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1.1 Palladium and catalysis

\A catalyst is a guide who helps the reactants to �nd a better path to the products."

\A catalyst is a marriage-broker who helps the reactants to form a stable marriage."

\A catalyst is the tunnel through the mountain of activation energy."

A catalyst is: : : many more `popular' descriptions can be thought of. When Wol-

laston in 1803 isolated and described a metal which he named palladium (after the

astroid Pallas, discovered in 1802), he could not know that this new metal would be

very important for 20th century catalysis. For catalysis was still waiting to be invented

by Berzelius 33 years later. The concept of catalysis and catalysts has been subject of

the introductions of many theses and is described in many excellent textbooks [1,2], so

we will not dwell upon it here.

Palladium, as an element and in compounds, has proven to be an excellent catalyst

for several types of reactions. In heterogeneous catalysis the metal is mainly used for

hydrogenation reactions [1]. The oxide is used as a combustion catalyst, for example

in the automotive catalyst and for the combustion of natural gas [3,4]. The use of

palladium compounds in homogeneous catalysis is very important [5], but beyond the

scope of this thesis.

This thesis is concerned with a rather fundamental study on silica supported pal-

ladium catalysts. The study is not only meant to obtain insight in the elementary

steps of some heterogeneous catalytic reactions, but it is also meant to create tools for

analysing and interpretating measurements on palladium catalysts and heterogeneous

catalysts in general. Furthermore we will hopefully convince the reader that catalyst

particles supported on a at support is the ideal model system for a heterogeneous

catalyst. Before continuing with the outline of this thesis we will �rst discuss shortly

the essence of model catalysts and small particles.

1.2 Model catalysts

Research on heterogeneous catalysts is often hampered by ill de�ned systems and the

poor accessibility of the active particles for surface science techniques. Traditionally,

to overcome these problems, single crystals were used as a model for the surface of

the active particles. Although single crystal studies have provided valuable new in-

sights into many fundamental issues of catalysis [7], they do not deal with two major

aspects of supported catalysts: metal{support interactions and particle size/shape ef-

fects. Therefore since a few years more realistic model catalysts have been studied, i.e.

metal particles deposited on a at support. These model catalysts, also called 2D cat-

alysts, are chemically identical to `real' supported catalysts (besides the lack of a high

surface area) and they can be studied with almost all surface science techniques [8,9].

This thesis describes a study on palladium particles supported on a commercial
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Figure 1.1: Models of particles with a diameter of 3 nm (consisting of 959 atoms, of
which 404 are located at the surface), 6 nm (7803 atoms, 1824 at the surface) and 10 nm
(35881 atoms, 5084 at the surface) calculated from [6].

silicon wafer. The SiO2/Si(100) wafer is almost atomically at [10] and has a native

oxide layer with a thickness of approximately 2.5 nm (see chapter 2). This is thick

enough to prevent the formation of palladium silicides and thin enough to prevent

charging of the samples during electron spectroscopy. The palladium particles are

prepared by evaporating palladium in high vacuum on the oxide surface of the silicon

wafer. The particle size is governed by the amount of palladium evaporated and can be

adjusted over a rather wide range. Fig. 1.1 shows models of some particles with particle

sizes typical for the samples described in this thesis.

1.3 Small particles

In this thesis palladium particles ranging in size from 1.5 to 13 nm have been studied.

When dealing with such small metal particles the question arises below what size the

metallic properties are lost. In a metal the electronic levels are so close that they actually

form bands. In a metal particle the spacing between adjacent levels is approximately

expressed as:

� � �F=N (1.1)
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Figure 1.2: The dispersion of spherical palladium particles [6]. The dotted lines mark
the experimental window of this thesis.

where �F is the Fermi level energy and N is the number of atoms in a particle [11].

As the spacing between the levels becomes larger than the thermal energy kT , the

levels begin to behave individually and the particle may lose its metallic properties.

The critical size of the particle can be calculated using eq. 1.1. At room temperature

� = 2:6�10�2 eV and with �F of the order of 7 eV [12], N is about 270. This corresponds

to a palladium particle size of 2 nm.

In practice the metallic properties disappear at much smaller particles. In the pre-

ceding approximation it is assumed that the width of the valence band does not change

with decreasing particle size. This is not the case. The valence band narrows with

decreasing particle size [12{14]. Measurements have shown that the metallic properties

disappear when a particle has less than 100{150 atoms [15]. This corresponds to a

palladium particle size of 1{1.5 nm.

The smallest particles studied in this thesis have a diameter of 1.5 nm. So loss

of metallic properties need not to be considered, especially at room temperatures and

above, where all the experiments were done.

Palladium is an expensive metal and therefore a catalyst manufacturer will try to

use it in a form having as high a surface to volume ratio as possible: small supported

particles. The fraction of atoms at the surface of a particle is called the dispersion. In
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Figure 1.3: The average coordination number of the �rst (), second (4) and third
shell (3) as a function of the particle radius [6]. The number of atoms in the particle
and at the surface of the particle as a function of the particle radius is shown by the
drawn lines.

�g. 1.2 the dispersion D of spherical palladium particles as a function of the particle size

is given. A surface atom is de�ned as an atom with less than 12 neighbours. As shown

in �g. 1.2 the dispersion of the smallest particles studied in this thesis, with a diameter

of 1.5 nm, is about 0.68, i.e. 92 of the 135 atoms in the particle are located at the

surface. The largest particles studied, with a diameter of 13 nm, still have a dispersion

of 0.11. In such a particle 8732 of the 78721 atoms are located at the surface [6]. So

even the largest particles studied have a relatively high dispersion.

Fig. 1.3 shows the total number of atoms and the number of surface atoms of a

particle as a function of the particle radius. Also the average coordination numbers

in the �rst nearest neighbour shell (2.74 �A), the second shell (3.88 �A) and the third

shell (4.75 �A) as a function of the particle radius are given. As can be seen the average

coordination number of the �rst shell is close to the bulk value of 12, even for small

particles. Clearly only with very small particles can the average coordination number

be used as a measure of the particle size.



6 Chapter 1

1.4 Outline of this thesis

This thesis will deal mainly with two topics:

1. The oxidation and reduction of palladium.

2. The adsorption and oxidation of carbon monoxide on palladium.

The �rst topic is described in chapter 4. The second in the chapters 7 (adsorption) and

8 (oxidation). The other chapters are concerned with the tools and background studies

needed for the research on these two topics.

Most of the experimental details, the systems used and the preparation of the sam-

ples are described in chapter 2. This chapter gives also a short introduction on the

techniques used: x-ray photo-electron spectroscopy (xps), Auger electron spectroscopy

(aes), low energy electron di�raction (leed), ellipsometry and atomic force microscopy

(afm).

Chapter 3 describes the mathematics necessary to calculate the particle size and the

thickness of the oxide skin from aes and xps intensities. This will be used extensively

for the xps study on the oxidation and reduction of palladium (chapter 4) and it lays

the foundation for this entire thesis, for the size of the particles is one of the most

important parameters of a supported (model) catalyst.

One of the elementary steps in both the oxidation of palladium and in the oxidation

of carbon monoxide is the interaction of oxygen with the palladium surface. Chapter 5

deals with this topic.

Determining the oxidation state of palladium is quite easy with xps, but with the

more accessible technique of aes it used to be very di�cult. Chapter 6, however,

describes the discovery of an Auger transition unique to Pd2+. This transition can be

used for quantitative analysis of palladium oxide layers and particles with aes.

Finally in chapter 9 all the preceding chapters are summarized and some conclusions

are drawn.
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2.1 Introduction

The major part of this thesis concerns a surface science study. Traditionally surface

science is put on a par with ultra high vacuum (uhv). And so the experiments described

in this thesis were mainly carried out in stainless steel chambers, sucked empty by turbo

molecular pumps, ion getter pumps and titanium sublimation pumps. But besides the

experiments at low pressures, experiments at atmospheric pressures were performed as

well.

Two uhv systems were used. One, the Ellipsometry system, is equipped with an

evaporation source, Auger electron spectroscopy (aes), low energy electron di�raction

(leed) and ellipsometry. The other, the vg-xps system, is equipped with x-ray photo-

electron spectroscopy (xps) and aes. A schematical overview of the techniques is given

in �g. 2.1. The vg-xps system contains a high-pressure cell for experiments at atmo-

spheric pressures. These two systems will be described in more detail in the following

sections.

Both xps and aes give information on the surface composition and the oxidation

state(s) of the elements present in the surface layers of the sample [16]. However, xps is

superiour over aes in determining the oxidation state and in quantitative analysis of the

surface composition (see chapter 3 and chapter 6). In addition xps is less-destructive

than (electron induced) aes (see chapter 5).

The surface structure can be determined with leed [17]. This requires a long range

(> 50 �A) ordering of the surface. In practice this means that leed is only useful on

single crystals.

Ellipsometry is used to monitor the adsorption and reaction kinetics. Since ellip-

sometry is not a commonly used technique it will be discussed in some more detail.

Ellipsometry is an optical technique, which measures the change in the polarization

of a laser beam after being reected specularly from the sample [18]. This change is

denoted by two parameters � and 	, which are related to the optical constants of the

sample. When a gas adsorbs on the surface or when the chemical state is changed (i.e.

during oxidation), the optical properties of the sample change, and so do � and 	.

The change in � and 	 is denoted as �� and �	, respectively. �� represents �0 ��

and �	 represents 	0 � 	, where �0 and 	0 are the � and 	 of a clean (palladium)

surface. Calibration experiments on the interaction of oxygen with metals using nuclear

reaction analysis have shown that especially �� is linearly dependent on the amount

of oxygen adsorbed on the surface though the sensitivity depends on the nature of the

substrate and the oxygen/oxide species formed [19]. �� is also linearly dependent on

the amount of carbon monoxide adsorbed on the surface [18,20{22]. Changes in 	 are

usually small in respect to those of � during adsorption experiments on transition met-

als and not necessarily linearly dependent on the oxygen or carbon monoxide coverage

on the surface [18]. The sensitivity of �� and �	 for oxygen and carbon monoxide on



Experimental 9

sample

XPS

chemical
information

p < 10�5 Pa

h� = 1253:6 eV
(Mg K�)

h� = 1486:6 eV
(Al K�)

?

20 �A

AES

chemical
information

p < 10�5 Pa

e = 2:5 keV

?
10 �A

LEED

surface
structure

p < 10�5 Pa

e < 100 eV

?

2 �A

Ellipsometry

kinetics

0 < p <1
h� = 2 eV

?

500 �A

Figure 2.1: Schematic scheme of the techniques used with their information depth.

palladium will be discussed extensively in the chapters 5 and 7.

2.2 The Ellipsometry system

This system is equipped with an on-axis electron gun and a retarding �eld analyser

(rfa) for Auger electron spectroscopy and low energy electron di�raction, a home

made ellipsometer and an electron beam evaporation source. The base pressure is better

than 10�8 Pa. The samples can be heated up to 770 K and oxygen (99.998%), carbon

monoxide (99.997%), hydrogen (99.995%), methane (99.995%) and argon (99.999%)

can be introduced into the system. The system is equipped with a quick-load lock,

which makes it possible to introduce samples from air into the system within minutes.

The Auger electron spectra were obtained with a primary beam energy of 2.5 keV

and a beam current of 1{3 �A. The spot size was defocussed to approximately 0.1 mm

to prevent beam damage (see chapter 5). The rfa has an angle of acceptance of � 130�.

The resolution is 0.3%. A lock-in-ampli�er (lia) was used to record the direct spectrum

N(E) versus E. Both the rfa and lia are computer controlled. When spectra had

to be compared quantitatively, the spectra were normalised to the background at the

heigh energy (`right') side of the spectrum. For example, palladium MNN spectra

were normalised to the background at 350{360 eV. Background subtraction was done

by means of the background subtraction method proposed by Peacock [23,24]. To

compare the Auger electron spectra with results given in the literature the spectra were

di�erentiated numerically.

Ellipsometry was performed in the psca (Polariser-Sample-Compensator-Analyser)
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con�guration using a rotating analyser [18]. The analyser rotated with a frequency of

5 Hz, but 8 revolutions were averaged before calculating � and 	. The procedure to

determine a pair of � and 	 values together with the input of the pressure and the

temperature, takes about 2.3 s. This is fast enough for the experiments described in this

thesis. In practice � and 	 were often determined every 5{60 s in order to reduce the

amount of data. The laser (10 mW He-Ne) has a wavelength of 632.8 nm and an angle

of incidence of 68.25�. Since the sample had to be moved for each type of measurement

the � and 	 values scattered with tenths of degrees. However, changes in � and 	,

�� and �	, which occurred when performing ellipsometry with a �xed sample position

could be determined with two orders of magnitude greater accuracy.

2.3 The VG-XPS system

This system, a Vacuum Generators (Fisons) mt-500, is dedicated to xps/aesmeasure-

ments only. It uses a clam-2 hemispherical analyser at normal emission angles for elec-

tron detection. The analysed area is approximately 4�4 mm. The non-monochromatic

x-ray source is an xr2e2 Twin Anode with a Mg (1253.6 eV) and an Al (1486.6 eV)

source. The electron gun, a leg 62, was operated at a beam energy of 2.5 keV and a

beam current of about 2 �A. The spot size is 3 �m, according to the manufacturers

speci�cations.

The xps spectra were obtained with an analyser pass energy of 20{50 eV, depend-

ing on the quality of the sample. Background subtraction was done by means of the

background subtraction method proposed by Shirley [25]. When analysing spectra

quantitatively, a spectrometer transmission function of the form:

T (Ek) / E��
k (2.1)

was used, with � = 0:5 [16,26]. The real, but unknown, transmission function is possibly

somewhat di�erent. However, the error introduced by using this transmission function

is less than 10 percent.

The analysis chamber is connected to a preparation chamber. In this preparation

chamber samples can be heated to 870 K and exposed to gases up to atmospheric pres-

sures. The base pressure of the analysis chamber is beter than 10�8 Pa, the preparation

chamber has a base pressure of 10�5 Pa.

2.4 Preparation of the model catalysts

The palladiummodel catalysts were prepared in the Ellipsometry system by evaporating

palladium at room temperature onto a commercial, boron doped, Si(100) wafer. The

samples were about 1 cm2 in size. The thickness of the native oxide layer on the Si(100)
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Figure 2.2: The particle sizes after calcination at 773 K as a function of the thickness
of the palladium �lm evaporated.

is about 2.5 nm as calculated from the ratio between the Si0 and Si4+ 2p xps peaks.

Boron contamination on the surface was never observed with xps nor with aes.

The electron beam evaporation source was loaded with palladium with a purity of

99.97% (Balzers). The ux of palladium was determined using a microbalance thick-

ness monitor. Calibration of the thickness monitor was done by means of Rutherford

backscattering spectrometry (rbs) [27] and by means of a second monitor temporarily

placed in the position of the sample [28]. During evaporation the pressure was kept

below 10�5 Pa. The palladium deposition rate was of the order of 0.1 �A s�1.

After the deposition of the palladium the samples were calcined in air in a quartz

tube furnace for 1 hour at 773 K. During this calcination procedure the metallic �lm sin-

ters to palladium oxide particles. The size of the particles is determined by the amount

of palladium evaporated and, when heated in the metallic phase, the time of sintering.

The particle sizes were measured with Atomic Force Microscopy (afm) or/and with xps

or aes. The afm measurements were performed within the Department of Interfaces

and Thermodynamics of the Debye Institute, using a Digital Instruments Nanoscope III

[29] under atmospheric conditions. This instrument is extensively described in refer-

ence [10]. Afm images of some samples are given on page 27. By combining the number

of particles visible on an afm image with the size of the particles and the amount of
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palladium evaporated, the shape of the particles can be estimated. It followed that

the particles are in all cases more or less spherical and certainly not hemispherical. A

spherical shape is expected for metallic particles; the anisotropy in the surface energy

for fcc metals is only of the order of a few percent [30]. In general the surface energy of

transition metals is much higher than the surface energy of SiO2 [31,32]. Independent

calculations of the particle sizes from xps or aes intensities gave values in very good

agreement with the afm data. Chapter 3 deals with the mathematical background of

particle size calculations from xps or aes intensities.

In �g. 2.2 a plot is given of the particle size after calcination and reduction as a

function of the �lm thickness. The linear relation between the amount of palladium

and the particle size is striking. Mass balance leads to the following equation:

d =
N

A

4

3
�r3 (2.2)

Here N is the number of particles per unit area A of the support. From �g. 2.2 follows

an empirical relation between d and r:

d � 1

3
r (2.3)

Combining the equations 2.2 and 2.3 results in:

A = N4�r2 (2.4)

This could be interpreted as `the total surface area of the particles should be equal to

the area of the support' or `the projected coverage of the particles should be equal to

0.25' but these interpretations have no obvious physical ground. We failed to �nd a

simple argument for the empirical relations 2.3 and 2.4. Clearly the defect structure

of the silica is not the determining factor since this would result in a rather constant

value for N and thus a relation in the form of d / r3 [33].

Dependent on the experiments the samples were introduced into the Ellipsometry

or vg-xps system. There the palladium was reduced by means of heating in uhv or

by means of CO exposure. In the Ellipsometry system the reduction could be followed

with ellipsometry and aes. The palladium was assumed to be completely reduced

when �� and �	 did not change anymore and when aes did not show the presence of

the Pd M4;5N1N2;3 transition (see chapter 6). In the vg-xps system xps was used to

determine the oxidation state of the palladium.

Besides experiments on the Pd/SiO2/Si(100) model catalysts, some experiments

were performed on a Pd(111) single crystal, polycrystalline palladium foil and on sil-

ica supported palladium catalysts. The preparation and handling of these samples is

described in the appropriate chapters.



Chapter 3

Dispersion analysis with XPS and AES

3.1 Introduction

Auger electron spectroscopy (aes) and x-ray photoelectron spectroscopy (xps) are two

of the most common surface analysis techniques. The popularity of these techniques

is a consequence of the ability of xps and aes to give both elemental and chemical

information on the surface composition. Besides this the techniques can also provide

quantitative data as layer thicknesses and particle sizes.

With xps one studies electrons that are emitted from a substrate due to the pho-

toelectric e�ect, induced by irradiation with a beam of x-rays of a known energy (i.e.

Mg K�, h� = 1253:6 eV, or Al K�, h� = 1486:6 eV). If the emitted electrons do not

loose energy on their way out of the sample, they leave the sample with a kinetic energy

given by:

Ek = h� �Eb � � (3.1)

Since the energy of the x-rays, h�, and the spectrometer workfunction � are known,

the binding energy Eb of the electrons can be calculated from the measured kinetic

energy [16].

Holes that are created by the photoelectric process can decay by means of a radiative

transition or an Auger transition. In the case of an Auger transition, another electron

takes up the energy from the electron that �lls the hole. This electron is ejected from

the atom. For example, if a hole, created in the K level, is �lled by an electron from

the L1 level, resulting in an Auger electron from the L2;3 level, this Auger electron will

have a kinectic energy of:

EKL1L2;3 = EK � EL1 � E�
L2;3 (3.2)

E�
L2;3 is starred because it is the binding energy of the L2;3 level in the presence of a hole

in level L1, and is therefore di�erent from EL2;3 , the ground state binding energy. Since

the Auger electrons are emitted due to an internal process in the atoms, the kinetic

energy of the Auger electrons is independent of the cause of the hole. Therefore other

13
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means than x-rays can be used to obtain Auger electrons, e.g. an electron beam. When

Auger electrons are obtained by means of an electron beam, we speak of aes [16].

Both aes and xps probe the electronic levels of atoms, thereby obtaining elemental

and chemical information about the substrate. Quantitative information can be ob-

tained due to the limited escape depth of the generated electrons. The kinetic energies

of the x-ray/Auger generated electrons that are emitted from the atoms range typi-

cally from 20 to 1500 eV. The mean free path in the substrate, denoted as �, of these

electrons lies between 5 and 30 �A, depending on their kinetic energy [34]. This limited

mean free path makes xps and aes surface sensititive techniques and since the mean

free paths of electrons are known, we are often able to calculate quantitative data like

particle sizes from the measured xps/aes intensities and the accompanying mean free

paths.

