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1 Introduetion 

Loosely defined, catalysis is the creation of better reaction pathways. A catalyst 
facilitates a chemica! reaction. Catalysis plays an essenrial role in the manufacture of 
a large part of our chemica! products. Some products simply can not be made without 
catalysts; others would be too expensive to make, for example because they come with 
a large amount of wasteful byproducts. Indeed, catalysis is finding increasing use in 
environmental control, the reduction of automotive exhaust gas emission being the best 
known example. 

Catalysis as a science has roots in chemistry, physics, chemica! engineering, and 
matenals science. The majority of the improvements in catalyst performance over the 
years have been brought about by progress in these sciences [l]. A good example of 
such progress is the emergence, in the past decades, of surface science as an 
autonomous field of research. In heterogeneaus catalysis, the catalyst is normally 
present as a solid, whereas the reactants are gases or liquids. The reactant molecules 
adsorb at the surface of the solid catalyst. There, chemica! bonds are broken and other 
molecules are formed. These product molecules desorb and leave the surface of the 
catalyst unaltered and ready fora new catalytic cycle. Thus, heterogeneaus catalysis 
is a surface phenomenon. The composition and structure of the surface of a catalyst 
determine its reactivity. Modem surface science techniques offer the possibility to study 
these properties and even the catalytic processes themselves, which is the reason why 
these techniques have become increasingly important. Niemantsverdriet [2] identifies 
two different levels in the application of surface science techniques to catalysts. The 
first level is truly fundamental, the ultimate goal being to study catalytic processes on 
the atomie level. The second one could be dubbed the materials science level, as one 
aims there at relating the behavior of a catalyst to its composition and structure on a 
more or less mesoscopic scale. 

The contents of this thesis relate to the matenals science level of catalyst 
characterization. As will be explained below, catalyst rnadeling is of key importance 
in the applicationof surface science techniques in heterogenous catalysis. In short, this 
thesis is about making realistic roodels of catalysts, and about the quantitative 
application of one particular surface science technique, viz., X-ray photoelectron 
spectroscopy, in the characterization of such systerns. 

1.1 Catalysts and models of catalysts 

lndustrial catalysts typically are highly complex systems consisting of multiple phases. 
The catalytically active phase is mostly present as very smal! (nanometer-sized) 
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particles, so that a large part of the atoms of this phase can take part in the surface 
reactions. Mostly, the active phase particles are dispersed over the walls of the 
microscopie pores of 'solid sponges' such as active carbon and powders of silica or 
alumina. The main function of such a spongy support is to stabilize the active phase 
against loss of surface area by partiele agglomeration lUlder the often extreme reaction 
conditions. Apart from the supports and active phase, industrial catalysts contain 
additional phases which may serve to promote their catalytic activity or to make them 
more stabie. 

Catalysts studied by surface science teclmiques are almost always much simpler than 
their industrial colUlterparts. At first sight this may seem odd. But if one wants to study 
certain catalytic reactions taking place on the surface of, for example, a rhodium 
particle, it is of no use to hide the partiele inside a porous support and add all kinds of 
promoting and stahilizing agents to the system. lndeed, many surface science studies 
deal with well-defined models of the active phase partiele of interest- e.g., a clean 
rhodium single crystal of one square centimeter as model system for a small rhodium 
particle. Surface science studies can be optimally performed on such model systems, 
and have been very successful in contributing to an lUlderstanding of fundamental 
catalytic processes [3]. 

However, single crystals do fall short as models of active phase particles if there is a 
specific relation between reactivity and atomie structure, although some structural 
effects can be accounted for by stepped, kinked, or sputtered single crystalline surfaces 
[3]. In such cases, it is necessary to study the supported small partiele itself, but again, 
there is noneed for using the industrial porous support. Here, models of supports come 
into play (see Figure 1.1 fora sketch of the different models). 

lndustrial catalyst: 
porous support 

Model supported 
catalyst 

Unsupported single 
crystalline model 

Figure 1.1 Schematic drawings of (left) a conventional, porous catalyst; (middle) a model supponed 
catalyst with the catalytically active phase on a thin layer of support-like material on a flat conducting 
substrate; (right) a well-defined single crystal model of the supported phase. 

2 
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Model supports have tomeet seemingly contradiering requirements. On the one hand, 
it is wise to offer the same surface to the active phase particles as the porous support 
does. One would like toturn the porous support inside-out and iron it flat, if one could. 
On the other, if one wants to exploit surface science techniques as X-ray Photoelectron 
Spectroscopy and Secondary Ion Mass Speetrometry totheir full potential, the model 
support should be electrically conducting to prevent surface charging, which is a 
problem with typical support materials as silica and alumina. A campromise has been 
foWld in the application of layered systems: silicon oxide on a conducting silicon wafer, 
for example, as the model of aporous silica support. Two approaches exist with respect 
to model supported catalysts. The first is to keep them as well defined as possible, 
using typical surface science techniques as in situ evaporation [4] and even lithography 
[5,6] to apply the supported phase. In the secoud approach, the emphasis is more on 
resemblance than on definition. The surface of the model support is prepared in such 
a way, that the surface chemistry is as much as possible the same as that of the 
industrial system. An advantage of the latter approach is that it enables one to make use 
of the usual wet chemical routes [7] (or slightly modified ones [8]) for catalyst 
preparation to apply the active phase. An additional advantage is that one can study 
such routes fundamentallyin this way [9-11]. 

1.2 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is among the most popular surface science 
techniques in catalysis [2]. The technique is based on the photoelectric effect: a surface 
irradiated with X-rays absorbs the X-ray photons and emits photoelectrons. A plot of 
the number of electrous emitted as a function of their kinetic energy (an XPS spectrum) 
yields information on the elemental composition of the surface, on the chemica! state 
of the elements, and somelimes also on the sparial distribution of these elements 
throughout the outer - 10 nanometers of the sample. A large part of this thesis is 
concerned with this latter so-called quantitative aspect of XPS, which has attracted a 
lot of attention lately [12] . 

A typical model catalyst consists of a flat substrate supporting a catalytically active 
metal or oxide to an amount of -1013

-
15 atoms per square centimeter. Can a quantitative 

analysis of XPS signa! intensities teil us sarnething about how these atoms are 
distributed? As a layer, or as particles? If particles, do wet get any information about 
their size, or perhaps even shape? And how does this compare to the infonnation we 
get from industrial catalysts, i.e, where the particles are hidden inside pores? In other 

3 
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words: does the support rnadeling indeed help? It is our aim to provide answers tothese 
questions in this thesis. 

It must be noted that the most useful information in catalyst characterization almast 
always comes from a combination of several techniques, using their strengths and 
avoiding their weaknesses. To study partiele morphology, it may be obvious to use a 
microscopie technique such as atomie force microscopy or (transmission) electron 
microscopy instead of a spectroscopie one. Still, there are a few good reasoos to 
explore the quantitative possibilities of XPS for characterization of model catalysts. 
First, XPS is non-destruclive and does not require special sample preparation. Second, 
if spectra are taken anyway, for example to de termine whether the rhodium particles 
present are indeed completely reduced, why not use the information contained in the 
peak intensity too, instead of that in the peak position alone? The third argument is 
more general: a microscopie technique yields local information, and obtaining statistica! 
relevant results can be a very time-consuming job. Non-Jocal techniques such as XPS 
and X-ray or electron diffraction do notsuffer from this shortcoming. 

1.3 Outline 

The contents of this thesis are organized as follows. Chapter 2 essentially is a review 
of the approaches reported in the literature for preparing and applying model supported 
catalysts. With respect to support preparation, we have limited ourselves to model silica 
and model alurnina supports. Much attention is being paid to the conditions for 
obtaining supports with surface properties similar to those of the porous industrially 
relevant systems. Furthermore, we review the methods publisbed for preparatien of the 
active phase on model supports. As to the use of model catalysts, we focus on studies 
pertaining to the determination of properties such as size, shape and structure of model 
supported particles. Chapter 3 provides a general background to the reader nol familiar 
with quantitative XPS analysis. It covers important aspects such as the effects of dastic 
scattering of photoelectrons, angle resolved measurements, and the influence of the 
instrumentation. Chapter 4 and 5 treat the application of quantitative XPS to catalysts: 
Chapter 4 is concerned with conventional, porous catalysts, and Chapter 5 with model 
supported systems. The model of Kuipers et al. [13] for quantitative analysis of 
conventional systems is extensively discussed, and some minor modifications are 
proposed. Quantitative XPS of model supported systems turns out to give more 
information. In favorable cases, both size and shape of supported particles, the latter 
in termsof a droplet model with the substrate-droplet contact angle as free parameter, 

4 
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can be determined. Chapter 6 discusses the influence of support roughness on the 
accuracy of quantitative XPS analyses. We propose an upper limit for the roughness 
magnitude allowable. Special attention is paid to the specitic problem of determining 
the thickness of a homogeneaus overlayer on a rough substrate. We conclude that for 
an arbitrarily rough substrate, the thickness of an overlayer can be determined 
accurately by a single measurement, neglecting the effects of roughness completely, 
provided that the measurement is carried out at an off-axis angle of 40-45 a. In Chapter 
7, the preparation of realistic models of y-alumina supports is described. Direct 
deposition of a few nanometers of amorphous alumina onto a silicon wafer by electron 
bombardment of an alumina target tums out to give good results. Amorphous alumina 
can be transformed to the y-phase by oxidation in air at elevated temperatures. We 
have successfully prepared Rh I Al20 3 I Si model catalysts by the usual industrial wet 
chemica! route via RhCI3• The Rh partiele morphology is analyzed by the quantitative 
XPS metbod outlined in Chapter 5. 
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2 Model catalysts: preparation and applications in 
studies of partiele morphology t 

This chapter reviews the literature on model catalysts so far as their preparatien and 
their use in studies aimed at determining supported partiele size, shape and structure 
are concemed. Preparatien of model supported catalysts encompasses two rather 
different parts: preparatien of the suppon and application of (the precursor to) the 
active phase here on. These two parts are treated separately in Sections 2.1 and 2.2 
respectively. As to the preparatien of the support: we have restricted ourselves to silica 
and alumina because they have been modeled most by far, and, moreover, they 
reappear in the experimental studies of Chapter 7. If the model support is well 
prepared, conventional (industrial) procedures can be used with little adaptations to 
apply the active phase to the model support. These adapted procedures are described 
inSection 2.3, tagether withalternative methods, which have been developed for model 
supported catalysts exelusively, and offer advantages with respect to definition. 

The last part of this chapter, then, highlights the studies of partiele morphology made 
possible by the application of model supports. These studies inelude the use of STM 
and high resolution TEM to elucidate the atomie structure of nanopartieles, but also the 
application of medium resolution TEM to study partiele size and shape, and changes 
herein during exposure to heat or reactants. 

2.1 Silica and alumina model supports 

The raison d'être of model supports is the incompatibility of surface science techniques 
with conventional high surface area supports. Hence, indeveloping a model support, 
the first requirements to be met will depend on the particular technique(s) under 
consideration: for XPS, flatness and electrical conductance are important in conneetion 
with quantification and resolution respectively; for TEM, electron transparency is the 
key issue, implying a limit to the admissible support thickness of a few tens of 
nanometers only. Apart from these requirements on the part of compatibility with 
surface science, there are additional requirements for model supports related to the 
resemblance with their conventional counterparts. Especially in studies of catalyst 
preparation, it is very important that the surface of the model support is chemically 

t This Chapter is pan of a review artiele entitled Sulface Science Approach to Modeling 
Supported Catalysts, submitted to Caralysis Reviews-Science and Engineering by P.L.J. Gunter, J.W. 
Niemantsverdriet, F.H. Ribeiro, and G.A. Somorjai. 
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e surface silicon alom 

hydroxyl group 

0 surface oxygen alom 

oxygen alom in 2nd layer 

Figure 2.1 The (lil) surface of the Si02 polymorph P-cristoballite. This surface 
has the same OH density as amorphous silica [6] . 

identical to the surface of the real one, i.e. that the surface structure and composition 
are the same. It might be clear that the chances on Contradietory demands are 
substantial, so that a model support will often be a compromise. 

In the next two sub-sections, we discuss the possibilities for modeling high surface area 
silica and alumina supports with an emphasis on the requirements from the resemblance 
point of view. The simp ie reason for this emphasis is that these requirements often 
attract only little attention, if any. Unless stated otherwise, we assume that the model 
support is optimized for characterization with XPS, which is one of the most frequently 
used surface science techniques in catalysis and, moreover, plays an important role 
throughout this thesis. This mrunly implies that we want the model support to be flat 
and conducting. 

2 .1.1 Silica 

Almost allflat silica model supports are either made by (thermal) oxidation of silicon 
wafers or by reactive evaporation of Si in oxygen. We have found only one example 
of the use of a commercial Si02 wafer as a model support [I] . Small silica spheres have 
been used as model supports by Datye and coworkers [2] to enable high resolution 
TEM profile imaging. Table 2.1 shows all the approaches that have been explored. 

The surface to be modeled, i.e. the surface of porous silica, is presumably amorphous, 
although some experimental results [3] suggest some loc al order. As an example, there 
are the findings of Zhuravlev and others, who have determined the Si-OH surface 
density or silanol number for one hundred fully hydroxylated silicas prepared by 
different processes and ha ving different structural characteristics [4]. The numbers 
found lie in a frurly narrow range from 4 to 5.5 OH per nm2

, with an average value of 
4.6. Basedon this number, the (111) surface of 13-cristoballite has been used by several 
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auiliors [3,5] as a model for Ûle surface of amorphous silica. This surface, depicted in 
Figure 2.1, is composed of 6-membered rings of Si04,2 tetrahedra and has an OH 
density of 4.55 nm·2

• 

Probably Ûle easiest way to prepare a flat silica is by mermal oxidation of silicon wafers 
or evaporated silicon films. Depending on temperature and oxidation time, silica layers 
can be made wiÛl thicknesses ranging from a few Angstmm up to one micron and 
more, see Table 2.1. Silica on silicon wafers has been studied extensively in relation 
to the fabrication of electronic devices [7-12]. lt is generally agreed upon that 
prolonged oxidation of the silicon surface results in stoichiometrie Si02 with a structure 
similar to that of vitreous silica, i.e. a random netwerk of ringsof four to nine Si04 

tetrahedra [13, 14]. The Si I Si02 interface is not abrupt: the interface region near to the 
silicon consists of a few atomie layers containing Si atorns in intermediate oxidation 
states, i.e., Si1+ (Si20), Si2+ (SiO), and Si3+ (Si20 3), Ûle relative occurrence depending 

Table 2.1 Silica model suppons in the literature . 

Metbod of preparation 

Native oxide 
Si(IOO) wafer 
Si(IOO) wafer 
Si(IOO) and (lil) wafers 
Si(IOO) wafer 
Si(IOO) wafer 

Reactive evaporation 
on Mo(l10) 
on Mo(IOO) 
on AI foils 

Thennal oxidation 
Si wafer, -I hr I 1300- 1400 KI air 
Si wafer, 10 hr I 1200 KI air 
Si wafer, 24 hr I 170 K I air 
Si(lOO) wafer 
Si(100) wafer, 3 hr I 1400 KI 0 2 

Si wafer, 1500 KI 0 2 

Si film, -I hr I 1300- 1400 KI air 
Si film, 36 hr I 900- 1100 KI 0 2 

Si film, 4 hr I 1300 K I air 

Miscellaneous 
commercial Si02 wafer 
Si02 spheres 

Thickness 

0 .7 nm 

-1.0 nm 

-10 nm 
-10 nm 
-30 nm 

lttm 
1ttm 
6 nm 
50-200 nm 
200 nm 
100 nm 
1 ttm 
< 30 nm 
50- 100 nm 

500 ttm 
-IOOnm0 

Reference 

15 
16 
17,18 
19 
20,21 

22-30 
31 
32 

33-36 
37 
38,39 
40,41 
I 
42 
43 
44-48 
49,50 

I 
2,51-55 
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XPS Si 2p signol of oxidized wafers 

2.9 nm 
SiO, 

0.6 nm 

: : 

0 .6 eV l l 
~ 

: \ 

108 106 104 102 100 98 96 
Binding Energy / eV 

Figure 2.2 XPS Si 2p 
signa! as a function of oxide 
layer thickness. The posi
tion of the Si4+ peak 
originating from the oxide 
Jayer shifts about 0.6 eV in 
going from a few 
monolayers of oxide 
towards a 3 nm thick layer. 
A Jow binding energy is 
indicative of a compressed 
structure with low Si-0-Si 
bond angles (adapted from 
de Jong [58]). 

on the nature of the Si surface ((100) or (111), steps, impurities, etc .). A second region 
extends about 3.0 nm into the Si02 1ayer. The Si02 in this layer is compressed because 
the density of Si atoms is higher for Si than for Si02 • The compression is effectuated 
through the formation of 4 membered rings with smaller Si-0-Si bond angles than the 
average 144 o for amorphous silica. Calculations show that smaller bond angles result 
in a chemica! shift of the Si 2p core level in XPS towards lower binding energies 
[56,57]. The observed chemica! shift of about 0.6 eV [9, 11 ,58] in going from a few 
monolayers of oxide to several nanometers of vitreous silica upon thermal oxidation 
(see Figure 2.2) agrees well with a shift in average bond angle from 144 o down to 
- 120 o for the compressed region. 

The mechanism and kinetics of silicon oxidation have been studied in detail by 
numerous authors (fora review, see ref. [59]). It is generally accepted that a rapid 
initia! oxidation step is foliowed by a regime of parabo1ic growth, with non-dissociated 
0 2 and I or H20 dissolving in the oxide and diffusing to the interface with the substrate. 
The initia! step, however, is not well understood [59,60] . At the beginning of oxide 
growth, the film is thin enough to allow electrens from the substrate to dissociate 
molecular 0 2 at the surface. It might be that this leads to the formation of a more 
ordered oxide, because crystallites can grow unconstrained. The formation of 
microcrystallites has indeed been shown by Rochet et al. [60], but only in very dry 
oxygen. They present evidence that this rather dense oxide film acts as a harrier for 0 2 

diffusion. The authors suggest that traces of water open up the structure in time, 
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enabling molecular diffusion of oxygen, which marks the transition to the parabolic 

growth regime. A rather different model has been proposed by Stoneham et al. [60], 
whopropose that initially an SiO-like layer is formed, which remains at the interface, 

and through which Si atoms diffuse to react with molecular 0 2 diffusing inward through 

the amorphous oxide layer growing on top of it. 

Reactive evaporation of Si in oxygen (as SiO) is another way toprepare flat silica films, 

and has mainly been used by Goodman and coworkers (see Table 2.1), who also 

characterized the nature of the films formed [22,23,61]. They prepared ultra-thin ( < 
5 nm) films on Mo( 100) and (110) single crystal surfaces by heating a Si strip in pure 

0 2 at different pressures. At oxygen pressures less than I x 10-'~ Pa, direct Si 

evaporation competes with the formation of gaseous SiO through oxidative etching. The 

film growing at the Mo surface (which is held at RT) under these conditions is a mix 
of Si02, SiO, and Si . At higher pressures, only gaseous SiO is produced, and a 
stoichiometrie Si02 film grows on the Mo substrate. However, EELS and IRAS spectra 

show features attributable toa local structure with broken Si-0 bonds . Upon annealing 

to - 1200 K, the long-range 3D netwerk of vitreous silica is formed . 

Small silica spheres (25 - 250 nm) have been used as model catalysts by Datye and 

coworkers [2,52]. The use of spheres enables one to view supported particles in profile 

by HRTEM (see Figure 2.3 for an example). Silica spheres are made by hydrolysis of 

tetraethylorthosilicate (TEOS) in a water-alcohol-ammonia system (at RT), a procedure 
developed by Stöber et al. [62]. The experimental procedure is simple, and the size of 

the spheres can be set precisely by the water-ammonia concentrations [63]. A generally 

accepted scheme for the formation and growth of the spheres has not yet been 

presented. Although Her ([6], p. 239) describes themasporous spherical aggregates of 

primary particles less than 5 nm in size, there is substantial evidence from surface area 

Figure 2.3 A small silica sphere, made by hydralysis of tetraethylonhosilicate 
(TEOS) in a water-alcohol-ammonia system, supporting Rh particles (from Datye 
and Long [2]). 
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Figure 2.4 
Dehydroxylation 
behavior of high 
surface area 
silica (adapted 
from Bergna 
[65]) . 

measurements [63] and HRTEM micrographs [53] that the silica spheres are 
homogeneaus and non-porous. The very smooth partiele surface that can be obtained 
has led van Slaaderen and Vrij [64] to propose that the spheres are formed through a 
controlled aggregation of nuclei, followed by growth through monoroer addition. 

Summarizing the above, we conclude that realistic flat roodels of the porous silica can 
be made both by therrnal oxidation of silicon wafers or evaporated silicon films, and 

by reactive evaporation of Si in oxygen. There are, however, pitfalls to be aware of: 

(i) Silica on silicon wafers has an approxirnately 3 nm thick oxidic 
interface with the silicon of different structure and therefore possibly 
different reactivity than true Si02 has. Thus only layers thicker than 
-3 nm can beregardedas 'safe' models . 

(ii) Silicon oxides formed by reactive evaporation are identical to vitreous 
silica only if the evaporation is performed at oxygen pressures higher 
than 1 x 10·4 Pa, and is foliowed by annealing at - 1200 K. 

Another point to pay attention to, is the dehydroxylation of the silica surface, as 
resulting from thermal treatment. Hydroxyls are essenrial in the usual catalyst 
preparation techniques, and consequently also for those model studies in which catalyst 
preparation is an issue. The dehydroxylation of silicas has been studied extensively by 
Zhuravlev and coworkers [4,65], and is surnmarized by Figure 2.4. Dehydroxylation 

produces siloxane bridges, which are strongly hydrophobic. As a consequence, 
rehydroxylation in gaseaus or liquid water is slow; complete rehydroxylation, however, 
is in principle always possible. 
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The spherical model silicas have been shown very suitable for HRTEM and reaction 
studies. Their structure resembles that of the usual porous silicas, and their surface is 
rich in OH groups, probably mainly H-bonded ones [54]. 

2.1.2 Alumina 

The structural chemistry of alumina is rich and complicated [66]. Several 
crystallographic modifications exist, of which y-Al20 3, which has a defect spinel 
structure, is catalytically most interesting. Small y-Al20 3 crystallites are believed to 
expose mostly (111), but a1so (110) and (100) faces. Knözinger and Ratnasamy [67] 
have discussed the structure of these surfaces in terms of their hydroxyl population. 
They distinguish five hydroxyl types, ranging from the basic terminal OH, coordinated 
toa single tetrahedral AIH cation, to the acidic bridging OH coordinated to three AIH 
cadons in octahedral interstices. The five different types show up as five bands in the 
OH-stretching region of IR spectra of y-Al20 3• The fact that different types of al urninas 
all show such five band regions, has led the authors to conclude that these OH 
contiguradons are a consequence of the comrnon coordinative nature of aJuminurn i ons 
in all transition aluminas, and hence occur on all of their surfaces. In other words, 
differences in reacdvity of aluminas can be related to the different relative occurrence 
of the five principal OH configuradons. Furthermore, catalytic activity of aluminas per 
se is only developed after dehydroxylation, implying that the creation of defects is 
crucial for the development of surface reacdvity. A fully hydroxylated alumina contains 
10 to 15 OH groups per square nanometer; heating to -650 Kis necessary to remove 
half of this population, and one third is still present after heating up to 800 K. 

A variety of flat aluminurn oxides have been used to model porous alumina supports: 
single crystalline a.-AlzÜ3; thermally oxidized aJuminurn single crystals, aJuminurn foils 
and evaporated films; anodized films; and films made by reactive evaporation. Table 
2.2 gives an overview of these different models. Although, as we mentioned in the 
foregoing paragraph, local structure (defects) is considered to be far more relevant for 
surface reacdvity than bulk structure and orientadon, Poppa et al. [68] have shown that 
evaporation of Fe onto differently oriented single crystal grains of ö-Al20 3 leads to 
very different crystallographic habits of the particles growing, as can be seen in Figure 
2.5. Therefore, careful characterization of the model alumina used is recomrnended. 

Sapphire, or single crystalline a.-Al20 3, has been frequently used as support because 
it is a mechanically and thermally stabie material, and, moreover, because its surfaces 
(primarily the (0001) and (1012) ones have been used) can be cleaned relatively easily 
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Table 2.2 AJumina model supports in lhe literature 

Method of preparation Thickness Reference 

Single crystal alumina 
a.-AJ203 70 
a.-AJ20 3( I 102) 69-73 
a.-AI20 3(TO 12) 74-78 
a.-AI20 3( 1010) 79 
a.-AJ203(0001) 80-91 

Oxidation of aluminum 
AJ(III), 0 2 mol. beam at 300 K 0.5 nm 92,93 
AJ(IOO), 10'7 Torr 0 2 at 470 K 2 nm 94-96 
Al(IOO), 10'3 Torr 0 2 at 875 K > 8nm 95,96 
AJ(IOO), 10·• Torr HP at 875 K > 8nm 97 
foil, 10'3 Torr H20, < 900 K 50nm 98,99 
foil, native oxide 3 nm 100-102 
foil, 10-6 Torr HP I 0 2 , 373 I 673 K 0.8-1 nm 100 
foil, 10'6 Torr 0 2, 670-720 K 0.5 nm 103 
foil, air calc . ? 104,105 
foil, air calc . at 900 K 50-100 nm 106 
film (20 - 200 nm), 0 2 and air calc . -5nm 107 
IETS electrode, air calc. 470 K 2nm 108 
IETS electrode, discharge 0 2 (+HP) 2 nm 109-111 
film (5 nm), air at RT 5 nm? 112 
film (2 - 3 nm), 10'6 Torr 0 2, 1000 K 3 nm 113 
film, 10-6 Torr 0 2 at 1250 K I- 2 nm 114 
film, 10'6 Torr 0 2 at 740 K > 0.5 nm 115 
film (500 nm) 500 nm ? 116 
film (2 - 3 nm), (moist) air at 723 K 3 nm 117-120 
film (15 nm) , I atrn 0 2 at 870 K 20 nm 48 

Reactive evaporation 
w·• Torr 0 2 ; ca1c: 720 K, 0 2 10-20 nm 121,122 
-10·8 Torr 0 2 ; vac . anneal 1200 K 0.8 nm 123 
10·• Torr 0 2 ; ca1c: 770 K, air 10nm 124 
10·• Torr 0 2 ; 5-7 nm 125 
10·6 Torr 0 2 at 750 K -I nm 126 
I 0·6 Torr 0 2 at 900 K 0.5-4 nm 127 

Anodization 
Tartaric acid, - 30 nm 128 
Tartaric acid; calc: 1070, air 50 nm 43,129 
Tartaric acid ; calc: 870 K, 0 2 5 nm 130 
Tartaric acid ; calc : 1070 K, air 30 nm 131,132 
Tartaric acid; calc: 900 K, air 25 nm 133 
Tartaric acid; (calc : 920 K, air) > 15 nm 121,122,134 
Tartaric acid; ca1c: 770 K, air ? 124 
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Table 2.2 continued ... 

Method of preparation 

Anodization, continued 
Ammoniumcitrate; (calc: 1100 K, air) 
Sulfurie acid; calc: 770 K, air 

Miscellaneous 
Planar alumina 
Oxid. (air, RT) of 100- 500 nm part. 
High-T annea1s of amorph . A120 3 TEM
films (ö- and T)-phase) 
reactive sputtering (amorphous AlzÜ3) 

Thickness 

14 nm 
13 J.!ffi 

? 
-2nm 

-100 nm 
10-25 nm 

Reference 

135,136 
37 

137,138 
139 

68 
140 

[68]. As Poppa and coworkers have pointed out [69], the eventual surface structure 
strongly depends on the cleaning procedure applied. Argon sputtering amorphizes the 
sapphire surface, annealing at 1000 K [80] brings back the LEED pattem, but a full 
recovery of both the alwninum and the oxygen sublattice requires annealing up to 1300 
K. Hearing in oxygen [79,91] and exposure to an rf oxygen discharge [73, 77] have also 
been applied as cleaning procedures; both procedures assure complete oxygen 
saturation of the surface. 

Although the oxidation of bare metallic aJuminurn surfaces has been the subject of 
extensive studies in the last decades, some of its aspects are still open to discussion, 
which makes the preparation of thin alumina films by thermal oxidation a non-trivial 
procedure. It is generally accepted that low temperature ( < 650 K) oxidation in air or 
in UHV leads to the formation of an amorphous Al20 3 phase [141]. Crowell et al. [142] 
have presented strong evidence that this is a two stage process. In what they cal! the 
preoxide stage, oxygen dissociatively chemisorbs and accupies both surface and 
subsurface sites. Oxidation (as evidenced by the formation of the 54 eV AIH Auger 
transition) occurs when a critica! number of oxygen atoms cluster together after 
prolonged 0 2 exposure or upon slight annealing. Further oxide growth is a slow, 
logarithmic process. Some controversy consistsas to the mechanism of the oxidation. 
According to Johnson [143], low temperature oxidation primarily proceeds via Al0 

transport from the interface to the surface. Growth by Al3+ migration is favored by 
Jimenéz-Gonzaléz and Schmeisser [99], and is in agreement with the key-assumption 
in the theory of low-temperature metal oxidation put forward by Cabrera and Mott 
[144]. Migration is supposed to be driven by the (constant) potential drop across the 
film caused by trapped oxygen ions . As the film grows, the field decreases, which 

15 



Chapter 2 

Figure 2.5 Low supersaturation epitax.ial Fe vapor deposits on two differemly oriemed 
single crystal substrate grains of ö -AI20 3, see Poppa et al. [68) for details. 

explains the logarithmic growth kinetics. However, as has been shown by Kirk and 
Hubner [145], the rate of aluminum oxide growth strongly depends on the oxygen 
pressure, and much less on the crystallographic orientation of the metal, which strongly 
suggests that oxygen migration is an essenrial step in oxide formation: According to 
Fehlner and Mott [146], alurninum yields a network-forming oxide in which ion 
transport is -60% anionic, so probably both Al3+ and 0 2

. transport occur during 
oxidation. Ion mobi1ity in glassy networks depends on the existence of channels . The 
closing of such channe1s as the oxide 1ayer grows would yield an alternative exp1anation 
for the observed 1ogarithmic growth kinetics, which is needed in case oxygen is mobile 
[146]. The thickness of amorphous Al20 3 1ayers that can be obtained by low 
temperature oxidation (in practical oxidation times) ranges from -3.0 nm at room 
temperature toabout 20 nm at 575 K [147]. 

