsorbed NO and ethylene on the basis of TPRS and SIMS measurements. 
Finally, we discuss the influence of the amount of coadsorbed ethylene on the product 
distribution on the basis of oxygen and nitrogen mass balances. 
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7.2 Experimental 

The experiments were done in a UHV system (base pressure around 1 0"10 mbar) 
equipped with a Leybold SSM 200 quadrupole mass spectrometer for TPD and SSIMS 
measurements, as described in detail in Chapter 2. The rhodium crystal, cut in the [ 111] 
orientation within 0.5° and polisbed by standard procedures, was mounted on a moveable 
stainless steel manipulator with 0.3 mm thick tantalum wires, where it could be cooled 
to liquid nitrogen temperature and resistively heated up to 1500 K. Temperatures were 
measured with a chromel-alumel thermocouple spotwelded on the backside of the crystal. 
Small amounts of bulk impurities, such as sulphur, chlorine, and boron, were removed by 
cycli of argon sputtering (1.5 keV, 5 J.1Ncm2

) at 900 K and annealing to 1400 K. Carbon 
was removed by annealing the crystal in 2xl0"8 mbar 0 2 slowly varying the temperature 
between 900 and 1100 K. Oxygen was removed from the surface by annealing shortly to 
1425 K. Ethylene (Messer Griesheim, 99.95% pure) was used without further 
purification; gas exposures are reported in Langmuir (1L=l.33xl0-6 mbar.s); coverages 
are reported in monolayers (ML; number of adsorbate molecules per Rh surface atom). 

7.3 Results 

7.3.1 NO on Rh{lll) 

NO adsorption and decomposition has been described in detail in Chapter 3. 
Therefore, we just surnmarize the characteristics of the NO dissociation reaction as far as 
they are relevant for interpretation of the NO-ethylene reaction system. 

If the NO coverage is lower than 0.20 ML, all NO dissociates duringa TPD 
experiment and dissociation starts around 275 K. At higher initia! coverages the NO 
dissociation is shifted to higher temperatures and part of the NO desorbs molecularly 
around 430 K. NO and N2 are the only N-containing desorption products observed. 

Decomposition of olefins, such as ethylene and propylene, has extensively been 
studied on Pt and Rh [ 12-15]. In brief, ethylene adsorbs molecularly on rhodium at low 
temperatures, e.g. around 120 K, and at around 180 K it reacts to a species called 
ethylidyne, CCH3, and a H-atom. Around 300 K the ethylidyne decomposes further to 
acetylide (CCH), CH and carbidic C-atoms [16], see Figure 7.1. The decomposition 
reaction is impeded at higher coverages. 
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Figure 7.1 Schematic 
representation of the C /i4 

decomposition during TPD 
on Rh(J 11). 

Figure 7.2 shows the evolution of H2 during the ethylene decomposition on 
Rh(lll). Up to 0.25 ML, all ethylene decomposes and H2 is the only product observed 
in the gas phase. The spectnun for the smallest ethylene coverage (0.05 ML) shows a 
sharp H2 desorption state at 345 K, representing regular H-H recombination [17]. At 
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Figure 7.2 TPD of H2 

from ethylene on Rh(1 1 1). 
The adsorption temperafure 
was 100 K, and the heating 
rate 5 Kis. 

higher ethylene coverage, H2 desorption shifts to lower temperatures. At the highest 
ethylene coverage, H2 desorption starts around 200 K, which is the temperature where 
surface hydrogen is produced by the ethylene to ethylidyne conversion. For ethylene 
coverages above 0.25 ML, the excess ethylene desorbs, mainly at 180 K [12]. Note that 
at the higher coverages, hydragen continnes to desorb up to temperatures as high as 
700 K, stemming from the decomposing CRx species, as Figure 7.2 shows. 

The conversion of ethylene to ethylidyne on Rh( 111) bas been foliowed in situ 
with static SIMS. For low coverages of ethylene (around 0.05 ML), evidence was found 
that the reaction proceeds through a vinyl ( -CH=CH2) intermediate [ 12]. This in contrast 
to the situation on Pt(111), where ethylidene, =CH-CH3, has been proposed as the 
intermediate towards ethylidyne [18]. 
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7.3.3 Reactions between 0 and H 

During reacrions between NO and C2H4, formation of HP is expected to proceed 
by stepwise hydragenation of atomie oxygen [19-21]. We have briefly investigated the 
reaction between atomie oxygen and hydrogen by TPRS in order to have a reference for 

the HP formation reaction. 
Atomie oxygen was deposited on the Rh(111) surface by adsorbing NO at 120 K 

foliowed by heating to 950 Kin order to desorb the nitrogen and the excess NO. The 
resulting oxygen coverage can be determined from the N2 desorption peak area, since 
equal amounts ofN and 0 are formed when anNO molecule dissociates. After heating 
to 950 K, the crystal was cooled down to 120 Kat which temperature the surface was 
saturated with H2 by an exposure of 1. 0 L (on a clean Rh( 111) surface this would re sult 
in a hydrogen coverage of -1.0 ML). 

Figure 7.3 shows the TPD spectra ofH2, H20 and 0 2 obtained after pre-covering 
a Rh(111) surface with different amounts of o.ds and subsequent saturation with H2 . For 
the lowest oxygen coverage (0.05 ML), the H2 desorption spectrum is identical to that 
measured when hydrogen is the only adsorbate. However, with increasing oxygen 
coverages at least three additional hydrogen desorption states develop. First a desorption 
state at 260 K appears, foliowed by desorption states at 210 and 175 K, respectively. The 

hydrogen desorption is shifted to lower temperatures probably due to repulsive lateral 

interactions with oxygen atoms. Whether the additional desorption states correspond to 
hydrogen atoms in different local oxygen surroundings cannot be answered from these 
experiments. The total amount of hydrogen that desorbs, as either H2 or H20, is not 
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Figure 7.3 Temperafure programmed desarpiion spectra of H2, H20 and 0 2 obtained 
after pre-covering a Rh (JIJ) surface with different amounts of 0 ads and saturating with 
H2. The heating rate was JO Kis below and 7 Kis above 950 K. 
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strongly affected by tbe amount of oxygen tbat is pre-adsorbed, indicating that tbe H2 

adsorption behaviour is not significaotly altered by tbe presence ofûads. 
Independent oftbe oxygen coverage, reaction to H20 set on at around 225 K aod 

ends at 400 K, tbe temperature at which all hydrogen has desorbed. The onset temperature 
for HzÜ formation, 225 K, is in good agreement witb tbe literature [19-21]. Note tbe 
irregular shape of tbe H20 desorption spectra from which two desorption states cao be 
discemed. Roughly speaking, tbe high-temperature state becomes more prominent at 
higher oxygen coverage. H20 desorption starts at 180 Kon Rh(lll) [19,22], which 
indicates that tbe HzÜ desorption observed in these experiments is reaction limited. 

Initially, all oxygen cao be hydrogenated to H20, but for oxygen coverages above 
-0.11 ML part oftbe oxygen desorbsas 0 2 between 1050 and 1400 K, see Figure 7.3. 
The oxygen desorption spectra show second order desorption behaviour and are in good 
agreement witb those reported in the literature [23,24]. 

Figure 7.4 shows the selectivity ofthe initially adsorbed oxygen to H20 and 0 2. 

Por oxygen coverages below 0.11 ML the selectivity to H20 is 100%, but it declines 
rapidly to -20% when the oxygen coverage increases to 0.20 ML. Repulsion between 0 
and H favours H2 desorption at low ternperatures and leaves insufficient H on the surface 
to hydrogenate all adsorbed oxygen. 
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7.3.4 Reactions between 0 and C1H4 

In ternperature-programmed reacrions between NO and ethylene, besides H20 also 
CO and C02 formation is expected, re sulring from reacri on between atomie oxygen and 
hydrocarbon fragments. Hence, NO dissociation is an essenrial prerequisite for mcidation 
reacrions to occur. In order to assess whether CO formation and oxidation reactions are 
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limited by NO dissociation, we have investigated reacrions between atomie oxygen and 
ethylene. This reaction system is less complex owing to the absence of N-containing 
products ( especially the mass interference between CO and N2 is eliminated). Atomie 
oxygen atoms were prepared by dissociating NO and desorbing the nitrogen atoms by 
heating to 950 K. 

Figure 7.5 shows TPD spectra of the various desorbing gases starting from 
0.25 ML of adsorbed oxygen atoms coadsorbed with 0.30 ML ethylene. As Figure 7.5 
shows, large amounts of H2 desorb between 250 and 750 K, while only a small fraction 
ofthe hydrogen leaves the surface as H20 (18 amu) in the range between 250 and 550 K. 
The mass 28 peak evident at around 260 K reflects the desorption of ethylene, as is 
confmned by the simultaneous occurrence of a significant peak at 27 amu, caused by 
ethylene fragmentation in the spectrometer. Compared to the ethylene only case, the 
molecular ethylene desorption state has shifted at about 80 K to higher temperatures. The 
mass 28 peak between 500 and 600 K represents CO. The C02 signal (44 amu) is weak, 
indicating that with an excess of ethylene, CO desorption provides the main channel for 
oxygen removal from the rhodium surface. 

Figure 7.5 shows several interesting points. Firstly, the low-temperature hydrogen 
peak, which is rate-limited by the recombination oftwo H-atoms, is much more intense 
than with a rhodium surface covered entirely by ethylene, and has shifted to lower 
temperatures (see Figure 7.2 for comparison). Secondly, the ethylene desorption peak is 
much more intense than in the absence of coadsorbed oxygen. Hence, we conclude 
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Figure 7.5 Temperafure 
programmed reaelions of 
0.30 ML of ethylene 
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between the mass 28 signals 
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that oxygen binders ethylene decomposition and destabilizes adsorbed hydrogen. The 
second hydrogen desorption peak at 430 K most probably represents ethylidyne 
decomposition andlor dehydrogenation of the resulting hydrocarbon fragments. Compared 
to the ethylene-only case the desorption peak is much more intense and shifted to higher 
temperatures. This might indicate that, like ethylene, ethylidyne is stabilized by the 
presence of atomie oxygen. Furthermore, in Figure 7.5 the hydrogen desorption states are 
much better resolved than in the ethylene-only case, see Figure 7.2. The decreased 
hydrogen desorption in between the two H2-desorption states is most probably the result 
of HP formation in the 250-450 K temperature range, which provides a competitive 
channel for H-atoms to leave the surface. However, formation and desorption of H2 

remains the preferred reaction of adsorbed H-atoms. 

7.3.5 NO and ethylene at low coverage 

First we will describe the reaction between adsorbed NO and ethylene at low 
coverage. Figure 7.6 shows TPD and SIMS spectra obtained during heating of the 
Rh(lll) surface covered with 0.10 ML of NO and 0.03 ML of ethylene. The TPD spectra 
in the upper half of Figure 7.6 show that H20, C02 and N2 are the main desorption 
products, along with small amounts of H2 and some CO. The mass 28 signal consists of 
two peaks, the one around 500 K, which is characteristic of CO (as appears from checking 
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Figure 7.6 Temperature 
programmed reactions of 
0. 03 ML of ethylene 
coadsorbed with 0.10 ML of 
NO as observed by TPD and 
SIMS (see text for explana
tion). The adsorption was 
done at 120 K, and the 
healing rate was 10 Kis. 
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the masses 12 and 16, see also Figure 7.4 for comparison) and the other with a maximum 
at 600 K representing N2 (as appears from checking mass 14). Note that part ofthe CO 
signal is a fragment of co2 (roughly 10% of co2 cracks to co in the mass spectrometer), 
and that the actual amount of desorbing CO is smalt. 

The TP-SIMS intensities in the lower half of Figure 7.6 reflect reacrions on the 
surface during heating. In order to compensate at least partially for effects due to changes 
in work function during decompositions and reacrions on the surface, it is customary to 
consider intensity ratios such as RhC2H4~/Rh+, which often quite closely correlate with 
the adsorbate coverage [25,26]. First, the RhC2H4~/Rh+ signal ratio in Figure 7.6, which 
is indicative for adsorbed ethylene, shows that ethylene starts to decompose at about 
130 K. From previous workof Borg et al. [12] we know that ethylene when present in 
low coverages on Rh(111), reacts at about 130 K to vinyl, -CH=CH2, and a H-atom. The 
vinyl rearranges at about 180 K to ethylidyne, The latter can in principle he 
observed by a CH3+ signal [27], however, at the coverages employed in Figure 7.6, the 
intensity is very weak and has therefore not been included. 