In this chapter we will �rst discuss the mathematics needed to calculate the thickness

of an overlayer from xps and aes intensities. Equations for xps/aes intensities at

normal emission angles and from a retarding �eld analyser (rfa) are given. Secondly

equations will be derived for the xps and aes intensities from spherical particles as

measured at normal emission angles or with a rfa. Finally we will present the equations

for the xps intensities, measured at normal emission angles, of coated particles, e.g. a

particle with a metallic core and an oxidic skin. Although we present only the equations

for layers and spherical particles, the equations can be easily adapted for other systems

like hemispherical particles. The foundation of this work was laid by the papers of

Kuipers et al. [35,36].

The equations of this chapter are implemented in the computer programs xpslayer,

xpsbol, xpscat, boeba and spoekie. These programs are used for the particle size

calculations in this thesis and are developed at the Surface Science Division of the Debye

Institute.

3.2 Electrons travelling through a layer

The amount of electrons � emitted at a depth x in the direction of the detector that

reach the detector without energy loss is given by the relation:

�(x) = �(0) e�
x
� (3.3)

The mean free path � is only dependent on the kinetic energy of the electrons and can

be easily obtained from the universal curve of Seah and Dench [34]. The �(0) can be

calculated or determined by measuring pure compound spectra. The derivation of �(0)

on physical grounds is beyond the scope of this thesis. The underlying theory can be

found in ref. [16]. In this chapter we will use I1 as the known pure compound intensity.
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Figure 3.1: The geometry chosen to calculate the intensity of (photo) electrons emerging
from a sphere.

The intensity of a supported layer with a thickness d and an area A is given by:

Ilayer = I1layerA
Z d

0
e�

x
� cos � dx = I1layerA� cos �

�
1� e�

d
� cos �

�
(3.4)

Here � is the exit angle of the electrons. In the case of a detector at normal angle above

the sample � = 0, and the component cos � can be left out. However, a rfa detector

is a hemisphere, which implies we have to integrate eq. 3.4 over all the angles of the

detector:

Ilayer = I1layerA�
Z �0

0
sin � cos �

�
1� e�

d
� cos �

�
d� (3.5)

In this thesis eq. 3.4 is used to calculate the thickness of the oxide layer on palladium

foil or silicon from the Pd 3d and Si 2p xps peaks, respectively. Eq. 3.5 is used to

calculate the palladium �lm thickness from Pd MNN Auger peaks after evaporation

of the palladium. In both cases the layer is assumed to cover the complete substrate

surface, so A = 1. When A < 1 we model the overlayer as spherical particles. This is

dealt with in the next section.

3.3 AES and XPS intensities from particles

The intensity from a sphere can be calculated with aid of �g. 3.1. Since the system is

centro-symmetric the intensity of the (photo) electrons is independent of the direction

�. The intensity is given by the triple integral:

Isphere =
Z 2�

0
d�
Z R

0
r dr

Z p
R2�r2

�
p
R2�r2

e�
1
�(
p
R2�r2�z) (3.6)
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which can be simpli�ed to:

Isphere = 2�
Z R

0
r dr e�

1
�

p
R2�r2

Z p
R2�r2

�
p
R2�r2

e
z
� dz (3.7)

Performing the integration over dz we �nd:

Isphere = 2�
Z R

0
r dr e�

1
�

p
R2�r2�

�
e
1
�

p
R2�r2 � e�

1
�

p
R2�r2

�

= 2��
Z R

0
r dr

�
1� e�

2
�

p
R2�r2

�
(3.8)

= 2� 1
2R

2�� 2��
Z R

0
r dr e�

2
�

p
R2�r2

The last integral can be solved by the substitution of:

y =

s
1�

�
r

R

�2
(3.9)

which gives:

Isphere = 2� 1
2R

2�� 2��R2
Z 1

0
y dy e�

2R
�
y

= ��R2

"
1 + 2

�

2R

( 
1 +

�

2R

!
e�

2R
� � �

2R

)#
(3.10)

Of course, eqn. 3.10 does not include the terms for the number of spheres and the pure

compound intensity. In the case of a rfa the term (1� cos �0), the trivial integral over

sin � d�, also has to be included in eqn. 3.10, as a result of the integration over the angle

�0 of the detector.

3.4 Particles with a skin

The intensity of photo-electrons emitted by a spherical particle, consisting of a spherical

(metallic) core and a (oxidic) skin, can be calculated with reference to �g. 3.2. The

intensity of the photo-electrons emitted by the core in a general direction will depend

on the coordinates z and r, where z measures the height of a volume element with

respect to the median plane of the sphere and r, the radial distance from the origin.

The electrons travel through the core with radius r1 with inelastic mean free path

�CC, where the �rst subscript refers to the origin of the electrons and the second to

the medium in which they propagate. Before escaping into the vacuum they travel

a distance through the outer sphere, the oxidic skin, with radius r2 and attenuation

length �CS. The required integrals are then simply seen to be:

Icore =
Z r1

0
2�r dr

Z +
p

r2
2
�r2

�
p

r21�r2
dz e

� 1
�CC

�p
r2
1
�r2�z

�
e
� 1
�CS

�p
r2
2
�r2�

p
r2
1
�r2
�

(3.11)
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Figure 3.2: The geometry to calculate the intensity of the photo-electrons emitted
normal to the substrate surface by the core of a particle. The various distances with
respect to the point P are indicated.

where the last exponential accounts for the attenuation in the skin. The integral over

dz can be performed trivially to yield:

Icore = 2��CC

Z r1

0
r dr

�
1 � e

� 2
�CC

p
r22�r2

�
e
� 1
�CS

�p
r2
2
�r2�

p
r2
1
�r2
�

(3.12)

It is convenient to change to new dimensionless variables given by:

� =
r

r2
(3.13)

R =
r1
r2

(3.14)

so that the �nal result will be:

Icore = 2��CCr
2
2

Z R

0
�d�

�
1 � e

� 2r2
�CC

p
R2��2

�
e
� r2
�CS

�p
1��2�

p
R2��2

�
(3.15)

This integral can only be solved numerically. As can be easily veri�ed the result equals

the volume of the sphere in the limit that all �'s approach in�nity.

The intensity of the skin of the sphere can be calculated with the aid of �g. 3.3. Now

two (or even three) regions must be considered. If the volume element is located with

r � r1 (and of course r � r2) the photo-electrons emitted will only travel through the

material of the skin itself, with inelastic mean free path �SS. If the electrons originate

in the upper part of the skin they will likewise only pass through the skin. If they are

emitted in the lower half of the skin they must travel through the skin, the core and

the skin again, before escaping into the vacuum. The three contributions lead to three
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Figure 3.3: The geometry to calculate the intensity of the photo-electrons emitted
normal to the substrate surface by the skin of a particle. The various distances with
respect to the point P are indicated. Three cases, one for r � r1 and two for 0 � r � r1,
must be considered.

di�erent integrals as shown in the next equation:

Iskin =
Z r2

r1
2�r dr

Z +
p

r22�r2

�
p

r22�r2
dz e

� 1
�SS

�p
r22�r2�z

�

+
Z r1

0
2�r dr

Z +
p

r22�r2

+
p

r2
1
�r2

dz e
� 1
�SS

�p
r22�r2�z

�
(3.16)

+
Z r1

0
2�r dr

Z �
p

r21�r2

�
p

r22�r2
dz e

� 1
�SS

�
�
p

r21�r2�z
�

e
� 2
�SC

p
r21�r2e

� 1
�SS

�p
r22�r2�

p
r21�r2

�

The last two exponentials in the last part of this equation account for the attenuation

of the electrons in the core and the skin consecutively. Again, integration over dz can

be performed analytically to yield:

Iskin = 2��SS

Z r2

r1
r dr

�
1 � e

� 2
�SS

p
r22�r2

�

+ 2��SS

Z r1

0
r dr

 
1� e

� 1
�SS

�p
r22�r2�

p
r21�r2

�!
(3.17)

+ 2��SS

Z r1

0
r dr

 
1� e

� 1
�SS

�p
r22�r2�

p
r21�r2

�!

e
� 2
�SC

p
r21�r2e

� 1
�SS

�p
r22�r2�

p
r21�r2

�

Changing again to dimensionless variables we are �nally left with:

Iskin = 2�r22�SS

Z 1

R
�d�

�
1� e

� 2r2
�SS

p
1��2

�
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+ 2�r22�SS

Z R

0
�d�

 
1� e

� r2
�SS

�p
1��2�

p
R2��2

�!
(3.18)

+ 2�r22�SS

Z R

0
�d�

 
1� e

� r2
�SS
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1��2�

p
R2��2

�!

e
� 2r2
�SC

p
R2��2

e
� r2
�SS

�p
1��2�

p
R2��2

�

In the limit of very large �'s this is easily seen to reduce to:

Iskin =
4

3
�
�
r32 � r31

�
(3.19)

as it should.

The signals from the underlying support, assumed to be perfectly at, will be atten-

uated by the spheres: IoutX = fXI
in
X . If the density of spheres is N (in number of spheres

per unit area) the attenuation of the electrons emitted by element X in the support will

be equal to:

fX = N

"Z r2

r1
2�r dr e

� 2
�XS

p
r22�r2 +

Z r1

0
2�r dr e

� 2
�XS

�p
r22�r2�

p
r21�r2

�
e
� 2
�XC

p
r21�r2

#

+
�
1 �N�r22

�
(3.20)

Here the �rst integral accounts for the attenuation of support electrons by the skin

(inelastic mean free path �XS) and the second for the attenuation by the core and

skin collectively. The last part accounts for the electrons that escape into the vacuum

without passing a sphere. Transforming again to dimensionless coordinates we �nally

have:

fX = 2N�r22

"Z 1

R
�d� e

� 2r2
�XS

p
1��2

+
Z R

0
�d� e

� 2r2
�XS

�p
1��2�

p
R2��2

�
e
� 2r2
�XC

p
R2��2

#

+
�
1�N�r22

�
(3.21)

If the spheres were totally transparent to photo-electrons (�XS ! 1) this reduces to

the case of an unattenuated signal:

fX = N�r22 + (1�N�r22) = 1 (3.22)

Inserting the appropriate crossections � and atomic densities ~� in the expressions for

the intensities and introducing the coverage � and the `pure compound' intensities I1:

� = N�r22 (3.23)

I1 = ~��� (3.24)
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we �nally obtain for the intensities of the support (i.e. Si), layer (i.e. SiO2), core (i.e.

Pd) and skin (i.e. PdO):

Isupport = I1supporte
� dl
�support;layer (�g + (1 � �)) (3.25)

Ilayer = I1layer

 
1� e

� dl
�layer;layer

!
(�g + (1 � �)) (3.26)

IC;sphere = �I1C;sphere 2
Z R

0
�d�

�
1 � e

� 2r2
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p
R2��2

�
e
� r2
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�p
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p
R2��2

�
(3.27)

IS;sphere = �I1S;sphere
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where the attenuation factor g is now given by:

g = 2
Z 1

R
�d� e

� 2r2
�XS

p
1��2

+ 2
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0
�d� e

� 2r2
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�p
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� 2r2
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p
R2��2

(3.29)

For the system shown in �g. 4.2 (page 26) we may in principle measure four xps

intensities: those of the support (Si0), the layer (Si4+), the core (Pd0) and the skin

(Pd2+). Only three intensity ratio's are then the independent quantities. Normally the

problem would have four unknowns: the layer thickness dl, the radii r1 and r2 and the

number of spheres per unit area N . However, since in our experiments the amount of

palladium evaporated is known, the number density of particles N is correlated with

the radii r1 and r2, leaving only three parameters. This makes the equations soluble.



Chapter 4

XPS analysis of the oxidation and
reduction of palladium model catalysts

abstract

The oxidation and reduction of palladium catalysts and palladium model catalysts

was investigated with xps. The thermal reduction of both oxidised palladium foil

and SiO2/Si(100) supported palladium oxide particles, ranging in size from 3.5 nm to

13 nm, and the oxidation in air of 5 nm and 8 nm palladium particles supported on

SiO2/Si(100) were studied.

Measurements of the reduction of the palladium foil showed that the oxide layer

thickness decreases linearly with the reduction time up to the last monolayer oxide.

The reduction rate of the surface oxide is about eight times lower than the reduction

rate of the bulk oxide. Reduction of the spherical palladium oxide particles proceeds

via the growth of a metallic core inside the oxide particle. The growth of the metallic

core in palladium oxide particles appeared to be linearly proportional to the surface

area. The reduction rate of the smallest particles was comparable to the reduction rate

of the surface oxide of the palladium foil. The larger particles behave identically to the

palladium foil.

During oxidation the thickness of the oxide layer on the particles increases linearly

with time. The lattice rearrangement needed for the formation of a new oxide layer

at the metal{oxide interface is probably the rate determining step. There were no

signi�cant di�erences between the oxidation of the 5 and 8 nm particles. The rate

of the oxidation is strongly temperature dependent. The activation energy for the

oxidation is at least 100 kJ/mol.

For comparison the oxidation and reduction of an 8 wt% Pd/SiO2 catalyst was

studied. The results indicated that the oxidation and reduction of the Pd/SiO2 catalyst

proceeds in a similar way as on the Pd/SiO2/Si(100) model catalysts.

21



22 Chapter 4

4.1 Introduction

In many oxidation catalysts using palladium the active phase is palladium oxide. Com-

mon applications of palladium catalysts are in the catalytic combustion of natural gas

and as automotive catalyst [37{39]. Aging of these catalysts is often caused by decom-

position of the palladium oxide into metallic palladium. Metallic palladium particles

sinter easily, resulting in an irreversible loss of activity [40]. Therefore the stability of

the palladium (oxide) particles during oxidation and reduction has been the subject

of several investigations. Especially alumina supported palladium catalysts received

considerable attention. Studies by Chen and Ruckenstein [41{43], Lieske et al. [44] and

Hicks et al. [38] reported on the spreading of the particles during oxidation. This frag-

mentation of the particles and the formation of a two-dimensional Pd surface phase is

explained by the lower surface tension and smaller wetting angle of the oxide compared

to the metal [41]. Studies of Otto et al. reported on the formation of a PdO-Al2O3

species during oxidation of catalysts with low palladium loadings [39,45{47]. This

PdO-Al2O3 species was identi�ed by the high electron binding energy of the Pd 3d xps

peaks and by selective reduction. In contrast to PdO, the PdO-Al2O3 species remained

oxidic in hydrogen at room temperature, but the PdO-Al2O3 species could be reduced

at 300�C by hydrogen. Strong palladium{support interactions are also reported for

Pd/MgO [48], Pd/TiO2 [49] and Pd/La2O3 [50].

In contrast to these supports is the `uncomplicated' behaviour of Pd/SiO2. No

indication of spreading of the particles during oxidation or the formation of a mixed

oxide with the support was found by means of xps [50], volumetric methods [51],

temperature programmed oxidation [48] or infrared studies of CO adsorption [52].

Palladium supported on silica is also the subject of this chapter. The absence of

major changes in particle morphology during oxidation and reduction allows a quanti-

tative study of the oxidation and reduction of palladium particles with xps. Although

thermodynamics predicts PdO to be the stable phase even at very low oxygen pressures

or temperatures up to 1100 K, bulk oxide is only formed at elevated temperatures and

oxygen pressures above 1000 Pa. This makes an xps study of the oxidation kinetics

of palladium complicated for practical reasons because of the necessary transfers of

the samples between atmospheric pressure and high vacuum. Thermal decomposition

of PdO, i.e. reduction by means of heating in high vacuum, is possible in situ and is

therefore studied in more detail than the oxidation.

We performed stepwise reductions on four model catalysts, with particles ranging

in size from 3.5 to 13 nm. Also the stepwise reduction of an oxide layer on palladium

foil was studied. Stepwise oxidations were performed on two model catalysts. One

with an average particle size of 5 nm and one with an average particle size of 8 nm.

Besides measurements on the model catalysts we studied a 8 wt% palladium on silica

catalyst. Due to the lower quality of the xps spectra of the catalyst, a detailed analysis
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such as performed on the model catalysts was not possible. Therefore the results of the

Pd/SiO2 catalyst can only be compared qualitatively.

Before we start discussing the results we will �rst describe the framework needed to

interpret the results.

4.2 The oxidation of metals

At �rst sight the oxidation of metals seems to be a simple process. The overall equation

for the chemical reaction is:

xM+ 1
2yO2 *)MxOy (4.1)

In the case of palladium x = y = 1. The driving force for this reaction is of course the

free energy change �G associated with the formation of the oxide from the reactants.

The formation of the oxide depends on the oxygen pressure being greater than the

dissociation pressure p of the oxide in equilibrium with the metal, where

p = e
�G
RT (4.2)

At room temperature p � 1 atm. on almost all metals, including noble metals like

palladium and platinum1. Nevertheless in our daily life we are surrounded by unoxi-

dised metals and metals like palladium and platinum can only be oxidised under severe

conditions. From this one can conclude that the free energy change has little relation

to the rate of the reaction, i.e. the reaction is kinetically obstructed. The reason for

this is that although the overall chemical reaction seems very simple, the progress of

the reaction is in most cases determined by phase boundary reactions and di�usion

processes which can be, and usually are, very complex [53].

The �rst step in the oxidation of a metal is the chemisorption of oxygen on the metal

surface. Dependent on the metal, the surface structure and the experimental conditions

(i.e. temperature and pressure) the oxygen will di�use into the surface layers or will

directly form an oxide layer on the surface. The latter process is commonly observed

on at substrates, although some exceptions exist (e.g. Ti, Ta, Zr) [53]. Probably the

process of surface oxide formation involves a place exchange between chemisorbed oxy-

gen atoms/ions with surface metal atoms, for example through vacancy defects [54,55].

The chemisorption of oxygen and formation of surface oxide on palladium is described

in chapter 5.

After the formation of a continuous oxide �lm on the metal surface a barrier exists

between the reactants. Further oxidation requires the transport of atoms or ions and

electrons through the oxide layer and, of course, the adsorption of oxygen on the oxide.

Usually the transfer of an electron from the metal is considered to take place relatively

quickly with dissociation of molecular oxygen to atoms taking place at about the same

1On page 50 a plot of the dissociation pressure of palladium oxide vs. the temperature is given.
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time. The incorporation of the oxygen in the oxide is likewise a complicated process

and generally depends on the nature and the defect structure of the oxide [53].

If the growth of the oxide �lm is limited by a di�usion process a parabolic growth

law is expected. The thickness L of the oxide �lm as a function of the oxidation time

will be:

L(t)2 = At (4.3)

The rate constant A can be derived in many ways depending on the (assumed) nature of

the di�usion process, i.e. di�usion of uncharged particles, ions, electrons or both [56].

The potential set up by oxygen ions formed at the oxide surface is assumed to be

the driving force for the di�usion of charged particles [55,57]. Parabolic growth is

normally observed during the formation of thick (� 1 �m) oxide �lms, although at low

temperatures the picture is often disturbed by di�usion along grain bounderies [58].

At low temperatures (� 298 K) various forms of logarithmic growth are observed.

When the moving ions are cations, which is often the case [26,59], the oxidation can be

described with the Cabrera-Mott inverse logarithmic law [57]:

1=L(t) = A�B ln(t) (4.4)

When anions (i.e. oxygen) are the moving species a logarithmic law can be derived [55]:

L(t) = C ln(1 +Dt) (4.5)

In these models it is assumed that the cation (eq. 4.4) or anion (eq. 4.5) migration is

rate limiting and that the potential drop across the �lm, caused by the oxygen ions

at the surface, is the driving force for the migration. The transport of electrons is

supposed to be very fast by means of electron tunneling or thermionic emission [55,57].