Oxidation at temperatures higher than about 700 K [147] leads to the formation of y
AlzÜ3 crystals. E1dridge et al. [148] have demonstrated that the oxidation in 10·7 Torr 
0 2 at 775 Kof sputter-cleaned and annealed Al(111) proceeds by non-epitaxial island 
growth (see Figure 2.6). The is1ands protrude from the surface, probably simply 
because of lattice expansion (- 40%) in going from me tal to oxide, but growth is 
predominantly lateraL No amorphous oxide is present between the y-Al20 3 islands 
under these conditions. Jimenéz-Gonzaléz and Schmeisser [99] have reported similar 
observations: oxidation in water vapor (10"3 Torr, 770 K) for 35 min resulted in a film 
consisring of y-A120 3 grains with an average grain diameter of 0.2 ,urn. The crystallites 
were shown to have mostly (110) and (100) orientations. 

A very interesting and important oxidation behavior is observed when aJuminurn 
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Figure 2.7 Scanning 
electron micrograph 
of an Al( I 11 ) sample 
after 270 min. 
oxidation in 2 x 10·7 

mbar 0 2 at 775 K 
(from Eldridge et al. 
[148]). 

a/ready supporting an amorphous film is oxidized at high temperature. Eldridge et al. 
have put forward definitive evidence that nucleation then takes place at the metal I 
oxide interface, and is foliowed by initia! inward and subsequently lateral growth of y
Al203 grains. The oxygen transport is through local pathways, as sketched in Figure 
2. 7. The nature of these pathways has been exemplified by Shimizu et al. [149]. At 
high temperatures, differences in thermal expansion add stress to growth stresses 
preexisting in the amorphous alumina. These stresses are relieved through cracking of 
the oxide layer. Molecular oxygen then diffuses through the cracks to react with the 
exposed bare aJuminurn surface, fonning y-AlP3 at the interface. Volume expansion 
due to crystal growth probably leads to further cracking of the amorphous film. Figure 
2.8 shows a beautiful transmission electron micrograph of the formation of such an 
interface crystal. At which temperature the amorphous oxide layer itself crystallizes is 
less clear. Thick layers have been shown to stay amorphous in the absence of oxygen 

or aJuminurn metal up to 1300 K [150] . Brüesch et al. [151] report that y-AIP3 is 
obtained when a 500 om thick amorphous film on silica is tempered (in air) at 1300 K 
for one hour, but it is oot clear whether this is a lower temperature limit. Glassl et al. 
[121] could couvert self-supporting amorphous AIP3 to the y phase by heating in air 
above 870 K. 

growing 
crystallites 

inwards diffusing 
oxygen (through cracks) 

Figure 2.6 Model of y-AI20 3 grain growth beneath the amorphous passivation layer, when 
exposed to 0 2 at 770 K (adapted from Shimizu et al. [ 149]). 
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Figure 2.8 Transmission 
electron micrograph of a 
passivated aluminum 
substrate, showing the 
nucleation of a y-AI20, 
crystal at a metal ridge 
(from Shimizu er al. 
[149]). 

For the use of thin alumina films as model supports, it is important that they are 
completely oxidized, i.e. that no residual Al0 is left in the film. Precisely this aspect has 
been the subject of some discussion in the literature. Madden and Goedman [113] have 
studied oxidized thin aJuminurn films on a W substrate by means of Auger electron 
spectroscopy. Elemental aluminurn is characterized by an Al LVV transition at 68 e V, 
whereas this transition occurs at 54 eV for aJuminurn oxide. Their results show that at 
an oxygen pressure of w-s Torr, a substrate temperature of -1000 K is needed to 
elimillate all traces of elemental aJuminurn from an originally 3 nm thick film . At 700 
K, eliminatien of elemental Al from a similar film on a Ru(OO I) sample could only be 
achieved by prolonged oxidation at atrnospheric pressure [ 117] . Apparently, aJumina 
films made by thermal oxidation contain stabie Al0 inclusions that can only be removed 
under extreme oxidation conditions. For alurnina films on Al single crystals and foils, 
it is very difficult to distinguish Al inclusions from the substrate Al by means of AES 
or XPS. There is some evidence, however, that Al inclusions give rise to the 400 cm·t 
peak observed in EELS spectra from alurnina films made in Al-rich environments by 
Chen et al. [ 152], although this assignment has been questioned by others [ 117, 118]. 

Another point of discussion needing attention is the apparent 'porosity' of thin aJumina 
films, which has been observed in several studies [93,97, 100,123,143, 152]. Johnson 
[143, 153, 154] claims that at low temperatures ( < 600 K) aJuminurn roetal can migrate 
some 3 nm into amorphous alumina films. Belton and Schmieg [97] report the 
migration of zero valent Al to the surface of thin Al20 3 layers prepared by low 
temperature aJuminurn oxidation when annealed in vacuum, but do not mention the 
temperature at which this occurs. Not only Al migrates into alumina layers, but Ni and 
Rh probably also, as might be concluded from the work presented in refs. [93, 100]. 
Chen et al. [93] investigated the Ni I AI20 3 I Al(111) system, where the oxide layer 
was prepared by heating the crystal to 700 K in vacuum following the adsorption of 
oxygen at 300 K, or by exposure of the crystal surface to oxygen at 700 K. From AES 
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and EELS measurements they conclude that upon heating the system, Ni (deposited at 

200 K) and Al0 interdiffuse in mllcroscopic channels (cracks) within the alumina layer. 
From their data, however, interdiffusion in microscopie channels cannot be excluded. 
The evidence Chen and coworkers put forward for the model is that the 870 cm·' EELS 
peak is not modified in frequency during inward Ni diffusion, as they expect it would 
be if diffusion occurred through microscopie channels . As this peak is not affected by 
the preserree of Al0 throughout the oxide [152], however, it may not be affected by Ni0 

either. Moreover, interdiffusion through microscopie channels would better explain the 
oxide layer thickness dependenee [93] of the onset of Ni diffusion: as mentioned before, 
closing of channels in glassy oxides bas been suggested for the diffusion being rather 
sharply limited toa few nanometers [146], which is in accordance with the 3 nm harrier 
mentioned above [ 143]. The same explanation was given by Chen et al. for a si mi lar 
case concerning 'disappearing Rh' [123] . They deposited Rh on thin A1zÜ3 films (made 
by reactive evaporation) on a Mo(l10) substrate . Upon annealing in vacuum the Rh 
gradually disappears from the alumina surface, as evidenced by AES and thermal 
desorption of CO. Apparently, Rh diffuses into the aluminum oxide, but, as the authors 
show, the AES observations strongly suggest that the deposited Rh reinains near the 
surface region. 

Reactive evaporation of aluminum in 0 2 has been applied by several authors for the 

growth of Al20 3 films on different substrates . At a deposition rate of 0.2 - 0 .3 nm I 
min, the oxide growing is stoichiometrie Al20 3 if the 0 2 pressure is higher than 10·8 

Torr; if the 0 2 pressure is less, elemental Al is present in the film [152]. The structure 
of the stoichiometrie film strongly depends on the temperature at which the deposition 
takes place and the possible heat treatment afterwards . For TEM purposes, Glassl et 
al. [121] deposited alumina films of 10 - 20 nm on NaCl, floated them of in water and 
mounted the films on Au grids. After heating in 0 2 at 720 K for several hours, the films 
showed only diffraction features attributable to amorphous alumina; hearing in air above 
870 K, however, led to the formation of y-Al20 3• Chen et al. [152] used EELS to study 
the structural changes occurring when a stoichiometrie Al20 3 film formed by 
codeposition of aluminum and oxygen on Mo(110) at 110 K is heated to 1100 K (in 
vacuum). Above 700 K, disti.nct energy-loss features develop, indicating some local 'y

like' ordering. The spectra indicate that long-range ordering requires temperatures as 
high as 1100 K. 

Chen and Goodman [127] have shown that a thin (0.5- 4 nm) epitaxial alumina film 

can be grown on Ta(110) . The LEED patterns developing when depositing 0.2- 0.3 

nm of oxide per minute (02 background of 5 x 10·7 Torr, substrate temperature of 900 
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K) point to the two-dimensional growth of a long-range ordered epitaxial Al20 3 film 
with a hexagonal lattice corresponding to the close-packing of oxygen anions. Since 
both a- and y- alumina involve close packed oxygen planes, no defmitive structural 
determination of the thin film cao be reached based on the LEED data, which only 
reveal the oxygen ordering. 

Anodic film growth on aluminum has received considerable attention because of its 
importance in producing passivation layers. Ruckenstein [128] was the first to use 
anodic oxidation for the preparation of planar model alumina supports, and his 
approach has been foliowed by quite a number of authors, see Table 2.2. The films are 
usually made by anodization in near-neutral pH electrolytes (a.o., ammonium borate, 
tartarate, citrate), where dissalution at the film I electrolyte interface is insignificant. 
Film growth then proceeds at high current efficiency, with relatively uniform film 
thickening with time. The detailed growth mechanism of the anodic films is complex 
and still controversial. It is generally accepted, that both outward migration of AIJ+ and 
inward migration of 0 2

- and OR ions contribute to the film growth. There is, however, 
a competition between outward film growth and direct ejection of migrating AlJ+ ions 
in the electrolyte. The lower the current efficiency, the more AlJ+ is lost by the ejection 
mechanism; at the so-called critica! current density, all AlJ+ migrating outward is lost, 
aod film growth is completely inward. Anions of the electrolyte -aod their 
transformation products- may be mobile inward or outward under the applied field. 
As a consequence, aoodic films generally display a region of relatively pure alumina 
adjacent to the metal I oxide interface, aod an outer region of anion incorporated 
alumina. The level of incorporation cao amount to 5%. Obviously, this artefact cao be 
used to incorporate specific ions which have known or potential catalytic consequences. 

As to film structure, according to electron diffraction aoalysis the films formed at 
ambient temperatures are amorphous or composed of relatively fine microcrystallites 
embedded in an amorphous phase. Under specific conditions, however, the formation 
of both y aod y '-alumina (the latter having raodomly arranged cations) have been 
observed. Upon heat treatment, the film crystallizes to give y-Al20 3• lt has been shown 
that the amorphous to crystalline transition is sensitive to incorporated anions: borate, 
for example, inhibits the structural rearrangements needed for the growth of existing 
crystalline nuclei in the contaminated region of the alumina film. Below the critica! 
current density, penetration paths existing because of inward 0 2

. rnigration, cao oot be 
healed by outward rnaving AlJ+. From these penetration paths pores cao develop, and 
aoodization then results in a porous film. 
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Sununarizing, the preparation of alumina model supports is not without difficulties . 

From the viewpoint of definition, single crystalline supports such as a -Al20 3(TO 12) and 
(0001), which are thermally stabie and can be cleaned easily, are the best candidates. 
If one airns at preparing a flat replica of the conventional high surface area y-aluminas, 
however, single-crystalline a-AlP3 is not preferable . Thin, flat y-Al20 3 filmscan be 
made directly by thermal oxidation. One way to proceed is to completely oxidize a bare 
aluminum film evaporated onto a suitable substrate. Rather severe conditions are 
necessary for complete oxidation: in 10-5 Torr 0 2 , prolonged treatment at - 1000 Kis 

needed to ensure that no residual Al0 is left; in air, 700 K suffices. Thin, stoichiometrie 
alumina filmscan also be made by evaporation of alumina or of aluminum in w-s Torr 
0 2. Yet another metbod is anodization in suitable electrolytes . In these cases amorphous 

films are made, which can be converted into the y-phase either by annealing in vacuum 
at 1100 K, or by thermal treatment in air at -900 K. Films made by anodization can 
contain up to 5% impurities (originating from the electrolyte), which is a serious 
drawback of this preparation method. Finally, it should be noted that thermal treatment 
results in dehydroxylation of the alumina surface, which influences its reactivity 
considerably . 

2.2 Synthesis of catalysts on model supports 

Several approaches have been explored to deposit the catalytically active phase on top 
of the model support. Straightforward evaporation of a roetal onto the model support 
represents the most often used technique, but alternatives that come closer to industrial 
catalyst manufacture such as impregnation and exchange in solution have been applied 
as well. Also chemica! vapor deposition and lithographic procedures as used in the 
fabrication of electrooie devices have incidentally been used. 

No matter which metbod is selected to make a model system, two important 

requirements have to be fulfilled if the model is to be subjected to reaction conditions 
(which is the ultimate test for its validity) . The first is that the system must be thermally 
stabie against sintering, volatilization and reaction with the support, at the temperature 
of the catalytic reaction. The second is that the number density of particles per unit 

surface area is sufficiently high, both for reactivity and for spectroscopie studies. 

2.2.1 Deposition of metals by evaporation 

Evaporarlon is by far the most applied metbod to deposit roetal particles on a substrate . 
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The partiele size depends on nucleation and growth phenomena, in which metal flux 
during evaporation, substrate conditions (smooth, homogeneous, or defects and 
impurities acting as preferred nucleation sites) and temperature, and parameters such 
as heat of adsorption of the metal on the substrate, diffusion energy over the substrate, 
hopping distance, and concentration of preferred nucleation centers are important. 

Because the surface free energy of an oxide surface is relatively low, metal atoms 
deposited on the surface usually form three dimensional particles. Nucleation theory 
prediets that stabie particles can exist up to a certain number density Nmax; for higher 
densities the particles coalesce. Two kinds of nucleation need to be considered, random 
and preferred. Random nucleation occurs if all sites on the support are equivalent and 
the interaction with the adatoms is moderate, corresponding to adatom-substrate 
adsorption energiesof 1 - 1.5 eV (100- 150 kJ I mol) [155]. Actually, the important 
parameter which governs the average partiele size is the difference between the 
adsorption energy Ea and the activation energy for diffusion across the surface, Ed. The 
latter is assumed to be of the order of half the adsorption energy. For typical deposition 
temperatures of 500 - 750 K, one may roughly expect a maximum number on the order 
of 1 - 2 x 1012 particles per cm·2 on the defect free surfaces of a-Al20 3, sapphire or 
mica [77, 155, 156]. 

Preferred nucleation takes place if the substrate contains sites (defects, impurities) 
where adatoms bind stronger than on sites where random nucleation occurs. Adatom 
adsorption energies have been estimated to be 200 - 300 kJ I mole for palladium atoms 
on defect rich a-A1p3, sapphire and mica [77,155,156]. The maximum number of 
particles approaches that of the defects. Because the nucleation rate is high, all particles 
have had approximately the same length of time for growth, causing partiele size 
distributions to be considerably narrower than in the case of random nucleation. 

In practice, metal deposition by evaporation will occur in a mixture of homogeneaus 
and heterogeneaus nucleation. For both, the maximum achievable number density 
increases with stronger adatomcsubstrate interaction, higher flux, and decreasing 
temperature, but is typically in the range of 1 x 1011 

- 5 x 1012 particles per cm2
, i.e. 

of the same order of magnitude as in supported catalysts. 

An important condusion from the nucleation and growth studies of palladium particles 
on various substrates is that model catalysts with realistic partiele densities can be 
prepared with the substrate at high temperature, such that thermal stability is ensured 
[ 155]. Although prepara ti ons at room temperature will give samples with higher 
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number densities of particles, these will inevitably coalesce when used at higher 
temperature. 

Evaporation represents a convenient way for depositing metals on model supports. 
Evaporator devices for application in vacuum are commercially available or are 
relatively easily constructed. Determining the number of deposited atoms is possible 
with the electron or ion spectroscopies (XPS, AES, LEIS, RBS) . Figure 2.9 shows an 
example of an exposure calibration curve [157]. The disadvantage of the evaporation 
technique is that one always obtains rather broad partiele size distributions, particularly 
if the homogeneous nucleation mechanism operates, see Figure 2.10 [158]. 
Heterogeneous nucleation results in narrower distributions, but this mechanism acts on 
defect-rich surfaces, implying a support surface with less definition. 

An elegant, though not for every laboratory accessible variatien on metal evaporation 
is to use a beam of mass selected clusters, which are subsequently deposited on the 
model support [159]. Although this appears as the ultimate procedure to produce 
monodisperse partiel es, the main problem is thermal stability, as bonding between the 
clusters and the support is very weak. Yet another procedure captured mass selected 
Ag clusters in an inert liquid; the colloidal suspension was subsequently used to 
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Figure 2.9 Exposure 
calibration plots for Cu deposits 
on ZnO(OOOT). Cu 2p and Zn 
2p XPS intensities as well as 
oxygen and Cu + Zn intensities 
are plotted as a function of 
deposition time at room 
temperature. The data in this 
figure and additional LEED 
data evidence that the first Cu 
atoms forma p(l x l) overlayer 
(1.1 x 10'5 Cu atoms /cm2

), 

and that further growth is 
predorrtinantly as Cu( lil) (1. 77 
x 10'5 cm-2); see Campbell et 
al. [157] for details. 
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Figure 2.10 Paniele size 
distributions corresponding to 
increasing exposures of a 
MgO(IOO) film to a Pd beam 
(10 13 cm·2 s·1

) at 670 K (with 
data from Chapon et al. [ 158]) . 

impregnate the (high surface area) support. The size distribution of the Ag clusters 
remained essentially unaltered after oxidation and reduction treatments [ 160] . 
Experiments on Pd I C, prepared by depositing palladium clusters without mass 
selection on a highly oriented pyrolytic graphite support, were reported by Cadete 
Santos Aires et al. [ 161]. 

2.2.2 Preparation of model catalysts by chemical vapor deposition 

Chemica! vapor deposition, somelimes referred to as molecular vapor deposition, is a 
method to apply organometallic catalyst precursors to a model support in vacuum. 
Clusters that have been used for this purpose are the carbonyl and allyl complexes of 
rhodium and rhenium, see Table 2.3. If the organometallic precursor has a sufficiently 
high vapor pressure at room temperature (e.g. mTorrs or higher), dosing of the 
compound in vacuum through a needie valve is easily accomplished. After exposure of 
the model support to the vapor, the system is heated in vacuum or under hydrogen to 
remove the ligands and convert the metal in the zero-valent state . Examples are the 
decomposition of rhenium carbonyl , Re2(C0) 10, according to the scheme [ 168] 

-CO Re (C0)4 - Re(C0) 4 -CO 

(Re(CO) s )2 I l 
MgO, 320 K I Ó' ... :b .. ·.. > 400 K 

Re(C0) 3 

I I, '\, 
0 0 0 

-C O 
--t Re, 
> 600 K 

or the decomposition rhodium tris allyl, Rh(CH2CHCH~3, according to [163] 
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Rh(allyl) 3 

\ 
~OH- ~ ~ 

ORh 
).I 80 ° 

Rt" 
400° 

The rhodium carbonyl clusters in Table 2.3 have been found to decompose via the 
rhodium gem-dicarbonyl, O,-Rh(C0)2, where 0, stands for an oxygen of the support 
[100,164-166]. 

In order to study the decomposition reacrions of these compounds on the support, 
thermal desorption is the indicated method to monitor the evolution of the ligands 
[94,164-166,168], while RAIRS is the best suited technique to characterize the species 
on the support [164-166,168]. With respect to RAIRS, the identification of e.g. the 
subcarbonyl species that arise in the decomposition of the cluster Re2(C0) 10 cou1d be 
done by comparison with the vibrational spectra of clusters such as (Re(C0)4Cl)2 and 
(Re(C0)41)2 [168]. lnteresting information on the bonding of the compounds with the 
support can be obtained from XPS and UPS, as the work of Chang èt al. [163] on 
Ti02(001)-supported rhodium allyl clusters illustrates. 

Preparing model catalysts from organometallic precursors is a versatile method because 
a range of different roetal complexes is available, while in principle also suitable hetero 
nuclear clusters may be used to devise mu1ticomponent catalysts [169]. 

Strongly related to these methods is atomie layer epitaxy (ALE) [ 170]. In this method, 
a volatile roetal compound is used to deposit a monolayer of roetal at saturation 
coverage. A reducing agent (hydrogen for example) is then utilized to remove the 
ligand or anion (chlorine for example) and to produce a metallic monolayer. By 

Table 2.3 CVD preparation of model catalysts. 

Precursor Su~~ort Reference 

Co2(C0)8 a-Al20 3(0001) 88,90 
Rh(CH2CHCHz)z Ti02(001) 162 
Rh(CH2CHCHz)3 TiOiOOl) 163 
(Rh(C0)2Ci)2 Al20 3 I Al 94-96 
(Rh(C0)2Ci)2 Ti0i!10) 164-166 
Rh4(C0) 12 , Al20 3 I Ai 100,167 
Rh6(C0),6, 

(Rh(C0)2Ci)2 

Re2(C0) 10 MgO I Mo( 110) 168 

25 



Chapter 2 

repeating the same two-step process, metal particles are produced whose size and 

separation can be controlled. The same ALE technology has been employed to deposit 
catalyst particles on high surface area oxide supports [171]. For example, nickel or 
chrorniwn particles were produced by first depositing a monolayer of the volatile metal 
balides until saturation coverage was reached. Then, by reaction with hydrogen, the 
transition metal ions are reduced to the metallic state while the halogen is removed as 
HCl: 

MCI • .!..xl-1 - M . xHCll 
x 2 ·-z 

The formation of each monolayer is arrested at saturation coverage and the size of the 
metal particles depends on the nwnber of layers deposited. The distance between the 
initially deposited metal atoms can be controlled by the size of the anion or liquid in the 
volatile metal-containing species. For example, acetyl acetonate may be used instead 
of halide ions to yield more widely separated metal atoms. 

2.2.3 Wet chemica) impregnation of model supports 

Almost all supported catalysts in industry are made by wet chemica! impregnation of 
the support. Several methods are in use. The exchange preparation makes use of the 
fact that oxide support surfaces contain hydroxyl groups, which can be used to 
chernically anchor species to the support. This metbod can straightforwardly be applied 
to make model catalysts, provided the model support is sufficiently hydroxylated. 

Several possibilities exist; for example, metal alkoxides in ethanol react with hydroxyl 
groups on the surface according to 

This type of reaction has been applied to make model systems for silica supported 
vanadia [112, 172] and zirconia catalysts [20,21]. 

If water is the solvent, the support behaves like a giant ion. The charge of this poly ion 
depends on the pH of the solution: the surface charges positively below and negatively 

above the isoelectric point. As a consequence, complexes of opposite charge can be 
anchored electrostatically to the support: 

Support- OH2 + ··· M (complext· 

26 



Model catalysts: preparation and application in studies of partiele morphology 

After drying and calcination, the catalyst is further activated, e.g. by reduction in H2, 

or sulfidation in H2S, as required for the particular application. This reaction has been 
utilized for the preparation of Al20 3 I Al-supported platinum, rhodium and molybdena 
catalysts [98,99, 101,102, 135]. An important point is that a model support impregnated 
in this way is carefully rinsed with solvent (preferable of adjusted pH), to prevent that 
complexes in solution deposit randomly on the surface during drying. 

Also organometallic compounds can be anchored to the support in solution. Tesche et 
al. [125] report that impregnation of a planar alurnina with an n-octane solution of the 
osmium cluster OsiC0)12 leads to the formation of a (.u-H)Os3(C0)10(.u-OJ structure, 
where 0, denotes an oxygen from the support. Hydrogen reduction at 580 K produces 
Os clusters with sizes in the 1 - 2 nm range. 

By far the most common method of catalyst preparation in industry is that of pore 
volume impregnation, often also called incipient wetness impregnation, see Figure 
2.11. A solution of the catalyst precursor, for example iron nitrate in water, is added 
to the porous support under continuous stirring, until the incipient wetness point is 
reached. At this point all the pores are tilled with the impregnating solution. Next the 
catalyst is dried to remove the solvent, after which it is calcined, reduced or sulfided, 
depending on the application. As the impregnation is based on the filling of pores by 
capillary forces, this method is not directly transferable to flat supports. Here the spin
coating technique, developed by Kuipers and coworkers [17,18,173] offers attractive 
opportunities to mi mie the process of pore volume impregnation. 

Spin-coating is a well known technique for the preparation of thin uniform films, which 
has mainly been investigated in relation to its industrial application as a method to 
deposit layers of polymerie photo resist on silicon wafers. In short (see Figure 2.12),a 
solution of the coating material is dispensed on a disk which is subsequently accelerated 
to - 103 rpm. Most of the solution is ejected from the disk, but a thin film remains; the 
balance set up between centrifugal and shear forces keeps this film uniform while the 

Pore volume 

impregnation 

Spin-coating 

impregnation 

@~\··.· .. "'@··. ·· . . - . ' · ~ ' "" ' 

...... . ' 

I 

~ 

-~ + 

Figure 2.11 Analogy of spin
coating with incipient wetness 
impregnation: as use is made of 
hydrodynamic farces to 
immobilize the solvent, these 
methods can be applied when 
there is na sufficient chemica! 
interaction between suppon and 
precursor. 

27 



Chapter 2 

Air flow, taking away 
evaporating liquid 

Radialliquid 
flow 

Figure 2.12 Schematic 
representation of the major 
processes taking place during 
spin-coating (adapted from van 
Hardeveld et al. [173]) . 

solvent evaporates. 

Kuipers was the first to recognize the possibilities of spin-coating for the preparation 

of model supported catalysts [ 17, 18]. It turns out that the spin-coating process of dil u te 

solutions of inorganic saltscan be modeled straightforwardly [17,18,173], allowing 

accurate predictions (± 10%) of the amount of material eventually deposited . The 

balance between centrifugal and shear forces in the stationary state results in a decrease 

of liquid film height h proportional to h3
. On top of that, there is a constant loss of 

liquid due to evaporation. There is a point in time te, at which these contributions equal, 

and in a first approximation, one can assume that before te, evaporation is negligible, 

while after te, evaporation is the only souree of decrease in film height. This assumption 
implies that the amount of material deposited per unit area equals he times the initia! 
solute concentration, where h/ equals the evaporation rate times a proportionality 

constant, which depends on spinning speed, and the viscosity and density of the liquid. 

28 

~12.-------------------~ 

E 
0 

~0 8 

Cl 
.!: 

" "' .2 4 

" ~ 
::> 
U> 

"' Q) 

~ o~~~-+~~~;-~~-4 
0 4 8 12 

Predieled loading (10" at I cm~ 

~ 12 .--------------------. 

E 
0 -;;; 
~0 8 

Cl 
.!: 

" "' .2 4 

/ (speed) '049 

" ~ --., I 
j 0 ~---'---+-~~ 

0 4 8 12 

Spin speed (10' rpm) 

Figure 2.13 Quantification of Mo toading on a silicon wafer obtained by spin-coating with 
a 0.62 wt% Mo02Cl2 salution in ethanol. The measured (Rutherford backscattering) 
toading is compared to the predicted toading (left), and is proportional to the square root 
of the spinning frequency as shown right (for details, see van Hardeveld er al. [ 173]) 
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Van Hardeveld et al. [173] compared calculations basedon this simple model to data 
obtained by Rutherford backscattering spectrometry; their results are presented in 
Figure 2.13. The average error in the calculated toading values is about + I 0%, and 
mainly systematic, suggesting that more refmed spin-coat models would probably lead 
toeven more accurate predictions. 

While the amount of material deposited can thus be controlled relatively easy, it is 
much more difficult to control the morphology of the deposit [174]. U pon evaporation 
of the solvent, a critica! concentration of the solute will eventually be reached, at which 
nucleation of crystallites starts. Doornkamp et al. [174] have shown that nucleation is 
-at least sometimes- heterogeneaus by spin impregnation with copper-nitrate in 
butanol of a Si wafer coated with aligned PTFE. The spin-coated Cu(N03) 2 particles 
appear in straight rows, apparently decorating the aligned polymers, see Figure 2.14. 
However, there is evidence [174,175] that spin-coating with more volatile solvents 
results in a continuous film, which breaks up when exposed to water and I or elevated 
temperatures. 

Wet chemica! methods offer the opportunity to study the surface chemistry of catalyst 
preparation, which has high industrial relevance, on the model scale. It is important to 
realize that the eventual structure, morphology and catalytic properties are uniquely 
related to the metbod of preparation. Hence if one wishes to optimize a certain catalyst, 
it has to be done through one or more of the steps in the preparation. 

2.2.4 Microfabricated model catalysts: lithography 

The dream of the experimentalist working with supported metal model catalysts is to 
be able to vary the size, shape, and distance between the metal particles at will. Current 

Figure 2.14 90 x 80 JLID 
micrograph of spin-coated 
Cu(N03 ) 2 particles 
decorating aligned 
polymers obtained by 
rubbing a silicon wafer 
with a rod of PTFE (from 
Doornkamp et al. [174]). 
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Expose and 
develop resist 

Evaporale 

metalfilm 

Coat substrate 
with resist 

Etch substrate 
(optional) 

Lift off remaining 
resist 

Figure 2.15 Steps in the 
preparation of model 
catalysts by electron-beam 
lithography (adapted from 
Ribeiro and Somorjai 
[178].) 

technologies do not yet permit 'catalysis by design' but there is much progress made 
in this area. Befare discussing the emerging techniques, it is necessary to stress that any 
technique must satisfy at least two requirements to be useful in the preparation of 
catalysts. The fint one is that the structure of the nanometer size metal particles need 
to be varied in a predictabie fashion. Ideally, it should be possible to vary the partiele 
size in the range of 1-10 nm in order to study the effect of partiele morphology on the 
reactivity of high surface area supported catalysts. The most rigarous way to vary the 
structure is to build the metal clusters by the direct placement of its atoms. For 
example, Crommie et al. [176] were able to precisely move Fe atoms over a Cu(l11) 
substrate forming a quanturn corral. However, the time required to assembie such 
structures is many minutes, which brings us to the second requirement, the number of 
clusters. For a signal to be detected during characterization andreaction studies with 
the current analytical techniques, a large number of nanoclusters is necessary. 
Assuming that a metal surface area of at least 0.01 cm2 is required for detection of 
catalytic rates and that flat clusters with 10 nm diameter are present, then about I x 1010 

clusters will be necessary! Thus, a second requirement is that the fabrication time for 
each structure bas to be of the order of nanoseconds. Hence, the requirements of size 
and number of clusters makes most current fabrication techniques inadequate for 
applications in catalysis. 

A promising approach to build structures that can be used as catalysts is to be found in 
the constant effort by the microelectranies industry for miniaturization of circuits. 
Although the dimension of the features that are mass produced nowadays, in computer 
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chips for example, are toa big to be of use as catalysts (sizes of about 0.5 ~tm), 
emerging techniques, like electron-beam lithography, might provide the answer for the 
fabrication of catalysts [ 177]. This technique (see Figure 2.15) uses a beam of electrans 
to develop the resist (e.g. PMMA) which is deposited over the oxide substrate. After 
electron-beam exposure, the photoresist is removed where it has been exposed, and the 
substrate is etched to produce holes where the metal clusters will bind. Then, a few 
monolayers of the metal are evaporated over the sample. When the remaining 
photoresist is removed, a periadie array of holes is left behind, all tilled with metal 
clusters of equal size. A scanning electron microscope picture of a partiele array is 
shown in Figure 2 .16 [178]. Creating the pattem in the resist is the key step in the 
fabrication since the rest of the sample processing is the same as used for the 
commercial production of chips. Current commercial equipment [ 179] can achleve a 
theoretica! resolution of 8 nm and time between two consecutive exposures of 4 x 10·8 

s. It is predicted that a device that could produce features with a theoretica! size of 2.5 
nm and resolution of I nm with a time between consecutive exposures of 4 x I o-s s can 
be constructed [180]. With this setup, only 8 s will be necessary to expose the pattem 
of 0.01 cm2 described above . In practice, more time will be necessary because thee
beam cannot be deflected with lenses to cover very wide angles; the substrate has to be 
moved mechanically to allow large areas to be exposed. It should be emphasized 
however that the use of e-beam lithography to draw structures in the nanometer range 
over large areas is still in the research stage. For example, new resists have to be 
developed to attain the desired resolution in the final stage. A number of other problems 
related to partiele stability under reaction conditions and procedures to clean the sample 
befare reaction without darnaging them have to be assessed. 

