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Abstract

Metal oxide interfaces, metal coatings or dispersed metals on oxide supports play an
important part in many technological areas. Nevertheless, there is still a lack of
fundamental knowledge about the essential properties of thin metal films and small metal
particles on oxide supports, although a deeper understanding could help to improve the
electronic, mechanical or catalytic performance of such systems. In the past, a number of
different approaches have been proposed and explored aiming at the preparation of suitable
model systems. In this review, we discuss the possibility to use thin, well-ordered oxide films
as supports for the study of deposited metal particles. This approach offers the advantage
to permit the unrestricted application of all experimental methods, which rely on a good
electrical or thermal conductivity of the sample, like PES, LEED, STM or TDS. With the
help of several examples taken from our own work on a thin alumina film, we show that it
is feasible to characterise such systems on a microscopic level with respect to all relevant
structural, electronic and adsorption properties. In this way, correlations between these
features can be established helping to understand the particular chemistry and physics of
small metal aggregates. © 1999 Elsevier Science Ltd. Open access under CC BY-NC-ND license.
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Nomenclature
AES Auger electron spectroscopy
AFM atomic force microscopy
BE binding energy
CB conduction band
CCT constant current topography
ESR electron spin resonance
HREELS high resolution electron energy loss spectroscopy
HRTEM high resolution transmission electron microscopy
IR(A)S infrared reflection (absorption) spectroscopy
ISS ion scattering spectroscopy
KE kinetic energy
LEED low energy electron diffraction
ML monolayer
PE photon energy
PES photoelectron spectroscopy

SPA-LEED spot profile analysis of LEED spots

SPM scanning probe microscopy
STM scanning tunneling microscopy
TDS thermal desorption spectroscopy
TED transmission electron diffraction
TEM transmission electron microscopy
UHV ultrahigh vacuum
UPS ultraviolet photoelectron spectroscopy
VB valence band
XAS X-ray absorption spectroscopy
XPD X-ray photoelectron diffraction
XPS X-ray photoelectron spectroscopy
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1. Introduction

The structure and properties of small metal particles represent a field of
research which has attracted a lot of attention during the last years. As an
intermediate state of matter between atoms in the gas phase and the solid state,
they often exhibit exceptional physical and chemical properties. While these
properties are essentially determined by aggregate size in the case of free
unsupported clusters, for deposited systems the interaction with the substrate can
play an important part as well, modifying, changing or strengthening certain
features.

One of the areas where deposited metal particles are technically employed to a
large extent is heterogeneous catalysis. Here, a catalytically active component,
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such as a transition metal, is dispersed over a suitable support material, usually an
oxide like alumina or silica. In the first place, this is done in order to achieve the
highest possible surface area of the active phase. Because of the high degree of
dispersion, however, particle-size effects, originating from specific structural or
electronic features and metal substrate interactions can influence the catalytic
behaviour significantly. Of course, it has always been a central question in
catalytic research as to how these effects can be exploited to improve the catalytic
activity or the selectivity of a supported catalyst [1].

Nevertheless, there is still only very limited fundamental knowledge about the
relationship and the interplay between structure, adsorption behaviour and
chemical or catalytic activity of small deposited metal aggregates. Since the
complex structure of real catalysts often hampers the attempt to connect
macroscopic effects with the microscopic processes taking place on the surface, an
increasing number of model studies have been conducted so far to tackle these
questions. One approach comes from wltrahigh vacuum (UHV) surface science
aiming at an understanding of the elementary steps involved on a microscopic
level. For studies of that kind planar substrates, instead of the technically used
porous materials, are needed in order to take full advantage of modern surface
spectroscopic and microscopic techniques.

Recently, a number of excellent reviews concerning this ‘surface science
approach’ have been published taking a critical look at the different strategies to
compose and explore model catalysts [2—7,189,190,254]. The spectrum ranges from
studies based on polycrystalline or amorphous oxide substrates [2] to
investigations on oxide single crystals or well-ordered films [5—7,189,190,254]. Also
with respect to the preparation of the particles, different concepts have been
proposed. One approach is to apply techniques which come as close as possible to
industrial catalyst manufacture, such as wet impregnation or exchange in solution
[2]. Unfortunately, this often involves the disadvantage that structure and
morphology of the deposits are rather difficult to control, though. Thus, vapour
deposition of metals [4,7,190] or deposition of metal clusters from the gas phase
[8] under UHV conditions have been preferred in experiments keyed to more
fundamental questions about the correlation between structure and properties of
small metal particles.

In these cases, also well-ordered substrates are desirable. The most
straightforward choice in this context are single crystal samples of course. Studies
of bulk oxides, however, can be connected with severe experimental problems.
Their insulating character can restrict or even prevent electron and ion
spectroscopic, as well as low-energy electron diffraction (LEED) and scanning
tunneling microscopic (STM) measurements. Only in cases where the oxide can be
made sufficiently bulk conducting (e.g. TiO,), this limitation may not apply
[6,189]. Other difficulties encountered are related to sample mounting and cleaning
(adjustment of surface stoichiometry) or arise from the poor thermal conductivity
associated with oxide materials.

In this context, ultra-thin oxide films grown on a metallic substrate are an
excellent alternative in order to circumvent all these problems [5,7,190,254]. It has
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been shown that even films with a thickness of just a few Angstroms can exhibit
physical properties characteristic of the bulk material [9]. The traditional method
to prepare such films is the oxidation of the native metal [9], although this often
results in amorphous or polycrystalline overlayers (e.g. AlLO; on Al
[10,11,191,255], or SiO, on Si [12,192]) or films with a rather high defect density.
This is due to the large mismatch which usually exists between the metal and the
oxide lattice (e.g. NiO(100)/Ni(100) [13]). There are only a few examples where
well-ordered crystalline films can be obtained in this way (e.g. CryO3(111) on
Cr(110) [14,193,256)).

Therefore, other routes have been proposed. Goodman et al., for example,
extensively explored preparation techniques based on the evaporation of a metal
(or non-metal) onto a host crystal, mostly a refractory metal, in an ambient
oxygen atmosphere [5,15,254]. Another promising possibility is the oxidation of a
suitable alloy sample containing the metal which should be oxidised. A well-
known example of that kind is the formation of well-ordered thin alumina films
on the low index surfaces of certain Al alloys [16-22,194]. However, it is likely
that this approach also works in other cases [23].

An overview of some well-ordered thin oxide films described in the literature
can be found in Table 1. Here, all three types of preparation have been
considered. Although a lot of effort has been undertaken to make thin oxide films
of high quality, structural flaws can sometimes occur. As shown in Table 1, the
two most frequently observed imperfections are holes in the film where the
metallic substrate is exposed or limited long-range order. One of the examples not
featuring these problems is the system Al,O3/NiAl(110) [16,17]. This thin alumina
film is exceptionally well-ordered and can be reproducibly prepared with a
thickness of just 5 A. It grows with a structure, including the defect structure,
which is rather uniform and only subject to minor variations with respect to
different samples and slightly different preparation conditions.

The central question now is what can be learnt about the basic properties of
small deposited metal particles by means of a model system such as the one
depicted in Fig. 1. In this article, we try to give an answer by taking some
examples from our recent work. Our intention is not to present a complete
overview of this field but to give the reader an idea of the potential of this
approach to provide information about particle-size effects and the role of metal—
support interactions. It should become evident, for example, how such
investigations can be conducted in order to decide whether certain adsorption
phenomena have their origin in specific electronic or structural features of the
small aggregates.

The review is organised as follows. In Section 2, experimental techniques for the
characterisation of such model systems will be described with respect to the
benefits resulting from the employment of thin well-ordered oxide films. Section 3
deals with the structure of the thin alumina film grown on NiAl(110) already
mentioned. Because of its structural virtues, it was used as a support for all case
studies discussed in the following sections. For these studies, particle ensembles
were generated by vapour deposition of the corresponding metal. Section 4
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Ordered thin oxide films grown on metal substrates and exhibiting a LEED pattern (MBE growth tech-
niques not included, D: thickness)

System Preparation D (10\) Possible problems Refs.
MgO

MgO(100)/Mo(100) Mg+ O, at 200-600 K a [24,25,195,196]
MgO(100)/Mo(100) Mg+ 0, at 300 K 25 film grows in domains® [26]
MgO(100)/Ag(100) Mg+O0, mosaic structure [27]
MgO(111)/Mo(110) Mg+ 0O, at 300 K, 1 800 K -~ 50 [28]

Alej

AlL,O3/NiAl(110) 0, at 550 K, 1 1100 K 5 [16,17]
Al,O3/NiAl(100) 0, at 300 K, 1 1200 K ~ 10 amorphous Al,O; areas [18,29,194]
AlLO;/NiAl(111) 0, at 300 K, 1 900-1100 K -~ 15 [19]
Al,O3/NizAl 0, at 900 K -5 [20,21]
Al,O3/FeAl O, at elevated T 5-8 some lateral disorder [22]
Al,O3/Re(0001) Al+0O, at 970-1170 K >16 [30]
Al,O3/Re(0001) Al O, at 970 K 5-20  thick films: some disorder [31]
Al,O3/Ta(110) Al+ 0O, at 900 K 5-40 [32]
Al,O3/Mo(110) Al+0O,, 1 1200 K in O, 4-20  some degree of disorder  [33]
Al,O3/Ru(0001) Al+ 0O, at 1170 K 25 some degree of disorder  [30]

NiO

NiO(100)/Ni(100) O, at elevated T, annealing -~ 50  high degree of disorder [13]
NiO(111)/Ni(111) O, at elevated T, annealing -~ 50 [34,197]
NiO(111)/Au(111)  Ni+0, at 573 K -5 [35]
NiO(100)/Mo(100) Ni+ O,, annealing in O, [36]

F€_703

FeO/Pt(111) Fe, O, at 900 K -5 [37,38,198]
Fe,O5/Pt(111) Fe;04, O, (1 Torr) at 1100 K« 100 [37,39,199]
Fe;04/Pt(111) Fe, O, at 900 K - 100 [37,40,200]
CoO

Co0O(100)/Co(100)  O,, annealing «~20 some degree of disorder  [41]

Tio,

TiO,/Pt(111) Ti, O, at 573 K, annealing holes [42]

ZVOQ

ZrO,/Pt(111) Zr+ O,, annealing in O, high degree of disorder [43]

Cr203

Cr,05/Cr(110) O, at elevated T, annealing -~ 50 [14,193,256]

% The MgO films may contain a higher defect density as compared to MgO single crystals. This suspi-
cion has been put forward by CO TDS experiments on vacuum cleaved MgO crystals. These show no
CO adsorption above 90 K. The films, however, give rise to a desorption peak at about 120 K [44].
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Raal Catalyst

Fig. 1. Supported metal catalyst: real and model system (7 temperature, p: partial pressure, F: flux).

provides a survey of the structure and morphology of the systems obtainable in
this way, including the growth behaviour at different temperatures, the thermal
stability and the growth in ambient gas atmospheres. The subject of Section 5 is
the electronic structure of the deposits. Finally, adsorption and reaction of CO as
a probe molecule will be dealt with in Section 6.

2. Experimental details

In Sections 2.1-2.5, some experimental details will be discussed, which are of
relevance if standard surface science techniques, such as LEED, STM and
photoelectron spectroscopy (PES), are applied to small deposited particles and thin
oxide films. Furthermore, we will also briefly comment on the use of transmission
electron microscopy (TEM) and infra-red reflection absorption spectroscopy (IRAS)
for the characterisation of such systems.

2.1. Profile analysis of low energy electron diffraction spots

Since the first studies in the sixties and seventies, the spot profile analysis of
LEED (SPA-LEED) beams has developed into a technique which can be



134 M. Bdumer, H.-J. Freund | Progress in Surface Science 61 (1999) 127-198

extremely useful for the characterisation of surface defects. In this context, we
refer the reader to a number of reviews explaining in more detail the relationship
between certain defect structures such as steps, facets, mosaics, domains and the
resulting spot profile on the other hand [45,46,201,202]. A description of the SPA-
LEED instrument can also be found in the literature [47].

The case of a deposit on a well-ordered substrate represents a situation of an
‘inhomogeneous surface’, where we have areas with different scatterers A
(substrate) and B (adsorbate) distributed over the surface [48]. Generally speaking,
three scenarios have to be distinguished: (a) two-dimensional (2D) islands, (b)
three-dimensional (3D) ordered aggregates exhibiting steps and terraces and (c)
three-dimensional disordered particles. These situations are schematically depicted
in Fig. 2.

It has been shown that an arrangement of type (a) gives rise to a spot profile
consisting of a central peak at the Bragg position and a broad ‘diffuse’ shoulder,
representing the Fourier transform of the island pair correlation, i.e. the
probability to find two islands at a certain distance [48]. In this context, it is
important to note that the shape of the diffuse shoulder is independent of the
scattering factors fp and fg involved [48]. Case (b) is more complicated than (a),
because the second and following adsorbate layers cause additional contributions
to the diffuse shoulder [49,203]. At electron energies, however, where all layers
scatter in-phase (so-called in-phase energies), these contributions vanish due to
constructive interference. Consequently, the arrangement can be described with a
two-layer model under these circumstances as well: one layer being the substrate
and one layer being the adsorbate covered areas. Finally, disordered or
amorphous areas on a surface usually cause a diffuse background in the
diffraction pattern so that for the purpose of the spot profile analysis they can be

a)

d,
g, =M/ (E0 +EM)

Fig. 2. Schematic drawing of the three situations encountered in the case of deposited particles on an
ordered substrate (commensurate systems, explanations in the text).
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regarded as ‘black holes’. Therefore, the third situation (c) is often also identical
to (a) assuming that f3=0.

The LEED profiles recorded for such systems now contain valuable information
about their structure. Provided for example that fa>-fg, the portion of the
substrate covered with islands is easily obtainable from the intensity of the central
peak: Ipeai/ITotal = 1—08, With Itow1= Ipeak T Ishoulder [48,50]. If this condition is
not met but the adsorbate does not scatter into the beams of the substrate (non-
epitaxial growth), it is alternatively possible to get the coverage 0 from the
damping of the substrate spots: Og=1— (I/15)">, with I,=1(0=0).