The models mentioned above are each able to describe a stage in the oxidation

process, but often it is not clear at which point a certain model has to be used. An

attempt to combine various models was made by Fromhold and Cook [56]. The essential

di�erence of their model with the previous models is that the transport of both electrons

(charge qe) and ions (charge qi) is considered simultaneously, although they assume that

all electrical currents (J) cancel:

qiJi + qeJe = 0 (4.6)

This is called the coupled-currents condition. The ion current Ji is a result of the electric

�eld over the oxide caused by the formation of oxygen ions at the surface. The electron

current Je is caused by electron tunneling (in the case of thin oxide �lms, L < 40 �A) and

by thermionic emission. The thickness of an oxide layer can be calculated by solving

numerically:
dL

dt
= RiJi (4.7)
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Figure 4.1: Palladium oxide thickness as a function of time according to the theories
described in the text. Each curve has a di�erent scaling on the x-axis.

Here Ri is the increase of the oxide volume per transported ion. Eq. 4.7 has to be

solved numerically because both the ion and the electron current are dependent on the

oxide layer thickness. A detailed description of the equations for calculating Ji and Je
is beyond the scope of this thesis and can be found in the original work of Fromhold [56]

and in the thesis of G�orts [26]. Fig. 4.1 shows the oxide layer thickness as a function of

time calculated according to the coupled-currents and the Cabrera-Mott theories.

4.3 A reduction model

As we have seen in the preceding section many theories have been developed for un-

derstanding the formation of an oxide �lm. The reversed process, however, is hardly

studied and general theories describing this process do not exist. Therefore to interpret

the xps spectra of the stepwise reduction quantitatively, we will propose the following

reduction model.

Inside the oxide particle a metallic core is formed, which grows until no more oxide is

left. Since the surface tension of palladium oxide is expected to be lower than the surface

tension of palladium metal [60] and Pd does not dissolve in PdO [61], it is expected

that a particle containing both compounds will consist of a metallic core and an oxidic
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Figure 4.2: A. Model for a partly reduced PdO particle on SiO2/Si(100). The change
of the radius of the metallic core, r1, with the reduction time is given by eq. (4.10) and
the change of the outer radius, r2, is given by eq. (4.9). B. The paths of the di�erent
photo-electrons emitted by a sample.

skin, especially at elevated temperatures when migration of atoms is relatively easy. If

we assume that the rate limiting step in the reduction is the formation of molecular

oxygen at (and desorption from) the surface we obtain the following relationship:

� dNPd0

dt
=

dNPd2+

dt
=

dNO2�

dt
= �k4�r22 (4.8)

where k is the reduction rate constant and r2 the outer radius of the particle as shown

in �g. 4.2a. Since NPd0 + NPd2+ is constant but the atomic densities of Pd and PdO

di�er, the outer radius r2 is a function of the reduction time:

r2(t) = r2(0) + k
~�2 � ~�1
~�1~�2

t (4.9)

The radius of the metal core r1 is also a function of the reduction time:

r31(t) = 3r22(0)k
1

~�1
t+ 3r2(0)k

2 ~�2 � ~�1
~�21~�2

t2 + k3
(~�2 � ~�1)

2

~�31~�
2
2

t3 (4.10)

Here ~�1 and ~�2 are the atomic densities of palladium metal and palladium oxide respec-

tively. The equations (4.9) and (4.10) are derived in the appendix of this chapter.

To investigate the validity of this model we have developed a computer program

which calculates r1 and r2 from the the Pd0 and Pd2+ 3d xps intensities and the

Si0 and Si4+ 2p xps intensities, without the use of angle-resolved measurements. The
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Figure 4.3: AFM pictures of four Pd/SiO2/Si(100) samples. Each picture covers an area
of 500 � 500 nm. The letters at the pictures refer to the sample code. The particles of
sample A are too small to resolve on the picture.

method used is extensively described in chapter 3. In �g. 4.2b the paths of the electrons

originating from the silicon bulk, the silicon oxide overlayer, the palladium oxide skin

and the palladium core are shown. Since the four measured xps intensities lead to three

intensity ratios, and the number of parameters is equal to three, viz. the layer thickness

and the radii r1 and r2, a solution does almost always exist. The number density

of particles is correlated with the radii r1 and r2 because the amount of palladium

evaporated is known.

4.4 Experimental

The samples were prepared in the Ellipsometry system. All measurements and experi-

ments were performed in the vg-xps system. Both systems are described in chapter 2.

The xps spectra of the reduction experiments were obtained using Al K� (1486.6 eV)

radiation and a pass energy of 20 eV. The xps spectra of the oxidation experiments and

all xps spectra of the silica supported palladium catalyst were obtained using Mg K�
(1253 eV) and a pass energy of 50 eV.

The reduction experiments were performed on four SiO2/Si(100) supported samples
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Table 4.1: Binding energies of the Pd 3d5=3 peak of the di�erent samples and the average
particle diameters as determined with afm (A{D), xps (E{F) or xrd (catalyst). Tox

is the temperature at which the oxidation was performed.

sample Pd loading d Pd0 Pd2+ Pd2+ sat. Tox

(�1015 at/cm2) (nm) (eV) (eV) (eV) (K)

reduction experiments

A 2.5 3.5 335.4 336.9 337.2 770
B 5.0 6 335.0 336.5 337.0 770
C 10 9 334.9 336.4 337.0 770
D 10 13 334.9 336.4 337.0 770
foil { 334.9 336.4 337.0 770

oxidation experiments

E 1.7 5 335.3 336.8 337.0 620
F 10 8 335.0 336.5 336.8 620

oxidation and reduction

catalyst 0.25 (8 wt%) 11 334.9 { 336.8 620

with three di�erent palladium loadings. The palladium loadings and particle sizes as

determined with afm are listed in table 4.1 (samples A{D). The afm pictures of the

samples are given in �g. 4.3. Measurements were also performed on a polycrystalline

palladium foil (Johnson Matthey Materials Technology U.K., Grade 1) and a 8 wt%

Pd/SiO2 catalyst. The catalyst was prepared by incipient wetness impregnation of

2 g silica (Aerosil 200, Degussa) with 10 ml of a 19.24 g/l solution of tetrammine

palladium(II) nitrate. Subsequent to drying, the catalyst was calcined in air at 723 K

for three hours. The average particle size of this catalyst was 11 nm as determined both

with xrd and xps.

A series of reduction experiments consisted of oxidising the system for 30 minutes

at 773 K in air followed by a stepwise reduction by means of heating in vacuum (p <

10�3 Pa) at 773 K for 15 (particles) or 30 (foil) minutes. After each step xps was

performed. The heating time is the time between switching on and o� the power of the

heater. This means that the time to warm up is included and the time to cool down is

excluded.

The oxidation experiments were performed on two SiO2/Si(100) samples with dif-

ferent palladium loadings. The palladium loadings and the particle sizes as determined

with xps are listed in table 4.1 (samples E and F). The oxidation experiments were

also performed on the Pd/SiO2 catalyst.
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A series of oxidation experiments consisted of oxidation and reduction of the samples

at 773 K, followed by a stepwise oxidation by means of heating in air at 623 K for 10

minutes. The heating time is the time between switching on and o� the power of the

heater. The airow was maintained during warming up and cooling down. Again after

each step xps was performed.

Some typical Pd 3d spectra are given in �g. 4.4. The spectra were used without any

smoothing but with a Shirley background subtracted. The core level binding energies of

palladium supported on SiO2/Si(100) were referenced to the Si 2p line at 99.15 eV and

those of polycrystalline palladium to the metallic Pd 3d5=2 at 334.9 eV [62]. Charging

of the samples was not observed and besides a very small amount of carbon on the

Pd/SiO2/Si(100) samples there was no contamination visible with xps. To extract the

intensities of the Pd0 and Pd2+ peaks from spectra containing both compounds, linear

�ts were applied with a reference metallic and oxidic spectrum, as shown in �g. 4.4. As

reference metallic spectrum a spectrum of completely reduced palladium foil is used.

As reference oxidic spectrum a spectrum of sample C after oxidation is used. The

halfwidth of the 3d5=2 peak is the same in both spectra. Since small particles have

higher binding energies the reference spectra had to be shifted to �t the spectra of the

di�erent samples satisfactory. The 3d peaks of sample A are much broader than the

3d peaks of the other samples and therefore it was necessary to convolute the reference

spectra with a Gaussian peak with a halfwidth of 1 eV to �t the spectra of sample A

with satisfactory results.

4.5 Results and discussion

4.5.1 Binding energies

The binding energies of the Pd 3d5=3 peak of the di�erent samples are given in table 4.1.

Two di�erent energies are given for the oxidic Pd 3d5=3 peak: �rst the binding energy

as found after one or more reduction or oxidation steps and the second, Pd2+ sat., the

binding energy found after complete oxidation of the sample. During the reduction

steps the di�erence in the binding energy of the Pd0 and Pd2+ peaks is always 1.5 eV,

which corresponds to the literature value [16,62]. Directly after `full' oxidation or

several oxidation steps a somewhat higher binding energy is found. Probably a small

excess of oxygen causes the increased binding energy. This explanation is supported

by the temperature dependence of the increased binding energy. At higher oxidation

temperatures (620 vs. 770 K) the di�erence between the Pd2+ and the Pd2+ sat. peaks is

larger. At higher temperature an increased solubility of oxygen in the oxide is expected.

The particle size e�ect on the binding energies and the halfwidth of the peaks is

similar to the particle size e�ect observed by Takasu et al. [63]. We did not �nd any

indication of the existence of a palladium compound with a binding energy around
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Figure 4.4: Pd 3d core level spectra. 1. { { reduced, 2. { � { oxidised, 3. � � � partly
reduced, 4. | linear �t of 1 and 2 on 3.

338.3 eV as found by Otto et al. on PdO/Al2O3 [45]. Although it is possible that the

particles on their samples with palladium loadings of 0.5 and 0.25 wt% were much

smaller than 3.5 nm, it is more likely that there are no such large particle{support

interactions in Pd/SiO2.

4.5.2 Reduction

In �g. 4.5 the thickness of the oxide layer on a palladium foil during reduction is given.

The thickness of the oxide layer, calculated from the ratio between the Pd0 and Pd2+

3d peaks, decreases linearly with the thermal reduction time up to the last monolayer of

PdO. The �rst point, measured directly after oxidation, deviates from this relationship.

This can be related to the increased binding energy of the Pd2+ 3d peak mentioned

before. Possibly the atomic density or the absolute xps intensity of the species formed

directly after oxidation is di�erent from the value for `normal' PdO. Since the values

for normal PdO are used in the calculations this can cause an incorrect value for the

oxide layer thickness. On the other hand the Pd0 peak at this point is very small, so it

is very likely that the deviation is caused by a �tting error.

Below a thickness of � 2:6 �A the reduction speed decreases abruptly. This more or

less corresponds to the size of an O2� ion and it seems that the oxide on the surface is
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Figure 4.5: Oxide layer thickness on palladium foil during thermal reduction.

much more stable than `bulk' oxide. The reduction rate of the surface oxide is about

eight times lower than the reduction rate of the bulk oxide. This reduction course

resembles the results of Schmahl et al. [61]. They measured the oxygen pressure above

PdO at 1068 K. Initially the oxygen pressure was about 350 Torr but it lowered almost

directly to 150 Torr and remained constant until almost all the PdO was reduced. A

constant oxygen pressure suggests zero order kinetics for the decomposition process, as

also shown in �g. 4.5 by the straight line.

In �g. 4.6 the xps intensities of the Pd 3d peaks of sample D, particle diameter

� 13 nm, during thermal reduction are shown. With these intensities and the ac-

companying intensities of the Si0 and Si4+ 2p peaks, the particle and core radii were

calculated. For all samples the correspondence of the calculated particle sizes with the

particle sizes measured with afm was striking. The calculated radii of sample D are

shown in �g. 4.7. Note that the initial particle radius as calculated by xps is 65 �A com-

pared to a diameter of 13 nm found by afm. The drawn lines in �g. 4.7 are �ts of the

model described in section 4.3. The �tted parameters are the rate constant k and the

initial particle radius r2(0). The xps intensities calculated from these �ts are shown in

�g. 4.6 by the dashed lines. As can be seen the reduction model �ts the measurements

very well. Only for the last monolayer(s) the reduction course deviates from the model.

This is expected since also with palladium foil the reduction rate decreases when the
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Figure 4.6: The intensities of the Pd0 and Pd2+ 3d xps peaks during thermal reduction
of sample D. The lines drawn are �ts of the reduction model. The dotted lines mark
the xps intensities calculated for a particle consisting of a metallic core with a radius
of 62.4 �A, covered with an oxide layer with a thickness of 2.6 �A (� 1 monolayer).

last monolayer of oxide is reached. In �g. 4.6 the dotted lines mark the xps intensities

calculated for a particle consisting of a metallic core with a radius of 62.4 �A, covered

with an oxide layer with a thickness of 2.6 �A, which is roughly one monolayer.

In �g. 4.7 also the results of sample A, the smallest particle size studied, are shown.

Again the radii are �tted very well by the reduction model, but a four times lower

reduction rate constant k than with sample D (or the other, not shown, samples) had

to be used to obtain satisfying results. Using the same reduction rate constant as for

sample D gives �ts displayed by the dotted lines. Comparing the reduction rate of the

particles with the reduction rate of palladium foil reveals that the reduction rate of

the larger particles is much the same as the reduction rate of `bulk' palladium oxide

and that the reduction rate of the smallest particles (sample A) is comparable with the

reduction rate of the surface oxide of palladium foil.

When the particles are (almost) completely reduced, sintering occurs. This is clearly

visible in �g. 4.7. During reduction the particle radius decreases smoothly due to the

higher density of palladium metal compared to palladium oxide, but when the particles

are reduced the particle size increases quickly. The weak bonding of palladium metal to
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Figure 4.7: Particle and core radii of sample A and D during thermal reduction. The
dashed lines are �ts of the reduction model. The dotted line `�ts' the data of sample A
with the rate constant of sample D.

the SiO2 surface is also observed during afm experiments. Reduced samples or `fresh'

evaporated palladium �lms are damaged by the tip of the afm. Oxidising the reduced

particles again does not give a redispersion of the particles as with, for example, alumina

supported particles. Besides sintering at elevated temperatures in the metallic phase,

the particles are stable.

Other models for the reduction do not match with our results. Formation of pal-

ladium metal at the surface of the particles would give a rapid initial increase of the

palladium metal xps signal. As illustrated by �g. 4.6 this is not the case. It is already

mentioned in the introduction that other investigations did not �nd any indication of

spreading of particles during oxidation and reformation of particles during reduction of

SiO2 supported palladium particles. Our measurements also exclude the occurrence of

these phenomena since large di�erences in the xps intensities between the oxidic and

metallic phase would be expected; we �nd a rather constant intensity of the Pd 3d

peaks. Lam et al. [51] even report the absence of sintering of reduced SiO2 supported

palladium catalysts, but they prepared their samples by means of impregnation which

results in a much lower number density of particles than our samples.

Although there is no discrepancy between the reduction model and the measure-
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Figure 4.8: The particle and core radii during oxidation of sample E.

ments, it is very di�cult to obtain clear evidence for the validity of our assumptions.

Measuring the amount and type of oxygen present would give a lot of additional in-

formation, but the O 1s peak of palladium oxide, the O 1s peak of silicon oxide and

the palladium 3p3=2 peaks of both Pd0 and Pd2+ overlap, which makes a quantitative

analysis impossible2.

4.5.3 Oxidation

The particle and core radii during oxidation of sample E, particle size 5 nm, are shown

in �g. 4.8. The oxidation of sample F, particle size 8 nm, proceeded almost identical. In

this �gure it is clearly visible that the radius of the metallic core decreases linearly with

time. The dashed line through the core radii is a linear �t. The dashed line through the

outer (particle) radii represents the particle radii calculated from the linear �t through

the core radii and using mass balance for the amount of palladium in a (partly oxidised)

particle.

The rate of the oxidation is very temperature dependent. At 573 K heating steps

of one hour result only in a slow decrease of the metallic core radius. At 673 K the

2On the palladium foil separation of the O 1s peak from the Pd 3p peaks is possible, but not very

accurate. For example, the stoichiometry of the surface oxide of the Pd foil calculated from the O 1s

peak is PdO1:0�0:3, which gives only limited information. See also �g. 6.3 on page 59.
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oxidation is almost completed after one heating step of 10 minutes. Although the

di�erent temperatures can not be compared quantitatively since the time to warm up

and to cool down di�ers, the activation energy for the oxidation can be estimated to be

at least 100 kJ/mol.

The linear decrease of the core radius can not be explained by a reversed reduction

model, i.e. the rate of oxidation is proportional to the particle surface area, since this

model leads to an almost linear decrease of the core volume instead of a linear decrease

of the core radius. Also the commonly used oxidation models described in section 4.2,

do not result in a linear increase of the oxide layer thickness, although one can argue

that the equations and approximations used in these models should be adapted when

they are used on spheres instead of at surfaces.

An explanation for the linear decrease of the core radius is that the lattice rear-

rangement needed for the formation of a new oxide layer at the oxide{metal interface

is the rate determining step. The oxidation rate is in this case independent of the size

of the interface or the thickness of the oxide layer. This is not unlikely since the crystal

structure of palladium oxide is quite incompatible with the stucture of the metal [64]. A

high activation energy is expected when a lattice reconstruction is the rate determining

step. In chapter 5 we will show that during the interaction of oxygen with Pd(111)

and Pd foil at low pressures (� 1 Pa) only a surface oxide is formed, while PdO is

thermodynamically favoured under the conditions used. The structure of this surface

oxide does not match with the Pd(111) surface at all. This supports the conclusion

that the formation of a new oxide layer inside a particle is kinetically obstructed.

4.5.4 Pd/SiO2 catalyst

The oxidation and reduction experiments described in the preceding sections were per-

formed on the 8 wt% Pd/SiO2 catalyst as well. The quality of the xps spectra is,

however, not very good. As can be seen in table 4.1 the relative palladium loading

of the catalyst is about 40 times lower than the palladium loading of model catalysts

with the same particle size (e.g. the samples C and D). This results in a 40 times lower

signal to noise ratio in the xps spectra. Nevertheless it is still possible to determine the

oxidation state and the particle size unambigeously, but when the particles are partly

oxidised the Pd0 and Pd2+ components of the spectra can not be separated accurately.

So the results on the Pd/SiO2 catalyst can only be compared qualitatively.

There is no indication that the oxidation and reduction of the catalyst proceeds

di�erent from the model catalysts. Intermediate states are visible and the time scale

of the oxidation and reduction process on the catalyst is similar to the same processes

on the model catalysts. From this we conclude that our model catalysts are chemically

identical to `real' silica supported palladium catalysts.
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4.6 Conclusions

Non-angle resolved xps was successfully used for a quantitative analysis of the com-

position of palladium oxide particles supported on SiO2/Si(100) and the thickness of

the oxide layer on palladium foil, during thermal reduction and oxidation. The particle

sizes calculated from the xps data corresponded extremely well with the particle sizes

measured with afm. Particle size e�ects on the binding energies of the xps peaks occur

only with particles �6 nm.

The rate of the reduction is linearly proportional to the surface area; the rate lim-

iting step of the reduction is the formation of molecular oxygen on the surface. It

appeared that the reduction rate of surface oxide is much lower than the reduction rate

of `bulk' or `core' oxide. Very small palladium oxide particles (d � 3:5 nm) are more

di�cult to reduce and behave like the surface oxide of palladium foil. Larger palladium

particles behave not di�erent from palladium foil and lose their oxide easily up to the

last monolayer.

During oxidation the radius of the metallic core inside the particles decreases pro-

portional to the oxidation time. The rate limiting step in this process is the lattice

reconstruction needed for the formation of a new oxide layer at the oxide{metal in-

terface. The activation energy of the reconconstruction is at least 100 kJ/mol. No

signi�cant di�erences were found between the oxidation of 5 nm particles and 8 nm

particles.