Reports on catalysts prepared by microelectronics techniques are beginning to appear 
in the literature [178,181,182]. Zuburtikudis and Saltsburg [181] prepared a system 
composed of alternated layers of Ni and Si02• Etching of this structure formed a "forest 

Figure 2.16 Scanning 
electron micrograph of a 
microfabricated Pt 
modelcatalyst. The Pt 
particles, 150 nm apart, are 
-50 nm in diameter. The 
total catalyst area is one 
square centimeter (from 
Ribeiroand Somorjai [178)). 
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of pillars" exposing the Ni layers, which had a thickness of 4 - 10 nm and lengthof a 
few micrometers. This catalyst could catalyze the hydrogenolysis of ethane at rates 
camparabie to the ones on supported catalysts. Krauth et al. [182] have used 
conventional photoresist techniques to prepare Pd clusters with dimensions of about 5 
~-tm over an oxidized Si(IOO) wafer. The catalyst was active for the hydragenation of 
1, 3-butadiene. 

2.2.5 Concluding remarks 

For fimdamental studies, the key issue in the synthesis of catalysts on model supports 
is how to prepare uniform particles with enough interaction to the support that the 
system is thermally stabie under reaction conditions. The most employed method is to 
deposit metals by evaporation. However, this almost always leads to Gaussian-like 
distributions in partiele size. Deposition of clusters of selected mass, either by soft 
landing or via colloidal solutions does not establish suftkient bonding between the 

partiele and the support. Also attempts to anchor magie number clusters have failed, 
because the particles loose !heir stability as soon as the ligands ·are removed. 
Lithography has great potential for producing arrays of uniform particles and to 
fabricate unique designs. For example, an array where the clusters alternate between 
two different metals can be made in any geometrie configuration. With currently 
available technology a device can be designed to make clusters as small as 3 nm and 
in sufficient numbers to be useful as a model catalyst. 

For catalyst preparation studies, it is essential that the application of the active phase 
occurs in the same way as in the manufacture of real catalysts . In this respect, 
impregnations involving reaelions between hydroxylsof the support or acid sites on the 
support and species in solution, can be applied without limitation. Pore volume 
impregnation occurs by virtue of capillary forces which are absent on flat surfaces. In 
this case spin-coating offers the way to apply a thin layer of solution. Chemica! vapor 
deposition and atomie layer epitaxy, finally, can be applied straightforwardJy to 
produce catalysts on model supports, provided these satisfy the requirements of a 
realistic support (see also Section 2.1). 

2.3 Partiele morphology studies using model catalysts 

The purpose of this section is to give an overview of the possibilities that model 
supports offer in studies aimed at determination of morphological properties of 
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supported particles, and of the changes herein during exposure to heat or reactants . 

2.3.1 Shape and structure of supported particles 

There are essentially two techniques to study directly the shape and structure of smal! 
particles on model supports: transmission electron microscopy (TEM) and scanning 
probe microscopy (STM/ AFM). Medium resolution TEM techniques such as selected 
zone dark-field and weak beam dark-field imaging, yielding three-dimensional 
information about small particles, require the application of flat, electron-transparent 
model substrates [183]. High-resolution TEM, aimed at direct lattice imaging, is 
performed on both porous and non-porous model systems [183, 184]. The use of flat, 
well conducting model supports such as highly-oriented pyrolitic graphite (HOPG) is 
imperative for STM studies; AFM can be performed on isolating surfaces, but gives 
less information than STM. 

Standard bright field TEM imaging of particles on flat supports produces images like 
Figure 2. 17a, which shows a projection of the shape of Au particles. Note that the 
substrate is NaCI, which probably enables better contrast than a more realistic model 
support would do. From the bright field image, one cannot conclude whether these 
particles are cubes, square pyramids, or have another shape allowing the square 
projection. In dark field imaging the intensity of the diffracted bearn varies as a 
fimction of specimen thickness, which gives rise to fringes, consisring of periadie bright 
and dark bands. In weak beam dark field (WBDF) imaging [183], this effect is 
exploited to deterrnine three-dimensional partiele shapes, the fringes playing the role 
ofheight contours, see Figure 2.17b. 

Figure 2.17 Bright field (a) 
and WBDF (b) images of Au 
particles on NaCI, showing 
square and rectangular (00 l) 
oriented pyramids with (lil) 
faces (A,B,C), and (00 I) 
oriented pyramidal paniele 
sections with (00 I) faces 
(from José-Yacamán and 
Avalos-Borja [183]). 
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• • . ~ . 
• Figure 2.18 Transmission 

• e electron micrographs of gold 
crystals on a KC! substrate: 
(a) bright field image; (b) 
focused (200) SZDF; (c) 
defocused (200) SZDF. The 
displacement of the images 
reveals the orientation of 
their ( 100) planes (from José
Yacamán and Avalos-Borja 
[183]). 

Selected zone dark field (SZDF) imaging is a TEM imaging mode developed to study 
the arrangement of lattice planes of small (model) supported particles. An annular 
aperture is used to select diffracted intensities that have the same interplanar spacings. 
By slightly defocusing the objective lens, the partiele images produced by the diffracted 
beams are displaced perpendicular to the plane that produced the spots (see the example 
in Figure 2.18). Combination of the information obtained in this way by using different 
apertures enables one to deduct the partiele's configuration. 

Although these special dark field imaging techniques yield much information about 
partiele shape and structure, the most exciting information has been produced mainly 
by the high-resalution mode enabling lattice imaging. Figure 2.19 shows a high
resalution image of a Ag partiele created by coalescence of two icosahedral multiply 
twinned particles (MTPs). The interpretation of such images is in general very difficult, 
and cannot be done reliably without the aid of computational simulation techniques 
[185-187]. As Marks puts it, "the hardest area in electron microscopy of small particles 
is not the imaging, but rather the interpretation" [185]. 

J osé-Yacamán and Gómez [ 188] have systematically studied the structure of some me tal 
particles important for catalysis (Au, Pt, Rh, Ni, and Ir) with TEM techniques. They 
conclude that the most common shapes are those depicted in Figure 2.20, their 
population depending strongly on metal-support combination and preparation 
conditions. Twinned particles are found to occur mostly as a result of sintering. 
Winterbottom has shown [189] that, as in the case of a liquid film in contact with a 
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Figure 2.19 High-
resolution transmiSSIOn 
electron micrograph of 
coalesced multiply 
twinned particles (MTPs) 
of silver. The MTPs are 
icosahedrons consisting of 
twenty tetrahedra (from 
Marks [185]) . 

substrate, capillary forces deterrnine the overall (i.e. flat vs. spherical) equilibrium 
shape of supported solid particles. However, the differences in surface energy of solid 
particles result in the 'truncated' shapes of Figure 2.20. Masel and coworkers [ 190] 
have pointed out that surface energy differences between clean crystal faces are 
relatively srnall (- 1 kcal I mole for Pt) compared to differences in heat of adsorption 
(up to -5 kcal I mole), so that at temperatures high enough for atoms to become 
mobile (e.g., above - 800 K for Pt), the gaseous environment deterrnines the detailed 
partiele shape. They show by experiment that the equilibrium shape of truly clean Pt 
particles is almost spherical [190, 191]. 

Dynamic HREM observations have evidenced [ 192-195] that very small particles ( < 

~ (110) 

~ (111)(110) 

""' iJ!{!j 
"~ ~' 

Figure 2.20 Most 
common partiele shape 
for Au, Pt, Rh, Ni and 
Ir deposits on different 
substrates (from José
Yacamán and Gomez 
[188]). 
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Figure 2.21 Atomie resolution images of (left) a Pt crystallite on functionalize 
graphite (from Yeung and Wolf [200], and (right) a single Pt atom on HOPG (from 
Müller et al. [ 199]). 

5 om) are subject to rapid structural fluctuations at moderate temperatures (370 K for 
2 om particles [194]). Larger crystals show local 'column hopping', and cloucts of 
moving atoms have been seen outside some specific surfaces of gold clusters [196 , 197]. 

With scanning tunneling microscopy, real space imaging with atomie resolution has 
become possible. On flat, conducting substrates, 'atomie imaging '_ is rather 
straighûorward nowadays, but obtaining atomie resolution when scanning supported 
particles remains difficult. Figure 2.21a presents a state of the art example from a study 
by Wolf and coworkers on the morphology of Pt crystallites supported by different 
kinds of graphite substrates [200]. The image reveals the presence of several domains 
of (111)-type close packed arrangements. From such an image, the lattice parameters 
can be direttly measured. In this case, they were close to the (111) [3 x 13 structure, 
suggesting that the layer imaged could be an adsorbate layer. STM offers unique 
possibilities to image particles only a few atoms large. Millier et al. [199] have shown 
this for vapor deposited Pt onto HOPG. The deposit contained single Pt atoms, dimers, 
trimers, and small clusters. Figure 2.21b shows a STM picture of a single Pt atom. 
Because the structure of the support is so clearly resolved, the adsorption site for such 
monoroers could be determined, as well as the orientation and bond length of the 
dimers. Trimers occurred both as linear chains and as equilateral triangles. The imaging 
of clusters ofthis size and oftwo-dimensiona1 islands (e.g., see [201]) is the important 
contribution STM can make to the structural analysis of supported particles. 

2.3.2 Sintering and redispersion 
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The use of model supports in studies of sintering and redispersion has turned out to be 

a very fruitful approach. Most important is the clear advantage of thin electron 

transparent supports that enable the direct microscopie examination of roetal partiele 

behavior, but also the straightforward application of techniques like AES and XPS has 

contributed toa better understanding of sintering and redispersion phenomena. It should 

be stressed that the emphasis in model studies is best put on pinpointing mechanisms, 
and rather not on a quantitative comparison with conventionally supported systems. 

There are two main reasens for this. First, support morphology can be expected to have 

an important effect on sintering rate, in the sense that partiele mobility should be higher 

on the smooth, nonporeus surfaces of model supports. Secondly, the application of 
some surface analytica! techniques requires unrealistically high metalloadings, while 

metal surface concentration is known to influence sintering rates. Bartholomew has 

recently reviewed sintering and redispersion studies of model supported metal particles 

[202]. One ofhis main conclusions is that the model studies have made clear that very 

complex mechanistic phenomena take place during both sintering and redispersion. 

Depending on the metal-support combination and the conditions, roetal crystallites 
deform, spread, form films, and grow, contract, or disappear, due to both crystallite 

and atomie migration. In this section, we highlight a few of the model studies 
summarized in Table 2.4 to sketch the possibilities of model supports in this area of 

research. We emphasize the need for carefully prepared and well characterized model 

systerns, as sintering mechanisrns appear to be sensitive to the presence of impurities 

and contamination. 

Ruckenstein and Lee [203] have studied the behavior of model y-Al20 3 supported Ni 

crystallites upon heating in 0 2 and H2. The 30 nm thick model alumina was prepared 

by the anodization technique described in section 2.1.2; Ni was applied by evaporation. 

Figure 2.22 presents a time sequence of the same region, during hearing at 800 K in 0 2 

and subsequently in H2 • The sequence provides a nice example of the complexity of 

sintering and redispersion phenomena occurring during such treatrnents. Figure 2.22a 

represents the initial state of the Ni crystallites, which have sizes in the range of 7. 5 to 

45 urn. During heating in 0 2 for 0.5 h (Fig. 2.22b), the Ni crystallites are oxidized to 

NiO. The larger crystallites extend on the substrate and change their shape from droplet 

totorus like, while the smaller ones spread or disappear. Longer heating (Fig. 2.22c) 

does notproduce significant changes. Upon subsequent heating in H2, NiO is reduced 
to Ni, which is accompanied by quite dramatic changes in morphology, as can be seen 

in Fig. 2.22d. The toroidal particles split up into smal! particles, which grow (Fig. 

2.22e) by coalescence or ripening and eventually (Fig. 2.22f) migrate out of the initia! 

ring. 
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Table 2.4 Studies of sintering and redispersion on model supports 

Suptd. phase Support Conditions Reference 

Ag Al20 3 vac.; 870 - 1020 K 204 
Ag y-AI20 3 CzH., Hz and Oz; 520 - 670 K 205 
Ag c vac.; 870- 1020 K 204 
Ag SiOz vac .; 870- 1020 K 204 

Co y-AizOJ H2 , HzÜ; 970 K 206 
Co y-AI20 3 CH4 , HzO, Hz, and CO (mix) 207 
Co SiOz air, Hz; 570 - 770 K 208 

Fe y-Aiz03 Hz, 0 2 ; 670- 1070 K 209 
Fe y-Aiz03 Hz, HzO; 970 K 206 
Fe y-Aiz03 CH4 , HzO, Hz, and CO (mix) 207 

lr+Ba,Ca ox. y-Aiz03 Oz; 670-1070 K 210 
Ir y-Aiz03 , SiOz Hz, Oz; 420-870 K 37 
Ir graphite Hz; 1235 K 211 
Ir SiOz air, Hz; 570 - 1070 K 212 

Ni y-AizOJ Hz, Oz; 1000 K 203 
Ni y-Aiz03 Hz, H20; 970 K 206 
Ni y-AI20 3 CH4 , HzÜ, Hz, and CO (mix) 207 
Ni a-, y-Aiz03 air, Hz; 775 - 1075 K 213 
Ni y-Aiz03 Hz; 870, 970 and 1070 K 133 
Ni Nbz05 / SiOz Hz; 570, 770 and 920 K 50 

Pd y-AizOJ Hz; 920, 1000, and 1070 K 132 
Pd y-Aiz0 3 Hz, Oz; 820- 1020 K 214 
Pd y-Aiz0 3, TiOz Hz; 1070 K 215 
Pd graphite CzHz, CzH4 , Oz, Ar; 500-1120 K 216 
Pd mica Oz +CO; 570 K 217 

Pt Alz0 3 air; 770 and 870 K 128 
Pt AlzOJ Hz; 425- 1075 K 218 
Pt Alz0 3 vac.; 870- 1020 K 204 
Pt Alz03 vac. 219 
Pt a-Aiz0 3 Hz, Nz, Oz; 620 - 820 K 79 
Pt y-A1z0 3 Oz, Nz; 870- 1170 K 220 
Pt y-Aiz0 3 Hz, Nz, Oz; 770- 1120 K 131 
Pt y-Aiz0 3 Hz, Oz, Nz; 1020 - I 120 K 221 
Pt y-AizOJ Hz, Oz; 570- 1070 K 222,223 
Pt y-A1z0 3 air, 2% Oz in Nz; 970 K 224 
Pt y-AizOJ Ar, 0 2 , H2 ; 510 and 720 K 121 
Pt y-Aiz03 air; 770 and 870 K 225 
Pt y-AizOJ air; 770 K 226 
Pt y-Aiz0 3, SiOz Hz, Nz; 870 K 129 
Pt c Ar, Hz, Nz, Oz; 770 and 870 K 227 
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Table 2.4 continued 

Suptd. phase Support Conditions Reference 

Pt c Hz; 425 - 1075 K 218 
Pt c vac. ; 870- 1020 K 204 
Pt Si02 Clz, 0 2 , N2, H20 ; 820 - 1300 K 33 
Pt Si02 H2; 425 - 1075 K 218 
Pt Si02 vac .; 870- 1020 K 204 
Pt Ti0 2 H2; 425 - 1075 K 218 
Pt-Ce Si02 Hz, 0 2 ; up to 920 K 45 
Pt-Rh Si02 air , N2 ; up to 1270 K 34 
Pt-Rh Si02 air , H2 ; 350 - 970 K 43,35 
Pt-Rh Si02 H2 , 0 2 , He, Nz; up to 1270 K 44 
Pt-Sn Si02 Hz, Oz; up to 820 K 46 

Rh y -Al 20 3 , Si02 air , H2 ; 420- 970 K 35,43 
Rh y-A1zÜ3 , Si02 H2, 0 2; 420 - 870 K 37 
Rh(-Ce) y-A1zÜ3 , Si0 2 NO+CO in He, H2; 600 K 47,48 
Rh-Ce SiOz H2, 0 2; up to 920 K 45 
Rh-Sn Si02 H2, 0 2; up to 820 K 46 

Although HRTEM on model supported catalysts thus enables one to see directly the 
different effects of processes taking place during heating, it must be kept in mind that 
single atoms and I ot molecules can not be detected by this technique, and that it 
depends on the quality (uniform thickness and intrinsic electron transparency) of the 
model support whether particles smaller than 1 nm can be detected. The study of 
Rickard et al. [79] on the redispersion of Pt I Al20 3 in oxygen shows that this statement 
is nota triviality. They resolved apparent contradictions in the literature as to whether 
treatment in 0 2 at - 800 K of Pt crystallites supported by alumina leads to redispersion 
of the metal. Chemisorption measurements on conventional catalysts pointed towards 
redispersion, while TEM studies on both conventional and model systems showed 
partiele growth by coalescence, and hence sintering instead of redispersion. 
Explanations were sought in contamination and preferential adsorption -which are 
notorious troublemakers in chemisorption methods- and in the presence of crystallites 
so smal!, that they could not be detected by TEM. Rickard et al. prepared a model 
support suitable for HRTEM by thinning an a-AIP3 (IOTO) single crystal from the 
backside around the center by ion-beam etching until a smal! hole was formed; the edge 
of the hole was sufficiently electron transparent Deposition of Pt by evaporation 
resulted in Pt crystallites with a mean diameter of 1.9 nm, see Figure 2.23a and b. 
Treatment in 20 Torr 0 2 at 770 K for I h led to the bimodal size distribution shown in 
parts c and d of the same figure. In conclusion, partiele growth, as indicated by earl i er 
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Figure 2.22 
HRTEM time 
sequence of a sample 
of Ni I y-AI20 3 : (a) 
initia! state; heated in 
0 2 at 800 K for (b) 
0.5 h and (c) 3 h; 
subsequently heated 
in H2 at 800 K for 
(d) I h, (e) 2 h, and 
(f) 3h (from 
Ruckenstein and Lee 
[203]) . 

TEM studies, indeed occurs, but it is accompanied by the appearance of a large number 
of sub-nanometer clusters, which were formerly not detected by TEM, but of course 
do contribute significantly in chemisorption studies. lt should be clear that even smaller 
clusters and single metal atoms, which play important roles in ripening theories, are 
simply not directly detectable in this way. Therefore, the application of quantitative 
techniques like X-ray photoelectron spectroscopy, Rutherford backscattering, and Ion 
Scattering Spectroscopy to complement TEM studies aimed at a complete description 
of the phenomena occurring during heat treatment, should be very fruitful . 

Another reason to include more surface analytica! techniques in sintering and 
redispersion studies is the apparently large influence of contamination. Carbon is a wel! 
known example [202]. Metal crystallites supported by carbon sinter mainly due to 
migration of the entire crystallite, especially in H2 and 0 2 atmospheres . Metal promoted 
reactions between the carbon support and H2 or 0 2, forming CH4 or CO and C02, 

respectively, are held responsible for this behavior. These gases lift the metal particles, 
causing them to float over the surface. Evidence for this mechanism are TEM 
micrographs showing channels left behind by the migrating particles . The point now 
is , that similar behavior has been reported for Ni crystallites supported by a carbon 
contaminated Al20 3 model support [203]. Figure 2.24 shows TEM micrographs of the 
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model catalyst taken after heating at 1000 K in 760 Torr H2 for 8 and 20 hours 
respectively. The channels behind the migrating particles are clearly visible. It should 
be noted that completely different behavior is reported for Ni crystallites on clean 
alumina model substrates (see above). Increased crystallite mobility has also been 
reported for nickel on alumina and silica supports treated with fluoride and chloride 
salts [202]. 

The influence of Group HA-oxide dopants on the sintering and redispersion of Al20 3 

supported Ir crystallites has been studied by McVicker et al. [210]. A few percent of 
oxides of Ca, Sr, and Ba were shown to complete1y inhibit sintering under oxygen of 
well-dispersed catalysts up to 920 K, where the undoped catalyst was readily sintered 
at 750 K. This oxidative stabilization is consistent with the capture of mobile, 
molecular, iridium oxide species through formation of immobile surface iridates with 
the Group UA-oxides. 

15% ,.-------------, 

10% 

5% 

0% 
J ~~ 

0.0 0.7 1.4 2.1 2.8 

60% 

45% 

x5 

30% 

15% 

10.0 

Partiele diameter (nm) 

Figure 2.23 Micrographs and corresponding size distributions of similar Pt I Al20 3 

deposits; (top) deposited at 470 K, (bottom) treated in 0 2 (20 Torr, 770 K) (for details, 
see Rickard et al. [79]). 
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Figure 2.24 Partiele migration on a carbon contaminated alumi na substrate during heating of the 
specimen in I atm H2 at 1000 K for (left) 8 hand (right) 12 more hours . The tracks, indicating 
rapid movement of the crystallites, are caused by (metal catalyzed) reaction between carbon and 
H2 (from Ruckenstein and Lee [203]). 

Impurities have thus been shown to influence sintering behavior by enhancing crystallite 
mobility and also by inunobilization of atomie (molecular) surface phases formed by 
emission from larger metal crystallites. Surface characterization by means of e.g. AES 
or XPS thus seems advisable, especially when contamination is inherent to the 
technique used toprepare the model support. Anodization, for example, is often used 
to make thin self-supporting films of y-Al20 3, which are suitable for TEM. It is well
known, though, that during anodization electrolyte is incorporated in the growing oxide 
film, up to concentrations of 5% by weight. In view of the foregoing, this could have 
considerable effects on the sintering and redispersion of metal crystallites supported by 
stich oxides. 

Sununarizing, the main advantage of the model support approach in the study of 
sintering and redispersion of supported metal crystallites is that it enables direct 
visualization by means of TEM. Mechanistic processes such as migration and spreading 
can be directly observed. It has become clear that in general very complex phenomena 

are involved in both sintering and redispersion, and that it strongly depends on 

atmosphere and metal I support combination which phenomena occur. Due to the 
evident importance of microscopy in these studies, surface analytica! techniques have 
perhaps not been exploited to their full potential. Also in light of the consequences of 
impurities in the model support material, extensive characterization should be part of 

sintering and redispersion studies. 
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2.4 Concluding remarks 

The studies that have passed the revue in this chapter represent only a part of the large 
amount of researchdoneon model supported catalysts. In view of the topics dealt with 
in this thesis, we have selected only those studies which concemed preparation and 
characterization of supported phase morphology, leaving out, for example, studies 
pertaining to adsorption I desorption and catalytic reactions [228]. 

It will be clear that model supported catalysts have found their way into catalytic 
research quite well, and the reason is obvious. Surface science techniques enable a full 
characterization of the supported phase on the nanometer scale, but not on electrically 
insulating high surface area supports. Hence the application of their flat and conducting 
counterparts. 

In this chapter, we have payed a lot of attention to preparation - bothof the model 
support and of the supported phase. Careful prepara ti on of the support is important 
because it is not trivia! to make a flat replica of the porous support to be modeled. 
Alumina is a good example, where rather severe oxidation conditions are necessary to 
convert a metallic film into the oxide without inclusion of smal! metallic clusters (which 
would cause significant problems in e.g. reaction studies). Another example is the 
hydroxyl popwation of the surface of a model support. Hydroxyls are of key 
importance in relation to the synthesis of the supported phase (and hence also in studies 
of industrial preparation methods), but are mostly absent after standard support 
preparation routes. Preparation of the supported phase, then, is of importance because 
of the opportunities with respect to definition and control offered by model supports -
the most exciting approach bere probably being microfabrication by lithography. 

Finally, we have discussed the possibilities for the characterization of such properties 
as size, shape and structure of model supported nanocrystallites. The techniques 
important in this respect are the imaging techniques TEM and STM/SPM. However, 
alternative, more indirect methods do also exist. One of those is quantitative XPS, and 
we discuss its possibilities in this area of research in Chapter 4 to 7 of this thesis. 
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3 Quantitative X-ray Photoelectron Spectroscopy 

X-ray irradiation of asolid sample leads to theemission of electrons . These so-called 
photoelectrons originate from both core and valenee shells of the atoms in the outer i 0 
run of the sample. Some of them do not loose energy on their way out of the sample 
and are consequently dubbed no-loss photoelectrons. The kinetic energy Ek of these 
electrons, as measured by a spectrometer, can be expressed as: 

(3.1) 

where h v is the energy of the X-rays, Eb the binding energy of the electron before 
emission, and fjJ the work fimction of the spectrometer. Hence, if the values of h v and 
fjJ are known, the measured value of the kinetic energy of the photoelectrons can be 
translated easily into the electron binding energy before emission. lf the intensity of the 
photoelectrons is plotted as a fimction of binding energy, the no-loss electrons appear 
in sharp peaks due to their well-defined energy; the background in the spectrum 
contains (a.o.) all photoelectrons which have lost some energy somewhere in the 
sample or in the spectrometer. The binding energy of a no-loss peak tells to which 
element it belongs, and, importantly, what the chemica! state of this element in the 
sample is. An example is given in Figure 3.1, which is an XPS spectrum of a model 
silica supported Co-Mo-NT A precursor to MoS2 [ 1] . 

In state of the art instruments, the energy resolution can be as low as a few tenths of 
an eV. At this resolution, most no-loss peaks are seen as doublets due to spin-orbit 
splitting of the atomie energy levels. Figure 3.2 is an example of a high resolution scan 
of the Mo 3d doublet in Figure 3.1. The tigure showshow the binding energy of this 
doublet shifts to lower values due to treatment of the sample in a mixture of H2S and 
H2 at elevated temperatures. This shift is due to a change in the oxidation state of 
molybdenum (Mo4+ to Mo6+). Such changes can thus be mollitored with XPS, and this 

XPS Spectrum of 
Co-Mo-NTA I Si02 / Si 
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Figure 3.1 Example of 
an XPS spectrum. The 
sample under analysis 
here is a Co-Mo-NTA 
complex adsorbed onto 
a silica model catalyst 
(a thin layer of 
amorphous Si02 on a 
silicon wafer) . 
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240 235 230 225 

Binding energy I eV 

Figure 3.2 High-resolution scan of the 
Mo 3d doublet during sulfidation of a 
Co-Mo-NTA precursor in a mixture of 
H2S in H2 at different temperatures. 
The spectra indicate a change in Mo 
oxidation state from 4 + to 6 +, which 
is in accordance with the incorporation 
of Mo in MoS2 crystallites. The 
temperature at which this change 
occurs can be determined quite 
accuratel y in this way. 

is the reason why the technique is among the most frequently used surface science 
techniques in catalysis [2]. The intensity of the molybdenum signa! will be related to 
the amount of molybdenum atoms present in the sample. The calcula:tion of atomie 
concentradons from signa! intensities is called "Quantitative XPS". In the last decades, 
steady progress has been made in this still difficult application of XPS. This chapter 
aims at a description of the present state of affairs in this area of research. 

The chapter is organized as follows. As it is convenient to distinguish physical aspects 
of quantitative XPS from instrumental ones, Section 3.1 discusses the physics and 
Sec ti on 3. 3 is devoted to the influence of instrumentation. The sec ti on in between is 
about a specific XPS application important in relation to the characterization of model 
supported catalysts: non-destructive depth-profiling of flat, laterally homogeneaus 
samples by means of angle dependent measurements. This application of quantitative 
XPS is quite different from the conventional application to heterogeneaus catalysts with 
porous supports - which is the subject of the next chapter. 

3.1 Physical aspectsof quantification in XPS 

3.1.1 Photoelectron emission 

Consicter the experiment sketched in Figure 3.3, where a braad beam of unpolarized 
X-rays irradiates the sample under analysis homogeneously. Adopting the terminology 
of Briggs and Seah [3,4], the angular distribution of photoelectrons emitted from a shell 
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X of atoms Q through excitation with X-rays of energy h vis given by [5] 

daQX(h v) aQx(h v) [ 1 ( 3 . 2 )] 
--"------ = 1 • -f3Qx(hv) -sm y- 1 . 

dQ 4n 2 2 
(3.2) 

In this expression, aQx(h v) is the cross-section for emission of a photoelectron, and the 
part between square brackets is the so-called asymmetry factor LQx(h v, y). Cross
secrions a and asymmetry parameters fJ have been calculated and tabulated by a.o. 
Scofield [6] and Reilman et al. [5] respectively, for the important transitions of all 
elements and the commonly used X-ray sources. 

The X-rays generate photoelectrons moving in all directions throughout the upper few 
micrometers of the specimen. Moving electrons can loose energy through interaction 
with other electrons ('inelastic scattering'), while interaction with nuclei results in mere 
deflection ('elastic scattering'). A fundamental assumption in quantification studies is 
that both scattering processes can be described as Poisson processes in this sense, that 
the trajectory of an electron consists of straight line steps between scattering events, 
with the distribution of steplengtbs s given by 

dP(s) = ~ exp (- ~) ds , (3.3) 

where A. is the mean free path for the process considered (i.e. inelastic or el as tic 
scattering) [7,8]. Now the inelastic mean free path (A.; or IMPF) amounts to typically 
2-3 nm, which implies that only photoelectrons from the outer 10 nm of the sample 
surface contribute to the no-loss signals in XPS spectra. Elastic mean free paths are of 
the same order of magnitude, but as forward scattering is strongly favored, it is often 
assumed that no substantial deflection occurs before the first inelastic interaction. In 

electrens 
--+ analyzer Figure 3.3 Sketch of the 

geometry of an XPS 
experiment: X-rays hit the 
surface under an angle o; 
electrons leaving the 
surface under an angle e 
are detected. y represems 
the angle between the 
incoming X-rays and 
outgoing electrons, and is 
fixed in most setups. 
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other words, the paths of the no-toss electrans analyzed actually are straight lines . This 
so-called straight line approxirnation has been the subject of much discussion in the 
recent literature, and we come back to its validity at the end of this section; for the 
moment, however, we continue the discussion in terms of the straight line 
approxirnation. 

