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Abstract 
The main aim of this project was to obtain and investigate reaction conditions for 
which the carbon monoxide oxidation reaction shows oscillatory behaviour on a mono 
crystalline platinum catalyst. During the oscillations of this reaction the catalytic 
activity of the platinum gradually alternates between minima and maxima. 
Low-energy ion scattering (LEIS) has been used to study the reaction since this 
technique selectively analyses the outermost atomie layer, hence exactly the place 
where catalysis takes place. Unfortunately LEIS, like many other surface sensitive 
techniques, was only used in ultra high vacuum. To enable LEIS analysis under 
reaction conditions (i.e. in situ) a unique differentially pumped pressure cell has been 
built. Firstly in this graduation project, this pressure cell has been tested and 
calibrated. It has been shown that it enables in situ LEIS up to a total pressure of at 
least 5.10-4 mbar. Flow measurements show that the gas in- and outflow of the 
pressure cell occur under molecular flow conditions, hence, the gases in the pressure 
cel! are mixed perfectly. Calibration of the temperature control shows that the sample 
temperature can be varied in the pressure cell between room temperature and 800 K. 
The stability of the sample temperature has been shown better than ±0.5 K. 
Using the pressure cell the CO-oxidation over Pt(l 10) has been investigated, both at 
steady state and at oscillatory conditions. During this study, oxy-polishing proved to 
be a very effective way to activate/clean Pt(l 10). Furthermore, a proportionality has 
been found between the reionisation probability of the probing LEIS ions and the CO
coverage of Pt( 110) in a CO environment. This is very convenient since it allows one 
to distinguish between adsorbed oxygen and CO with LEIS. This in spite of the fact 
that in case of CO adsorption the oxygen atom is protruding from the surface. 
By combining in situ LEIS with quadrupele mass spectroscopy (QMS), the gas 
concentrations could be monitored during reaction as wel!. In situ LEIS and QMS 
signals that are obtained during the Pt catalysed CO oxidation show a clear correlation 
that reveals the different surface structures below and above the so-called 'step 
temperature', at which the C02-production ignites. Using labelled oxygen (180) it has 
been shown that the oxygen coverage is < 1.5 % of a monolayer when Pt(l 10) is kept 
below the aforementioned step temperature. Above the step temperature the oxygen 
coverage increases suddenly to 25 ± 2 % of a monolayer. The critica) CO-coverage 
below which the reaction ignites is 23 ± 2 % of a monolayer. This is the first in situ 
determined evidence of the change in the oxygen coverage that is correlated to the 
CO-induced change of the Pt( 110)-surface from the (1 x2) structure in to the (1x1) 
structure (see [ 1 - 3]). 
Switching the probing 3He+ LEIS beam on and off does not influence oscillatory 
behaviour of the CO oxidation over Pt( 110). Hence, LEIS can be used to monitor 
oscillations in situ. During oscillatory behaviour, the Pt LEIS yield, hence the amount 
of free Pt surface sites, is determined to be proportional to and (regarding time) in 
phase with the measured COrproduction. Although we were not successful in 
modelling our measurements on the Pt-surface coverage during the oscillatory CO 
oxidation , we have shown that the local CO-coverage is maxima! 27 .5 % during 
oscillatory behaviour. Hence, the first combined QMS and in situ LEIS measurements 
of the CO-coverage during oscillatory behaviour indicate that the CO-coverage during 
oscillatory behaviour is approximately equal to the critica! CO coverage that 
corresponds to the start of the phase transition between the ( 1 x2) and the ( 1x1) 
Pt( 1 10) surface phase (Beo.critica! z 23 % see section 5 .4.1 or Bco,criticat z 20 % see ref. 
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[1 - 3] and section 2.5). The assumptions in literature, that are based on indirect 
information from combined LEED and work function measurements, predicted 8co "" 
50 % (see ref. [4] and section 2.5 and 2.7.2) and should be reconsidered. Hence, this 
study clearly shows that even in a thoroughly studied case, in situ LEIS can give new 
and valuable information. 
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Chapter 1 Genera! introduction 

Chapter 1 

Introduction 
Heterogeneous catalysis is of enormous importance in chemica! production plants and 
pollution control. Over 80 % of all industrial products worldwide are manufactured 
with catalysts. Catalysts accelerate specific reactions without being consumed 
themselves. In genera!, heterogeneous catalysts work as follows: the reactants adsorb 
on the surface of the catalyst where they can react. After reaction, the products desorb 
from the surface and the catalyst is ready to perform another cycle. The reactants only 
contact the outermost atomie layer of the catalyst. 
In this graduation project carbon monoxide oxidation on a mono crystalline platinum 
catalyst has been investigated. At certain reaction conditions this oxidation reaction 
can oscillate. The oscillations of this reaction are so-called 'self-sustained kinetic 
oscillations' during which the catalytic activity of the platinum gradually alternates 
between minima and maxima. In the future, such changing reaction rates may be used 
to perform many industrial processes much more effective. For example by 
periodically adding reactants during low-activity periods to optimise reaction rates 
during high-activity periods. Furthermore, investigations on oscillatory reaction 
behaviour are important to understand unwanted chain reactions, which often 
resemble oscillating reactions. These chain reactions, or so-called 'runaways' are 
unwanted, since they can cause dangerous explosive situations. The main aim of this 
project is to obtain and investigate reaction conditions for which the carbon monoxide 
oxidation shows oscillatory behaviour on a mono crystalline platinum catalyst. 
Low-energy ion scattering (LEIS) is a technique that selectively analyses the 
outermost atomie layer, exactly the place where catalysis takes place. Unfortunately 
LEIS, like many other surface techniques (such as X-ray photoelectron spectroscopy 
(XPS), secondary ion mass spectroscopy (SIMS) and Auger electron spectroscopy 
(AES)), has only been used in ultra high vacuum (UHV). Therefore, catalysts could 
only be studied with these techniques after preparation or after exposing them to 
reaction conditions for some time. To enable LEIS analysis of catalysts under reaction 
conditions (i.e. in situ) a differentially pumped pressure cell has been built. Firstly, in 
this graduation project, the pressure cell has been tested and calibrated. Then, with the 
pressure cell, the carbon monoxide oxidation over Pt(l l 0) has been investigated with 
LEIS at temperatures up to 800 K and pressures up to -5· 10-4 mbar. Although 
5- I0-4 mbar seems a low pressure, each surface site is hit several 100 times per second 
at this pressure. Hence, there is still a lot of chemistry at this pressure. Using in situ 
LEIS, surface coverages can be determined during reaction. The exact surface 
coverage of platinum during the oscillatory carbon monoxide oxidation is still 
unknown. 
Quadrupole mass spectroscopy (QMS) has been used to monitor gas concentrations 
during the reaction. The combination of real-time surface (LEIS) and gas (QMS) 
analysis during reactions appeared a powerful tool and has enabled us to correlate the 
state of the catalyst surface and the catalytic reaction. 

The outline of this report is as follows. The theory of steady state and oscillatory 
carbon monoxide oxidation on Pt( 110) and the principles of the LEIS surface analysis 
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technique are described in chapter 2. The experimental procedures and the 
differentially pumped pressure cell are presented in chapter 3. 
Chapter 4 discusses the results of the tests and calibration of the pressure cell and the 
Pt( 110)-sample. Moreover, the results of the structure and activation of the Pt(l 10)
crystal are shown in this chapter. The results of the steady state CO oxidation 
measurements are discussed in chapter 5. Chapter 6 discusses the results of the 
oscillatory CO oxidation measurements and the CO-coverage during oscillations. 
Finally, conclusions are drawn from the results and discussions in chapters 4 - 6. 
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Chapter 2 

Carbon monoxide oxidation 
crystalline platinum 

2.1 Outline 

on single 

This chapter reviews the theory of the carbon monoxide oxidation on Pt(l 10) and the 
principles of surface analysis. Section 2.2 discusses catalysis in genera! and the 
principle of Sabatier. Section 2.3 describes the literature on carbon monoxide 
oxidation in detail. The surface structures during CO- and oxygen adsorption on 
Pt( 110) are presented in sections 2.4 - 2.6. This is done to understand the oscillatory 
behaviour of the CO oxidation on Pt(l 10) that is discussed in section 2.7.1. Section 
2.7.2 gives an overview of in situ studies on kinetic oscillations in the carbon 
monoxide oxidation on Pt(l 10). 
Since the catalytic reaction takes place on the outermost atomie layer of the platinum 
catalyst, a surface analysis technique called low-energy ion scattering (LEIS) has been 
used to investigate the process. The principles of this technique are shown in section 
2.8. 

2.2 Catalysis 

The essence of a catalytic reaction is that it is a self-regenerating cycle of successive 
elementary reaction steps. The catalytic active site, free of reactants before reaction, is 
produced after reaction. Many catalytic processes follow the so-called Langmuir
Hinshelwood (LH) mechanism. This mechanism implies that reactants react only in 
the chemisorbed state (see section 2.3). The LH-mechanism also applies for the 
catalytic oxidation of CO over platinum as is illustrated in figure 2.1 . 

3 
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Figure 2.1 The Langmuir-Hinshelwood (LH) mechanism; the dark coloured spheres 
denote carbon atoms and the light coloured ones represent oxygen atoms. 

Figure 2.1 shows the different elementary steps of the catalytic CO oxidation. Note 
that the reaction requires clean Pt (A clean Pt surface can be obtained by the cleaning 
method described in chapter 3). In the first step of the catalytic cycle, the reactant 
molecules CO and 0 2 adsorb on the surface. It is generally assumed [5, 6] that the CO 
molecule is chemisorbed through the carbon atom ( also shown in chapter 5), the 
molecular axis being perpendicular to the surface plane (see figure 2.2). 

0 
1 
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1 

0 
1 

c 
1 

0 
1 

c 
1 

0 
1 

c 
1 

Pt- Pt-Pt-Pt 

Figure 2.2 Simple schematic orientation of the carbon monoxide molecules on the 
platinum surface. 

Then 0 2 has to dissociate and the formed oxygen atom has to combine with CO 
according to the LH-mechanism to produce C02. In a final step the C02 molecule 
desorbs and an empty site is regenerated on the surface. Section 2.3 discusses the 
catalytic mechanism in more detail. 
The principle of Sabatier forms the basis of catalytic kinetics and is illustrated in 
figure 2.3. According to this principle the rate of a reaction is maxima} for an 
optimum value of the interaction between adsorbate and catalyst surface. The 
optimum sterns from the competing nature of some of the different reaction steps that 
form the catalytic reaction cycle. In the case of the CO oxidation reaction, the 
elementary reaction steps that compete are the dissociation of 0 2 and the desorption 
of C02. When the interaction between the reactant and the catalyst surface is 
increased, the rate of the dissociation increases. However, when the interaction of the 
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reactants or the products with the surface becomes too strong, no molecules will 
desorb and the surface becomes blocked by adsorbates. For the CO oxidation reaction, 
chemisorbed CO will block the surface at low temperatures. Moreover, the interaction 
with oxygen may become too strong which can lead to the formation of a surface or 
bulk oxide. 

Ra te 

t 

-
Interaction strength 

Figure 2.3 Reaction rate as a function of the interaction strength of adsorbate and 
catalyst (Sabatier curve). 

Figure 2.3 shows that the reaction rate has a 'vulcano' type dependence on the 
interaction strength of adsorbate and catalyst. At the left-hand side of the maximum, 
the reaction rate has a positive order in the reactant concentration and the interaction 
strength is small. At the right-hand side of the maximum, the reaction order becomes 
negative in the reactant or product, because the surface sites become blocked by 
adsorbates. The activity of different catalyst materials for the CO oxidation exhibits 
the same curve as figure 2.3. In such a curve, platinum is situated at the optimum and 
is therefore one of the most effective catalysts [6]. 

2.3 Steady state CO oxidation on platinum 

Since the classica] work by Langmuir in 1922 [7], numerous investigations on the 
platinum catalysed carbon monoxide oxidation have been performed. The apparent 
simplicity of the basic mechanism is misleading because the reaction often exhibits 
very complex behaviour: multiple steady-states in reaction rates at intermediate 
pressures, complex behaviour during forced dynamic operation and furthermore self
sustai ned kinetic oscillations in the reaction rate under constant feed conditions. The 
Jatter will be discussed in section 2.7. Table 2.1 gives an overview of the elementary 
reaction steps that are possibly involved in the CO oxidation over platinum under 
UHV conditions. 

5 
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Table 2. 1 Possible elementary reaction steps in the CO oxidation over Pt. The * 
denotes afree site; CO* and O* denote adsorbed CO and 0, respectively. 