A 8 wt% Pd/SiO2 catalyst was studied as comparison. The oxidation and reduction

of this catalyst proceeded in a similar way as the oxidation and reduction of the model

catalysts.

Appendix

In the reduction model the following assumptions are made:

1. the particles are spherical.

2. during the reduction a spherical metallic core is formed.

3. the rate limiting step of the reduction is the formation of molecular oxygen at

(and desorption from) the surface, i.e. the reduction rate is proportional to the

surface area of the particle.

During the reduction the total number of palladium atoms in a particle is constant:

NPd = NPd0 +NPd2+ = constant (A1)

and:

NPd0 =
4

3
�r31~�1 (A2)
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NPd2+ =
4

3
�(r32 � r31)~�2 (A3)

Here ~�1 and ~�2 are the atomic densities of palladium metal and palladium oxide respec-

tively. r1 and r2 are the core and particle radii as shown in �g. 4.2a.

Assumption 3 leads to:

� dNPd0

dt
=

dNPd2+

dt
=

dNO2�

dt
= �k4�r22 (A4)

where k is the reduction rate constant.

Since NPd is constant we can derive the relationship between the change in the radii r1
and r2:

dNPd

dt
= 0 = 4�r21~�1

dr1
dt

+ 4�

 
r22
dr2
dt
� r21

dr1
dt

!
~�2

= r21~�1
dr1
dt

+ r22
dr2
dt

~�2 � r21
dr1
dt

~�2 (A5)

which can be transformed to:

dr1
dt

=
r22
r21

~�2
~�2 � ~�1

dr2
dt

(A6)

If we now di�erentiate (A3):

dNPd2+

dt
= �k4�r22 = 4�

 
r22
dr2
dt
� r21

dr1
dt

!
~�2 (A7)

and insert (A6) into (A7) we obtain:

kr22 = �~�2
 
r22
dr2
dt
� r21

r22
r21

~�2
~�2 � ~�1

dr2
dt

!

= �~�2
 
r22 � r22

~�2
~�2 � ~�1

!
dr2
dt

(A8)

This can be transformed to:

k = ~�2
~�1

~�2 � ~�1

dr2
dt

(A9)

or:
dr2
dt

= k
~�2 � ~�1
~�1~�2

(A10)

Integration of (A10) gives the outer radius r2 as a function of the reduction time:

r2(t) = r2(0) + k
~�2 � ~�1
~�1~�2

t (A11)
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Now we can substitute (A10) into (A6):

dr1
dt

=
r22
r21

~�2
~�2 � ~�1

k
~�2 � ~�1
~�1~�2

=
r22
r21
k
1

~�1
(A12)

and inserting (A11) into (A12) results in:

r21
dr1
dt

=

 
r2(0) + k

~�2 � ~�1
~�1~�2

t

!2
k
1

~�1
(A13)

Integration of (A13) gives a rather voluminous relation for the core radius r1 as a

function of the reduction time:

1

3
r31 =

1

3

8<
:
 
r2(0) + k

~�2 � ~�1
~�1~�2

t

!3
� (r2(0))

3

9=
; k

1

~�1

~�1~�2
k(~�2 � ~�1)

(A14)

which can be reduced to:

r31(t) = 3r22(0)k
1

~�1
t+ 3r2(0)k

2 ~�2 � ~�1
~�21~�2

t2 + k3
(~�2 � ~�1)

2

~�31~�
2
2

t3 (A15)

The equations (A11) and (A15) are the equations used for the calculations presented

in this chapter. In the special case that the atomic densities are equal, ~�1 = ~�2, these

relations reduce to a constant value for r2 and a linear increase of the volume of the

core, as expected.
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Adsorption of oxygen and surface oxide
formation on Pd(111) and Pd foil studied
with ellipsometry, LEED, AES and XPS

abstract

The interaction of oxygen with Pd(111) and polycrystalline palladium foil has been

studied with ellipsometry, leed, aes and xps in the temperature range of 300 to 770 K

and pressures up to 1 Pa.

Ellipsometry was used to monitor the adsorption of oxygen and gave indication

for the formation of a surface oxide at higher temperatures (T � 470 K) and pressures

(p � 10�4 Pa). The presence of a surface oxide is supported by a complex leed pattern,

ascribed to a square lattice with a = 7:5 � 0:5 �A and domains in six orientations. It

was not possible to match this structure with a simple overlayer structure on the (111)

plane or with an unreconstructed crystal plane of PdO. Additional xps measurements

on palladium foil, after the same treatment, showed the presence of � 0:5 ML PdO on

the surface. Bulk oxide was not formed.

The amount of oxygen on the surface could not be determined with aes because

during aes the electron beam easily removed adsorbed oxygen, especially on Pd(111).

On palladium foil the oxygen is removed less e�ectively by the electron beam, which

indicates that oxygen is bound more tightly to defects. Bulk palladium oxide, produced

by heating the palladium foil in air, was not a�ected by the electron beam, even at high

current densities.

The ellipsometric parameters �� and �	 never exceeded 0.40� and 0.08� respectively,

both on Pd(111) and palladium foil. This indicates that the di�usion of oxygen is limited

to surface layer(s) under the conditions studied. Di�usion to the bulk did not occur.

39
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5.1 Introduction

In the past decades many fundamental studies have reported on the interaction of

oxygen with palladium single crystal surfaces [65]. Although the �rst studies date back

to the late 1960s [66], some `basic' problems are still unsolved. For example, there is

no de�nite answer to the saturation coverage of atomic oxygen on the Pd(111) surface

[67,68] and the picture of oxygen di�usion to subsurface layers or to the bulk is still

unclear [67{70]. Reason for this lack of knowledge is probably the dependence of oxygen

di�usion on the defect density on the surface [70,71]. As we will show in this chapter

electron beam damage as well should be taken into account. Also electron beam damage

appeared to be dependent on the defect density on the surface.

In this chapter we will show the results of ellipsometry measurements on the inter-

action of oxygen with Pd(111) and palladium foil, in addition to the more traditional

surface science techniques as low energy electron di�raction (leed), Auger electron

spectroscopy (aes) and x-ray photo-electron spectroscopy (xps). With ellipsometry

it is possible to monitor processes at the surface in principle at any pressure regime,

although in this study we restrict ourselves to pressures up to 1 Pa. The possibility to

perform ellipsometry during exposure of gases at pressures above 10�4 Pa, in contrast

to the low pressures necessary for leed, aes and xps, is very interesting since studies

simulating these higher oxygen pressures with NO2 [65] or NO [67] indicate the forma-

tion of a surface oxide on Pd(111). On the more open surfaces the formation of surface

oxide is observed at pO2
= 10�5 Pa on Pd(100) [72] and pO2

= 4� 10�2 Pa on Pd(110)

[73].

5.2 Experimental

The experiments were performed on two di�erent samples, a Pd(111) single crystal and

a polycrystalline palladium foil, and in two di�erent uhv systems, the Ellipsometry

system which is equipped with aes, leed and ellipsometry and the vg-xps system

which is equipped with xps and aes. These uhv systems are described in chapter 2.

For this chapter it is important to remember that although both systems were pumped

by means of a turbo molecular pump, an ion getter pump and a titanium sublimation

pump, the last two pumps could not be used during the experiments since they give a

pulse of hydrogen when switched on. Therefore the oxygen background pressure during

desorption experiments remained in the low 10�7 Pa region. The base pressure of both

systems was better than 10�8 Pa.

The Pd(111) single crystal (diameter 5 mm, thickness � 1 mm) was prepared by

routine methods and mounted in the Ellipsometry system. Due to the small size it

was not possible to mount it in the vg-xps system to perform xps. Therefore xps

measurements were only performed on the palladium foil (Johnson Matthey Materials
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Figure 5.1: Ellipsometry measurement of the interaction of oxygen with Pd(111) at
620 K. The behaviour shown here is similar for temperatures ranging from 470 to
770 K.

Technology U.K., Grade 1). Before a series of measurements the samples were cleaned

by exposure to 10�3 Pa oxygen at high temperature (770 K) and Ar ion bombardment.

Before each measurement the sample was heated to 770 K in 10�3 Pa oxygen for about

15 minutes to remove possible adsorbed carbon monoxide and other contaminations

from the crystal. After pumping away the oxygen, the adsorbed oxygen desorbed

from the crystal which was then cooled down to the appropriate temperature. The

sample cleanliness was checked by aes and leed or xps. The xps measurements were

performed using non-monochromatic Al K� (1486.6 eV) radiation.

5.3 Results

In �g. 5.1 a typical ellipsometry measurement of the interaction of oxygen with Pd(111)

is shown. The �rst part of this measurement, up to 3 � 103 s, is shown in �g. 5.2. The

behaviour shown in these �gures is similar for temperatures ranging from 470{770 K.

The behaviour of measurements at room temperature is a little di�erent. This will be

described later.

During oxygen exposure three stages could be distinguished. The �rst stage is the
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Figure 5.2: The �rst 3 ks of the measurement shown in �g. 5.1.

initial rapid increase of �� to � 0:07� and �	 to � 0:035�. With pressures below

10�4 Pa only this stage occurred. The order in the oxygen pressure during this stage

was one. Above 10�4 Pa �� and �	 continued increasing. During the second stage

�� increased slowly, but �	 remained on the saturation value of the �rst stage, within

the experimental error. When �� reached � 0:10� �	 started increasing again and ��

increased at a higher rate. This is stage 3. Also this last stage did not continue in�nitely:

even at the highest pressure studied, 1 Pa, �� and �	 saturated at � 0:40� and � 0:08�,

respectively. The order in the oxygen pressure during stage 3 was dependent on the

temperature. Above 620 K the order in the oxygen pressure even exceeded unity and

reached a value of 2.5 at 770 K, as shown in �g. 5.3.

When the oxygen was pumped away, �� and �	 returned to a value a little below

the saturation value of stage 1. The rate of the decrease of �� and �	 was temperature

dependent, an Arrhenius plot is shown in �g. 5.4. Admitting oxygen again gave a

rapid initial increase of �� and �	 (resembling stage 1) as indicated by the arrow in

�g. 5.1, followed by stage 3 behaviour. Pumping the oxygen away and giving a pulse of

hydrogen of � 10�4 Pa due to turning on the titanium sublimation pump resulted in a

complete removal of the oxygen from the crystal: �� and �	 returned to zero.

At room temperature only two stages could be distinguished, as shown in �g. 5.5.

With low pressures �� saturated at � 0:07� and �	 at � 0:035�, just like stage 1 at
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Figure 5.3: The order in the oxygen pressure of the increase of �� at �� � 0:23�

(stage 3) as a function of the temperature.

elevated temperatures. With pressures above 10�4 Pa �� continued increasing slowly

to � 0:28�, while �	 decreased to � 0:015�. The order in the oxygen pressure of this

process was zero. Pumping the oxygen away resulted in a decrease of �� and �	 of a

few hundredth of a degree. A pulse of hydrogen from the titanium sublimation pump

was su�cient to return �� and �	 to zero. The di�erence in behaviour between oxygen

exposures at room temperature and elevated temperatures is illustrated in a plot of �	

against ��, shown in �g. 5.6.

The results obtained with the palladium foil were similar to the results on the single

crystal.

Leed at low pressures (stage 1) resulted in a (2� 2) pattern, at all temperatures

studied. The (2� 2) pattern obtained by admitting 10�5 Pa oxygen was quite di�use,

even when leed was performed during oxygen exposure. Unfortunately, leed patterns

of stage 2 and 3 could not be obtained directly since our leed system has to be operated

at pressures below 10�5 Pa. Performing leed at elevated temperatures after pumping

away the oxygen doesn't make sense since �� and �	 decrease rapidly when the oxygen

pressure is reduced, as shown in �g. 5.1. Therefore we reduced the oxygen pressure

after cooling down to room temperature, assuming that the surface structure will be

`frozen in'. The leed pattern of stage 2 was a sharp (2� 2). The leed pattern of
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Figure 5.4: Arrhenius plot of the rate of the decrease of �� at �� � 0:23� after pumping
away the oxygen.

stage 3 is shown in �g. 5.7. This complex leed pattern disappeared quickly when the

temperature was raised above 450 K. A (1 � 1) pattern replaced the complex leed

pattern. At room temperature the complex leed pattern is stable for hours, but not

overnight. Performing leed after a high pressure oxygen exposure at room temperature

(�� � 0:28�) resulted in a (1 � 1) pattern with possibly some very di�use spots between

the (1� 1) spots.

Remarkably, Auger electron spectroscopy on Pd(111) during stage 1 did not show

the presence of any oxygen, even though a leed (2� 2) pattern was visible and the aes

was performed during oxygen exposure and with a defocussed primary electron beam

(the spot size was � 0:1 mm). On the palladium foil oxygen could be detected with

aes during low pressure exposure of oxygen, but when the electron gun was pointed at

the surface the amount of oxygen on the surface decreased to about 50% in 30 minutes

(pO2
= 5� 10�6 Pa, T = 300 K). In the vg-xps system this behaviour was studied in

more detail on the palladium foil. In this system as well the oxygen was removed by

the electron beam to about 50% in 30 minutes. When the electron beam was shifted

to another position on the foil the initial amount of oxygen was measured again. In all

these cases, no changes in the palladium MNN peaks were observed. As with leed it

was not possible to perform aes at pressures higher than 10�5 Pa. Thus to perform
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Figure 5.5: Ellipsometry measurement of the interaction of oxygen with Pd(111) at
room temperature.

aes on the stage 2 and 3 oxygen the same procedure as to perform leed was used:

cooling down under oxygen, assuming that the high temperature and pressure structure

will be frozen in. After this procedure oxygen was detected by aes both on Pd(111)

and on palladium foil, but in this case too the oxygen was removed by the electron

beam. On Pd(111) the initial oxygen peak area of stage 3 oxygen was about twice

as large as the oxygen peak of stage 2 oxygen. On the palladium foil the di�erence

in the oxygen peak area between both stages was not signi�cant. Only after stage 3

were the palladium MNN peaks attenuated by a few percent compared to the MNN

peaks of a clean surface. During the removal of the oxygen caused by the electron gun

the MNN peaks increased to the size of the MNN peaks of a clean surface. After a

high pressure oxygen exposure at room temperature, �� � 0:28� and a (1� 1) leed

pattern, the oxygen KLL peak was absent. To complete the picture of electron beam

induced desorption we also exposed the palladium foil to air at 670 K for 30 minutes,

resulting in a palladium oxide layer of 25 �A as calculated from the ratio between the

Pd0 and Pd2+ 3d xps peaks. It appeared that even with a spot size of 3 �m and a

beam current of 1000 �A the amount of oxygen was not altered by the electron beam.

For the sake of completeness we note that during aes the crystal temperature increased

only a few degrees, ruling out a temperature e�ect.
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Figure 5.6: Plots of �	 against �� of several measurents performed at di�erent tem-
peratures. The lines are to guide the eye.

The palladium foil was also studied with xps. It appeared that after stage 3 the

halfwidth of Pd 3d peaks increased with about 0.1 eV, as shown in �g. 5.8. This is close

to the detection limit, but could indicate the presence of Pd2+. The oxygen 1s peak was

hardly visible, even after stage 3, due to the overlapping palladium 3p3=2 peak. The

X-ray induced oxygen KLL peaks were not di�erent from the electron beam induced

oxygen KLL peaks, except that we have no indication that the xps measurements

inuenced the oxygen coverage.

5.4 Discussion

For a better understanding of what probably happens on the palladium surface we will

use a simple model, shown in �g. 5.9. The upper part of �g. 5.9 shows the interaction

of oxygen with the surface during the three di�erent stages. The middle part shows

the inuence of the electron beam on the adsorbed oxygen of the corresponding stage

during aes. Mind that on the palladium foil the removal of oxygen from the surface

during aes is less e�ective than on the single crystal. The lower part shows the surface

after evacuating the oxygen with the turbo molecular pump only (background oxygen

pressure � 10�7 Pa) after the corresponding adsorption stage. It is tempting to compare
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Figure 5.7: Left picture of the complex leed pattern of frozen in stage 3 oxygen
(Ep = 65 eV). Right the same pattern but now calculated using a square unit cell with
a size of 7.5 �A, orientated in six domains. The open circles represent the substrate
spots. The arrows are for orientation.

the three stages described here with the three oxygen states described by Weissman

et al. [69]. As we will discuss later on this seems to be correct for the states I (oxygen

adsorbed on the surface) and III (oxygen incorporated into the top layer(s) of the

palladium surface) of Weissman et al.. State II of Weissman et al., however, which

they ascribe to subsurface oxygen in deeper layers of the crystal, only occurs at 1000 K,

which is beyond the temperature limit of our apparatus. On the other hand, Weissman

et al., and others as well, have used only low oxygen exposures and therefore have never

observed our stage 3.

Combining the results of ellipsometry and leed, it is clear that stage 1 is the

adsorption of oxygen on the surface. As expected for the adsorption of oxygen this

process is �rst order in the oxygen pressure. Unfortunately the amount of oxygen on

the surface during this stage could not be determined: adsorbed oxygen is removed by

the electron beam during aes, even at low current densities. On the palladium foil

oxygen could be detected with aes, although it is also quickly removed by the electron

beam. This means that the bonding of oxygen with the surface is dependent on the

(defect) structure, which can explain the di�erences in results of other studies, as also

suggested by Surnev [70] and Weissman et al. [71]. On a smooth Pd(111) surface the

removal of oxygen by the electron beam is apparently very e�ective. In contrast to

our experiments L�egar�e et al. [68] did observe oxygen on Pd(111) after a low pressure

treatment. Unfortunately, they give experimental details of their aes measurements

sparingly, which makes a discussion about beam damage very speculative. The removal

of oxygen from the surface is likely dependent on the energy of the primary beam,

which also explains why the adsorbed oxygen is not a�ected during leed. From the

attenuation of the Pd M4;5N4;5N4;5 transition L�egar�e et al. calculated an oxygen coverage
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Figure 5.8: Pd 3d core level spectra. 1. { { reduced, 2. | after 0.1 Pa oxygen at 770 K,
3. � � � Pd2+ component of 2.

of 0.5 ML. We only observed attenuation of the Pd MNN peaks when a complex leed

pattern was visible; never during a (2 � 2) pattern.

The value of 0.5 ML [68] is not in agreement with the saturation coverage proposed

by Conrad et al. [67]. They ascribed the (2� 2) structure to a coverage of 0.25 ML.

Remarkably, several later reports on the interaction of oxygen with Pd(111) just use one

of the values for the saturation coverage and do not mention the discrepancy between the

results of Conrad et al. and L�egar�e et al. [65,70,74{77]. The saturation coverages given

in the literature can always be traced back to the articles of Conrad et al. or L�egar�e

et al. For example, Banse et al. [65] use 0.25 ML as saturation coverage referring to

Conrad et al., Matsushima [74] and Guo et al. [76]. But Matsushima and Guo et al. in

their turn use Conrad et al. again as reference for the saturation coverage.

Since we only observed attenuation of the Pd MNN peaks when a complex leed

pattern (stage 3) was visible and, as we will show later on, this complex leed pattern

probably corresponds to a coverage of � 0:5 ML, we also believe that the (2� 2) pattern

corresponds to a coverage of 0.25 ML. This is supported by aes measurements on the

palladium foil: the initial oxygen KLL peak after stage 3 was twice as large as the

initial oxygen KLL peak after stage 1, indicating a 2:1 ratio for the amount of oxygen

present after stage 3 and after stage 1.
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Figure 5.9: Schematic model for the interaction of oxygen with palladium. The upper
part shows the interaction of oxygen with the surface during the three di�erent stages.
The middle part shows the inuence of the electron beam on the adsorbed oxygen of
the corresponding stage during aes. The lower part shows the surface after evacuating
the oxygen with the turbo molecular pump only. The area between the straight line
and the dashed line represent the top layer of palladium atoms.

As shown in �g. 5.9 we believe that stage 2 is the di�usion of oxygen into the top

layer(s) of the palladium surface. This corresponds to state III of Weissman et al. [69].