3.1.2 The straight line approximation to electron transport 

In the straight line approximation, the transport of electrans is characterized by the 
IMFP only. In a series of papers [9], Tanurna, Powell and Penn have developed a 
formula for predicting IMFPs on the basis of a physical model. The formula is a 
modified form of the Bethe equation for inelastic scattering in matter and contains four 
parameters. By fitting to IMPFs calculated by means of an algorithm which makes use 
of experimental optical data, these parameters have been empirically related to material 
parameters (atomie weight, density, number of valenee electrans per atom and bandgap 
energy). The latest version of this formula, TPP-2M, applies to 50-2000 eV electrans 
in a wide variety of rnaterials, ranging from simple metals to oxides and polymers. The 
dependenee on kinetic energy is found to be approxirnately Ek0

·
75

• The uncertainty in 
predicted values is estirnated to be a few percent only [9]. 

With Eqn 3.3 as a starting point, we can now establish arelation between concentration 
and signal intensity. To begin with, only photoelectrons which do not loose energy on 
their way out of the sample contribute to intensity as measured from the no-toss peaks 
in recorded spectra. The probability of escape without energy loss is equal to the 
probability that the first 'inelastic' steplength sis larger than the distance S between the 
point of photo-ionization and the point of escape from the sample. For photoelectrons 
escaping from a flat sample at an angle 8 with respect to its surface normal, the 
probability of escape is given as a function of depth z below the surface according to 

Pesc(z) = ~ j exp (-~) ds = exp ( . z ) . (3.4) 
À I z/cos 8 À I ÀI COS e 

Suppose now that atoms Q are distributed through the sample according to c0 .M(z). Then 
we arrive at the following expression for the absolute speetral intensity n0x,M( fl) ernitted 
(per incident photon) in the direction e, for electrans ernitted from shell x of atoms Q 
in a flat, laterally homogeneaus matrix M: 

a0x L0x<r) jcQ.M (z) exp ( ; z l dz . 
o ÀM (EQX) COS 8 

nQX.M(8) (3.5) 
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Here, we asswne for the moment that the IMFP does not depend on the concentration 
of Q, i.e. that it is constant throughout the sample. Note that we have 'incorporated' 
the factor 4n occurring in Eqn 3.2 into a bere. 

3.1.3 Elastic scattering effects 

Because of elastic scattering, photoelectron paths in a solid are actually better 
represented by zig-zag than by straight lines. Figure 3.4 shows the results of a Monte 
Carlo simulation of electron transport (see Chapter 6 for details), where electroos 
entering an amorphous silicon sample are elastically scattered according to cross
seelions for elastic scattering calculated by Czyzewski et al. [I 0] . From Monte Carlo 
methods, emission depth distribution functions can be calculated [11,12]. Loosely 
defined (see [12] for details), the depth distribution function of a specific sample is the 
probability <I>(z,8) dQ dz that an electron emitted between deptbszand z + dz leaves 
the surface of the sample in the direction defined by dQ at an angle 8 with respect to 
the surface normal, without energy loss. In other words, <I>(z, 8) replaces the term exp 
(-z I ).i cos 8) in Eqn 3.5. As an example, Figure 3.5 shows the depth distribution 
functions for Si 2p electroos in silicon for off-axis angles 8 ranging from 0° to 80°. For 
angles up to -60°, <I>(z,8) can be reasonably approximated by exp (-zl). cos 8), where 
). is a new parameter known as the attenuation length. The attenuation length is smaller 
than ).i because elastic scattering enlarges the distance electroos have to cross to escape 
from the sample. As heavier nuclei are stronger scatterers, the ratio ). I ).i is smaller 
for samples containing elements of high atomie nurnber. From Monte Carlo data on 
elemental solicts of Jablonski [13], Briggs and Seah have concluded that, toa standard 
deviation of 4%, the dependenee on atomie number Zand kinetic energy Ek of the ratio 
). I ).i can be described by [3]: 

5nm Figure 3.4 Monte Carlo 
simulation of Si 2p electrans 
(Ek = 1385 eV) entering an 
amorphous silicon sample. 
Each electron was 'followed' 
until its total pathlength 
exceeded five times the IMFP 
(3 .09 nm). The simulations 
are based on relativistic 
Hanree-Fock cross-seelions 
for elastic scattering calculated 
by Czyzewski et al. [10]. 
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Figure 3.5 Depth 
distribution function cl> 
for 1385 eV Si 2p 
electrans coming out of 
a silicon sample under 
the angles specified. 
The calculation is based 
on the Monte Carlo 
simulation for electron 
transport mentioned in 
the text and in the 
caption of Figure 3.4 . 

(3.6) 

As electron scattering is an interaction between electrans and nuclei, we expect that -
mutatis mutandis - these findings for elemental solids can be safely extrapolated to 
most amorphous and polycrystalline materials . For single crystals, the situation is 
different, as electron diffraction then complicates the picture [14]. 

In conclusion, in most practical cases the effect of elastic scattering can be taken into 
account by substituting the attenuation length À for À i in the term exp ( -z I À; cos 8) 

occurring in expressions like Eqn 3.5. As the attenuation length is a simple sealing 
factor in such expressions, small errors in its estimated value will not have large 
consequences. In extreme cases ( 8 > 60°), however, it might be necessary to resort 
to the more involved, empirically derived expressions for the DDF that explicitly take 
its non-exponential behavior into account ( 15, 16]. 

3.2 Angle resolved XPS and non-destructive depth-profiling 

In the former section, we have gradually narrowed the discussion to flat, solid samples 
ha ving concentration gradients in the z-direction only . On such samples, quantitative 
XPS can be performed in the angle resolved mode, which means that intensities are 
measured as a function of off-axis angle 8. The way in which this is done can best be 
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explained with an example. Suppose we have a sample of a silicon wafer, and we want 
to know the thickness dof the passivation layer of Si02 at the surface. The Si4

+ ions 
in the passivadon layer will give rise to a shifted Si 2p peak which can be discrirninated 
from the bulk (SiC) Si 2p peak. Evaluation ofEqn 3.5 for the Si4

+ and Si0 concentration 
deptb-profiles gives: 

nsi•·2p = (aL)Si2p csi.Sio/·sio,<Esi2p) cos8 [1 exp( d ) I 
ÀSi0

1
(ESi2) cos8 

(3.7) 

ns. Oz - ( (J L)s·z Cs. s Às·<Es. 2 ) cos e exp( - d ) . 
' P 'P '· ' ' ' P À .(E . ) cosO 

S1 S•2p 

Fitting of these expressions (or, more precisely, of their ratio, as we explain in Sec ti on 
3. 3) to tbe measured signal intensities tben gives tbe thickness d of the passivation 
layer. Because, in this case, the concentration deptb-profiles contain only one free 
parameter (viz. d), a measurement at only one angle suffices to deterrnine c(z) 

completely. One could expect, tberefore, that more complicated c(z) could be 
deterrnined by measurements at more angles, i.e. by evaluation of n( 8). 

Now stripped of all subscripts and proportionality factors, Eqn 3.5 reads 

n(O) = j c (z) exp( __ z -) dz , 
o À cos e (3.8) 

and we see that it can be reduced to tbe well-known Laplace transform by making the 
change of variable: 

so that 

1 
p(fJ) = -

À cos8 

n(p) = Jc(z)exp(-pz)dz = ~[c(z);p] 
0 

(3.9) 

(3.10) 

where SJ: denotes Laplace transformation. In principle, by inversion of the Laptace 
transform, the concentration deptb-profile c(z) of each element in the sample can thus 
be found from tbe angle dependenee of the corresponding signal intensity : 

c(z) = ~ -1 [n(p); z] . 

In practice, however, inversion is very difficult. In a recent review [ 17] of deptb-profile 
recovery methods, Cumpson has made clear that all such metbods suffer from common 
lirnitations imposed by the very nature of the inversion of Laplace transforms. The 
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problem is that the information content of angle-resolved data is in fact quite low, or, 
in other words, that rather different concentration deptb-profiles can produce very 
similar angle-resolved data. Therefore, the inversion is extremely sensitive to smal! 
errors in the measured signa! intensities. Any a priori information is helpful is such 
cases, and the easiest way to incorporate such information is by construction of a 
simple parametrie model of the depth-profile. The parameters can then be obtained 
from straightforward fitting as shown above. Again, because of the low information 
content of the angle-resolved data, the number of parameters that can be determined in 
this way is two or three at maximum [ 17]. 

3.3 Instrumental aspects of quantification 

This section describes how the area tmder a peak in an XPS spectrum (the measure of 
signa! intensity) is related to the absolute speetral intensity nox.M which occurs in 
expressions like Eqn 3.5, and it discusses the practical consequences of this relation for 
doing quantitative XPS. The terminology in this sectionis adapted from that of Seah 
in [3] and [4]. · 

3.3.1 Transmission of the analyzer 

Only part of the photoelectrons escaping from the sample surface are directed towards 
the instrument's analyzer. The maximum collection angle of the analyzer is defined by 
its input aperture; for our setup (VG Escalab Mk Il) it has a - rather large - nomina! 
value of ± 12 o. The actual cone of collee ti on is generally smaller and depends on the 
location of escape from the sample surface, on the kinetic energy Ek of the 
photoelectron and on the energy EP at which it passes the analyzer [4]. As an example, 
in our setup, Si 2p electrans (Ek = 1385 eV) escaping from the surface at the 
intersection of the central axis of the analyzer and the sample surface reach the detector 
at the end of the analyzer only if e = 80 ± 4° when EP = 20 eV (as it is usually). It 
is generally assumed [3,4, 18] that the variation of terms like L0x( y) and cos e in Eqn 
3.2 over the cone of collection can be neglected. From the workof Tyler et al. [ 19], 
who have examined the effect of large collection angles on depth-profiling by angle 
resolved XPS, it can be concluded that this assumption is surely justified for angles 
smaller than- 6°; at EP= 20 eV, this limit corresponds toE "' 600 eV, implying that 
the effects of angular averaging over the collection cone can indeed be neglected for 
most signals of interest. 
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Assuming then that the sample is completely and homogeneously irradiated by X-rays, 
as is the case with conventional X-ray sourees (but not with monochromated ones), we 
arrive at the following expression for the measured photoelectron intensity 10 x in the 
analyzer: 

/Qx,M = j 0 seco aQxLQx(Y) JJ Q(xyEQxEp)dxdy x 

JcQ.M(z) exp (- À x ;E \case) dz 
z M QX 

(3.12) 

where j 0 is the flux of X-rays, Q is the solid colteetion angle, and the other terms are 
explained in Section 3.1. The integral of Q over the surface of the sample can be 
rewritten as 

f Jo (xyEQxE~dxdy = sece ff Q (vwEQxE~dvdw = sece G(EQxE~ . (3.13) 
x y slits 

The integral over the entrance slits of the analyzer is defined as the so-called étendue 
G, and differs from one instrument to another. For our type of instrument, the étendue 
has been determined by Seah and Smith [4] to provide standard reference spectra of 
copper, silver, and gold. From Figure 11 intheir paper, we have deduced the étendue 
of our instrument to be 

{' •""" , é > 7.25 

G oc é-0 45 < é < 7.25 é = 0.03 EIE (3.14) p 

é-0 13 é < 

Besides the aspects described, there is also the energy acceptance of the analyzer [4], 
which results in instrumental peak broadening ÄEb proportional to the pass-energy EP. 
The last terms that have to be included are D(EP) and F(EP), which ex pre ss the 
efficiencies of electron detection system and electronics respectively. 

The peak area is thus found to be proportional to 

F(E~ D (E~ G (EQxE~ EP j 0 seco sece aQx LQx( y) X 

fc (z) exp (- z l dz 
Q.M Ä (E ) case 

z M QX 

(3.15) 
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It might be clear that, because of the many factors playing a role, absolute 
quantification of signals is very difficult; by ratioing intensities of signals in the same 
spectrum, however, all extra terms except the étendue vanish: 

Je (z) exp ( z ) dz 
/Qx.M . aQx LQx< y) G (EQXEp) z Q.M ÀM(EQx) cosfJ 

aRY ~y(Y) G (ERYEp) J z dz 
Z
cR ,M(z) exp 

ÀM(ERY) cosfJ 

(3.16) 

Note that if EQx zERY• the étendue terms also cancel. This canceling of terms is the 
reason that quantitative XPS analyses are often based on intensity ratios instead of 
absolute intensities. Our analyses in the next chapters arealso basedon intensity ratios . 

3.3.2 Background subtraction 

In recorded spectra, no-loss peaks come together with a continuous background of 
photoelectrons having lost some energy in inelastic scattering events. Tb calculate the 
intensity of the no-loss peak, i.e. the area under the peak in the recorded spectrum, it 
is necessary to separate this peak from the inelastic background first. Background 
subtraction, as this problem is generally referred to, has turned out to be rather difficult 
and a potential souree of substantial inaccuracy. Essentially three methods exist to 
remove the inelastic background, of which the straight-line method is the simplest, the 
Shirley method the most used, and the Tougaard method the most involved, but the 
only physically grounded method. The three methods have been compared and 
evaluated in detail by Tougaard and Jansson [20] and arealso discussed by Görts [21]. 
The Tougaard method is found to be superior to the other two, its physical basis 
warranting an inaccuracy limit of about 3%, while for the Shirley and straight-line 
method deviations up to 60% are reported. This large difference is mainly due to a 
eertaio unavoidable arbitrariness in the application of the latter two methods, as is 
illustrated in Figure 3.7 for Shirley background subtraction from a Au 4d spectrum. A 
problem with the Tougaard formalism is that it is strictly only valid for exponential or 
constant in-depth distributions of the elements under analysis, and, moreover, that it 
assurnes a constant IMFP throughout the sample [20]. The implications of these 
assumptions are not clear, however; it might well be that the free parameter B, [20,21] 
in the forrnalism acts as a safety net for possible errors. As several groups are working 
on generalizations of the Tougaard method [22,23], more refined backgrmmd 
subtraction methods may become available in the near future. For the moment we 
assume that the application of the Tougaard formalism produces no-loss peak areas with 
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± 5% inaccuracy. 

3.3.3 Estimate of the fmal accuracy 

At the end of this chapter, it is appropriate to make an estimate of the accuracy typical 
for quantitative XPS analyses. Apart from the ±5% accuracy of peak area 
measurements alone, the errors involved in the following parameters has to be 
estimated: a, L, G, 8 and A. To start with a: as mentioned inSection 3.1.1, we use 
cross-secrions a tabulated by Scofield. Because there is no significant difference [3] 
between these calculations and those of others, we expect a to be a negligible souree 
of errors. 

For the angular asymmetry factor L, the situation is slightly different. Because of elastic 
scattering, the angle y as it is 'defined' in Figure 3.3 is in general not the same as the 
angle y as it occurs in Eqn 3.2. Elastic scattering effects have been investigated in a 
series of papers by Basch,enko and Nefedov as well as Jablonski and coworkers [3] . The 
effects depend on the specific sample geometry, but an overall es ti mate of the error 
made when ignoring elastic scattering effects on the value of L can be made from the 
findings of Jablonski for homogeneaus materials [8]. According to Jablonski, the effects 
of elastic scattering can be incorporated by substituting {! for fJ in Eqn 3.2, with 

1000 1000 
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peak area = 15251 - 25303 

800 

...,. 
::J 

~ 600 600 

~ 
;;; 
c ., 400 
Ë 

200 

o+-'-~~f-'--~-'-+_.__..__,_,-+-.___._,~ 

975 1025 1075 1125 1175 975 1025 1075 1125 1175 

Kinetic energy (eV) Kinetic Energy (eV) 

Figure 3.6 Tougaard en Shirley background subtraction methods applied to a Au 4d 
spectrum obtained from a clean gold foil at 100 eV pass-energy. The data were corrected 
for the étendue of the analyzer, and X-ray satellites were subtracted. The Tougaard 
metbod contains one free parameter, which must be set such that the background coincides 
with the low energy tail of the peak. In the Shirley method a staning point much be chosen 
at the low energy side; the Jack of clear criteria for this choice is a souree of substantial 
inaccuracy. 
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p· " fJ (0.781 - o.oos14z , o.oooo3I Z 2) (3.17) 

In our setup, y as defined by Figure 3.3 amounts toabout 50°; the error then made if 
ignoring Eqn 3.17 amounts toabout -3% for most signals of interest (e.g., -3.5% for 
C Is, -3.0% for Cu 2p, -2.8% for Au 4j), except for 2p signals of light elements, 
where the error approaches zero. In conclusion, the errors introduced by neglecting the 
effects of elastic scattering on the angular asymmetry parameter L, are at most ± 3%. 

The third parameter to be considered is the étendue G. With the reference spectra of 
Cu, Ag and Au being available nowadays [3,4], G can be determined very accurately. 
Figure 13 in ref. [4] shows that the error in G(E1) I G(E2) then is about ±5% at 
maximum. Note that the error approaches zero when E1 :::.E2• 

We thus arrive at an estimated error of maximally ± 10% in the ratio of the aLG 
factors. The precision with which 8 can be set depends of course on the instrument, but 
will be about ± 3 o in most situations. The last souree of errors in the predicted 
intensity ratios relates to the approximation of the depth distribution fuoctions by exp 
( -z I)., cos 8). For normal emission from solicts containing one element only, the 
attenuation length )., can be calculated with Eqn 3. 6 to an accuracy of 4%; the question 
is how such errors multiply (or cancel) fora system containing more than one phase. 
To get an impression, it is illustrative to compare predictions of intensities for such a 
system with intensities simulated by means of a Monte Carlo method. 

For a gold overlayer on a silicon substrate, the theoretica! preilietion of the Au 4f over 
Si 2p intensity ratio is (see also Eqn 3.7) 

(oLG)Au4f CAu,Au J..Au(EAu4) 

(aL G)Si2p csi.Si J.. si<Esi2p) 

( 
dA J 1 - exp · u 

J..Au(E Au 4) cos8 
(3.18) 

Substitution of Monte Carlo data for the intensities, with an error of ±20 % added to 
account for the estimated inaccuracy in the aLG parts and the precision of the 
measurement, leads to the data presented in Table 3.1. 

In conclusion: In the worst case, when the errorsenforce each other, the inaccuracy in 
dAu - the parameter to be determined - can be as large as ±30%. The large 
systematic deviations for the 4.0 nm overlayer are caused by the non-exponentlal 
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Table 3.1 Calculated thickness of Au overlayer on Si substrate as a function of 
angle of measuremem. The deviations from the true thickness indicate the summed 
effect of several sourees of inaccuracy (see-<ext for further explanation). 

True dAu (run) 0° - dAu (run) 40° - dAu (run) 60° - dAu (run) 

1.0 

2.0 

4.0 

0.86 - 1.26 

1.89- 2.53 

4.14-5.10 

0.89 - 1.26 

1.90 - 2.47 

3.93- 4.75 

0.90- 1.21 

1.74-2.18 

3.17- 3.78 

behavior of the depth distribution function at large depths, which effects the 
transparency of the overlayer for the photoelectrons of the substrate (i.e. the factor 
exp(-dl .-1 cos 8) in the denominator of Eqn 3.18) . Hence, such deviations only occur 
when the substrate signa! is severely reduced by the phase it supports. Fortunately, 
model catalysts usually have loadings equivalent to overlayer thicknesses of at most a 
few nanometers, implying that the 30% can be taken as a safe upper limit of the 
inaccuracy there also. 
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4 Quantitative XPS of porous catalysts 

Quantitative analysis of XPS data of heterogeneaus catalysts yields information on the 
way the supported phase is present in the pores of the support. Usually, the most 
important quantity in this respect is the dispersion of the supported phase, i.e., the 
fraction of its atoms exposed to the gas phase. Of course, quantitative XPS is not the 
only metbod that can be applied to obtain such information. In case the supported phase 
is a metal, hydragen chernisorption is often used to deterrnine its dispersion, but this 
metbod is not without pitfalls. Direct observation of the partiele size and shape by 
means of high-resalution TEM is another possibility, but a large number of particles 
have to be analyzed to obtain a statistically reliable value of the dispersion. Now 
quantitative XPS is oot without difficulties either (e.g., charging), but in some cases 
(viz., oxide supported by oxide, with a poor TEM contrast between the two), it is 
simply the only metbod applicable. 

For a quantitative analysis of intensity data, the heterogeneaus system must be modeled 
one way or another, and through the years, increasingly sophisticated models have 
appeared in the literature [1-5]. In this chapter, we mainly discuss the so-called Kuipers 
model [4], wbich is the state of the art model. The purpose of this chapter is twofold. 
First, we want to make clear what exactly can be quantified in an analysis of XPS data 
from conventional catalysts, and how accurately this can be done. Secondly, we 
propose some minor modifications to the model of Kuipers, which we believe will make 
the quantitative analysis more accurate. The next chapter then focuses on the 
advantages of using model supports in this area of research. 

4.1 Introduetion 

The cross-section sketched in Figure 4.1 is an idealized representation of a 
heterogeneaus catalyst. Throughout this chapter, we assume that the catalyst is 

Figure 4.1 ldealized representation of a heterogeneaus catalyst: aggregated spherical 
support particles supporting small crystallites of the active phase. In case of a silica 
support, a support partiele diameter of 8 nm corresponds to a specific surface area of 
-350 m2/g, in case of alumi na to -200 m2/g. 
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Figure 4.2 XPS probe depth (darker hatched area) in case the detector is in the direction 
indicated by the arrows. Left: low specific surface area support (- 25 m2/g, 80 nm 
primary particles-assuming a support density of 3 g/cm3

) covered with 5 nm crystallites; 
right: high surface area support ( -650 m2/g, 3 nm) with monolayer coating. 

composed of two phases only: the support and the supported phase. The peaks in a 
spectrum from such a system thus can be attributed to either the support 's' or the 
supported material 'c' (from crystallite). The ratio of intensities of two such signals Ie 
and I, can be expressed as: 

x G (4.1) 

where the reference intensities rr pertain to homogeneaus 'reference' samples of the 
support and supported material, and Gis a purely geometrie term, accounting for the 
specific distribution of these material through the sample under analysis. Reference 
intensities can be measured, of course, but they can also be calculated (see Chapter 3). 
The key to a successful quantitative analysis of XPS data from a porous catalyst is a 
model of its geometry which enables a simple but accurate expression of this geometrie 
term. As the orientation of the surface is not well-defined at the microscopie scale, the 
angle dependenee of signal intensities will not contain any useful information. 
Therefore, the value of only one free parameter can be determined from the intensity 
ratio Ie I I, (see the discussion inSection 3.3 of Chapter 3). Now the relative intensity 
of the supported material will depend on the amount of material present (the loading), 
on the size of the crystallites, and probably also on their shape. Thus, if the size is to 
be determined, the loading and the shape of the crystallites have to be known. 
Moreover, the relative intensity of the support is in principle influenced by both the size 
and shape of its primary particles. Now the diameter of primary support particles 
ranges from ~ 80 nm for low surface area catalysts (25 m2/g) to a few nm only for 
highly porous systems (assurning that the support density is 3 g/cm3

, as we will do 
throughout this chapter). As the IMFP typically has values in the range 0. 5 - 4 nm, the 
prohing depth in XPS is limited to maximally 15 nm. In low area systems, only 
electrans from the surface of the outer primary support particles are thus able to escape 
the sample without energy loss. Hence, for XPS analysis, such systems are essentially 
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closed but rough substrates covered with crystallites (see Figure 4.2, left). In high
surface area catalysts, however, the outer layers of primary support particles are more 
or less transparent for the photoelectrons, which implies that such systems can be 
considered homogeneous mixtures of support and supported material (Figure 4.2, 
right). Unfortunately, typical high-area supports have specific areas corresponding to 
spherical primary particles of 5 to 10 nm in diameter, and thus fall precisely in between 
the two extremes pictured in Figure 4.2. Hence, the porous morphology of the support 
mustindeed betaken into account explicitly. 

4.2 Stratified layer models 

Kerkhof and Moulijn [2] accounted for the porosity of a support by modeling the 
heterogeneaus system as a series of support sheets covered by supported crystallites on 
both sides, see Figure 4.3. The thickness of the sheets is fixed by the specific surface 
areaSof the support: d, = 2 I (pS), in which p represents the density of the support 
material. The following general expression for the geometry term bas been derived 
within this so-called stratified layer model [2,4]: 

G il'(l lQX.c){I + lQX,s[1- il'(l- lQX,c)]} 

(1- lRY,s) [I - it(l Y RY,c)] 

I - lRY,s [1- il'(l- lRY ,c)f 

1-1Qx)1-ii'(1-1Qx)f 

[ 
d5 

] [ ds ] Y - ex Y - ex RY,s - p À (E ) ' QX,s - p À (E ) 
s RY s QX 

(4.2) 

where the subscript QX pertains to the transition X in atoms Q, present in the supported 
phase only, and RY to the transition Y of atoms R of the support. The Ys in these 
expressions are the so-called attenuation functions descrihing the attenuation of 
photoelectrons by a single object like a crystallite (Y .. ,c) or a support sheet (Y ... J. For 
cubic crystallites, the Yc s are given by 

• .__ . : • • : I I ds • • • • Figure 4.3 Kerkhof and 

• • • : • I de Moulijn model [2] of a 
heterogeneaus catalyst: an 
infinite series of sheets 

• • • • • supporting cubic crystallites . 

• : __. • • I • • • • • 
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(4.3) 

The variabie IJ is de fractional coverage of the support, which for cubic crystallites 
equals L I d0 , where L is the loading of the support (nm3 support material I nm1 

support). 

For spherical and hernispherical crystallites, the attenuation function takes the following 
form, as was shown by Fllllg [3]: 

(4.4) 

with l equal to the radius R fora hernispherical crystallite, and to the diameter 2R for 
a spherical one. Kuipers et al. [4] were the first to derive Eqns 4.2 in terms of the 
general attenuation functions Y, thereby enabling straightforward application of the 
stratified layer model in case of (herni)spherical crystallites by simple substitution of 
Eqn 4.3 for Y. .. c· 

A quantitative analysis based on Eqn 4.2 then works as follows [4]. First, the 
attenuation function thought to be most appropriate is chosen (which implies that 
assumptions are made about crystallite shape). From a measurement of the intensities 
of crystallite and support signals, the value of the geometrie term G is calculated 
according to Eqn 4.1. The crystallite size is then calculated by an iterative procedure 
based on Eqn 4.2, the sheet thickness ds set by the known support specific surface area, 
and the coverage being a function of crystallite size only, as the loading Lis known too. 
Note that the assumptions made about crystallite shape are also needed to calculate the 
dispersion from the value folUld for the crystallite size . As this procedure is also at the 
hart of the more refined model(s) to follow, it is appropriate to pay some attention to 
its accuracy here. 

In general, if the crystallite size is small as compared to the attenuation lengths À, the 
intensity from one crystallite will be approximately proportional to its volume. Hence, 
in the limit of low crystallite size, many possible combinations of coverage and size will 
lead to the same supported phase intensity. Therefore, the result of the iterative 
procedure (i.e., a value for the crystallite size) wiJl become very sensitive to srnall 
'errors' in the input data. Note that this is due to the way intensities arise in an XPS 
experiment, and that it is not an artefact of the stratified layer model. 
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As an example, Figure 4.4 gives the errors in the calculated partiele size resulting from 
an inaccuracy in the measured intensities of ±3, 5, and 10% . The data pertain to cubic 
crystallites covering 5% of the support surface, and the attenuation lengths are set to 
a typical value of 3.0 nm. It is clear that the errors in the calculated crystallite size 
indeed become large at low crystallite size; as a rule of thumb, the inaccuracy in the 
input is multiplied by a factor 2 if the crystallite size is about equal to the attenuation 
length À, and by a factor 5 if the size is only one third of À. 

4.3 Angular averaging 

The most important impravement that Kuipers et al. [4] made to the stratified layer 
model of Kerkhof and Moulijn, is that they considered angular averaging effects. In the 
stratified layer approach, it is assumed that the sheets, and hence the crystallites they 
support, have a perpendicular orientation with respect to the analyzer. In reality, 
however, there will be no preferred orientation, i.e., support and supported material 
are 'seen' from all possible orientations. Therefore, Kuipers subsb.tuted angular 
averaged attenuation functions for the Y's in Eqn 4.2. As an example, for patches of 
support material (i.e., rectangular particles of smal! height compared to their length and 
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Figure 4.5 Support - crystallite 
combination with strong 
correlation between crystall i te 
orientation and local support 
thickness. 

2 n nf2 ( d ) f dt/J J d8 sin 8cos8 exp --
À cose 

0 0 2 nff2 de sine cos e exp(·--d-) 
À case 

r " 
2n n /2 f d fjJ f d e sin e cos e 0 

0 0 (4.5) 

width), the angular averaged attenuation function ris equal to:which, toa reasonable 
approximation can be expressed analytically as 

exp(-d I À) 
(4.6) 

2 - exp(-d I À) 

Note that in using Eqn 4.2 with angular averaged attenuation functions, it is tacitly 
assrnned that the orientation of the supported crystallites is not correlated to the local 
thickness of the support, i.e., that the crystallite and support attenuation functions can 
be averaged independently. Whether this is true or not will depend on the actual 
morphology of the support. However, the consequences of a possible correlation are 
only small, as must be concluded from the following example. Consider the s.ituation 
depicted in Figure 4.5. The correlation between crystallite orientation and local support 
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Figure 4.6 Error in calculated 
crystallite thickness due to 
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thickness is very strong in this case, but separate averaging results in errors in the 
calculated crystallite size of 10% at maximum only, as can be seen in Figure 4.6. 
Hence, we neglect errors due to possible correlations, and continue the discussion in 
terrus of the averaged attenuation functions. 

Next, we must consicter what Kuipers et al. [4] call "the generalization". Consicter a 
crystallite with arbitrary, convex shape, as depicted in Fig. 4.7. The intensity of a set 
of such crystallites covering a flat substrate can be expressed as: 

Ie "I/er nAproj ( 1 ~ Ji exp(-h(x,y) I À)dx dy) (4.7) 
proJ Aproj 

where h(x,y) is the local height of the crystallite, Aproj the area projected by the 
crystallite onto the substrate along its normal (see Fig. 4. 7), and n the crystallite 
number density. Now nAproj is equal to the fraction tJ of the substrate area covered with 
crystallites, which can also be expressedas the loading Lof the substrate divided by the 
average crystallite height Ti (averaged over Apro). In the limit of very small crystallites, 
where there is nearly no attenuation, the intensity must become proportional to the 
amount of crystallite material present, or the loading. This condition can be met if we 
make the approximation 

~ JJ. exp(-h(t,y) I À)dx dy "' exp(-h I À) (4.8) 
prOJ Aproj 

Note that in this approximation the intensity becomes proportional to the coverage tJ 
in the limit of very large crystallites, as it iudeed should be. 