Step Elementary step Important 
number (see text) 

1 02 + 2* -7 2·0* no 
2 CO+* HCO* yes 
3 02 + * H 02* yes 
4 02* + * -7 2·0* yes 
5 CO* + O* -7 C02 + 2* yes 
6 CO+ 0*-7 C02 + * no 
7 2·CO* + 0 2* -7 2·C02 + 3* no 
8 CO + 02* -7 C02 + 0* no 
9 2·CO* + 0 2 -7 2·C02 + 2* no 
10 CO* + 0 2* -7 C02 + 0* + * no 

Total 2·CO + 02 -7 2·C02 

Note that table 2.1 assumes that all catalytic sites are identical and that each adsorbed 
species occupies one catalytic site. Elementary steps including more than three 
surface species are considered to be unrealistic. Furthermore, C02 is weakly bonded 
to the platinum surface and is therefore assumed to desorb immediately after 
formation at temperatures above 300 K [8 - 10) . 
More than 20 years ago, Engel and Ertl [5] showed that there is no evidence for the 
participation of dissociatively adsorbed CO in the catalytic C02 formation on 
platinum. Moreover, no evidence of molecular adsorbed oxygen could be found on 
palladium and platinum [ 11, 12). This means that steps 3, 4, 7, 8 and 10 can be 
discarded according to Engel et al. [5, 11] and Campbell et al. [ 12). However, later in 
this section it will be shown that steps 3 and 4 are indeed important according to 
others. 
Recombination and desorption of adsorbed atomie oxygen occurs only at 
temperatures above 700 K [5], so the backward step in reaction 1 can be discarded in 
practice as well. Engel and Ertl also showed that the Langmuir-Hinshelwood 
mechanism (both reactants in the chemisorbed state) is the only clearly detectable 
pathway. They showed that the Eley-Rideal mechanism can be ruled out. The Eley
Rideal mechanism assumes that one of the reactants is in its normal chemisorbed 
state, whereas the second reacts either directly from the gas phase or from a weakly 
held physisorbed state. Reaction step 9 can be ruled out, because no C02 formation 
takes place if a surface, saturated with adsorbed CO, is exposed to 0 2. Probably the 
dissociative oxygen chemisorption is a necessary step. The absence of an Eley-Rideal 
reaction according to step 6 is confirmed for platinum by Palmer et al. and Campbell 
et al. [12, 13). 
In 1984, Boudart et al. [ 14] showed, in contrast to Engel et al. (see [5] or previous 
passage) that the dissociative adsorption of oxygen, according to step 1, includes the 
adsorption of molecular oxygen, and the dissociation of molecular adsorbed oxygen. 
Hence, the adsorption of oxygen proceeds in two steps: step 3 and 4. At temperatures 
below -550 K and pressures up to -10-6 mbar, the reaction rate is proportional to the 
0 2 parti al pressure and inversely proportional to the CO partial pressure [ 15). At this 
low temperature CO inhibits the chemisorption of oxygen. Under these conditions, the 
surface becomes totally covered with CO, the adsorption of molecular oxygen, step 3, 
is the rate-determining step and the C02 formation rate is inversely proportional to the 
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CO partial pressure. lf dissociative oxygen adsorption occurs in one step, step 1, as 
proposed by Engel et al. [5], the C02 formation rate should be inversely proportional 
to the square of the CO partial pressure, but the Jatter is not in agreement with the 
experimental observations. Therefore, Boudart et al. [14] proposed that the 
dissociative oxygen adsorption occurs in two steps. For simplicity it is often assumed 
that dissociative oxygen adsorption occurs in only one step (see e.g. ref. [16]) . 
Summarising it can be concluded that under UHV conditions, the CO oxidation on Pt 
occurs via the Langmuir-Hinshelwood mechanism (step 2 - 5). Hence, CO adsorbs 
molecularly (step 2), the dissociative adsorption of 0 2 occurs in two steps (step 3 and 
4), and the reaction occurs only between adsorbed species (step 5). Note that at 
intermediate and higher pressures other mechanisms are reported to play a role as well 
[5]. 

2.4 Surface structure of clean Pt(llO) 

In genera!, the (110) face of fee metals forms a (1 x2) structure. A clean Pt(l 10) 
su~face spontaneously exhibits a reconstructed (1 x2) pattern with alternate rows in the 
[ 1 1 O] direction missing (see e.g. ref. [ 17]). Such a structure is called a (1 x2) 'missing 
row' reconstruction (see figure 2.4(b)). 

-- 1X2 

(a) (b) 

Figure 2.4 Structural model of the (lxl) and the (lx2) "missing row" surface 
structures of Pt( 110) [2]. 

2.5 Chemisorption of CO on Pt(llO) 

From a CO-coverage Beo ;::: 0.2, parts of the ( 1 x2) surface are lifted to the ( 1x1) 
surface pattern (at temperatures T;::: 300 K), see figure 2.4( a) [ 1 - 3]. With increasing 
CO-coverages, the fraction of the surface covered by the (1x1 )-patches increases until 
the entire surface is covered by the ( 1x1) structure at a coverage Beo= 0.5 [2, 16] . 
In case of a ( 1x1) surface at high coverages (Beo > 0.9), the CO molecules tilt in 
opposite directions, to increase the CO-CO separation. At all coverages (at T;::: 300 K) 
CO is adsorbed at on-top sites, with the 0 outward (see figure 2.2) . The saturation 
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Chapter 2 Carbon monoxide oxidation on single crvstalline platinum 

CO-coverage of the ( 1x1) layer equals one monolayer (Beo= 1 .0), and corresponds to 
0.92· 10 15 CO-molecules/cm2 [18]. 

2.6 Oxygen adsorption on Pt(llO) 

Starting from a clean Pt(l 10)-(1 x2) surface, the oxygen first adsorbs in the 'valleys' 
between the (11 1 )-microfacets on the so-called 'trough sites' . At coverages be low Y2 
monolayer of 0 (i.e. Bo~ 0.46· I 0 15 O-atoms/cm2

), each ( 1 x2) unit mesh contains only 
one oxygen atom. For coverages exceeding 0.46· l 0 15 O/cm2

, the oxygen atoms are 
adsorbed on the next set of accessible lattice points of the surface of the valleys. The 
high coverage structure contains 3 times as much 0 atoms per unit cell as the simple 
low coverage (1 x2). Figure 2.5 shows a cross-section of the Pt(l 10)-(1 x2) in figure 
2.4(b) with a high oxygen coverage. 

[110] 

t 
_,.." [001] 

Figure 2.5 Vertical cross section in the [001] direction (see fig. 2.4) of the Pt( 110)
(1 x2) with 3 oxygen atoms in each (1 x2) unit cell. The shaded circles re present Pt 
atoms in the surface layer; the open circles represent Pt atoms in deeper positions; 
and the black solid circles represent oxygen atoms. 

At low temperatures, the high coverage of 3 atoms per unit cell corresponds to 
Bo= 1.38· I 0 15 O-atoms/cm2 (hence 1 Y2 monolayers of 0). For a more detailed 
description see e.g. ref. [ 19]. The experimentally determined saturation coverage may 
vary due to so-called 'clean-off' reactions, because this state reacts with a near unity 
reaction probability with CO and H2 (both common rest gases in a vacuum). 
At temperatures T > 1070 K oxygen nucleates in to an elongated c(2x2) pattern that 
corresponds toa transition oxide which leads eventually to an epitaxial growth of PtO. 
The PtO overlayer does not react with H2 or CO, however, the PtO decomposes at 
temperatures T > 1270 K [ 19]. In order to activate oxidised platinum, temperature 
flashing is applied above this T = 1270 K, which leads to removal of PtO (see chapter 
3 and 4). 

8 
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2.7 Oscillatory CO oxidation on Pt(llO) 

2.7.1 Self-sustained kinetic oscillations 

In open systems that are far from thermodynamical equilibrium, phenomena can be 
observed that are not permitted in a closed system at thermodynamica] equilibrium. 
Typical examples are kinetic oscillations and spatial pattern formation. Conditions far 
from thermodynamical equilibrium can be established in catalytic CO oxidation in a 
constant flow of reactants that are partly converted into C02. This may lead to 
periodically changing reaction rates or so-called kinetic oscillations. 
As described before, the catalytic CO oxidation takes place via the Langmuir
Hinshelwood mechanism. The LH mechanism alone, however, does not explain 
kinetic oscillations. The non-linearities in this model are not strong enough [2]. 
Hence, there has to be a different mechanism that causes the periodical changes in the 
reaction rate. 
The variations in the reaction rate during the kinetic oscillations are caused by 
periodical structural changes in the surface. These changes modify the catalytic 
activity via a change in the oxygen sticking coefficient (s02). The oxygen sticking 
coefficient of platinum is very sensitive to the surface structure. Reversible structural 
changes proceed via the mechanism of an adsorbate-induced surface phase transition, 
namely the CO-induced Iifting of the (1 x2) missing row reconstruction to (1x1) on 
Pt( 110), see figure 2.4. A graphic representation of a periodically oscillating activity 
is shown in figure 2.6. 

Activity 

t 
8co high 
S02 high 

8co low 
s02 low 

Time 

Figure 2.6 The oscillatory cycle: Starting with a high 8co and a high s02 (A), the 8co 
wil! decrease (B) due to high CO-consumption, until it drops be low the critica[ value 
and the swface relaxes (C) into the ( 1 ><2) configuration. Because s02 is low now, the 

9 



Chapter 2 Carbon monoxide oxidation on single crvstalline platinum 

8co wil! rise (D) and the surf ace transforms to ( 1 xJ) again (A). A new cycle may 
start. 

It has been shown experimentally that the oxygen sticking coefficient is higher on the 
( 1x1) than on the ( 1 x2) surface. Therefore, the mechanism of kinetic oscillations can 
be described as follows: Starting with a partially CO covered (lxl) surface (A in 
figure 2.6), the oxygen sticking coefficient and hence the reaction rate will be high, 
s02 "" 0.6 [2, 20, 21]. Due to the strong consumption of adsorbed CO in the surface 
reaction, the 8co will decrease (B in figure 2.6). If the 8co decreases below the critica! 
value for the phase transition, the surface will relax into its less active (lx2) 
configuration (situation C in figure 2.6). The oxygen sticking coefficient of the (lx2) 
configuration is low (s02 "" 0.3 ), 50 % low er than in the (1x1) phase [2, 20, 21]. 
Because the s02 is low, the rate of CO adsorption will exceed the reaction rate and 8co 
will rise again. When the critica] value for the phase transition is reached, the active 
( 1x1) surface is established again, and a new cycle may start [2]. Eiswirth and Ertl 
showed in 1986 that the oscillations occur near the completion of the CO induced 
(1 x2) ~ (1x1) structural transformation of the surface [ 4 ]. Without a surface 
structural transformation, a stepwise increase of the CO-pressure would only lead to 
an abrupt transition between an 0- and a CO-covered surface [22]. 

The inhibition of the CO and oxygen adsorption is asymmetrie: preadsorbed CO 
inhibits oxygen adsorption but not vice versa. When a fraction of the surface 
participates in the oscillations, its reaction rate increases, and causes the Pco to drop, 
any Iacking-behind patches of the crystal (still exhibiting a low reaction rate) will not 
be able to maintain a high CO coverage and in turn increase their activity. This 
coupling is rapid and affects the whole surface almost simultaneously, thus effectively 
damping out local fluctuations. However, because of surface defects, s02 can vary 
over the surface and this influences the surface synchronisation [3, 22]. As a 
consequence, the self-sustained kinetic oscillations do not have to be completely 
synchronised over the surface. 
Associated with the surface phase transition is a mass transport of Pt atoms (which 
has been neglected up to now) which can amount up to 50 % of the surface atoms in 
the case of the ( 1x1) H (1 x2) phase transition. Therefore, the structural changes are 
not restricted to the surface layer, but one may observe a facetting of the surface. Like 
the phase transition, facetting is associated with a reversible change in the catalytic 
properties of the surface [2]. The facetting of Pt(l 10) in CO + 0 2 leads to the 
formation of a regular spatial pattern on the surface (up to sub mm) which persists 
on ly under reaction conditions. The formation of spatially periodic, but stationary 
patterns under non-equilibrium conditions is known as the "Turing instability" [23]. 

In order to obtain oscillations at a given temperature Tand oxygen pressure p02, the 
CO pressure pco (causing the respective CO coverage) must be high enough to lift the 
reconstruction, but, on the other hand, sufficiently low to allow subsequent reactive 
removal of the CO adlayer by oxygen. Both limits increase with increasing p02 , 

however with different slopes, consequently there is an intersection that marks the 
critica! point below which oscillations cease to exist. The difference between these 
slopes is primarily due to the difference in s02 (hence the rate of removal of adsorbed 
CO) between the reconstructed and the nonreconstructed surface structure. The ratio 
of sar( 1x1) and s02-(1 x2) determines the range of partial pressures over which (at a 
fixed temperature) oscillations may occur. For Pt(l I 0) the ratio is only of the order of 
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2, or even less (Pt( 100) for example, has a ratio of at least of the order of 102). Hence 
for Pt(I 10), the oscillatory regime is very narrow. For Pt(l 10) it is found that 
variations in Pco may not exceed 2 % of Pco (at a selected temperature Tand a fixed 
p02). Moreover, the oscillatory behaviour requires oxygen in stoichiometrie excess 
[22]. 