Applying the sensitivity of �� and �	 towards oxygen during stage 1 to calculate the

amount of oxygen incorporated during stage 2 asumes that the optical properties of

this type of oxygen are the same as the optical properties of oxygen adsorbed on the

surface. Of course this may not be the case. On the other hand it is quite unlikely

that �� and �	 are very insensitive for this type of oxygen, so the amount of oxygen

incorporated during stage 2 is probably not very large. The aes measurements on

palladium foil showed no signi�cant di�erence between the amount of oxygen after

stage 2 and stage 3, but the amount of oxygen after stage 1 was half the amount of

stage 2 and stage 3. On Pd(111) the initial oxygen KLL peak after stage 3 was about

twice as large as after stage 2. This discrepancy between the single crystal and the foil

is explained by the complete removal of adsorbed oxygen by the electron beam on the

single crystal. This means that on the palladium foil after stage 2 both the oxygen in

the surface as well as the oxygen adsorbed on the surface is visible with aes, but on

the single crystal only the oxygen in the surface is visible. This leads to the conclusion

that during stage 2 approximately the same amount of oxygen is adsorbed as during

stage 1, i.e. 0.25 ML. As we will show later on stage 3 represents a phase transition
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and not the adsorption of additional oxygen.

As shown in �g. 5.1, after pumping away the oxygen �� and �	 did not return

to zero. Of course this remaining oxygen could be surface oxygen adsorbed from the

oxygen background pressure, but a (2 � 2) leed pattern was not visible. Furthermore

admitting oxygen again gave stage 1 behaviour directly followed by stage 3 behaviour.

Therefore it seems that the remaining oxygen on the surface after evacuation is mainly

the oxygen incorporated during stage 2. Apparently stage 2 oxygen is bound more

tightly to the surface than oxygen on the surface (stage 1) or stage 3 oxygen. This is

also observed by Conrad et al. [67], Surnev et al. [70] and Weissman et al. [71]. They

all need high temperatures (� 1000 K) to remove this type of oxygen. Weissman et al.

[69] ascribe this type of oxygen to defect bound oxygen. If this is the case then our

stage 2 is expected to be larger on palladium foil than on the single crystal. We did

not observe such a di�erence. Furthermore a coverage of 0.25 ML is very high for a

defect related structure on a single crystal. Therefore we think that stage 2 oxygen is

a sort of precursor state of the surface oxide formed in stage 3. This type of oxygen is

bound strongly in the top layer(s) of the palladium, blocking the di�usion into the layers

below. In chapter 8 we will see that on palladium particles stage 2 oxygen becomes

predominant and additional proof is given for the presence of stage 2 oxygen in the

surface layers.

During stage 3 a new species is formed on the surface. This is the only explanation

for the high order in the oxygen pressure of �� and �	 during stage 3 and the complex

leed pattern. As discussed earlier it seems from aes measurements that during this

stage only a little oxygen is adsorbed; the change in �� and �	 is almost completely

caused by a phase transition. The most logical candidate for the new species is of

course PdO. Under our experimental conditions PdO is thermodynamically favoured

over Pd, as shown in �g. 5.10. Formation of (surface) PdO is observed on Pd(100) [72]

and on Pd(110) [73] under similar conditions. On Pd(111) formation of surface oxide

under vacuum conditions is reported by Banse et al. using NO2 [65] and Conrad et al.

using NO [67]. Banse et al. also report the appearance of a complex leed pattern

during annealing a Pd(111) surface covered with 2.1 ML oxygen (obtained by means

of NO2 exposure) at 530 K. Their xps measurements show the presence of PdO. If

PdO is also formed during our experiments and assuming that the optical constants of

surface PdO are not di�erent from the optical constants of bulk PdO, it is possible to

calculate the amount of PdO on the surface. �� and �	 calculated as a function of

the PdO layer thickness on Pd are shown in �g. 5.11. Using �� (which has a smaller

experimental error than �	) it follows that the PdO layer thickness at the saturation

value of stage 3, �� = 0:40�, is 1.2{1.5 �A, depending on the o�set used (respectively

0.1� or 0�). Note that the change in �	 is small in comparison to the change in ��,

both in the experiments as in the calculations.

Applying the deconvolution method described in chapter 4 to the xps measurement
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Figure 5.10: Plot of the equilibrium oxygen pressure for the reaction PdO$ Pd + 1
2O2,

extrapolated from data given in [78]. The dotted lines mark the experimental window.

shown in �g. 5.8, a Pd2+ component is revealed in the stage 3 spectrum, as represented

by the dotted line. The intensities of the Pd0 and Pd2+ components were extracted

by applying a linear �t of a pure metallic spectrum (Pd 3d5=2 at 334.9 eV) and a pure

oxidic spectrum (Pd 3d5=2 at 336.4 eV). The only �tted parameters were the intensities

of the spectra. From the ratio of the Pd0 and Pd2+ components a PdO layer thickness of

1.3 �A is calculated. This is in good agreement with the PdO layer thickness calculated

from the ellipsometric data.

Unfortunately it is not possible to explain the complex leed structure with a crystal

plane of PdO. As demonstrated in �g. 5.7 the structure is described perfectly with a

square lattice with a = 7:5 � 0:5 �A and domains in six orientations, but such a lattice

does not match with any PdO crystal plane nor with the Pd(111) surface. Possibly

we are dealing here with a reconstructed PdO (010) plane. The (010) plane is the

only plane of the PdO crystal with a square symmetry and 7.5 �A is about 2.5 times

the lattice constant of this PdO plane, which is a = 3:043 �A [64]. If we assume the

surface oxide to be a reconstructed PdO (010) plane, the structure of the plane will

most likely be stretched as shown in �g. 5.12. This results in an oxygen coverage of

� 0:5 ML. It is not possible to translate the layer thickness found with ellipsometry

and xps to a surface coverage unambiguously. Nevertheless if we assume the layer
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Figure 5.11: �� and �	 calculated from the optical properties as given in [79,80] for a
PdO layer of thickness d on palladium metal.

thickness of a monolayer PdO to be equal to the size of an O2� ion, 2.6 �A, the PdO

coverage at �� = 0:40� is � 0:5 ML. This supports the speculated PdO (010) like

surface structure. So we conclude that a very thin layer of PdO is formed on the

surface during stage 3. The desorption of stage 3 oxygen showed Arrhenius behaviour

as demonstrated in �g. 5.4. The desorption energy calculated from the slope of the plot

is 140 � 17 kJ/mol. This value is close to the heat of formation of PdO, 112.8 kJ/mol

[78]. The somewhat higher value of our measurements is consistent with the higher

stability of surface oxide compared to bulk oxide, as demonstrated in chapter 4. The

disappearance of the complex leed pattern when the temperature was raised above

450 K is consistent with xps measurements on the dissociation of PdO in uhv by

Peuckert [81] and the thermodynamic data presented in �g. 5.10.

In contrast to a thick (25 �A) layer of PdO the surface PdO seemed to be a�ected

by the electron beam, but since the surface PdO does not cover the complete surface

(actually very weak (2� 2) spots were visible between the spots of the surface PdO)

it is more likely that the electron beam stimulated desorption occurs as illustrated in

�g. 5.9.

At room temperature two stages occur. The �rst stage is identical to the �rst stage

at elevated temperatures, but the second stage is di�erent from the high temperature
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Figure 5.12: The unit cell of the surface oxide in relation to the PdO (010) crystal
plane. De circles represent the oxygen ions of this plane. In this �gure the unit cell of
the surface oxide is chosen to be exactly 2.5 times the size of the PdO (010) unit cell
(7.6 �A).

stage 2: �� increased slowly to � 0:28�, while �	 decreased to � 0:015�, as shown in

�g. 5.6. From �g. 5.6 it is also clear that we are dealing here with a type of oxygen

with other optical properties than the high temperature stage 2 or 3 oxygen. During

the second stage the (2� 2) leed pattern was replaced by a (1 � 1). L�egar�e et al. also

observed the disappearance of the (2 � 2) structure and the appearance of a (1� 1)

pattern after exposures beyond 105 L [68]. Since aes did not show the presence of

any oxygen after this stage, the oxygen must be bound weakly to the surface; oxygen

di�used into the surface layers would have been visible with aes. Therefore we suppose

that during this stage the surface coverage increases beyond the saturation coverage

of stage 1. If �� is linearly proportional to the oxygen coverage over the complete

range 0{0.28� and �� = 0:07� equals to 0.25 ML, the saturation coverage of this stage

is 1 monolayer. A coverage of 1 monolayer is consistent with the observed (1� 1)

pattern.

5.5 Conclusions

At elevated temperatures (T > 470 K) and pressures above 10�4 Pa three stages in the

interaction of oxygen with Pd(111) could be distinguished:

1. dissociative adsorption of oxygen on the surface, �sat = 0:25 ML

2. di�usion of oxygen atoms into the surface layer(s) up to �total � 0:5 ML

3. nucleation and formation of a surface oxide with a coverage of � 0:5 ML
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No di�usion to the bulk or even to the subsurface layers is observed under any condition

studied: the di�usion of oxygen is limited to the very top layer(s) of the palladium

surface. After evacuation of the oxygen stage 1 and stage 3 oxygen desorbed quickly

from the surface, but stage 2 oxygen could only be removed by a pulse of hydrogen.

With pressures below 10�4 Pa only the �rst stage occurs.

At room temperature formation of surface oxide does not occur. Instead the surface

oxygen coverage seems to increase slowly up to 1 monolayer resulting in an (1� 1)

overlayer structure.

In all cases the adsorbed oxygen is easily removed by the electron beam during aes.

On the at surface of Pd(111) this removal of oxygen is so fast that oxygen could not be

detected with aes during stage 1 or after room temperature adsorption. This indicates

that oxygen is bound more tightly to defects. On the contrary bulk PdO, produced by

heating the palladium foil in air, is completely resistant to the electron beam, even at

high current densities.



Chapter 6

Quantitative analysis of palladium oxide
by means of the palladium M4;5N1N2;3

transition

abstract

The palladium M4;5N1N2;3 transition, which is almost absent in palladium metal, be-

comes quite intense in palladium oxide. The intensity of the transition is linearly

proportional to the amount of palladium oxide. This means that aes can be used for

quantitative analysis of palladium oxide layers or supported palladium oxide particles.

55
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6.1 Introduction

For most elements it is di�cult to determine the oxidation state with Auger electron

spectroscopy (aes) unambiguously. The di�erent oxidation states of an element cause

only small changes in the Auger peak shapes and/or peak positions. Quantitative anal-

ysis is therefore very di�cult or more often impossible when more than one oxidation

state is present, e.g. in the case of an oxide layer on a metal substrate.

Palladium seemed to be no exception on this point. The most intense palladium

transition, M4;5N4;5N4;5, shifts � 1 eV when the metal is oxidised. The shift is small

compared to the width of the peak, which is � 9 eV. Also the peak shape changes only

a little, as shown in �g. 6.1. Therefore �tting a spectrum containing both a Pd0 and a

Pd2+ compound with pure compound spectra is not very reliable. The �ts depend very

much on the quality of the spectra, the background subtraction and the position of the

peaks. With xps this kind of quantitative analysis can be performed successfully using

the Pd 3d peaks, as demonstrated in chapter 4. Of course it would be an advantage

if aes also gave the possibility of such a detailed quantitative analysis. For example

with our research on palladium model catalysts, the xps equipment is not connected

directly to the apparatus in which the model catalysts are prepared and in which most

of the reactions are performed and studied, but aes is available in situ.

Recently we noticed that the Auger spectra of oxidised Pd/SiO2/Si(100) samples

showed a quite large peak at 180 eV, as shown in �g. 6.1. The peak disappeared during

reduction of the palladium oxide. Initially we ascribed this peak to contamination of

chlorine or boron, the latter being quite likely since the silicon wafers used are doped

with boron. However, measurements in the vg-xps system showed the presence of the

Auger peak at 180 eV while the chlorine or boron xps peaks were absent. Additionally

it was excluded that we were dealing with an experimental artefact since the Auger

peak was visible in two di�erent systems with di�erent analysers and the peak was

visible both with electron induced aes and x-ray induced aes. The peak was not

limited to the Pd/SiO2/Si(100) samples but was also visible on oxidised palladium foil.

From this we conclude that the Auger peak at 180 eV is a feature of palladium oxide as

palladiummetal has only a broad bump around 180 eV. This palladium oxide peak and

palladium metal bump are most likely the palladium M4;5N1N2;3 transition. According

to the literature the Pd M4;5N1N2 transition has a kinetic energy of 182.7 eV and the

Pd M4;5N1N3 transition has a kinetic energy of 193.9 eV [82]. As far as we know,

this remarkable increase of the intensity of the palladium M4;5N1N2;3 transition during

oxidation has never been reported before.

In this chapter we will show that the intensity of the palladiumM4;5N1N2;3 transition

is linearly proportional to the amount of palladium oxide. Therefore this Pd M4;5N1N2;3

transition can be used not only to identify palladium oxide, but can also be used for

quantitative analysis of palladium oxide layers and supported palladium oxide particles.
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Figure 6.1: Electron induced Auger electron spectra of metallic palladium and palla-
dium oxide. The numerical derivatives of the M4;5N1N2;3 and M4;5N4;5N4;5 peaks are
also shown.

6.2 Experimental

The experiments were performed in the Ellipsometry system as well as in the vg-xps

system. Both systems are described in chapter 2. Measurements were performed on pal-

ladium foil (Johnson Matthey Materials Technology U.K., Grade 1) and SiO2/Si(100)

supported palladium (oxide) particles. For this study we examined particles ranging

in size from 1.5 to 13 nm. The preparation of the palladium particles is described in

chapter 2.

Oxidation was carried out in air at 773 K. We have also used pure oxygen for oxi-

dation, but this made no signi�cant di�erence. There was also no signi�cant di�erence

between oxidising in the high pressure chamber of the vg-xps system or oxidising in a

quartz tube furnace. To determine the intensity of the M4;5N1N2;3 peak as a function

of the amount of palladium oxide we performed a stepwise reduction in the vg-xps

system of a palladium oxide layer by means of heating in vacuum (p < 10�3 Pa) at

773 K for 10 minutes. After each step xps and aes was performed. From the ratio

between the Pd0 and Pd2+ 3d peaks the PdO layer thickness was calculated.
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Figure 6.2: The peak to peak height ratio of the Pd M4;5N1N2;3 (180 eV) and the Pd
M4;5N4;5N4;5 (325 eV) transitions as a function of the palladium oxide layer thickness.
The oxide layer thickness was calculated from the xps data.

6.3 Results and discussion

Fig. 6.1 shows the Pd MNN spectra of metallic and oxidised palladium. The dif-

ferentiated M4;5N1N2;3 and M4;5N4;5N4;5 peaks are also given, but not to scale. The

di�erentiated M4;5N1N2;3 peak of metallic palladium was smoothed to make it clearly

recognisable. The spectra of the supported palladium particles were identical to the

spectra of palladium foil, besides a shift of up to 1.5 eV to lower kinetic energy for

the smallest particles (� 6 nm). Unfortunately the M4;5N1N2;3 peak is located on a

`bumpy' background, which made a suitable background subtraction very di�cult, if

not impossible. Therefore we used the peak to peak heights of the numerically di�er-

entiated spectra as a measure of the intensity of the peaks. We realise that with this

procedure errors are introduced because of the changing peak shape, but these errors

have no inuence on the conclusions drawn from the measurements. Fig. 6.2 shows

the ratio of the intensity of the M4;5N1N2;3 and M4;5N4;5N4;5 peak as a function of the

palladium oxide layer thickness on palladium foil. The ratio decreases from � 0:7 for a

thick oxide layer or completely oxidised particles to � 0:05 for metallic palladium.

Fig. 6.3 shows the intensity of the oxygen KL2;3L2;3 peak at 510 eV as a function of

the palladium oxide layer thickness, where the oxide layer thickness d was calculated
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Figure 6.3: The peak to peak intensity of O KL2;3L2;3 (510 eV) transition as a function
of the palladium oxide layer thickness. The solid line is the �t of eq. 6.1.

from the xps data. The drawn line is a �t of the standard equation:

IO = I1O � (1 � e
�d
� ) (6.1)

The only �tted parameter was the pure compound intensity I1O . The inelastic mean

free path � was chosen to be 11 �A. This value for � comes from the Seah and Dench

approximation for the � of elements [34]. Using the �'s of this approximation for

the calculation of the particle size of palladium oxide particles from xps intensities

results in a very good agreement with the particle sizes measured with Atomic Force

Microscopy, as demonstrated in chapter 4. The good �t of eq. 6.1 indicates that PdO is

formed stoichiometrically and no large amount of excess oxygen is present, i.e. oxygen

dissolved in the palladium metal.

The intensity of the palladium M4;5N1N2;3 peak as a function of the palladium oxide

layer thickness d is shown in �g. 6.4. The drawn line is a �t of:

I180 eV = I1Pd � e
�d
� + I1PdO � (1� e

�d
� ) (6.2)

The �tted parameters were the pure compound intensities I1Pd and I1PdO. � was chosen

to be 7 �A, for the same reason as described before. Again a reasonable �t is obtained,

which supports the conclusion that Pd2+ is the source of the high intensity 180 eV peak.
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Figure 6.4: The peak to peak intensity of the Pd M4;5N1N2;3 transition as a function of
the palladium oxide layer thickness. The solid line is the �t of eq. 6.2.

A straightforward explanation for the higher intensity of the M4;5N1N2;3 transition

in Pd2+ compared to Pd0 can not be given. It is well known that a change in symmetry

and oxidation state alter the transition probabilities of Auger transitions [16], but even

simple explanations for the intensities of Auger transitions fail. For example one would

expect that the decrease of the intensity of the M4;5N4;5N4;5 peak during oxidation is

partly caused by the decrease of the electron density in the valence band [83], but this

is not the case, rather the decrease of the intensity is equal to the decrease in the atomic

density of palladium.

6.4 Conclusions

During oxidation of palladium a new Auger peak appears at 180 eV. This Auger peak

is most likely the M4;5N1N2;3 transition of Pd2+. Pd0 shows only a very weak and broad

M4;5N1N2;3 peak. We have shown that this M4;5N1N2;3 peak can be used for quantitative

analysis of palladium oxide. With thick palladium oxide layers or completely oxidised

palladium particles the ratio of the M4;5N1N2;3 and M4;5N4;5N4;5 peaks is � 0:7 as

measured from the peak to peak heights of the dN/dE derivative spectra.
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Adsorption of carbon monoxide on
Pd(111) and on palladium model catalysts

abstract

The adsorption of carbon monoxide on Pd(111) and SiO2/Si(100) supported palladium

particles, ranging in size from 1.5 to 9.5 nm, was investigated with ellipsometry. By

calibrating the sensitivity of the ellipsometric parameter �� for the carbon monoxide

coverage on Pd(111) with leed, ellipsometry could be used for a quantitative analysis

of the adsorption isotherms.

The saturation coverage of carbon monoxide appeared to be� 0:5 ML on all samples,

with respect to the number of surface atoms and within the temperature (400{540 K)

and pressure range (up to 1 Pa) studied. The initial isosteric heat of adsorption was

148 � 5 kJ/mol on all samples. The heat of adsorption decreased with an increasing

CO coverage. The decrease of the heat of adsorption with an increasing CO coverage

occured in a similar way on all samples.

From these results we conclude that there are no particle size e�ects with the ad-

sorption of CO on SiO2/Si(100) supported palladium particles. Since other studies on

the adsorption of CO on palladium model catalysts do �nd a particle size e�ect, it

is concluded that the particle size e�ects are dependent on the support or that the

observed particle size e�ect is in fact a support e�ect.
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7.1 Introduction

The adsorption of carbon monoxide on palladium and transition metals in general is one

of the most studied topics in surface science. Especially the adsorption of CO on the

low index planes has been studied thoroughly [84]. In the past decade the adsorption

of CO on small particles has also been investigated, although some early studies date

back to the late 1970s [85,86].