The Rh2N,. ion monitors the dissociation of adsorbed NO, which sets in at about 
250 K. N-atoms remain on the surface until desorption of N2 begins just above 500 K. 
Note that the onset for H20 formation parallels the onset of NO dissociation. The other 
ion, Rh2CN+, at 232 amu, is included for comparison with experiments to he described 
later on. The intensity of this mass signal at low temperatures is due to the adsorbed 
ethylene, which produces a Rh2C2H2+ fragment ofthe same mass. 

At low coverages, N 0 and ethylene thus decompose as if they were separately on 
the Rh(111) surface. The reaction products are mainly the expected HzÜ, C02 and N2, 

while small amounts of H2 and CO are formed as well. 

7.3.6 NO and ethylene at intermediale coverages 

The results of a TPD!fPSIMS experiment done with 0.20 ML of NO coadsorbed 
with 0.12 ML of ethylene, shown in Figure 7. 7, illustrate the reaction pathways occurring 
at moderate coverages. 

The TPD spectra intheupper half of Figure 7. 7 reveal that in addition to N2, C02 

and HzÜ, significant amounts of H2, NO, CO, and HCN are now formed as well. Traces 
ofC~2 (not shown) are observed also. Following the proper fragmentation signals at 12, 
14, 16 and 27 amu enables us to interpret the mass 28 signal. It appears that ethylene does 
not desorb in this particular experiment, that the peaks between 400 and 600 K are due 
to CO, and that the peak above 700 Kis caused by desorption ofN2• 

We discuss the trends of the static SIMS data, represented in the lower half of 
Figure 7.7, from low to high temperature. The first surface reaction that appears during 
heating ofthe adsorbed C2H4 and NO is the conversion of ethylene to ethylidyne, CCH3, 

and H-atoms between 190 and 220 K [12]. The SIMS spectra in Figure 7.7 indicate the 
conversion of ethylene by a decrease of the RhC2H//Rh+ ratio and the accompanied 
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Figure 7. 7 Temperature
programmed reaelions of 
0.12 ML of ethylene 
coadsorbed with 0. 20 ML of 
NO as foliowed by TPD and 
SIMS. The adsorption was 
done at 120 K, and the 
healing rate was 10 Kis. 
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formation of ethylidyne by the appearance ofthe methyl secondary ion, CH3+ [27]. The 
fact that we do not observe the ethylene to vinyl transition at around 130 K by the 
disappearance ofthe RhC2H/ signal in Figure 7.6 is consistent with earlier work which 
showed that this reaction is strongly impededat higher coverages [12]. From the H2 TPD 
spectra we Jearn that H-atoms formed in the ethylene ~ ethylidyne reaction start to desorb 
around 250 K. 

Just below 300 K, NO dissociation sets in, as reflected by the growth of the Rh2W 
SIMS signal characteristic ofN-atoms, and the evolution ofH20. NO dissociation occurs 
in two steps, the ftrst between roughly 300 and 350 K, after which the Rh2N+ intensity 

reaches a short plateau, and the second above 400 K, as can be inferred from a further rise 
in the Rh~~+ intensity and the appearance of additional peaks in the desorption of CO and 
H20, as we will discuss in more detail below. 

The decomposition of ethylidyne, evident from the decrease of the CH3 + intensity 

in SIMS, falls in the temperature range of approximately 300 - 380 K, and is accompanied 

by the formation of H-atoms, which either desorb as H2 or react with 0-atoms to HP, 

\Vhich desorbs instantaneously. H2 desorption terminates at about 450 K. Note, however, 

that the surface still contains hydrogen - most probably present in the form of 
carbonaceons species - as HzÜ and HCN continue to desorb to almost 600 K and 700 K, 
respectively. 
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Oxidation ofC-atoms appears to begin at 380 K, as the growth ofthe RhCO_/Rh_ 
ratio in SIMS, and the more or less simultaneous desorption of C02 indicate. Apparently, 
the reaction between adsorbed CO and 0 is not sufficiently rapid to prevent accumulation 
of CO on the surface, which is probably caused by lack of sufficient 0-atoms. CO 
desorption is seen above 450 K both in TPD and in SIMS, in agreement with the literature 
of CO on Rh( lil) [28,29]. Also in this temperature range, 450 - 520 K, the desorption of 
NO proceeds. Following earlier work [30,31 ], we propose that the NO desorbs because 
the sUlface is to a large extent occupied, implying that the relatively large ensembles of 
free rhodium atoms necessru:y for NO dissociation are not available. Hence, NO desorbs 
as soon as the temperature is high enough to permit thermal desorption. Interestingly, the 
desorption temperature of NO is significantly (i.e about 70 K) higher than ifNO is the 
only adsorbate [30]. The explanation for this phenomenon is that in the latter case the NO 
molecules desorb out of a repulsive environment of NO, N- and 0-atoms, whereas in the 
present case the surface contains carbonaceous species as well. The extent to which the 
shift in NO desorption to higher temperatures is caused by reduced repulsion or by 
increased attraction by carbonaceous species is not clear, however. 

The SIMS data in Figure 7. 7 strongly suggest that a large inventory of cyanide 
groups forms on the surface between 450 and 550 K. First, the Rh2CW intensity increases 
strongly and second, the intensities of both Rh2N+ and Rh2C, characteristic of atomie 
nitrogen and carbon at these temperatures, decrease. Although the Rh2C is observed as 
a fragment of adsorbed C2Hx species as well, it is very likely that all C-C honds have 
brok en at the temperatures where CN groups start to form (i.e. 450 K). The Rh2N+ 
intensity falls toa low value, most likely reflecting the fragmentation ofRh2CW, while 
the Rh2C'" signal drops practically to zero. Note that the appearance of CN on the surface 
coincides with the ons et of the HCN desorption and that CN formation occurs at higher 
temperatures than CO formation, reflecting that the reaction between carbon and oxygen 
is preferred above that between carbon and nitrogen atoms: 

We do notbelieve that the cyanide is present as adsorbed HCN, because, first, the 
SIMS signa] of the corresponding Rh2HCN+ is not observed and second, the irregular 
leading edge ofthe HCN desorption trace, starring at 450 K, suggests a reaction-limited 
desorption process. Indeed, Hwang et al. observed a reaction limited HCN desorption 
state at 430 K starring from methyl amine CH3NH2 on Rh(lll) [32]. We conclude that 
part ofthe cyanide inventory is hydrogenated to HCN between 500 and 650 K, as evident 
from the desorption of HCN and the decrease in the Rh2CN' SIMS signal. Apparently, 
the adsorbate layer is fully dehydrogenated above 650 K. The cyanide species remain 
stabie until about 720 K, where N2 desorption starts to occur, as evidenced by the N2 

signa] in TPD (accompanied by a parallel signa] at 14 amu), a decreasein the Rh2CN+ 
signal in SIMS, and an increase in the Rh2C' signa] characteristic of adsorbed carbon. The 
Rh2N- ion characteristic of adsorbed N -atoms is not observed, indicating that N 2 desorbs 
instantaneously. The decrease of the Rh2C signal above 900 K is attributed to the 
dissalution of carbon into the rhodium crystal [33]. 
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7.3. 7 Coverage dependenee 

Figure 7.8 shows the evolution ofthe different desorbing gases as a function of 
increasing ethylene exposurefora fixed coverage of0.20 ML ofNO. Similarly to the 
ethylene only case, the H2 TPD pattems start with a desorption-lirnited state at about 
310 K, which at low coverages is largely attributed to the recombinative desorption of H
atoms formed at lower temperatnre (180 - 220 K) in the ethylene - ethylidyne conversion. 
However, note that compared to the ethylene only case the H2 desorption state bas shifted 
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Figure 7.8 TPD spectra of 0.20 ML of NO, comisorbed with varying amounts of 
ethylene on Rh(lll), measured at a healing rate of JO Kis. The adsorption temperafure 
was 120 K. 
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some 35 K to lower temperature. The secoud peak growing in the range of375- 400 K 
is entirely attributed to reaction-limited desorption of H2 originating from the 
decomposition ofhydrocarbon fragments. Whereas H2 desorption continnes up to 700 K 
with high coverages of ethylene in the absence of coadsorbed NO, it now stops at 450 K. 

At all coverages, the H20 signal starts to grow at about 275 K, which is the 
temperature where NO dissociation sets in, see Figure 7.7. The secoud state, with a peak 
maximum above 400 K, parallels the secoud H2 desorption state and the secoud NO 
dissociation step, see Figure 7.8, and is due to recombinative desorption ofO-atoms with 
H-atoms originating from the decomposition of C~Y fragments on the surface. No te that 
the selectivity ofthe H-atoms generated in this temperature interval (i.e. 350- 450 K) to 
form H20 is high at initially low ethylene coverages, and decreases when the H-content 
ofthe adsorbate layer increases, as expected. lnterestingly, a third reaction-limited HP 
desorption state develops around 500 - 540 K at high initial ethylene coverages. The 
intensity ofthis state parallels that ofthe NO desorption at somewhat lower temperature. 
We propose that the NO desorption between 450 and 520 K (which is significantly above 
the dissociation temperature ofNO on the Rh(III) surface) tagether with the desorption 
of other gases, such as CO and COl> provide surface sites where additional NO can 
dissociate, thus creating atomie oxygen which is responsible for further H20 formation. 

The desorption of NO rises strongly with increasing total coverage, reflecting the 
ensemble requirement ofthe NO dissociation. The mass 28 TPD spectra in Figure 7.8 are 
mainly due to CO and N2. At high initial ethylene coverages also some C2H4 desorbs at 
around 250 K (not shown in Figure 7.8). For intermediate coverages, one recognizes two 
CO desorption states with peak maximum temperatures of about 475 and 540-550 K. The 
fust is due to the desorption of adsorbed CO, which formed on the surface between 380 
and 475 K (see the RhCO+/Rh+ SIMS signal in Figure 7.7). The desorption peaking at 
higher temperatures occurs almost simu1taneously with the third H20 desorption state and 
is attributed to the evolution of 0-atoms from NO molecules additionally dissociating at 
higher temperatures, as discussed previously. 

C02 desorption is seen to commence significantly before CO desorbs, and parallels 
qualitatively the concentration of adsorbed CO as detected in SIMS (Figure 7.8). Hence 
we conclude that C02 desorption is favoured above desorption of CO, but is limited by 
the availability of adsorbed 0-atoms. This is in agreement with the dependenee of the 
C02 TPD intensities on both temperafure and initial ethylene coverage. 

The maximum ofthe N2 desorption shifts from 550-600 Kat low to above 800 K 
at high initial ethylene coverage. We propose that the low-temperature N2 desorption is 
due to recombinative desorption of atomie nitrogen, while the states at higher temperature 
reflect the decomposition of CN species in the range of 750 - 900 K (Figure 7. 7), after 
which N atoms desorb instantaneously in a secoud order process. The initial shift of the 
N2 desorption peak from 550-600 K upward when ethylene is coadsorbed in small 
amounts may well reflect the relieve of repulsive interactions by oxygen atoms that have 
been removed as HP and C02 or CO [30], see also Chapter 4. The finther shift of the N2 

signal to higher temperatures, however, is predominantly the effect of CN formation. 
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Finally, HCN desorption is observed at higher initial ethylene coverages, i.e. above 
0.30 L C2H4 exposure. 

The product selectivity of the NO-ethyl ene reaction depends very much on the 
NO:Cjl4 coverage ratio. Trends in the product selectivity can be obtained from TPD peak 
areas, which are linearly proportional to surface coverages ( determination of absolute 
coverages requires at least one calibration point). We havenotbeen able to deconvolute 
the mass 28 signal into N2 and CO contributions. However, the N2 desorption peak areas 
have been derived from the mass 14 signal. The CO TPD areas could not be determined 
from the mass 12 signal due to interference with the co2 peak. 

Figure 7.9 shows the TPD peak areas for Hz, H20, C02, N2, NO and HCN at two · 
initial NO coverages, viz. 0.10 ML and 0.20 ML, as a function of the ethylene exposure. 
For both low and high coverage of NO, the Hz TPD areas increase linearly with ethylene 
exposure up to 1.0 L, after which they become constant. Also the HP production 
increases with increasing ethylene exposure up to 0.60 L. Note that, initially, the H20 
production is larger for 0.10 ML NO than for 0.20 ML NO. This is explained by the fact 
that at lower coverage both NO dissociation and ethylene decomposition occur a lower 
temperature; consequently H20 formation can proceed at temperatilles where H2 

desorption is not competitive yet. At low ethylene exposures the amount of C02 that is 
formed for 0.20 ML NO is roughly twice that observed at 0.10 ML NO, in accordance 
with the expected 0 coverages. The amount of C02 that is produced decreases rapidly 
with increasing ethylene exposure. 