Another source of information can be the energy dependence of the profiles. As
already indicated, 3D ordered aggregates give rise to an energy dependent
behaviour, due to in-phase or out-of-phase scattering between adjacent adsorbate
layers. Typically, this is connected with variations of the halfwidth of the shoulder
(minimum: in-phase energy, maximum: out-of-phase energy). From the
corresponding in- and out-of-phase energies, the interlayer distance d is directly
inferable [45,201,202]. Of course, the formation of large crystallites may finally
lead to extra spots in the LEED pattern as well.

Moreover, it is advantageous to check the shape of the LEED spot. Since the
diffuse shoulder depends on the island arrangement, an anisotropic shoulder also
reveals an anisotropic spatial distribution of the adsorbate islands.

Apart from a qualitative analysis, also a quantitative evaluation of the profiles
is possible providing statistical parameters like the mean island size and mean
island distance as schematically illustrated in Fig. 3. In order to enable a 1D
treatment of the problem, the 2D intensity distribution of the beam (which has to
be isotropic for this purpose!) has to be subjected to a 1D integration first. In this
way, a profile is obtained which corresponds to the Fourier transform of the 1D
pair correlation along straight lines on the surface (see Fig. 3). The only
additional parameter needed for the calculation is the fraction of the surface
covered by islands. With some assumptions, the diffuse shoulder for a 1D problem
can be easily calculated, even for arbitrary size distributions, as described in the
literature [51,204]. By means of such a formalism, the way is now open for a
quantitive analysis of the data by calculating profiles from suitable model size
distribution functions and comparing them to the experimental results. Using a
fitting algorithm, the parameters of the distribution functions can be varied until
the best agreement between experiment and theory is achieved. It is important to
note though that the island diameters determined by this procedure will deviate
from the real diameters. Because of the 1D treatment, all possible cuts through
the islands, also those not going through the centre (see Fig. 3), are considered,
resulting in a mean island length which is too small. This error, however, can be
properly corrected.

2.2. Scanning tunneling microscopy

STM is a technique which has been very successfully employed to study the
structure and topography of surfaces down to atomic dimensions [52,205]. Of
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Fig. 3. Diagram illustrating the LEED spot profile analysis for a two layer system: adsorbate islands B
on a substrate A. This scheme is valid for commensurate and incommesurate systems. In the latter
case, however, only for the specular beam.

course, its mode of operation relies on the electrical conductivity of the samples.
Therefore, the vast majority of investigations has been carried out on metal and
semiconductor surfaces. Nevertheless, it has been shown that STM studies on
oxide samples are feasible, if the material can be made sufficiently bulk conducting
(like TiO,) [53,54]. As pointed out in Section I, another approach is the use of
thin-oxide films on metallic substrates. In this case, the composite structure
involves some particularities with respect to the tunneling conditions, which ought
to be explained here [17,26,55,206].

Due to the band gap of the oxide, we have to distinguish between two
situations illustrated in Fig. 4, by means of potential diagrams. At low bias
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voltages U, electronic states of the oxide (VB: valence band, CB: conduction band)
are not accessible, so that the electrons can only tunnel between the tip and the
metal support. In this case, the oxide just modulates the potential barrier as a
function of position, possibly giving rise to a weak contrast in the STM picture.
Generally speaking, however, it must be kept in mind that, under these
conditions, STM is more sensitive to the topography at the film—substrate
interface.

In contrast, the electrons can tunnel directly into or out of oxide states at
higher bias voltages beyond the band gap. Then, STM is more sensitive to the
vacuum—overlayer interface and it is expected that the data provide information
about the topography of the insulating film itself. This effect is clearly
demonstrated in Fig. 4, where constant current topography (CCT) images of the
alumina film on NiAI(110) are presented [55,206]. At voltages below 4 V (the band
gap of alumina is about 7-8 V, see Section 3), no change of the tip height is

Eremim

Cheide i

= [,

CBg CEq h\E'a-

“Br| o e ‘ca EFumiT
EFInTr.T - E.ul a Ean-.'_H \IIET " E‘G-lﬂ CBy

;

VEo VBq

e

Fig. 4. STM (CCT, 500 x 500 A) images of an Al,Oj3 island (ox) on NiAl(110) (areas: 1, 2, 3) taken at
(a) U = 0.4V and (b) 4 V [55,206]. The potential diagrams elucidate the different tunneling conditions.
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detected when moving between an Al,Oj5 island and the bare NiAl substrate. But,
upon raising the voltage above 4 V, an image is obtained which shows the island
with an apparent height of 3.5 A with respect to the metal support.

Although considerations of this kind are generally sufficient to interpret STM
data from thin-oxide films, a third imaging mode operative at /ow bias voltages
sometimes comes into play, probing the topography of the film rather than the
interface [56]. This happens if the tip comes very close to the surface, so that
repulsive forces between tip and surface become important for the imaging
process. As shown in the next section, a very sharp contrast and large
corrugations are attainable in this way.

If such thin-oxide films, such as the system Al,O;/NiAl(110), are used as a
support for small metal particles and clusters, a number of interesting questions
can be dealt with. First of all, the morphology of the aggregates can be studied in
detail:

e Do they exhibit a crystalline structure or are they disordered?
e What faces are exposed, provided they are crystalline?
e What is the overall shape?

Apart from the deposit, it is also interesting to have a look at possible
modifications of the substrate:

e Is the structure of the oxide modified in the vicinity of the deposit pointing to
direct metal support interactions?

Last, but not least, it is, of course, also possible to extract statistical data about
particle sizes and heights, although this kind of information is much harder to get
as compared to methods directly providing average values, such as SPA-LEED,
for example.

In spite of the fact that STM, in principle, is capable of scanning structures
with atomic scale resolution, it is often difficult to reach this standard in the case
of deposited particles. Consequently, some of the questions raised above may, in
practice, not be answerable. The reason for this is the comparatively large overall
corrugation of these systems, which usually precludes the imaging of atomic
corrugations under the continuously changing tunneling conditions.

Another issue to be mentioned in this context concerns the influence of the tip
on the measured particle shape [57]. Due to the finite tip size, it has to be taken
into account that the particles may be noticeably smeared out in the STM image.
Naturally, this effect is more drastic the larger the diameter of the tip apex and
the larger the overall corrugation of the system. In Fig. 5, an example is presented
which illustrates the problem [58]. While recording the two STM pictures shown,
a sudden tip change occurred in both cases nearly at the same position.
Obviously, the first modification resulted in a larger tip apex: increased particle
diameters are observed now and the deposit seems to cover a larger fraction of the
support (see line scans). After the second change obviously connected with a
reduction of the apex diameter, the particles appear to be smaller again. The
schematic diagram in Fig. 5 helps to envision this effect more clearly and to
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Fig. 5. STM data (CCT images, line scans, close ups) showing the influence of different tip radii r on
shape and diameter d of small deposited particles (Rh/Al,O3/NiAl(110), 1000 A x 1000 ./0\). As shown
in the schematic drawing, d is dependent on r; the height / and the resolution on flat areas, however, is
unaffected.

understand that it has nothing to do with the resolution on a flat surface. With
the help of a micro tip, even a large tip can resolve atomic steps, as proven by the
two close ups in Fig. 5, showing an ad-island on the top of an aggregate which is
resolved in both cases.
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2.3. Transmission electron microscopy

TEM is perhaps the most often applied microscopic technique in heterogeneous
catalysis for the structural characterisation of supported-metal catalysts [59,207].
In the same way, it also plays an important part in investigations of model
catalysts (see some recent reviews [2,3,60]). It has, for example, been very
successfully employed in studies concerning the nucleation and growth of metals
on oxides (determination of particle sizes, densities). Other aspects, however, are
perhaps even more attractive and unique: on the one hand, the internal structure
and epitaxy of deposited aggregates are accessible, i.e. lattice parameters of
individual crystallites and epitaxial relationships can be relatively -easily
determined either by high resolution images (HRTEM) or transmission electron
diffraction (TED). On the other hand, it is possible to study particle morphologies
(shape, exposed facets, contact angles with the substrate) in detail by means of
HRTEM profiles (direct transmission in different directions) or weak beam dark
field imaging (WBDF) (see Ref. [61]).

Therefore, TEM is certainly a very powerful technique, due to its extraordinary
resolution capabilities, but it also has some disadvantages if compared to STM or
SPA-LEED, for example. One of them is the ex situ character, i.e. the samples
usually have to be transferred into the microscope through air involving the
danger of structural changes of the deposits. Another problem could be radiation
damage in case of very sensitive oxide samples [62].

In Fig. 6 a schematic drawing is presented showing how to prepare a thin-oxide
film support for a TEM analysis [63,64] (see Ref. [2] and references therein for
further preparation techniques). After growing the film and depositing the
particles, the sample is ion-milled from the back, so that a small hole is finally
formed. In this way, a wedge is obtained, which is thin enough for the imaging
process. A positive side effect of this procedure is the fact that the unsupported
film next to the edge can also be studied. This opens the opportunity to judge
whether the metal substrate has any structural effect on the deposits [63].

Supported oxide
Free oxide |
Electron beam \ Ilz‘ar'tln:las |
I
MiAl° |

Fig. 6. Schematic drawing of a thin film support prepared for a TEM investigation [63].
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2.4. Photoelectron spectroscopy

As already alluded to in the introduction, the transition from a single atom to
an extended metal crystal involves drastic changes of the electronic structure,
which are schematically illustrated in Fig. 7 with respect to a photoemission
experiment [65]. On the one hand, the development of metallic bands is observed
in the region of the valence electrons with increasing cluster size. For the core
electrons and the Fermi edge, on the other hand, characteristic shifts of the
binding energies (BE) can be detected.

Some effort has been made in the past to understand these shifts, which are
often observed in the photoelectron spectra of deposited metal particles. Apart
from oxides, weakly interacting supports, in the first place graphite, have been
used for this purpose [65-70,208]. It has turned out though that it is actually a
difficult matter to distinguish between initial [67] and final state effects in this case
[65]. Regarding the initial state, reduced metal-metal co-ordination,
rehybridisation in the VB (changes of the electron configuration) or specific
metal-support interactions (e.g. oxidation of a metal upon deposition on an
oxide) can play a role. Naturally, information about these issues is essential in
order to assess the size dependence of the electronic properties or the nature of the
metal-support interaction.

The final state, however, is also influenced by the size of the particle, because
screening and delocalisation of the positive charge left on the aggregate during the
photoemission process is limited as compared to an extended metallic system. This
effect results in a shift of the entire PE spectrum which corresponds to the
Coulomb energy of the localised charge and is therefore proportional to the
reciprocal particle diameter [65,66,208]. In other words, binding energies of small
metal aggregates should be found at higher values as is indeed observed in many
cases. For very small clusters, of course, a transition to a molecular screening
mechanism has to be taken into consideration as well [71,209].
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Fig. 7. Diagram illustrating the transition from an atom to a metal [65].
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In this context, it is worthwhile mentioning that it is, in principle, feasible to
separate final and initial state effects by determining the so-called Auger parameter
[72]. This index is defined as the sum of the BE of a core level and the kinetic
energy (KE) of the Auger transition belonging to the decay of the corresponding
core hole: «=BE+KE. Concerning the choice of the Auger transition, it is
advisable not to take a line involving valence electrons as this can severely
complicate the interpretation (e.g. due to many body effects). A problem resulting
from this requirement may be that a rather deep lying core level ought to be
chosen, which is perhaps not accessible with standard radiation sources. Without
going into details now, an initial state contribution A¢ may be estimated by:
Ae=ABE + Aw/2 [73], with A =difference with respect to the bulk material.

If thin oxide films are used as a support for studies regarding the electronic
structure of small metal particles, a decisive question arises: are their properties
influenced by the metal substrate underneath, i.e. is the situation actually
comparable to bulk oxides? We have intensively dealt with this question in the
case of the thin alumina film on NiAI(110) by help of various electron
spectroscopic techniques. It has, for example, been shown for Pd and Rh deposits
that the binding energies strictly obey a (d)~' law ((d): mean particle diameter)
ruling out substantial tunneling from the substrate on the time scale of the core
ionisation process (~107'7 s) [7,190] (see also Section 5). Moreover, a comparison
of Auger and autoionisation spectra of CO covered Pd particles revealed that,
even on the time scale of the core hole lifetime (~107"° s), no detectable charge
transfer occurs [74]. As schematically summarised in Fig. 8, electron tunneling
from the NiAl substrate can thus be safely disregarded for sufficiently fast
perturbations in the electronic structure (such as the creation of a core hole) of
the deposit. (On the other hand, the charge transfer times are short enough to
avoid static charging on the surface, as pointed out before!) Nevertheless, it is
important to note that this is not necessarily true for all thin-film supports and
must be checked from case to case [75].
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Fig. 8. Drawing illustrating the screening mechanisms after creation of a core hole within the cluster
(left) and within an adsorbate layer (right). Charge transfer screening provided by the metal underneath
the oxide is not observed during the core hole lifetime.
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2.5. Infrared spectroscopy

Since the pioneering work of Eischens, who first studied supported-metal
catalysts by infrared spectroscopy [76,210], this technique has been one of the
primary tools to investigate the bonding of molecules to solid substrates. From
the spectral features of the system under investigation, information on the identity
of the adsorbate, its interaction with the substrate, most notably on the nature of
its adsorption site, and on intermolecular interactions may be extracted.

The application of IR spectroscopy to the study of supported-metal particles on
planar dielectric supports started much later, though. As oxides are usually weakly
absorbing in the mid-IR regime, transmission IR spectroscopy may be applied to
model catalysts prepared on bulk oxide single crystals [77,78]. Such systems have
also been studied in a grazing reflection geometry [79,80]. More often, however,
thin-oxide films on metal single crystals, either polycrystalline [81,211] or ordered
[8,82—85,212], have been the subject of such experiments.