At room temperature and above, CO adsorbs on Pd single crystals mainly bridge-

bonded. Only on the Pd(111) surface CO adsorbs initially on threefold sites, up to a

coverage of 1=3, but at the saturation coverage (� = 0:5) the CO molecules are bridge-

bonded [87]. The saturation coverage is 0.5 ML on Pd(111) and Pd(100) and 1 ML on

Pd(110) [88,89]. The initial isosteric heat of adsorption (�Had) varies from 142 kJ/mol

for Pd(111) to 167 kJ/mol for Pd(110) [90]. The initial �Had on other planes like

the (100), (210), (112), (311) and (331) lies between the values of the (111) and (110)

planes [90{92]. Davies and Lambert conclude from their study of the CO adsorption

and desorption on Pd(331) and thermally faceted palladium surfaces that CO adsorbs

�rst on the step sites which have a higher binding energy toward CO [92]. Only when

the step sites are fully occupied does CO adsorb on the close-packed regions of the

surface. The same is observed at the stepped Pd(112) surface by Ramsier et al. [91].

On the contrary the opposite seems to occur on the Pd(510) surface: CO adsorbs

initially on the terraces. Svensson et al. attribute this di�erence to the type of steps

and terraces on the surfaces [93]. On all planes the �Had decreases with increasing

coverage [86,90,94,95]. Dissociation of carbon monoxide is never observed on palladium

single crystal surfaces [84].

On supported palladium particles the adsorption of CO can be inuenced by the

surface morphology of the particles and the interaction of CO with the support. The

adsorption of CO is studied on palladium particles supported on Al2O3 [86,96{98],

SiO2 [99{102], TiO2 [103] and MgO [97,104{106]. From these studies it is clear that on

particles linearly bonded CO is present besides bridge-bonded CO. The ratio between

CO in the briding mode and CO in the linear mode decreases with decreasing particle

size from about 10 for a dispersion of 0.1 (particle size � 15 nm) to about 2 for a

dispersion of 1 (particle size � 1 nm) [99]. The linearly bonded CO is most likely

present on the corners and edges of the particle. Zilm et al. conclude from the absence

of motional narrowing in their 13CO nmr spectra that the linearly bonded CO is less

mobile and bonded more tightly than bridge-bonded CO [101]. In the studies reporting

linearly bonded CO the adsorption of CO was performed at room temperature [99{101].

Ladas et al. found that on small particles (� 5 nm) two adsorption states of carbon

monoxide exist [86]. The �rst state was �lled at exposures of a few Langmuirs and had

a maximum coverage of 0.5 ML. This state desorbed at temperatures above 400 K.

The second adsorption state was �lled at higher exposures, resulting in a coverage
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exceeding 0.5 ML. This state, however, desorbed already at temperatures below 400 K.

It is tempting to ascribe the second adsorption state reported by Ladas et al. to linearly

bonded CO, although a low desorption temperature contradicts a tight bonding of this

species as reported by Zilm et al. [101].

This higher binding energy of linearly bonded CO could be the reason for the particle

size e�ects observed in the adsorption energy of CO. Henry et al. reported a rapid

increase of the initial �Had with a decrease of the particle size with particles smaller

than 4 nm supported on MgO single crystals [105,106]. Chou and Vannice measured

the �Had of CO on palladium particles on several catalyst supports [107]. They also

found an increase of the �Had with particles smaller than � 4 nm. But we �nd their

graph of �Had versus the particle size somewhat suggestive since the particle size e�ect

disappears if one only compares the results of one support at the time. Ladas et al. have

measured the �Had on palladium particles supported on �-Al2O3, but they did not �nd

a particle size e�ect in the range of 1.5 to 8 nm, besides the low temperature adsorption

state described earlier [86]. In the study presented here we examined palladium particles

ranging in size from 1.5 to 9.5 nm at temperatures from 400 to 540 K. Particle size

e�ects were not observed.

Matol��n and co-workers concluded from static secondary ion mass spectrometry

(ssims) and temperature programmed desorption (tpd) measurements that dispropor-

tionation of CO takes place on small palladium particles [97,98,108]. In a recent article,

however, they add that their results are dependent on the support used [109]. Dispro-

portionation is also reported by Ichikawa et al. after CO adsorption at 50 kPa [110].

Doering et al. observed dissociation of CO during repeated tpd measurements [111].

Henry et al. attribute these �ndings to defect sites created by the ion bombardment and

the preparation method used [105]. Dissociation or disproportionation of CO on palla-

dium particles is not reported by other authors nor found in the work presented here.

On smoothly shaped particles the adsorption of CO seems to be completely reversible

just as on single crystals.

An other feature of supported particles is the possibility of spillover of CO between

the particles and physisorption of CO on the support. The importance of the latter

process is demonstrated by Henry et al. in a study on CO adsorption on palladium

particles supported on MgO [104]. Eriksson et al. have studied the adsorption and

oxidation of CO on palladium supported on SiO2 [102]. They found a sticking coe�cient

for CO larger than unity on large palladium particles. This was explained by adsorption

of CO on the SiO2 substrate.

The preceding paragraphs show that in the past decade the adsorption of carbon

monoxide on supported palladium particles has become a reasonably well studied topic,

but that quantitative measurements of the CO coverage during the adsorption are ab-

sent. This chapter presents an ellipsometry study of the adsorption of CO on palladium

particles supported on SiO2/Si(100). Ellipsometry makes it possible to monitor the in-
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Table 7.1: The particle sizes as determined with aes and some calculated characteristics
of such particles. The characteristics were calculated using bulk lattice positions. A
surface atom is de�ned as an atom with less than 12 neighbours [6].

Pd loading d number of number of surface dispersion
(�1015 at/cm2) (nm) particles �m�2 atoms atoms

1.3 1.5 97690 135 92 0.68
2.7 3.0 27912 959 404 0.42
3.5 3.8 18026 1961 684 0.35
5.0 5.4 8974 5642 1446 0.26
10 9.5 3319 30817 4686 0.15

teraction of CO with the surface in principle at any pressure regime and without the

possibility of beam damage or interaction.

The optical constants of CO adsorbed on metals are not known. Therefore we have

to calibrate the sensitivity of the ellipsometric paramaters � and 	 for the coverage of

CO. This is straightforward since the saturation coverage of CO on palladium single

crystals is known. This method has successfully been used in studies on the adsorption

of CO on Fe(110) [20], Cu(100)-Fe [21] and Ni(111)-Fe [22].

7.2 Experimental

The experiments were performed in the Ellipsometry system, which is described in

chapter 2. This chapter also describes the preparation of the palladiummodel catalysts.

Five SiO2/Si(100) supported samples were used. The palladium loadings and parti-

cle sizes as determined with aes are listed in table 7.1. The smallest particles studied

were 1.5 nm. Smaller particles could only be prepared using very low palladium load-

ings. Such low palladium loadings do not give enough signal for useful ellipsometry or

aes measurements. Therefore particles smaller than 1.5 nm were not studied.

The Pd(111) single crystal (diameter 5 mm, thickness � 1 mm) was prepared by

routine methods. The crystal was cleaned by exposure to 10�3 Pa oxygen at 770 K and

Ar ion bombardment. The crystal cleanliness was checked by aes and leed (see also

chapter 5). Of course, exposing the palladium particles to Ar ion bombardment and

high temperatures would destroy the particles. Therefore the particles were cleaned

by exposing them to 10�3 Pa oxygen at 570 K. The oxygen was removed by means

of carbon monoxide exposure. Since the particles do not have a `bulk reservoir' with

contaminations this treatment is assumed to be su�cient.

The CO isotherms were recorded in the temperature range of 400 to 540 K and with
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Figure 7.1: Ellipsometry measurement of the interaction of carbon monoxide with
Pd(111) at 470 K. The CO pressure is given by the solid line.

pressures up to 1 Pa. At temperatures above 540 K pressures higher than 1 Pa are

needed to measure adsorption isotherms. This could not be performed in our system.

At temperatures below 400 K the adsorption CO is very fast and the desorption is very

slow. Our ellipsometry set-up is not suited for such measurements.

7.3 Results and discussion

In �g. 7.1 a typical ellipsometry measurement of the interaction of carbon monoxide

with Pd(111) is shown. As can be seen the values of �� and �	 are dependent on the

CO pressure, i.e. the CO coverage. �� increases with increasing CO coverage, while

�	 decreases a little with increasing CO coverage. Measurements on the particles are

similar to measurements on the single crystal with one typical di�erence: �	 remains

almost zero during the adsorption. When the carbon monoxide is evacuated from

the system �� and �	 return to zero; the adsorption is completely reversible and

dissociation of CO was never observed on any of the samples studied. Measurements

on a SiO2/Si(100) wafer without palladium showed no signi�cant change in �� and/or

�	 during CO exposure. It could be possible that �� and �	 are very insensitive for

CO adsorbed on SiO2, but it is more likely that hardly any CO adsorbs on the oxide
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Table 7.2: The measurered saturation values of �� for the di�erent samples and the
calculated saturation values based on the number of surface atoms and the surface
areas.

d (nm) ��sat ��atoms ��area

1.5 0.16 0.17 0.21
3.0 0.21 0.21 0.23
3.8 0.22 0.23 0.24
5.4 0.29 0.25 0.24
9.5 0.31 0.29 0.27
Pd(111) 0.29 { {

surface at the applied temperatures and pressures.

At a certain pressure the saturation coverage is reached; �� and �	 no longer change

with increasing CO pressure. As shown in table 7.2 the saturation value of �� on the

single crystal is � 0:29�. Performing leed during the adsorption of CO on the single

crystal resulted initially in the expected (
p
3 �p3)R30� pattern, followed by a weak

c(4 � 2) pattern at higher exposures. The latter structure corresponds to a coverage

of � = 0:5 [84]. From this it follows that on the single crystal �� = 0.29� corresponds

with � = 0:5 � 0:765 � 1015 molecules CO cm�2.

The saturation value of �� is dependent on the palladium surface area, as shown

in table 7.2. The third (��atoms) and fourth (��area) column of table 7.2 are calculated

saturation values of �� using the saturation value of �� on Pd(111) as reference and

assuming uniformly sized spherical particles with characteristics as listed in table 7.1.

The ��area values are calculated on the ground of the palladium surface areas relative

to the surface area of the single crystal:

��area = 4�r2
N

A
��sat;Pd(111) (7.1)

In this equation N represents the number of particles per unit area A of the support

and r represents the particle radius. The values calculated with this equation deviate

about 10% to 25% from the measured saturation values. This is expected since the

particles consist of a rather limited number of atoms and therefore the particles can

not be smooth spheres. Good agreement is obtained when the saturation values are

calculated on the ground of the number of surface atoms per particle, as shown in the

third column of table 7.2. Only the ��sat of the sample with an average particle size of

5.4 nm deviates more than 10% of the calculated value. The reason might be a larger

size distribution on this sample.

In the calculation of the saturation coverage we neglected the surface atoms at the

particle{support interface, but even with the smallest particles studied (d = 1.5 nm)
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Figure 7.2: Adsorption isotherms on the sample with 9.5 nm particles as a function of
the CO pressure at di�erent temperatures.

these interface atoms make up less than 10 percent of the total number of surface atoms.

Furthermore we tacitly made the assumption that the sensitivity of �� for the coverage

of CO on palladium is independent of the nature of palladium (i.e. single crystal versus

supported particles). The good agreement, however, of the calculated values of ��sat

with the measured saturation values of �� gives con�dence in the correctness of this

assumption. In addition we should mention that Den Daas et al. have shown that the

roughness of a thin layer has no inuence on the � and 	 of the layer [112]. So we may

conclude that on the palladium particles the saturation coverage of carbon monoxide is

� 0:5 ML with respect to the number of surface atoms and within the temperature and

pressure range studied. This �nding is consistent with the results of Ladas et al. [86].

They studied the adsorption of CO on palladium particles supported on �-Al2O3 and

found at temperatures above 400 K a saturation coverage of � 0:5 ML on particles with

sizes similar to ours.

In �g. 7.2 the adsorption isotherms are shown of the sample with an average particle

size of 9.5 nm. The isotherms of the single crystal and the other model catalysts

are similar to those in �g. 7.2. From the adsorption isotherms the isosteric heat of

adsorption (�Had) can be determined. The initial �Had is about the same on all

samples: 148�5 kJ/mol. The �Had as a function of the coverage is shown in �g. 7.3. It
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Figure 7.3: The isosteric heat of adsorption on the di�erent samples as a function of
the CO coverage. The error bar indicates an error of 12 kJ/mol.

seems as if the �Had initially remains constant on the samples with an average particle

size of 3.0, 3.8 and 9.5 nm, while on the single crystal and the sample with an average

particle size of 5.4 nm �Had starts decreasing directly with increasing coverage. Within

the experimental error (�12 kJ/mol), however, the behaviour of �Had as a function of

coverage is the same for all samples studied.

The almost linear decrease of �Had with the coverage of CO on Pd(111) is not con-

sistent with the results of Conrad et al. [90]. They found with work function (��) mea-

surements on Pd(111) that the �Had remained constant up to a coverage of 0.33 ML,

assuming the coverage to be linearly proportional with the work function. Their exper-

imental conditions are not very di�erent from ours and at a �rst glance their adsorption

isotherms look no di�erent from ours. On the other hand Kuhn et al. found a �Had

versus coverage plot identical to ours [94,95]. Probably small amounts of contamina-

tion are the cause of such di�erences in behaviour. In addition we believe that if the

di�erences in the dependence of �Had on the coverage between our samples are sig-

ni�cant they are probably caused by small, undetectable amounts of contamination.

For example, after long exposure to high temperatures it was found occasionally that

some sulfur, probably originating from the sample holder, was present on the sample.

This resulted only in small changes in the adsorption isotherms and a somewhat lower
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��sat. In a recent calorimetric investigation of CO adsorption on Pd(100) Yeo et al.

presented similar �ndings [113]. Their �Had versus coverage plot was also identical

to ours. Furthermore, they showed that a carbon contamination as little as 0.05 ML

caused a decrease in the initial �Had of 20 kJ/mol.

One may wonder whether all the di�erences in the studies on the adsorption of

carbon monoxide on palladium surfaces are caused by small contaminations, varying

from sample to sample. We believe that this certainly has to be taken into account

when reviewing the results of Chou and Vannice [107]. As stated in the introduction

we �nd the particle size e�ect as reported by Chou and Vannice not convincing. On the

other hand the particle size e�ect in the �Had of CO on Pd/MgO model catalysts as

reported by Henry et al. does not leave much room for discussion [105]. In comparison

with our study they measured a `more initial' �Had, i.e. at coverages of � 0. The initial

�Had we report is actually the �Had as measured at a CO coverage of about 0.05 to

0.1 ML. The results presented in �g. 7.3, however, give no indication of a particle size

e�ect at � = 0. So if Pd/MgO model catalysts do show a particle size e�ect and our

Pd/SiO2/Si(100) model catalysts and the Pd/�-Al2O3 catalysts of Ladas et al. [86] do

not, under similar conditions, it is more appropriate to speak of a support e�ect instead

of a particle size e�ect. Clearly the inuence of the support on the adsorption of CO

will increase with a decreasing particle size.

7.4 Conclusions

Ellipsometry was succesfully used to study the adsorption of carbon monoxide on

Pd(111) and palladium model catalysts quantitatively. The known saturation coverage

of carbon monoxide on Pd(111) was used to calibrate the sensitivity of the ellipsomet-

ric parameter �� for the amount of adsorbed carbon monoxide on the palladium. The

good agreement of the measured saturation coverages on the model catalysts with the

calculated saturation coverages supports the assumption that the sensitivity of �� for

CO on palladium is independent of the morphology of the palladium and the presence

of a support, i.e. SiO2/Si(100).

The initial isosteric heat of adsorption �Had was 148 � 5 kJ/mol on all samples,

decreasing with increasing coverage. There was also no signi�cant di�erence between

the samples, including the single crystal, in the relation between �Had and the carbon

monoxide coverage. This leads to the conclusion that there are no particle size e�ects on

the adsorption of CO on SiO2/Si(100) supported palladium particles in the particle size

range studied. Because other studies of the adsorption of CO on supported palladium

particles do �nd a particle size e�ect in the heat of adsorption, it is concluded that

particle size e�ects of the adsorption of CO on palladium is dependent on the support

or that the observed particle size e�ect is in fact a support e�ect solely.
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Oxidation of carbon monoxide on Pd(111)
and on palladium model catalysts

abstract

The oxidation of carbon monoxide on Pd(111) and SiO2/Si(100) supported palladium

particles, ranging in size from 1.5 to 9.5 nm, was investigated with ellipsometry. The

ellipsometry measurements made it possible to analyse the coverage and type of oxy-

gen and carbon monoxide present on the particles during the exposure of the gases.

A quadrupole mass spectrometer was used for qualitative measurements of the CO2

production.

On the single crystal the expected Langmuir-Hinshelwood reaction mechanism was

observed. Oxygen and carbon monoxide both adsorbed on the surface at the applied

conditions (pO2
; pCO � 10�3 Pa, T � 540 K). When the carbon monoxide coverage

exceeded 0.33 ML, the adsorption of oxygen was inhibited.

On the particles a di�erent reaction mechanism was found. The open surface of

the particles, compared to the Pd(111) single crystal, allows oxygen to di�use into

the surface layers and form a surface oxide, even at low pressures and temperatures

and high CO coverages. Remarkably we did not observe any oxygen adsorbed on the

surface. The carbon monoxide seems to react only with the surface oxide causing short

oscillations when the CO pressure is changed. Sustained oscillations were not observed.

The oxygen adsorbed in the surface layers is quite unreactive and remains present even

when pCO � pO2
. Although the reaction proceeds on the particles very di�erent from

the single crystal, particle size e�ects were not observed.
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8.1 Introduction

In chapter 7 we showed that with ellipsometry it is possible to monitor adsorption

isotherms of carbon monoxide on SiO2/Si(100) supported palladium particles quanti-

tatively and during gas exposure. The saturation coverage was 0.5 ML on all samples

studied, i.e. palladium particles ranging in size from 1.5 to 9.5 nm and a Pd(111) single

crystal. The initial isosteric heat of adsorption and the decrease of the heat of adsorp-

tion with increasing coverage was similar on all samples, within the temperature range

studied (400 { 540 K). From these results we concluded that there are no particle size

e�ects for the adsorption of CO on SiO2/Si(100) supported palladium particles.

In chapter 5 we presented a study on the interaction of oxygen with Pd(111) and

palladium foil. With ellipsometry three types of oxygen on the surface could be dis-

tinguished: oxygen chemisorbed on the surface (�sat = 0:25 ML), oxygen incorporated

into the surface layer(s) (�total � 0:5 ML) and surface oxide (�total � 0:5 ML). Di�usion

of oxygen into the bulk was not observed at temperatures up to 770 K and pressures

up to 1 Pa.

In this chapter we present the obvious continuation of these studies: the oxidation

of carbon monoxide on Pd(111) and SiO2/Si(100) supported palladium particles in a

CO/O2 gas mixture. We will show that with ellipsometry it is possible to analyse the

coverage and type of oxygen and carbon monoxide present on the single crystal and the

particles during the exposure of the gases.

Just as with many basic subjects in surface science the �rst studies of the oxidation

of carbon monoxide on palladium date back to the work of Ertl and co-workers in the

late 1960s [66]. Reviews by Engel and Ertl have summarized most of the chemisorption

and low-pressure catalytic �ndings [114,115].

On Pd(111) the reaction between oxygen and carbon monoxide proceeds through a

Langmuir-Hinshelwood mechanism. The reactants form separate islands, reacting with

each other at the borders [116,117]. Carbon monoxide, however, inhibits the adsorption

of oxygen at �CO � 0:33 ML. In that case the reaction rate is governed by the desorption

rate of carbon monoxide [118].