For low ethylene exposures also the amount ofN2 that is formed for 0.20 ML NO 
is twice that for 0.10 ML NO, thus resembling the expected atomie nitrogen coverage 
ratio provided all NO dissociates. However, for both NO coverages the amount of 
nitrogen that is formed decreases rapidly with increasing ethylene exposure. For 0.10 ML 
NO, N2 desorption is not observed for exposures above 0.9 L. 

NO desorption is much more significant for 0.20 ML than for 0.10 ML NO. In 
both cases the amount of NO that desorbs increases linearly with ethylene exposure up 
to 1.0 L. For bothNO coverages, no HCN desorption is observed for ethylene exposures 
below 0.20 L. ForO.lO ML NO, HCN desorption sets in slightly earlier than for 0.20 ML 
NO, but in both cases the amount of HCN that is formed increases significantly with 
ethylene exposures above 0.25 L. 

Since the amount of NO that is initially adsorbed is known, it is possible to 
construct mass balances for N and 0 provided that the TPD peak areas of all the N and 
0 containing desorption products can be determined. The only N-containing products that 
we observed were Nz, NO, HCN and small amounts ofC2N2, whereas NH3, N20, CH3CN 
were not found. 

The saturation coverage of irreversibly adsorbed ethylene was assumed to be 
0.25 ML, similar to the coverage on the bare surface [12]. For ethylene exposures above 
1.0 L the amount of hydragen that desorbs (as H2, H20 and HCN) becomes constant, 
indicating that the amount of irreversibly adsorbed ethylene becomes constant from there 
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Figure 7.9 TPD peak areasJor H2 , H20, C02 , N2 , NO and HCN in the reaction of 
NO+CJ!Jor two different initia/ NO coverages, 0. JO ML and 0.20 ML, as aJunetion of 
the ethylene exposure. 

on. Therefore we asswned that the saturation coverage of ethylene, 0.25 ML, is obtained 
by an exposure of 1.0 L. Furthennore, we asswned a linear dependenee between ethylene 
coverage and exposure below 1.0 L. A coverage independent sticking coefficient for 
ethylene adsorption is also observed in the ethylene only case [12]. 
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Figure 7.10 shows the N-selectivity for initial NO coverages of 0.10 ML and 
0.20 ML as a function ofthe NO/CzH4 coverage ratio. Note that stoichiometrie conditions 
correspond to an NO/C2H4 coverage ratio of 6: 

(7.1) 

For both initial NO coverages, the selectivity to N2 is 100 % under around 
stoichiometrie conditions (NO/C2H4=6). For 0.20 ML NO the selectivity to N2 drops 
faster with decreasing NO/C2H4 ratio than for 0.10 ML NO, which is a consequence of 
more NO desorption. 
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Figure 7.10 N-selectivity during TP D for two different initia/ NO coverages, 0. 10 and 
0. 20 ML NO, as a function of the NO IC )14 coverage ratio. 

The onset for HCN formation is at a higher NO/C2H4 ratio for 0.20 ML NO than 
for 0.10 ML NO. This might be a direct consequence of the enhanced NO desorption 
through which less oxygen is formed resulting in more reductive surface conditions. For 
the 0.10 ML NO case, the selectivity to HCN reaches 100% for an NO/C2H4 coverage 
ratio of 0.4. Since the ethylene coverage is maximal 0.25 ML, the strong reducing 
conditions cannot be obtained starting from 0.20 ML NO, which explains why the 100% 
selectivity to HCN cannot be achieved in this case. 

We have also constructed an 0-mass balance in order to determine the 0-
selectivity. Unfortunately we havenotbeen able to separate CO from C02• We therefore 
distinguish only between H20, NO and CO+C02• 

Figure 7.11 shows the 0-selectivity for initia! NO coverages of 0.10 and 0.20 ML 
as a function of the NO/C2H4 coverage ratio. Of course, the 0-selectivity to NO is the 
same as the N-se1ectivity to NO as discussed in the previous section. The changes in 0-
selectivity with changing NO/C2H4 coverage are less spectacular than the changes in the 
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Figure 7.11 0-se/ectivity during TPD for two different initia/ NO coverages, 0.10 and 
0.20 ML as aJunetion ofthe NO!Cjl4 coverage ratio. 

N-selectivity. In bothNO cases, the 0-selectivity to CO+C02 decreases and that to HzÜ 
increases with decreasing NO/C2H4 ratio, while the selectivity to CO+C02 is always 
larger than that to H20. For an NO/C2H4 coverage ratio of8, there is an excessof oxygen, 
which was indeed indicated in TPD by desorption of 0 2 between 1000 and 1400 K. The 
molecularly desorbing 0 2 has not been considered in the 0-mass balance. Qualitative 

information about the 0-selectivity towards co and co2 can be derived from the co2 
TPD areas shown in Figure 7.9. Since the C02 TPD area decreases rapidly for C2H4 

exposures above 0.20 L (- 0.05 ML ethylene) and the overall selectivity to CO+C02 

remains more Of less constant, the 0-selectivity to C02 decreases and that to CO increases 
with decreasing NO/C2H4 ratio. 

7.3.8 NO and ethylene at saturation coverage 

For comparison with high pressure conditions, we have investigated the reactions 
between NO and ethylene at saturation coverages. The coadsorbed layers were prepared 
by adsorption of a well defined amount of NO at 120 K followed by a saturation exposure 
of ethylene (1.0 L). 

Figure 7.12 shows TPD spectra obtained from the Rh(111) surface saturated with 

NO and C2H4 for different coverage ratios. The left panel showsanNO deficient case, in 

which 0.10 ML NO was adsorbed before the surface was saturated with C2H4 (in this case 

the C2H4:NO ratio is expected to be at least 2: 1). At this fully covered surface notall 

ethylene can dissociate, as is evidenced by the molecular ethylene desorption state at 
210 Kin the TPRS experiments (due to cracking ethylene desorption is also observed at 
27 amu, the same mass channel as HCN). In this temperature regime also small amounts 
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Figure 7.12 TPD spectra obtained from Rh(111) surfaces saturated with NO and 
ethylene. The left panel shows an NO-deficient case in which 0.10 ML of NO was 
adsorbed before the surface was saturated with C jf4 at 120 K. The central panel shows 
the case where 0.28 ML NO was preadsorbed The right panel shows an NO-enriched 
case obtained by preadsorption of0.40 ML NO. 

of ethane are fonned (see the NO mass channel, 30 amu) just as in the ethylene only case 
[12]. Little NO desorption is observed (the desorption peak has been multiplied five 
times) and all nitrogen desorbs as HCN. H20 formation starts at 275 K, in good 
agreement with the onset of the NO dissociation, and extends to 600 K. Furthennore, CO 
formation is favoured over C02 fonnation, and Jarge amounts of H2 desorb between 250 
and 450 K. 

In order to detennine the reaction selectivity in excess NO, we have adsorbed 
0.40 ML NO and saturated the surface with ethylene by exposure of 1.00 L (in this case 
the NO:C2H4 ratio is expected to be at least 5: 1 ). Higher NO coverages have been found 
to inhibit ethylene coadsorption almost entirely. Under these conditions no HCN 
production is observed and excess NO desorbs in two desorption states at 450 and 480 K, 
respectively. Due to the excessof oxygen, ethylene is predominantly oxidized to H20 and 
C02, and hardly any CO and H2 desorb. As a consequence of site blocking by NO, part 
of the ethylene desorbs molecularly at 250 K, which is a significantly higher temperature 
than in the ethylene-only case and might indicate some stabilization of the ethylene by the 

presence ofthe NO. 
The central panel ofFigure 7.12 shows an intennediate case (NO:C2H4z2:1), in 

which both N2 and HCN are fonned. Note that N2 desorbs in two distillet states, one 
around 650 K due to regular N atom recombination, and one at 800 K due to CN 
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decomposition. Also in this case significant amounts of ethylene and ethane desorb 
around 250 K. 

7.4 Discussion 

The combination of TPD and TPSIMS results yielded a wealth of information 
about the reacrions that occur between NO and ethylene on Rh(lll). No evidence has 
been found for direct reactions between the molecular species. NO dissociation and 
ethylene decomposition seem therefore essenrial prerequisites. These reactions are 
observed in the following temperature ranges: 

+ * 
+ * 

+ 
+ 

T- 275-500 K 
T- 200 K 

(7.2) 
(7.3) 

Once atomie oxygen, nitrogen, hydrogen and hydrocarbon fragments are present 
on the surface, many reacrions between these species occur. The foliowed reaction 
pathways depend strongly on the relative concentrations of the adsorbed species. V arying 
between oxidizing and slightly reducing conditions (NO/C2H4 coverage ratio~3) the 
following reacrions are dominant: 

o.ds + 2 H.ds ~ H20 8 + 3* T- 275-600 K (7.4) 

c.ds + oads ~ co.ds + * T- 380-600 K (7.5) 
coads ~ cog + * T- 450-600 K (7.6) 

co.ds + oads ~ coz,g + 2* T- 400-600 K (7.7) 

NOads ~ N0
8 + * T- 430-520 K (7.8) 

N.ds + N.ds ~ N2,g + 2* T- 450-700 K (7.9) 

However, for strongly reducing conditions (NO/Cfi4 coverage ratioss3) additional 
reaction pathways become available: 

e.d. + N.ds ~ CNads + * T- 500-625 K (7.10) 

CN.ds + CHx,ads ~ HCN
8 + CHx.J,ads + * T- 500-750 K (7.11) 

CN.ds ~ Y2 Nz,g + c.ds T- 700-850 K (7.12) 

The SIMS results indicate that the conversion of ethylene to ethylidyne and a 
surface hydrogen is not significantly influenced by coadsorption of NO. Ethylidyne 
formation starts around 180 Kandis finished around 230 K just like with ethylene alone 
[12]. However, molecular ethylene desorption at high coverages is shifted to higher 
ternperatures (from -200 to -260 K) when either 0 or NO is coadsorbed, which indicates 
a stabilization effect Ethylidyne decomposition proceeds in the same temperature range 
as in the ethylene only case, 350-400 K. SIMS does notprovide detailed information 
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about the further decomposition of the hydrocarbon fragments. However, TPD indicates 
that at high coverages of both ethylene and NO!ethylene hydrogen is present on the 
surface up to 750 K, as indicated by the evolution ofH2 and HCN, respectively. 

• • • • 

NO dissociation on Rh(lll) 

O.IOMLNO 

200 300 400 500 600 700 800 900 1000 

Temperature [K] 

Figure 7.13 Comparison 
between NO dissociation 
(through the RhF 1Rh2 + 

SIMS intensity ratio) fora 
Rh(J 11) surface covered 
with 0.10 ML NO and 
covered with 0.10 ML NO 
and 0.25 ML Cjf4. The 
heating rate was 10 Kis 

NO dissociation is significantly affected by coadsorption of ethylene. Figure 7.13 
shows the comparison between NO dissociation (through the Rh2N+/Rh;' intensity ratio) 
on aRh(lll) surface covered with 0.10 NO and covered with 0.10 ML NO and 0.25 ML 
C2H4. 

Figure 7.13 clearly shows that NO dissociation is impeded by coadsorption of 
ethylene, which may simply be the consequence of a site blocicing effect. When NO 
dissociation sets in at around 275 K, all ethylene has decomposed to ethylidyne and 
surface hydrogen. Blackman et al. [34] established that NO and ethylidyne form an 
ordered c(4x2) structure (containing 0.25 ML NO and 0.25 ML ethylidyne) when NO is 
exposed toa Rh(lll) surface covered with an ordered (2x2)-ethylidyne structure. This 
ordering may include the formation of stabie NO-ethylidyne complexes on the surface, 
which could be an alternative explanation for the impeded NO dissociation. NO and 
ethylidyne are species with opposite work function effects on Rh(lll) and therefore 
attractive dipole-dipole interactions are expected. In this respect it is interesting to note 
that stabie surface complexesalso form between NO and NH3 on Pt(lll) [35]. Note that 
the NO dissociation accelerates at around 400 K, which is also the ternperature where 
ethylidyne decomposes. Attractive interactions between NO and hydrocarbon fragments 
mayalso be the reasou for the shift ofthe NO desorption temperature from 430 K for the 
NO only case to 480 K for high ethylene/NO coverage ratios. However, also the absence 
of repulsive interactions by atomie oxygen may be responsible for this shift. 