Consicter now a more support-like substrate, i.e., a substrate with randomly oriented 
surface parts as sketched in the upper part of Fig. 4.8. As, for XPS analysis, the 
situation there is completely equivalent to the one sketched in the lower part of the same 
figure, the approximation just made is still valid if we take h to be the average length 
of intersection through the crystallite, where all possible orientations then must be 
considered. According to Cauchy's theorem [6], this average intersection length is 
equal to the volume V of the crystallite divided by a quarter of its outer surface A. 

h(xy) 

Aproj 

Figure 4. 7 Projected area 
and local height of an 
arbitrary convex crystallite. 
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0 0 () 0 

Hence, we get the following expression for the intensity: 

Ie « 2L I ÏÏ [1 exp( -ÏÏ I À)] 

ÏÏ.·.4VIA 

Figure 4.8 Equivalent 
situations. Top: random 
surface, toading L; 
bottom: flat surface, 
toading 2L. 

(4.9) 

The factor 2 in front of L arises because the apparent (i.e., projected) value of the 
surface area of a completely random surface is half its true value, and hence the 
apparent loading is twice the actualloading. 

In conclusion, for random samples containing arbitrary shaped crystallites, the XPS 
signa! of the crystallites is determined by their volume to surface ratio as expresse ct by 
Eqn 4.9. Note that this implies that the dispersion of the supported phase is the 
parameter determining the intensity ratio! Consequently, any shape size combination 
giving the same value of the dispersion is equally acceptable, e.g. if a given intensity 
ratio is in accordance with patch-like crystallites of height x, it is also in accordance 
with spherical crystallites of diameter 3x. However, as argued, this is only 
approximately true, and we therefore want to estimate the magnitude of the errors 
possibly involved if this 'intertranslation' were to be implemented in an algorithm for 
quantitative analysis. 

Consicter a support consisring of sheets of well defined thickness d. in the direction of 
the analyzer, but with completely random surface orientation (see also Fig. 4.10). Just 
as for a flat support sheet, the attenuation fimction of such a sheet is simply (and 
exactly) exp(-d/À), but the orientation of the supported crystallites is completely 
random. Suppose now that the supported phase consists of spherical crystallites. For 
this system, the geometrie term G can be calculated without approximations. Hence, 
we can check the accuracy of intertranslation of crystallite size by recalculation of the 

size from Gas if the spherical crystallites were patches, and subsequent translation of 
the patch size found into the corresponding sphere size. The results of such calculations 
are presented in Figure 4.9. We considered both Kuipers' approximation to the angular 
averaged attenuation fimction for patches, viz. re = exp(-d/ À) I (2- exp(-d/ À)), and 
our own approximation, basedon Eqn 4.9, viz. re = exp (-2d/ À). The dasbed lines in 
the figure are the 3% lines from Figure 4.4, and they are shown for comparison. Two 
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conclusions can be drawn from these data. First, although the errorscan be as large as 
25%, they compare reasonably well with errors that would re sult from an inaccuracy 
of 3% intheinput data, and hence are not very disturbing. Second, although in itself 
our own approximation to the integral of Eqn 4.4 is worse than Kuipers' 
approximation, the errors resulting from the latter are larger for crystallites sizes up to 
6 nm (2A), and nearly twice as large for the lowest values of the crystallite size. As we 
show in the Appendix to this Chapter, the errors in the limit of zero crystallite size can 
analytically be calculated to be -25% for Kuipers' approximation and + 12 1/2 % for our 
own. Note that these values pertain specifically to crystallite spheres, and that there is 
no reason to assume that the curves in Figure 4.9 are approximately true for other 
crystallite shapes . On the other hand, this example does show that the only important 
characteristic of any approximate general crystallite attenuation function is its behavior 
in the limit of zero partiele size. Hence, alternatives like the one proposed by Frydman 
et al. [5] are not likely to be very effective. 

4.4 Support modeling effects 

Thus far, we have assumed the support to consist of sheets with a well-defined 
thickness d. in the direction of the analyzer, so that the support intensity is deterrnined 
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Y = exp (-dJ À) Figure 4.10 Two different 
support models. The top support 
has a well-defined thickness in 
the direction of the analyzer, and 
hence, Y = exp (-d/À); the 
bottorn support has a well
defined thickness perpendicular 
to the local surface, and 
therefore, only approximate 
expressions for Y can be given. 

by an attenuation fimction Y, equal to exp(-d, I À), even if the surface of the support bas 
a random orientation, as in lhe upper part of Figure 4 .10. As Kuipers et al. [4] use lhe 
angular averaged attenuation function r of Eqn 4.6 also for the support, they seem to 
have in mind a picture more like the one in the lower part of Fig. 4.10. 

The modeling of the support can alternatively be treated as follows, In genera!, a 
typical electron path lhrough the surface of a sample of a heterogeneaus catalyst will 
have intersections with both support and supported material, where the distribution of 
intersection lengths with the support will depend on the actual support morphology. If 

Y, - J dl j(l) exp( -ll A.) (4.10) 

this distribution is given by f(l), then the support attenuation fimction is just equal to 
Makinga similar approxirnation as for the supported phase, we gel Y, ::: exp( -7U). The 
geometrie picture is sketched in Figure 4.11. Supposing that the surface of the sheets 
is locally randomly oriented, we have 

l = 
V 2V 

A 

4 pV 

p 2A 

4 

pS (4.11) 

where Sis the specific surface area of the support. Eqns 4 .10 and 4.11 logether form 
an approximate expression for the support attenuation function, and we again must 
consider the consequences of approximating. 

Figure 4.12 shows the results of calculations for a system consisting of spherical 
crystallites supported by spherical primary support particles . The geometrie term G 
calculated for such a system was fed into an a1gorithm for calculating crystallite size 
basedon Eqn 4.2, where for the supported phase now lhe exact attenuation functions 
for a sphere were incorporated, but approximations were used for the support 
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Figure 4.12 Support sheet with 
variabie thickness random surface 
orientation. Note that there is no 
coupling in this case between local 
orientation and thickness. 

attenuation function: both Kuipers' r function (Eqn 4.6) and our approximation r, = 

exp[-4/(pSÀ)]. Errors were calculated as a function of specific surface area for 
supported crystallites of 1.0 and 5.0 nm. The maximum errors areabout 40 to 50%; 
unfortunately, they occur at quite common specific surface area values of - 200 m2

/ g. 
Therefore, we perhapsneed an extra, 'support-specific' parameter. 

As an example, suppose we introduce a parameter (, such that 

Y " exp (-(-
4-J (4.12) 

s pSJ.. 

· In practice, a reference sample is necessary to calculate ( for a specific case. Suppose 
the supported phase in this reference sample is a monolayer (thickness 0.3 nm) 
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Figure 4.11 Errors in calculated crystallite size resulting from approximating a support of 
spherical primary particles by the randomly oriented support sheets depicted in Fig. 5.10 
(lower part). True crystallite.sizes of 1.0 and 5.0 nm were considered, and both Kuipers' 
and our own approximation for the attenuation function of randomly oriented support 
sheets were used. 
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completely covering the support. In that case, Eqn 4.2 reduces to 
(1 ~ Yc) (1 • Y, Y

0
) 

G 

and consequently, 

y = 
s 

Y
0
(l - YJ 

1 ~ Yc (1 + G) 

y 2 - y (1 . G) 
c c 

(4.13) 

(4.14) 

so that ( can be easily calculated from measured values of G, and an appropriate 
expression for !c - in this case exp( -0.3/ À) I (2 - exp( -0 .3/ À)). 

As an example, if the support has a specitic surface area of 200 m2/g, and consists of 
identical spherical particles, then the value of ( will turn out to be 0.85, but if it has 
the morphology depicted in the lower part of Fig. 4.10, (will be equal to 0. 73; for 300 
m2/g supports, these values will be 0.90 and 0.78, respectively. 

In conclusion, accurate quantitative analysis of XPS signals of a heterogeneaus catalyst 
of high porosity ( > 150 m2/g) is not possible if the actual support morphology is not 
taken into accütmt one way or another. Hence, if one does have some morpho\ogical 
information, it is essential to use this to construct a less general but more accurate 
attenuation function than the exp[-4/(pSÀ)] mentioned above. Altematively, if no 
morphological inforrnation is available, the analysis can be made much more accurate 
by including a support-specific parameter, like, for example, the (in Eqn 4.12. 
However, measurements on a suitable reference sample are necessary to determine the 
value of such a parameter for each specific support. 

4.5 Concluding remarks 

The purpose of this chapter was to make clear what can be quantified by a so-called 
quantitative analysis of intensities of XPS signals of the support and supported phase 
of a highly porous heterogeneaus catalyst, and, moreover, how accurately this can be 
done. If the supported phase consists of very small crystallites, the answer actually is 
that nothing can be quantified but the loading alone. The reason is that there must be 
some self-attenuation of the crystallites, i.e. their size must exceed the photoelectron 
attenuation length À (- 3 nm), to make a distinction between different morpbologies 
possible. The error in the estimate of the crystallite si ze thus is .a strong ftmction of the 
size itself: inaccuracies in the input data (i.e. , the intensities) are multiplied by a factor 
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2 for sizes comparable to À, but by a factor 5 for si zes of about one third of the 
attenuation lengtl1. 

For crystallites larger than the attenuation length, the property that is probed quite 
accurately by a quantitative analysis of XPS data, is their volume to surface ratio. This 
implies that for each partiele shape, there is a shape-size combination fitting the 
intensity data. As long as the volume to surface ratio of the crystallite is the same, any 
convex shape is as probable as any other. So to determine the dispersion of the 
supported phase, for example, one needs some additional information on the shape (or 
the size) of the crystallites to be able to determine their size (or their shape), and 
subsequently the number of atoms present at the surface of the crystallites. 

A potential souree of significant errors in quantitative XPS of systems with high 

porosity (specific surface area in the 200 - 400 m2/g range) is the rnadeling of the 
support morphology. Supports come in too many varieties to enable accurate rnadeling 
if one has no clue as to the specific support morphology. A possible salution is the use 
of a support attenuation function with a support-specific parameter. This parameter 
must then be set for each different support by means of a quantitative analysis of a 
suitable reference sample of this support; as mentioned, a monolayer coating (full 
coverage) would be very handy. 

An alternative salution is to perfarm experiments for quantitative analysis with the 
tunable X-ray light of a synchrotron. In that case, photoelectrons can be made to have 
kinetic energies in the 50 - 150 eV range, where their inelastic mean free path is a 
factor 5 smaller than when the excitation souree is Al Ka radiation. The typical 
attenuation length then being about 0.5 to 1.0 nm, nearly every support would seem to 
be massive, which, as explained, simplifies the analysis enormously. An additional 
advantage would be that the limit for self-attenuation for the supported phase is then 
also lowered by a factor 5 , so that morphological information could be obtained from 
very small supported crystallites too. To give a specific example, Figure 4.13 gives 
error-plots like the ones in Figs 4.4 and 4.12, but now fora silica supported zirconia 
catalyst, and X-rays of 250 eV, so that Si 2p and Zr 3d photoelectrons have kinetic 
energiesof 146 and 67 eV, respectively. According to the predielive formula TPP-2M 
of Tanurna et al. [7], the inelastic mean free path (IMFP) for such Si 2p electrans is 
0.90 nm in silica, and 0.75 nm in zirconia; for Zr 3d electrons, these values are 0.65 
and 0.57 nm, respectively. On the average, this is a factor 4.5 smaller than the 
corresponding IMFPs for Al Ka radiation. As argued in Chapter 3, it is better to use 
attenuation lengtbs instead of IMFPs in a quantitative analysis. At -100 eV, we 
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Figure 4.13 Replicasof Figs 4.4 and 4. 12, but for an analysis with X-ray light from a synchrotron of 
Zr 3d and Si 2p photoelectrons from a zirconia I silica catalyst. The X-rays are assumed to have an 
energy of 250 eV, so that the inelastic mean free paths are in the 0 .5 to 1.0 nm range. 

estimate attenuation lengtbs to be about 25% smaller than the corresponding IMFPs, 
which means that the situation would even be somewhat better than depicted in Figure 
4.13. 
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Appendix 

The intensity of a layer of randomly oriented spherical crystallites is equal to 
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I = I rer x 2L [I _ 
c c '!:..d (4.15) 

3 

where Lis loading and d the crystallite diameter. Ford « ...1., Eqn 4.15 can be approximated 
as 

I " /'er x 2L 
c c 

'!:..d 
3 

[I -2~ ll- (I . E__) (I .. ~. 2_!!}_ -!_~ . _!__ d
4

j JJ 
d 2 À. l À. 2 ...1.2 6 ...1.3 24 ...1.4 (4.16) 

and, hence 

1 = I rer x 2L (t .. 1. E_) 
c c À. 8...1. (4.17) 

lfthe crystallites are assumed to be present as patches, then, in Kuipers' approximation, the 
intensity of the same layer is given by 

I = lref X !:._ (I - exp(-t I À.) ) (4.18) 
c c t 2- exp(-t/...1.) 

where t is the path thickness. In the smal! size limit, this equation becomes 

[1 -
1 t/À.·ft2/À.2] 

l = lrerxL 
c c l•t!À.-!_tz!À.z 

2 

which can further be approximated as 

l = l'"r x 
c c 

2L (1 _ 1.!_) 
À. 2 À. 

(4.19) 

(4.20) 

Now a patch-like crystallite of thickness t has the same surface to volume ratio as a sphere 
with diameter 3t. Hence, the estimated equivalent sphere diameter d• is, comparing Eqns 4.17 
and 4.20, then equal to 2 times 3d/8, or 3d/4. The error á-d is thus equal to -d/4, or -25% . 

In our own approximation, the equivalent of Eqn 4.18 is 

l c = lcref X L (1 exp (- ~) ) (4.21) 

and the small crystallite limit: 

lc = Ie ref X 
2~ (1 - ~ J (4.22) 

Consequently, we find ä = 9d/8, or an error of + 12lf2%. 

In conclusion, in the limit of small crystallite size, intertranslation estimates of the size of 

79 



Chapter 4 

spherical crystallites are off by -25% if Kuipers' approximation is used, and by + 12 1/z% with 
our approximation. These va1ues, however, are unique for spherical crystallites, as foranother 
crystallite shape, the approximate Eqn 4.17 will be different. The point, however, is that the 

smal! crystallite values for the error determine the error up to values of the crystallite size of 
-2 times À, or 6 nm, as can beseen in Figure 4.9. Hence, it makes no sense tolook for 
alternatives of Kuiper's approximation of the attenuation function of randomly oriented patches 
that come closer to the true attenuation function for large values of the patch size. 

80 



5 Quantitative XPS of model supported catalysts 

In the application to conventional porous catalysts, XPS cannot be exploited to its full 
potential. First, most support rnaterials are electrically insulating. Hence, emission of 
photoelectrons by exposure to X-rays causes charging of the support. As the charging 
is nearly always more or less inhomogeneous, it generally results in Ioss of signa! 
resolution. A salution to this problem has been found in the use of conducting model 
supports. The native oxide layer of a silicon wafer, for example, can be transformed 
quite easily (see Chapter 2) into the flat equivalent of a highly porous silica. As Jong 
as the thickness of the oxide Jayer is below -5 nm, the support is sufficiently 
conducting to enable high-resolution XPS. 

At the same time, the flatness of the model support solves a second problem which 
conventional supports exhibit: the very complex morphology related to their high 
porosity. As we discussed in the previous chapter, complex morphology is especially 
probiernatie in XPS studies aimed at quantification of morphological properties of the 
supported phase. To our knowledge, the opportunities offered by flat model supports 
here, have only been investigated by Reijerse [I]. It is our intention to give an elaborate 
analysis of these opportunities in this chapter. The analysis is based on the assumption 
that the surface of the model support has a negligible roughness, i.e. that it is flat on 
the scale of the supported phase; consequences of non-negligible roughness will be 
examined in the chapter following this one. 

Exceptions left aside, the supported phase of a heterogeneaus catalyst is present as 
crystallites in the nanometer size range . Justas with a liquid droplet in contact with a 
slibstrate, the shape of such crystallites is determined by the balance between the 
surface and interface tensions [2]. However, because the surface tension of a crystallite 
is anisotropic, its shape generally will be a 'truncated' form of the droplet shape. In 
Section 2.3.1 ofChapter 2 we discussed the workof José-Yacamán and Gómez [3], 
who systernatically studied partiele morphology and structure with medium and high 
resolution TEM techniques. The most common crystallite shapes they encountered for 
supported particles of catalytically important metals such as Au, Pt, Rh, Ni, and Ir are 
depicted in Figure 2.20 in Chapter 2. It might be clear that the deviations from the 
droplet shape can sometimes be rather large. Toa first approxirnation, however, the 
liquid droplet can serve as a model for the crystallite shape in most cases. In this 
approximation, a supported partiele is completely characterized by two parameters : its 
size (i.e. the radius of the sphere it can be thought to be part of) and its contact angle 
with the substrate (see Fig. 5.1). In the following discussion, we thus assume that the 
supported phase is a set of particles with a droplet shape; all particles make the same 
contact angle x with the support, and have the same size ( effects of a size distribution 
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Figure 5.1 Approximation of true 
crystallite shape by a 'droplet' with 
contact angle x and radius R sin X 
if x < 90°, and R for larger X· 

will also be discussed). The question then is, whether x and R can be quantified by the 
application of quantitative XPS. We approach this question here by analytica! and 
numerical calculations, and confront our fmdings with experiment in Chapter 7. 

5.1 Theoretica! background 

As argued in Chapter 3, quantitative XPS is better based on intensity ratios than on 
absolute intensities. The ratio of intensities IQx and /RY of signals X and Y attributable 
to elements Q and R in the supported phase and support respectively, can be expressed 
as 

(5.1) 

where the index 'ref pertains toa homogeneous, flat 'reference' sample of sufficient 
thickness to be virtually infinite for XPS measurements. All information on partiele 

shape and size is contained in the geometrie factor G. To calculate G, assumptions have 
to be made regarding the transport of photoelectrons in solid material. As discussed 
extensively in Chapter 3, under eertaio conditions the so-called straight-line 
approximation to electron transport is accurate enough for our purposes. In this 
approximation, a photoelectron which has to bridge a elistance s to escape from the 
sample in the direction of the analyzer, has a chancePof doing so without energy loss, 
with P given by 

P = IJ exp (-~) ; s = L sk 
k Àk k 

(5.2) 

where Ak is the appropriate attenuation parameter of either the support, or the supported 
particles (see Figure 5.2 for an example). The geometrie factor is then simply the ratio 
of integrated probabilities for photoelectrons originating from the supported phase and 
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from the support - and directed towards the detector. For identical particles on a 
substrate, where the projected area of the particles is a fraction V' (the dispersion) of 
the total area, the geometrie factor is in general equal to 

ft (I · Yc,) 

1 - ft (I - Yc) 
G = (5.3) 

where Y, the so-called attenuation function [4], is theescape probability integrated over 
a single particle. Y ex is the crystallite attenuation function for photoelectrons x from the 
crystallites themselves, and Ycy for electrous y from the substrate. (Yc, and Y cy differ 
because electroos x and y generally differ in energy, and thus have other attenuation 
parameters A.) Fung [5] and later Kuipers et al. [4] have calculated the attenuation 
function for spheres and hemispheres, for emission in the direction of the support 
normaL Reijerse [ 1] bas recently extended these calculations to dropiets of arbitrary 
contact angle x. but still only for photoelectron emission along the normaL As, in 
general, the angle dependenee of intensities contains all information on the in-depth 
distribution of elements [6], the angle dependenee of the geometrie factor should be 
considered explicitly here. In the next section, we discuss the dependenee of the 
geometrie factor on partiele size and shape, both for normal and off-axis emission. 

5.2 Results of calculations 

5.2.1 Normalemission 

Integration of the escape probabilities for photoelectrons generated in the flat substrate 
and in the particles it supports, gives the following expression for the attenuation 
function at normal emission: 

y = _2_ ---=. 1 (A.)2[ 
c sin2x R 

for 0 o < x < 90 o, and 

photons in electrans out 

(5.4) 

Figure 5.2 For these electrans the 
probability of escape without energy 
loss equals exp (-s,/1,) times exp (
silJ. 
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an amount of particles of0.05 nm3/nm2

. Different lines pertain to different partiele shapes, 
as measured by their contact angle x with the support. For the calculations a value of 2.5 
nm is used for the attenuation parameter in both the support and the partiel es. 

Y, • 2 [; r [~ . [~ . i 1 cosx) oxp [ 2 R~~sx )· [l· ~}p [ R(l ~:osx)) l 
(5.5) 

for 90° < x < 180° _ The geometrie factor can be found by substitution of the 
corresponding y ex and y cy: 

(5.6) 

in Eqn 5.3. Fora specitic partiele shape x, the partiele size Rand dispersion IJ together 
deterrnine the loading L (total partiele volurne or mass over total support area) of the 
support. The loading of model catalysts can usually be deterrnined or even set quite 
accurate; it mostly is in the 10·1 nm range. Figures 5.3, 5.4 and 5.5 show the geometrie 
factor at normal ernission as a function of dispersion, fora loading of 0.05, 0.2 and 1.0 
nm respectively, and a typical value of the attenuation parameter À of 2.5 nm (for both 
support and supported phase). The relation between size and dispersion is given by 
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Figure 5.6 Particles size as a function of dispersion for model catalysts with loadings of 0.05 and 1.0 
nm. Different lines pertain to different contact angles of the particles with the support . The size is given 
as the projected radius of the partiel es, i.e. R sin x for x < 90° (see a lso Fig . 5 .I). 

for 0 a < x < 90 o , and 

R 3 L --------
iJ 2 cos x (3 cos2x) 

(5.8) 

for 90 o < x < 180 o , and is graphically presented in Figure 5. 6 for loadings of 0 . 05 
and 1.0 run. 

The data presented in Figures 5. 3 to 5. 5 make clear that si ze and shape determination 
from a single measurement of the supported phase I support intensity ratio at normal 
emission is by no means a triviality. First, for low 1oadings ( < 0.1 run), the geometrie 
factor is independent of both size and shape of the crystallites over a broad range of 
dispersions. The point is that in this range the particles are smaller than the inelastic 
mean free path of the photoelectrons. The signa! of the substrate is then hardly 
attenuated by the particles, while the signa! of the particles themselves is simply 
proportional to the amount of partiele materiaL In symbols : the attenuation function 
becomes equal to 1 - L I (TJ A), so that the geometrie factor approaches L I A for all x. 

For higher loadings, the dependenee of the geometrie factor on dispersion is clear; the 
dependenee on shape, however, is less pronounced. At low dispersion, the geometrie 
factors for the different partiele shapes become even identical. The reason is that when 
the partiele height is larger than the prohing depth (i.e., a bout three times the 
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attenuation parameter), the partiele is virtually opaque for the photoelectrons: the 
attenuation fimctions Y are close to zero, and the geometrie factor approaches a value 
of iJ I (1 - iJ). Thus, when the particles have a height of -10 nm or larger, the only 
property that can be quantified through determination of the geometrie factor by 
experiment, is the dispersion iJ. 

5.2.2 Off-axis emission 

The question now is, whether (additional) off-axis measurements can make the picture 
any brighter. To answer this question, we have calculated the geometrie factor for an 
off-axis angle 8 of 60°. As the angle dependenee generally fincts expression as cos e, 
it will be more pronounced for higher off-axis angles. However, angles too high ( > 
70°) cause experimental difficulties as the area analyzed becomes larger than the 
sample area, and, moreover, as the straight line approximation to electron transport is 
no longervalid (see Chapter 3 for details). Thus, an off-axis angle of about 60° is the 
best choice for our purposes. 

It is illustrative to discuss off-angle measurements in terms of equivalent situations at 
normal emission. As they 'look' the same from every angle, the situation is simplest 
for fully spherical particles <x = 180°) . A substrate covered by an amount iJ with 
spherical particles, viewed from an off-axis angle e, is equivalent to a substrate covered 
by an amount iJ I cos ()viewed along the surface normal . Hence, the geometrie factor 
at an angle of 60 o off-axis, for a model catalyst covered ( 0) with spherical particles can 
be found from the geometrie factor at normal emission by substituting iJ I cos () for iJ. 
For other partiele shapes, the situation is different, as illustrated in Figure 5. 7. Then, 
the 'normal emission equivalent' has particles of a different shape, and the attenuation 
fimctions as wellas the apparent dispersion change. We preferred to solve the integrals 
over the partiele interior of the escape probability numerically in this case; the results 

/ / • • • • 

// 

• ••• 
I I 

Figure 5.7 Equivalent situations 
for XPS analysis with the 
analyzer in the direction 
indicated by the arrows. In case 
of spherical particles, only the 
dispersion of the support is 
different; for other partiele 
shapes, both the shape itself and 
the dispersion is different in 
equivalent situations . 
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Figure 5.8 Geometrie factor for photoelectron emission at 60° off-axis. Each data set 
pertains to a different partiele shape, as indicated by the contact angle x of the particles 
with the substrate. The toading of the particles is 0.05 nm3 per nm2 support. 

are presented in Figures 5.8, 5.9, and 5.10. The largest differenee with the normal 
emission data presented in Figures 5. 3 to 5. 5 is that the dependenee of the geometrie 
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Figure 5~9 As Figure 5.8, butfora toading of0.2 nm instead of0.05 nm. 
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factor on partiele shape is much larger for emission at 60° off-axis angle . The main 
reason for this, is that the apparent dispersion at 60° depends on the shape of the 
particles: while for the flattest particles (X = 30°) it is the same at 60°aS at normal 
emission, for spherical particles it is twice the true dispersion IJ at oo off-axis (see also 
Fig. 5.7) . 

If the angle dependenee of the geometrie factor is now expressedas G(60) I G(O), and 
plotted against G(O) , one arrives at Figures 5.11 to 5.13. As geometrie factorscan be 
calculated directly from experimental data via Eqn. 5.1, these figures show to what 
extent partiele shape can be determined in practice. It is clear that discriminating fully 
spherical particles from particles with a contact angle of 120° will be hard, but for 
smaller contact angles the situation is more advantageous . 

We thus arrive at the following procedure to determine shape and size of model 
supported particles. From a measurement of the partiele I support intensity ratio at two 
angles - preferably oo and 60 ° off-axis, one calculates the corresponding geometrie 
factors via Eqn 5.1, and then reads off the contact angle from a tigure 1ike Fig. 5. 12. 
If the shape is known, the dispersion can be found from one of the geometrie factors 
and Figure 5.9. The size of the particles can subsequently be calculated using Fig. 5.4, 
or the equation on which it is based. 
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Figure 5.10 As Figures 5.8 and 5.9, but with a toading of 1.0 nrn. 
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ratio of geometry factors at 60° and oo off-axis, plotted as a function of the geometrie 
factor at oo. Each data set pertains to a different partiele shape, as indicated by the values 
for the contact angle of the partiele with the substrate. 
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5.2.3 Partiele size distributions 

The calculations presenred in Sections 5.2.1 and 5.2.2 arebasedon the assumption that 
all supported particles are identical. Now the shape of particles is determined by the 

balance between surface tensions, and is hence oot expected to vary much from one 
partiele to another. The size distribution of particles, however, depends strongly on the 
way they are prepared. Preparation by evaporation, for example, generally results in 
rather broad size distributions [6] (see also Chapter 2). Thus, the question to be 
answered bere is whether and how a distribution of partiele size interferes with the 
quantification of shape and of size itself. We therefore have calculated geometrie 

factors for the distributions given in Figures 5.14, and subsequently used these 
geometrie factors as 'experimental input'. The loading in the three situations depicted 
is 0.2 om, and the dispersion is set to 10%. The corresponding partiele radius in the 
ideal case (all particles of the same size) then ranges from 1.5 om for spherical particles 
to 15 om for flat ones (x = 30°). The calculated geometrie factors are plotted in Figure 
5.15; the lines in this tigure pertain to the ideal situation. The angle dependenee of the 
partiele I support intensity ratio (as measured by the ratio of geometrie factor at 60° 
and 0°) is remarkably insensitive to the size distribution of the particles; the shape of 

the particles thus cao be determined accurately with the procedure based on a mono
modal size distri bution even if the particles differ substantially in size in reality. For the 

Geometrie factor at 0° 

Figure 5.13 As Figs . 5.11 and 5.12, butfora loading of 1.0 nm. 
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braadest size distribution, the geometrie factors are both about five percent lower than 
they are in the ideal situation. From the geometrie factor at oo, a dispersion of 0.093 
(instead of 0.1) is then calculated, and subsequently a radius of 15.7 nm for the flat 
particles, and 1.62 nm for the spherical ones. The average partiele sizes calculated from 
the broad size distribution given in Figure 5.14 are 14.5 and 1.45 respectively. Thus, 
even in this rather extreme case, the size found by applying our procedure is only about 
10% higher than the average partiele size. 

5.3 Discussion and conclusions 

The angle dependenee of the partiele I support intensity ratio from particles supported 
by a flat substrate contains information about the size and shape of the particles. We 
have shown that fordroplet shaped particles of 0.1 - 10 nm height, if the loading of the 
particles is lmown, this information can be obtained from measurements of the XPS 
intensity ratio at oo and 60° off-axis angle. We expect that in practice, from such 
measurements, the contact angle of the partiele with the support can be determined with 
maximal ±20° accuracy, for angles up to 120°; above this value the accuracy is less, 
the discrimination of 150° particles from fully spherical ones being impossible. The 
accuracy with which the partiele size can be determined is limited by the accuracy of 
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Figure 5.15 Deviations in geometrie factors for distributed sizes insteadof the -ideal
mono-modal size distribution. See text for a discussion of the consequences of these 
deviations for the determination of partiele shape and size. 
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the measured intensity ratio. We confront this procedure for determining partiele 
morphology on model supports with experiment in Chapter 7, but first discuss 
complications related to substrate roughness in the next chapter. 

A comparison with state of the art XPS based procedures for determining partiele 
morphology on conventional, highly porous catalysts shows the advantages of rnadeling 
the support. Because of the random orientation of the particles in such a system, 
determination of their shape with XPS is simply impossible. As discussed in Chapter 
4, because the complex support morphology hinders a simple general description of the 
porous systems, even the determination of partiele size is very difficult if the porosity 
is high. A flat support has a well defined 'in-depth direction', which implies that one 
can benefit from the opportunities that the angle resolved mode of XPS offers - viz., 
in-depth concentration profiling. In principle, the angle dependenee of the partiele I 
support intensity ratio has a one to one correspondence with the concentration depth
profile of the partiele material. Therefore, one might expect that additional angle 
dependent data (say, at off-axis angles of 30 and 45 °) would enable a more accurate 
determination of the partiele shape- e.g., by allowing a more general shape than the 
droplet shape. As Curnpson [6] has pointed out, however, one should limit the number 
of free parameters in rnadeis of sample morphology to two or three at maximum, as the 
information content of angle resolved data is actually quite low. Therefore, we do not 
expect that one can extract more from the angle dependenee of the partiele I support 
intensity ratio than the size of the supported particles and a single parameter descrihing 
their shape - even if the angle dependenee would be more fully described than by 
measurements at oo and 60 ° only . 
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6 Surface roughness effects in quantitative XPS 

In Chapter 5, we have shown how XPS can be applied todetermine the shape and size 
of model supported nanoparticles. One of the assumptions made there, is that the 
surface of the model support is flat. If this condition is not met, it can be expected that 
at least the determination of partiele shape will be difficult, as the orientation of the 
particles will change from one part of the surface to the other; the determination of size 
too, however, will probably suffer from roughness effects. A related problem is the 
determination of the thickness of an overlayer on a rough substrate. A model support 
nearly always is a substrate I overlayer combination: The overlayer is the important 
part that resembles the conventional support; the substrate's most important function 
is to carry it. If the overlayer is an oxide, its thickness deterrnines its conductance, 
which is of crucial importallee in relation to charging and the resulting loss of 
resolution in surface analytica! techniques as XPS and SIMS. Therefore, accurate 
deterrnination of overlayer thickness is often necessary. In the nanometer range, 
quantitative XPS is anideal tooi for this purpose. Substrate roughness, however, again 
complicates the picture. 