Infrared reflection absorption spectroscopy (IRAS) is a technique originally
devised to investigate molecular adsorbates on metal surfaces [86,87]. When
applied to thin dielectric films, it provides simultancous benefits from several
advantages, as compared to measurements on bulk oxide samples. The grazing
reflection geometry results in a large accessible sample area with a correspondingly
high number of adsorbed molecules, thus yielding strong absorption bands. A
large signal intensity is ensured by the high reflectivity of the metal substrate.

As the film thickness is much smaller than the IR wavelengths used, the well-
known surface selection rule for IRAS studies of adsorbates on metal surfaces
applies, i.e. absorption bands due to vibrational modes with dynamic dipole
moments parallel to the surface are extremely weak and, therefore, in general, not
observable. Consequently, access to information on adsorbate orientation, as
obtained by polarisation dependent measurements [88,213], is limited, although
this shortcoming may be less severe for supported 3D metal particle systems than
for molecular adlayers on crystalline planar surfaces.

An example which illustrates the potential of the technique is given in Fig. 9,
displaying an IR spectrum acquired after CO saturation of a Rh deposit on the
thin alumina film mentioned above [83,89]. In the spectral region around 2000
cm™ !, absorption bands due to the stretch vibration of CO adsorbed in various
sites of different nature are observed. In this way, molecular bonding to the metal
particles can be characterised in detail. In turn, the admolecules constitute
structural probes to, for example, close-packed facets on the aggregates. Here, use
is made of corresponding data from adlayers on metal single crystals. For
molecules with large dynamic dipole moments, such as CO or NO, IRAS
possesses an extraordinary sensitivity, also rendering studies at extremely low
metal or adsorbate exposures possible.

Apart from molecular vibrations, IRAS also provides access to the vibrational
properties of the oxide support. The Fuchs—Kliewer phonon modes of the alumina
film, for example, are observed at wavenumbers below 1000 cm ™" in the spectrum
shown in Fig. 9 [89]. When monitored as a function of metal exposure and further
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Fig. 9. Example of an IR spectrum taken after metal deposition onto a thin oxide film support and
subsequent saturation with CO (Rh/Al,0;3/NiAl(110)).

sample treatment, damping and characteristic shifts of these modes are detected.
Thus, IRAS constitutes a tool to study the metal-oxide interaction as well.

3. Substrate: ALO3/NiAl(110)

As already mentioned in Section 1, the support material of all systems discussed
in this article is a thin alumina film, which can easily be prepared on the (110)
surface of a NiAl alloy single crystal [16]. The most prominent feature of this film
is its high degree of long-range order setting it apart from the amorphous alumina
films grown on aluminium single crystals [90,91,214,215,257]. This is, to a large
extent, due to the higher melting point of the alloy allowing preparation
temperatures, which are sufficiently high to order the oxide overlayer [16].
Another advantage of the system is the excellent reproducibility of its structure,
thickness and defect density. In Sections 3.1 and 3.2, these properties will be
described in more detail.

3.1. Electronic and geometric structure

The oxidation of a NiAl(110) surface results in a characteristic LEED pattern
with a surprisingly large number of very sharp extra spots in addition to the
substrate spots [16,17]. Fig. 10 shows the pattern as well as the geometry and the
dimensions of the oxide unit cell. Due to the two-fold symmetry of the substrate,
the formation of two domains A and B rotated by —~48° with respect to each other
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is observed. Furthermore, a closer look at the pattern reveals that the oxide grows
commensurably along the [110] and incommensurably along the [001] direction of
the NiAl(110) surface.

As the unit cell is exceptionally large, it has not been possible to determine the
atomic arrangement within the unit cell by LEED until now. By a combination of
ion scattering spectroscopy (ISS) and photoemission, however, it has been proven
unambiguously that the film does not contain any Ni (see Fig. 11) [92,93]. In
addition, several electron spectroscopies have been employed in order to get
information about certain structural elements. Angular resolved photoemission,
for example, allows the conclusion that the oxygen ions form a quasi-hexagonal
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Fig. 10. LEED pattern (slightly distorted due to instrumental reasons) and schematic model of the
system Al,O3/NiAl(110) as well as the dimensions of the unit cells of substrate and oxide overlayer in
real and reciprocal space.
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Fig. 11. He" ion scattering spectra of the clean and oxidised NiAl(110) surface.

structure [16]. Concerning the co-ordination of the aluminium ions, electron
energy loss spectroscopy (EELS) data suggest a situation similar to y-alumina
where the ions reside in tetrahedral and octahedral sites [16]. Meanwhile, a y-
alumina like structure has also been corroborated by TEM [64]. The thickness of
the oxide layer has been determined by Auger electron spectroscopy (AES) and
LEED (damping of the substrate spots) [16,94]. The value of about 5 A estimated
in both cases points to an oxygen double layer.

Fig. 12 provides an overview of all relevant photoelectron spectra of the core
and valence band states taken at normal and grazing emission [16,95]. In all
spectra, several spectral components can be identified, which belong to species in
different layers of the composite system as inferred from their dependence on the
emission angle. The broad feature at 75.0 eV in the Al 2p spectrum can be
assigned to the oxide film, whereas the narrow peaks at 72.55 and 72.95 eV are
due to the Al 2p;, and 2p,, emissions of the NiAl substrate. Since the weak
shoulder on the low BE side of the oxide peak shows a similar dependence on the
emission angle as the substrate, it has been attributed to Al in an interface layer
between the oxide and the metal [95], in analogy to results regarding the oxidation
of Al(111) [96,216]. Interestingly, also the O s peak exhibits a shoulder, but in
this case on the high BE side. Taking the intensity increase at high emission angles
into account, an assignment to O®~ in the topmost layer was suggested [97,217].

The VB region is dominated by O 2p bands emitting between «~5 and 12 eV BE.
Strong band dispersions are observed parallel to the surface pointing to a well-
developed band structure along these directions [16]. (Not surprisingly, no
dispersion is detected perpendicular to the surface, though.) At about 4 eV, the
onset of the band gap of the oxide is found. The width of the band gap as
determined by EELS is about 7.5-8 ¢V [98] in reasonable agreement with the
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Fig. 12. Al 2p, O 1s and valence band photoelectron spectra of the alumina film taken at normal and
grazing emission. Note that each Al 2p emission consists of two components (spin-orbit splitting).

band gap of y-Al,O3 (8.7 eV) [99]. The features appearing between 4 eV and the
Fermi edge are due to the Ni 3d states of the substrate. Of course, this also means
that the Fermi edge of the NiAl can be used to reference the BE scale of all
photoelectron spectra. This is one of the advantages when using thin oxide films
instead of single crystals.

Owing to the fact that the film is so thin, it is ideally suited for STM
measurements. Fig. 13 shows a number of images measured at varying tunneling
voltages [17,100,218]. It is interesting to note that the appearance of the system is
rather different in all three cases (cf. discussion in Section 2.2). At +4.1 V (a),
tunneling into the unoccupied states of the oxide takes place. Here, a regular
succession of stripes (distance: about 9 A) is visible. After a closer look at the
structure, the unit cell of the oxide can be identified as indicated in the close-up. If
the voltage is switched to —4.1 V so that the occupied states are probed, an image
(b) consisting of protrusions (diameter: about 9 A) in a quasi-hexagonal
arrangement is obtained, reflecting the hexagonal symmetry of the oxygen
sublattice. The last picture in the series is the result of a measurement at —1.0 V.
Taking the electronic structure into consideration, it is obvious that no states of
the oxide can contribute to the tunneling process. Rather the metallic substrate is
involved here. In a former investigation, it has been convincingly demonstrated
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Lomaing

Fig. 13. STM (CCT) images of Al,O3 film on NiAl(110) taken at different voltages: (a) U= +4.1 V,
I=0.8 nA, 500 x 500 A, close up: 180 x 100 A; (b) U=—4.1 V, I = 0.5 nA, 1000 x 160 A, close up:
100 x 160 A; (c) U=—1.0 V, I = 0.55 nA, 300 x 300A. The linear protrusions (a) and indentations (b)
are antiphase domain boundaries discussed in Section 3.2. The distortion of the unit cells is caused by
thermal drift.

that it is possible to image the interface (cf. Al 2p spectra) under these conditions
[17]. From the large corrugation of about 1 A and the sharp contrast, however, it
can be concluded that in the present case the other mode mentioned in Section 2
is operative, i.e. the tip is in mechanical contact probing repulsive interactions
with the surface. It is noteworthy that only in this mode the periodicity along the
short side of the unit cell is resolved that clearly.

With respect to the adsorption experiments on the metal particles discussed in
Section 6, it is also important to know the behaviour of the alumina support. The
adsorption properties have been characterised for a number of molecules and it
has turned out that the interaction is usually rather weak [16,98,101]. According
to the thermal desorption spectroscopy (TDS) results, shown in Fig. 14, CO, for
example, desorbs in the temperature regime between 30 and 70 K [98]. This weak
interaction may be taken as an indication of an oxygen termination of the film,
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Fig. 14. Thermal desorption spectra of the system CO/Al,O3/NiAl(110) (heating rate: -~0.3 K/s).

since stronger interaction could be expected in the presence of co-ordinatively
unsaturated AI** ions [102].

3.2. Defects

According to the data discussed so far, the thin alumina film grown on
NiAl(110) has a well-defined structure and an exceptionally high degree of long-
range order. Nevertheless, STM and SPA-LEED measurements have also
provided evidence for a number of characteristic defects, which play a role for the
nucleation and growth of metal particles, as shown in Section 4 [17,100,218].
Three different types of them can clearly be identified in the STM images
compiled in Fig. 15 [100,218].

The most prominent defect type are antiphase domain boundaries, which are
usually only visible as a network of protruding lines (Fig. 15a), but actually have
the appearance of double lines in better resolved measurements, such as those
presented in Fig. 13(a) and Fig. 15(b). Moreover, these images reveal that each of
these lines in turn consists of individual protrusions exhibiting the periodicity of
the shorter unit mesh vector of the oxide. In contrast, some STM images, such as
Fig. 13(b), show the boundaries as indentations. Since this is the topography
which is found in atomic force microscopy (AFM) measurements as well [100,218],
it is clear that the protrusions are due to the electronic structure rather than to the
geometric structure of these line defects.

As seen in the line scan of Fig. 15(b), the boundaries separate oxide areas with
a certain lattice mismatch, i.e. domains which are laterally shifted with respect to
each other. It can be assumed that this defect type is caused by strain between the
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Fig. 15. STM (CCT) images of the Al,O5 film on NiAl(110) showing dif{erent kinds of line defects: (a)
Antiphase domain boundaries and steps (+8.0 V, 1.0 nA, 3000 x 3009 A); (b) Antiphase (A-A, B-B)
and reflection domain boundaries (A-B) (+4.0 V, 0.5 nA, 1000 x 550 A).

oxide and the substrate occurring during the growth process. Since the boundaries
preferentially run along the direction of the short oxide unit mesh vector, a lot of
domains have the shape of elongated stripes with an orientation that depends on
whether they belong to reflection domain A or B (see Fig. 15a). Consequently, the
angle between the two directions amounts to 48°. Apart from these straight lined
boundaries, however, others running more irregularly have been observed with
STM as well [17,100,218]. Therefore, an spot profile analysis of the LEED pattern
has been carried out in order to obtain information about the mean orientation
and dimension of the domains [17]. In this case, the existence of the antiphase
domain boundaries gives rise to an oscillation of the halfwidth or a periodic
spitting of the oxide superstructure spots as a function of the parallel scattering
vector. It turns out that, on average, the domains have their minimum lateral
extension of about 120 A along the [110] direction of the substrate. Additionally,
the mean lateral displacement of two adjacent domains has been determined in
this study. The obtained value of about 3.6 A along [110] is in agreement with the
displacement of —~4 A (18—14 A) visible in the STM line scan of Fig. 15(b), if
projected into the [110] direction.

The other two types of line defects noticeable in Fig. 15 are steps and
boundaries between domains of type A and B. With respect to the steps, it is
remarkable that only step heights have been measured, which correspond to
monoatomic steps of the NiAl substrate [17,100,218]. Obviously, the growth of the
oxide film is entirely 2D. Regarding the reflection domain boundaries, it is
interesting to note that they, perhaps not unexpected, seem to be more disordered
than their antiphase counterparts.
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Apart from the line defects considered so far, the film must contain a certain
density of point defects as well. Their existence could not be proven with STM or
SPA-LEED, but has been inferred from other experiments. Electron spin resonance
(ESR) spectra of the film, for example, show a paramagnetic resonance pointing
to colour centres (removal of oxygen atoms) [103]. In fact, cathodo luminescence
experiments lead to the same conclusion [104]. On the other hand, it is very likely
that other types of point defects like neutral vacancies are also present. However,
these are, in general, difficult to characterise.

4. Metal particles: structure and morphology

This section deals with the structure and morphology of metal particles grown
on the thin alumina film by vapour deposition. 1t is divided into three subsections.
Section 4.1 is concerned with the nucleation and growth at different temperatures,
but focuses on the behaviour at 90 and 300 K. Various transition metals ranging
from the early more reactive to the late noble transition metals will be considered.
In Section 4.2, the thermal stability will be discussed, because this is a crucial
point for adsorption and reaction studies at elevated temperatures or with
temperature programmed techniques, such as TDS. Finally, in Section 4.3 we will
briefly describe some growth experiments in ambient gas atmospheres. These
demonstrate that certain gases can alter the growth mode drastically, and are
sometimes connected with the formation of a compound on the surface.

4.1. Nucleation and growth at different temperatures

Before turning to the case studies, we would like to recall the processes taking
place on the surface when a metal is vapour deposited onto an oxide support (see
also reviews in Refs. [60,105,106]). This is schematically depicted in Fig. 16.

The first important step is the adsorption of the incoming metal atoms on the
surface. In order to stick, the atoms have to get thermally accommodated to the
surface. Otherwise, they would be eclastically scattered. Since this has actually
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Fig. 16. Visualisation of the elementary steps taking place during the deposition of a metal.
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never been observed, it can be safely assumed that every incoming atom initially
sticks with unit probability [3,4]. This does not mean, however, that every adatom
will be trapped on the surface. Due to re-evaporation, i.e. desorption, a net
sticking coefficient may be obtained, which is smaller than one (incomplete
condensation). As expected, this effect is the more important the higher the
substrate temperature, but it has been shown that it is still near to one for many
transition metals on oxides at room temperature (complete condensation)
[107,219,220].