The reaction experiments between Onds and ~ indicate that H20 production starts 
at 250 K and terminates at 400 K due to the absence of surface hydrogen. In NO+ethylene 
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reactions, H20 production is observed up to 600 K, indicating that the hydracarbon 
fragments act as efficient hydrogen suppliors for H20 formation above 400 K. As neither 
H-atoms nor OH groups have a sufficiently long residence time on the surface at these 
temperatures, water formation between 400 and 600 K may involve direct reactions 
between hydracarbon fragments and atomie oxygen such as O.ds + CHads ~ OH.d, + C.d" 
foliowed instantaneously by OHads + CHads- H20 + Cads. 

Also during HCN formation, direct reacrions with hydracarbon fragments may 
play a role. In principle there are two reaction routes possible for HCN formation. The 
flrst one could be a direct coupling according to CHoo. + Nad,- HCN f. In the second one, 
HCN could also be formed by the hydragenation of CN which has previously been 
formed by the reaction Cads + N.ds ~ CN.ds. In the latter case the hydragenation of the CN 
groups can occur by reaction with a surface hydrogen or with a hydracarbon fragment, 
such as CH. It should be noted that if HCN formation proceeds according to the 
hydragenation of CN by surface hydrogen, this process is highly favoured above H2 

desorption since the latter is not observed. This might be explained by the fact that at high 
temperature ~ is small and H2 formation is a secoud order process and therefore depends 
on ~2, whereas the formation ofHCN is expected to be ftrst order in eH. For details on 
CN formation and decomposition we refer to Chapter 8 in which they are thoroughly 
discussed. 

The SIMS results indicate that CO formation by reaction between 0 and 
hydracarbon fragments starts around 380 K. Mikhailov et al. [36] stated that CO 
formation by the oxidation of carbidic carbon proceeds by a Langmuir-Hinshelwood 
mechanism and reported measurable oxidation rates at temperatures above 350 K. Our 
ftndings for the onset of CO formation are in good agreement herewith. Also the 
observation that co2 formation (in excess oxygen) is favoured above co desorption is 
in good agreement with the literature [37-39]. 

7.5 Conclusions 

Temperature-progranuned reacrions of NO and C2H4 produce a broad spectnun of 
products. At NO:C2H4 coverage ratios :::: 3, HzÜ, C02 and N2 are the dominant reaction 
products, but at NO:C2H4 s 3 signiftcant amounts of H2, CO, and HCN are formed as 
well. At low total coverages NO and ethylene decompose as ifthey are on the Rh(lll) 
surface separately. At higher coverages, NO dissociation becomes hindered and both 
molecular NO and ethylene desorption are observed at 480 and 260 K, respectively. 
These desorption temperatures are signiftcantly higher than in the NO-alone ( 430 K) and 
ethylene-alone (180 K) case, which indicates a mutual stabilization effect. 

CO formation starts around 380 K and is immediately succeeded by C02 formation 

if enough oxygen is present. At decreasing oxygen coverages, CO desorption becomes 
competitive to C02 formation. When oxygen is absent even reactions between C- and N
species occur and surface cyanides are formed at around 500 K. Depending on the 
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availability of H-atoms which are released from hydracarbon fragments in the 
temperature range of 500 - 700 K, CN may be hydrogenated to HCN which readily 
desorbs. In the absence of hydrogen, the CN species are sufficiently stabie towards 
dissociation and retard the desorption ofN2 by some 200 K to the range of 650-850 K. 

H20 formation is observed from 275 to 600 K and probably involves reactions 
between hydracarbon fragments and 0 above 400 K. 
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8 C-N coupling in reactions between atomie nitrogen and 
ethylene on Rh(lll) 

8.1 Introduetion 

The reactivity of CN honds on platinum metals is of interest for large scale 
industrial processes, such as e.g. the Andrussow process for the production of HCN by 
reaction ofCH4, NH3 and 0 2 over Pt!Rh gauzes at 1050° C [1]. Formation ofCN honds 
has been observed in the rednetion of NO by hydrocarbons on supported Rh catalysts 
[2,3]. Rednetion ofNO by hydrocarbons is of interest with the NO" rednetion from tean
burn car exhausts [4,5]. Hasenberg et al. [6] have reported HCN synthesis by reaction 
between CH4 and NH3 with selectivities up to 90 % in a moderate pressure regime on Rh
foil. 

CN surface chemistry shows large variations among the group VIII metals. 
Whereas CN bond fission proceeds rapidly on the Ni( 111) surface [7], the Pt( 111) surface 
does not dissociate the surface cyanide bond at all [8]. In between these two extremes is 
the reactivity ofthe surfaces ofPd(111) [9], Ru(001) [10] and Rh(111) [11]. 

Up to now, most information concerning CN surface chemistry has been gathered 
from adsorption and decomposition experiments with CN-containing molecules, such as 
C2N2 [11,12], CH3NH2 [12], CH3N02 [13], and H2NCHO [14]. However, literature 
dealing with the formation of CN on the surface is scarce. DeLouise and Willograd [ 15] 
reported formation of surface CN u pon reaction of NO with carbidic carbon on Rh(3 31) 
using SIMS and XPS. In Chapter 7 we have described the reactions between NO and 
ethylene on Rh(111) in which the production of HCN and the formation of surface 
cyanides was observed among many other reactions [16]. Although almost all reaction 
steps could be identified, the situation was too complex to warrant kinetic analysis. 

In this chapter we report upon the selectivity of the reaction between atomie 
nitrogen and ethylene, and we present kinetic parameters for the formation and the 
decomposition of CN on the Rh(111) surface. In order to reduce the number of surface 
reactions we used atomie nitrogen instead of NO. Temperature-programmed reaction 
spectroscopy (TPRS) is used to monitor the desorbing products, while temperature 
programmed secondary ion mass speetrometry (TPSIMS) monitors reactions on the 
surface, especially CN formation and decomposition. 

8.2 Experimental 

The experiments were done in a UHV system (base pressure around 10"10 mbar) 
equipped with a Leybold SSM 200 quadrupole mass spectrometer for TPD and (statie) 
SIMS measurements, as described in detail in Chapter 2. Work function changes were 
determined by measuring the shift of the low kinetic energy onset of the secondary 
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electron emission in AES. In order to minimize damage effects due to electron irradiation, 
we used a primary electron beam of 500 e V and 0. 02 !lA The sample was biased -10.0 V 
with respect to the ground potential. The onset was defined as the energy at which the 
derivative of the secondary electron dis tribution maximizes. 

The rhodium crystal, cut in the [111] orientation within 0.5° and polished by 
standard procedures, was mounted on a moveable stainless steel manipulator with 0.3 mm 
thick tautalurn wires, where it could be cooled to liquid nitrogen temperature and 
resistively heated up to 1500 K. Temperatures were measured with a chromel-alumel 
thermocouple spotwelded on the backside of the crystal. Small amounts of bulk 
impurities, such as sulphur, chlorine, and boron, were removed by cycli of argon 
sputtering (1.5 keV, 5 11Acm·1 at 900 K and annealing to 1400 K. Carbon was removed 
by annealing the crystal in 2x 10"8 mbar 0 2, by slowly varying the temperature between 
900 and 1100 K. Oxygen was removed from the surface by annealing shortly to 1425 K. 
Ethylene, NO and H2 (Messer Griesheim, 99.95%, 99.5% and 99.999% pure, 
respectively) were used without further purification; gas exposures are reported in 
Langmuirs (1 L=l.33x10.{; mbar.s); coverages are reported in monolayers (ML, fractional 
number of adsorbates per Rh surface atom). 

8.3 Results 

8.3.1 TPRS of atomie nitrogen and ethylene 

Atomie nitrogen was deposited on the Rh(lll) surface by reaction between NO 
and H2• NO was molecularly adsorbed at 120 K, after which it was thermally dissociated 
by hearing to 375 K. Atomie oxygen was selectively removed by exposing the surface to 
2xt0·8 mbar H2 during 160 s at 375 K. SIMS spectra ofthe surface after reaction indicated 
that atomie nitrogen was the only surface species. Assuming a value of 0.68 ML for the 
NO saturated surface [17], calibration towards the NO uptake curve indicated that an 
atomie nitrogen coverage of 0.10 ML was obtained starting from an NO exposure of 
0.25 L. The procedure bas been described in detail in Chapter 5. 

Figure 8.1 shows the TPRS spectra ofH2 (2 amu), HCN (27 amu), N2 (28 amu) and 
C;zN"2 (52 amu) obtainedfrom aRh(lll) surface covered with 0.10 ML ofN.ds and various 
amounts of ethylene coadsorbed at 120 K. We also monitored for CH3 CN ( 51 amu) and 
NH3 (17 amu ), but these products were not detected. F or comparison, we have added the 
N2 desorption spectrum obtained from a surface solely covered with 0.10 ML of atomie 
nitrogen. Figure 8.1 shows that, if atomie nitrogen is the only adsorbate, N2 desorption 
is complete at 750 K, which is in good agreement with the literature [19]. 

Forthe lowest C2H4 exposure, 0.05 L, the only observed desorption products are 
N2 and H2. However, the N2 desorption has significantly shifted to higher temperatures. 
With increasing ethylene exposure the N2 desorption maximum shifts to 800 K and the 
amount of Nads desorbing as N2 decreases. The latter decrease in N2 desorption runs 
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Figure 8.1 TPRS spectra of Hz, N2, HCN, C;N2 obtained from a Rh(J 11) surface 

covered with 0.10 ML of atomie nitrogen and various amounts of ethyl ene. The ethylene 
adsorption temperafure was 120 K and the healing rate was JO Kis. 

parallel with an increase of the HCN desorption, which is observed in a broad state 
armmd 600 K for ethylene exposures above 0.20 L. Small traces of cyanogen (C2N2) 

desorb at 750 K at intermediate ethylene exposures. The H2 desorption behaviour is quite 
similar to that observed for C2H4 decomposition on the clean Rh( 111) surface [20], with 
the exception that no H2 desorption is observed above 500 K. In the absence of nitrogen, 
significant desorption of H2 occurs up to -700 K for high coverages of ethylene on 
Rh( 111) (20]. The H2 desorption state with a peak maximum at 400 K is associated with 
ethylidyne decomposition. 
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Figure 8.2 shows the uptake curve for irreversibly adsorbed ethylene, which was 
constructed by adding up the H2 and HCN-TPD areas and assurning a saturation coverage 
of0.25 ML, in confonnity with the extent of adsorption on the bare surface [20]. Up to 
exposures of0.80 L, the arnüunt ofirreversibly adsorbed C2H4 increases linearly with the 
CJf4 exposure. This indicates a constant sticking coe:fficient for C2H4 adsorption at 120 K 
and a mobile precursor state for adsorption, in accordance with the measurements on the 
clean Rh(lll) surface [20]. For ethylene exposures above 0.80 L, molecular ethylene 
desorption is observed and the arnount of C2H4 that decomposes becomes constant as 
reflected by the constant value for the sum of the H2 and HCN desorption areas. 

Figure 8.3 shows the distribution of atomie nitrogen over the reaction products 
HCN, N2, C2N2 as a function of the ethylene exposure. Up to ethylene exposures of 
0.20 L, the vast majority of the atomie nitrogen desorbs as Nb while also small arnounts 
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of C2N2 are observed. The selectivity towards C2N2 maximizes at an C2H4 exposure of 
::::0.15 L, where approximately 3% ofthe atomie nitrogen leaves the surface as C2N2. For 
ethylene exposures above 0.20 the amount of atomie nitrogen desorbing as HCN 
increases at the expense of N2 desorption, the selectivity to HCN reaches 100% for the 
highest ethylene exposures. 

8.3.2 Static SIMS of surface reactions between atomie nitrogen and ethylene 

Figure 8.4 shows three relevant mass regionsof SSIMS spectra of the Rh(lll) 
surface, covered with 0.10 ML of Nads and 0.15 ML of ethyl ene, after heating to the 
indicated temperatures and cooling down to 200 K. At 120 K the presence of molecular 
ethylene is indicated by the appearance of the RhC2H/ cluster ion ( 131 amu ), while also 
C2H4 fragmentation products are observed, e.g. W (1 amu), Rhc+ (115 amu), Rh2C+ 
(218 amu) and Rh2C2H/ (232 amu). Atomie nitrogen is indicated by the presence ofthe 
Rh2N+ cluster ion (220 amu). Heating to 275 K results in the conversion of ethylene to 
ethylidyne (CCH3). This is illustrated in the spectra by the disappearance of the RhC2H4 + 

I~ 
~ 
~ RhC+ 

CH xx5 

..Nl. 