We approach the problem of surface roughness by means of calculations of signa! 
intensities for model rough surfaces. These surfaces consist of flat elements of different 
orientation with respect to the macroscopie surface normal; the size of these elements 
and the distribution of their orientation determines the nature and magnitude of the 
roughness. In the next three sections, we discuss the effects for XPS determination of 
the thickness of a uniform overlayer on a rough substrate; in Section 6.4, the 
quantification of size and shape of particles supported by such substrates is investigated. 

6.1 Thickness determination of a uniform overlayer - numerical 
calculations 

The thickness of an overlayer on a flat substrate can be calculated from the ratio of 
intensities 10 x and JRY of XPS signals related to the overlayer and substrate, 
respectively. In the straight-line approximation to electron transport, thi~ intensity ratio 
can be expressed as (see the discussion in Chapter 3) 

IQX .ovl I ~~.ovl 1 - l ovl(EQX) 

IRY.sub 
ref 

I RY,sub 

(6.1) 

where Yovi is the so-called attenuation function of the overlayer, which is given 
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by: 

(6.2) 

Here, dis the overlayer thickness to be determined, and e the off-axis angle (i.e. the 
angle between the central axis of the analyzer and the sample' s surface normal). The 
attenuation length ..:1. is some 10 to 20% smaller than the inelastic mean free path 
(IMFP) of the photoelectrons . IMFPs can be calculated with the predielive formulas of 
Tanuma et al. [1]; typical values are 2.5 to 3.5 nm. The intensities f"1 are reference 
intens i ties from a clean, homogeneous and thick (i.e ., at least five times thicker than 
the attenuation parameter) sample of the same material; they can be calculated or found 
by experiment (see Chapter 3). Note that Eqn 6.2 is only valid in case the substrate is 
perfectly smooth; for rough substrates, the attenuation function will be different. 

Hence, if we now simulate (by methods to be discussed) the intensity data fora rough 

substrate supporting an overlayer with I<Iwwn thickness, and subsequently use these data 
to recalculate the overlayer thickness by means of Eqns 6.1 and 6.2, then, by 
comparison of the true overlayer thickness with this recalculated value, we get an 
estimate of the error made when neglecting roughness effects in thickness 
determination. In the next sections, we perform such calculations for a number of 
different model rough surfaces. 

6.1.1 Modeling rough substrates supporting well-defmed overlayers 

Figure 6.1 sketches a cross-section through a rough substrate supportinga well defined 
overlayer. The kind of overlayers important for us, i.e. oxidic passivation layers, result 
from oxygen reacting with an already rough metallic substrate, and hence we only 
consicter the case where the thickness of the overlayer is defined with respect to the 
local orientation of the surface. This thickness will only be well-defined if the 

Rough subsirale with overlayer 

Model with flat overlayer parts 
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Figure 6.1 Modeling a 
rough surface as a set of 
small flat surface parts . 
We have exaggerated the 
thickness magnitude to 
make clear that it is 
measured along the local 
normal to the surface. 
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Figure 6.2 Self shading (ss) 
and neighbor shading (ns) at 
high off-axis angles e. 

roughness contours of the substrate are relatively large, i.e. if the overlayer is indeed 
'allowed' to follow the rough contours. We can model such a system (see Fig. 6.1) by 
a set of zig-zag orientedflat surface parts. Suppose now that the electron analyzer is 
aligned with the macroscopie surface normaL Hence, it is 'looking down' on a 
connected set of small flat samples, all consisting of a substrate plus overlayer of 
thickness d, but of different size and with different orientations. The situation is the 
same for other orientations of the analyzer, except for this difference: As the angle 
between the surface normal and the axis ofthe analyzer becomes larger, shading effects 
will come into play. As shown in Figure 6.2, we can distinguish neighbör-shading and 
self-shading. Note that self-shading effects wil! depend only on the orientation 
distribution of the surface parts, but neighbor-shading effects depend also on the way 
this distribution is effectuated in a particular sequence of the surface parts. Note further 
that if the Iength of the segrnents is larger than the attenuation length, then shading can 
assumed to be complete, i.e., the probability that a photoelectron crosses a 'hili' 
without losing energy is practically zero. Hence, under this assumption, shaded areas 
do not contribute to the intensity. 

6.1.2 Two-dimensional periodic triangular roughness 

One of the simplest exarnples of a model rough surface is the two-dimensional perioctic 
triangular profile depicted in Figure 6.3. It is perioctic with the basic unit consisting of 
a flat surface part with orientation ifJ and its rnirror image with orientation -ifJ. Such 
perioctic surfaces have been used to study the effects of surface roughness on XPS 
intensities in early work by Fadley and coworkers [2] . Our interest bere is not the effect 
of roughness on the absolute intensities, however, but on the overlayer I substrate 

Figure 6.3 Two-dimensional 
periodic triangular surface; the 
angle ifJ delermines the 
magnitude of the roughness. 
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Figure 6.4 Error made in determining the thickness of an overlayer on a substrate, if the 'triangular 
roughness' of the substrate is neglected. Left: error as a flmction of off-axis angle at constant roughness 
(R = 1.3) and true thicknesses ranging from 0.5 to 3À; right: as left, butfora constant thickness (d 
= À), and roughnesses up toR = l.S. 

intensity ratio. This ratio, then, can again be calculated with Eqn 6.1, but with the 
following expression substituted for the attenuation function Y: 

for fJ < 90 o - cP : 

- _c_o...:..s(fJ_ • ...:...:c/J)__ ( d ) cos(fJ-c/J) ( __ d----=---) exp - • exp -
cos( e. f/J) • cos( e f/J) À cos({}. f/J) cos((}, f/J) • cos( fJ- f/J) À cos( fJ- f/J) 

for 90° - rP < e < 90° : 

exp ( d ) 
À cos( fJ- f/J) 

(6.3) 

Although the angle 4J fully describes the magnitude of the roughness in this situation, 
for comparison with experimental data it is convenient to use a roughness parameter 
that is better accessible. A parameter that is often used (e.g. [3]) is the relative surface 
area R, which is equal to the true surface area (or length in case of a 20 'surface') of 
a rough surface divided by the area (length) projected along the macroscopie surface 
normaL In the case depicted in Fig. 6.3, R equals 1 I cos ifJ. Now the consequences of 
negleering roughness can be estimated by calculation of overlayer I substrate intensity 
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ratios (Eqn 6.1 & Eqn 6.3), and subsequent calculation of the overlayer thickness by 
substituting the value found into Eqns 6.1 and 6.2. Because Eqn 6.2 is only valid in 
case the substrate is flat, there will be an error in the values of the thickness calculated. 
By varying R (through c/J) and e, their influence on this error cao be analyzed. 

Figure 6.4 presents the results of such calculations: left, fora value of the roughness 
parameter R of 1.3, and overlayer thicknesses ranging from 0~5 to 3.0 times the 
attenuation parameter (usually, A "'2.5- 3.5 nm); right, fora thickness equal to A, and 
different values of the roughness parameter. A veraging the absolute value of the error 
over thicknesses up to 3A, gives the data presented in Figure 6.5, where this averaged 
error is plotted as function of both off-axis angle and roughness parameter. A 
remarkable feature of the data in both figures is the apparent 'magie angle' of -35° 
at which substrate roughness does not seem to inhibit an accurate (- I 0%) 
deterrnination of the overlayer thickness. The question then is of course, whether this 
is due to the simplicity of the triangular model fora rough surface. Therefore, in the 
next sections, we exarnine more refmed roughness models . 

6.1.3 Two-dimensional 'random' surfaces 

lf the orientation of chain-like 'surface' elements is completely random, they cao be 
arranged such, that they form half a circle. Because of neighbor shading the situations 
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Figure 6.5 Average 
values of the error in 
calculated thickness 
(averaged over the 
thickness up to 3 times 
À), as a function of 
both off-axis angle and 
roughness. All data 
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dimensional triangular 
'surface' . 
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Figure 6.6 Although the orientation distribution of the segments constituting these 'substrates' 
is identical, viz., random, the photoelectron intensities wil! differ at high off-axis angles, as 
neighbor shading effects make a difference there. 

are not exactly equivalent, see Figure 6.6, but as strong deviations are not likely to 
occur at off-ax.is angles not too high, we neglect these neighbor shading effects for the 
moment. Random roughness can be considered the limiting case of a more general 
model [4] with circular segments insteadof half circles, see Figure 6.7. The semi-angle 
cjJ of one such segment is related to the roughness parameter via R = cjJ I sin c/J. An 
error plot analogue to Figure 6.5 is given in Figure 6.8. Again, the thickness averaged 
error is plotted as a function of roughness and off-axis angle. It is clear that the results 
forthese 'random' surfaces campare very well to those found for the triangular ones. 
Apparently, the actual orientation of the surface parts is not of much influence, at least 
as long as the average orientation is zero. 

6.1.4 Werner's model 

Recently [5], Werner has investigated 'magie angle' effects in surface roughness studies 
by means of a model rough surface which combines aspects of the surfaces of Sectiens 
6.1.2 and 6.1.3. Werner' s model consists of triangular units, the surface parts in every 
unit being of equallength, but the orientation (as measured by c/J, see Fig. 6.3) differing 
from one unit to another. This approach has the advantage that neighbor shading effects 
can be accounted for to some extent, while the orientation distribution can be played 
around with. Werner's results show that the actual orientation distribution is indeed of 
minor influence to the general shape of error plots like those depicted in Figs 6.5 and 
6.8. To be more specific: In genera!, the bottorn of the valley in such plots occurs at 
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R =<IJ! sin </J 

vary 
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100 

model 1 surface 

Figure 6.7 Surface 
consisting of 
circular segments. 
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35 o off-axis angle. 

Still, we can not conclude, that for an arbitrary rough substrate supporting an overlayer 

of well-defined thickness, the magnitude of this thickness can be accurately ( < 10%) 
determined by a measurement of the overlayer and substrate intensities at 35 o off-axis 

angle and subsequent analysis of these data by means of Eqns 6.1 and 6 .2, i.e. , as if 
the substrate were flat. Up till now, we have considered two-dimensional roughness 
only, and there is a good reason why things should be a little different for more 

realistic, fully three-dimensional surfaces. 

6.1.5 Three-dimensional roughness 

The three-dimensional equivalent of the triangular units in the roodels of Section 6.1 .1 
and 6 . 1.4 is the upside-down pyramid sketched in Figure 6.9. For the moment, we 
assume that, for a surface consisring of such pyramida1 units, the analyzer is aligned 
as indicated in the figure. Wethen can distinguish surface parts A and B. If the off-axis 
angle is changed, the orientation with respect to the analyzer of surface parts A changes 
sharply as in the two-dimensional case, but the orientation of surface parts B changes 
much more smoothly. The consequences can beseen in Figure 6.10, which is an error 
plot for a surface consisting of pyramidal units with randomly distributed angle if; . 
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Figure 6.8 Average 
values of the error in 
calculated thickness 
(averaged over the 
thickness up to 3 times 
À), as a function of 
both off-axis angle and 
roughness. All data 
pertain to the two
dimensional circular 
'surfaces' of Figure 
6.7. 
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Figure 6.9 Upside down 
pyramid, as a unit for a rough 
surface. The distribution of 
'depths' ofthe pyramidal units 
(expressed by c/J) determines 
the roughness of the surface. 

Other distributions of r/J give similar results. In general, the valley in the three
d.imensional plots is centered around 40-45°, which is some lüo higher than in the two
d.imensional cases. The same is true for hemispherical surfaces, i.e. the three
dimensional equivalentsof the circular-segment surfaces of Fig. 6. 7. For such surfaces 
neighbor shading can not be taken into account, as it is not possible to construct a 
perioctic surface of hemispheres. The results are very similar though, as can be seen in 
Figure 6 .11 . Hence, inclusion of the third dirneusion results in a shift of the 'magie 
angle' from about 35° to 40-45° off-axis angle. 

The surfaces we have taken into consideration up till now, were either rather artificial 
(triangular and pyramidal, Wemer's surfaces), so that all shading effects could be 
accounted for, or somewhat more realistic, but then it was difficult to take neighbor
shading effects into account appropriately. These limitations disappear when the 
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calculated thickness 
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1), as a function of 
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calculation of intensities is based on Monte Carlo simwation instead of numerical 
integration. In the next section we present results of such calculations. 

6.2 Thickness determination of a uniform overlayer - Monte Carlo 
calculations 

In this section calculations are presented which pertain to a more realistic fractal-based 
model of a rough surface. A Monte Carlo algorithm has been developed to calculate 
overlayer and substrate XPS intensities from this model rough surface, so that shading 
effectscan be fully accounted for. An extra advantage of calculating intensities in this 
way is that the effects of elastic scattering of photoelectrons can be taken into account 
in a more appropriate manner than by sealing of the inelastic mean free path (see also 
Chapter 3). 

6.2.1 Fractal-based roughness model 

Figure 6.12 presents a two-dimensional model rough surface, made to resembie a rough 
surface more realistically than the model surfaces considered so far. The surface again 
is a chain of segments, but their orientation is now determined by an algorithm for 
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Figure 6.11 Average 
values of lhe error in 
calculated thickness 
(averaged over the 
tbickness up to 3 times 
A), as a function of 
botb off-axis angle and 
roughness. The data 
pertain to spherical 
surface. 
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~F '------_\d fractal roughness 
R= 1.17 

Figure 6.12 Example of a profile generaled by the algorithm for simulation of fractional Brownian 
motion, which is mentioned in the text. This particular profile has a roughness parameter R equal to 
1.17 . The inset shows the thickness of overlayer in proportion to the roughness contours. 

simulation of so-called fractional Brownian motion. Modeling of surfaces based on 
fractional Brownian motion was first proposed by Mandelbrol [6]; it is known to give 
realistic images and its use is therefore widespread [7]. A fractional Brownian motion 
VJÁt) is a single valued ftmction of t, such that the following sealing law holds: 

(6.4) 

H is the so-called Hurst exponent, a parameter in the range 0 < H < 1. For H close to 
zero, the traces VJt) are roughest, while for H close to one they are relatively smooth. 
To simulate fractional Brownian motion on a computer, several methods can be used, 
of which the recursive random midpoint displacement methods are the best known [8]. 
In the simplest scheme, one starts with a straight line and displaces its midpoint by 
some Gaussian ( a0) offset. Subsequently, the midpoints of the two resulting straight line 
segments are displaced by offsets from the properly rescaled ( an+t = 2·H aJ Gaussian 
distribution, etc. This method yields true fractional Brownian motion for H = 0.5 only; 
for other values of H more involved displacement schemes have to be applied. We have 
used an algorithm based on a midpoint displacement method with successive random 
actdition [8] to generate chains consisting of 50 segments. This chain and its mirror 
image are then supposed to be the unit of a perioctic two-dimensional surface (the 
surface depicted in Fig. 6.12 is an example of such a unit). By means of the segment 
length and parameters H and a, the nature and magnitude of the roughness can be 
varied. 

6.2.2 Monte Carlo algorithm 

The Monte Carlo method used here to calculate overlayer and substrate XPS intensities 
is a rough-surface version of the method discussed extensively by Cumpson [9] . lt 
combines the trajectory reversal approach due to Gries and Werner [10] with a 
statistica! weights method introduced by Ebel and Jablonski [ 11]. In the trajectory 
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reversal approach, the depth distri bution of first inelastic scattering events is determined 
for electrans generated outside the sample and enteringit at a specified off-axis angle. 
The distribution is essentially equal to the depth distri bution of photoelectrons detected 
at this angle in an experimental situation, and hence can be used to calculate XPS 
intensities. 

The general scheme of the calculational procedure is as follows. Consictering first only 
elastic scattering, a reversed trajectory is generated by repeatedly (i) drawing a random 
value from the appropriate exponential distribution of elastic step lengths and 
subsequently (ii) picking a new direction via the differentlal cross-secrions for elastic 
scattering [13]. The twentieth elastic scattering event terminates the trajectory (an 
example of part of such a trajectory is shown in Figure 6.13). On the basis of path 
length and IMFPs, the probabilities are then calculated that the first inelastic scattering 
event for an electron following the trajectory takes place in the overlayer or in the 
substrate. The contributions to the total overlayer and substrate signals can be 
calculated by multiplying these probabilities by the 'reference' intensities rr. Summing 
the contributions oversome 104 trajectories eventually results in an overla:yer I substrate 
intensity ratio with a standard deviation < l %. 

One point deserves some special attention. As mentioned, a chain of segments is used 
and nota real three-dimensional surface. The electron trajectories, however, are fully 
three dimensional: As the electron is scattered and continues in a new azimuthal 
direction, the chain is considered to be rotated and aligned with the new direction along 
the vertical axis through the scatter center. The advantage of this pseudo-3D approach 
is that it simplifies the algorithm considerably, as it enables a straightforward 
calculation of trajectory I interface crossings. Following Wemer's [10] line of 
argument, these crossings are treated as forward-scattering centers, i.e. in crossing the 
interface, a random value is drawn from the distri bution of elastic step lengths of the 

e 
overlayer 

0 scatter -center 

6 vac I ovl -crossing 

substrate 0 ovl/ sub - crossing 

Figure 6.13 Example of an electron trajectory. See the text for an explanation. 
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Figure 6.14 Errors in calculated overlayer thickness for Si02 overlayers on rough silicon model 
substrates (two-dimensional). The roughness was modeled with an algorithm for fractional Brownian 
motion; intensities for the rough system were calculated by means of a Monte Carlo method. Left: 
overlayer of 3.0 om on substrates of differing roughness; right: substrate roughness corresponding to 
R = 1.23, overlayer thickness ranging from 0.5 to 8.0 om. 

material the electron enters and the electron contillues in its original direction. Note that 
this is also done for surface I vacuum crossings, so that shading effects are indeed fully 
accounted for (see also Fig. 6.13). Although the chain of line segments is rotated, 
however, it does not represent a true 30 surface in the way the model surfaces of 
Section 6.1.5 do. Hence, error-plots for the Brownian 'surface' should be compared 
to the ones in Sections 6.1.2 to 6.1.4. 

The values of the differential elastic scattering cross-seelions and of the IMFPs are 
important input data for the Monte Carlo algorithm. The results presented here are 
basedon the database of Czyzewski et al. [13] of differential cross-sections for elastic 
scattering of electrans and on the predictive IMFP formula TPP-2 of Tanuma et al. [1]. 

6.2.3 Results of Monte Carlo calculations 

We have applied the Monte Carlo algorithm to calculate the angular dependenee of the 
Si4

+ 2p I Si0 2p XPS signal intensity ratio for a uniform Si02 overlayer covering a 
rough Si substrate. The thickness of the overlayer and the roughness of the substrate 
were varied. Figure 6.14 and 6.15 present the results, which were obtained as follows. 
We have simulated an XPS experiment with Al Ka X-rays, where the Si4

+ ions in the 
oxide layer give rise to a Si 2p photoelectrons with a kinetic energy of 1383 e V, 
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whereas the Si atoms in the silicon substrate have a binding energy of 1387 eV. As Ek 
(Si4 + 2p) "' Ek (Si0 2p), we can use the following expression to re-evaluate the thickness 
of the overlayer from the Monte Carlo values for the overlayer and substrate intensities 
(see also Section 3.3.1 and Eqn 3. 16 in Chapter 3) : 

,I (6.5) 

The Às in this equation are attenuation lengths , and we have used Eqn 3.6 to calculate 
them from the appropriate IMFPs . For the Si02 I Si system, the values of the 
parameters occurring in Eqn 6.5 are: c (Si4

+ , SiO~ = 21.9 nm·3, c (Si0
, Si) = 50.0 nm· 

3
, À (SiO~ = 2.56 nm (IMFP = 2.83 nm), and À (Si) = 2 .36 nm (IMFP = 2.66 nm). 

Actually, the value of the attenuation length of the overlayer will depend on its 
thickness, varying between 2 .83 nm (the value of the IMFP) fora infinitely thin layer 
and 2.56 nm for an infinitely thick one . Therefore, setting À (SiO~ to 2.56 nm wil! 
lead to an underestimation of the overlayer thickness of maximally -10%. Hence the 
small negative values ofthe error for the flattest surfaces in the Ieft part of Figure 6.14 . 
It should be noted that Tanurna et al. have recently [14] recommended a modified 
formula (TPP-2M) for calculation of IMFPs, which prediets remarkably highervalues 
forsome materials, including Si02 (viz., 3.92 nm instead of2.83 nm at 1385 eV) . This, 
however, bas no essential consequences for the results presented bere. Note that the 
straight line approximation itself, i.e., the neglect of el as tic scattering effects, causes 
significant errors in thickness determination for off-axis angles larger than about 60 °, 
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Figure 6.15 Thickness 
averaged error in 
calculated overlayer 
thickness, for a Si02 

overlayer on model 
rough silicon 
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Figure 6.16 Experimentally determined overlayer thiclmess for a flat and a roughened Si02 I Si system. 
In the calculations, the effects of roughness were neglected. The curves in the figure are the best fits 
from the Monte Carlo calculations for a two-dimensional surface with fractal roughness. These fits 
indicate that the oxide layer ontheflat substrate is about 0.7 nm thick, while it is 1.6 nm thick on the 
rough substrate, which apparently has a roughness of R = 1.12. 

as can be seen in Figures 6.14 and 6.15 from the data pertaining toa flat surface. 

With respect to the overall shape of the curves in Figure 6.14 and 6.15, it must be 
noted that the magie angle effect is clearly present, which means that it is not 
attributable to oversimplifications in either the description of surface roughness or the 

calculation of XPS peak intensities. In the next section, we present the results of a 
modest experimental check on this claim. 

6.3 Thickness detennination of a uniform overlayer -
experimental results 

To check the validity of the numerical and the Monte Carlo results, we have done XPS 
and AFM measurements on a piece of roughened silicon wafer (originally single 

crystalline Si(lOO)). The native oxide layer of such a silicon wafer is about one 

nanometer thick. We have measured the intensities of the oxidic and metallic parts of 

the Si 2p peak in spectra obtained from a flat and a rough wafer. The latter was 

roughened with fine abrasive paper until it has an overall dim appearance. Both wafers 
were dipped in an 10% HF salution to remove (the remains of) the native oxide 

completely. A few days of air exposure we re suftic i ent to obtain a thin surface oxide 
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layer again. Spectra were measured at off-axis angles 8of0, 10, 20, .. , 80 °. From the 
spectra, the overlayer I substrate intensity ratios were determined to calculate the 
overlayer thickness by means of Eqn 6.5. In Figure 6.16, the so deterrnined thickness 
values are compared tothebest fits from the Monte Carlo data fora two-dimensional 
fractal surface. This comparison indicates that the flat silicon substrate has a 0 .7 nm 
truck surface oxide layer, while the magie angle value of the thickness of the oxide 
layer on the roughened substrate is about twice as large: 1.6 nm - which is not 
surprising, as roughening is likely to promote the diffusion of oxygen into the silicon 
substrate significantly. The fitted value of the roughness parameterRis 1.12. We have 
used atomie force rnicroscopy to determine an experimental value of R for the 
roughened piece of silicon wafer. An atomie force rnicrograph of the wafer is shown 
in Figure 6.17. The value of R amounted to 1.09 ± 0.04. We therefore conclude that 
the experimental data are well in accordance with the calculational results . 

6.4 Roughness effects on the determination of shape and size of 
supported particles 

In Chapter 5 we describe a metbod to deterrnine the size and the shape of nanoparticles 
supported by a flat substrate. Model supports are usually made to have a very flat 
surface, but certain preparation methods may introduce some surface roughness (see 
Chapter 2). In this sec ti on we investigate the consequences for deterrnining si ze and 
shape of supported particles. First, expressions are derived which approximately 
describe the particles I substrate intensity ratio for a system of supported particles as 

Figure 6.17 
Shaded AFM image of 
a roughened piece of 
silicon wafer. The 500 
lines in the image were 
scanned at a speed of 
150 ~-tmls with a 
conventional pyramidal 
tip . 
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to analyzer Figure 6.18 Relevant 
parameters in the 
approximate description of 
the angle dependenee of 
the intensity from a 
supported particle . 

a function of partiele size and shape and off-axis angle. On the basis of this 
approximation, a limit is gi ven for . the maximum allowable roughness. Finall y, the 
presence and implications of a 'magie angle' are discussed. 

6.4.1 Approximate description of angle dependenee 

Consicter the situation sketched in Figure 6.18. A droplet-like partiele (contact angle 
xJ is supported by a flat (piece ot) substrate, and the analyzer has an orientation e with 
respect to the substrate normaL The intensity of an XPS peak from such a partiele is 
expressed as: 

f/fJJ "' Jl [1 - exp(-h(x ,y)IÀ)] d.x dy 
AproJ 

(6.6) 

which can be approximated as (see the discussion inSection 4.3 of Chapter 4): 

JL [1 - exp (-h(x,y)l A)] d.x dy = Apro/ 8)[1 - exp (-h( 8)1 A)] 
proJ 

(6.7) 

where li.( 8) is the average height of the partiele in the direction e of the analyzer. For 
a set of particles covering the substrate by an amount tJ (loading L), this average height 
can also be expressed as 

(6.8) 

V particles being the surnmed volume of the particles on the total area AtotaJ· N ote that this 
equation defines the factor./{ 8), which will strongly depend on the shape of the partiele. 
Hence, this shape factor can better be written as f = f(x , 8). The intensity, surnmed 
over all the particles, now amounts to 

I/x. B) "' {) f(x, fJ) [1 - exp ( · L ) J (6.9) 
{) J<x, fJJ A 

while the substrate intensity is equal to 
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Data of Figure 5.12 
together with curves 
based on the 
approximation given by 
Eqns6.9and6.10. The 
data express the angle 
dependenee of the XPS 
intensity from droplet 
shaped particles on a 
flat substrate. 

I (x,fJ) • cos(fJ) - b f(x,fJ) [1 - exp( - L J J 
s rJ f(x. fJ> À. 

(6.10) 

Eqns 6.9 and 6.10 allow us to calculate approximations of the curves in the plots of 
Figures 5.11 to 5.13 of Chapter 5. In Figure 6.19 we have p1otted the data of Figure 
5.12 (L = 0.2 run) together with curvesbasedon Eqns 6.9 and 6.10. The accuracy of 
the approximation is quite reasonable, and good enough for our purposes, viz. to 
investigate how the ang1e dependenee shown in the tigure changes as we go from flat 
to continuous1y rougher surfaces. We do that in the next section for the two cases 
indicated in the figure, i.e., IJ= 0.02 and IJ= 0.1. 

6.4.2 Maximum allowable roughness 

Our aim in this section is to determine the roughness limit at which the ratio of 
geometrie factors at 60° and oo has changed so much with respect to the flat situation, 

to analyzer 

Figure 6.20 Cross-section through a three-dimensional 'Werner-type' rough substrate, 
supporting particles having a contact angle x of about 150°. If the analyzer is in the 
direction indicated, the grey areas are 'hidden' for analysis by shading . 
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Figure 6.21 Angle dependenee ofthe paniele I substrate intensity ratio for the situation depicted in Fig. 
6.20, viz. a rough substrate supponing equally sized droplet-shaped panicles . The angles indicated in 
the figure are partiele I substrate contact angles (defining paniele shape). 

that neglect of roughness effects would lead to significant errors in the determination 
of the shape of the supported particles. Consicter a three-dimensional model rough 
substrate of the 'Wemer type' (see Sectien 6 . 1.5, and Figure 6.9), supporting particles 
as indicated in the cross-sectien through such a surface sketched in Figure 6. 20. Proper 
integrationofthe intensities given by Eqns 6.9 and 6.10, taking both self-shading and 
neighbor shading into account, leads to the results presented in Figure 6.21. The angle 
dependence, as expressed by the ratio of geometrie factors at 60° and oo, decreases as 
the roughness increases, the decrease being most prominent for the higher values of the 
contact angle x. As an example, fora substrate with a roughness corresponding to R 
= 1.2, loaded with 0.2 nm fully spherical particles covering 2% of its surface, the 
angle dependenee of the partiele I substrate intensity ratio is the same as for 
hemispherical particles (L = 0.2 nm, IJ = 0.02) onaflat substrate. From the figure 
we conclude that - at 1ow coverage, where the angle dependenee differences are large 
fora flat system- roughness values up toR = 1.1 do not inhibit the determination of 
partiele shape . For rougher surfaces, neglecting roughness would lead to significant 
underestimation of the true contact angle of the supported particles with the substrate. 

6.4.3 Magie angle and implications 

Suppose that there indeed is a magie ang1e for partiele I substrate systems, justas for 
the overlayer I substrate systems of the preceding sec ti ons. Then, a measurement of the 
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partiele I substrate intensity ratio at an off-axis angle of - 45 o would yield the same 
value as a measurement at normal emission for the corresponding flat system. For a 
determination of partiele shape, however, we need at least two measurements -
preferably at oo and at 60°. Henee, if the system is that rough, even a magie angle 
would not give information about partiele shape. But if we knew the partiele shape in 
one way or another, the measurement at -45° could probably inform usabout the size 
of the partieles. To check whether there indeed is a magie angle, we have calculated 
the full angle dependenee ofthe partiele I substrate intensity ratio (as given by Eqns 6.9 
and 6.10, for the type of system sketched in Figure 6.20 . The results are presented in 
Figure 6.22. Although less elear than in the case of a fully closed overlayer, the 
intensity ratio depends only very little on the magnitude of the roughness at off-axis 
angles of 40 to 50 o. Therefore , to a good approximation, a measurement at - 45 o of 
an arbitrary rough sample can be analyzed as if it were a measurement of a flat sample. 