Once adsorbed, the atoms move across the surface depending on their diffusion
coefficient:

1
D= Z(Voaz) exp(—epi/kT), 6))
where ep;r is the activation energy for diffusion (which usually scales with the
adsorption energy), v, is the prefactor, a is the distance between two adjacent
adsorption sites, 7T is the temperature and k is the Boltzmann constant. In order
to travel a distance /, they need an average time, which is then given by:

= P/(4D). 2

If defects are present on the surface, the adatoms may be trapped at these sites
forming nuclei for subsequent growth processes, which is called heterogeneous
nucleation. The other borderline case is homogeneous nucleation, where a stable
nucleus is generated by aggregation of several (at least two) adatoms on regular
sites. The minimum number of atoms a single diffusing atom must find for this
process is called critical cluster size. By addition of further adatoms, these nuclei
will then grow. In contrast, islands up to that size can dissolve again.

In the case of homogeneous nucleation, the saturation density of nuclei N is
dependent on the diffusion coefficient and on the vapour flux F. For a critical
cluster size of one atom, meaning that a dimer is already stable, the following
proportionality can be derived [4]:

N~(F/D)"3. (3)

(A more general derivation yields i/(i + 2) for the exponent, with i = critical
cluster size [106]). Provided that heterogeneous nucleation prevails, the saturation
density is independent of both the flux and the diffusion coefficient and, therefore,
also of the temperature. This is observed in cases where the attraction between
adatoms and defects is strong and the defect density comparatively high (i.e.
distance between defects < distance L between islands expected for homogeneous
nucleation: L= (1/N)"?) [3,108].

After reaching the saturation density of particles, no further nuclei form and all
diffusing adatoms are captured by existing islands, i.e. only growth processes occur
now. (Note that adatoms can also land on an existing island, if they have attained
a certain size.) In this context, the question arises, which kind of growth mode
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(3D or 2D) is expected for a given combination of a metal and an oxide. From
the thermodynamic point of view, this question can be answered with the help of
the surface free energies of the metal, ypnea, and the oxide, yoyige, and the free
energy of the metal-oxide interface, yiyerface [105,106,109]. If then

VInterface + 7 Metal < YOxide (4)

(free energy is gained by formation of the oxide—metal and a metal-vacuum
interface), the metal wets the oxide at equilibrium corresponding to a layer-by-
layer growth mode (Frank-van-der-Merwe growth mode). In the opposite case, i.e.
the sum of yryerfuce @Nd PMmetar 18 larger than yoyiqe, Wetting is thermodynamically
forbidden and the metal is expected to form thick 3D aggregates (Volmer—Weber
growth mode). Since surface free energies of metals (especially of transition
metals) are often larger than those of oxides [4,110], Eq. (4) means that a layer-
by-layer growth mode should be an exception and that the growth of 3D particles
is very likely, which has indeed been observed in many deposition studies of
metals on oxides [3—7,189,190,254].

In the case of a Volmer—Weber growth mode, the equilibrium shape of the
aggregates can also be predicted. As shown in Fig. 17, it is a Wulff polyhedron
truncated at the interface in accordance with the following equation [3]:

Ah/hi = Exdn/YMeti(i)» (5)

where ynerali) 1 the surface free energy of the corresponding crystal face i and
FEaqgn is the adhesion energy, given by [111]:

Endh = YMetal(i) + Voxide — Vinterface- (©)

On the basis of Eq. (5), it is evident that the particles become flatter, when the
adhesion energy increases. As concluded from Eq. (6), the adhesion energy is in
turn dependent on the strength of the metal-oxide interaction. If this interaction
increases, for example, by partial oxidation, Yneermace Will decrease, resulting in
larger values of Eaqn. Therefore, it is not surprising that adhesion energies have
been found to roughly correlate with the negative enthalpies of formation of the
oxide of the metal (per mole of oxygen) [6,112,189].

While it might be possible to describe growth at elevated temperatures within

Thdetalii)

Nl /]

Suppaort

Fig. 17. Schematic representation of the Wulff-Kaichew construction (explanation in the text) [3].
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the thermodynamic picture, thermodynamic equilibrium is usually not reached at
room temperature or below, due simply to kinetic limitations. In order to
elucidate this aspect, we refer to Fig. 18 from Campbell’s work [4,113,221]. It
shows the energy barriers a metal atom may experience when diffusing along the
surface. £, and E_; are the activation energies for upstepping and downstepping,
respectively. The difference between the energies released upon adsorption on a
metal island and the oxide is denoted AE. (It is worth mentioning, in this context,
that it has meanwhile been possible to measure the heat of adsorption for metal
deposition on oxides calorimetrically [114,222].) The essential quantity in the
scheme is the large value of E;, which is the energy gained by the capture of the
adatom at the island edge. This strong attraction naturally results from the lateral
metal-metal bonding. It is now easily understood that (a) upstepping is difficult
and could be kinetically disallowed, while (b) downstepping is facile. Both effects
lead to a 2D growth of the island and prevent their thermodynamic equilibrium
shape, being attained.

This does not mean of course that 3D growth is generally impossible. If the
islands are large enough, the homogeneous nucleation of atoms land on the island
will overcome the downstepping, and a second layer will start to grow. In the
following, ‘assisted upstepping’ processes can also cause material transport from
the substrate level to higher layers of the aggregate (see Refs. [4,113,221] for
further details). It is important to note that islands may thicken, even after the
evaporation has stopped, by such processes (self-thickening) [4].
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Fig. 18. Surface potential experienced by a diffusing adatom (explanation in the text, from [4]).
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The last stage of the growth, shown in Fig. 16 is coalescence of particles at high
coverages, which is characterised by a sudden decrease of the island density and
an increase of the island size [3]. If deposition is continued, a granular film is the
final result.

Having provided these introductory remarks, we now describe through several
case studies. Our intention is to show how the interplay of all the steps, discussed
so far, works for different metals on the same oxide and how it changes as a
function of temperature.

4.1.1. Rhodium

The growth of Rh on a thin alumina film has been studied with SPA-LEED, as
well as with STM. Starting with the diffraction results for deposition at 90 and
300 K, a number of interesting observations, regarding the spot profiles, are worth
mentioning [115]. For both temperatures, neither an energy dependence of the
profiles nor extra spots at higher Rh exposures have been detected, indicating the
growth of predominantly disordered deposits, under these conditions. The shapes
of the profiles reveal distinct differences, though. Whereas, an isotropic shoulder
in the shape of a ring is recorded for the (00) spot at 90 K, deposition at 300 K
leads to a strongly anisotropic profile as shown in Fig. 19.

In order to understand these differences, it is instructive to consult the results of
the STM investigation [9,115]. The corresponding STM images are displayed in
Fig. 19, next to the LEED spot profiles (Fig. 19b and d), proving that an
anisotropic distribution of particles is the reason for the anisotropic spot profile at
300 K. Apparently, Rh has a strong tendency to decorate the line defects of the
film, i.e. the antiphase and reflection domain boundaries, as well as steps
[100,218]. The particles formed at 90 K, on the other hand, seem to be evenly
distributed over the surface. No preferential decoration of the antiphase domain
boundaries, visible in the picture as protruding lines, is observable. It is
worthwhile noting that in both pictures (90 and 300 K), the characteristic stripes
of the oxide are partly resolved, even in the immediate vicinity of the particles.

For the growth behaviour at 90 K, the question arises, which kind of nucleation
mechanism (homogeneous or heterogeneous) is active. Therefore, experiments at
different evaporation fluxes have been conducted [100,218], the results are
displayed in Fig. 20. Without doubt, no significant difference can be noticed
(island density in both cases: 3.5 x 10'* cm ™), so that a homogeneous nucleation
mechanism can be ruled out. Obviously, the point defects of the film (see Section
3) act as nucleation centres, under these conditions. Their interaction with the Rh
atoms, however, must be somewhat weaker, as compared to the attraction, which
the line defects exert. Owing to the higher mobility of the adatoms, the influence
of the point defects is, therefore, nearly suppressed at room temperature.

If larger amounts of Rh are deposited at 300 K, some interesting features are
discovered [100,218] in STM images, such as those displayed in Fig. 21, which
prove, for instance, that the formation of particles on the antiphase domains
themselves is rare at 300 K, but still occurs. As clearly demonstrated in Fig. 21(a),
the number of particles on the domains is strongly dependent on the domain size.
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Fig. 19. Specular beam LEED profiles (40 e¢V) and STM images (CCT, 5 V, 800 x 8OOA, inset scanned
with higher resolution) after Rh deposition onto Al,O3/NiAl(110) at 90 K (a and b, STM image taken
after warming up to 300 K) and 300 K (c and d) (Normal film thicknesses as obtained by a quartz
microbalance are used to denote the different situations, 1 A Rh=7.3 x 10'* atoms em™?).

Only if the domains are large enough, can nucleation on the domains compete
with nucleation at the boundaries. The resulting lower density of nuclei also
explains why the particles on the domains are usually larger. In addition, Fig.
21(b) reveals that, at higher coverages, crystalline aggregates are occasionally
formed (mainly on the domains), which are easily recognised by their regular
shape. The aggregate presented in the close up (Fig. 21b), for instance, exhibits
monoatomic steps, which are consistent with the Rh(111) interlayer distance of 2.4
A. Last, but not least, it is noteworthy that Fig. 21(b) also shows a few examples
of particles already influenced by coalescence processes.
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Fig. 20. STM images (CCT, 4.1 V. 0.5 nA, 1000 x 1000 A) after depositing 0.05 A Rh onto Al,03/
NiAI(110) at 90 K (pictures taken at 300 K). Evaporation rates: (a) 0.6 A min~'; (b) 0.006 A min~".

Apart from the qualitative analysis of the STM data, a quantitative evaluation
has been carried out for the growth behaviour at room temperature. For this
purpose, particle densities, particle heights and diameters have been determined
for a number of Rh exposures [100,218]. Regarding the diameter, the influence of
the tip has been estimated and eventually corrected. The results are compiled in
Fig. 22 (particle density, average diameter, aspect ratio and average number of
atoms per particle) and Fig. 23 (correlation between height and diameter). In this
connection, we would like to draw the reader’s attention to the following aspects:

e As judged by the development of the island densities, two growth regimes can

Fig. 21. STM images (CQT) showing the growth behavioug of Rh on Al,O3/NiAl(110) at 300 K for
lgrger exposures: (a) 1.4 A Rh (2.2 V, 1.2 nA, 2000 x 2000 A); (b) 6 A Rh (0.9 V, 1.2 nA, 1000 x 1000
A): (1): disordered aggregate; (2), (3): Rh(111) crystallites; (4): particle formed by coalescence.
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Fig. 22. Plots of the particle density, the average diameter, the average number of atoms per particle
and the average aspect ratio as a function of the nominal film thickness for Rh growth at 300 K on
AlLO3/NiAl(110).

be distinguished (see also average number of atoms per particle). First,
nucleation and growth processes are predominant as indicated by the increasing
island density. At a nominal thickness above 1 A, however, coalescence of
particles becomes important, resulting in a decline again.

Up to a nominal film thickness of about 1.4 A, a linear correlation between the
particle height and diameter is clearly observed which can be interpreted in
terms of a uniform particle shape with fixed proportions. Due to the
coalescence of particles, this correlation breaks down for higher coverages.

The aspect ratio, defined as the ratio between mean particle height and
diameter, passes through a maximum at the same point. While this result can
be explained by coalescence as well, the steep increase and the high value
reached is rather remarkable. Obviously, Rh has a strong tendency to form
thick 3D particles at 300 K.

Although the latter topic has not been not studied so systematically at 90 K,
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Fig. 23. Correlation between the particle height and diameter for Rh particles grown at 300 K on
Al,O3/NiAl(110). (Grey scale according to number of particles).

the STM data prove that the growth of thick 3D particles is likewise preferred. At
a nominal film thickness of 1 A, for example, particle heights up to 20 A were
already measured.

To complete the discussion for Rh, we finally turn to the growth at elevated
temperatures. An STM image showing the situation after deposition of Rh at 600
K is found in Fig. 24. As might be expected, ordered aggregates with flat tops are
now preferentially formed which can be identified as Rh(111) crystallites [100,218].
Nevertheless, the antiphase domain boundaries still govern the nucleation
behaviour.

4.1.2. Palladium
At 300 K, the growth of Pd on the alumina film features some interesting
differences, as compared to Rh [116]. Here, deposition leads to the formation of
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Fig. 24. STM image (CCT, 1.3 V, 1.3 nA, 3000 x 3000 A) of 8 A Rh deposited onto ALO;/NiAl(110)
at 600 K.

extra spots in the LEED pattern in the high-coverage regime. The symmetry and
the dimensions of the pattern allow the conclusion that large 3D Pd(111)
aggregates preferentially grow under these conditions, which are azimuthally
aligned with respect to the close-packed rows of the oxide (lattice mismatch:

1.8%, [llo]Pd//gz), see Fig. 10). In fact, they have the same epitaxial relationship
as the rare Rh(111) aggregates. This result has also been corroborated by a spot
profile analysis of the (00) LEED beam. As shown in Fig. 25, the halfwidth of the
diffuse part of the profile clearly depends on the energy. Since the corresponding
minima and maxima appear at in-phase and out-of-phase energies, with respect to

the Pd(111) interlayer distance, this proves the existence of Pd(111) steps.
At 90 K, on the other hand, the growth behaviour is rather similar to Rh. Even

at high coverages, no extra spots were visible. Moreover, the spot profiles depicted
in Fig. 25 show only minor variations as a function of energy either. Apparently,
the particles are disordered like their Rh counterparts. It is worthwhile noting that
the shoulder has the shape of a ring here as well, revealing the generation of a
peaked island distance distribution in both cases.