2. 7 .2 Overview of in situ studies 

In situ studies during the oscillatory CO oxidation on Pt(l 10) have been carried out by 
monitoring changes in work functions (ti<p) e.g. with Kelvin probes [4, 22, 24]. ti<p 
depends on the changes of <p due to oxygen adsorption compared to the changes of 
CO on Pt(l 10). 
Furthermore, many studies have applied differentially pumped mass spectrometers in 
situ to monitor gas concentrations [22, 24]. Photo-Emission Electron Microscopy 
(PEEM) [26 - 30], Ellipso-Microscopy for Surface Imaging (EMSI) [27, 28, 31] and 
Reflection Anisotropy Microscopy (RAM) [27, 28, 32] have been successfully used to 
investigate all kinds of pattern formation, including those associated with the 
oscillatory CO oxidation over Pt(l 10). 
Low-Energy Electron Diffraction (LEED) [4, 22, 24, 25], and Auger Electron 
Spectroscopy (AES) [22, 24] have been used to study the Pt(l 10) surface. However, 
these techniques could not be used successfully to follow oscillations on Pt(l 10) 
because the probing electron beams disturb the oscillations. 
Nevertheless, none of the aforementioned in situ studies provided quantitative 
information on 8co during the oscillatory CO oxidation on Pt(l 10). However, as 
mentioned in the previous section, Eiswirth and Ertl have indirectly shown that the 
oscillations occur near the completion ( 8co"" 50 % of a monolayer) of the CO induced 
(1x2)--7(1x1) structural transformation of the surface [ 4]. Their assumption is based 
on LEED studies during the completion of the CO-induced ( 1x2)--7(1x1) transition on 
a Pt(l 10)-surface in the oscillatory regime, however, in the absence of oscillations. 
As will be shown in our study, in situ Jow-energy ion scattering (LEIS) can provide a 
direct way to measure the coverage of the Pt(l 10) during the (oscillatory) CO 
oxidation on Pt( 1 10). In the past, no in situ LEIS studies during the oscillatory CO 
oxidation on Pt( 1 10) have been reported. The reason for this is that in situ LEIS 
during catalysis requires special instrumentation that had not been developed up to 
this study. 
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2.8 LEIS analysis and catalysis 

Low-energy ion scattering (LEIS) is a technique that selectively probes the outermost 
atomie Jayer of a surface. In LEIS, a beam of Jow-energy ions with energy E; 
(typically 1 - 5 keV) is directed onto the sample (see figure 2.7). 

3He+ 

! 
Ee 1 Er= f(Ei,Mi,Mt.8) 

• 

Figure 2. 7 Schematic representation of low-energy ion scattering. E; is the energy of 
the incoming ion with mass M;; Er the final energy of the outgoing ion; 8 is the 
scattering angle; M1 is the mass of the target atom. 

The final energy E1 of the ions scattered over an angle e is measured. In our case, the 
experiments are carried out with 3He+. The high neutralisation probability of these 
ions (due to their high electron affinity) ensures that ions that undergo multiple 
collisions do not contribute significantly to the signa!, since, the electrostatic analyser 
(see chapter 3) detects exclusively ions. Hence, the LEIS signa! comes mainly from 
the outermost atomie layer. 
From the Iaws of conservation of momentum and energy one can derive for these ions 
that 

Ef =(case± ~111 2 
- sin

2 
8 ]

2 

E; l+m 
(2.1) 

where m, being M,I M;, is the ratio of the masses of the target atom and the ion . The 
minus sign only exists if 1 2 m 2 J sin 8 J. The equation shows that for given 
experimental conditions (fixed E;, 8, and M;) , the energy of the scattered ions is fully 
determined by the mass of the surface atom. Hence, an energy spectrum of the 
backscattered ions is equivalent to a mass spectrum of the surface atoms. Note that 
equation 2.1 implicitly assumes that only elastic scattering (no electronic excitation of 
the ion or atom) occurs and that the target atoms can be regarded as free atoms at rest. 
The validity of these assumptions has been shown experimentally [33). 
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The LEIS signa! depends on the scattering probability (differential scattering cross
section) and the neutralisation probability of the scattered particles. This implies that 
quantification is possible. 
As mentioned before, the probability of He+ ions to penetrate beyond the first atomie 
layer without becoming neutralised, is very small (0 10-4

). However, af ter 
neutralisation, reionisation may occur. To what extent reionisation occurs, depends on 
the elements in the outermost atomie layers. Since the ions loose energy during each 
collision and during the reionisation process, their final energy will be lower than the 
final energy of the ions that scattered back from the outermost layer. Hence, the 
reionised ions cause a background on the low-energy side of the so-called surface 
peak. 
Furthermore, it should be noted that noble gas ions cannot scatter back from 
hydro gen, since the mass of the lightest noble gas ion (3He +) is larger than that of 
hydrogen. Hydrogen can effect LEIS signals, however, since it can completely 
neutralise the incoming ions. 
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Chapter 3 

Experimental 

3.1 Outline 

The procedure that was used to check the mono crystallinity of Pt(l 10) with the back
reflection Laue technique is described in section 3.2. The design of the differentially 
pumped pressure cell, that is used for in situ LEIS, is described in section 3.3. More 
details on the positioning of the sample and the pressure cell are given in section 
3.3.1, on the gas inlet system in section 3.3.2, and on the monitoring of gas 
concentrations with the QMS in 3.3.3. The sample temperature management of the 
pressure cell is explained in section 3.3.4 and the time and spatial resolution in section 
3.3.5. The 'vacuum oxy-polishing' cleaning method that was used to activate the Pt 
catalyst is described in section 3.4. 

3.2 The back-reflection Laue setup 

To demonstrate that the Pt has indeed a Pt( 110) structure, and to verify that this 
structure rernains the same during the study, back-reflection Laue diffraction patterns 
have been taken at the start and end of the project. Figure 3.1 shows the experimental 
set-up of the back-reflection Laue technique. 

_Film 

Collimator 

X-ray 

Figure 3. J Geometry of the back-refection Laue technique 

The set-up is schematically shown in figure 3.1. To perform back-reflection Laue 
diffraction, a sample is exposed to a beam of collimated X-rays. Part of the X-rays 
scatter back from the sample and form a diffraction pattern on a photographic film 
(Polaroid 57). The film is situated at a distance s from the sample, which is mounted 
on a goniometer holder. The window of the X-ray tube is aligned with the centre of 
the film holder, which in turn is aligned with the sample. In order to achieve 
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symmetry in the diffraction Laue pattern, the X-rays should incident perpendicular 
with the sample surface. Otherwise, absorption effects can modify the symmetry 
relations of the spot intensities. lf one wants to calculate the directions of the 
diffraction projections on the film, the sample-film distance (::: 30 mm) must be 
carefully estimated. Combined results of back-reflection Laue and X-ray Röntgen 
Diffraction (XRD) are presented in chapter 4. 
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3.3 In situ LEIS with a differentially pumped pressure cell 

To enable LEIS analysis under reaction conditions (i.e. in situ) a differentially 
pumped pressure cell bas been built. The limiting pressure for environmental LEIS for 
a specific set-up is determined by the path length of the ions and the signal attenuation 
of the ions that is acceptable in a specific experiment. For a typical path length of 
0.1 m and an attenuation of 90 % this would result in 1-10-2 mbar [34]. 
Experimentally, however, the pressure limit for LEIS is generally determined by the 
maximum operating pressure of the multi-channel plates that are included in the LEIS 
detector. To mini mise the chance for discharges, pressures below 1·10-6 mbar are used 
in experiments. Because the reactor and the detector cannot be separated by a window 
(this would neutralise and stop all incoming ions), the reactor is differentially 
pumped. Our differentially pumped pressure cell (see figure 3.2) makes 
environmental LEIS possible at pressures up to 5.10-4 mbar fora pressure of 5.10-7 in 
the main UHV chamber (see chapter 4). 

Scattered 10ns 

Quadrupole 
mass 
spectrometer 

lcm 

Heater 

Figure 3.2 Schematic represen.tation of the LEIS analyser and the differentially 
pumped pressure cell. The part that is enveloped by the dashed line is the 
differentially pumped pressure cell; bi and b2 are bellows; the shaded area above the 
sample is the reactor; Fibre denotes a fluoroptic fibre that can be used to probe the 
sample temperature. 

A bellows (b 1 in figure 3.2) connects the pressure cell to the main vessel and allows 
the cell to be placed between the manipulator containing the sample and the analyser. 
For sample transfer, during cleaning or sputtering of the sample, and when 
environmental LEIS is not desired, the cell can be retracted. When the pressure cell is 
between the sample and the analyser, a second bellows (b2) allows the manipulator to 
move upwards, contacting the bellows and thereby sealing the reactor from the UHV 
in the main chamber. A gas inlet is provided to introduce reactant gases into the 
reactor (see section 3.3.2). At the top of the pressure cell, holes and circular slits are 
provided to allow entrance and exit of the incident and scattered ions that are used for 
the LEIS analysis. 
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For real-time monitoring of gas concentrations during reaction, a quadrupele mass 
spectrometer has been installed in the UHV main chamber (see section 3.3.3). The 
sampleholder and the interior of the reactor are coated with titanium nitride to 
suppress wall reactions (see section 3.3.3). In the reactor, samples can be heated up to 
800 K. However, if the pressure cell is retracted, samples can be heated up to 2500 K 
by so-called electron-beam heating (see section 3.3.4). The sample temperature can be 
measured using either a thermocouple or fluoroptic thermometry (see also section 
3.3.4). 
A turbomolecular pump (Hycone 60) that is connected to the pressure cell, provides 
an effective pump rate of 15 l·s- 1 just above the reactor. This in combination with an 
effective pump rate of 100 l·s- 1 in the UHV results in a pressure drop of 3 orders of 
magnitude between the sample and the UHV. The leakage from the bottom of the 
pressure cell into the UHV is negligible [34) . 
Experiments analysing a gold sample outside the pressure cell and inside the pressure 
cell in an argon atmosphere (at various pressures up to 2.4· 10-4 mbar) showed that the 
LEIS peak areas remain constant within the experimental errors [34). Hence, 
differences in LEIS spectra obtained in UHV and in gaseous environments can (up to 
at least 2.4· I 0-4 mbar) be completely ascribed to changes at the gas-surface interface 
due to the interaction with the gaseous environment. 

3.3.1 Positioning of sample and pressure cell 

Both the pressure cell and the sample are positioned using computer controlled 
manipulators. The manipulator containing the samples can be positioned in all 
directions within 0.01 mm. The pressure cell can be automatically moved along a 
single axis from the edge of the UHV chamber to its werking position between the 
sample and the analyser. When the pressure cell approaches its werking position 
within 0.5 mm, its precise position is fine tuned to within ±0.01 mm using a so-called 
approach switch (Baumer Electric type IWRM 12I9501 ). 
In the ERISS LEIS set-up [35), secondary electrons that are produced by the primary 
ion beam can be imaged, since the primary ion beam can be electrostatically deflected 
synchronously with imaging of the secondary electrons. Using secondary electron 
imaging the sample position can be visualised when the pressure cell is retracted to 
the edge of the UHV chamber. When the pressure cell is positioned between the 
sample and the analyser, the secondary electrons show the position of the hole for the 
incoming ions in the pressure cell . This allows one to check the alignment of the 
sample and the pressure cell with a spatial resolution of typically 0.01 mm. 

3.3.2 Gas inlet system 

The transport of gases in and out of the differentially pumped pressure cell , which is 
of course essential when studying kinetics, is discussed in this section . The entire gas 
inlet system is constructed in such a way that perfect mixing of the gases occurs. 
Therefore, a gas manifold has been designed that allows mixing of two reactant gases 
under molecular flow conditions, see figure 3.3. To obtain molecular flow conditions 
from the point where the gases meet, the different reactant gases are first introduced 
in separate reservoirs (sphere A and sphere B). The spheres can be evacuated down to 
-2· I 0-2 mbar using a rotary pump. 
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Figure 3.3 The gas inlet system of the pressure cell. Liquid nitrogen is applied as 
cooling agent in the cold trap 

The pressure in each sphere can be measured gas independently with an absolute 
accuracy of 4 .10·2 mbar using capacitance diaphragm gauges (Varian CeramiCel 
VCMT12TAA). Each sphere is connected toa tube that is led over a liquid nitrogen 
cold trap towards a micro-valve. In this micro-valve a -15 µm 0 pinhole is provided. 
The small dimensions of the pinhole, together with the dimensions of the tubing 
between the pinhole and the pressure cell, assure molecular flow if the pressure in 
each sphere is kept below 20 mbar. Then, gases are perfectly mixed and concentration 
gradients are absent in the pressure cel!. 
Direct measurement of the pressure in the reactor containing the sample is not 
possible. However, by assuring molecular flow conditions in all parts of the gas inlet, 
the partial pressure ratio in the pressure cell becomes equal to the pressure ratio of the 
reservoirs in the gas manifold [36]. The absolute pressure in the reactor as a function 
of the pressure in the reservoir spheres has been calculated based on the dimensions 
and pump rates of the gas in let system. The volume of the spheres is chosen in such a 
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way that the pressure drop during experiments in the reactor is negligible (0.4 % ). The 
gas outlet is determined by the leakage through the hole for the incoming and the slit 
for the outgoing ions respectively (total effective pump rate 1.5 l·s- 1

). The volume of 
the reactor is 1.2 cm3

, and has thus a very high refresh rate (space velocity of 
-l.2· 103 

S-
1
) (34]. 

To obtain the experimental partial pressures in the pressure cell, a so-called 
'experimental flow curve' can be determined. By measuring the pressure drop over 
the reservoir spheres over a certain, preferably long, time as a function of the pressure 
in the spheres, the inflow (hence outflow) of the pressure cell can be determined (in 
mbar·l·s-1

). If the flow is proportional to the pressure, and the slope is equal for 
different gases, there is a molecular flow. The results of and the difference between 
the calculations and the experiments are discussed in chapter 4. 