~w 
Rh+ 

RhC 2H; 

0 5 10 15 20 25 100 IlO 120 130 140 150 200 210 220 230 240 250 

Mass [amu] 

Figure 8.4 Static SIMS spectra ofthe Rh(111) surface covered with 0.10 ML of Nar.~s 
and 0.15 ML ofC Jf4 after healing to the indicated temperafure and cooling back to 200 
K Atomie nitrogen is observed by the Rh;f cluster ion (220 amu) and molecular 
ethylene by the RhC jl4 + cluster ion (131 amu) and several fragmentation products. 
Ethylidyne is observed by the CH3 +cluster ion (and its fragmentation products), surface 
CN is detected exclusively by the Rh2CN+ cluster ion. 
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cluster ion and the appearance ofthe CH3"' ion (15 amu) and its cracking products (14, 13, 
12 amu), whlch are representative for the methyl group in ethylidyne [21]. The spectrum 
of the smface at 450 K shows that all the ethylidyne has decomposed and that the surface 
still contains some hydrogen, reflected by the H'" signal (1 amu), most probable as CHx 
species. Formation of surface CN is evident from the appearance ofthe Rh2CN+ cluster 
ion (232 amu) when the smface is heated to 600 K. Note that the smface CN appears only 
in the Rh2CN+ cluster ion and that the RhCN+ cluster ion is not observed. The spectrum 
of the surface heated to 900 K indicates that all CN has disappeared, either by 
decomposition or by desorption as HCN and that the only surface species remaining is 
(carbidic) carbon, as indicated by the Rh2C and RhC signals. 

8.3.3 Kinetics of CN formation 

Temperature-prograrnmed Secondary Ion Mass Speetrometry (TPSIMS) has been 
used to study the kinetics of CN formation on the Rh(lll) surface. In contrast to many 
other surface spectroscopie techniques, SIMS is very powerful in monitoring both the 
concentrations of atomie and molecular surface species in real time. Usually, linear 
relations are obtained between adsorbate concentration and appropriate secondary 
ion intensityratios [22,23]. We have used the Rh2C+/Rh/, Rh2N+/Rh2+ and Rh2CN+/Rh2"' 

intensity ratios to monitor the smface coverages of C, N and CN, respectively. Figure 8.5 
shows the TPSIMS results obtained from a Rh( 111) smface covered with 0.10 ML of N ads 

and both a small (0.10 L) and a large (1.00 L) amount of coadsorbed ethylene. The 
heating rate was 4 Kis in both cases. 

For the low ethylene coverage case, no HCN desorption is observed and the CN 
species formed remain stabie on the surface up to approximately 700 K where they start 
to decompose, as is evidenced by the delayed desorption of N2, see Figure 8.1. The 
formation of CN species starts around 480 K, as is illustrated in the left panel of 
Figure 8.5 by both the increase in the Rh2CN+/Rh2+ intensity ratio and the concomitant 
decreasein the Rh2C!Rh/ and Rh2N+/Rh/ intensity ratios. CN formation is completed 
around 625 Kwhere the Rh2C/Rh2+ intensity ratio becomes zero, indicating that all 
atomie carbon has been consumed in CN formation. The finite Rh2N+/Rh2- signal shows 
the smal! excess of atomie nitrogen, although partial fragmentation of the Rh2CN' cluster 
ion also contributes to the 220 amu signal. The slight decrease of the Rh2CN./Rh2+ 

intensity ratio between 550 and 600 K might be a consequence of partial CN dimerization 
since small amounts of C2N2 desorb under these conditions, see Figure 8.1. 
Decomposition of the CN groups around 800 K is apparent from the decrease of the 
RhzCW/Rh2 signaland an accompanied increase ofthe RhzC!Rh/ intensity. An increase 
of the Rh2N+ /Rh2 + intensity ratio is not observed, indicating that the atomie nitrogen 
resulting from decomposition ofCN groups desorbs inunediately as Nz, in agreement with 
Figure 8.1. 

With the high ethylene coverage, shown in the right panel of Figure 8.5, the 
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Figure 8.5 Varlation ofthe Rh2C+/Rh/, Rh2WIRh/ and Rh2CN+!Rh/ SIMS intensity 
ratios obtained by healing a Rh(lll) surface coveredwith (a) 0.10 ML NadJollowed by 
exposure ofO.JO L ofCjl4 and (b) O.JOMLNadsfollowed byexposure of 1.00 L Cjl4• The 
healing rate was 4 Kis in both cases. 

situation is more complex, since CN fannation and HCN desorption praeeed at the same 
time. The decrease of the atomie nitrogen and carbon coverages due to CN and HCN 
fannation is still evident from the decrease of the Rh2N"/Rh2 + and Rh2C /Rh2 + intensity 

ratios. However, the Rh2C+!Rh/ intensity doesnotdrop to zero, indicative for an excess 
of atomie carbon. Interpretation of the Rh2CN+ /Rh2 + signal is complicated, since it may 

contain a contribution of the Rh2C2H2+ cluster ion. Ethylidyne decomposition has been 
found to be a strong coverage-dependent process [20], therefore retention of CC honds 

up to 500 K is conceivable with high coverages. This explains the non zero intensity of 
the 232 amu signalat 400 K. The decrease ofthe Rh2CN+/Rh2+ intensity above 600 K 
indicates a decrease of the CN coverage, most probable by hydragenation to H CN, which 

desorbs consecutively. 

Evidently, low coverages of Nads and C2H4,ads, enabling the hydracarbon to 

decompose into elementary carbon at temperatures below the onset of CN fonnation, give 

the simplest reaction situation, and hence we have chosen these conditions to 
determine the kinetic parameters for CN formation. To this end, we have coadsorbed 0.05 
ML of atomie nitrogen and 0.025 ML of ethylene, so that, after ethylene decomposition, 
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Figure 8.6 (a) Suiface coverages ofC, N and CN as ajunetion ofthe temperature as 
derived from the SIMS Rh2C!Rh/, RhFIRh/ and Rh2CNJRh2+ intensity ratios, 
respectively. The initia! N and C coverages we re 0. 05 ML and the heating rate was 4 Kis. 
(b) Change of the atomie carbon surface coverage for various healing rates. In both 
jigures the solid lines represent fits using v= lrY1 s·1 and Eacr= 111 kJ/mol, while the 
dashed lines representjitsfor v=Hf s·1 and Eacr=91 kJ/mol, and v=l013 s·1 and Eacr=131 
kJ/mol. 

atomie nitrogen and carbon are present in equal amounts. The low coverage ensures that 
ethylene has fully decomposed to carbon before CN formation starts [20]. If we 
furthermore assume that ec and eN are proportional to the Rh2C/Rh2+ and Rh2N+/Rh/ 
SIMS intensity ratios, respectively, which is a reasonable assumption at low coverages 
[17,20,22], we can determine the CN formation rate from the decrease of the atomie 
nitrogen and carbon coverages during a temperature-programmed SIMS experiment. 

In principle, the CN formation rate can also be derived from the increase of the 
Rh2CN+/Rh2+ SIMS intensity ratio. Ifit is assumed that all atomie nitrogen and carbon 
react to cyanide, the ultimate CN coverage equals 0.05 ML, which could be used to 
calibrate the Rh2CN-/Rh2+ SIMS intensity ratio. However, it is not clear ifthe correlation 
between the CN coverage and the Rh2CN+/Rh2+ SIMS intensity ratio is linearover the 
entire coverage range. Another complicating factor is that CN may dimerize on the 
surface, which also hinders the interpretation. F or this reason we have primarily used the 
decrease ofthe atomie carbon and nitrogen coverages todetermine the CN formation rate. 

Figure 8.6 (a) shows the variation of the atomie nitrogen, atomie carbon and 
cyanide coverage with the temperature when a surface containing 0.05 ML of atomie 
nitrogen and 0.05 ML of carbon is heated at 4 Kis. Assuming a homogeneaus distribution 
of C and N on the surface, the rate of reaction can be written as: 
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(8.1) 

We find that the experimental results are well described by a pre-exponenrial factorand 
activation energy of lOu s·1 and 111 kJ/mol, respectively, as shown by the solid lines in 
Figure 8.6 (a). However, reasonable fits could also be obtained by assuming a pre
exponenrial factor of 109 s·1 and an activation energy of91 kJ/mol or a pre-exponential 
factor of 1013 s·1 and an activation energy of 131 kJ/mol, see dasbed lines in 
Figure 8.6 (a). 

The upper part ofFigure 8.6 (a) shows a comparison between the CN coverage as 
calculated from Equation 8.1 (lines) and the CN coverage as determined from the 
Rl:tzCN+IRh2~ SIMS intensity ratio (small circles). We have assumed a linear correlation 
between SeN and the Rh2CN'/Rh2+ SIMS intensity ratio, by which good 
agreement between measured and calculated CN coverages could be obtained for smalt 
CN coverages. However, for higher CN coverages the amount of surface cyanide as 
determined from the Rh2CN'/Rh2+ SIMS intensity ratio is underestimated, which might 
be a coilsequence of a non-linear re lation between the CN coverage and the Rh2CN+ 1Rh2 + 

SIMS intensity ratio, but might also be caused by dimerization of CN groups. 

In an attempt to determine the pre-exponenrial factorand the activation energy, we 
have varied the hearing rate. Figure 8.6 (b) shows the decrease of the atomie carbon 
coverage for heating rates of 2, 4 and 10 Kis, starting from a surface covered with 
0.10 ML of atomie nitrogen and carbon. The atomie nitrogen coverage showed the same 
behaviour as the atomie carbon coverage and is therefore not shown. The best fit results 
are obtained fora pre-exponenrial factorand activation energy of lOll s·1 and 111 kJ/mol, 
respecrively, represented by the solid lines in Figure 8.6 (b). The dasbed lines show the 
results for parameter sets of 109 s·1 and 91 kJ/mol, and 1013 s·1 and 131 kJ/mol. Thus, we 
take v=1011

+
1 s·1 and E""1=111±10 kJ/mol as the most probable kinetic parameters for CN 

formation. 

8.3.4 Kinetics of CN decomposition 

The kinetic parameters for the cyanide decomposirion have been determined in two 
independent ways. First, the CN decomposition rate was determined indirectly from the 
N2 desorption rate, which is possible since desorprion of N2 is rate-limited by the cyanide 
decomposition. Second, the CN decomposition rate was derived from the decrease of the 
cyanide surface coverage as measured during a temperature-progranuned SIMS 
experiment. 

Figure 8.7 shows a comparison between the N2 desorption rate and the 
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Figure 8. 7 Comparison 
between the N2 desorption rate 
and the Rh2CN-/Rh2.;. SIMS 
intensity ratio as measured fora 
Rh(J IJ) surface covered with 
0.10 ML ofNads and 0.05 ML of 
C j{4 when heated at 10 Kis. 

Rh2CN+!Rh2 SIMS intensity ratio obtained from a Rh(lll) surface covered with 0.10 ML 
of Nads and 0.05 ML of C2H4 when heated at 10 K/s. N2 desorption between 630 and 
750 Kis accompanied only by a slight decreasein the Rh2CN+ /Rh2 SIMS intensity ratio. 
Part of the N2 desorption in this temperature range might be associated with 
recombination of atomie nitrogen which has not reacted to CN. However, the increase of 
the N2 desorption rate around 700 K cannot be explained by the recombination of atomie 
nitrogen and is attributed to CN decomposition. The absence of a significant decrease of 
the Rh2CN+/Rh/ SIMS intensity ratio due to a decrease of the CN coverage is 
probably the re sult of the non-lineacity of the Rh2CN+ /Rh2 + SIMS intensity ratio versus 
the CN coverage. On the high temperature side of the N2 desorption peak, where the CN 
coverage is low, the Rh2CN+/Rh2- SIMS intensity decreases rapidly with proceeding N2 

desorption. Note that the N2 desorption finishes when the Rh2CN-/Rh/ SIMS intensity 
ratio becomes zero, viz. at around 870 K. Application ofthe Redhead equation [24] to the 
reaction-limited N2 desorption state with a peak maximum at 792 K, see Figure 8.7, yields 
an activation energy for CN decomposition of 203 kJ/mol, when a pre-exponential factor 
of 1013 s·1 is assumed. 