On the basis of the quantitative evaluation of the SPA-LEED data described in
Section 2, the particle diameters plotted in Fig. 26 have been determined. In
addition, Fig. 26 contains plots of the island density and the average number of
atoms per particle, as calculated from the diameters with the help of the total
amount of metal deposited. In analogy to Rh, the regime of nucleation and
growth and the regime of coalescence can be distinguished at 300 K. The
saturation density of particles, however, is reached at a significantly higher
exposure, as compared to Rh. At 90 K, the situation is different. Here, a very



M. Bdumer, H.-J. Freund | Progress in Surface Science 61 (1999) 127-198 161

| (00)-Reflex 2aArd| | 2APd ! (00)-Reflex |
Tdep = Tdep = »
300K 90 K
85 eV |
= R 5
[ 75 eV Bi¥ El
< 65 eV [rhe , 2,
£ - . <
50 ev 55 eV .. A
“1 33 eV 45V §
35ev [
-40 -20 0 20 40 -40 -20 0 20 40
Kroo1 {% & "] Koo1) [% & *]

Fig. 25. Profiles of the (00) spot along the [001] direction Qof the NiAl substrate after deposition of Pd
onto ALO;/NiAI(110) at 300 K (left) and 90 K (right). (1 A Pd=6.8 x 10'* atoms cm™2).

high island density is already observed at very low coverages. Coalescence sets in
at an early stage accompanied by a steady decrease of the island density. As the
initial density is nearly identical to the saturation density found for Rh at 90 K
(~1.5x 10" cm™), such a behaviour strongly points to a very efficient
heterogeneous nucleation mechanism which is obviously not operative at 300 K.
As a consequence of these different growth modes, it is possible to prepare very
small clusters (~10 atoms) at 90 K, whereas only comparatively large particles are
obtainable at room temperature (> 1000 atoms).

In order to study the structure and morphology of the Pd(111) aggregates
grown at 300 K in more detail, the SPA-LEED results have been complemented
by an STM investigation. Fig. 27 shows an image of about 5000 x 5000 A giving
an impression of the particle arrangement on a large scale [117]. In agreement
with their crystalline structure, many particles have a flat top and a regular
triangular or hexagonal shape. Resembling the behaviour of Rh, the majority of
aggregates is threaded along the antiphase and reflection domain boundaries of
the alumina film. It may be surprising in this context that Pd, though also
decorating the antiphase domain boundaries, does not give rise to an anisotropic
shoulder of the LEED spots, which is due to the fact that the Pd particles are
noticeably larger. In this way, the overall arrangement is much closer to an
isotropic distribution than in the case of Rh.

In spite of the problems mentioned in Section 2, it has also been possible to
image individual aggregates with atomic resolution [118]. The two pictures
displayed in Fig. 28 beautifully prove that the aggregates indeed expose (111)
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Fig. 26. Plots of the average island size, the island density and the average number of atoms per
particle as a function of the nominal film thickness (1 A Pd=6.8 x 10'* atoms cm~?) for deposition of
Pd onto Al,O3/NiAl(110) at 90 K (a) and 300 K (b) as derived from SPA-LEED.

facets. On the top facet, the hexagonal arrangement of the atoms is clearly
resolved. Sometimes, atomic resolution could even be achieved on the side facets.
As demonstrated in Fig. 28(b), the larger facets exhibit a (111) orientation as well.
Unfortunately, it has still been impossible to take atomically resolved images of
the smaller (100) facets. The shape of the particles as derived from these
experiments is schematically depicted in Fig. 29. Surprisingly, it is close to the
equilibrium shape expected for supports with hexagonal symmetry. Usually, this is
only observed at considerably higher temperatures [3].

4.1.3. Cobalt

The nucleation and growth behaviour of Co has been characterised within a
larger temperature range than those of Pd and Rh [100,119,218]. The most
important results can be inferred from the four STM images presented in Fig. 30:

e In analogy to Rh (and Pd), deposition of Co at 90 K (a) results in an isotropic
arrangement of particles on the alumina surface. Since island densities at low
coverages are very similar to those observed for Rh (Co: 5.6 x 10> cm™2 Rh
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Fig. 27. STM image (CCT, 5000 x 5000 A) of Pd particles (nominal film thickness: 4.4 A Pd) grown on
the thin alumina film at 300 K.

4.5 x 10" ecm~2 at 0.1 A nominal film thickness), it is reasonable to assume that
heterogeneous nucleation at point defects of the support predominates here,
too. Moreover, Co shows the same tendency to form 3D particles.

e At 300 K (b) and 470 K (c), the situation changes slightly. Although the
particle arrangement still seems random on the terraces, a preferred nucleation
at step edges is evident. Furthermore, weak decoration of the domain

Fig. 28. STM images (CCT, (a): 100 x 100 A) of two Pd aggregates grown on Al,O3/NiAl(110) at 300
K with atomic resolution on the top facet (a and b) as well as on the side facet (b) [118].
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Fig. 30. STM images (CCT, 2000 x 2000 A) showing the growth behaviour of Co on Al,O3/NiAl(110)
((@ and b): 0.1 A Co, (c and d): 03 A Co, 1 A Co=7.8 x 10'* atoms cm™2) as a function of
temperature: (a) 90 K (6 V, 0.4 nA); (b) 300 K (5.0 V, 0.5 nA); (c) 470 K (8.4 V, 0.5 nA) and (d) 570
K (8.0 V, 0.4 nA).
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boundaries can be discerned. Compared to 90 K, the island density is reduced,
especially at 470 K. Concomitantly, the particle heights and diameters appear to
be larger, i.e. bigger particles are formed as expected.

e If the deposition temperature is finally increased to 570 K (d), a drastic change
takes place. Just a few particles can be detected on the surface. Although an
increased desorption rate is certainly also responsible for the drastic loss of
material, diffusion through the oxide into the NiAl substrate is probably the
more important channel (see also Section 4.2). The structure of the film,
however, is only damaged to a minor extent by this process.

In summary, the results suggest that the influence of the line defects on the
nucleation of Co increases with increasing deposition temperature. Nevertheless, it
is obvious that the antiphase domain boundaries have not nearly the same
significance for the growth behaviour as in the case of Rh and Pd.

4.1.4. Platinum

For Pt deposition, SPA-LEED measurements have provided evidence of a
specific metal-support interaction clearly differentiating this system from the other
metals [120,121]. The most important data are compiled in Fig. 31(a). Especially
striking is the strong damping of the oxide substrate beams. Already after
deposition of 0.25 A Pt at 300 K, which roughly corresponds to a tenth of a
monolayer (ML), a reduction to 20% of the original intensity is found. Upon
deposition of 1 A Pt, the oxide spots finally vanish completely. Even if a strictly
2D growth mode is supposed, it is not possible to explain this strong attenuation
of the oxide LEED pattern. Consequently, the only reasonable interpretation is a
modification of the substrate in the vicinity of the deposits resulting in a loss of
the characteristic structure of the film. At 90 K, the situation is very similar,
although the damping is less drastic (upon deposition of 0.25 A Pt a reduction
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Fig. 31. Pt/Al,O3/NiAl(110): (a) comparison of (00) spot profiles (45 eV, recorded along the [110]
direction of the NiAl crystal) after deposition of various amounts of Pt (the satellites visible at 0.6 Al
are superstructure spots of the oxide); (b) STM image (CCT, —4.0 V, 0.8 nA, 400 x 400 A) of the
alumina film covered with 0.25 A Pt.
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amounts to 43%). This is not too surprising, since a weaker interaction might be
expected at the lower temperature.

According to the series of (00) spot profiles shown in Fig. 31 (the profiles at 90
K are nearly identical), the formation of these modified areas gives rise to a
diffuse shoulder which, at low coverages, strongly resembles the shoulders
observed for Pd and Rh at 90 K which suggests that the point defects of the
support are involved here, too. Taking the structural impact of the deposit into
account, it is reasonable to assume that any incorporation of Pt at these sites is
connected with a corresponding distortion of the oxide superstructure. This idea is
also supported by CO TDS experiments (see Section 6) pointing to the formation
of an oxidised Pt species at low coverages. In order to estimate the size of the
modified areas, a quantitative analysis of the spot profiles has been carried out
yielding an average size of about 12 A for the lowest amount deposited (0.25 A
Pt).

The SPA-LEED results for the growth behaviour of Pt have, in principle, been
corroborated by a later STM investigation [122]. The image in Fig. 31(b), taken
after deposition of 0.25 A Pt, indeed proves the formation of small particles. The
only discrepancy concerns the structural modification of the support, which is
found with SPA-LEED but not STM. (According to the SPA-LEED evaluation,
about half of the surface should be modified by the deposit, at this coverage.) The
reason for this difference could be that LEED is much more sensitive to the small
distortions caused by the Pt deposits than STM.

In addition to the experiments at 90 and 300 K, growth at 500 K has been
studied with SPA-LEED as well [120,121]. In this case, however, only higher
coverages (10 A Pt) have been considered. The results show that now Pt
crystallites with an (111)-orientation form on the alumina film. On the one hand,
extra spots appear in the LEED pattern, which are compatible with the lattice
constant of Pt(111). On the other hand, an energy dependence of the (00) spot
profile is observed, which is in full agreement with the existence of monoatomic
Pt(111) steps. It should be mentioned that, in contrast to Pd, deposition of larger
amounts at room temperature have supplied no indications for the formation of
ordered aggregates. Obviously, higher temperatures are necessary to establish
crystalline order in the case of Pt.

In several cases of deposited metal particles, significant lattice contractions have
been observed for very small aggregates, which are usually explained by surface
stress inducing a pressure inside the cluster (see Ref. [3] and references therein).
This question has also been subject of a TEM investigation in the present case
[63]. On the basis of numerous HRTEM images and a subsequent analysis of the
Moiré periodicities, it has been possible to calculate the lattice constants as a
function of particle size. The corresponding plot is depicted in Fig. 32 and indeed
proves that the atomic distances continuously decrease to 90% of the bulk value
at a cluster size of 10 A. On the other hand, the lattice constant approaches the Pt
bulk value already at a diameter of 30 A. A lattice contraction has also been
detected for Ta and Pd clusters on the thin alumina film, but it seems to be less
pronounced in these cases [123,124].
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Fig. 32. Lattice constants and interatomic distances of Pt particles grown on Al,O;/NiAl(110) as a
function of their size (the ends of the horizontal bars represent the width and the length of the
particular clusters, respectively; while the vertical bars are error bars).

4.1.5. Vanadium

The last example, which we would like to discuss here, is vanadium. As an early
transition metal, it is expected to interact more strongly with the oxide support
than the mid to late transition metals considered so far. Fig. 33 contains two STM
images for 0.04 A (a) and 0.16 A V (b) deposited at room temperature [125]. The
pictures prove that vanadium prefers a Volmer—Weber type growth mode like all
other metals studied on this support. Regarding the particle density (~1.0 x 10'3
cm 2 at 0.16 A V), the situation is strongly reminiscent of the Rh system at 90 K.
This may be taken as an indication that heterogeneous nucleation at the point
defects of the film governs the growth here as well.

According to the line scans, two types of aggregates can be distinguished for the
smaller coverage, one of which is 3—4 A thick, the other 6-7 A. It has to be taken
into account, however, that, at the tunneling voltages applied here (<4 V), the
metal particles appear to be thicker than they are, since the alumina film itself
does not contribute to the signal (see Section 2 and cf. Ref. [122]). Consequently,
the measured particle height has to be corrected by the thickness of the film. That
means that aggregates of the first type are probably incorporated in the film
(including the possibility of a compound formation: see Section 5), while the
second type is just one layer thick. Turning to the second image, particles
consisting of 2 layers (89 A) now can be found as well. At even higher coverages,
thick 3D particles are finally formed. Although the initial incorporation is
compatible with a strong interaction between V and the alumina support, the
system switches rather early to a 3D growth mode.

In contrast, deposition at 600 K or higher temperatures results in highly
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Fig. 33. STM imagoes and linecscans (CCT, 2.0 V, 750 x 750 A) of V deposited onto Al,O3/NiAl(110)
at 300 K: (a) 0.04 A; (b) 0.16 A V [125].

disordered surface structures [125]. Since even the LEED pattern of the film
vanishes completely with this treatment, it can be concluded that the vanadium
rapidly reacts with the alumina, leaving a severely distorted surface behind. If
compared to the corresponding experiment with Co (no destruction of the film),
the higher reactivity of V clearly becomes evident. Interestingly, a very diffuse
hexagonal LEED pattern is still visible, showing that some long-range order is still
preserved.

4.1.6. Comparison and overview
The above case studies reveal a number of interesting trends and common
features which should be finally summarised:

4.1.6.1. Nucleation. The nucleation behaviour of all metals studied on the thin
alumina film is apparently dominated by the defects of the support under the ex-
perimental conditions applied (UHV, deposition rates up to IML/min). Moreover,
the results demonstrate that the defects of the support can play a varying role as a
function of temperature. The most prominent examples, in this respect, are Rh,
Pd and, to a minor extent, Co, i.e. metals with a medium metal-support inter-
action (see below). While at 90 K, point defects are the primary nucleation centres,
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the line defects, such as step edges and domain boundaries, come to the fore at
higher temperatures. This points to a stronger interaction with the adatoms,
which, however, only comes into play if the thermal mobility is sufficient to reach
them. By making use of this temperature controlled nucleation behaviour, the
island density and, thus, the average particle size can be varied within a large
range, giving access to very small clusters, as well as rather large aggregates (see
Figs. 22 and 26).

In this context, it is worth mentioning that a series of investigations on different
MgO substrates, similarly suggested that nucleation is strongly influenced by
defects of the substrate [108]. Furthermore, a temperature dependence was also
observed. Here, it was interpreted in terms of competitive homogencous
nucleation, though [108]. Presumably, heterogenecous nucleation is an important
process on many oxide supports, as they often exhibit a considerable defect
density (in particular point defects). This conclusion is also supported by recent
theoretical studies [126].

4.1.6.2. Growth mode. All metals investigated on the alumina film clearly show a
Volmer—Weber like growth mode. As mentioned before, this behaviour is gener-
ally expected on the basis of the surface free energies involved (see Eq. (4) and fol-
lowing argumentation as well as Ref. [127]). However, taking a kinetic model,
such as the one in Fig. 18, into account, the strong tendency to form thick 3D
particles very early, even at 90 K, is a little surprising. On the one hand, this may
be due to the fact that self-thickening processes are already operative at low tem-
peratures. On the other hand, it can be speculated as to whether the requirements
of the model are fulfilled in the present cases. If AE, for example, exceeded E; (see
Fig. 18), there would be no stable sites at the island edges any longer, so that the
driving force for spreading vanishes [4].