3.3.3 Monitoring gas concentrations 

In order to monitor the partial pressures of the reactants and products during reactions, 
a quadrupole mass spectrometer (QMS, Balzers Prisma 200) is installed in the UHV 
(outside the pressure cell). Approximately 25 % of the gases from the pressure cell 
leaks, under molecular flow conditions, into the UHV. When, after saturation, 
adsorption and desorption at the walls are in equilibrium, the ratios of the partial 
pressures of the different gases in the pressure cell can be measured using the QMS in 
the UHV [36] . From these ratios , the absolute partial pressures in the pressure cell can 
be determined by calibrating the QMS currents in the main chamber. 
Since the dimensions of the UHV chamber are -1 m, and the average velocity of gas 
molecules at room temperature is typically -4· l 02 m·s·1

, the gas concentrations 
measured in the QMS represent instantaneously the concentration ratios in the 
pressure cell [34]. 
Most of the pressure cell is made from stainless steel. To suppress wall reactions, the 
sample holder and the interior of the reactor surrounding the sample are entirely 
coated with titanium nitride, except fora 1 mm thick alumina ring. The relatively inert 
alumina ring that is attached to the base of the bellows (b2 in figure 3.2), provides a 
heat barrier and electric isolation between the sample holder and the pressure cell . The 
titanium nitride coated surface oxidises very fast, but is extremely inert after 
oxidation . 

3.3.4 Temperature management 

Samples can be heated by radi ation from a tantalum spiral underneath the sample 
holder. In this way, the sample temperature can be increased up to -1300 K. 
Moreover, electron-beam heating can be applied since the voltage of the sample can 
be increased to + 1 ke V with respect to the rest of the set-up including the Ta spiral. 
Using this so-called e-beam heating temperatures of -2500 K can be reached. 
However, when the pressure cell is in working position, the temperature has to be kept 
below 800 K because of the bellows (b2 in figure 3.2). Since the pressure cell can be 
retracted and repositioned without breaking the UHV, e-beam heating can be used for 
in situ cleaning and restructuring (single crystal) metal samples before starting a 
measurement session using the pressure cel!. 
The sample temperature can be determined using a K-type thermocouple (see figure 
3.2) that is pressed by a spring into a conical hole in the sample holder. To calibrate 
the difference between the temperature as determined with the thermocouple and the 
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actual sample temperature, an in situ remote Luxtron 712 fluoroptic thermometer can 
be used (see Fibre in figure 3.2). A fiberoptic probe has been mounted in the pressure 
cell to allow in situ use. For fluoroptic thermometry, a phosphorescent paste has to be 
put on the sample. The paste, magnesium fluorgermanate, activated with tetravalent 
manganese, is put on the sample with a so-called '400°C binder' (water based 
potassium silicate) according to the recipe of the manufacturer. 
The fluoroptic thermometer is suitable for temperatures between 73 and 723 K and is 
only used to calibrate the thermocouple reading. As will be shown in chapter 4, the 
sample temperature as determined with the fluoroptic thermometry is proportional to 
the thermocouple temperature (at least for temperatures below 650 K). The 
thermocouple provides the input for a PID controller (Eurotherm 900 EPC) that is 
used to control the heating and sample temperature in the temperature range between 
roomtemperature and 800 K. The proportional band (kp), integral time (ti) and 
derivative time (t0 ) of the PID controller can be tuned both manually and 
automatically. 

3.3.5 Time and spatial resolution 

An important parameter with regard to the monitoring of chemica! reactions is the 
time resolution of the detection system. It takes typically 5 - 10 minutes to collect a 
complete LEIS spectrum. However, if one is only interested in the presence of one 
element, the time scale can be significantly reduced to about 0.01 s by simply 
monitoring the intensity of a LEIS peak versus time. In practice, during kinetic 
oscillations, typically a LEIS peak is monitored with an interval time tint of 0.50 s. The 
time resolution of our QMS (Balzers Prisma 200) is -1.0 s if three gases (CO, 0 2 and 
C02) are monitored. 
The spatial resolution of LEIS is inherently limited by the damage of the sample 
surface by the ion beam. The limitation is determined by the ion dose by which the 
surface becomes damaged and by the sensitivity of the analyser and detector. For the 
ERISS LEIS set-up, the minimum allowed beam diameter is 3 µm if a dose of 1·10 15 

ions/cm2 is allowed when a complete spectrum is measured [37]. 

3.4 Cleaning of the Pt crystal 

Generally, catalysts have very reactive surfaces, and therefore they get contaminated 
by e.g. carbon , oxygen, water, calcium in air. This means that before catalysis , the 
catalyst must be activated ('cleaned'). To clean our mono crystalline catalyst, at high 
temperature, the pressure cell has to be retracted (see section 3.3.4). For our Pt(l 10), a 
cleaning method called 'vacuum oxy-polishing' has been applied. Vacuum oxy
polishing of the sample involves two cleaning steps. First the sample is heated in the 
main chamber for one hour in 1S10-7 mbar 0 2 at -1000 K. As a consequence, 
contaminants segregate to the surface and oxidise. After one hour, the main chamber 
is evacuated and the sample temperature is allowed to decrease below -570 K, then 
the sample is flashed up to 1470 K (maxima!) for four times by means of electron
beam heating (see section 3.3.4). The high temperature causes the oxides to desorb 
and, moreover, probably leaves a clean and flat Pt(l 10) catalyst surface. 
The sample temperature during cleaning is monitored with a pyrometer (Infratherm 
IP 120) with a temperature range of 433 - 1473 K (emissivity of Pt, Ep1 = 0.30). 
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Chapter 4 

Testing and calibration of the pressure cell 
and characterisation of the Pt(llO) crystal 

4.1 Outline 

The structure of the Pt(l 10) as determined with back-reflection Laue experiments is 
presented in section 4.2. The activation of the Pt catalyst using the vacuum oxy
polishing cleaning method is described in section 4.3. 
The temperature calibration of the reactor that is used for in situ LEIS is presented in 
section 4.4 and the results of the comparison between theoretica] and experimental 
flow measurements in the reactor are given in section 4.5. 
The results that are presented in this chapter are also partly published in Rikers et al. 
[38] and in Jansen et al. [34]. 

4.2 Structure of the Pt crystal 

To check the bulk structure of the Pt crystal, Laue diffraction patterns have been 
taken. The Laue diffraction patterns, taken at the start and end of the project, exhibit 
the same mono crystalline structure, hence the structure is not affected by the 
experiments. The Laue pattern of the Pt, taken after the project, is shown in figure 4.1. 
The Laue diffraction spots are very bright and situated symmetrically according to the 
Cu(l I 0)-type structure. Since the Cu(l I 0)-type structure is identical to the Pt(l 10) 
structure, our Pt-crystal has a Pt(l 10) orientation [39]. Combined results of Laue and 
X-ray Röntgen Diffraction (XRD) show that the Pt-sample has a miscut angle of 
0.11 °. 
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Figure 4.1Pt(110) Laue pattern obtained at V = 20 kV and 1 = 20 mA. 

4.3 Activation of the Pt(llO) crystal 

Before reaction, Pt(l 10) is activated (or cleaned), see also section 3.4. For this reason, 
the sample is flashed to -1470 K. This high temperature is needed to remove PtO that 
has been formed, since, before flashing, the Pt-crystal was kept in an oxygen 
atmosphere at high temperature. Figure 4.2 shows a photograph of the sample during 
a typical flash. 

Figure 4.2 The Pt( 110 )-sample in sample holder during flashing . 

lt can be clearly seen that the sample (white coloured circle in the centre) has a much 
higher temperature than the sampleholder. This is necessary since the stainless steel 
sampleholder would melt otherwise during flashing. Furthermore, heating both the 
sample and the sampleholder up to the same temperature would lead to cross
contamination. The combination of a sample at a high temperature from which oxides 
and contaminants desorb and a relatively cool sample holder that adsorbs them, is 
ideal. The sample is heated up to maxima] 1470 K while the sample holder remains 
below - 1 100 K. A typical example of the sample temperature, as measured with a 
pyrometer, is shown in figure 4.3 . 
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Figure 4.3 Pt( 110 )-sample temperature during a typical flash, as determined with a 
pyrometer (Ep1 = 0.30). 

At t = 0 minutes, the sample is allowed to cool down below 570 K, and the heating 
and the e-beam heating are switched on. The average heating rate during the first 
500 K of a flash is -1.5· l 02 K/s . The average heating rate, up to the maximum 
temperature, is -50 Kis. After switching of both the e-beam heating and the heating at 
t = 20 s, the temperature drops exponentially with r= 6 s. 
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4.4 Temperature calibration 

During measurements, the temperature of the sample is obtained and controlled by 
means of a thermocouple, which is pressed into the sampleholder. A good sample 
temperature control is essential to study oscillatory behaviour, since, the stability of 
the sample temperature has to be better than several degrees. In order to check the 
sample temperature and its stability, the sampleholder temperature as determined with 
the thermocouple is calibrated against the sample temperature. Therefore, a pyrometer 
is used to calibrate the thermocouple temperature. The results of this calibration are 
presented in figure 4.4 (black curve). The measurements showed a reproducible 
difference between the sample temperature as determined using the pyrometer and the 
temperature as determined using the thermocouple. 
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Figure 4.4 The Ti-sample temperature as a function of the sampleholder temperature 
(thermocouple) with the pressure cell in working position (triangles), and when the 
pressure cell is retracted (squares). The triangular markers are determined using 
fluoroptic thermometry and the square markers with a pyrometer (t:Ti = 0.50). 

The uncertainty in the pyrometer sample temperature is mainly determined by the 
uncertainty in the emissivity t:. This uncertainty results in an error of ±30 K in the 
sample temperature. 
When the pressure cell is in working position, pyrometer measurements are not 
possible (there is no window present in the pressure cell) . However, fluoroptic 
thermometry can be used to determine the sample temperature. Crosscheck of the 
fluoroptic measurements and pyrometer measurements in another setup showed 
identical results within the experimental error (±30 K). The sample temperature as 
determined for the same sample using the fluoroptic thermometry in the pressure cell 
is also shown in figure 4.4 (grey curve). The figure shows that the presence of the 
pressure cell has a large influence. The difference between the sample temperature 
and the thermocouple temperature is less when the pressure cell is at its working 
position. The pressure cell appears to work as a 'heat sink'. Despite the aluminum 
heat harrier at the contact between the bellows (b2 figure 3.2) and the sample holder, 
the pressure cell cools down the sample, while the thermocouple temperature is kept 
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at the same temperature. However, the in situ calibration with the fluoroptic 
thermometer allows correction for this effect. 
Furthermore, the relation between sampleholder (thermocouple) temperature and 
sample temperature is linear in this temperature range. The difference between sample 
temperature and sampleholder temperature increases with increasing temperature. In 
this temperature range (470 K < T < 720 K), radiation from the sample is still low. 
Sample radiation comes into play at temperatures T > 773 K. At such temperatures, 
the sample temperature and the sampleholder temperature should become equal. 
Calibration on Cu, Ti and Fe-samples in the pressure cel! showed a reproducible 
difference between the sample temperature measured using the fluoroptic 
thermometer and the sample holder temperature as determined using the 
thermocouple, as shown in figure 4.5. 
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Figure 4.5 The sample temperature (jluoroptic thermometry) inside the pressure cell 
as a function of the sampleholder temperature (thermocouple) for Cu (spheres), Fe 
(diamonds) and Ti (triangles). The solid markers are measured in UHV, the open 
markers are measured in a gaseous atmosphere (Pwr ::.-:: J. J 0·4 mbar). 

The solid markers are measured in UHV and the open markers in gas. These 
measurements show that the presence of gases, such as Ar, 0 2 and CO, in the pressure 
cel! does not significantly influence the absolute temperature. The stability of the 
temperature is also not influenced by the presence of these gases. A thermocouple 
temperature stability of ±0.03 K (98 % interval over several hours) and a sample 
temperature stability of ±0.5 K (98 % interval determined over several hours with the 
fluoroptic thermometer) is obtained for Fe- and a Ti test samples. 
Moreover, figure 4.5 shows that the difference in sample temperature between the Ti 
and the Fe is small. Since, the dimensions of the Ti- and Fe-sample are equal (8.0 mm 
0 and 0.9 mm thickness), this is due to the small difference in heat conductance À 
(see table 4.1 ). 
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Table 4. 1 Heat conductance for Ti, Pt, Fe and Cu-samples 
Metal Heat conduction 

A (W/cm-K) 
Ti 0.22 
Pt 0.72 
Fe 0.80 
Cu 4.01 

As shown in table 4.1, the heat conductance of Fe (AFe) is almost equal to that of Pt 
(Apr). The dimensions of the Fe test sample are identical to those of the Pt-sample. 
Therefore, the Pt-sample temperature is assumed to equal the Fe-sample temperature 
at a certain thermocouple temperature, and the Fe-sample calibration is used to 
determine the Pt-sample temperature from the sampleholder temperature 
(thermocouple). Hence the stability of the Pt-sample temperature is ±0.5 K, and this 
satisfies the temperature stability requirement to study oscillatory behaviour, since 
such a study requires a temperature stability better than several degrees K. 
For materials such as copper, with a A larger than ATi> Apr and AFe. the sample 
temperature stability is larger than ±0.5 K and the temperature difference between the 
sample temperature and the sampleholder temperature is also larger (see also figure 
4.5). No difference in temperature stability is found between a Ti-sample and a Fe
sample. The sample temperature stability of ±0.5 K is the statistica! error of the 
fluoroptic thermometry. Hence materials with A < AFe. have a sample temperature 
stability of ±0.5 K. 
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4.5 Pressure calibration 

As discussed in chapter 3, the partial pressures in the pressure cell can be determined 
with an 'experimental flow curve'. In order to follow catalysis with in situ LEIS we 
would like to be able to reach a pressure of 1·10-4 mbar in the pressure cell to obtain 
enough chemistry. Figure 4.6 shows experimentally (dashed line) and theoretically 
(solid line) determined flow curves. 
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Figure 4.6 The dashed line represents a fit of the experimental flow as a function of 
the reservoir pressure. The introduced gases are CO (spheres), 02 (triangles) and Ar 
( diamond). The solid line represents the theoretically calculated flow. The solid data 
points are obtained in the presence of, and the open data points in the absence of the 
liquid nitrogen cold trap. 