With the more open surfaces the picture becomes less clear. On Pd(100) and

Pd(110) oxygen can easily di�use into the surface layers, resulting in the formation of

surface oxide species even under uhv conditions [72,73]. One can argue if a `Langmuir-

Hinshelwood mechanism' is the appropriate name for reactions involving subsurface oxy-

gen and/or surface oxide. In the past decade many studies have focussed on Pd(110) be-

cause this crystal plane shows oscillatory behaviour under certain conditions [119,120].

The mechanism for this oscillatory reaction is still a matter of debate, but most likely

surface oxide is involved [73]. On polycrystalline palladium oscillatory oxidation of CO

has been reported a long time ago [121].

Remarkably, we found no reports of oscillatory CO oxidation on palladium particles.
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Other e�ects like spillover of CO from the support are reported for Pd on SiO2 [102],

Al2O3 [109] and MgO(100) [122]. Particle size e�ects are reported for Pd/MgO [122],

but on other supports the reaction seems to be quite structure insensitive [86,123]. Also

in this study we found no indication for particle size e�ects, although we observed on

the particles a di�erent reaction mechanism than on Pd(111). The di�erence in reaction

mechanism between the particles and the single crystal seems to be caused by di�erent

oxygen species present on the particles. Therefore, after having described the oxidation

of carbon monoxide on Pd(111), we will �rst describe the interaction of oxygen with

the particles before continuing with the oxidation of carbon monoxide on the particles.

8.2 Experimental

The experiments were performed in the Ellipsometry system, which is described in

chapter 2. This chapter also describes the preparation of the palladiummodel catalysts.

The measurements presented in this chapter were performed on three samples with

particle sizes of 3.0, 5.4 and 9.5 nm, that had been used previously for CO adsorption

isotherm measurements, described in chapter 7. Some CO oxidation experiments were

also performed on the sample with an average palladium particle size of 1.5 nm, but

these results can only be compared qualitatively for the ellipsometry signal from such

small particles is very low. The characteristics of the SiO2/Si(100) supported samples

and the single crystal are given in section 7.2, page 64.

The partial pressures were measured with a Vacuum Generators (Fisons) Masstorr

FX. This is a simple quadrupole mass spectrometer with a limited performance. The

major limitation is the pressure range: only pressures up to 10�3 Pa can be measured

accurately. Our system is not well suited for quantitative measurements of the CO2

production, especially because the palladium in the evaporation source is present in

the same compartment as the sample during the measurements. It appeared that in

most cases the CO2 production of the sample could not be distinguished from the CO2

production of the system.

The experiments on the single crystal were performed at 470 { 540 K, the experi-

ments on the particles were performed at 400 { 540 K. Carbon monoxide and oxygen

pressures up to 1 � 10�3 Pa were used.

8.3 Results and discussion

8.3.1 CO oxidation on Pd(111)

In �g. 8.1 a measurement of the oxidation of CO on Pd(111) at 470 K is shown. At

t = 300 s 1� 10�3 Pa oxygen is exposed to the sample. This oxygen pressure is kept

constant until t = 5500 s. Shortly after starting the oxygen exposure the saturation
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Figure 8.1: Ellipsometry measurement of the oxidation of carbon monoxide on Pd(111).

coverage of oxygen absorbed on the surface, 0.25 ML, is reached: �� and �	 are � 0:06�

and � 0:04�, respectively. At this temperature and pressure the di�usion of oxygen into

the top layers of the surface and the nucleation of the surface oxide proceeds very slowly,

so we do not need to take these stages into account.

At t = 800 s carbon monoxide is added to the system. A pCO of 10�5 Pa leads to

a lowering of both �� and �	 to a new equilibrium value. Higher CO pressures lead

to a further decrease of �	, but �� increases at pCO > 10�5 Pa. At each CO pressure

�� and �	 change to a new equilibrium value. When the CO exposure is stopped

(t = 5300 s), �� and �	 return to the values belonging to an oxygen saturated surface.

When the oxygen is removed from the system (t = 5600 s), �� and �	 return to zero:

the surface is free from oxygen and carbon monoxide.

Since �� and �	 are both related to the carbon monoxide and oxygen coverage, it

is di�cult to interpret �g. 8.1 at �rst sight. However, from the separate oxygen and

carbon monoxide adsorption experiments the sensitivity factors for �� and �	 for the

coverage of oxygen and carbon monoxide are known. This gives us two equations with

two unknowns, �O and �CO:

�� = 0:067
�O
0:25

+ 0:29
�CO
0:5

(8.1)
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Figure 8.2: �O and �CO on Pd(111) as a function of the carbon monoxide pressure at
di�erent oxygen pressures. The drawn lines are to guide the eye. The dashed line is
the CO adsorption isotherm at 470 K. The crossing of the CO coverage curve with the
CO adsorption isotherm is probably due to the inaccuracy of the calculations.

�	 = 0:037
�O
0:25

� 0:025
�CO
0:5

(8.2)

The values in front of each fraction are the values of �� or �	 at the accompanying

saturation coverage of oxygen (0.25 ML) or carbon monoxide (0.5 ML). With these

equations it is possible to calculate the coverages of both oxygen and CO from data as

shown in �g. 8.1. Some results of the calculations are shown in �g. 8.2. In this �gure

the oxygen and the carbon monoxide coverages on Pd(111) are given as a function

of the applied carbon monoxide pressure at 470 K. Oxygen pressures of 1� 10�4 to

1� 10�3 Pa were used, but as can be seen in �g. 8.2 the coverages are only a function

of the carbon monoxide pressure.

The oxygen coverage becomes zero at CO coverages of 0.33 ML and higher: the

adsorption of oxygen is inhibited by CO. When the CO coverage increases beyond

0.33 ML the relation between the CO pressure and CO coverage is similar to the CO

adsorption isotherms (i.e. pO2
= 0). Below a CO coverage of 0.33 ML oxygen is still able

to adsorb and react with the CO to CO2. The CO coverage is in that case lower than

expected from the CO adsorption isotherm. This behaviour is also found at the other

temperatures studied, i.e. 510 and 540 K. Of course, this phenomenon is well known



76 Chapter 8

from the literature [114,115]. It does, however, prove that our ellipsometric analysis of

the surface coverage of a mixed CO/O adlayer is reliable and can be used to study the

same reaction on supported palladium particles.

Performing the reaction in reversed order, i.e. �rst exposing carbon monoxide and

then oxygen, gives the same results.

8.3.2 Interaction of oxygen with palladium particles

In chapter 5 we presented a study on the interaction of oxygen and the formation of

a surface oxide on Pd(111) and Pd foil. This study showed that under the applied

conditions (T � 770 K, pO2
� 1 Pa) the oxygen adsorption is limited to the very top

layers of the surface, although a surface oxide is formed a elevated temperatures. Three

stages in the interaction of oxygen with the palladium surface can be distinguished:

the adsorption of oxygen on the surface (stage 1, �sat = 0:25 ML), di�usion of oxygen

atoms into the surface layer(s) (stage 2, �total � 0:5 ML) and formation of a surface

oxide (stage 3, �total � 0:5 ML). The di�erent stages can be identi�ed by their inuence

on the ellipsometric parameters �� and �	:

Stage 1: both �� and �	 increase up to � 0:07� and � 0:035�, respectively.

Stage 2: �� increases further up to � 0:10�, �	 remains constant.

Stage 3: both �� and �	 increase up to � 0:40� and � 0:08�, respectively.

An example of an ellipsometry measurement of the interaction of oxygen with Pd(111)

is shown in the bottom half of �g. 8.3. The di�erent stages are indicated by the dotted

lines and explained schematicly at the right hand side of the �gure. A more detailed

description of the processes and additional measurements with aes, xps and leed can

be found in chapter 5.

The top half of �g. 8.3 shows an ellipsometry measurement of the interaction of

oxygen with the 3.0 nm particles at the same temperature (535 K) and pressure

(1� 10�3 Pa) as the measurement on the singe crystal (bottom half). As soon as

oxygen is exposed to the 3.0 nm particles �� increases rapidly to about 0.08�, while

�	 remains zero. On the larger particles this initial increase of �� is larger, up to

� 0:13� on the 9.5 nm particles. After the fast initial increase �� increases slowly to

a saturation value of � 0:20� (� 0:30� on the 9.5 nm particles) and also �	 increases

a little to � 0:015� (� 0:02� on the 9.5 nm particles). The di�erences between the 3.0,

5.4 and 9.5 nm particles can be entirely explained by the relative size of the palladium

surface area. For example, the sample with 9.5 nm particles has a palladium surface

area of about 1.5 times the palladium surface area of the sample with 3.0 nm particles

(see table 7.1 on page 64), which result in 1.5 times higher �� and �	 values. Also

the measurements on the 1.5 nm seem to �t in this picture. Since the saturation values
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Figure 8.3: Ellipsometry measurement of the interaction of oxygen with Pd(111) (bot-
tom) and 3.0 nm palladium particles (top) at 535 K. At t � 200 s 1� 10�3 Pa oxygen
is exposed to the samples. Schematic models of the di�erent stages are given at the
right hand side of the �gure.

of the oxygen adsorption are linearly proportional to the palladium surface area, the

adsorption of oxygen must be limited to the surface layer(s) of the particles, just as on

the single crystal.

The di�erence in behaviour between the interaction of oxygen with Pd(111) and the

particles is clearly illustrated in a plot of �	 against ��, shown in �g. 8.4. Obviously,

the di�erences between single crystal and the particles can not be accounted to the

sizes of the palladium surface area. If we apply the interpretation of the ellipsometer

response as given in chapter 5 to the measurements on the particles we can draw

the following remarkable conclusions: Instead of forming an overlayer of chemisorbed

oxygen (stage 1) the oxygen di�uses directly into the surface layers of the particle

(stage 2), for �� increases during this stage while �	 remains zero. The increase in ��

during stage 2 is, however, much larger on the particles than on the single crystal. After

correcting for the palladium surface area it appears that the amount of stage 2 oxygen

incorporated into the particles is about 4 times larger than on the single crystal, i.e.

� 1 ML compared to � 0:25 ML. On Pd(111) the oxygen adsorbs �rst on the surface

(stage 1), resulting in an increase of both �� and �	, as visible in �g. 8.3 and �g. 8.4.
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Figure 8.4: Plots of �	 against �� of several measurements of the interaction of oxy-
gen with two model catalysts and with the Pd(111) single crystal. This plot gives
information on the oxygen/oxide species formed, as explained in the text.

Stage 2 on the single crystal is only of short duration and di�cult to distinguish in

�g. 8.4.

Just as on the single crystal we see that on the particles at a certain value of ��

�	 starts increasing too. As can be seen in �g. 8.4 the slope of this part in the �	 vs.

�� plot is identical for both the particles and the single crystal. This means that also

on the particles nucleation of a surface oxide (stage 3) occurs. However, the amount of

surface oxide formed on the particles is about one third of the amount of surface oxide

formed on Pd(111), relative to the surface area.

Besides the lack of oxygen on the surface of the particles, di�usion into the top layers

of the particles occurs already at 400 K and at low oxygen pressures. On Pd(111) stage 2

and 3 only occur at temperatures above 470 K and at pressures above 10�4 Pa.

The di�erences in behaviour between the particles and the single crystal can be

explained by the more open and defect rich surface structure of the particles. The

(111) plane is the closest packed surface, so obviously migration into the top layers

is hindered compared to the more open crystal planes present on the surface of the

particles. However, also on the particles the stage 2 oxygen is located near the surface.

Di�usion into the particles does not occur. The particle size dependence of the amount
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of stage 2 oxygen (as can be extracted from �g. 8.4) is governed by the surface area of

the particles. Stage 2 oxygen is most likely a true precursor state of the surface oxide.

Surface oxide formation is observed on Pd(100) at temperatures of 470 K and pressures

as low as 10�5 Pa [72]. On Pd(110) a pressure of 4 � 10�2 Pa is needed for oxidation

of the surface, but on this plane oxygen di�uses easily into the top layers [73].

Of course, one can question whether the sensitivity of �� and �	 for oxygen species

on the particles is similar to oxygen species on the single crystal. But even if there

are di�erences in sensitivity, the conclusion will remain that oxygen adsorption on

particles is di�erent from oxygen adsorption on single crystals. This means that the

CO titration technique to determine the Pd surface area of (model) catalysts as applied

by for example Becker and Henry [122] is at least questionable, since it assumes an

oxygen coverage on the particles of 0.25 ML. Our interpretation is supported by high

temperature (� 700 K) measurements on the sample with 9.5 nm particles. At these

temperatures the stage 2 oxygen remained on the surface after evacuating the oxygen

from the system. It could only be removed by hydrogen or carbon monoxide exposure.

Oxygen chemisorbed on the surface would desorb at these temperatures (see chapter 5).

8.3.3 CO oxidation on palladium particles

Fig. 8.5 shows a measurement of the oxidation of CO on the sample with palladium

particles with a diameter of 3.0 nm. We start with the exposure of oxygen, 1 � 10�5 Pa.

�� rises directly to 0.07�, indicating the �lling up of the top layers with oxygen (stage 2),

after which both �� and �	 increase smoothly, indicating the formation of surface oxide

(stage 3).

At t = 700 s carbon monoxide is added to the system. Just as on the single crystal

a low pressure of CO leads to a lowering of both �� and �	, and higher CO pressures

result in a higher �� and a further decrease of �	. There are, however, two remarkable

features visible in �g. 8.5: the `noise' in �� and �	 when the CO pressure is changed

and the high values of �� compared to the equilibrium values of the corresponding CO

adsorption isotherm.

The noise is not an experimental artefact but a real event on the sample: before

changing to a new equilibrium coverage a few oscillations occur when the CO pressure

is changed. We never observed sustained oscillations. During these oscillations we

measure a peak in the CO2 production that exceeds the background CO2 production.

This peak in the CO2 production also occurs when the CO pressure is reduced. The

oscillations appear both in �� and in �	. The relation between the change in �� and

�	 suggests that the oscillations are actually oscillations in the surface oxide coverage,

although the surface oxide coverage must be very low (�PdO � 0:05 ML). The oscillations

in the oxidation of carbon monoxide on Pd(110) are also attributed to an oxidation and

reduction mechanism [73].
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Figure 8.5: Oxidation of carbon monoxide on the 3.0 nm particles. The dotted line
indicates the presence of stage 2 oxygen, as explained in the text.

The equilibrium values of �� at higher CO pressures (pCO > pO2
= 10�5 Pa) are

about 0.07� higher than the corresponding equilibriumvalues during CO exposure solely.

This value of 0.07� is exactly the increase of �� during the adsorption of stage 2 oxygen,

as indicated by the dotted line in �g. 8.5. On all Pd/SiO2/Si(100) samples, including

the sample with 1.5 nm particles, we observe this behaviour: the di�erence between the

equilibrium values of �� during CO oxidation and CO adsorption is the increase of ��

during the adsorption of stage 2 oxygen. This leads to the conclusion that the stage 2

oxygen remains unaltered even in a large excess of carbon monoxide. Only when the

oxygen is evacuated from the system, the stage 2 oxygen is slowly removed from the

sample by the carbon monoxide.

In contrast to Pd(111) the oxygen pressure does inuence the carbon monoxide

coverage. A CO pressure of about two times the oxygen pressure is needed to remove

almost all surface oxide. Until that moment, the CO coverage is virtually zero. But as

soon as most of the surface oxide is removed, the CO coverage seems to follow the CO

adsorption isotherm. Unfortunately, the data on the particles are not reliable enough to

obtain a plot like �g. 8.2, showing the CO and the surface PdO coverage as a function

of the carbon monoxide and/or oxygen pressure. The oscillations at high CO pressures

suggest, however, that small amounts of surface oxide remain present when pCO � pO2
.
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Ladas et al. observed on Pd(110) an inhibiting e�ect of high oxygen coverages [124].

They ascribe this to a decrease of the adsorption energy of CO and a reduction of

the sticking coe�cient of CO, caused by the presence of subsurface oxygen. On our

particles, however, the oxygen in the surface layers does not seem to a�ect the adsorption

of carbon monoxide. The oxygen pressure dependence of the carbon monoxide coverage

is probably governed by the pressure dependence of the formation of the surface oxide.

We also performed CO oxidation experiments starting with CO covered particles.

In contrast to Pd(111) oxygen is still able to adsorb on the particles, even when the

CO coverage exceeds 0.33 ML. The adsorption of the oxygen is, however, much slower

at high CO pressures. Besides the lower adsorption rate, the adsorbed oxygen has the

characteristics of stage 2 oxygen.

8.4 Conclusions

This ellipsometry study on the oxidation of carbon monoxide on Pd(111) and SiO2/

Si(100) supported palladium particles show some remarkable di�erences in the reaction

mechanism. The di�erences are caused by di�erent oxygen species present on the

particles compared to the single crystal. We can summarize the features of particles

with the following observations:

� There are two types of oxygen on the particles: oxygen adsorbed in the surface

layers and surface oxide. We found no indication of oxygen chemisorbed on the

surface of the particles.

� The oxygen adsorbed in the surface layers reacts only very slowly with the carbon

monoxide. It remains present even when pCO � pO2
.

� Oxygen is able to adsorb on CO covered surfaces, although the adsorption rate is

reduced at CO coverages exceeding 0.33 ML. On Pd(111) oxygen adsorption is

inhibited when �CO � 0:33 ML.

� When pCO < pO2
surface oxide is present in measurable quantities and the CO

coverage is virtually zero. As soon as the surface oxide coverage is close to zero, the

CO coverage follows the CO adsorption isotherm. On Pd(111) the CO equilibrium

coverage is lowered by oxygen as long as �CO < 0:33 ML, independent of the

oxygen pressure.

� When the CO pressure is changed oscillations occur for a short period of time.

During these oscillations extra CO2 is produced. The oscillations are caused by

the reaction of CO with surface oxide. Small amounts of surface oxide remain

present when the CO partial pressure exceeds the oxygen partial pressure.
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Chapter 9

Summary and conclusions

This thesis is concerned with the oxidation and reduction of palladium and the adsorp-

tion and oxidation of carbon monoxide on palladium. Both subjects are closely related

to each other by the background studies needed for the research on these two topics.

Actually, the background studies constitute the main part of this thesis.

We used palladium in the form of a (111) single crystal, a polycrystalline foil and

in the form of particles ranging in size from 1.5 to 13 nm supported on SiO2/Si(100).

Some experiments have been performed on a silica supported palladium catalyst. The

SiO2/Si(100) supported particles, the model catalysts, are the most interesting samples

as they are chemically identical to silica supported palladium catalysts. Structure

sensitivity and particle size e�ects are di�cult to study on `real' catalysts, but our model

catalysts give the opportunity to investigate these e�ects in detail. The characteristics

and preparation of the model catalysts are described in the chapters 1 and 2.

We mainly used aes and xps to determine the particle size of the samples, knowing

a priori the total palladium loading. With xps it is even possible to determine the

thickness of an oxide skin on the particles. The particle size and the thickness of

the oxide skin is calculated from the intensity ratios of the substrate peaks and the

Pd0 and Pd2+ peaks. This is certainly not straightforward. Chapter 3 deals with the

mathematics we have developed to make this possible.

Palladium oxidises not easily; it is a truly noble metal. Temperatures above 573 K

(300�C) and atmospheric pressure is needed to form bulk oxide. At the low pressure

conditions used in the chapters 5 and 8, PdO formation is limited to the surface layer

only. Thermodynamics, however, is not the reason for this `noble' character: PdO is

the stable phase even at very low oxygen pressures and temperatures up to 1100 K

(see �g. 5.10 on page 50). The noble character is related to the crystal structures of

palladium and palladium oxide. The crystal structure of the metal and the oxide are

very incompatible, making the growth of an oxide layer on the metal di�cult. The

crystal structure of palladium oxide is shown in �g. 9.1.