4.1.6.3. Particle size. Including Ag, which actually forms the largest 3D aggregates
of all metals studied on the alumina film so far [7,128,190], the following rough
trend concerning the particle sizes found at 300 K can be recognised:
Ag>Pd>Rh>Co>Pt -~ V. In principle, this series is in agreement with the pre-
diction based on the enthalpies of formation of the oxides as an indicator for the
respective metal oxide interaction. With an increasing interaction, the deposits
should become flatter (see Egs. (5) and (6)) and smaller (due to higher diffusion
barriers). In fact, such correlations have also been observed for a number of tran-
sition metals on TiO, [6,129,189] and oxidised W single crystals [112]. An excep-
tion seems to be Pt in the present case. At least, according to the enthalpy of
formation of the oxide, it should rank above the early and mid transition metals.
This may be taken as an indication that an interaction with specific sites, presum-
ably the point defects of the support, is decisive here.

4.1.6.4. Particle morphology. In all cases, only disordered particles are obtained
after deposition at liquid nitrogen temperature. Naturally, kinetic limitations are
responsible for this behaviour [3,4]. At higher temperatures, however, kinetic fac-
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tors are less important and the formation of crystalline aggregates becomes poss-
ible [3]. This has indeed been observed for Pd, Pt and Rh. For Pt and Rh, which
are more strongly interacting with the support than Pd, temperatures of about 500
to 600 K are necessary, whereas crystalline Pd aggregates are already found at
room temperature. The crystallites of all three metals grow in the (111)-orien-
tation, which is obviously enforced by the quasi hexagonal arrangement of the
oxygen ions of the substrate. It is interesting to note that the polyhedral shape of
the Pd crystallites, as imaged by STM, is one of the expected equilibrium shapes
for a supported fcc metal particle with (111)-orientation (truncated tetrahedron,
see Ref. [3], Fig. 22).

4.2. Thermal stability

Upon annealing, the structure of small deposited metal particles may change,
due to a number of different processes, such as (a) diffusion into the substrate, (b)
changes of the particle morphology and (c) sintering, i.e. growth of larger particles
at the expense of smaller ones [2,3,5,254]. In the case of thin oxide films, diffusion
through the film into the metallic substrate can limit the thermal stability
significantly (see, for example, Refs. [10,191]). As demonstrated in Fig. 34, this
aspect is also of importance in the present case, setting a limit to experiments at
elevated temperatures. The STM images shown have been taken for Rh particles
prepared at 90 K and annealed to the indicated temperatures [100,218]. An
ensemble of very small aggregates has been chosen, since these should be most
sensitive to the thermal treatment. Evidently, no major changes are visible up to
570 K; even a quantitative evaluation of the island density reveals no difference.
Annealing to 770 K, on the contrary, brings about major structural modifications.
On the one hand, the island density is noticeably decreased and, on the other
hand, the particle height distribution becomes somewhat broader (see insets).
After the next annealing step to 870 K, nearly all particles have eventually
disappeared from the surface. (Note that the structure of the film is almost
restored.) Since desorption at this temperature can be safely excluded, diffusion
must play the predominant part. On top of that, sintering seems to contribute to
the events in the temperature range from 600 to 900 K as well. This is the only
explanation for the few particles which gained size at 770 K.

In summary, for Rh, diffusion and sintering can be neglected up to about 600
to 700 K on the thin alumina film. For Co, sintering processes have been shown
to be significant from 600 K onward, resulting in a loss of the smallest islands
[100,218]. At 800 K, diffusion through the oxide film sets in. Here, STM
experiments proved that the process actually is defect mediated. Loss of material
was mainly observed in the vicinity of the antiphase domain boundaries, thus
acting as an important diffusion channel [100,218]. In the case of Pt, SPA-LEED
experiments revealed an increasing destruction of the oxide superstructure upon
thermal treatment [120]. According to X-ray photoelectron spectroscopy (XPS), this
is also connected with a progressive oxidation of the diffusing Pt species [92]. Both
findings are compatible with an initial incorporation of Pt into the film, probably
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Fig. 34. Series of STM images (CCT, (a—c): 5.0 V, (d): 4.3 V, 1000 x 1000 A) showing the thermal
stability of Rh particles (0.05 A Rh) on the thin alumina film: (a) as prepared at 90 K; (b) annealed to
570 K; (¢) 770 K and (d) 870 K (pictures taken at 300 K). Insets: height distribution (x-axis: height [0—
6 A], y-axis: number of islands [0-40]).

starting at the point defects. Annealing to 1100 K, however, leads to a restoration
of the film structure.

Due to the difficulty of achieving atomic resolution on individual particles, it is
often impossible to trace thermally induced changes of the particle morphology
with STM. Instead, the use of vibrational spectroscopies with suitable probe
molecules can be very advantageous. Fig. 35 presents a case study for such an
experiment [83]. Here, small Rh particles prepared at 90 K (average size ~20 and
100 atoms per particle) on Al,O3/NiAl(110) have been annealed to 300 and 500 K,
respectively. Subsequently, they have been cooled down to 90 K again, exposed to
CO and studied with TRAS.

The spectra in Fig. 35 only show the bands resulting from terminally bound
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Fig. 35. Temperature induced morphology changes of small Rh particles on Al,O;/NiAl(110) as
detected by IR spectroscopy with CO as a probe molecule. Upper spectra: taken immediately after
deposition; lower spectra: after annealing to indicated temperatures (data acquisition at 90 K).

CO. In comparison to the spectra of the unannealed deposits, several changes are
clearly detectable. First, the sharp signal at ~2120 cm™', visible for the smaller
coverage, vanishes and, secondly, the intensity of the low-frequency shoulder,
which is a common feature of both coverages, is significantly reduced after the
thermal treatment. The interpretation of the latter observation is straightforward, if
it is taken into account that CO molecules bound to defect sites on transition metals
often exhibit a reduction in vibrational stretching frequency as compared to terrace
molecules [131]. Therefore, the changes point to a certain loss of low co-ordinated
metal atoms, i.e. a thermally induced ordering of the individual Rh particles.

The sharp band at ~2120 cm™' has been ascribed to isolated Rh dicarbonyl
species trapped at point defects of the substrate [83,130]. Hence, IRAS with CO as
a probe molecule is also capable of detecting the nuclei of heterogeneous Rh
nucleation at 90 K. Upon annealing to room temperature, these Rh atoms
apparently migrate to larger Rh aggregates, resulting in the absence of the
corresponding IR band after CO dosage.

4.3. Growth in ambient gas atmospheres

It has long been recognised that the treatment with certain gases can change the
structure and morphology of deposited metal particles considerably [2]. In
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technical catalysis, for example, calcination (oxidation) and reduction cycles are
used to enhance the dispersion of supported-metal catalysts. Another example is
the disruption of alumina-supported Rh catalysts by CO, resulting in the
formation of isolated Rh gem-dicarbonyl species [132,133]. Meanwhile, it has been
possible to duplicate this process in model catalytic systems as well
[79,134,135,223,224].

In addition, such gases might also control the growth process itself, if present
during the deposition of the metal [3,4,7,190]. Here, thermodynamic as well as
kinetic factors can be of importance. The first situation is encountered when the
adsorbate changes the surface free energies (cf. Eq. (4)) involved (see, for example,
Ref. [136], where increased wetting is reported), the second, if the energetics of the
elementary steps are altered [137,225]. In both cases, it is possible to obtain
structures, which are otherwise not accessible.

This has indeed been observed for Pd deposition at 90 K in an ambient CO
atmosphere of about 2 x 107° mbar [137.225]. Under these conditions, the
formation of a binary compound of Pd and CO is found, giving rise to the TD
spectra presented in Fig. 36(a). The characteristic sharp peak at about 190 K is
due to the primary decomposition of this compound on the surface. The following
peaks can then be assigned to subsequent decomposition steps and CO desorption

g} TDS i 1 | Pacoy | b) Growth model:
C T A -
Fi FLAN 110 @ M
- . 1 AL
s | 1th
(I
| el Ml
E | 1 PY 2 OWOE®E rﬁ_ — ﬁ
5 [ 1 Pdperirmd Fim dackram 4] E -
] 1
= i 1 L. o 'H..-\.___ an & Pd 5 T'
| =1.08 P2, CO ]
g I B0 PO ad o
gl || o =i
| I. BT = - ]
! . 9 Pd, GO0
i-ﬁ lrl' T S | aApa
= -.II'..""--_------_ ——— DS APd
— T—— a2 A Pd
———] dean
0 200 30 & SO0 &0 T00
Tompamburs (K]

Fig. 36. (a) CO TD spectra for increasing amounts of Pd deposited onto Al,O3/NiAl(110) in an
ambient CO atmosphere of 2 x 107 mbar at 90 K. Inset: total amount of desorbing CO as a function
of Pd exposure. (b) Growth model.
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from compact Pd aggregates left on the surface. Note that the total amount of
desorbing CO is proportional to the amount of Pd deposited. From XPS
measurements, a Pd/CO ratio of about 1:2 has been determined [137,225] and,
according to IRAS, the compound contains terminally, as well as bridge-bonded,
CO molecules with an intensity ratio of about 1:1 [138]. As inferred from PES
data, an increasing number of metal-metal bonds is formed during growth,
excluding the formation of isolated carbonyl species [137,225]. On the basis of all
experimental results a growth model (random-rain model [139]) has been proposed
which assumes kinetically inhibited diffusion of the incoming metal atoms to
energetically more favourable sites, i.e. sites with more adjacent metal atoms
[137,225]. As schematically depicted in Fig. 36(b), the development of a highly
ramified structure instead of compact metal aggregates, can be conclusively
explained in this way.

Apart from Pd, Rh deposition also leads to the generation of a carbonyl
compound on the alumina film, if carried out in an ambient CO atmosphere [115].
Here, however, larger amounts of deposited material are necessary to observe the
characteristic sharp thermal desorption feature occurring for Rh at 345 K.

Changes of the growth behaviour to such an extent are, of course, an extreme
situation. In other cases, only alterations of the particle morphology or the
particle sizes may be detectable. Effects of that kind have been discovered for the
system Co/Al,O3/NiAl(110) [100,218]. By deposition in an ambient CO
atmosphere (3 x 1077 mbar), a modified particle-size distribution is created, which
is distinguished by a reduced number of very small particles. This hints at an
increased mobility of the adatoms on the surface, i.e. a lowering of the diffusion
barriers, due to the adsorbate.

5. Metal particles: electronic structure

Essentially, the electronic structure of small deposited metal particles can be
influenced by two factors, differentiating them from the bulk material: (a) their
limited size and (b) specific metal-support interactions. We deal with both issues
separately, in the course of the following two subsections.

5.1. Particle size effects

For metal particles not too large, it can be expected that distinct changes of the
electronic structure occur as a function of size. In the VB, for example, discrete
energy levels should be observable for very small clusters and, in the gas phase, it
has indeed been possible to detect such a behaviour (see Refs. [140,226] and
references therein). This phenomenon, called quantum size effect, is limited to sizes
of up to about 100 atoms. Beyond this size, a band of states will be formed, the
width of which roughly scales with the square root of the average co-ordination
number in the aggregate [66,208].

For supported-metal clusters, however, the evolution of discrete states cannot
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usually be observed, even for very small cluster sizes. This is probably due to the
coupling to the substrate (e.g. to the phonons in the case of oxide supports)
coming into play here. Nevertheless, clear variations of the shape and width of the
valence band have been reported for supported clusters as well (see, for example,
Refs. [66,141,208,227-229]). In Fig. 37, an example is taken from our own work
[95]. The figure shows valence photoemission spectra, which have been recorded
for increasing amounts of Pd deposited onto the thin alumina film at 90 and 300
K. Starting with the growth at 90 K (left), already at the smallest coverage a new
feature emerges at 3.5 eV, which can be attributed to the Pd 4d states. In
following the course of the spectra, three trends are discernible: (a) the width of
the VB increases from about 2.5 to 5 eV, (b) the structure of the band becomes
more pronounced and (c) the Fermi energy of the deposits shifts to lower BE (i.e.
towards the Fermi edge of the NiAl crystal) as the exposure increases. While the
first findings can be easily understood on the basis of the considerations
mentioned above, the shift of the Fermi energy reflects the shift of the core levels,
discussed in the next paragraph [65]. Since much larger aggregates are formed at
300 K, the development of the Pd induced features is different here. In this series
(on the right), the Pd 4d states seem to evolve progressively with the amount of
metal deposited. Moreover, intensity at the Fermi edge (of the NiAl substrate) is
already detected for the smallest coverages, in sharp contrast to the situation at
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Fig. 37. Valence photoemission spectra (grazing emission) of Pd deposited onto Al,O3/NiAl(110) at 90
K (left) and 300 K (right).
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90 K. (Note that at 90 K this is not the case up to a nominal film thickness of at
least 0.4 A.)

As mentioned in Section 2.4, the core levels are often subject to size-dependent
alterations as well. For the system Pd/Al,O3/NiAl(110), this is demonstrated in
Fig. 38 containing the Pd 3d spectra for three different preparations: 0.2 A and
2 A Pd deposited at 90 K, as well as 12 A deposited at 300 K with and without
adsorbed CO [142]. Note that, for the 12 A deposit, bulk and surface component
are clearly separated after CO saturation, due to an adsorbate induced increase of
the surface core level shift from —0.3 to +0.8 eV [142]. Since for the smaller
particles no discernible splitting of the peaks occurs upon CO adsorption, it can
be concluded that the bulk component is negligible (~7% for 2 A and 0% for 0.2
A) [142]. The trend observed for the clean as well as for the CO covered particles
is a clear BE shift to higher values accompanied by a considerable line broadening
as their size decreases.