Figure 8.8 shows the formation and decomposition of surface cyanide as 
determined from a temperature-progranuned SIMS experiment, starting from a surface 
covered with 0.05 ML of atomie nitrogen and carbon. The heating rate was 4 Kis. The 
cyanide formation which sets in at around 500 K has already been discussed with Figure 
8.6. The solid line shows the fit with a pre-exponenrial factorand activation energy of 
1011 s·1 and 111 kJ/mol, respectively. For these low coverages the decrease of the 
Rh2CN+/Rh2 SIMS intensity ratio between 600 and 750 Kis more pronounced than in 
Figure 8.7. In orderto determine the CN decomposition rate from the decrease ofthe CN 
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Figure 8.8 Determination 
of the CN decomposition 
rate from the decrease of the 
CN surface coverage. The 
solid line represents a fit 
based on a pre-exponential 
factorand activation energy 
of 1013 s·1 and 210 kJ/mol, 
respec tively. 

coverage we have only considered the temperature range between 700 and 850 K, where 
a linear correlation between the CN coverage and the Rh2CN+!Rh/ SIMS intensity ratio 
is most probable. The solid line shows a fit for the CN decomposition based on: 

(8.2) 

and a pre-exponential factorand activation energy of 1013 s·1 and 210 kJ/mol, respectively. 
These kinetic parameters are in good agreement with those deterrnined by Redhead's 
method for the N2 desorption maximum and therefore we take v=l013

±
1 s·1 and 

10±15 kJ/mol as the most probable parameters for CN decomposition. 

8.3.5 W ork function measurements 

Surface reactions can also be foliowed in a more indirect way by measuring 
changes in the work function, whîch is 5.60 eV for the clean Rh(l11) surface [25]. 
Figure 8.9 shows the work function change with respect to the clean surface after 
deposition ofO.lO ML ofNa<~s> coadsorption of 0.05 ML of C2H4 at 120 K, and heating to 
the indicated temperatures. Except for the adsorbed layer at 120 K, all work function 

measurements were done at 200 K. Deposition of 0.10 ML of atomie nitrogen results in 

a slight work function increase of approximately +0. 03 e V, coadsorption of C2H4 causes 
a work function drop of -0.16 eV toa level of -0.13 eV with respect to the clean surface. 
Formation of ethylidyne by heating to 200 K and further heating to 300 K does not result 
in a measurable work function change. At 400 K, where all ethylidyne has decomposed, 
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Figure 8.9 Change 
of the work function 
with respect to the 
clean Rh(J 11) surface 
resulting from Nads 
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the work function has increased to +0.02 eV. Formation of CN on the smface is 
accompanied by a work function increase between 400 and 500 K. Between 500 and 
700 Kwhere CN is a stabie surface species, a work function increase of +0.22 eV is 
measured. Heating to 800 K results in the decomposition of the CN species and the work 
function change drops to zero again, characteristic of the clean Rh(lll) surface. 

8.4 Discussion 

Rednetion of NO by hydrocarbons, of interest in automotive exhaust catalysis, 
gives rise to a large number of smface reactions which lead to the desorption of many 
products, e.g. H2, H20, N:z, CO, CO:z, HCN and C2N2 [16]. The complexity ofthis reaction 
precludes a meaningful kinetic analysis. The aim of the present work is therefore to 
simplify the situation by highlighting the reaction pathways of atomie nitrogen and 
ethylene in the absence of oxygen. The results presented here demonstrate the feasibility 
of the approach, as kinetic parameters could he derived for the formation and 
decomposition of adsorbed CN species. 

Excluding the decomposition of ethylene, which has been extensively discussed 
[20], the following reactions have been found to he relevant in this study: 

cads + N.<~s -+ CN.<~s + * T- 480-625 K (8.3) 
CN.<~s + CHx,.<~s -+ HCN T+ CHx-l,ads +* T- 500-750 K (8.4) 
N.<~s + CH.<~s -+ HCN T + 2* T- 500-750 K (8.5) 
CNads + CN.<~s -+ C2N2 T + 2* T- 680-820 K (8.6) 

CN.<~s -+ YiN2 i + c.ds T- 700-850 K (8.7) 

N.<~s + Nads -+ N2 T + 2* T- 550-750K (8.8) 
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The reacrions (8.3), (8.6), (8.7) and (8.8) are thought to be elementary, and the reacrions 
(8.4) and (8.5) may be composite in nature. The reaction between atomie carbon and 
nitrogen to CN, (8.3), could conveniently be studied in the low coverage regime, where 
ethylene decomposes to fully dehydrogenated carbon below the temperature where CN 
starts to form. The rate of (8.3) is straightforwardly described by an expression ofthe 
form reN k·ON·Oc with an activation energy of 111 ± 10 kJ/mol and a pre-exponential 
factor of 1011

±
1 s·1

. Such parameters are fully consistent with the notion of (8.3) being an 
elementaty step [29]. The onset temperature for cyanide formation, 480 K, is similar to 
the temperature of 450 K reported by DeLouise and Winograd [15] for the onset ofCN 
formation on Rh(331) by reaction between NO and carbon. 

Formation ofHCN almost certainly involves CH" species, as single H-atoms have 
desorbed at 500 K. As known from previous work from several laboratorles [20], 
hydrocarbon fragments may still contain hydrogen, especially at increasing coverages, 
where the decomposition of ethylene and other alkenes is progressively impeded. Hence, 
we propose two possibilities for HCN formation, (8.4) and (8.5), which may, but do not 
have to be, elementaty reactions. For example, we cannot exclude that reaction (8.4) 
proceeds by CRx decomposition, immediately foliowed by a reaction of the H -atom with 
a previously formed CN group. Although desorption of H2 is not observed, one could 
argue that ifthe rate-determining step in the overall reaction (8.4) is CH, decomposition, 
the surface concentration of H-atoms is so low in comparison to that of CN that H2 

formation is insignificant Clear evidence for the occurrence of re action (8. 4) is provided 
by Figure 8.5 (b ), which shows that the surface coverage of CN species decreases while 
HCN evolves in the gas phase. Unfortunately, we have no such definite proof for reaction 
(8.5), neither any evidence to discard it, the major problem being that SIMS does not 
readily distinguish between adsorbed CH and C species. 

Interestingly, Schmidt and coworkers [12] reported that the decomposition of 
CH3NH2 on Rh( 111) results in HCN desorption at around 430 K, i.e. some 70 K below 
the temperatures where HCN forms in this study. This confrrms that HCN desorption is 
limited by the formation of HCN through either ofthe reacrions (8.4) and (8.5). 

Cyanogen desorption, around 750 K, bas also been observed in C2N2 adsorption 
studies [ 11, 12] and bas been attributed to recombination of CN groups. Since we start 
from atomie nitrogen and ethylene we can be certain that C2N2 formation bas to preeede 
desorption. We observe an optimum in the C2N2 selectivity for an ethylene exposure 
where the surface concentration of cyanide maximizes. The observation of an optimum 
can be understood from the fact that, for the lowest ethylene coverage, surface carbon is 
deficient and CN decomposition is favourable, whereas at high ethylene coverages HCN 
formation and desorption becomes competitive to C2N2 formation. The correlation of the 
C2N2 selectivity with the cyanide coverage sustains the assignment that the C2N2 

desorption state at 750 K is reaction-limited by dimerization of surface cyanide groups. 
CN species start to decompose around 700 K. The reaction could be followed by 

SIMS, see Figure 8.7, and the kinetics is adequately described by a first-order rate 
equation with an activation energy of210 ± 15 kJ/mol and a pre-exponential of 1013

±
1 s·'. 
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N-atoms released in this reaction recombine and desorb instantaneously. The reaction
limited N2 desorption state with a maximum at 800 K has also been observed in C2N2 and 
CH3NH2 decomposition experiments [11,12]. 

The increase in the work function as aresult of the formation of CN indicates that 
the cyanide is present as a negatively charged species, which is a common feature for 
cyanides adsorbed on group VIII metals. Although we have no direct information about 
the bonding type of the cyanide, the SIMS results suggest that the cyanide species is most 
probably adsorbed on a site involving more than one Rh atom. Brown and Vickerman 
[23] have shown that the binding site of CO is reflected by the relative intensities of one, 
two and three-fold metal-CO clusters in SIMS experiments. Linear CO adsorption 
displays itselfby a dominanee ofthe single metal-CO clusters, while bridge-bonded CO 
manifests itselfby larger intensities ofthe twofold and threefold metal-CO clusters. Ifwe 
draw the analogy between CO and CN, it is noteworthy that Rh(CNr cluster ions are 
entirely absent and only Rh2CN- cluster ions are observed (for sensitivity reasons Rh3CN
cluster ions could not he detected). HREELS and NEXAFS measurements give clear 
evidence that CN is adsorbed parallel to the surface on Pd(lll) [9,26]. Flat-lying CN is 
neither observable by EELS in the dipole scattering mode nor by IR spectroscopy. This 
might he the reason why this species was overlooked in adsorption and decomposition 
studies ofCH3NC on both alumina-supported Rh and Rh(lll) [27,28). The absence of 
the Rh(CNr cluster ion in the SIMS spectra could he the consequence of a flat-lying 
species. However, the exact bonding nature ofthe CN species needs forther investigation. 

8.5 Conclusions 

The selectivity of the reaction between atomie nitrogen and ethylene depends 
strongly on the ethylene coverage. For small ethylene coverages, ethylene fully 
decomposes to carbon, which subsequently reacts with atomie nitrogen to a surface 
cyanide species. The kinetics of CN formation from atomie carbon and nitrogen could 
best he described by a pre-exponential and an activatien energy of 1011

±
1 s-1 and 11 1±10 

kJ/mol, respectively. In the absence of surface hydrogen, CN groups are stabie up to 
-700 K. CN decomposition results in a reaction-limited N2 desorption state with a 
maximum at 792 K., and can best he described by a pre-exponential factor and activatien 
energy of 1013~1 s-1 and 210±15 kJ/mol, respectively. For high ethylene coverages, 
ethylene decomposition is impeded and HCN formation in the temperature range between 
500 and 650 K by reaction between atomie nitrogen and CHx becomes the preferenrial 
reaction pathway. The optimum in the cyanogen selectivity (::::3%) corresponds to a 
maximum in the cyanide surface coverage, and the desorption at 750 K is reaction-limited 
by, most probably, dimerization of CN groups. Surface cyanide is present as negatively 
charged, presumably flat-lying, species. 
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9 Summary and conclusions 

The purpose ofthis thesis is to investigate elementruy surface reactions that occur 
during NO reduction on rhodium, with the aim ambition to determine the associated 
kinetic parameters. This research is most relevant to automotive exhaust gas catalysis, 
since, intherecent three-way catalyst, rhodium catalyzes the conversion ofNOx into the 
environmentally harmless N2• More stringent NOx emission standards in the future and 
rapidly decreasing rhodium reserves necessitate further impravement of the catalyst 
system and reptacement or more economical use of Rh. In this respect, knowledge of 
kinetic parameters is essential in order to get a better understanding of the processes that 
determine the performance of the three-way catalyst in terms of both activity and 
selectivity. 

Since many catalytic reactions are surface sensitive, unambiguous determination 
ofkinetic parameters requires a well defined surface structure. For this reason, a rhodium 
( 111) single crystal, in which the rhodium surface atoms form a close-packed layer, has 
been used as a model for the catalyst. For the determination of kinetic parameters of 
certain surface reactions, we have employed a combination of two techniques: 
temperature progranuned desorption or reaction spectroscopy (TPD, TPRS) tagether with 
secondruy ion mass speetrometry (SIMS). This combination of techniques has been 
proven very powerful, since, TPD or TPRS gives information a bout the gaseaus products 
that are formed and SIMS monitors reactions on the surface and detects intermediates. 
Pressure conditions are restricted to the (ultra) high vacuum regime (p<lû-6 mbar) in order 
to maintain a reasanabie mean free path for the secondruy ions detected in SIMS, and to 
avoid surface contamination. 

On the rhodium surface, dissociation of NO into atomie oxygen and nitrogen is the 
first and most essential reaction step in the NO reduction sequence. Determination of 
kinetic parameters for the NO dissociation reaction is complicated, since the NO 
dissociation rate depends strongly on both temperature and coverage. In Chapter 3, we 
investigate the reactivity of NO on Rh(111) at various temperatures by performing a 
number of isothermal adsorption experiments. SIMS and TPD have been used to 
determine the composition ofthe adsorbate layer, i.e. the NO, N and 0 coverages, that is 
obtained after saturating the Rh( 111) surface with N 0 at a given temperature. In order to 
extract kinetic parameters from these experiments, we have simulated the experiment by 

means of a Monte-Carlo based model, which enables incorporation of surface diffusion 
and lateral interactions. For adsorption temperatures below 250 K, NO adsorption is 
exclusively molecular. At 150 K and a coverage of 0.50 ML, NO orders into a 
c( 4x2)-2NO structure, in which half of the NO molecules accupies fee and the other half 
hcp three-fold sites. A disordered adsorption layer is obtained at the saturation coverage 
of 0.68 ML. However, at 225 K, saturation of the Rh(l11) surface withNO results in the 

formation of a (2x2)-3NO ordered structure with a coverage of 0. 75 ML. The increase of 
the NO coverage with increasing adsorption temperature is indicated both by SIMS and 
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TPD results. Simulation ofthe adsorption processin this temperature range indicates that 
both the increase in adsorbate ordering and the increase in the NO saturation coverage 
with higher adsorption temperature can be explained by enhanced mobility of NO. 