At low pressures oxygen adsorption is limited to the very top layers and only at

elevated temperatures nucleation of a surface oxide occurs (chapter 5). To form the

83
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Figure 9.1: Model of a palladium oxide crystal. The large spheres are the oxygen ions.
Palladium oxide has a square planar structure.

surface oxide oxygen atoms have to be present in the surface layer of the single crystal

or the particles. On the close packed surface of Pd(111) migration of oxygen atoms into

the surface layer is di�cult compared to the more open surface of the particles. As a

result, surface oxide is more easily formed on the particles than on Pd(111). However,

we observed no particle size e�ect in the interaction of oxygen with particles ranging in

size form 1.5 to 9.5 nm (chapter 8).

At atmospheric pressures bulk oxide is formed in a layer by layer fashion. The

reconstruction needed for the formation of each oxide layer inside the particle results

in an activation energy of at least 100 kJ/mol. PdO is formed stoichiometrically and

no large amount of excess oxygen is present, i.e. oxygen dissolved in the metal or oxide

(chapter 4 and 6). The atmospheric oxidation experiments were performed in the vg-

xps system on two samples only; one with 5 nm particles and one with 8 nm particles.

There were no signi�cant di�erences between the oxidation of the 5 and 8 nm particles

(chapter 4).

The thermal reduction of palladium oxide layers and particles was investigated with

xps (chapter 4). Palladium oxide decomposes in vacuum when the temperature exceeds

450 K, but we performed the experiments at a temperature of 773 K (500�C) to obtain a

convenient decomposition rate. The rate of the reduction is linearly proportional to the
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surface area; the rate limiting step is the formation of molecular oxygen on the surface.

During the reduction a metallic core grows inside the particle. The last monolayer of

oxide, however, has a much lower decomposition rate than bulk or core oxide. The

smallest particles used for the reduction experiments had a diameter of 3.5 nm. In

such particles about 40 percent of the atoms is located at the surface. As a result,

PdO particles of this size behave very much like surface oxide. Larger PdO particles

resemble bulk PdO and lose their oxide easily up to the last monolayer.

With ellipsometry the oxidation or reduction rate can be monitored continuously and

reducing gases like hydrogen or carbon monoxide can be used easily. Unfortunately, it

was not possible to oxidise the samples in the Ellipsometry system, making this system

useless for these experiments.

One limitation of the Ellipsometry system (and many other systems with only aes

and no xps) was solved during the research of this thesis: the ability to analyse the

presence of PdO with aes quantitatively. In chapter 6 we show that the palladium

M4;5N1N2;3 transition, which is almost absent in palladium metal, becomes quite in-

tense in palladium oxide. The intensity of the transition is linearly proportional to the

amount of palladium oxide. This remarkable increase of the intensity of the palladium

M4;5N1N2;3 transition during oxidation has never been reported before.

The adsorption and oxidation of carbon monoxide was studied with ellipsometry.

This optical technique makes it possible to monitor processes on the surface under

reaction conditions without the possibility of beam damage or interaction. We used

ellipsometry to measure the carbon monoxide and oxygen coverage simultaneously dur-

ing the exposure of the gases. The production of CO2 was measured with a simple

mass spectrometer. The experiments were performed on a Pd(111) single crystal and

on palladium model catalysts with particles ranging in size from 1.5 to 9.5 nm.

The carbon monoxide adsorption experiments are described in chapter 7. The sat-

uration coverage of CO was 0.5 ML on all samples, including the single crystal, with

respect to the number of surface atoms. The initial isosteric heat of adsorption was

148 � 5 kJ/mol on all samples. The heat of adsorption decreased with an increasing

CO coverage. The decrease of the heat of adsorption with an increasing CO coverage

occured in a similar way on all samples. Clearly the adsorption of CO is structure

insensitive.

Also in the oxidation of carbon monoxide, described in chapter 8, particle size

e�ects are absent. However, there is a di�erence between the reaction on supported

particles and on Pd(111). At the applied conditions (pO2
; pCO � 10�3 Pa, T � 540 K)

oxygen adsorbs mainly on the surface of Pd(111), with a saturation coverage of 0.25 ML.

Di�usion of oxygen into the surface layer and the subsequent nucleation of surface oxide

occurs only very slowly on Pd(111) at these conditions (chapter 5). So on Pd(111)

we observe the typical Langmuir-Hinshelwood reaction between oxygen and carbon

monoxide. Since CO inhibits the adsorption of oxygen, the reaction rate is governed
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by the CO partial pressure. On the particles, however, the oxygen di�uses directly into

the surface layer(s) up to a coverage of about 1 ML and surface oxide formation occurs

already at temperatures of 400 K. At high CO coverages oxygen is still able to adsorb,

probably due to the more open surface compared to the single crystal. The oxygen

present in the surface layers is quite unreactive and remains present even when pCO �
pO2

. The carbon monoxide seems to react only with the surface oxide causing short

oscillations when the CO pressure is changed. We never observed sustained oscillations.

Of course, the question arises whether this behaviour is typical for particles or that

the behaviour of the particles is caused by the presence of additional low index planes.

Oscillations in the reaction of carbon monoxide with oxygen are well known for Pd(110).

Since there are still a lot of `basic' problems unsolved of reactions on palladium single

crystals, ellipsometric investigations on palladium single crystals should be continued,

in addition to the research on model catalysts. Furthermore, atmospheric reactions

should be performed as well. Ellipsometry gives the opportunity to close the infamous

pressure gap between surface science and catalysis.



Samenvatting

Dit proefschrift gaat over oppervlakte-onderzoek aan palladium modelkatalysatoren.

Met een modelkatalysator wordt in dit boekje een vierkante centimeter silicium be-

doeld, voorzien van een oxidehuidje met daarop palladiumdeeltjes ter grootte van enkele

nanometers (een nanometer is een miljardste meter). Zulke kleine palladiumdeeltjes

bestaan uit niet meer dan enige honderden �a duizenden atomen (zie �guur 9.2 op de

volgende pagina of �guur 1.1 op pagina 3).

Wat is het nut van dit onderzoek aan modelkatalysatoren?

Echte (heterogene) katalysatoren bestaan meestal uit een poreuze `drager', met in de

pori�en het katalytisch actieve materiaal �jnverdeeld aangebracht. De drager zorgt voor

een goede mechanische en thermische stabiliteit, gecombineerd met een hoog speci�ek

oppervlak (d.w.z. veel vierkante meters per gram). Katalytisch actieve materialen als

palladium zijn immers erg kostbaar en dienen zo e�cient mogelijk gebruikt te worden.

Het grote struikelblok bij onderzoek aan katalysatoren is dat de actieve deeltjes diep in

de pori�en weggestopt zitten en daardoor moeilijk te onderzoeken zijn. Veel onderzoek

beperkt zich dan ook tot het observeren van wat erin gaat en wat er weer uitkomt; de

katalysator blijft zo een `black box'. Door nu de palladiumdeeltjes aan te brengen op

een vlakke drager wordt het wel mogelijk de deeltjes te bestuderen. De vlakke drager

is in dit onderzoek een zogenaamde siliciumwafer. De modelkatalysatoren zijn daarmee

chemisch gelijk aan de veel gebruikte silica gedragen palladium katalysatoren.

De katalytische activiteit van palladium is voor een deel te danken aan de `edelheid'

van het metaal. Zoals op veel metalen adsorberen gassen als zuurstof en waterstof dis-

sociatief op palladium: de moleculen splitsen in losse atomen. Een zuurstofatoom is

veel reactiever dan een zuurstofmolecule, mits het niet te sterk gebonden zit aan het

metaaloppervlak. Het edele palladium staat de gebonden zuurstofatomen zonder prob-

lemen af aan bijvoorbeeld koolmonoxide moleculen die op het metaal adsorberen. Pal-

ladiumoxide is een goede katalysator voor het oxideren van relatief inerte moleculen als

methaan (aardgas). Het oxide is vooral bij hogere temperaturen niet erg stabiel en zal

proberen z'n zuurstof af te staan aan het eerste het beste molecule dat op het oppervlak

botst. De onstane zuurstofvacature kan vervolgens worden opgevuld door de adsorptie

van een volgend zuurstofmolecule. Het grote voordeel van het katalytisch verbranden

van methaan en andere koolwatersto�en is dat de temperatuur beter gecontroleerd kan

worden en dat de verbranding kan plaatsvinden zonder de vorming van stikstofoxiden
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Figure 9.2: De rechter bol stelt een palladiumdeeltje voor met een diameter van 6 nm.
Zo'n deeltje bevat circa 7800 atomen, waarvan een kwart aan het oppervlak zit. Na
oxideren neemt de grootte van het deeltje iets toe als gevolg van de lagere dichtheid
van palladium oxide, de linker bol.

(NOx) en koolmonoxide. Het maakt bovendien geen lawaai; een eigenschap die met de

huidige problematiek van geluidsoverlast steeds meer in de belangstelling komt.

De volgende twee vragen vormen de basis van dit proefschrift:

1) Hoe verloopt het oxidatie en reductie proces van de deeltjes? Dit is niet alleen van

belang om katalytische verbranding te kunnen begrijpen. Ook bij de bereiding van veel

katalysatoren spelen oxidatie- en reductiestappen een grote rol.

2) Op welke manier adsorberen zuurstof en koolmonoxide op de deeltjes en hoe verloopt

de reactie tussen de geadsorbeerde atomen/moleculen? Oxidatie van koolmonoxide

is een van de drie processen die de `drieweg' katalysator in auto's moet uitvoeren.

Verder geeft de relatieve eenvoud van deze reactie ons de kans inzicht te krijgen in de

fundamentele principes van katalyse.

De rode draad bij het onderzoek is de invloed van de deeltjesgrootte op verschillende

processen. Een blik op �guur 1.1 op pagina 3 doet vermoeden dat bij zulke kleine deelt-

jes verschillen in afmeting aanzienlijke verschillen in eigenschappen kunnen opleveren.

Een inleidende beschouwing van wat we kunnen verwachten bij het bestuderen van

kleine deeltjes wordt gegeven in hoofdstuk 1.
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Ook al werken we met een modelsysteem, het blijft buitengewoon moeilijk om precies

te volgen wat er met de microscopisch kleine palladiumdeeltjes gebeurt onder verschil-

lende omstandigheden. De monsters bevatten maximaal 2 microgram palladium. Er

bestaat een groot aantal technieken waarmee zulke kleine deeltjes toch bestudeerd kun-

nen worden. We hebben onder andere de volgende analyse technieken gebruikt:

XPS X-ray photoelectron spectroscopy. Door middel van r�ontgen stralen worden

electronen uit het monster vrijgemaakt. Uit de gemeten energie van de electronen en

de bekende energie van de r�ontgen stralen kan de oorspronkelijke bindingsenergie van

de electronen bepaald worden. Dit geeft informatie over welke elementen aanwezig zijn

en wat hun oxidatietoestand is. Electronen die dieper dan enige nanometers worden

vrijgemaakt kunnen niet ongestoord uit het monster ontsnappen. Daarom is xps alleen

gevoelig voor de bovenste atoomlagen.

AES Auger electron spectroscopy. Deze techniek is vergelijkbaar met xps, alleen

worden nu electronen vrijgemaakt door middel van een electronenbundel. Net als xps

geeft aes informatie over welke elementen aanwezig zijn in de oppervlaktelagen, maar

de oxidatietoestand is minder goed te bepalen. Daarentegen is voor aes minder in-

gewikkelde apparatuur nodig dan voor xps.

Ellipsometrie Bij ellipsometrie wordt de verandering van de polarisatie van een

laserbundel gemeten nadat deze is gereecteerd door het monster. Die verandering

in polarisatie is afhankelijk van de optische eigenschappen van het monster. Door de

adsorptie van gassen kunnen de optische eigenschappen van een materiaal subtiel ver-

anderen. Ellipsometrie is erg gevoelig voor zulke kleine veranderingen en zodoende

is ellipsometrie erg geschikt voor het bestuderen van reacties die plaatsvinden op het

oppervlak van een monster.

Alle metingen werden verricht in vacu�um opstellingen, met drukken van somsminder

dan �e�en biljoenste atmosfeer. Dit is nodig omdat de technieken xps en aes electronen

meten en electronen kunnen alleen in hoog vacu�um ongestoord de detector bereiken.

Daarnaast willen we onze experimenten heel gecontroleerd uitvoeren. Ook hiervoor

zijn lage drukken noodzakelijk. Toch moeten sommige experimenten bij atmosferische

druk worden uitgevoerd, met name de oxidatie-experimenten. Het wisselen tussen hoog

vacu�um en atmosferische druk legt grote beperkingen op aan deze experimenten.

De palladiumdeeltjes worden op de siliciumwafer aangebracht door middel van op-

dampen in hoog vacu�um, waardoor de belading en de deeltjesgrootte goed gede�ni�eerd

is. De deeltjesgrootte is gerelateerd aan de hoeveelheid palladium die is opgedampt en

kan dus gemakkelijk worden ingesteld. Palladiumdeeltjes met een grootte van 1.5 tot

13 nm zijn bestudeerd. Naast deze modelkatalysatoren zijn ter vergelijking ook een

palladium �e�enkristal en `echte' silica gedragen palladium katalysatoren bestudeerd.

In hoofdstuk 2 worden de verschillende analyse technieken in detail beschreven en

wordt de bereiding van de modelkatalysatoren behandeld. Hoofdstuk 3 gaat dieper in

op hoe kwantitatieve gegevens als laagdiktes en deeltjesgroottes bepaald kunnen worden
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Figure 9.3: De oxidatie en reductie van een palladiumdeeltje schematisch weergegeven.
De straal van het deeltje en de eventueel aanwezige metaalkern kan bepaald worden
met xps.

met aes en xps. Geheel nieuw is de methode om met xps de dikte van een oxidehuidje

op de deeltjes te bepalen. Deze methode staat aan de basis van het onderzoek aan de

oxidatie en reductie van de palladiumdeeltjes, beschreven in hoofdstuk 4.

Palladium oxideert niet gemakkelijk; het is een edelmetaal. Pas bij temperaturen

hoger dan 300�C wordt bulk oxide gevormd. Bij lage zuurstofdrukken, zoals gebruikt

in de hoofdstukken 5 en 8, wordt zelfs nooit meer dan �e�en atoomlaagje (monolaag)

oxide gevormd. Toch zou men op grond van thermodynamica niet zo'n `edel' gedrag

verwachten; PdO is energetisch de voordeligste toestand, zelf bij hele lage zuurstof-

drukken of temperaturen tot 800�C. Het edele gedrag blijkt te maken te hebben met

de kristalstructuren van het metaal en het oxide. Bij veel metalen kan het oxiderooster

tamelijk moeiteloos aansluiten op het metaalrooster. Bij palladium is echter het kristal-

rooster van het oxide niet goed te passen op het rooster van het metaal (zie de �guren 9.1

en 9.2). Groei van een oxidelaag wordt hierdoor ernstig bemoeilijkt. De laag voor laag

groei van een oxidehuidje op de palladiumdeeltjes wordt beschreven in hoofdstuk 4. De

vorming van oppervlakte-oxide, de eerste stap in het oxidatieproces, wordt beschreven

in hoofdstuk 5 en komt ook ter sprake in hoofdstuk 8.

De reductie van palladiumoxide lagen en deeltjes is bestudeerd met xps (hoofd-

stuk 4). Het palladiumoxide werd gereduceerd door het op te warmen in vacu�um tot

500�C. Tijdens het reduceren wordt een metaalkern in de deeltjes gevormd, die in

grootte toeneemt naarmate de reductie vordert (zie �guur 9.3). Het oxide blijft aan

de buitenkant van het deeltje zitten omdat palladiumoxide een veel lagere oppervlakte
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spanning heeft dan het metaal. De reductiesnelheid is recht evenredig met het opper-

vlak van de deeltjes; de snelheidsbepalende stap is de vorming van moleculair zuurstof

aan het oppervlak van het oxide. De laatste monolaag oxide heeft een 8 maal lagere

ontledingssnelheid dan bulk oxide. De kleinste deeltjes bestudeerd tijdens de reductie-

experimenten hadden een diameter van 3.5 nm. Bij zulke deeltjes bevindt 40% van de

atomen zich aan het oppervlak. Als gevolg hiervan gedragen deze PdO deeltjes zich als

oppervlakte oxide. Grotere deeltjes reduceren als bulk PdO en verliezen hun oxide veel

sneller tot op de laatste monolaag.

Zoals eerder vermeld in deze samenvatting, is het met aes niet eenvoudig de oxi-

datietoestand van een element te bepalen. Auger pieken veranderen slechts weinig van

positie of vorm als een element oxideert. Hierdoor is een oxidehuidje op een metaal

nauwelijks aan te tonen, laat staan dat de dikte ervan bepaald kan worden. Met xps

is dit wel goed mogelijk. Helaas is xps vanwege de benodigde kostbare apparatuur

zelden aanwezig op meer dan �e�en opstelling. Echter, in hoofdstuk 6 beschrijven we de

ontdekking van een Auger overgang die uniek is voor palladiumoxide. Palladiummetaal

kent deze overgang niet. Door deze ontdekking is het mogelijk oxidatie van palladium

gemakkelijk aan te tonen met aes.

De adsorptie en oxidatie van koolmonoxide is bestudeerd met ellipsometrie. Deze

optische techniek maakt het mogelijk chemische reacties te volgen zonder de processen

te be��nvloeden, iets wat bij de spectroscopische technieken xps en aes wel gebeurt. Het

is mogelijk gebleken de bedekking van zowel zuurstof als koolmonoxide kwantitatief te

bepalen tijdens het verloop van de reacties. Met een eenvoudige massaspectrometer

kon de productie van CO2 gemeten worden. De experimenten werden uitgevoerd op

een Pd(111) �e�enkristal en op palladium modelkatalysatoren met deeltjesgrootten van

1.5 tot 9.5 nm.

De adsorptie van koolmonoxide op palladium is beschreven in hoofdstuk 7. De

verzadigingsbedekking was 0.5 ML (monolaag) op alle monsters, inclusief het �e�enkristal.

De initi�ele adsorptiewarmte was 148� 5 kJ/mol op alle monsters. De adsorptiewarmte

is de energie die vrijkomt bij het adsorberen van een gas. Het vertelt dus hoe graag

koolmonoxide adsorbeert op palladium. Als gevolg van de onderlinge afstoting neemt

de adsorptiewarmte af bij toenemende bedekking. De afname van de adsorptiewarmte

als functie van de bedekking was opnieuw gelijk voor alle monsters. Kortom, het maakt

voor een CO molecule niets uit of het op een klein palladiumdeeltje, een groot pal-

ladiumdeeltje of zelfs een palladium �e�enkristal adsorbeert; een tamelijk onverwacht

resultaat gezien de verschillen in uiterlijk van deze deeltjes (�guur 1.1 op pagina 3).

Ook bij de oxidatie van koolmonoxide tot kooldioxide, beschreven in hoofdstuk 8,

blijkt de deeltjesgrootte niet van invloed te zijn op de reactie. Echter, er is wel een

verschil in reactiemechanisme tussen de deeltjes enerzijds en het Pd(111) �e�enkristal

anderzijds. Het oppervlak van de deeltjes is wat opener van structuur waardoor zuur-

stofatomen gemakkelijk het oppervlak in kunnen di�underen en een oppervlakte-oxide
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vormen. De dichte oppervlaktestructuur van Pd(111) laat dit niet toe; de zuurstof-

atomen blijven hier op het oppervlak zitten. Vorming van een oppervlakte-oxide vindt

op Pd(111) slechts moeizaam plaats. Op deeltjes reageert koolmonoxide voornamelijk

met het oppervlakte-oxide. Verandering van de CO druk leidt hierbij tot korte oscil-

laties in de reactie. Op het �e�enkristal reageert de CO met de geadsorbeerde zuurstof

atomen op het oppervlak. Oscillaties komen op Pd(111) nooit voor. Op het �e�enkristal

blokkeert geadsorbeerd CO de adsorptie van zuurstof. Bij een CO bedekking hoger

dan 0.33 ML kan zuurstof niet meer adsorberen en dus ook niet meer reageren met

CO. Op de deeltjes wordt zuurstofadsorptie niet volledig geblokkeerd door een met CO

verzadigd oppervlak.
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