In principle, initial and final state effects can be responsible for BE shifts as a
function of the particle size. In the present case, the behaviour seems to be largely
determined by the latter effect. If the BEs are plotted as a function of the
reciprocal particle diameter (see Fig. 38b), a straight line is found, suggesting that
the Coulomb energy of the final state is decisive [7,190]. As expected, the effect is

d[A] 20 10 6.7
a) | pd 3d PaALoy | P) BE[ev] |
hv = 420 eV NiAI(110) g e
T Gean 338.04 —— Fit (Coulomb energy

------ +20LCO

of the final state)

337.5
12 A Pd 337.04
Taep = 300 K
336.5 -
2APd 336.0 -
Teep=90K
335.5
0.2APd 335.0 4
A Tdep = _90 K
———— 3345 y . .
344 342 340 338 336 334 0.00 0.05 0.10 0.15
Binding energy {eV] 1/d [A]

Fig. 38. (a) Pd 3d photoelectron spectra of Pd deposits on Al,O3/NiAl(110) with and without adsorbed
CO (spectra taken at 90 K). (b) Binding energy as a function of the reciprocal particle diameter d.
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more pronounced after CO adsorption, since this reduces the density of states
near the Fermi level, and therefore the screening ability of the clusters.

Concerning the line broadening, several origins have to be taken into account.
Due to the (d)~' dependence of the BE, the width of the particle-size distribution
plays a crucial role of course [66,208]. In the same way, all other features which
increase the variety of BEs, will contribute, such as differently co-ordinated metal
atoms or atoms with different surroundings (metal atoms inside the particle vs.
atoms at the interface). On the other hand, the line width is strongly influenced by
the screening ability, and hence, by the VB structure. It has been proven, for
instance, that a reduced VB width will actually lead to a broadening of the core
levels [143,230].

Apart from Pd, Rh deposits on the thin alumina film also show a (d)
dependence of the BEs (with and without CO), as is illustrated in Fig. 39. It is
important to note, however, that the BEs of the smallest CO covered clusters are
already in a regime which is typical for deposited carbonyl compounds [144]. In
this context, we refer to results presented in Section 6, which suggest that a
transition of the electronic structure from a metallic to a more molecular
character takes place. The fact that the BEs still follow the (d)~' law represents no
contradiction, as proven by recent theoretical calculations of Rosch and co-
workers [145].

—1

5.2. Metal-support interaction

The interaction of metals with oxide surfaces is an important issue in all
technological areas which rely on metal-ceramic interfaces. Obviously, one central
question refers to the nature and strength of the metal-oxide bonding, as factors
which determine the adhesion energy, for example [146]. Generally speaking, two
borderline cases can be envisioned, i.e. localised chemical bonds (ionic/covalent)
or a charge redistribution between the metal overlayer and the oxide support (or
the metal-substrate, if a thin oxide film is used). Whereas characteristic chemical
shifts of the states involved, result in the first case, a simultaneous shift of all core
and valence levels of the substrate should be detectable in the latter case (band
bending effect), due to the change of the electrostatic potential.

In many experimental studies of metal deposition onto oxides, electron transfer
between the metal and the oxide, resulting from one or other mechanism have
been encountered. As gathered from the review of Campbell [4], the formation of
cationic metal species is not unusual for small coverages up to 0.IML (see also
Refs. [147-149,231-236]), although charge transfer from the oxide to the metal
has occasionally been described as well [150,151,237]. In case of easily reducible
oxides, such as TiO,, oxidation of the metal is, of course, not unexpected. For
early transition metals, this is consistent with thermodynamic predictions [4].
Partial oxidation, however, has also been reported for deposition onto oxides,
such as alumina, which are not easily reduced [149,235,236]. For the thin alumina
film, for instance, vanadium deposition results in a cationic species with an
oxidation state between +1 and +2 in the coverage regime up to 0.1ML [125]. At
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Fig. 39. Rh 3d binding energies as a function of the reciprocal diameter d for clean and CO saturated
Rh particles on Al,O3/NiAl(110). The binding energies for the deposited carbonyl compounds have
been taken from [144].

higher coverages, on the other hand, a metallic overlayer is formed. Another
example is the system Al/Al,O3/NiAl(110). Here, it was clearly demonstrated that
a charge transfer from the aluminium to the metallic interface takes place, giving
rise to the band-bending effect alluded to above [152].

Although a conclusive picture of the interaction between metals and supports,
such as alumina and magnesia, is still missing, most theoretical studies suggest
that the primary interaction takes place between the oxygen 2p bands and the d
and sp states of the metal [153,154,238-242]. Due to the increasing occupation of
the d states, this interaction becomes repulsive for the late transition metals
[153,154,238-242], in line with the observation of decreasing adhesion energies. It
is interesting to note that some recent theoretical investigations have revealed
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substantial ionicity, in case of metal deposits on alumina. In a calculation of
Pacchioni and Résch, for example, partial oxidation has been predicted for small
Ni clusters on alumina [155]. For isolated metal atoms, up to a coverage of 1/3
ML, Jennison and co-workers have found strong ionic bonding in the case of
several metals on sapphire, as well as on a thin alumina film [156,243]. On the
other hand, the calculations clearly demonstrate that the metal-substrate bonds
are always weaker than the metal-metal bonds, in line with the 3D growth mode
generally found on these supports (see Section 4) [154,240-242].

6. Metal particles: adsorption behaviour

Small deposited metal particles can exhibit strongly size-dependent adsorption
and catalytic properties, sometimes differing substantially from the behaviour of
single-crystal surfaces [1]. In order to explain this, we have to distinguish between
two possible origins. On the one hand, features of the particles directly affecting
the interaction with the admolecule have to be taken into account. On the other
hand, the structural heterogeneity of the composite system can be the origin of an
extraordinary adsorption and reaction behaviour, i.e. it can be governed by
adsorption effects on the support or characteristic diffusion controlled kinetic
effects.

In various cases, it has, for instance, been shown that physisorbed gas molecules
diffusing on the oxide support act as precursors for the adsorption on the metal
particles themselves, thus changing the adsorption probability [157,158,244,245]. If
reactions are studied on such systems, spill over processes, diffusion between
different facets or between facets and corner sites might result in new and unique
kinetic phenomena [159,246]. Issues of this kind, however, are not considered in
the following.

We essentially focus on the first aspect, i.e. factors which influence the bonding
of an adsorbate to a deposited metal particle of varying size. Here, electronic as
well as geometric features can be of importance:

e Electronic effects: for very small metal clusters, the adsorption behaviour or the
catalytic activity might be directly related to the particular electronic structure
of the deposits. In fact, this has been observed in studies with deposited mass
selected clusters consisting of just a few atoms (N < 20) [84]. However, even if
the particles are larger and quantum-size effects are not of relevance, it has to
be kept in mind that the electronic structure could still be rather different from
the bulk electronic structure. Furthermore, a strong interaction between the
metal and the support can, of course, lead to an unusual behaviour, as well. In
particular, this should be the case for 2D islands, where all metal atoms are in
direct contact with the support.

e Geometric effects: apart from the overall electronic properties, the local
electronic structure, i.e. the local density of states, at an adsorption (or
reaction) site is certainly an important factor which, in turn, depends on the
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local geometric arrangement of the surface atoms at that site [160]. It is, for
example, possible that a reaction can only occur if an ensemble of atoms in a
particular geometry is available on a surface [1]. Since small metal aggregates
expose a large variety of differently co-ordinated surface atoms, strong size
effects can be the consequence. Of course, this is especially expected in case of
disordered aggregates exhibiting a high defect density, i.e. a large number of co-
ordinatively unsaturated metal atoms. But geometric effects have to be taken
into consideration for crystalline aggregates as well, since the number of edge
and corner sites increases with decreasing size [1]. Furthermore, the proportion
of facets with different crystallographic orientations may be subject to changes.

In the following, we give a few examples based on the above systems, which
illustrate some of these effects. We have chosen CO as a probe molecule for our
studies, since the literature provides a large fund of knowledge regarding the
adsorption behaviour of this molecule on single-crystal surfaces, which thus offers
the advantage of a direct comparison. In addition, CO is an interesting candidate,
because its dissociation ability on transition metals provides a simple test of the
reactivity as a function of particle size and structure.

6.1. CO adsorption

The adsorption of gases on metal surfaces is, of course, coverage dependent.
While at low coverages the bonding to the substrate is decisive, adsorbate—
adsorbate interactions increasingly add to this at higher coverages. For CO
adsorption on small Pd particles, Henry and co-workers have demonstrated, for
example, that, in the low coverage regime, the adsorption energy increases with
decreasing particle size [161]. This is consistent with the intuitive expectation of
tighter binding sites on low co-ordinated metal atoms being characteristic of very
small aggregates. Apart from the low coverage regime, however, it is interesting to
study the adsorption properties at higher coverages as well, where collective
phenomena may finally lead to a totally different behaviour as a function of
particle size. Thus, the studies presented here deal with the regime near saturation.

6.1.1. Platinum

The adsorption properties of the Pt deposits on Al,O;/NiAl(110) have been
investigated by means of various methods [121,162]. In this context, however, we
wish only to discuss the TD spectra compiled in Fig. 40. Starting with the highest
exposure, features are found that resemble the desorption spectra of Pt single
crystals, which are displayed for comparison [163,164]. Obviously, the spectrum
contains peaks of the low-index Pt(111), as well as peaks typical for strongly
stepped surfaces, which reveals an appreciable amount of step and other defect
sites. In fact, a similar behaviour has also been reported for small Pt particles on
0(-A]203 [165]

If the exposure is decreased, the fine structure of the spectrum is lost and the
maximum of the broad feature shifts to higher temperatures. Moreover, a new
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Fig. 40. Thermal desorption spectra for the system CO/Pt/Al,0;/NiAl(110). For comparison, the TD
spectra of two Pt single crystal surfaces [163,164] as well as the spectra for the clean alumina film and
the NiAl substrate are included.

desorption feature at around 150 K is observed, which is not compatible with CO
desorbing from metallic Pt. Since the structural characterisation of the system
points to a rather strong interaction with the support, it is reasonable to attribute
this feature to a modified electronic structure of the deposit, i.e. a partial
oxidation resulting, for example, from an incorporation into the first layer of the
alumina film. Such an explanation is corroborated by CO adsorption experiments
on transition-metal oxide surfaces yielding desorption temperatures in the range
between 150 and 200 K [166,247,248].

6.1.2. Palladium
Starting with the TD spectra for different particle sizes first (see Fig. 41b), it is
interesting to notice that a low-temperature desorption peak (between 150 and
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Fig. 41. CO adsorption on Pd particles of different size deposited onto Al,O3;/NiAl(110): (a) C 1s
spectra (taken at 90 K after CO saturation) including the spectrum of (2 x 2) CO/Pd(111) [169]; (b) TD
spectra (feature marked grey is an experimental artefact); (c) C 1s spectra taken after heating to 300 K
(measurement at 90 K) together with the spectrum for (v/3 x +/3)CO/Pd(111) [169].

350 K) again evolves as the particle size decreases [116]. Incidentally, these spectra
are reminiscent of data reported by other groups for small Pd particles on various
alumina supports [168,249,250]. (Although the TD spectra shown in these
publications were recorded with a starting temperature of 300 K, the authors also
observe shoulders below 500 K, which become the predominating peaks as the
particle size decreases.) The spectrum obtained for the highest exposure at 300 K,
on the other hand, essentially corresponds to the desorption behaviour of a
Pd(111) surface [167], in line with the formation of large (111)-crystallites under
these conditions. Since, in contrast to Pt, our experiments concerning the
electronic and geometric structure provided no evidence for a specific metal—
support interaction, more elaborate experiments have been carried out in order to
investigate the origin for this distinct size dependence.

Fig. 41(a) shows a series of high resolution C 1s core level spectra for different
particle sizes prepared at 90 and 300 K [74,95,142]. For comparison, the spectrum
for a CO (2 x 2) overlayer on Pd(111) (6=0.75) is included [169]. Three aspects
are conspicuous in this series: (a) a shift of the peak towards higher BEs as the
particles size decreases, (b) an increasing line broadening connected with the
development of a strong asymmetry on the high BE side and (c) a clear increase
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of the shake-up intensity (at about 6 eV higher BE). The first effect, which is due
to the Coulomb energy of the final state, has already been dealt with in Section 5.
Concerning the second observation, it is important to note that even the spectrum
for the single crystal exhibits a slight asymmetry. Since different CO adsorption
sites can lead to BE shifts of about 0.5-1 ¢V with more highly co-ordinated sites
showing lower BE [170,251], this has been interpreted in terms of molecules
adsorbed in different adsorption geometries, as previously identified by vibrational
spectroscopies (on-top and three-fold hollow site: see below) [142]. Therefore, the
broader peaks for the 90 K deposits can, to a certain extent, be explained by a
multitude of adsorption sites becoming available on the smaller and disordered
aggregates growing under these conditions. It should be borne in mind, however,
that some of the effects discussed in Section 5.1 may contribute to the broadening
as well. The third point sheds light on the metal CO interaction itself. Since
stronger satellites are normally found for more weakly bonded adsorbates
[171,172,252], the increasing shake-up intensity indicates a decreasing CO-Pd
interaction strength, which is, of course, supported by the CO TD spectra.

If that part of the CO molecules desorbing below 300 K is removed, some
informative changes in the C 1s spectra take place. The corresponding spectra for
the 90 K deposits as well as the spectrum for the (+/3 x +/3) phase of CO/Pd(111)
(0=0.33) [169], are presented in Fig. 41(c). (Based on the changes in the peak
intensities, it can be estimated that about 60% of the original coverage desorbs
from the particles.) On the one hand, the peaks become significantly narrower and
more symmetric. This points to a decrease in the number of different CO
adsorption sites. It can be speculated that it is the highly co-ordinated CO which
remains on the particles, since, on Pd(111) the vanishing of the shoulder at the
high BE site reveals the loss of the low co-ordinated species, in line with
vibrational spectroscopic (see below) and X-ray photoelectron diffraction (XPD)
results [173]. On the other hand, a clear reduction of intensity of the shake-up
satellite is detected. According to the above arguments, this suggests that the CO—
Pd interaction is stronger for the remaining species.