6.5 Concluding remarks 

Model supports generally consist of an oxidic overlayer of a few nanometer thickness 
on a conducting substrate. The thickness of the overlayer is important in relation to the 
conductance of the model support. If the substrate is flat, the thickness of the overlayer 
can be determined accurately by a quantitative XPS analysis of overlayer and substrate 
signa! intensities. In the first sections of this chapter we have investigated the 
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Figure 6.22 Partiele I substrate intensity ratio as a function of off-axis angle for droplet-shaped 
particles on rough substrates. Left: 'flat' particles, viz., x= 30°; right: spherical particles. 
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consequences of negleering eventual substrate roughness in such an analysis by means 
of intensity simwation for model rough surfaces. A number of different roodels have 
been discussed, and tbe results can be surnmarized as follows. Neglecting substrate 
roughness results in an error in determined thickness which systematically depends on 
tbe angle of analysis. At an off-axis angle of oo (i.e., normal ernission), slightly 
depending on tbe particwar roughness model and tbe true overlayer thickness, tbe error 
is a bout as large as tbe extra amount of overlayer material present due to tbe roughness. 
For instance, if R = 1.2, tbe actual surface area is 20% larger tban tbe projected one, 
and tbe estimated overlayer thickness consequently 20% larger tban tbe true one. The 
situation is different at large off-axis angles, where tbe thickness is underestimated. At 
e = 60 o tbe error is about -40% for a substrate witb R = 1.2. In three-dimensional 
error plots, where tbe absolute value of tbe error, averagedover thickness values from 
0.1 up to 10 nm, is plotted as a function of botb substrate roughness and off-axis angle, 
tbere generally is a valley of error values smaller tban 10% for in-between values of 
tbe off-axis angle. For simple, two-dimensional model substrates, this in-between value 
lies between 30 and 35 o; for more realistic, fully three-dimensional substrates, the 
'magie angle' is in tbe range 40 to 45o. Hence, we conclude tbat tbe thickness of an 
overlayer on a rough substrate can be accurately determined by a quantitative analysis 
of overlayer and substrate intensities where roughness effects are simply neglected, if 
the measurements are performed at an orientation of tbe sample corresponding to an 
off-axis angle of a bout 40 to 45 o. 

InSection 6.4 of this chapter, we investigate tbe effects of substrate roughness on tbe 
metbod described in Chapter 5 for deterrnining tbe shape and size of model supported 
droplet-like particles. As for tbe overlayer I substrate system, tbe partiele I substrate 
intensity ratio depends only very little on tbe roughness magnitude at off-axis angles of 
40 to 50° too. But altbough a measurement at -45° on an arbitrary rough sampletbus 
can be analyzed as if it were a measurement of a flat sample, this is not of very much 
help, as we need at least two measurements, preferably at 0 and 60°. However, if 
eitber partiele shape or size can be deterrnined in anotber way, a measurement at - 45 o 
will be sufticient to determine tbe otber parameter. As to tbe limit of allowable 
roughness, an analysis of tbe roughness dependenee of tbe partiele I substrate XPS 
intensity ratios at 0 and 60o shows tbat for values of R smaller tban 1.1 tbe metbod 

described in Chapter 5 is still valid. 
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7 Realistic rhodium on alumina model catalysts 

This chapter describes the development and testing of two alumina model supports: one 
for use with surface science techniques as XPS and SIMS, and another one for TEM 
purposes only. Our aim is to obtain, for both systems, an alumina surface very si mil ar 
to the surface of a conventional, highly porous and polycrystalline y-alumina support. 
The reasou to take this aim as a starting point is that we want to be able to link the 
results of surface science studies to be done on these model systems to the industrial 
relevant systems. To test the possibilities of this approach, we have prepared Rh I 
Al20 3 model catalysts with both supports by a well-known preparation procedure for 
porous catalysts, viz., adsorption of [RhCI,(HzO)y(OH)Jn- complexes from an aqueous 
solution of RhCl3• XPS and TEM analyses of this system are presented in the final 
section of this chapter; the first sections describe the development of the supports. 

7.1 Introduetion 

In Chapter 2, Section 2.1.2, we have reviewed the approaches reported in the literature 
to obtain alumina model supports. Single crystalline a-Al20 3 and oxidized aJuminurn 
single crystals have been used in studies where the emphasis was on definition rather 
than on resemblance with the porous support. Oxidized alurninum foils or films 
(evaporated onto a suitable substrate) forma second category. A third approach is to 
deposit aluminum directly in its oxidic form by electron-bombarding an alumina target 
or by evaporation of aluminum in an atmosphere containing 0 2 , and a fourth one is the 
growth of an anodic film in a suitable electrolyte. The intercomparisou of these four 
approaches in Chapter 2 makes clear that the secoud and third approach are best if one 
wants to make a flat look-a-like of aporous y-alurnina. Moreover, surface charging is 
only prevented in systems where a thin layer of oxide is present on a conducting 
substrate. Aluminum is nota suitable substrate, as Al atoms have been seen to migrate 
through the oxidic overlayer to the surface and react with the supported phase or with 
reaetauts in reaction studies . 

Hence, we end up with two alternatives : deposition of a thin aluminum layer and 
subsequent oxidation, or direct deposition of a thin alumina film. For both of these 
methods we need a conducting, flat and stabie substrate. A silicon wafer is such a 
substrate. A comparison of the two preparatien routes toa y-Al20 3 I Si model system 
are described in the next section. For the TEM model support, other requirements play 
a role, and these are discussed in Sec ti on 7 . 3. 
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7.2 Al20 3 I Si model support 

In camparing the two alternatives selected for obtaining a thin alumina film, viz., 
evaporation of aJuminurn and subsequent oxidation, and direct deposition of alumina 
by sputtering of an alurnina target, there are two important questions to be answered. 
First, do bath methods result in a continuous film, i.e., co vering the silicon wafer 
completely? Second, is it indeed possible (see Chapter 2) to obtain a y-AlzÜ3 film by 
oxidation in air at temperatures of about 700 K? To answer these questions, we have 
applied XPS and Low Energy Ion Scattering (LEIS). 

7.2.1 Experimental 

AJuminurn films of a few nanometers in thickness were prepared onto 4" Si(IOO) wafers 
in a film deposition setup equipped with an Inticon Leybold Heraeus IC 6000 low 
pressure electron gun evaparator. The wafers were pretrealed in 48% HF to remave 
surface contamination and the native oxide, and subsequently rinsed with bidistilled 
water and transported through air to the evaporator. Therefore, we expect that the 
'fresh' silicon surfaces were passivated by one or two monolayers of oxide only. 

AJuminurn was evaporated from a molten aJuminurn wire (Balzers, 99.999%) in a water 
caoled capper crucible; the deposition rate, as manilored by a quartz crystal oscillator, 
was about 2.5 nm/s. Al I Si samples were oxidized for two hours at different 
temperatures (maximally 1120 K) in a quartz tube reactor under flowing air, using a 
heating rate of 5 K/min, to convert the film deposited to an alurnina film. Direct 
deposition of Al20 3 was done by electron bombardment of an alurnina target (Balzers, 
99.999%). LEIS spectra were taken in the home build MOBIS setup at the physics 
department of Eindhoven University of Technology; this setup is equipped with a CMA 
that selects i ons backscattered at a bout 136 a, the exact angle de pending slighlly on the 
sample position. XPS spectra were measured with a VG Escalab Mk IJ equipped with 

a hemispherical analyzer with a five channel detector, a standard twin-anode for Al Ka 
and Mg Ka X-ray excitation, and a monochromaled Al Ka source . Charging was 
uniform and corrected for by using the C Is peak of adventitious carbon contamination 
at 284.6 eV as a reference. Peaks were fitted with the standard YGS software. Unless 
stated otherwise, satellite contributions in the spectra shown are removed from the raw 
data. 

7.2.2 Results 

Fresh films 
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To check whether the fresh films cover the silicon substrate completely, we have used 
both LEIS and quantitative XPS. As a LEIS spectrum essentially is a mass spectrum of 
the outermost one or two surface layers of a sample [1], LEIS spectra from the Al I Si 
and Al20 3 I Si model systems should oot contain a peak attributable to silicon. This 
peak should only occur after prolonged sputtering in a depth-profiling experiment. If 
the films are homogeneously thick, then thc silicon peak appears quite abruptly in such 
an experiment. In Figure 7. I, LEIS spectra of a clean silicon wafer and a clean al wnina 
sample are shown. The intensity of the backscattered ions is plotted as a function of 
their energy, which can be simply translated into the mass of the target, i.e., of the 
surface atom. The spectra were recorded with a primary beam of 2000 eV He+ ions. 
The FWHM of the Al and Si peak are a bout 50 e V, which is large compared to the 24 
e V difference between the high-energy edge positions of the peaks under these 
conditions. Hence, fora sample with both Si and Al atoms at the surface, the Si and Al 
peaks can not be resolved. The position of the high-energy edge of the combined Al-Si 
peak, however, can be used to estimate the relative amounts of both atoms present. 

We have recorded spectra of an Al film and an Al20 3 film (both -5 run thick) on 
silicon wafers. The spectra were taken under the conditions mentioned above, i.e., a 
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Figure 7 .I LEIS spectra of an alumina sample and a clean silicon wafer. A surface with 
both Al and Si atoms will give rise to a mixed AI-Si peak. lts position, as measured by the 
high-energy edge (position of right-hand half maximum), is indicative of the Al I Si atomie 
ratio . 
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Figure 7.2 Relative position (with respect to the eventual Si position) of the mixed Al-Si peak in LEIS 
spectra while depth-profJ..ling Al and Al20 3 films with 2000 eV He+ ions. The ion dose per point in 
these plots amoums to 500 i ons I nm2

• We have assumed a sputter yield of 0 . I and an at om density of 
100 nm·3 totranslate this dose into the (hence only approximate) depth values of the x-axis. The solid 
curve in the right hand plot is a simp Ie simulation of a deptb-profile for the case of completely random 
remaval of a perfectly homogeneaus film (100 atoms per nm3

) of 4.5 nm thickness. 

primary beam of 2000 e V He+ i ons. The beam intensity was such (- 500 i ons I nm2 I 
spectrum) that the sputter rate was about 0.5 nm I spectrum, assuming a sputter yield 
of 0.1 and anatomie density of 100 nm·3

• For each spectrum, the position of the high
energy edge of the Al-Si peak was deterrnined. For both systerns, this position is plotted 
as a fimction of depth in Figure 7 .2. In both plots, the difference in peak position 
between the first and the last spectra amounts almast to the 24 eV difference between 
'pure' Al and Si. Hence, in the beginning, both the Al and the Al20 3 film cover the 
silicon wafer for at least 95%, and probably completely. The solid curve in the right 
hand part of the figure is a simulation for completely random atom by atom remaval 
of a perfectly homogeneaus film of 4.5 nm thickness (atomie density: 100 nm·3

) . As the 
agreement is quite good, the thickness of the AlzÜ3 film must be quite well defined too: 
a less well defined thickness will make the steepness of th.e slope of the curve 
significantly less . 

The situation is different for the Al film. Here, the Si contribution to the peak increases 
from the first spectra on, which implies that part of the surface is covered by a thin 
layer of aJuminurn only; the slow increase towards the value for pure Si at larger depths 

120 



Realistic rhodium on alumina model catalysts 

suggest that there are a few large Al particles present, which disappear only after 
prolonged sputtering. Note that we assume here that the aJuminurn and silicon do not 
mix; we address the validity of this assumption in Sec ti on 7 .2. 3. Figure 7 .3 shows XPS 
spectra of a fresh Al film of about 5 run thickness. The spectra were recorded with 
monochromated Al Ka X-rays at a pass-energy of 20 eV. The upper spectrum wàs 
taken at an off-axis angle of 0 o, and the lower one at 60 o . The main features in these 
spectra are the Al 2p peak at -75 eV and the Si 2p peak at -100 eV. Both peaks 
contain a metallic as well as an oxidic part. Their intensities, in kce V /s, are given in 
Table 7.1: 

Table 7.1 Measured and reference intensities for the spectra of Fig. 7.3 . 

Si4 + 2p Si0 2p Al3+ 2p Al0 2p 

oo <0.01 0.534 0.700 0.123 

60° 0.033 0.139 0.330 0.063 

rer, Al Ka 34.8 62.9 40.3 51.3 

From these data, we can obtain information about the structure of the sample. If the Al 
film is homogeneously thick, it will have the structure sketched in Figure 7.4. At the 

Si 2p Mono Al Ka oo 
~ 

Al2p ~ 

110 100 90 80 70 
Binding energy (eV) 

60 

Figure 7.3 XPS spectra of a 
fresh Al I Si system. The 
amount of material deposited 
was about 5 nm. The angles 
mentioned are the off-axis 
angles at which the spectra 
we re measured. The spectra 
were recorded with Al Ka 
radiation at a pass-energy of 
20 eV. 

121 



Chapter 7 

native oxide of Al film 
I 

Al film 

Si (100) water 

oxidic interface (?) 
\ 

\ 
Figure 7.4 Possible structure of 
the Al I Si system after 
evaporation of the aluminum and 
transport through air. 

Al I Si interface, both aluminum and silicon might be present as oxide; at the surface, 
the aluminum will surely be passivated. The analysis then works as follows (see 
Chapter 3 for details on quantitative XPS analyses). The intensities measured from the 
sample sketched in Figure 7.4 should be related according to: 

I Al I ~~~f ' IA1p3 I ~~~:03 ( drum l --------=---=--- " exp ------'---
1 I I rer I I I rer /1. (E ) cos e 

Si Si + Si0
2 

Si0
2 

film Al 2p 

(7.1) 

where we have made use of the fact that the attenuation lengtbs in Al20 3 and Al are 
approximately equal (viz., 3.0 and 2.8 nm, respectively), so that .ti(film) ::::: 2. 9 nm. The 
reference intensities rr in this equation can be expressed as 

es. s·o 0 s·2 Ls·z Às·o (J;s·z ) G(Es·z ) I, I 2 I p I p I z I p I p (7.2) 

and similar expressions for rr (Si), rr (Al20 3) and rr (Al), in which c denotes 
concentration (atorns/nm3

) [2], a (relative) cross-section for photoelectron emission [3], 
and L asymmetry factor ([4], with the source-analyzer angle in our setup being 50° for 
the standard source, and 38 ° for the monochromaled one); A is the attenuation 
parameter, of which the value in nanometerscan be calculated by means of Eqn 3.6 in 
Chapter 3, and the value of the appropriate inelastic mean free path (predictive formula 
TPP-2M in [5]); Gis the étendue ofthe analyzer, which depends on the kinetic energy 
as described by Eqn 3.14. If we make the approximation E (Si 2p) ::::: E (Al 2p) ::::: 1400 
eV, we get the values for the reference intensities given in Table 7.1. Using the oo 
data, we get d (film) = 3.6 nm; with the 60° data, however, we get d (film) = 2.1 nm! 
This discrepancy can absolutely not be explained by the approximations we have made. 
It strongly suggests that the thickness of the film is not well defined. It is hard to be 
more specific about the film morphology, as we do not exactly know the amount of 
aluminum deposited. 

Attempting to make an estimate, however, we might suppose that the morphology is 
particle-like. Because the amount of aluminum deposited is about 5 nm, we then must 
have quite large particles. Hence, the photoelectron attenuation of the film for emission 
at a large off-axis angle is nearly total for the covered part. Therefore, for the 
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intensities measured at 60°, the following relationship must approximately hold true: 
ref / / ref 

/All/AlT /AIO AIO 
2 J 2 3 

(7.3) 

() being the apparent coverage at 60 o off-axis angle. We then find that the apparent 
coverage is 0.75, which means that at least a quarter of the surface is (nearly) not 
covered by the film. Assuming furthermore that 75% of the surface is covered by cubic 
particles, while the other 25% is not covered at all, wededuce from the intensity data 
at oo that the cube thickness amounts to 8.1 nm. The amount deposited then is 0.75 
times 7.9 or 6.0 nm, which agrees reasonably well with the estimated 5 nm. 

In conclusion, the XPS intensity data strongly suggest that the thickness of the fresh 
aJuminurn film is not homogeneous. In termsof a 'black-and-white' model of partly 
zero and partly complete attenuation by the inhamogeneaus film, the data imply that 
minimally 25% of the film is very thin, while the other 75% are covered by particles 
of about 8 nm. 

Similar analyses for the directly deposited Al20 3 films do not show widely different 
values of the film thickness at different off-axis angles. As an example, consicter the 
spectra shown in Figure 7 .5, taken of a film of an estimated thickness of 7 nm, at 20 
and 50° off-axis angle. In this case, the X-ray souree was the standard Mg Ka one. 
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Figure 7.5 Mg Ka spectra of 
an Al20 3 I Si model support 
made by direct deposition of 
about 5 nm AIP3 . The 
spectra were taken at off-axis 
angles of zoo and 50°, at a 
pass-energy of 20 eV. 
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standard Al Ka 
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plasmon loss peaks 
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Binding energy (eV) 

Al2p 
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Figure 7.6 XPS specu-a of an 
aJuminurn foil as reference 
sample. The upper spectrum 
has been recorded with a 
standard Al Kcx X-ray 
source, and the lower one, 
after sputter cleaning the foil, 
with monochromared Al Kcx 
radiation. The Auger peaks 
in the upper spectrum arise 
because of the background of 
Bremsstrahlung in the X-ray 
spectrum of the standard 
source. The relative position 
of the oxidic parts of the 
Auger and the Al 2p peak is 
indicative of the oxide 
su-ucture. 

The presence of a single peak at 75 eV makes clear that the alwninum is present as 
oxide in these films. Moreover, the oxidic part of the Si 2p peak is vanishingly small . 
Hence, in this case we have 

I I I rer [ d l Al 201 AI,01 • AJ,OJ 
_ ____;___ = exp - 1 

I /lref À Alo (E Al \cos8 
Si SJ 2 1 2p-' 

(7.4) 

The intensities of the Al 2p and the Si 2p peaks in both spectra, as well as the reference 
intensities for Mg Ka X-ray excitation are given in Table 7 .2. The attenuation 
parameter in alumina atE< = 1170 eV is equal to 2.58 run. Substituting these numbers 
in Eqn 7 .4, we get d (Al20 3) = 7.6 run at 20o, and 7.2 run at 50°. This difference is 
too small to be indicative of an inhomogeneous film; an analysis of the 50° data in 
terms of Eqn 7. 3 shows that the apparent coverage at that angle tJ = 0. 99. In 
conclusion, the films which are deposited as oxide cover the silicon wafer completely, 
and have a homogeneaus thickness. 

Table 7.2 Measured and reference intens i ties for the spectra of Fig . 7 .5 . 

Si0 2p Al3+ 2p 

20 ° 2.44 33.68 

50 ° 1.49 73.89 

rr, Mg Ka 73 .8 47 .2 
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Oxidation of the Al I Si system 
As described in Chapter 2, oxidation of aluminum at temperatures below about 700 K 
leads to the formation of amorphous alumina; at higher temperatures, y-Al20 3 grains 
are formed. In the presence of oxygen, y-Al20 3 transfarms to a-Al20 3 at 1120 K. The 
different oxidescan be distinguished by their so-called Auger parameter [6,7], which 
can be determined from an XPS experiment by summing the killetic energy of an Auger 
transitionj/d and the binding energy of an electron at level i. To characterize chemica! 
states of aluminum, the Al (KL23L23) Auger transition and the Al 2p level are mostly 
used. Figure 7.6 shows XPS spectra of a (sputter-cleaned) aluminum foil. The Al 
Auger lines arise because of the background of Bremsstrahlung in the Al Ka X-ray 
emission spectrum of the standard twin souree [9, 1 0]. The Auger parameter for 
aluminum atoms in amorphous alumina has been determined to be 1461.2 eV [8]; for 
aluminumatomsiny-AlP3 itequals 1461.6eV [6], anctin a-Al20 3 1462.1 eV [6]. As 
an example, Figure 7.6 shows XPS spectra of a (sputter-cleaned) aluminum foil. The 
Al Auger lines arise because of the background of Bremsstrahlung in the Al Ka X-ray 
emission spectrum of the standard twin souree [9, 1 0]. 

We have used the Auger parameter in determining the changes in structure of the 
supported aluminum( oxide) layer upon oxidation at elevated temperature. 
Unfortunately, the Al3+ KLL peak overlaps more or less with the Si0 2p peak due to the 
silicon substrate of the model systems. To assure accurate determination of the Auger 
parameter, we therefore measured the position and intensity of the Si0 2p peak in a 

105 95 85 

Binding energy (eV) 

75 65 

Figure 7. 7 XPS spectra of an 
Al I Si system directly after 
evaporation (and transport) of 
the aluminum film; after 
oxidation in flowing air at 
570 K for two hours; and 
after oxidation in flowing air 
at 700 K for two hours. The 
latter treatment is sufficient 
to remove all zero valent Al 
from the film. The spectra 
were recorded with the 
standard Al Ka X-ray 
source. Hence, the peak at 
-100 eV contains both the 
Si 0 part of the Si 2p peak 
and the Al3

+ KLL Auger 
peak. 
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corresponding spectrum recorded with monochromared Al Ka radiation, in which the 
Auger peak is absent. With this additional information, the position of the Auger peak 
in spectra recorded with the standard X-ray souree could be determined with a precision 

of± 0.2 eV. 

Figure 7.7 showshow the spectra change upon oxidation at elevated temperatures. The 
Al0 part of the Al 2p peak disappears upon oxidation at 700 K. Careful fitting of the 
peaks of interest shows that the Auger parameter increases from 1461.1 eV for the 'as 
received' sample to 1461.5 eV after oxidation at 770 K and to maximally 1461.7 eY 
after oxidation at 1120 K. Note the increase of the Si4 + peak part at this temperature, 
indicating the oxidation of the silicon wafer. We conetude that the metal plus native 
oxide is indeed transformed to y-AlzÜ3 by oxidation in flowing air at 770 K. However, 
there is no evidence for the y to a transition at 1120 K. 

7.2.3 Discussion 

The results presented in the foregoing section show that direct deposition of Al20 3 onto 
a silicon surface results in a better defined film than evaporation of Al and subsequent 
oxidation. Apparently, it is not possible to prepare a metallic aJuminurn film with a 
uniform thickness of a few nanometers on a silicon wafer by evaporation at the 
conditions that we have applied. Now evaporation of aJuminurn onto silicon substrates 
is a subject of great interest in relation to the production of microelecttonic devices 
[11, 12]. In this area, it is well-known that the native oxide present at the surface of the 
silicon substrate plays an important role in the preparatien of good and reliable Al-Si 
contacts. It is believed that, by the native oxide, the silicon surface bonds chemically 
to the a1uminurn. Although the reduction of the Si02 Iayer by the evaporated Al is 
known to take place even at room temperature, fresh cantacts are annealed at 720 K for 
half an hour to obtain a good acthesion and a good electrical contact [ 12] . We doubt, 
however, whether such a treatment would improve the quality of our (much thinner) 
films. We prefer to deposit the alumina directly by electron bombardment of an alumina 
target, as the XPS and LEIS experiments show that this procedure results in oxidic 
films with well-defined thickness in one step only. 

Do the alumina films mix with the silicon substrate? Although aJuminurn has a finite 
solubility in silicon, the diffusion of aJuminurn atoms into silicon is very slow [13, 14], 
superstructures of aJuminurn on Si(lll) being stabie up to temperatures of 1130 K [14]. 
However, the diffusion of silicon in aJuminurn is much faster [12, 15]. Overlayers of 
silicon atoms on different single crystalline aJuminurn surfaces have been seen to 
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disappear within days at room temperature, and within minutes at 370 K [ 15]. The 
maximum solubility of silicon in aluminum ranges from 0.05 at% at room temperature 
to 0.8% at 770 K and maximally 1.5% at 850 K [12,15]. Hence, assuming that the 
diffusion through an eventual interface oxide is rapid enough, oxidation of the metal at 
770 K to obtain y-Al20 3 may result in a silicon contamination of maximally 1 in 125 
atoms. Recently, Al evaporation onto Si02 bas attracted some attention as a first step 
in the fabrication of mixed AlzÜ3 I Si02 thin films as flat mode Is for zeolites [ 16]. U pon 
annealing a few monolayers of Al (deposited at 100 K), the Al is found to reduce part 
of the Si02 to obtain an Al20 3 I Si I Si02 structure at temperatures between 300 and 800 
K. Upon further annealing to 1200 K, a mixed film develops. It is hardly surprising that 
this occurs, as Si02 in contact with Si is known to decompose in the absence of an 
oxygen atmosphere at temperatures from 1020 Kon to produce volatile and reactive 
SiO [ 17]. In summary, the alumina films are stabie up to temperatures of - 1000 K, 
and they may contain some Si contamination ( < 1%), the precise amount depending 
on the preparation procedure. For most purposes, such a contamination will not cause 
any probierus in the application of the model support. 

7.3 Al20 3 TEM model support 

A thin electron-transparent substrate for use in transmission electron microscopy can 
bemadein several ways. Thinning of single crystals is one possibility, and has been 
used by e.g. Schmidt and coworkers [18]. A combination of etching and micromilling 
techniques is employed to make a pinhole in the center of the crystal. The regions near 
the hole are sufficiently thin ( < 50 nm) for transmission of electrons. Schmidt has also 
made electron transparent alumina films by anodization of aJuminurn and subsequent 
dissalution of the aluminum me tal substrate in a dilute mercury chloride solution [ 19]. 
The resulting flakes of alumina float on the solution and can be collected on TEM 
grids. Yet another metbod has been used by Poppa and coworkers [20]. They have 
prepared a variety of refractory thin films by electron beam evaporation onto NaCI 
crystals. The crystal is dissolved in water and the free floating films are picked up 
easily onto TEM grids. 

We have employed a metbod similar to the one of Poppa. From the preparation of 
Al20 3 films on silicon wafers, we know that direct electron beam deposition of 
aluminum oxide results in homogeneaus amorphous films which can be transformed 
into y-Al20 3 by oxidation in flowing air at elevated temperatures. Instead of 
evapararing the film onto a silicon wafer, weneed a substrate now from which the film 
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can be removed easily, like the Na Cl crystal in the work of Poppa. The glass plates 
used as slides in optica! microscopes turn out to be very useful alternative substrates, 
provided they are coated with a soap film first. The aJuminurn oxide is thus evaporated 
directly onto the dried soap film, which dissolves upon contact with water, so that the 
alumina film floats off. By trial and error, we found out that a minimal alurnina 
thickness of 20 nm is required to prevent disroption of the films. 

7.4 Rh I Al20 3 model catalyst 

The structure of supported Rh catalysts has been the subject of intensive research the 
last decade. Part of this interest is related to the prominent presence of rhodium in 
automotive exhaust gas catalysts, where it is responsible for NO. reduction and 
contributes significantly to CO oxidation [21]. Supported rhodium catalysts are also 
used for the conversion of syngas (CO + HJ to products as ethanol and acetaldehyde 
[22]. 

A well-known preparation route to rhodium on alurnina catalysts makes use of the 
adsorption of [RhCI.(H20)y(OH)J"" complexes from an aqueous solution of RhCl3. The 
driving force for this adsorption is the electrostatic interaction between the negatively 
charged complexes and protonated hydroxyls on the alurnina surface. The amount of 
protonated hydroxyl groups at the (111) surface of y-Al20 3 in a solution withpH = 4 
is estimated to be a bout 7 nm·2 [23], which is half of the total amount of hydroxyls 
present at the fully hydroxylated surface [24]. In measurements of the Rh adsorption 
capacity of a high surface area y-Al20 3 (180 m21g) [25], a maximum capacity of about 
0.8 mmo! I g catalyst, i.e. -3 Rh atoms per square nanometer, was found in RhCl3 

solutions with pH = 4. 

It is our aim in this section to test both the Al20 3 I Si and the self-supporting TEM 
A120 3 model support with respecttotheir Rh adsorption capacity. Weil prepared model 
supports should display the same surface chemistry as their industrial high-surface area 
counterparts, and hence, t}ley should have the same adsorption capacity. Furthermore, 
the eventual Rh I Al20 3 model systems can be used to check the XPS based method for 
deterrnining partiele size and shape which we present in Chapter 5 of this thesis. 

7.4.1 Experimental 

Rhodium was applied to the Al20 3 I Si system by immersing a piece of approximately 
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one square centimeter of the model support in a solution of 5.2 mg RhC13·xH20 
(Johnson Matthey) in 100 m1 water (i.e. 2 x 10-4 M). The solution had a pH of 4, 
which is well below the isoelecttic point of alumina (pH = 7-8), and above the point 
at which aluminastarts to dissolve significantly (pH = 3). The sample wasleftin the 
solution for approximately one hour, and subsequently rinsed with water and dried in 
air. The self-supporting alumina films for TEM were floated off directly (from the glass 
substrate ) into the RhCl3 solution. After one hour the films were picked up from the 
solution and put into distilled water for 15 minutes. Subsequently, they we re picked up 
onto Au TEM grids and dried in air. Samples were reduced in a quartz reactor in 2 bar 
of flowing H2 at 570 K for two hours. According to Borg et al. [26], this treatment 
results in completereduction of RhH to Rh0

, and complete removal of Cl- ions from 
the support. 

Rutherford backscattering experiments were performed at the A VF-cyclotron at 
Eindhoven University ofTechnology [27], with an incident beam of2.03 MeV He+. 
The beam transport system was used in the dispersive mode of operation which resulted 
in an energy spread of approximately 10 keV at FWHM. Scattered particles were 
detected with a standard Passivated Implanted Planar Silicon detector (Canberra) at a 
scattering angle of 170 degrees. The angle between the incoming beam and the sample 
normal is 7 degrees. The overall system resolution was measured to be 18 keV. Energy 
calibration of the detector was performed with a radioactive souree containing 241 Am 
and 244Cm, producing 4He2 + particles at energies of 5.443, 5.486, 5.779 and 5.805 
Me V. The accuracy of the cross-sec ti ons is estimated to be 5% . 

Transmission electron micrographs were taken with a JEOL 2000FX microscope with 
a point-to-point resolution of 0.3 nm. The microscope is equipped with a NORAN 
Series 2 energy dispersive X-ray analyzer. XPS spectra were measured with the VG 
Escalab Mk II setup described in section 7 .2.1. To avoid air exposure of the catalysts, 
activated catalysts were unloaded from the reactor in a glove box under dry nitrogen, 
and brought to the XPS apparatus by means of a special transport vessel. 

7 .4.2 Results 

Figure 7.8 shows a RBS spectrum of a reduced Rh I Al20 3 I Si model catalyst taken 
with an incident beam of 2 Me V He+ ions. The spectrum showsasharp peak at about 
1.7 MeV corresponding to Rh, accompanied by a small peak due a Au contamination, 
and a broad continuurn below -1.2 Me V due to the substrate. The amount of rhodium 
atoms on the sample has been calculated from the spectrum in the tigure to be 2. 3 nm2

, 
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Figure 7.8 RBS 
spectrum of a Rh I 
AIP3 I Si model 
catalyst, taken with 
an incident beam of 
2.03 MeV He+ 
i ons. 

with an uncertainty in this value of about ±5% . lf we di vide this value by the atomie 
density in Rh metal, viz. 72.56 nm-3 [2], we get a value for the toading L of0.0317 nm 
(i.e., 0.0317 nm3 per nm2

) . 