The inflow (hence outflow) of the pressure cell is determined by measuring the 
pressure drop of the reservoir spheres over -16 hours as a function of the total 
reservoir pressure. The theoretica! flow as a function of the pressure in the reservoir 
spheres has been calculated based on the dimensions and pump rates of the gas inlet 
system. From figure 4.6, the ratio between the ex peri men tal ( <Pexp) and the theoretica! 
flow ( <Piheo) appears to be 

<Pexp --= 1.5 + 0.01 · Pres =: 1.6 
<Ptheo 

(4. 1) 

where Pres is the average total pressure (in mbar) at the reservoir spheres. In many 
experiments Pres = 10 mbar, hence <Pexp I <P1heo = l _6. <Pexp I <P1heo is mainly determined 
by the uncertainties in the sizes of the pinholes in the micro-valves in the gas inlet, 
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since the dimensions of the holes and circular slits for the incident and scattered ions 
are well known (34]. Theoretica) flow calculations show that the ratio of 1.6 can be 
explained by an increase of the pinhole diameter with -15 %. Note that we assume 
that the alumina ring between the sampleholder and the bellows of the reactor seals 
off very well. The ratio of the experimental and the theoretica) flow is equal to the 
ratio between the experimental pressure and the theoretica! pressure because the 
reservoir spheres have a fixed-5.09 )-volume. Because of the uncertainty in <Ptheo. the 
pressure derived from <Pexp is used throughout this report. 
Figure 4.6 shows also that the experimentally determined <Pexp is gas independent, up 
to at least 23.5 mbar total reservoir pressure, this corresponds to 2.10-4 mbar in the 
reactor of the pressure cell. Hence, there is a molecular flow (gases are perfectly 
mixed) and the pressure ratio of the mixed gases in the pressure cell is equal to the 
corresponding pressure ratio of the reservoirs. At low total reservoir pressures the 
experimental error in the total pressure in the pressure cell is -5 % and at high 
pressures -0.5 %. In our case, (oscillatory) oxidation measurements are performed at 
high pressure, hence, the uncertainty in the pressure is low. 
Concluding, the pressure range that can be reached in the reactor of the pressure cell 
is high enough to obtain enough chemistry. 
The efficiency of the QMS is gas dependent. Therefore, the QMS currents (l) have to 
be corrected. To determine the relative sensitivities of the QMS, three gases, namely 
C02, CO and 0 2, are introduced separately in the main chamber. The pressures are 
obtained with a pressure gauge in the main chamber, and they are corrected for each 
gas. The experimental sensitivity factors in table 4.2 are obtained from the cracked 
fractions of each gas. Therefore, for C02 gas the QMS currents Ic02 , Ico, Ic and I0 are 
taken into account, for CO gas Ico , Ic and Io and for 0 2 gas I 02 and I0 . 

Table 4.2 Experimental and literature values for the QMS sensitivity 
gas Experimental Literature 

sensitivity (-) sensitivity (-) 
C02 1.45±0.05 1.4 
co 1.05±0.05 1.05 
02 1.12±0.05 1.0 

Table 4.2 shows that the experimental sensitivity values agree very well with the 
literature values (40]. 
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Chapter 5 

Steady state CO oxidation 

5.1 Outline 

The influence of the temperature on Pt-CO- and Pt-0 coverages has been determined 
with LEIS and is presented in section 5.2. The results of a combined, real time LEIS 
and QMS analysis during the CO oxidation are given in section 5.3. The influence of 
the temperature on the catalytic activity of Pt(l 10) is shown in section 5.4.1. There is 
a 'step temperature', above which the CO oxidation reaction ignites. The relation 
between this step temperature and the applied pco is given in section 5.4.2. The 
activity of the Pt(l 10) is al so influenced by the p02 / Pco ratio, which is described in 
5.4.3. 
The results that are presented in this chapter are also partly published in Rikers et al. 
[38] and in Jansen et al. [34]. 
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5.2 Influence of temperature on Pt-0 and Pt-CO coverage 

As mentioned before, LEIS analyses selectively the outermost atomie layer: This 
would imply that one cannot distinguish between CO (with the 0 outward) and 0 
during the ( oscillatory) oxidation over Pt(l 10) with this technique. In order to 
investigate this, LEIS spectra of CO-saturated and 0-saturated Pt-samples are taken at 
several temperatures. As will be shown in this section, there are clear differences 
between a CO-saturated and an 0-saturated Pt( 110)-sample. 
A 1.5 ke V 3He + LEIS spectrum, taken after oxy-polishing shows that a clean Pt( 110) 
surface is obtained (see solid black curve in figure 5.1). 
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Figure 5.l(a, b) 1.5 keV 3He+ LEIS spectra of Pt(JJO). The solid black spectrum is 
measured on clean Pt( 1 JO) in UHV. The other two spectra are taken on Pt( 110) in a 
5.8·10·5 mbar Orenvironment at T = 383 K (solid curve, open spheres) and 629 K 
(dashed black curve). The LEIS spectra clearly show that the 0-peak decreases and 
the Pt-peak increases (see arrows) when the sample temperature is increased. Note 
that figure (b) is an enlargement of the rectangular area in figure (a). Even at 
T = 629 K the 0-peak reniains visible. 

Subsequently, the clean Pt is saturated with 5.8· 10-5 mbar oxygen at several 
temperatures. LEIS spectra taken at T = 383 K and 629 K are shown also in figure 
5.1 . Because of the increasing desorption at higher temperatures, the 0-peak area 
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Chapter 5 Steady state CO oxidation 

decreases and the Pt-peak increases, when the sample-temperature is increased. 
However, even at T = 629 K, a clear 0-peak can be observed on an oxygen saturated 
Pt( 110) surf ace. 
In a second series of experiments a clean surface is saturated with 5.4· l 0-5 mbar CO at 
several temperatures (see figure 5.2) . 
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Figure 5.2(a, b) 1.5 keV 3He+ LEIS spectra of Pt( J 10): one taken in UHV (black 
curve, open triangles) and the others in 5.4·10·5 mbar CO, namely, at 391 K (dashed 
black curve), at 461 K (dashed grey curve) and at 540 K (grey curve, open spheres). 
The arrows show the decrease of the 0-peak and increase of the Pt-peak height as the 
temperature is raised from 39 J to 46 J K. No te that figure ( b) is an enlargement of the 
rectangular area infigure (a). The arrows in (b) show the decrease of the 0-peak and 
background as the temperature is increasedfrom 391to461Kin5.4-10·5 nibar CO. 

The LEIS spectrum of Pt( 110) that is saturated with CO at a low temperature (T = 
391 K, dashed black curve in figure 5.2) clearly shows a very small Pt-peak, a large 
0-peak and a large background. If the temperature is raised, the Pt-peak area 
increases, while the 0-peak and the background decrease because of the decreasing 
adsorption probability. Between 461 and 540 K, the 0-peak decreases below the 
detection limit of 0.5 % of a monolayer, hence, almost no CO adsorbs on the Pt-
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surface at these temperatures. (Note that the Limit Of Detection (LOD) is generally 
defined as 

LOD = 3 · jN; (5 .1) 

where Nb is the number of counts in the background under the surface peak.) 
In figure 5.2, no C-peak is present. This confirms the assumption in literature [5, 6] 
that a CO molecule is chemisorbed through the carbon atom, the molecular axis being 
perpendicular to the surface plane (see chapter 2, figure 2.2). 
Figure 5.3 shows two 1.5 keV 3He+ LEIS spectra taken at T = 391 K, one is saturated 
with 5.4· 10-5 mbar CO (dashed curve) and one is saturated with 5.4· 10-5 mbar 0 2 

(solid curve) . 
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Figure 5.3 1.5 keV 3He+ LEIS spectra of Pt( 1 JO). One is saturated with 5.4·10-5 mbar 
CO (dashed curve) and one is saturated with 5.4·10-5 mbar 0 2 (solid curve). Both 
spectra are taken at T = 391 K. 

Figure 5.3 shows that there are clear differences between the LEIS spectra of the CO
saturated and the Orsaturated Pt( 110). Tab Ie 5.1 gives an overview of the relative 
LEIS yields for the aforementioned spectra. 
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Table 5.1 Comparison LEIS yields from figure 5.3 for 0- and CO-saturated Pt(l l 0) 
and for clean Pt( 110 ). Note that the background, the 0-peak and the Pt-peak yields 
are normalised to the background, the 0-peak and the Pt-peak yield of the CO
saturated Pt( 110 ), respectively. 
surface composition Pt- 0- Background 8max (MonoLayer) 
of Pt(l 10) peak peak [1-3,18,19] 
0 saturated 4.4 0.66 0.2 1.5 
CO saturated 1 1 1 0.9 
clean 12.3 0 

Both the larger 0-peak area and the smaller Pt-peak area of CO saturated Pt(l 10) (in 
figure 5.3 and table 5.1) can be understood on the basis of the models discussed in 
chapter 2. At all coverages (at T?. 300 K) CO is adsorbed at on-top sites. The Pt(l l 0)
surface is saturated at maxima! 1 monolayer or 0.92· 1015 CO-molecules/cm2

. On the 
other hand, oxygen adsorbs in the valleys on the trough sites of the Pt(l 10)-(1 x2) 
sample up to maxi mal 1 l/2 monolayers or 1.38· 1015 O-atoms/cm2

. Despite the higher 
maxima! coverage, more Pt surface atoms remain visible in the case of the 0-
saturation compared to the CO-saturation. Hence, the LEIS spectra of CO saturated 
Pt(l 10) show a larger 0-peak area and a smaller Pt-peak area compared with 0 
saturated Pt(l 10). 
Furthermore, the larger background of CO saturated Pt(l l 0) can be explained by 
neutralisation and reionisation effects (see section 2.8). The threshold energy for 
reionisation of 3He0 can be obtained by extrapolating the background at the low
energy side of the Pt-peak to the energy axis. For CO the threshold energy is -300 eV 
and for 0 this is -650 eV. Reionisation starts for CO at much lower energies than for 
0. Above the threshold energy for CO, the reionisation probability of 3He0 is larger 
for CO than for 0. Hence, this explains the larger background for CO on Pt(l 10) (see 
figure 5.3). The difference in reionisation probability between 0 on Pt(l 10) and CO 
on Pt( 110) is due to the differences between the electronic structure of 0 and CO. 
The influence of temperature on the 0-peak area and on the background for CO 
saturated Pt(l 10) is shown in figure 5.4. 
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Figure 5.4 The 0-peak yield (solid line) and the background (dashed line) of Pt( 1 JO) 
that is saturated with CO at pco = 5.4· 10-5 mbar as a function of temperature. 

Figure 5.4 shows that both the 0-peak area and the background decrease linearly as 
the temperature is raised in a CO atmosphere. This means that the LEIS background is 
proportional to the 0-LEIS signa) from CO on Pt(l 10), hence, the LEIS background 
signa) under the 0-peak is proportional to 8c0 . This is very convenient since it allows 
one to distinguish between adsorbed oxygen and CO. This in spite of the fact that in 
case of CO adsorption the oxygen atom is protruding from the surface. Concluding, 
there are clear differences between CO and 0 on Pt(l 10) in a LEIS spectrum. 
In order to quantify the 0-coverage and/or the CO-coverage, measurements are also 
performed with labelled oxygen (180 2). Section 5.4 and 6.4 discuss LEIS analyses of 
CO and 180 2 in the reactor of the pressure cell. This is done because 180 makes it 
possible to distinguish between CO (with 160) and oxygen (180) both qualitatively 
and quantitatively. 
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5.3 CO oxidation and poisoning 

Experiments have been carried out to study the steady state CO oxidation . Before the 
chemica] reaction is started, the interior of the reactor in the pressure cell has been 
cleaned by healing up to T = 670 K in UHV. The Pt(l l 0)-sample is activated by 
means of the oxy-polishing method. After oxy-polishing, but before reaction, a 3 keV 
3He+ LEIS spectrum is taken (dashed line figure 5.5). 
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Figure 5.5 3 keV 3He+ LEIS spectra obtained before (dashed curve) and during the 
CO oxidation (solid curve) over Pt. The LEIS measurements show that the Pt gets 
poisoned by Ni. Note that the spectrum, obtained during reaction, is multiplied by a 
factor of2. 