Further information about the latter aspect can be derived from the X-ray
absorption spectroscopy (XAS) data depicted in Fig. 42 [74]. The spectra have
been recorded at the position of the so-called m resonance resulting from the
excitation of a C 1s electron into the empty 2r orbital of the CO molecule. Since
the bonding of CO on transition metals gives rise to a broadening of the n orbital,
due to the hybridisation between the CO 2m orbital and the metal d band, the
width of the resonance can be correlated with the adsorbate—substrate interaction
[174,253]. (Note that, in principle, this correlation is strictly valid only for the
core-excited state, but it may be taken as a measure for the ground-state
interaction as well.) Thus, the series corroborates the above findings, namely, that
the Pd—CO interaction weakens with decreasing particle size and increases again
after diluting the CO overlayer by annecaling. Obviously, the latter effect is most
pronounced for the smallest aggregates, thus distinguishing themselves by a strong
CO coverage dependence of the chemisorption strength.

Combining the XPS and XAS results, gives further insight into the electronic
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Fig. 42. C Is — 2n* XA spectra of the system CO/Pd/Al,O;/NiAl(110) after CO saturation at 90 K
and after annealing to 300 K (spectra taken at 90 K). The lines indicate the positions of the XPS BE.
The relationship between XPS BE and XAS PE for a metallic system is illustrated on the left.

structure of the CO covered particles, since the relative positions of the XPS BE
(relative to the Fermi level) and the XAS edge are determined by the ability of the
system to screen the core hole created during the photoemission process. This
ability is, of course, dependent on whether the aggregates have metallic or rather
molecular character. In fact, it was found that for CO adsorbed on metals, the
XPS BE if measured relative to the Fermi energy always appears near the onset of
the XAS peak [174,253]. This relation is a consequence of the hybridisation
between the electronic levels of the adsorbate and the metal allowing for efficient
charge transfer screening of the core ionised molecule. In this case, the fully
screened state having the lowest energy is the one with a core hole and a screening
electron at the Fermi level. On the other hand, this also represents, of course, the
final state of the XAS process, leading to the above relationship. In contrast, this
correlation does not hold for molecular systems.

In Fig. 42, the XPS BEs have been marked with lines and it is obvious that the
XPS BE gradually moves from a position at the onset to a position slightly above
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the maximum of the resonance for the smallest particles. Accordingly, the larger
particles indicate their metallic character, as expected. For decreasing particle
sizes, however, a transition to a more molecule-like behaviour seems to take place,
although this is only the case at saturation coverage. The screening provided for
the species, which are left after desorption of more than half of the overlayer, is
again similar to a metallic system.

Naturally, the question arises why such strong differences regarding the
adsorption properties are observed for the small Pd particles. In this respect, the
quantitative evaluation of the integral TDS intensities and the XPS intensities
supply an important piece of information [175]. On the basis of these intensities
and the structural data, it is possible to calculate the number of adsorbed CO
molecules per Pd surface atom increasing from 1 (cf. the saturation coverage for
Pd(111): 0.75) to about 1.5 to 2 for the smallest particles studied here. It is easy to
imagine that this higher co-ordination of the metal atoms induces stronger
repulsive CO-CO interactions and a weakening of the Pd—CO bond and also a
reduced screening ability.

In order to tackle the question of adsorption sites in more detail, the electron
spectroscopic measurements have been complemented by an IRAS study [82,212].
Before turning to these results, which are displayed in Figs. 43 and 44, it is helpful
to recall what is known for Pd single crystals first. For coverages between 0=0.1
to 0.5, the preferred adsorption site on Pd(111) is the three-fold hollow site [173]
with CO stretching frequencies ranging from 1830 to 1920 cm™' [86,176]. If the
coverage is increased to 0.6-0.7, the site changes and bridge-bonded species with
stretching frequencies between 1960 and 1970 cm™' are observed [177,178].
Raising 6 to the saturation coverage of 0.75, two intense bands at 1894 and 2110
ecm™! are finally detected, which are attributed to terminally-bonded CO (2110
ecm™ ') accompanied by a species in three-fold hollow sites (1894 cm™") [177,178].
This is in sharp contrast to the Pd(100) surface, on which a CO stretching
frequency of 1997 cm™' is measured at saturation coverage [179].

Fig. 43 provides an overview of the spectra taken for different particle sizes
prepared at 90 and 300 K after CO saturation. Starting with the spectra for the
large aggregates grown at 300 K, essentially three bands are visible: 1953, 1994
and 2105 cm™'. As the deposits are crystalline (see Section 4.1), the first peak can
be assigned to bridge-bonded CO on (111) facets, whereas the last feature is
obviously caused by terminally-bonded CO. Regarding the remaining band, it is
tempting to ascribe it to CO on Pd(100) facets, as previously done in the literature
[85]. Taking, however, the particle morphology into account (see Figs. 28 and 29),
this interpretation seems unlikely, because the (100) facets are in the minority.
Therefore, the suggestion has been put forward that this band is mainly due to
bridge-bonded CO molecules on the particle edges. The only puzzling detail then
is its high intensity, which can be explained by intensity borrowing from the
adjacent line at 1953 cm™' [131]. It is worth noting in this context that there is a
difference with respect to the Pd(111) single crystal surface exhibiting no bridge-
bonded CO but a species in a three-fold hollow site at saturation coverage. In
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Fig. 43. IR spectra of CO adsorbed on Pd particles of various size grown on Al,O;3/NiAl(110) at 90
and 300 K (CO saturation coverage, spectra taken at 90 K).

fact, the aggregates rather resemble the behaviour of a roughened, less ordered
Pd(111) surface [179].

Proceeding to the spectra of the smaller particles prepared at 300 K and the
series for the 90 K deposits, the positions of the bands are comparable, but their
half widths increase, especially for the 90 K deposits. The latter observation again
underlines the higher degree of heterogeneity with respect to the available
adsorption sites on the less ordered aggregates formed at 90 K. It is interesting to
see that the absorption band for on-top CO clearly increases as the particle size
decreases. Apparently, the occupation of terminally-bonded CO is strongly
preferred on small aggregates, and it might be speculated whether this is for steric
or electronic reasons. Anyhow, this preference is a rather general phenomenon for
at least Rh, Pd and Ni deposits, as proven by a number of similar reports in the
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Fig. 44. IR spectra of CO adsorbed on Pd particles grown at 90 and 300 K after saturation at 90 K (20
L) and annealing to the indicated temperatures (spectra taken at 90 K).

literature (see Ref. [4] as well as Refs. [10,180,191]) and our own studies on Rh
particles [181].

Fig. 44 shows a temperature series for a 90 and 300 K preparation. Without
going into details, the spectra clearly demonstrate that indeed the terminally-
bonded CO species desorb first, as already tentatively inferred from the XPS data.
For the smaller particles grown at 90 K, this behaviour is particularly
pronounced. In case of the 300 K deposits, the next desorbing species are the
bridge-bonded molecules on the edges. Apart from the remaining bridge-bonded
CO on the terraces, another species appears at 445 K, which can be identified as
CO on a three-fold hollow site in analogy to CO/Pd(111).
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6.2. CO dissociation

From a single-crystal study on Rh(210), it is known that CO adsorbs
dissociatively on stepped Rh surfaces [182], whereas no dissociation occurs on the
close-packed Rh(100) [183] and Rh(111) [184] faces. Thus, defects, i.e. co-
ordinatively unsaturated Rh atoms, are decisive for the CO dissociation activity
on Rh. According to a classification introduced by Boudart [185], this points to a
‘structure sensitive’ reaction, suggesting that a strong particle-size dependence may
be expected. In order to follow up this question, a detailed XPS study of the CO
adsorption properties on Rh/Al,O3/NiAl(110) has been conducted, which we now
discuss here [186-188]".

As shown in Fig. 45, the dissociation process can be clearly traced in the C 1s
spectra taken after CO saturation at 90 K and subsequent annealing to the
indicated temperatures. Due to molecularly adsorbed CO, a peak at about 286 —
287 eV is initially visible in the spectrum. This gradually transforms into a new
feature at 284 eV, which is typical for atomic carbon. (Note that some minor
carbon contaminations were already detectable at 90 K probably caused by
dissociation of background CO). Finally, a 600 K, no molecularly adsorbed CO is
present on the surface any more.

Naturally, fwo processes contribute to the loss of CO in the course of the
temperature series carried out here: desorption and dissociation. In order to
quantify the dissociation fraction, the area of the atomic carbon peak at 600 K
(diminished by the area of carbon contributions at 90 K) and the area of the
original CO peak have been determined. The ratio of the first to the second area
then represents the dissociated part. In Fig. 46, this quantity is plotted as a
function of the average number of atoms per particle revealing a maximum for Rh
particles of about 200 atoms. Accordingly, the dissociation activity does indeed
exhibit a strong size dependence, passing a maximum for medium sized aggregates.

Although electronic effects cannot completely excluded for very small particles,
an explanation for this behaviour on the basis of the structural properties of the
system seems most likely. Since the Rh deposits are basically disordered, it is easy
to imagine that aggregates of medium size exhibit a maximum defect density in
terms of steps, kinks and other low co-ordinated surface atoms. Smaller units
should contain less defects, in particular, if they are still 2D. In addition, spatial
constraints may play a role here as well (accommodation of C and O on adjacent
sites, see Fig. 45). At high exposures, the step density is reduced, due to
coalescence processes. For deposition at 300 K, the observed tendency to form
crystalline aggregates in the high-coverage regime is another factor contributing to

2 Remark: There is a discrepancy between the data discussed in Ref. [186] and the more recent results
presented here. According to the older work, the maximum of the CO dissociation activity is found at
somewhat larger particle sizes («~1000 atoms per particle as compared to 200 atoms, see Fig. 46). This
was due to a miscalibration of the metal evaporator used in our first experiments. A corresponding
erratum has been submitted to Chem. Phys. Lett.
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Fig. 45. CO dissociation on Rh/Al,0O3/NiAl(110): representative series of C 1s spectra taken after CO
saturation at 90 K and heating to the indicated temperatures (data acquisition at 90 K).

a lower defect density. This is consistent with the observation that the dissociation
activity declines much faster in this case (see Fig. 46).

An interesting detail concerning the dissociation process has been discovered by
a closer inspection of the C 1s emission of the molecularly adsorbed CO [187]. As
demonstrated in Fig. 47(a), the peak actually consists of two components, denoted
by A and B. The intensity ratio of both components is temperature and particle
size depended. At 300 K, the fraction of the total intensity found for component
B passes a maximum as a function of particle size [187]. If compared to the
fraction of CO finally dissociating (see Fig. 46), it turns out that the evolution of
these two quantities is identical, i.e. the maximum is found at the same point
[187]. Thus, B seems to be a kind of dissociation precursor. At 90 K, however, the
situation is different. Here, the relative intensity attributed to B is nearly the same
for all particle sizes [187]. Consequently, it is the heating step which causes a shift
of intensity from component A to component B, i.e. an increase of the B species
which is most pronounced for the medium-sized particles. Interestingly, this
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activity decreases in the regime of small particle sizes reflecting the behaviour of the 90 K deposits.

conversion is irreversible. Cooling down to 90 K does not lead to an intensity
redistribution again.

The conclusion that B is indeed a dissociation precursor is additionally
corroborated by Fig. 47(b), showing the intensity changes for the A and B peaks
as well as the losses which result either from desorption or dissociation [188].
Unambiguously, the desorption curve follows the curve for component A,
whereas, the dissociation curve mimics the development of the component B.
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Fig. 47. (a) C Is spectrum of CO adsorbed on Rh particles after saturation at 90 K; (b) Intensity
changes for the components A and B as well as the intensity losses due to dissociation and desorption
as a function of the annealing temperature (average particle size: ~10* atoms).
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Unfortunately, the results allow no further statement as to the nature of the A
and B species. It can be assumed, however, that the B species is connected with
CO adsorbed on defects. Based on the fact that higher co-ordinated CO species
give rise to lower C 1s BEs (see above), it may be also speculated as to whether B
is associated with CO in a higher co-ordination, as compared to the A species.

7. Concluding remarks

Without a doubt, metal-oxide interfaces, metal coatings or dispersed metals on
oxide supports play an important part in many technological areas. One of them
is heterogeneous catalysis, where supported metal catalysts are used to increase
the activity or control the selectivity of industrial reaction processes. Nevertheless,
there is still a lack of fundamental knowledge about the essential properties of
thin metal films and small metal particles on oxide supports, although a deeper
understanding could help to improve the electronic, mechanical or catalytic
performance of such systems. Some of the questions which need to be answered in
this respect refer to the following topics:

e Electronic properties of deposited metal clusters and thin films: how does the

electronic structure develop with increasing size/thickness?

Metal-oxide interface: what is the nature and strength of the bonding?

Adsorption and adhesion energies.

Diffusion of metal atoms on oxide supports.

Nucleation and growth: what are the activation energies for the elementary

steps involved? What is the prevailing nucleation mechanism? Under which

conditions are ordered/disordered particles formed? Is the growth process

influenced by an ambient of certain gases?

e Interaction with gases: in which way does the interaction strength/adsorption
energy change with size? Is the particle shape altered by gas adsorption?

e Catalytic activity: how does the activity/selectivity change with dispersion. Are
metal-support interactions of relevance?

It has long been recognised that some of the above questions can be successfully
tackled by taking advantage of the large potential of modern surface science
techniques. As mentioned in the introduction, a number of different approaches
have been proposed and explored since then aiming at the preparation of suitable
model systems.

In this review, we have discussed the possibility of using thin, well-ordered
oxide films as supports for the study of deposited metal particles. This approach
offers the advantage of allowing the unrestricted application of all experimental
methods, which rely on a good electrical or thermal conductivity of the sample,
such as PES, LEED, STM or TDS. With the help of several examples taken from
our own work on a thin alumina film, we have shown that it is feasible to
characterise such systems on a microscopic level with respect to all relevant
structural, electronic and adsorption properties. In this way, correlations between
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these features can be established, thus helping us, to understand the particular
chemistry and physics of small metal aggregates.
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