An XPS spectrum of the same sample that was (later) used for the RBS analysis is 
presented in the upper part of Figure 7. 9. The spectrum, showing the Rh 3d doublet, 
was recorded with Mg Ka radiation at a pass-energy of 20 e V, directly after the 
activation treatment in flowing H2 at 570 K. The binding energy was determined to be 
307. 1 e V, which is equal to the value measured on a clean Rh foil, as shown in the 
lower part of the same figure. The fact that the binding energy of Rh 3d512 signa! of the 
particles is equal to that of a Rh foil puts a lower limit to the partiele size: as described 
by Mason [28], very smal! metallic particles give rise toa higher binding energy than 
in bulk metal. For rhodium particles, the effect has been reported by Huizinga et al. 
[29]. For extremely smal! particles, the Rh 3d512 can be as large as 307.5 eV, which is 
0.5 eV higher than the 307.0 eV usually reported for bulk rhodium. From Figure 9.3 
in [30], which is basedon data from [29] and [31], we estimate that the absence of the 
shift for our Rh I Al20 3 I Si model catalysts implies that the rhodium particles on the 
surface of this system contain at least 100 atoms each. 

We have determined the intensities of the Rh 3d doublet, and of the 2p doublets of Si 
and Al at off-axis angles of 25 and 55 °. As explained in Chapter 5, an analysis of 
intensities corresponding to the support on the one, and the supported phase on the 
other hand, can be used to estimate the size and shape of the particles as which the 
supported phase is present. These intensities, together with the relevant reference 
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intensities (see Chapter 3 for an elaborate discussion of the role of these parameters in 
quantitative XPS), are collected in Table 7 .3. 

Table 7.3 Measured and reference intensities for the spectra of Fig . 7. 9. 

Si0 2p Si4 + 2p AC+ 2p Rh 3d 

25 ° 10.3 7.78 24.6 17.5 

55° 5.79 6.27 32.2 27 .1 

rr, Mg Ka 73.8 40.8 47.2 865 

As the sample under analysis has the structure shown in Figure 7 .10, we can calculate 
the so-called geometrie factors G at 25 and 55° off-axis by means of the following 
equation: 

G = (7.5) 

where we have made use of the fact that the difference in energy between the Al 2p and 
Si 2p photoelectrons is so small, that the energy dependenee of the attenuation 
parameters for AIP3 and Si02 over this range can be neglected. Applying Eqn (7.5) 

Rh model catalyst 

Rh foil 

325 320 315 310 305 300 

Binding energy (eV) 

Figure 7.9 XPS spectra 
showing the Rh 3d doublet 
for (top) an activated Rh I 
Al 20 3 I Si model catalyst, 
and (bottom) a clean Rh 
foil. The spectra were 
recorded with Mg Ka 
radiation at a pass-energy 
of 20 eV. The catalyst as 
wel! as the foil show a Rh 
3d5n peak maximum at 
307.1 ± 0 .1 eV. 

131 



Chapter 7 

Si (100) water 

oxidized silicon 

Figure 7.10 Structure of lhe 
Al 20 3 I Si model support to 
which lhe Rh is applied. 

to the data in Table 7.3, we find that G(25°) = 0.0237, while G(55o) = 0.0342, with 
an estimated uncertainty of - 15% (see also Chapter 3). 

In Figure 7.11, we have plotted the results of calculations for a system with Rh 
particles on a flat substrate. The calculations are of the type discussed in Chapter 5: 
Assuming that the supported particles have a droplet shape, we have calculated the 
geometrie factor for off-axis angles of 25 and 55°, where the loading of the support has 
been fixed to the value determined by RBS, viz., 0.0317 nm. The curves in the left 
hand plot ofFigure 7.11 give the ratio of G(55°) and G(25°) as a function ofG(25 °); 
each curve pertains toa different contact angle of the partiele with the substrate . Going 
upwards, the contact angles increase by 30° from curve to curve. The 30° partiele is 
a flat cap, the 90° one a hemisphere, and the 180° one a full sphere. The black dot in 
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Figure 7.11 Calculated geometrie factors for 0 .0317 nm of Rh particles supported by a flat substrate. 
For calculational details we refer to Chapter 5 of lhis thesis. Each curve in these plots pertains to a 
partiele wilh a droplet shape and a certain contact angle, e.g. 30", 60 °, 90 °, etc. From lhe position 
of lhe points determined by experiment, we conclude that the Rh particles supported by our model 
system are ralher flat (contact angle of - 80°); lhey cover a bout 4% of the surface of the support. 
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the figure corresponds to the values of G(25°) and G(55°) that we have determined for 
our system, i.e. G(25°) = 0.0237, and G(55°) I G(25°) = 1.45. Apparently, the 
contact angle of the particles is about 80°. In the plot at the right hand side, the value 
of G(25°) is plottedas a function of support coverage for both 60 o and 90° particles. 
As the loading is quite low, these two curves are hardly discemable. The plot shows 
that the measured value for G(25°) corresponds toa coverage of0.040 to 0.045. 

In surnmary, if we apply the quantitative analysis developed in Chapter 5 to the Rh I 
Al20 3 I Si model system, we find that the Rh particles are present as nearly 
hemispherical particles (particle-support contact angle of - 80°), which cover the 
support surfacefora little more than 4%. As the loading is 0.0317 run, wethen find 
that the diameter of the particles at the interface with the support amounts to 3.08 nm 
and that their density is 1 on 180 run2

, implying that the they contain about 400 atoms 
each. 

Figure 7.12 is a transmission electron micrograph of rhodium particles on a self
supporting alumina film. Although the contrast in the micrograph is quite poor, the Rh 
particles are clearly visible. We estimate the projected partiele diameter to be about 4 
run, and the partiele density - 2 particles per 400 run2

• 

7 .4.3 Discussion. 

If we translate the Rh loading as determined by the RBS measurements to a weight 
percentagefora porous alumina support with a surface area of about 150 m21g, we get 
a value of 5 to 6 wt%. This value corresponds very well to the maximum adsorption 

Figure 7.12 TEM 
micrograph (150 
nm x 100 nm) of 
rhodium particles 
on a self-supporting 
alumina support of 
about 20 nm 
thickness. 

133 



Chapter 7 

capacity of y-Al20 3 for the Rh complexes that are formed in aqueous solutions of RhC1 3 

[25], but is about ten times higher than the loadings employed for obtaining highly 
dispersed Rh I y-Al20 3 catalysts with particles of 10 atoms or less [34,35]. Therefore, 
it is not surprising that our model systems have much larger Rh particles, viz. of a few 
hundred atoms each. Still, these particles are quite small from the XPS point of view : 
The analysis developed in Chapter 5 is more accurate for particles which contain - 103 

atoms. The reason is that the particles must be large enough to ensure that self
attenuation occurs, i.e., that a significant amount of photoelectrons generated in the 
particles looses energy on the way out of the particles towards the detector. lf this is 
not the case, the Rh intensity will simply reflect the total amount of Rh atoms present 
on the surface. In the case presented he re, the self-attenuation causes that a bout 25% 
of the Rh atoms do not contribute to the signa!, which is quite a low value, but enough 
to estimate the number of atoms per partiele within an order of magnitude. 

7.5 Concluding remarks 

The aim of this chapter is to illustrate the 'resemblance point of view' of making model 
supported catalysts by means of the preparation of model systems for y-alumina and, 
subsequently, the preparation of rhodium particles on these supports by the industrial 
route of adsorption of rhodium complexes from an aqueous solution of RhCI3 • We have 
compared two routes for preparing a model system consisting of a 5 nm thick alumina 
layer onto a silicon substrate. The first route is by evaporation of aluminum and 
subsequent (ex situ) oxidation; oxidation in flowing air at temperatures higher than 
700 K leadstoa phase transition to y-alumina. The second route is by direct deposition 
of alumina by electron bombardment of an alumina target. This approach turns out best, 
yielding homogeneously thick alumina layers covering the silicon substrate completely. 
A similar procedure can be applied to make self-supporting alumina films of about 20 
nm thickness for use with TEM, provided that the substrate is soap covered, so that the 
evaporated films can be floated off in water. 

The application of rhodium complexes from an aqueous salution of RhCI 3 was 
successful, the adsorption capacity of the model supports comparing very well to that 
of aporous y-alumina. We have used activated Rh I Al20 3 I Si model catalysts with a 
rhodium loading of 2 .3 atoms I nm2 for a quantitative XPS analysis aimed at 
determining the size and shape of the rhodium particles (see Chapter 5 for a discussion 
of this method) . We conclude that the particles contain a few hundred atoms each, and 
have a nearly hemispherical shape. TEM micrographs support this conclusion, and an 
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analysis of the Rh 3d512 peak position too, yielding a minimal value for the partiele si ze 
of about 100 atoms. In view of the relatively high loading, this partiele size is what one 
expects. 
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8 Summary and conclusions 

This thesis is concerned with the preparatien of realistic flat models of industrial 
catalysts for heterogeneaus catalysis and with the quantitative application of X-ray 
photoelectron spectroscopy in the surface characterization of such model systems. 
Industrial catalysts are complex systems consisting of at least a catalytically active 
phase, usually in the form of nanometer-sized particles, and of a spongy solid material 
(the support) which fixes these particles at the walls of its microscopie pores. The 
surface scientist who studies the surface properties of the catalyst or the chemica! 
reactions it catalyzes, usually thinks of the support as an annoying part of the catalyst 
which inhibits the application of his or her technique to its full potential. The reason is 
that the industrial support hides the active phase inside its pores, and, on top of that, 
aften is a refractory oxide such as silica or alurnina, which causes serious charging 
problerns in the application of techniques which make use of charged particles to probe 
the surface. A salution to these problerns lies in the application of model supports. A 
typical model support consists of a flat, conducting substrate with a thin, uniform 
toplayer of a material similar to that of which the industrial support is made. If the 
toplayer is about 5 nm thick, the whole system is conducting enough to prevent 
significant charging problerns. Moreover, the supported phase is readily visible and the 
particles which constitute it all have the same orientation. 

A large part of Chapters 2 and 7 of this thesis is about the preparation of model 
catalysts. In Chapter 2, we review the literature on the different procedures for 
obtaining flat model supports of silica and alurnina, and on the application of the 
(precursors of) the active phase to model supports in genera!. We emphasize the 
advantages of preparing model supports with a surface chernistry very similar to that 
of their industrial counterparts. The main advantage is that the usual wet-chemica! 
routes for application of the supported phase can be used and, moreover, can be studied 
on a fundamental level. In Chapter 7, we make this point of view explicit in the 
preparadon of a flat models fora porous y-alurnina support. We conclude that a good 
model support can be made by evaporating a thin (- 5 nm) alumina layer onto a silicon 
wafer by electron bombardment of an alumina target. LEIS and XPS experiments show 
that the layer is homogeneaus in thickness and covers the silicon substrate completely. 
Oxidation in flowing air at elevated temperatures ensures the transition of the 
amorphous film to the y-phase. A similar support for TEM measurements can be made 
by evaporation onto a glass substrate covered with soap. Films of about 20 nm 
thickness float off easily in water and are self-supporting. We have applied rhodium to 
both model supports by the industrial route of adsorption of negatively charged rhodium 
complexes from an aqueous salution of RhCI3 • The adsorption capacity of the model 
systerns compares very well to that of porous y-alurnina. 



Chapter 8 

The rest of this thesis is concerned with the application of surface science techniques 
to study the morphology of the supported phase of heterogeneaus catalysts. The second 
part of Chapter 2 reviews the literature on this subject with respect to model supported 
systems. Most of the relevant papers are TEM based, the others deal with the recent 
scanning probe microscopies. As a consequence, spectroscopie characterization has 
been applied only spuriously, which leaves unanswered important questions concerning 
the presence and influence of impurities, originating for example from the support 
preparation. Chapters 3 to 6 consicter the possibilities for determining morphological 
properties of the supported phase, affered by a quantitative analysis of XPS intensities. 
Chapter 3 provides a general background to this area. In quantitative XPS, one tries to 
relate peak areas in a spectrum to the amount of photoelectrons of a eertaio type emitted 
by the sample, and subsequently to the concentration distribution throughout the upper 
ten nanometers of the sample of the atoms responsible for this emission. This process 
is full of assumptions and approximations, and we deal with them one by one in 
Chapter 3. 

In Chapters 4 and 5, the possibilities of quantitative XPS for the characterization of 
supported phase morphology are extensively discussed . First, in Chapter 4, 
conventionally supported systems are considered. State of the art in this application is 
the so-called Kuipers model. We take this model as a starting point and discuss its 
merits. Every quantitative XPS analysis of a complex system must be based on a model 
of the geometrie structure of that system. In Kuipers' model the catalyst is modeled as 
a set of support sheets of well-defined thickness and random surface orientation. We 
conclude that this is too general a model to account for the widely diverging support 
morphologies encountered among industrial systems, and propose the use of more 
support specific models. With respect to the morphological properties of the supported 
phase that can be determined, we conclude, with Kuipers, that the XPS intensity of 
randornly oriented particles is completely determined by their volume to surface ratio. 
For model supported systems, the situation is different, as is shown in Chapter 5. If the 
supported phase is modeled as a set of particles having a droplet shape, a quantitative 
XPS analysis enables one to estimate both the contact angle of the droplet with the 
substrate and the (average) size of the particles. Measurements at two different angles 
(preferably oo and 60°) with respect to the surface normal of the sample are necessary 
for this analysis. We expect the analysis to be successful in monitoring, for example, 
(in situ) changes in the shape of supported particles, e.g., as a consequence of thermal 
treatment or exposure to reactive gases. 

In Chapter 6, we consicter the consequences of model support roughness for the analysis 
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presented in Chapter 5. In some support preparation procedures, the development of 
(a little) surface roughness cao oot be avoided. We conclude that this does oot disturb 
the morphological analyses as long as the actual surface area does oot exceed 10% of 
the projected area. Furthermore, special attention is payed in this chapter to the specific 
case of determining the thickness of a uniform overlayer on a rough substrate. We have 
analyzed this situation carefully by means of both numerical and Monte Carlo 
calculations. The rather surprising outcome of this analysis is, that the effects of 
roughness cao be completely neglected in a quantitative analysis if the XPS 
measurement is carried out at an angle with the macroscopie surface normal of 40 to 
45°. The actual nature and magnitude of the substrate roughness do oot seem to be of 
any influence with respect to this point. 

In the final part of Chapter 7, then, we apply the method developed in Chapter 5 for 
the determination of supported partiele shape and size to the Rh I AlzÜ3 I Si model 
catalyst. The outcome is that the rhodium particles are a few hundred atoms in size, and 
are nearly hemispherical in shape. This result is supported by TEM micrographs of the 
Rh I Al20 3 TEM model system. 
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Samenvatting 

Dit proefschrift gaat over oppervlakte-onderzoek aan daartoe geschikte modellen van 
katalysatoren. Een katalysator is een stof die een chemische reactie beter laat verlopen. 

Beter betekent in dit verband meestal sneller of goedkoper, maar de laatste jaren steeds 
vaker (ook) schoner, bijvoorbeeld in de uitlaatgaskatalyse bij auto's. Als de katalysator 
een vaste stof is, en de reactanten vloeistoffen of gassen zijn, dan spreekt men van 
heterogene katalyse. Katalysatoren voor heterogene katalyse bestaan in het algemeen 
uit een poreuze drager en een zogenaamde actieve fase . De drager is een soort 

microscopische stenen spons, met een inwendig oppervlak van vaak meerdere 
honderden vierkante meters per gram materiaal. De actieve fase is meestal in de vorm 
van deeltjes van maar een paar nanometer groot (één nanometer is gelijk aan één 
miljoenste millimeter) over dit oppervlak verdeeld. Die kleine deeltjes doen het 
katalytische werk, dat bestaat uit het laten reageren van de gas- of vloeistofmoleculen 
(de reactanten) die door de poriën van de drager over hilll oppervlak stromen. De kunst 
van het maken van een goede katalysator is eigenlijk het vinden van de optimale 
materiële samenstelling en structuur van de deeltjes voor de reactie die men op het oog 
heeft. 

Heterogene katalyse is een typisch oppervlakteverschijnseL De reactantmoleculen 
adsorberen uit de gas- of vloeistofstroom op het oppervlak van de deeltjes die de actieve 

fase vormen. De samenstelling en structuur van de deeltjes maakt dat (l) de 
geadsorbeerde moleculen intern verzwakt worden en in fragmenten opbreken en (2) die 
fragmenten zo met elkaar reageren dat de gewenste producten worden gevormd én 
desorberen. Omdat heterogene katalyse een oppervlakteverschijnsel is, zijn de deeltjes 
van de actieve fase ook zo klein: hoe kleiner de deeltjes, hoe meer atomen van de 
actieve fase er aan de oppervlaktereacties mee killlnen doen. 

In heterogeen katalytisch onderzoek spelen speciale technieken voor oppervlakte
karakterisering een belangrijke rol vandaag de dag. Typische vragen die men met zulke 
technieken tracht te beantwoorden zijn bijvoorbeeld: "Hoe groot zijn de deeltjes van de 

actieve fase nu precies, en wat voor vorm en structuur hebben ze?", of, "Wat is de 
atomaire samenstelling van het oppervlak van die deeltjes, d.w.z., is die wel of niet 
hetzelfde als die van hilll binnenkant?". Om dit soort vragen goed te killlnen 
beantwoorden, zou de onderzoeker in veel gevallen de stenen spons (de drager) waarin 
de deeltjes van de actieve fase 'verstopt' zijn het liefst willen openvouwen en glad 

strijken, zodat die deeltjes goed zichtbaar aan de buitenkant van de drager zouden 

zitten. Dit kan uiteraard niet en dat is één van de redenen waarom in oppervlakte
onderzoek steeds meer gebruik wordt gemaakt van modellen van katalysatoren, waarbij 
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de poreuze drager met het inwendige oppervlak van honderden vierkante meters 
vervangen is door een vlakke en massieve drager met een buitenoppervlak van ongeveer 
één vierkante centimeter. 

Andere redenen om modeldragers te gebruiken zijn specifieker voor de techniek voor 
oppervlakte-analyse die men op het oog heeft. In dit proefschrift staan wat dat betreft 
X-ray Photoelectron Spectroscopy (XPS) en Transmission Electron Microscopy (TEM) 
centraal. In XPS wordt een preparaat blootgesteld aan Röntgenstraling. Als gevolg 
daarvan zendt het oppervlak van het preparaat elektronen uit, die een snelheid hebben 
die verraadt door wat voor een atoom ze uitgezonden zijn en wat de chemische toestand 
van dat atoom is. Door de snelheidsverdeling van de elektronen (het XPS spectrum) te 
meten kan de chemie van het oppervlak van het preparaat dus in kaart worden gebracht. 
Bovendien kan, in een toepassing die kwantitatieve XPS wordt genoemd, tot op zekere 
hoogte een beeld worden verkregen van de manier waarop atomen van een bepaalde 
soort in het preparaat verdeeld zijn, bijvoorbeeld als een homogene laag of als deeltjes 
van bepaalde afmetingen, etcetera. 

De toepassing van XPS op katalysatoren geeft vaak aanleiding tot zogenaamde 
opladingsproblemen. Oplading ontstaat doordat veel gebruikte dragermaterialen als 
silica (SiO:J en alumina (AlzÜ3) geen elektriciteit geleiden, en heeft veranderingen in 
XPS spectra tot gevolg die een analyse van die spectra bemoeilijkt. Een modeldrager 
voor XPS doeleinden bestaat daarom idealiter uit een zeer dwme laag dragermateriaal 
op een elektrisch geleidend substraat. Een bekend voorbeeld is de oxidehuid op een 
silicium wafer, die als model voor silica dienst kan doen. 

TEM is een vorm van elektronenmicroscopie waarbij afbeeldingen gemaakt kwmen 
worden op basis van contrast tussen zware en lichte atomen in een preparaat. 
Elektronen worden met een hoge snelheid door een flinterdun (dwmer dan 100 
nanometer) preparaat geschoten in de richting van een elektrongevoelige fotografische 
plaat. Op plaatsen waar veel zware atomen zitten wordt een aanzienlijk deel van de 
elektronen afgebogen naar richtingen buiten de plaat, wat een zwarte plek op die plaat 
tot gevolg heeft. Op een TEM-foto van een modelkatalysator met een actieve fase van 
relatief zware deeltjes, zijn die deeltjes dus zichtbaar als zwarte stippen, of, bij 
uitvergroting, als zwarte vormen die de afmetingen en structuur van de deeltjes tonen. 
Een voorwaarde is wel dat de modeldrager dwmer dan 100 nanometer is. 

De technieken voor oppervlakte-analyse dicteren dus in belangrijke mate de structuur 
van de modeldrager. Dat betekent echter niet dat er geen variatie bestaat in de 
modeldragers die in de loop van de jaren zijn gebruikt, en al helemaal niet dat er maar 
één manier bestaat om een bepaalde modeldrager te maken. Het eerste deel van 
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Hoofdstuk 2 van dit proefschrift is een studie naar de literatuur op dit gebied, waarbij 
we ons beperkt hebben tot de twee belangrijke dragermaterialen silica en alumina. We 
verdedigen de stelling dat de beste modeldragers systemen zijn die wat hun oppervlakte
chemie betreft zoveel mogelijk lijken op 'echte' poreuze dragers, en laten zien welke 
consequenties dat heeft voor de bereiding van silica en alurnina modeldragers. Het 
tweede gedeelte van Hoofdstuk 2 beschrijft de mogelijkheden die er zijn om de actieve 
fase te bereiden op modeldragers. Die mogelijkheden lopen uiteen van de conventionele 
methoden die in de bereiding van poreus gedragen systemen gebruikt worden tot voor 
de katalyticus meer exotische methoden als opdampen en lithografie. Hoofdstuk 2 
eindigt met een kritische beschouwing van de literatuur met betrekking tot het in kaart 
brengen van de vorm waarin de actieve fase aanwezig is op modeldragers (deeltjes of 
geen deeltjes, afmetingen en vorm van de deeltjes, etc.). 

In Hoofdstuk 7 (Hoofdstuk 3 t/m 6 komen zo dadelijk aan de orde) beschrijven we de 
ontwikkeling van y-alurnina modeldragers voor XPS en TEM doeleinden. De XPS
modeldrager blijkt te kunnen worden gemaakt door in vacuüm, in de buurt van een 
silicium substraat, een stukje alurnina te beschieten met snelle elektronen. Het stukje 
alurnina smelt en verdampt, en slaat neer op het substraat. Uit metingen blijkt dat het 
laagje alurnina dat zo verkregen wordt homogeen van dikte is (bij een dikte van 
ongeveer 5 nanometer) en het silicium substraat geheel bedekt. Door het gecoate 
substraat naderhand te verhitten kan het oorspronkelijk amorfe alurnina laagje 
getransformeerd worden tot de gewenste y-fase. TEM modeldragers kunnen op vrijwel 
dezelfde manier gemaakt worden door alurnina te verdampen op een met zeep 
ingesmeerd glazen substraat waarvan het later weer verwijderd kan worden. Lagen 
alumina van ongeveer 20 nanometer dikte zijn, na verwijdering van het substraat, 
zelfdragend en geschikt voor TEM toepassingen. We laten zien dat de XPS en TEM 
modeldragers wat hun oppervlakte-chemie betreft op poreuze y-alurnina dragers lijken 
door met succes een industrieel beproefde methode voor het aanbrengen van een actieve 
fase van rhodium deeltjes te gebruiken die gebaseerd is op de adsorptie van rhodium 
complexen uit een oplossing van RhCl3 in water. 

Hoofdstuk 2 en 7 hebben dus voor een groot gedeelte betrekking op het maken van 
modeldragers en modelkatalysatoren; de andere hoofdstukken gaan over het doen van 
kwantitatieve XPS aan zulke systemen. 

Hoofdstuk 3 gaat over kwantitatieve XPS in het algemeen. Alle aspecten van het 
terugrekenen van de grootte van pieken in het XPS spectrum naar de 
concentratieverdeling van bepaalde elementen in het preparaat worden hier onder de 
loep genomen. 
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Hoofdstuk 4 en 5 handelen over de kwantitatieve toepassing van XPS met als doel het 
in kaart brengen van morfologische eigenschappen van de actieve fase als bijvoorbeeld 
deelgesvorm en -grootte. Voor wat betreft conventionele systemen met poreuze dragers 
(Hoofdstuk 4) baseren we ons voornamelijk op een analyse van het zogenaamde model 
van Kuipers, dat als state of the art mag worden beschouwd. We concluderen, met 
Kuipers, dat een XPS analyse van poreus gedragen katalysatoren in het beste geval een 
waarde voor de oppervlakte I volume verhouding van de deeltjes van de actieve fase 
oplevert. De onnauwkeurigheid in de bepaling van die waarde neemt aanzienlijk toe 
met afnemende deelgesgrootte, en kan enigszins worden beperkt door in de modellering 
van poreuze dragers wat meer rekening te houden met de feitelijke morfologie van de 
poreuze drager dan Kuipers doet. 

In Hoofdstuk 5 wordt nader ingegaan op de voordelen die vlakke modeldragers bieden 
voor de karakterisering van de morfologie van de actieve fase . We hebben een 
analysemethode ontwikkeld die gebruik maakt van de informatie die bij vla~e 
systemen besloten ligt in de zogenaamde hoekafhankelijkheid van de XPS-meting. Als 
de gedragen deeltjes worden gemodelleerd als druppels op een plaat, zodat met één 
enkele parameter (de contacthoek) de vorm van een deeltje wordt beschreven, dan 
kunnen wwel de deeltjesgrootte als de deeltjesvorm in veel gevallen worden bepaald . 
In Hoofdstuk 7 wordt een voorbeeld gegeven voor de ontwikkelde rhodium op alumina 
modelkatalysatoren. We verwachten dat dit soort analyses vooral van nut kunnen zijn 
bij het volgen van de veranderingen in deeltjesgrootte en -vorm die optreden als gevolg 
van blootstelling aan hoge temperaturen en/ of reactieve gassen. 

In Hoofstuk 6, tenslotte, gaan we nader in op de gevolgen van oppervlakteruwheid voor 
kwantitatieve XPS analyses. In eerste instantie doen we dat voor het geval van het 
bepalen van de dikte van een paar nanometer dunne homogene laag op een ruw 
substraat, en in tweede instantie voor de analysemethode beschreven in Hoofdstuk 5. 
De aanpak in dit hoofdstuk is er een van numerieke berekeningen en Monte Carlo 
simulaties voor steeds realistischer gemodelleerde ruwheid. De uitkomsten van deze 
berekeningen zijn verrassend: de dikte van een homogene toplaag blijkt zonder rekening 
te houden met de ruwheid van het substraat toch nauwkeurig bepaald te kunnen worden. 
De enige voorwaarde is dat de XPS meting wordt uitgevoerd onder een hoek van 40 tot 
45 o met het preparaat. De precieze aard en grootte van de ruwheid blijkt niet van 
belang te zijn. Wat betreft de invloed van ruwheid (van de modeldrager) op de in 
Hoofdstuk 5 ontwikkelde methode voor het bepalen van de grootte en vorm van 
gedragen deeltjes is de situatie minder rooskleurig . Als de ruwheid qua grootte een 
bepaalde grens overschrijdt, nl . als het werkelijke oppervlak 10% groter is dan het 
geprojecteerde oppervlak, dan is de morfologische analyse niet meer betrouwbaar. 
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Heel in het kort nog eens samengevat: dit proefschrift gaat over modelgedragen 
katalysatoren en wil de aandacht vestigen op het belang van een oppervlaktechemie van 
de modellen die overeenkomt met die van de 'echte' systemen; verder bespreekt het de 
mogelijkheden van kwantitatieve XPS voor het bepalen van morfologische 
eigenschappen van de actieve fase van katalysatoren, en toont het aan dat die 
mogelijkheden aanzienlijk groter zijn als gebruik gemaakt wordt van vlakke 
modeldragers in plaats van de gebruikelijke poreuze dragers. Tenslotte wordt in het 
proefschrift aangegeven welke gevolgen eventuele ruwheid van modeldragers voor het 
bedrijven van kwantitatieve XPS heeft, en hoe daar in voorkomende gevallen op 
geanticipeerd kan worden. 
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Stellingen 
behorende bij het proefschrift 

Realistic Model Catalysts and the 
Application of Photoelectron Spectroscopy 

to Study their Morphology 

Pieter L.J. Gunter 



1 In de bereiding van modellen van katalysatordragers wordt 
ten onrechte weinig aandacht besteed aan de oppervlakte
chemie van het model. 
Dit proefschrift. 

2 De bepaling van de dikte van een homogene toplaag op een 
ruw substraat door een analyse van de intensiteiten van de 
relevante signalen in een XPS spectrum, waarbij de 
effecten van ruwheid niet in de analyse worden ver
disconteerd, is toch nauwkeurig, mits de analyse gebaseerd 
is op een meting onder een hoek van ongeveer 45 graden. 
Dit proefschrift. 

3 Het gebruik van de term grafting (enten, verankeren), daar 
waar het gewoonweg gaat om reversibele adsorptie, is 
alleen toepasselijk vanwege een tweede betekenis van die 
term, namelijk: "konkelen, knoeien". 
C. Louis and M. Che, J. Catal. 135, 156 (1992); Kramers 
woordenboek Engels-Nederlands, 36e druk, Elsevier (1986). 

4 De verwachtingen die men een vijftal jaar geleden in het 
algemeen nog had met betrekking tot de rol die de atomie 
force microscoop zou gaan spelen in de afbeelding op 
atomaire schaal van oppervlakken van technologisch 
interessante materialen, kunnen achteraf het beste met de 
term wishful thinking gekarakteriseerd worden. 

5 De idee van evolutie door natuurlijke selectie is zo 
veelomvattend en betekenisvol dat ze geen enkele middel
bare scholier onthouden mag worden. 



6 De oplossing van een moeilijk probleem begint bij het 
stellen van een verstandige vraag begint bij het paraat 
hebben van bepaalde kennis begint bij onderwijs dat daarop 
gericht is . 

7 Het is een hardnekkig misverstand dat een commissariaat 
in het bedrijfsleven een parlementslid op substantiële wijze 
helpt in het beter uitoefenen van zijn taak, nl. het vertegen
woordigen van (een deel van) het volk. 

8 Net als in ieder ander stuk dient een motto ook in een 
proefschrift aan te duiden wat de bedoeling ervan is, en 
niet wat voor boeken de auteur in zijn of haar vrije tijd 
zoal leest. 

9 Wie de details niet eert, is de grote lijnen niet weerd. 

10 Belgische gezelligheid schijnt toch met Belgisch weer 
betaald te moeten worden. 
Meerdere vakanties aan de "Belgische Rivièra". 
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