A second 3 keV 3He+ LEIS spectrum (solid curve in figure 5.5), is taken during the 
CO oxidation reaction (at po2 = 8. l · 10-5 mbar, Pco = 2.7· 10-5 mbar, TP1 = 606 K). 
During this reaction CO and oxygen are converted to C02 . However, the QMS signa] 
shows that the C02-production stops within -15 minutes (figure 5.6). 
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Figure 5.6 QMS spectra showing the gas concentration of mass 28 AMU (dark grey): 
CO (N2 < 1%); mass 32 AMU (light grey): 0 2; and mass 44 AMU (black): C02. After 
-15 minutes the COrproduction has stopped. 

Comparison of the LEIS spectra taken before and during reaction shows that the Pt 
likely gets poisoned by Ni . Such a Ni poisoning can be explained by deposition of 
Ni(C0)4 which is formed when CO gas gets in contact with stainless steel. This is 
very well possible since the CO gas is exposed to a stainless steel gas bottle, reservoir 
sphere and tubing of the pressure cell. The small amounts of Si and Ca ( < 2% 
coverage) that occur in the spectrum during reaction are common bulk contaminants 
of Pt that segregate to the surface in an oxygen atmosphere. 
Figure 5.7 and 5.8 show the LEIS and QMS spectra, under the same reaction 
conditions as figure 5.5 and 5.6, when the CO gas is led over a liquid nitrogen cold 
trap. This liquid nitrogen cold trap is installed, because it is generally known that the 
Ni(C0)4 in CO gas sticks to cold traps. 
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Figure 5.7 3 keV 3He+ LEIS spectra obtained before (dashed curve) and during the 
CO oxidation (solid curve) over Pt. The absence of Ni in the LEIS spectrum, obtained 
during oxidation, proves that the cold trap effectively removes Ni(COh Note that the 
spectrum, obtained during reaction, is multiplied by a factor of 2. 
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Figure 5.8 QMS spectra showing the gas concentration of mass 28 AMU ( dark grey): 
CO (N2 < 1%); mass 32 AMU (light grey): 0 2; and mass 44 AMU (black): C02. At 
t = 0, CO is introduced in the pressure cell and a constant CO-conversion of 53 % is 
obtained. 

Figure 5.8 shows that the 'CO-conversion ' remains constant (53 % ) for more than 
hour. Note that the CO conversion is defined as : 
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{ C02( Km) j 
CO conversion = C02 production = · · · 100 % 

[ co2( f.:aS) J + [co( f.:aS ) J 
(5 .2) 

The constant COrproduction combined with the absence of Ni (solid curve in figure 
5.7) proves that Ni was indeed responsible for the poisoning of the Pt-catalyst. Hence, 
the cold trap in the gas inlet with liquid nitrogen as cooling agent effectively removes 
the Ni(C0)4 from the CO gas. 
Note that the decrease in Orconcentration at t = 0 minutes equals half of the 
increment in the C02-concentration, which is in agreement with the stoichiometry of 
the CO oxidation reaction (2·CO + 02 ~ 2·C02). 
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5.4 Catalytic activity Pt(llO) 

5.4.1 Influence of temperature 

The COrproduction on a Pt(l 10)-surface has been studied as a function of 
temperature and gas composition. The CO partial pressure was varied between 
5· l 0-6 mbar~ Pco ~ 5· l 0-5 mbar (hence 1.0 ~ P02 / Pco ~ 18), while the total pressure 
was kept at 1.1·l0-4 mbar. 
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Figure 5. 9 The C02-production as a function of Pt( 110 )-temperature for various Pco, 
balanced with 02 to -1 . J. J 0·4 mbar total pressure. 

Figure 5.9 shows that the reaction rate increases rapidly above a certain so-called 
'step temperature'. Alternate measurements below and above the step temperature 
show that the reaction can be reversibly stopped and ignited. Hence, no permanent 
poisoning occurs. At temperatures above the step temperature, the COrproduction 
decreases slightly with increasing temperature, because the adsorption of CO and 0 2 

decreases with increasing temperature. The 'steps' are rather abrupt. Based on the 
principle of Sabatier, an exponential behaviour as a function of temperature is 
expected. These steps are also known from literature (see e.g. ref. [5]), however, in 
literature they are less abrupt. 
In order to correlate the COrproduction (QMS) with the surface composition, LEIS 
spectra are taken at several temperatures and pressures. Figure 5 .10 shows 3 ke V 3He + 

LEIS spectra, taken during the CO oxidation at Pco = 2.7· 10·5 mbar and p02 = 
8.1·l0-5 mbar (see also figure 5.9). 
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Figure 5.10 Three 3 keV 3He+ LEIS spectra, taken at 409 K, 418 K and 502 K during 
CO oxidation on Pt(l 10) at Pco = 2.7·10-5 mbar and P02 = 8.1-10-5 mbar. The 
spectrum, taken below the step temperature (T = 409 K) clearly shows a smaller Pt
peak, a larger 0-peak and a larger background. 

The measurements clearly show that the Pt-peak increases strongly and the 0-peak 
and background decrease when the temperature is increased above the step 
temperature. Hence, the CO-coverage below the step temperature is higher than above 
the step temperature, and either the oxygen sticking probability s02 is minimal or the 
0 sticks on the surface while it cannot react with CO. The lifetime of adsorbed 
oxygen (O*) is temperature dependent, the s02 is not influenced by the temperature in 
this small temperature regime. However, the s02 depends on the surface structure. To 
solve this question, CO oxidation measurements with labelled oxygen (1 80 2) instead 
of normal oxygen ( 160 2) have been carried out. These measurements showed no 
sticking of 180 below the step (see figure 5.11 ). Hence, below the step temperature, 
the CO-coverage is the largest and s02 is the lowest. 
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Figure 5.11 1.5 keV 3He+ LEIS spectra taken during C160 oxidation with 180 2. One 
spectrum is determined just below (grey curve) and one just above the step 
temperature (black curve). No 180 is visible below the step temperature. Note that the 
isotopical purity of the l/?02 > 99.9 %, hence, the 160 peak resultsfrom CO on Pt. 

Moreover, figure 5.11 shows that the oxygen-16 peak decreases enormously if the 
temperature is increased just above step temperature, hence, 8co drops. The 8co just 
below step temperature is 23 ± 2 % of a monolayer. Just above the step temperature, 
the 8co = 3 ± 1 % of a monolayer. Earlier measurements with 160 show that both the 
Pt-yield / 0-yield ratio just above the step temperature and the ratio just below the 
step temperature are pressure independent (37 ± 3 and 6 ± 1 respectively) within the 
ex peri men tal errors. Hence, the aforementioned 8co = 23 ± 2 % (figure 5.11) is 
pressure independent. This 8co is the critica! 8co below which the COrproduction 
ignites. Furthermore, the 80 ( oxygen-18 peak) just above the step temperature is 
25 ± 2 % of a monolayer. The coverages just below and just above the step 
temperature are summarised in table 5.2 

Table 5.2 The coverages just below and just above step temperature 
Temperature 80 (% of a monolayer) 8co (% of a monolayer) 
T= 456 K < 1.5 % 23 ±2 % 
T= 459 K 25 ±2 % 3±1% 

The measurements in figure 5.10 show also that at 502 K the Pt-peak increases when 
the temperature is raised from 418 K (dashed grey curve) to 502 K (solid black 
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curve). This is because at higher temperatures, the adsorption of CO and 0 2 on 
Pt( 110) is lower. One should note that Bea is always less than 2 %, hence, the 
influence of Ca is negligible. 
The Pt-peak area ratio for a sample just above and just below the step temperature is 
3.2 ± 0.5 . Hence, the Pt( 110) surface changes from one configuration in to another 
(probably (lx2) ~ (lxl ), see section 2.5). 
Summarising, the explanation for the abrupt step in the C02-production is that just 
below the step temperature reaction is inhibited due to a drastic reduction in the 
sticking probability of oxygen (s02) for Beo> B~0 , where B~0 = 23 ± 2 % is a critica! 
CO coverage. 

5.4.2 The relation between step temperature and Pco 

From figure 5.9 in the previous section, the relation between the step temperature and 
the log(peo) can be obtained. Figure 5.12 shows the relation for p 10 1 = l. l · 10-4 mbar 

and 1.0 < Po21Peo <18. 
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Figure 5.12 The relation between 'step temperature ' ifromfigure 5.9) and Pco (log 
scale) in the pressure cel!. The diamond markers are measured at a total pressure of 
1.1·l0-4 mbar. The open square marker is a measurement at a total pressure of 
2.0·10-5 mbar. The solid circle at 3.10-7 mbar is takenfrom ref [5]. 

From thi s figure can be concluded that at p101 = 1.1 ·10-4 mbar (diamond markers) the 
step temperature increases with increasing log(pc0 ). Probably, at higher pco higher 
temperatures are needed to decrease the Beo below the critica! Beo. 
The step temperature has also been determined at p10 1 =2.0·10-5 mbar (for 
Peo = 1.0· 10-5 mbar, hence, p02 / Pco = 1.0). At this lower total pressure the step 
temperature is 432 ± 15 K (open square in figure 5.12). Engel and Ertl [5] reported a 
step temperature of 448 K for Piot= 3.10-7 mbar and pco = 1-10-7 mbar CP021 Pco = 
1.3). See solid circle in figure 5.12. Similar to the data that were determined at p101 = 
1.1· I0-4 mbar, the step temperatures at lower total pressures are situated in the 
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temperature regime of 375 K - 485 K. However, the relation between p101 and step 
temperature is not clear from these measurements . 
In order to extend the pressure range, step temperature measurements are also 
performed in the ERISS main chamber (with the pressure cell retracted). To obtain 
overlap with the measurements in the pressure cell, measurements at p101 = 1.0· l 0-4 

mbar and Pco = l .S. l 0-5 mbar were carried out. Note that LEIS is not possible in this 
situation. The measurements in the ERISS main chamber showed a maxima] COr 
production of only 2 % and a high step temperature of 500 K. At these pressures, in 
the reactor of the pressure cell, a COrproduction rate of more than 50 % and a step 
temperature of -410 K is expected. The low maxima} COrproduction in the main 
chamber can be explained by wall reactions with the uncoated wall of the ERISS main 
chamber. The high step temperature might be explained by the tantalum heating 
spiral, and the filament of the pressure gauge and the QMS in the main chamber that 
can excite or crack gas molecules. These cracked and/or excited molecules might 
disturb the surface composition of Pt(l 10) and change the step temperature. 

5.4.3 lnfluence of Pco / Po2 pressure ratio 

It is reported (see e.g. Ertl et al. [3]) that the C02-production is also influenced by the 
Pco / po2 ratio. They reported a maximum COrproduction at Pco / Po2 = 0.1 (at po2 = 
2· l 0-4 mbar and T = 455 K). In order to investigate the influence of the Pco / p02 ratio 
on the activity of Pt(l 10) in our pressure cell , the gas concentrations of CO, 0 2 and 
C02 are measured with a quadrupole mass spectrometer. Figure 5.13 shows the COr 
production as a function of pco / p02 at a fixed temperature T = 606 K. 
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Figure 5. 13 The COrproduction as a function Pco / p02 in the pressure cell for 
Pt( 110) at T = 606 K. At this temperature the COrproduction is maxima[ for 

Pco I P02 = 0.2. 

The measurements are performed for 0 .01 < Pco I Po2 < 1.2. At Pco I Po2 = 0.2 the 
COr production is maxima! for this temperature. For Pco / p02 > 0.2 the 8co increases 
and inhibits the oxygen adsorption, which explains the decrease in the C02-
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production. On the contrary, for Pco / Po2 < 0.2 the Pt(l 10)-surface is mainly covered 
by oxygen and the reaction rate is determined by the supply of CO, hence, increases 
with increasing pc0 . It can be concluded that the C02-production as a function of 
Pco / p02 in our pressure cell has the same behaviour as reported by Ertl et al. [3]. 
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Chapter 6 

Oscillatory CO oxidation 

6.1 Outline 

The search for conditiöns for kinetic oscillations on Pt(l 10) is presented in section 
6.2. The results of in situ LEIS and QMS analysis of the catalytic CO oxidation on 
Pt(l 10) in the oscillatory regime are discussed in 6.3. The exact coverage of CO and 
0 on Pt( 110) during self-sustained kinetic oscillations are still unknown in literature. 
An indirectly determined CO-coverage of -50 % of a monolayer has been reported by 
Eiswirth and Ertl [4]. Section 6.4 discusses the determination of the surface coverages 
during self-sustained kinetic oscillations. 