For NO adsorption between 250 and 350 K, part of the NO dissociates during 
adsorption, whereas desorption processes are not relevant yet. Modeling of the NO 
adsorption process illustrates the important effect of lateral interactions on the NO 
dissociation rate. If such interactions are omitted, a pre-exponential factor and activation 
energy for NO dissociation of30 s·1 and 23 kJ/mol are found, respectively, which are not 
acceptable for an elementary step. Incorporation of lateral interactions of neighbouring 
NO, N and 0 on the activation energy for NO dissociation results in theoretically more 
realistic parameters, 1011 s·1 and 65 kJ/mol. 

For adsorption above 350 K, molecular NO is absent in the adsorbate layer; N and 
0 are the only surface species. With increasing NO adsorption temperature the 0 
coverage increases at the expense of the N coverage. In this temperature range the sum 
of the oxygen and nitrogen coverages exceeds 1 ML, which suggests the formation of 
subsurface 0 and N. Support for the formation of subsurface N arises from the 
observation that, above 425 K, N is not observable by SIMS whereas TPD indicates that 
significant amounts of N are still present. 

Chapter 4 illustrates different ways to prepare pure atomie nitrogen layers on 
Rh( 111 ). The reactivity of atomie nitrogen on rhodium is of considerable interest since 
it plays a key role in the selectivity issue of NO reduction; two N atoms can react to N2, 

N can be hydrogenated to NH3, N can react with NO to N20, and with hydrocarbon 
fragments to HCN. 

Molecular NO adsorption at 150 K, foliowed by reaction with H2 at 400 Kis a 
suitable metbod to deposit controllable amounts ofN for coverages below 0.13 ML. The 
N2 TPD spectra of these atomie nitrogen layers show second order desorption behaviour 
and are best described by a pre-exponenrial factorand activation energy of 10105

±
1 s·1 and 

120±3 kJ/mol, respectively. For initia] NO coverages in excessof 0.45 ML, evidence for 
the formation of subsurface-Nor an additional N-phase is provided by a high temperature 
tail in the N2 desorption spectra. 

Atomie nitrogen coverages above 0.25 ML can be obtained by exposing NO+H2 

mixtures to the Rh( 111) surface. The highest atomie nitrogen coverage that can be 
obtained in this way is 0.45 ML. 

Atomie nitrogen can also be deposited by decomposition of ammonia at 
temperatures above 400 K. The activation energy for NH3 decomposition is -90 kJ/mol 
assuming a pre-exponential factor of 1013 s·1. 

Apart from N2 formation, another possible reaction path for atomie nitrogen is 
hydrogenation to NH3• We have investigated the mechanism of NH3 formation by 
exposing atomie nitrogen layers to H2, at various pressures and temperatures, the results 
are presented in Chapter 5. SIMS experiments under reaction conditions revealed that 
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NH2 is the predominant reaction intermediate. The hydrogenation of NH2 to NH3 

appeared the rate determining step in NH3 formation. For this reaction step, an effective 
pre-exponential factor and activation energy of 102 s-1 and 33 kJ/mol have been 
determined, respectively. 

The interaction of NH3 with Rh( 111) has been investigated in a separate study and 
is the subject of Chapter 6. At 120 K, NH3 exclusively adsorbs molecularly on Rh( 111) 
and no dissociation is observed during TPD. At low coverage, NH3 desorbsin a single 
state at 320 K, for which an activation energy of 81.5 kJ/mol is calculated if a pre
exponential factor of 1013 s-1 is assumed. The NH3 desorption temperature significantly 
shifts to lower temperatures with increasing NH3 coverage and an additional desorption 
state is observed at 155 K. At 0.25 ML coverage, the first adsorption layer is completed 
and NH3 ordersintoa (2x2) structure. Adsorption ofNH3 results in a large decrease of 
the work function, -2.4 e V with respect to the clean Rh( 111) surface after completion of 
the first adsorption layer. SIMS appears very sensitive for the detection of NH3 and 
indicates that adsorption occurs preferentially on top sites. Formation of a secoud NH3 

adsorption layer is indicated by a sharp NH3 desorption state at 130 K. 

In the three-way catalytic convertor, NO is reduced by different reductants; CO, 
H2 and hydrocarbons. Whereas the NO/CO and NO/H2 reaction systems have been 
stuclied extensively, the reactions between NO and hydrocarbons have not This is 
probably caused by the complexity of the reaction system since many surface reactions 
proceed simultaneously and large variety of reaction products is formed. 

Chapter 7 nicely illustrates how powerfut of the combination of TPRS and 
TPSIMS is in unravelling complex reaction systems, such as those occuring during 
heating of mixed NO-ethylene layers, prepared by molecular adsorption at 120 K. SIMS 
monitors reactions on the surface, like e.g. NO dissociation and the decomposition of 
ethylene to ethylidyne and surface hydrogen, whereas TPRS monitors the desorption of 
products. For stoichiometrie conditions on the surface (NO:C2H4 coverage ratio 6: 1), 
H20, C02 and N2 are the main reaction products. However, for strongly reducing 
conditions (NO:CzH4 < 3 ), significant amounts of H2, CO and even HCN form as welt. At 
low total coverage coverages, NO and ethylene decompose as if they are on the Rh( 111) 
surface separately. At higher coverages, NO and ethylene dissociation become hindered 
and also molecular desorption states are observed. Apart from CO formation by the 
recombination of atomie C and 0, SIMS also monitors the coupling of C and N to 
cyanides. These surface cyanides can yield several gaseous products; they can be 
hydrogenated to HCN, they can dimerize to cyanogen (C2N2) or they can decompose to 
form N2 and surface carbon. 

In Chapter 8, we have investigated the formation and decomposition of cyanides 
by studying reactions between atomie nitrogen and ethylene. The absence of atomie 
oxygen simplifies the reaction system greatly and enables the determination of kinetic 
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parameters. For CN formation we find a pre-exponential factor and activation energy of 
lOu s·1 and 111 kJ/mol, respectively, for CN decomposition 1013 s·1 and 210 kJ/mol. CN 
species are stabie in the temperature range where regular N2 desorption takes place, and 
therefore cyanides can act as a storage for atomie nitrogen at higher temperatures. 
Formation of cyanides is accompanied by a work function increase. This indicates that 
cyanides are present as negatively charged surface species. 

In this thesis we have determined kinetic parameters for a number of elementary 
surface reactions on Rh(lll), i.e. for NO dissociation, N2 formation, NH3 formation, 
decomposition and desorption, and CN formation and decomposition, the values are given 
in the table below. These results give a rather good picture of the reactivity of atomie 
nitrogen on Rh(111). In order to investigate the influence of the Rh-N bond strength on 
the reactivity of N, it would be very interesting to investigate similar reactions on the 
Rh(IOO) surface, where atomie nitrogen is bonded more strongly. 

Mathematica! modeling of experimental results has ·proven very helpful in 
confirming or rejecting detailed mechanistical hypotheses. Therefore, we greatly 
encourage close collaboration between experimentalist and theorists in the future. 

Kinetic parametersJor NOreduction related reaelions on Rh(ll 1) 

Reaction E.ct V Elementary 
[kJ/mol] [ s·I] 

NO.ds + *-+ N.ds + O.ds 65 1011 yes 

Nads + N.ds -+ N2,8 + 2 * 120 10105 yes 

Nads + 3 Had!!-+ NH3.s + 4 * 33 102 no 
NH2,.ds +Had!!-+ NH3,g + 2 * 69 yes 

NH3,ads -+ NH3,g + * 81 1013 yes 
NH3,•ds-+ N.ds + 3/2 Hz,s 90 1013 yes 

Nads + Cads -+ CN.ds + * 111 lOll yes 
CN.ds-+ C.ds + 1/2 N2,g 205 1013 yes 



Samenvatting 

Dit proefschrift beschrijft een onderzoek naar de katalytische reductie van NO over 
rhodium, waarbij de bestudering van elementaire oppervlaktereacties en de bepaling van 
kinetische parameters centraal staan. Het onderzoek speelt een essentiële rol in het kader 
van de autouitlaatgaskatalyse, aangezien in de huidige drie-weg-katalysator NOx met 
behulp van rhodium wordt omgezet in het milieu-vriendelijke N2. Strengere toekomstige 
regelgeving op het gebied van de NOx emissie en de snel afnemende rhodium reserves 
nopen tot verbetering van de katalysator en vervanging of economischer gebruik van 
rhodium. Voor een beter begrip van de processen die de activiteit en selectiviteit van de 
drie-weg-katalysator bepalen, is kennis van de cruciale elementaire oppervlaktereacties 
en hun kinetische parameters essentieel. 

Aangezien vele katalytische reacties oppervlaktespecifiek zijn, is een goed 
gedefmieerde oppervlaktestructuur noodzakelijk voor het bepalen van eenduidige 
kinetische parameters. Om deze reden is een rhodium (111) éénkristal gebruikt, waarbij 
de oppervlakteatomen een dichtstgepakte laag vormen. Voor het vaststellen van de 
kinetische parameters van bepaalde oppervlaktereacties is een combinatie van twee 
technieken gebruikt: temperatuurgeprogrammeerde desorptie- of reactiespectroscopie 
(TPD,TPRS) samen met secundaire ionen massa spectrometrie (SIMS). De combinatie 
van deze technieken is zeer effectief, aangezien TPRS informatie oplevert over de 
gasvormige produkten die worden gevormd en SIMS bestudering van reacties op het 
oppervlak en identificatie van intermediairen mogelijk maakt. Een nadeel van dit type 
onderzoek is dat experimentele drukken beperkt zijn tot (ultra-)hoog vacuüm 
(p<l0- 6 mbar). Dit is noodzakelijk om een redelijke vrije weglengte voor de secundaire 
ionen te behouden en oppervlakteverontreiniging te voorkomen. 

De dissociatie van NO in atomaire stikstof en zuurstof, is de eerste en belangrijkste 
reactiestap in de NO reductie cyclus op het rhodium oppervlak. Bepaling van de 
kinetische parameters voor de NO dissociatiereactie is gecompliceerd, aangezien de 
dissociatiesnelbeid afhangt van zowel de bedekkingsgraad als de temperatuur. In 
Hoofdstuk 3 is de reactiviteit van NO op Rh( 1 I 1) onderzocht door het uitvoeren van een 
aantal isotherme adsorptie-experimenten. SIMS en TPD zijn gebruikt ter bepaling van de 
NO, N en 0 bedekkingsgraden in de adsorbaatlaag die is verkregen door verzadiging van 
het Rh(111) oppervlak met NO bij een gegeven temperatuur. Om kinetische parameters 
te bepalen voor de NO dissociatie reactie zijn de experimenten gesimuleerd met een 
Monte-Carlo model, waarbij de rol van diffusie en laterale interacties zijn onderzocht. 
Voor temperaturen beneden 250 K, adsorbeert alle NO moleculair. Bij 150 K en een 
bedekking van 0.50 ML, ordent NO zich in een c(4x2)-2NO structuur, waarbij de helft 
van de NO moleculen in fee en de andere helft in hcp drie-voudige sites adsorbeert. Bij 
de verzadigingsbedekking van 0.68 ML is de NO structuur wanordelijk. Echter, bij 225 K 
leidt verzadiging van het Rh( 111) oppervlak tot de vorming van een geordende 
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(2x2)-3NO structuur met een bedekking van 0.75 ML. Deze toename van de NO 
bedekkingsgraad wordt door de uitkomst van zowel SIMS als TPD experimenten 
bevestigd. Simulatie van het adsorptieproces in dit temperatuurgebied laat zien dat zowel 
de toename van de NO bedekkingsgraad als de toenemende ordening met toenemende 
adsorptietemperatuur kunnen worden verklaard door toenemende mobiliteit van NO. 