6.2 A quest for the oscillatory regime: heat-cool cycles 

A good strategy to determine conditions for which a chemica] reaction shows self
sustained kinetic oscillations is based on so-called 'heat-cool' cycles [ 41]. Therefore, 
we have applied such cycles to determine conditions of the oscillatory regime of the 
CO oxidation on Pt(l 10). A heat-cool cycle is a temperature cycle during which, in 
our case, a Pt(l 10) sample, in a C0/02 atmosphere, is slowly heated (4.0 (±0.5) 
K/min) from roomtemperature up to 670 K, followed by allowing it to cool down with 
a maxima] rate of 4.0 (±0.5) K/min. During the heat-cool cycle, the sample 
temperature and the gas concentrations of CO, 0 2 and C02 are monitored with a 
quadrupole mass spectrometer. Oxygen is always supplied in stoichiometrie excess, 
since, this is required to obtain oscillatory behaviour (see section 2.7). Heat-cool 
cycles can be graphically shown by giving the gas concentrations as a function of the 
Pt(l 10)-sample temperature. A typical example is shown in figure 6.1. In such graphs 
one should search for a large hysteresis in combination with spikes, bumps or abrupt 
alterations in the CO, 0 2 and/or C02 concentrations, since, these are indications for 
possible oscillatory conditions [41). 
Heat-cool cycles were taken at 2 total pressures, -1. l · 10-4 mbar and -3· 10-5 mbar. For 
the high total pressure, pco is taken at several values between 0.8· l 0-5 and 8.0· l 0-5 

mbar (hence 0.5 < Po2 / Pco < 14). For the low total pressure, Pco is taken between 
0.2.10·5 and 1S10-5 mbar (hence 1 < Po21 Pco < 14). 
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Figure 6.1 Graphical representation of a heat-cool cycle with p101 = 1.2·10-4 mbar 
(p02 / pco = 1.5) showing the gas concentrations of CO, 02 and C02 as a function of 
Pt( 110 )-sample temperature. In the graph, no strange features are present that 
indicate oscillatory conditions. 

Figure 6.1 is very regular and does not show indications for oscillatory conditions. 
Note that the differences in gas concentrations (02 and CO) between start and end 
point result from drift in the QMS. On the other hand, the heat-cool cycles taken at 
Prot= 1.2· l 0-4 mbar (with Po2 / Pco = 1.0) and Prot= 3.1·l0-

5 mbar (with Po21 Pco = 1.0) 
do show indications for oscillatory conditions (figure 6.2 and 6.3, respectively). 
Not all irregular features that are found in heat-cool cycles correspond to oscillatory 
conditions. However, a few provided conditions for self-sustained kinetic oscillations 
which will be explored in the next section. 
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Figure 6.2 A heat-cool cycle taken at p101 = 1.2·10-4 mbar. The strange features in 
COrconcentration are enveloped by the circles. 
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Figure 6.3 A heat-cool cycle taken at p101 = 3.1·10-5 mbar. The strangefeature in COr 
concentration is enveloped by the circle. 
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6.3 Oscillatory CO oxidation on Pt(llO) 

Knowing the conditions for self-sustained kinetic oscillations, oscillations can be 
obtained as follows : first, clean Pt(l 10) is heated in oxygen (at the desired p 02) up to 
T = 670 K, subsequently the Pt catalyst is allowed to cool down to the reaction 
temperature and the Pt is kept at the reaction temperature for at least 1 hour to 
stabilise. Then, CO is introduced in stepwise increasing pressures, with time intervals 
of -15 minutes. When the desired Pco is approached, the step-size is decreased. 
Figure 6.4 gives an overview of the conditions for which we have observed clear self
sustained kinetic oscillations. 
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Figure 6.4 Conditions for self-sustained kinetic oscillations. The solid spheres denote 
Pco and the open diamonds denote the accompanying po2. 

The partial pressures of CO, 0 2 and C02 that were observed during a typical creation 
of oscillatory behaviour are given in figure 6.5. 
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Figure 6.5 Creation of oscillatory behaviour in CO oxidation on Pt( 110) at T = 525.2 
± 0.5 K.. Reaction temperature, p02 andfinal Pco are obtainedfrom a heat-cool cycle 
(figure 6.2 for this case). So-called 'spikes' occur from t = 254 minutes 
(pco = 5.46·10-5 mbar and p101 = 1.12·10-4 mbar). Continuous oscillations start at 
t = 310 minutes (pco = 5.62·10-5 mbar and Pwt = 1.13·10-4 mbar). 

Figure 6.5 clearly shows the stepwise way of increasing pc0 . From t = 200 minutes, 
the steps are decreased because the oscillatory regime is approached. From t = 254 
minutes reactant and product partial pressures show spikes. When the Pco is 
increased, the spikes occur at a higher frequency. From t = 310 minutes (again the Pco 
slightly increased), a permanent transition to another state with continuously 
oscillating partial pressures is observed. The oscillations are local because the 
amplitude of the oscillations is much smaller than the equilibrium level of the 
oscillations. Note that the width of the spikes is approximately VJ of the periodic time 
of the oscillations. Figure 6.6 shows more detail between t = 295 and t = 340 minutes . 
Moreover, the Pt-peak LEIS signa! is added to this figure. 
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Figure 6.6 The reactant and product partial pressures (upper three curves) and Pt
peak LEIS signa! (curve at the bottom) during spikes and oscillations. Note that the 
continuous oscillations start at t = 310 minutes. The spikes and oscillations in the 
partial pressures are according to reaction stoichiometry, and the COrproduction is 
in phase with the Pt-peak LEIS signa!. Note that at t = 325,3 min. the Pco is increased 
(vertical line). 

The reaction, the spikes and the oscillations in the partial pressures (figure 6.6) 
proceed according to the stoichiometry of the CO oxidation reaction (hence CO : 0 2 : 

C02 = 2 : 1 : -2) . The 'spikes' (before t = 310 min.) may be explained by short flips of 
the surface structure to another state. Such transitions to another state can be triggered 
by surface defects. When the oscillatory region is entered at t = 310 min" the Pt
signal suddenly drops 17 % of a monolayer, the next section deals with this state 
transition in more detail. In the oscillatory region (5.62· 10-5 mbar < Pco < 5.79· 10-5 

mbar), the surface stays in the transformed state, exhibiting oscillatory behaviour. 
Note that at t = 325 minutes (figure 6.6), pco is increased from 5.62· l 0-5 mbar to 
5.71·10-5 mbar. A further increase of Pco to 5.79· 10-5 mbar at t = 351 minutes (not 
shown in figure 6.6) levelled out the oscillations irreversibly. The latter Pco is 6.0 % 
higher than the Pco at which the 'spikes' started to occur, and only 3.0 % higher than 
the pressure at which the kinetic oscillations started. Hence, a change of only 3.0 % in 
the Pco irreversibly stops the oscillations. In other experiments either even smaller 
changes in the pco or temperature changes of only a few degrees irreversibly stopped 
the oscillations. Hence, our study confirms that Pt(l 10) has a very narrow oscillatory 
reg1on. 
This is the first time that both the partial pressures and the Pt-peak LEIS signa! are 
measured during reaction (in situ). Note that switching the 3He+ probing ion beam on 
and off, does not influence the oscillations and spikes. Moreover, measurements at 
different doses showed that the surface coverage is not influenced if the dose is kept 
below l · l 0 15 ions/cm2

. It can be seen that the Pt-peak is in phase with the C02-

production . The changes in the Pt-peak LEIS signa) are a consequence of changes in 
Bo and Beo. Following the 0-peak signa) and the background signa) in time during 
oscillations, however, showed no oscillatory behaviour within the statistics (i.e. 
~Y0 / Y0 <0.016, with Y0 the 0-peak LEIS signa!). Hence, the changes can only be 
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followed real time by monitoring the Pt-signal, since, LEIS is much more sensitive for 
Pt than for 0. In the next section, the changes in 80 and 8co will be discussed in more 
detail. 
Figure 6.7 shows oscillatory behaviour at T = 512.9 K and p101 = 3.31·10-5 mbar. 
Again, the oscillatory conditions are obtained from the accompanying heat-cool cycle 
(see figure 6.3). 
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Figure 6.7 Self-sustained kine tic oscillations at T = 512. 9 K, p 101 = 3.31·10-5 mbar and 
Pco = 1. 78· 10-5 mbar (hence P02 I Pco = 0.86). 

From t = 263 minutes (figure 6.7) the oscillations have an amplitude of maxima! 7 % 
and a periodic time of 25 ± 2 s. Again, the changes in C02-concentration and Pt
signal are in phase. All oscillatory conditions that have been explored during this 
project (see figure 6.4), are in agreement with the oscillation regime, reported in 
Eiswirth et al. [22]. All our periodic times are approximately half a minute (except 
one being 1 min.), which is also in agreement with literature, where periodic times 
ranging from several seconds up to several hours are reported. Moreover, during all 
oscillations the pressure ratio po2 / pco is approximately 1, hence, 0 2 is present in 
stoichiometrie excess. 
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6.4 CO coverage during self-sustained kinetic oscillations 

In order to obtain quantitative information on Beo (and Bo) during kinetic oscillations, 
in situ LEIS experiments have been carried out using 180 2• When using labeled 
oxygen, adsorbed oxygen will appear at the final energy of 180, while adsorbed CO 
appears at the final energy of 160. This gives two distinguishable LEIS peaks. During 
the experiments a quadrupole mass spectrometer is used to monitor the gas 
composition. Besides the main reaction product C 160 180, also some C 160 160 and 
C 180 180 are formed (< 2 %). These minor products may result from reaction with 
impurities in the 180 2 and C 160 gas bottles. The reaction proceeds according to 
reaction stoichiometry (within the experimental error in the QMS-sensitivity). The 
conditions for establishing the oscillatory behaviour were kept equal to those that 
have been used in the experiments with non-labeled 0 2. Unfortunately, no oscillatory 
behaviour in the CO oxidation with 180 2 over Pt(l 10) has been observed at the 
oscillatory conditions of 160 2 (see figure 6.4). This might be explained by changes in 
the temperature or pressure calibration of the reactor of the pressure cel!. 
Therefore, conclusions on the Beo are drawn from a combination of experiments with 
labeled and non-labeled oxygen. Figure 6.8 shows three 1.5 keV LEIS spectra that 
were taken during the CO oxidation with 180 2 over Pt(l 10). 
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Figure 6.8 Three 1.5 keV LEIS spectra, taken during CO oxidation with JR02 and 
C160. The grey curve is taken just below the step temperature (T = 456 K); the black 
curve is taken just above the step temperature (T = 459 K); and the dashed curve is 
taken in the oscillatory reginie (T = 524 K), however, in the absence of kinetic 
oscillations. 
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As discussed before (section 5.4.1) the 160 peak area (Beo) decreases drastically and a 
large 180 peak (Bo) develops when the temperature is increased from just below the 
step temperature (T = 456 K) to just above the step temperature (T = 459 K) . The 180-
peak area at the oscillation temperature (T = 524 K) appears to be of the same order as 
the 180-peak area at T= 459 K (see figure 6.8). The decrease of 40 % in 180-peak area 
corresponds toa drop in the Bo from 25 ± 2 % (calculated in section 5.4.1) to 15 ± 
2 % of a monolayer. This drop of 40 % can be explained quantitatively by the 
increase in temperature. Hence, there are no indications that a further surface 
transition has taken place. At the oscillation temperature 160 is absent, hence, the 
amount of CO that is adsorbed on the Pt( 110) has decreased below the detection limit 
of 1.5 % of a monolayer (based on LOD, see equation 5.1). Note that the Jatter Beo has 
been found at oscillatory conditions (T, p02, Peo), but in the absence of oscillations. 
However, as will be shown next, the decrease in Pt LEIS yield that accompanies the 
start of the oscillatory behaviour is the result of a minor change in overall surface 
coverage. 
Figure 6.6 in the previous section shows that the Pt LEIS yield, hence, the number of 
free Pt sites decreases with -17 % ( Bp1 decreases from -88 % to - 71 % ) when 
oscillatory behaviour starts (at t = 310 min.). The LEIS spectra, taken just before and 
during oscillatory behaviour in the oxidation with 160 2, are shown in figure 6.9 (solid 
curves). 
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Figure 6.9 1.5 keV 3He+ LEIS spectra taken at T = 524 K, Pco = 5.62·10-5 mbar and 
p101 = 1.13·10-4 mbar. The solid curves are taken during oxidation with 16 0 2, the grey 
one just before oscillations start, and the black one during oscillatory behaviour. The 
dashed curve is taken during oxidation with lli02 at oscillatory conditions of 160 2, hut 
in the absence of oscillations. 

Figure 6.9 shows also a LEIS spectrum, taken during oxidation with 180 2 at 
oscillatory conditions, but in the absence of oscillatory behaviour (dashed curve) . The 
180 -peak in this spectrum corresponds to an Bo of 15 ± 2 % of a monolayer, while the 
Beo ~ 1.5 % of a monolayer (as mentioned before). However, the LEIS spectrum, 
taken during CO oxidation with 160 2 just before the oscillations, shows a 25 % larger 
160-peak area than the 180-peak area. This difference can be explained by three 
factors. The C 160 on the Pt(l 10)-surface (Beo maxima! 1.5 %) is also present in the 
160 reak, which causes a slightly larger 160leak. Secondly, the sensitivity of LEIS 
for 1 0 differs from that of 160 , namely, the 1 0-peak area is maxima! 5 % larger than 
the 180-peak area under the same conditions. Thirdly, the LEIS spectra are calibrated 
on clean Pt( 110), which causes an error of maxi mal 10 % in the LEIS yield. Hence, 
the 160-peak corresponds to maxima! 1.25 * 15 % = 19 % of a monolayer. 
When the CO oxidation reaction with 160 2 enters the oscillatory regime and starts to 
oscillate, the 160-peak area suddenly increases -50 % (figure 6.9). This increase of 
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50 % is caused by a change in the 80 and/or in the 8co. Next, four extreme cases are 
considered. 
In case 1, it is assumed that this increase of 50 % is caused by 80 only, then the 80 

changes from 19 % of a monolayer to 1.5*19 = 28.5 % of a monolayer. The 8co 
remains :::; 1.5 % of a monolayer. However, if it is assumed that the increase of 50 % 
in 160-peak area is caused by a change in 8co only (case 2), the 8co changes from 
maxima! 1.5 % to 1.5 + 4 % = maximal 5.5 % of a monolayer. The aforementioned 
increase in 8co of 4 % is calculated based on the LEIS coverage ratio: 

80 ,max / 1.5 ML/ 
80 / Yo j 0.66 = 2.5 (6.1) 
8co 8co .maxl 0.9 ML 

/ Yco 
Where the maxi mal 0-coverage ( 80,max), the maxima! CO-coverage ( 8co,max), the 
normalised 0-peak area (Y0 ) and the normalised CO-peak area (Yco) are taken from 
table 5.1. The 80 / 8co ratio is equal to 2.5. Hence, the increase in 8co is 9.5 % / 2.5 = 
4 % (because the increase of 80 in case 1 is 9.5 % of a monolayer). Since the change 
in the 0 LEIS peak was entirely attributed toa change in 8c0 , the 80 remains 19 % of 
a monolayer (i.e. case 2). 
In case 3 it is assumed that 80 decreases from 19 % to 0 % of a monolayer, then 8co 
increases to maxima! 1.5 % + 1.5* 19 % / 2.5 = 13 % of a monolayer. Likewise in case 
4, the 8co decreases from less than 1.5 % to 0 % of a monolayer, then 80 increases to 
maxima! 1.5* 19 % + 1.5 %*2.5 = 32.5 % of a monolayer. Knowing to what extend 0 
and CO cover Pt (see section 5.2), one can calculate the changes in 8pr that correspond 
to the changes in 80 and 8c0. Table 6.1 summarises the changes in the 80, 8co and 8Pt 
for the 4 cases described above. In the cases of the Pt coverage both the measured 
( 8pt) and the calculated Pt coverage ( 8Pt,ca1c) are given. 

Table 6.1 Summary of the possible changes (in% of a monolayer) of the 0- and CO
coverage of Pt( 110) when the oscillations start. Note that the total change in surface 

COVerage is f181owl = f18o + f18co + f18p1 and 8p1 calc is the cafcufated 8Pt· . . 

8co 80 8Pt 8Pt calc ó8total 
1 1.511.5 19/28.5 88171 89/83 -7.5 
2 1.515.5 19/19 88171 89/85 -13 
3 1.5/13 19/0 88171 89/87 -24.5 
4 1.5/0 19/32.5 88171 89/81 -5 

The sum of the decrease in Pt free sites (ó8p1) and the total change of the 0- and CO
coverage (ó80 + ó8co) in table 6.1 should give 0 % of a monolayer (ó8to1a1) . Hence, 
case 3 is highly improbable. 
Probably the difference between ó80 + ó8co and ó8Pr is caused by changes in the 
surface matrix. This is also indicated by the fact that (8p1, 1 / 8co) / (8p1,2 / 80) = 11.4 -:F 

80 I 8co, with 8pu and 8p1,2 being the normalised number of free sites for CO- and 0-
saturated Pt(l 10), respectively. 
Furthermore, the shielding of the LEIS signa! of an atom depends on the surrounding 
atoms. It has been estimated that adsorption of the first row of oxygen atoms on the 
Pt( 1 10)-( 1 x2) surface decreases the LEIS signal of Pt with a factor of 0.6. The 80 just 
before oscillations is 19 ± 2 % of a monolayer. Taking into account this factor gives 
19 % * 0.6 = 0.1 1, hence, this gives a Pt signa! ( ePt,calc) just before oscillations of 
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89 % of a monolayer (see table 6.1). This is in good agreement with the 
experimentally determined value of 88 ± 2 % of a monolayer. However, none of the 
models can explain the value of ()p1 during oscillations. 
Each of the previous models assumes global oscillations. This implies that the surface 
is synchronised. However, from the amplitude of the oscillations we have concluded 
that the oscillations are local. When the oscillatory region is entered, the Bp1 decreases 
with 17 ± 3 % of a monolayer. The maximum ~Bp1 based on CO-coverage is (l-
1/12.3)* 100 % = 92 %, see table 5.1. Hence, the minimal percentage of the Pt(llO) 
surface that oscillates is 17 %* 100 % / 92 % = 19 ± 3 % of a monolayer. However, 
the observed amplitude is maxima! 7 ± 2 %, hence, the percentage of the Pt(l 10) 
surface that oscillates is 2*7 % = 14 ± 3 %. Regarding the experimental errors in ~()p1 
and in the amplitude, most likely minimal 17 % of the surface shows oscillatory 
behaviour. 
The LEIS measurements during oscillations show an overall Bp1 of 71 %. This value is 
caused by a combination of two surface states. One part in the steady state, hence, 
Bo= 19 %, Beo < 1.5 % and Bp1 = 89 % of a monolayer (see table 6.1) and a second 
part of the surface in the oscillatory state. The sum of the steady state part and the 
oscillatory part corresponds to an overall Bp1 of 71 % of a monolayer, hence, 

71 % =(1-y)*89%+ y* BPt ,oscill (6.2) 

where y is the fraction of the Pt( 110)-surface that shows oscillatory behaviour and 
BPt.oscill is the amount of free sites (in % of a monolayer) on the part of the surface that 
shows the oscillatory behaviour. The boundary condition for BPt,osci lh BPt,oscill > 0, sets 
the minimal oscillating fraction of the Pt-surface to (71-89) / -89 = 20 % (see equation 
6.2). Hence, the local Beo (case 2) is maxima! (100 % / 20 %)*5.5 % = 27.5 % during 
oscillatory behaviour. 
From tab Ie 5.1 the CO-coverage on the oscillatory part of the surface ( Bco.osciH) and 
the 0-coverage on the oscillatory part of the surface (Bo,osciH) can be derived from the 
BPt,oscill as shown in equations 6.3 and 6.4. 

B . = 1-BPt.oscill 
eO ,osctl! (1-1/12.3)/ 0.9 

B . = 1 - B Pt ,oscill 
O.osctl! (1-4.4/ 12.3)/ 1.5 

The calculated overall Beo and Bo equal: 

Beo = Bco .oscill * y and Ba = (1- y )* 19 

or 

B0 = Bo.oscil/ * y + (1- y )* 19 and Beo z 0% 

(6.3) 

(6.4) 

(6.5) 

(6.6) 

The Beo and Bo following from equation 6.5 (case 2) and equation 6.6 (case 1 and 4) 
are shown as a function of the oscillating fraction y in figure 6.10. For comparison the 
experimentally determined Bo and Beo are shown in this figure as welL 
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Figure 6.10. The solid curves show the calculated Bo (black) and Beo (grey), 
respectively. The dashed curves show the experimentally determined upper limits for 
the Bo (black) and Beo (grey), respectively. 

Figure 6.10 shows no intersection between the calculated and the experimentally 
determined values, hence, the modelling cannot explain the experiments. Although we 
were not successful in modelling our measurements, we have shown that the local Beo 
is maxima! 27.5 % during oscillatory behaviour. 
If the 0- or CO-coverage just below and just above a step temperature is calculated 
using the change in the Pt LEIS signa] (i.e. Bo.calc,2 or Beo,ca1c,2) higher values are 
found than the coverages based on an 0 LEIS signa! (i.e. Bo or Beo). However, a 
decrease in the Pt LEIS signa! does not necessarily come from changes in the 0-
and/or CO- coverage (as mentioned before, page 55). Earlier studies have shown that 
surface roughness and phase transitions can decrease LEIS signals as well (up to 
30 %) (42, 43]. This is in agreement with the fact that the calculated maxima! local 
Beo (27 .5 % ) approximately equals the critica! CO-coverage that corresponds to the 
start of the phase transition between the (l x2) and the ( 1x1) Pt(l 10) surface phase 
(Beo.critica! z 23 % see section 5.4.1 or Beo,critical z 20 % ref. [ 1 - 3] and section 2.5). 
Hence, our combined in situ LEIS and QMS measurements indicate that the change in 
the Pt signa! and the start of the oscillatory behaviour of the CO oxidation reaction are 
related to a surface phase transition. Assumptions in literature, that are based on 
indirect information from combined LEED and work function measurements, 
predicted Beo z 50 % during oscillations (see ref. [4] and section 2.5 and 2.7.2) and 
should be reconsidered in view of the here presented evidence. 
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A differentially pumped pressure cell has been built that enables in situ LEIS up to at 
least 5.10-4 mbar while the pressure in the surrounding UHV is kept below -5· 10-7 

mbar. Flow measurements show that the gas in- and outflow of the pressure cell occur 
under molecular flow conditions. Hence, the gases in the pressure cell are mixed 
perfectly. Calibration of the temperature control shows that the sample temperature 
can be varied in the pressure cell between room temperature and T = 800 K. The 
stability of the sample temperature has been shown better than ±0.5 K. 
Using the pressure cell the CO-oxidation over Pt(l 10) has been investigated, both at 
steady state and at oscillatory conditions. During this study, oxy-polishing proved to 
be a very effective way to activate/clean Pt(l 10). Furthermore, a proportionality has 
been found between the reionisation probability of the probing LEIS ions and the 8co 
of Pt( 110) that is present in a CO environment. This is very convenient since it allows 
one to distinguish between adsorbed oxygen and CO. This in spite of the fact that in 
case of CO adsorption the oxygen atom is protruding from the surface. 
In situ LEIS and QMS signals that are obtained during the Pt catalysed CO oxidation 
show a clear correlation that reveals the different surface structures below and above 
the so-called 'step temperature', at which the C02-production ignites. Using labelled 
oxygen (180) it has been shown that 80 < 1.5 % of a monolayer when Pt(l 10) is kept 
below the aforementioned step temperature. Above the step temperature 80 increases 
suddenly to 25 ± 2 % of a monolayer. The critica! 8co below which the reaction 
ignites is 23 ± 2 % of a monolayer. This is the first in situ determined evidence of the 
change in 80 that is correlated to the CO-induced change from the ( 1 x2) structure in to 
the (1x1) structure (see [ 1 - 3]). 
Switching the probing 3He+ LEIS beam on and off does not influence oscillatory 
behaviour of the CO oxidation over Pt(l 10). Hence, LEIS can be used to monitor 
oscillations in situ, in contrast with e.g. LEED and AES . During oscillatory 
behaviour, the Pt LEIS yield, hence the amount of free Pt surface sites, is determined 
to be proportional to and (regarding time) in phase with the measured C02-

production. Although we were not successful in modelling our measurements on the 
Pt-surface coverage during the oscillatory CO oxidation, we have shown that the local 
8co is maxima) 27.5 % during oscillatory behaviour. Our combined QMS and in situ 
LEIS measurements of 8co during oscillatory behaviour indicate that 8co during 
oscillatory behaviour is approximately equal to the critica! CO-coverage that 
corresponds to the start of the phase transition between the (1 x2) and the (1 x l) 

Pt( 110) surface phase ( 8co.critical ""' 23 % see section 5 .4.1 or 8co,critical ""' 20 % see ref. 
[ 1 - 3] and section 2.5). The assumptions in literature, that are based on indirect 
information from combined LEED and work function measurements, predicted 8co ""' 
50 % (see ref. [4] and section 2.5 and 2.7.2) and should be reconsidered. Hence, this 
study clearly shows that even in a thoroughly studied case, in situ LEIS can give new, 
and valuable information. 
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Appendix 

Appendix 

Technology assessment 

This graduation project is carried out at the group Physics of Surfaces and Interfaces, 
within the department of Applied Physics of the Eindhoven University of Technology 
(TU/e). The group participates in the Schuit Institute of Catalysis (SKI). 

During this project, we have studied catalysts, which are materials that accelerate a 
specific reaction without being consumed themselves. Over 80 % of all industrial 
products worldwide are manufactured using catalysts. Besides, catalysis is of 
enormous importance in pollution control. Unique instrumentation has been 
developed to enable LEIS analysis of such materials in situ, hence, during reaction. 
The graduation project involved the testing and application of this technique. 
Moreover, the possibilities of in situ LEIS have been explored during a study of the 
catalytic CO oxidation over platinum. 
This reaction is very interesting since at certain reaction conditions the CO oxidation 
reaction over platinum can show oscillatory behaviour. During this oscillatory 
behaviour the catalytic activity of the platinum gradually alternates between minima 
and maxima. In the future, such changing reaction rates may be used to perform many 
industrial processes much more effective. Por example by periodically adding 
reactants during low-activity periods to optimise reaction rates during high-activity 
periods. Furthermore, investigations of oscillatory reaction behaviour are important to 
understand unwanted chain reactions, which often resemble oscillating reactions. 
These chain reactions, or so-called 'runaways' are unwanted, since they can cause 
dangerous explosive situations. 
Although the CO oxidation over platinum has been studied profoundly before, in situ 
LEIS has enabled us to observe important new information. lt appeared for example 
that the actual overall CO coverage during the oscillatory CO oxidation over Pt(l 10) 
is Jess than 5.5 % of a monolayer, in contrast with the assumed CO-coverage of 
-50 % [4]. Hence, kinetic oscillations occur at much Jower CO-coverages than 
assumed in the past. This and other findings during this study shows that the use of in 
situ LEIS is feasible and valuable because it can extend our knowledge on very 
important reactions. 
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