Tussen 250 en 350 K dissocieert een deel van de NO gedurende het adsorptie 
experiment, maar desorptiereacties treden nog niet op. Modellering van het adsorptie
experiment laat zien hoe belangrijk de invloed van laterale interacties is op de NO 
dissociatiesnelheid. Als dergelijke interacties worden verwaarloosd, worden voor NO 
dissociatie een pre-exponentiële factor en een activeringsenergie van respectievelijk 30 s·1 

en 23 kJ/mol gevonden, hetgeen vanuit theoretisch oogpunt niet acceptabel is voor een 
elementaire reactiestap. Als laterale interacties van NO, N en 0 buren op de NO 
dissociatiesnelheid wel worden meegenomen, worden veel realistischer parameters 
gevonden, 1011 s·1 en 65 kJ/moL 

Voor adsorptietemperaturen boven 350 Kis NO afwezig in de adsorbaatlaag; 
alleen N en 0 worden waargenomen. Met toenemende adsorptietemperatuur neemt de N 
bedekking af en de 0 bedekking toe. In dit temperatuurgebied wordt de som van de 0 en 
N bedekking groter dan 1 ML, hetgeen de vorming van 'subsurface' N en 0 kan aangeven. 
Deze bewering wordt ondersteund door het feit dat er boven 425 K geen stikstofatomen 
meer waarneembaar zijn in SIMS terwijl TPD aangeeft dat er nog significante 
hoeveelheden N aanwezig zijn. 

Hoofdstuk 4 laat zien hoe adsorbaatlagen van atomaire stikstof kunnen worden 
bereid op Rh(111 ). De reactiviteit van atomaire stikstof speelt een belangrijke rol in het 
selectiviteitsvraagstuk van de NO reductie; twee N atomen kunnen reageren tot N2, N kan 
gehydrogeneerd worden tot NH3, N kan met NO reageren tot N20 en met koolwaterstof 
fragmenten tot HCN. 

Moleculaire NO adsorptie bij 150 K gevolgd door reactie met H2 bij 400 K, is een 
geschikte methode om gecontroleerde hoeveelheden N af te zetten voor bedekkingen 
beneden 0.13 ML. De TPD spectra verkregen van deze atomaire stikstoflagen vertonen 
tweede-orde desorptiekinetiek, bij lage bedekkingsgraad worden een pre-exponentiële 
factor en activeringsenergie van 10105 s·1 en 120 kJ/mol gevonden. Voor initiële NO 

bedekkingen groter dan 0.45 ML vertonen de N2 desorptiespectra verbreding aan de hoge 
temperatuurzijde, hetgeen kan duiden op de vorming van subsurface-N of een nieuwe N
fase. 

Atomaire stikstofbedekkingen boven 0.25 ML kunnen worden verkregen door het 

doseren van NO+H2 reactiemengsels. Op deze manier kunnen stikstofbedekkingen van 
maximaal 0.45 ML worden verkregen. 

Atomaire stikstof kan ook worden afgezet door dissociatieve adsorptie van 
ammonia boven temperaturen van 400 K. Voor de NH3 ontledingsreactie wordt een 
activeringsenergie van -90 kJ/mol gevonden als een pre-exponentiële factor van 1013 s·1 

wordt aangenomen. 
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Voor atomaire stikstof is behalve recombinatie tot N2, hydrogenering naar NH3 een 
mogelijk reactiepad. Het NH3 vormingsmechanisme is bestudeerd door atomaire stikstof 
te laten reageren met H2 bij verschillende drukken en temperaturen, de resultaten zijn 
beschreven in Hoofdstuk 5. SIMS experimenten tijdens de hydrogeneringsreactie hebben 
aangetoond dat N en NH2 de belangrijkste NH, adsorbaten zijn. Verder bleek de 

hydrogenering van NH2 naar NH3 de snelheidsbepalende stap. Voor deze reactie zijn een 
effectieve pre-exponentiële factor en activeringsenergie van 102 s·1 en 33 kJ/mol bepaald. 

De interactie van NH3 met Rh(111) is in detail onderzocht en vormt het onderwerp 
van Hoofdstuk 6. Bij 120 K adsorbeert alle NH3 moleculair op Rh(111) en tijdens TPD 

treedt geen dissociatie op. Bij lage bedekking desorbeert NH3 in een enkele toestand met 
een maximum bij 320 K, waarvoor een desorptie energie van 81.5 kJ/mol wordt bepaald 

als een pre-exponentiële factor van 1013 s·' wordt aangenomen. Met toenemende 

bedekkingsgraad verschuift de NH3 desorptie naar lagere temperatuur resulterend in een 
extra desorptie toestand bij 155 K. Bij een bedekking van 0.25 ML ordent NH3 in een 
(2x2) structuur en is de eerste adsorbaatlaag volledig gevuld. Adsorptie van NH3 

resulteert in een sterke verlaging van de uittree-arbeid, -2.4 eV ten opzichte van het 
schone Rh(lll) oppervlak bij een NH3 bedekking van 0.25 ML. De vorming van de 
tweede adsorbaatlaag wordt aangegeven door een smalle NH3 desorptie toestand bij 
130K. 

In de drie-weg-katalysator reageert NO met verschillende reductanten: CO, H2 en 
koolwaterstoffen. In tegenstelling tot de NO/CO en NO/H2 reactiesystemen, die vrij goed 
bestudeerd zijn, is er weinig bekend over reacties tussen NO en koolwaterstoffen. Dit 
komt waarschijnlijk door de complexiteit van het laatstgenoemde reactiesysteem, waarbij 
verschillende oppervlaktereacties simultaan plaatsvinden en een grote verscheidenheid 
aan produkten gevormd wordt. 

Hoofdstuk 7 laat zien dat de combinatie van TPRS en TPSIMS zeer geschikt is 
voor het ontrafelen van complexe reactiesystemen, zoals die zich voordoen bij het 
verwarmen van gemengde NO-etheen adsorbaatlagen, bereid door moleculaire adsorptie 
bij 120 K. SIMS volgt reacties op het oppervlak, zoals bijvoorbeeld de NO dissociatie en 
de ontleding van etheen naar ethylidyne en oppervlakte waterstof, terwijl TPRS de 

desorptieprodukten detecteert. Voor stoichiometrische condities op het oppervlak 
(NO:C2H4 = 6: 1), zijn H20, C02 en N2 de voornaamste reactieprodukten. Echter, bij sterk 

reducerende condities (NO:C;I4<3), worden er ook significante hoeveelheden H2, CO en 

zelfs HCN gevormd. Bij lage totale bedekkingsgraad ontleden NO en etheen op 

vergelijkbare manier als de individuele systemen op Rh( 111 ). Bij hoge bedekkingsgraad 

worden zowel de NO als de etheen ontleding geremd en wordt ook moleculaire desorptie 
waargenomen. Behalve de vorming van CO door de recombinatie van C en 0 kan ook de 

recombinatie van C en N tot cyanides met SIMS gevolgd worden. Deze cyanides kunnen 
verschillende gasvormige produkten opleveren; ze kunnen gehydrogeneerd worden naar 
HCN, ze kunnen dimcriseren naar cyanogeen (C2N2) en ze kunnen ontleden naar N2 en 
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oppervlakte koolstof. 

In Hoofdstuk 8, is de vorming en ontleding van cyanides bestudeerd aan de hand 
van reacties tussen atomaire stikstof en etheen. De afwezigheid van zuurstof leidt tot een 
aanzienlijke vereenvoudiging van het reactiesysteem waardoor bepaling van kinetische 
parameters mogelijk wordt Voor de CN vorming zijn een pre-exponentiële factor en 
activeringsenergie van respectievelijk IOn s·1 en 111 kJ/mol gevonden, voor CN ontleding 
1013 s·1 en 210 kJ/mol. In de afwezigheid van coadsorbaten zijn cyanides stabiel in het 
temperatuurgebied waar normaal gesproken N2 desorptie plaatsvindt en daarom kunnen 
zij fungeren als reservoir voor stikstofbij hogere temperaturen. De vorming van cyanides 
leidt tot een toename van de uittree-arbeid. Hieruit blijkt dat cyanides als negatief 
geladen adsorbaat aanwezig zijn. 

In dit proefschrift zijn de kinetische parameters van een aantal elementaire 
oppervlaktereacties op Rh(111) bepaald, te weten: NO dissociatie, N2 vorming, NH3 

vorming, ontleding en desorptie, en CN vorming en ontleding (zie onderstaande tabel). 
Deze resultaten geven een goed beeld van de reactiviteit vanNatomen op Rh(111). Om 
de invloed van de Rh-N bindingsterkte op de reactiviteit van N te onderzoeken zou het 
interessant zijn om vergelijkbare reacties te onderzoeken op bijvoorbeeld Rh(100) waar 
N sterker gebonden is. 

Het simuleren van experimenten met een mathematisch model is zeer succesvol 
gebleken bij het bevestigen of verwerpen van gedetailleerde mechanistische hypotheses. 
Om deze reden wordt verdere intensivering van de contacten tussen de experimentator en 
theoreticus ten sterkste aangemoedigd. 

Kinetische parameters voor NO reductie gerelateerde reacties op Rh(lll) 

Reactie Earl V Elementair 
[kJ/mol] [s-1] 

NO.<~s + * -l> N.<~s + O.ds 65 IOu ja 

Nads + Na<~s -l> N2.g + 2 * 120 1010.5 Ja 
N.<~s + 3 H.<~s -l> NH3,g + 4 * 33 102 nee 

NH2,a<~s + H.<~s -l> NH3.g + 2 * 69 Ja 
NH3,ads -l> NH3,g + * 81 1013 Ja 
NH3,ads -l> N.<~s + 3/2 H2,g 90 1013 Ja 
N.ds + cads CNads + * 111 1011 Ja 
CNads -l> c.<~s + 1/2 N2,g 205 1013 ja 
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1. De lage pre-exponentiële factoren en activeringsenergieën die gerapporteerd 
zijn voor de NO dissociatiereactie op rhodium, zijn het gevolg van het 
verwaarlozen van laterale interacties tussen de adsorbaten bij het modelleren 
van de experimentele resultaten. 
V. Schmatloch, l Jirka andN. Kruse, Surf Set. 297 (1993) LJOO. 
C. Sel/mer, V. Schmatloch and N. Kruse, Ca tal. Lett. 35 (1 995) 165. 

2. Onder extreme condities kan de produktie van blauwzuur (HCN) in de auto
uitlaatgaskatalysator niet uitgesloten worden. 
Hoofdstukken 7 en 8 van dit proefschrift. 

3. Het experimentele bewijs voor het in de elektrochemische literatuur 
voorgestelde mechanisme voor de vorming van N20 (lachgas) aan platina 
elektrodes, door dimerisatie van NOH gevolgd door ontleding van N20 2H2 

in H20 en N20, heeft in ieder geval een stimulerend effect op de lachspieren. 
l Paseka and J. Vonková, Electrochim. Acta 25 (1980) 1251. 
N.N. Savodnik, VA. Shepelin and Ts.J. Za/kin, Élektrokhimiya 7 (1970) 424. 

4. De afwezigheid van absorpties door CN-vibraties in EELS- en IR-spectra 
verkregen na adsorptie van methyl-isocyanide (CH3NC) bij lage temperatuur 
op rhodium en verwarming tot 600 K, zegt meer over de adsorptiegeometrie 
van cyanides op rhodium dan over de afwezigheid van dit adsorbaat. 
R.R. Cavanagh andJ.T Yates, Jr., J. Chem. Phys. 75 (1981) 1551. 
S Semancik, G.L. Halier and J.T Yates, Jr., J. Chem. Phys. 78 (1 983) 6970. 

5 Bij de modellering van de oxidatie van zowel C als CO op rhodium wordt 
soms ten omechte evenwicht aangenomen voor de zuurstof adsorptiereactie. 
SN. Mikhai/ov, L.C.A. van den Oete/aar, HH Brongersmaand R.A. van 
Santen, Cata/. Lett. 27 (1 994) 79. 
SB. Schwartz, L.D. Schmidt and G.B. Fisher, J.Phys.Chem. 90 (1986) 6194. 



6. De stabiliteit van de verschillende NHx intermediairen op rhodium, in zowel 
NH3 vormings- als ontledingsreacties, is in hoge mate vlakkenspecifiek 
T Yamada and K. Tanaka, J Am. Chem. Soc. 113 (1 99 1) 1173. 
Hoofdstuk 5 van dit proefschrift 

7. Veel onbegrip voor abstracte moderne kunst ontstaat pas bij het bestuderen 
van het prijskaartje. 

8. Het is triest te moeten constateren dat de mystieke rol van paddestoelen in 
sprookjes vervangen lijkt te worden door een louter consumptieve rol voor 
het opwekken van hallucinaties bij fantasieloze geesten. 

9. Uit de populariteit van vermageringsdiëten in de huidige westerse 
samenleving blijkt dat het menselijk lichaam de enige chemische fabriek is 
waarvan menigeen de energie-efficiëntie betreurt. 

lO. Ook in de huidige drinkwaterproblematiek lijkt te gelden dat de laatste 
loodjes het zwaarst wegen. 




