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Octopolar reconstruction of an
NiO(111) film on an Ni(111) sur-
face is clearly evident from elec-
tron diffraction and electron
energy loss spectroscopy (dark
ellipses: superstructure reflec-
tions; light grey shaded circles:
main structure reflections), and
is modeled as shown on the left.
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During the last thirty years the research
field of surface science with its various
disciplines has progressively played a
more and more important role in the
field of catalysis. The main focus of at-
tention for a long time was research on
metal surfaces, on which, in time, the

of CO, especially through the work of
Gerhard Ertl.™ 2 [n contrast to clean
metal surfaces, surfaces of real catalysts
arc complex entities, the structures of
which can have a strong influence on the
processes occurring on the surface.
Thus, it seems logical to employ the typ-
ical structural c‘na'acteristics and the
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Introduction

Surfaces of solid materials are interesting research objects.”®)
Nowadays, a detailed knowledge of the correlation between
geometric and electronic structure and their effects on chemical

eactivity is already available for certain classes of materials

such as metals and elemental semiconductors.™ [n contrast,

corresponding information for many, very simple compound
systems such as oxides. carbides, and nitrides is still very rudi-
mentary."® *1 This is even more surprising, since a great number
of compound systems show technically relevant reactivities on
surfaces, and oxides are suitable support materials for dispersed
metal catalysts. In such cases, there are distinet interactions
between metal and oxide such that the complex structural and
electronic processes on the interface between metal and support
determine the chemical reactivity. Presumably these are the rea-
sons for the recently increased activity in this area.> " '3 [n their
book Surface Science of Oxide Surfaces Henrich and Cox im-
pressively summarized the data known up to the beginning of
the 1990s on the clean substrate.’® [t is clear that for experi-
ments on oxide surfaces, a typical example of a compound sur-
face, the preparation of the sample plays a significant role: from

[*] Prof Dr H.-J Freund
Fritz-Haber Institut der Max-Planck-Gesellschaft
Faradaywey 4-6. D-14195 Berlin (Gern 1y)
Fax: Int. code +(30)84134101
e-mnal: [reundar -berlin.mpg.de

the thermodynamic point of view. a well-defined oxvgen pres-
sure in the gas phase determines the oxide stoichiometry '8!
This does not exist under ultrahigh vacuum (UHV) conditions
necessary for surface experiments. The stoichiometry of the ma-
terial under these conditions is, thus, sometimes determined
only by a kinetic hindrance, and therefore the method of sample
preparation is of significant importance. The methads of prepa-
ration of the surface give rise to essential lly two cutcgories of
experiments on compound surfaces: 1. Experiments on surfaces
on single crystals;®! 2. experiments on epitaxially grown thin
films.[”!

Whereas, in research on thin films one must always consider
whether the electronic structure of the substrate corresponds Lo
that of the single crystal. this problem naturally docs not occur
for samples of the first catergory. However, experimental diffi-
culties associated with the execution and interpretation of elec-
lronic spectroscopic measurements can occur (charging etc.)
when dealing with an electrica! insulator as a single crystal. Also
rapid heating and cooling of the surface of the sample can be a
problem in such cases, In thin film studies these problems are
limited by the thickness of the filn1. from which il is possible to
determine if the electronic structure of the film is comparable to
that of a single crystal. Furthermore. different crystallographic
orientations in the form of thinly covered surfuces can be suc-
cessfully prepared. This can be a distinct advantage over the use
of single crystals when considering experiments on polar sur-
faces of ionic solids. This question will be dealt with in morc

etail in Section 3.1.



The comprehensive study of compound surfaces would cer-
tainly benefit from a combination of both strategies. It appears
highly likely thatin the future experiments will provide similarly
detailed information about compound surfaces as is known
about metal surfaces.™ With the increasing knowledge about
compound surfaces, such as oxides, it becomes more tempting
to go a step further in terms of the complexity of the system and
move towards modeling dispersed metal catalysts.!'®! Hereby
we could possibility benefit from the combination of the above-
mentioned research directions and to a certain extent form a
bridge to application. In this area the experience gained with
metal surfaces and compound surfaces can be combined. To
fulfill the modeling of dispersed model catalysts metals would be
introduced onto the appropriate compound surfaces (e.g. oxide
surfaces).[*% Some examples will be discussed in this review,
though not only in terms of the structure and morphology of
these systems put also in terms of their electronic structure, their
adsorption properties, and their chemical reactivity.

Thus, in light of these considerations we include a section on
clean oxide surfaces followed by one about dispersed metal sys-
tems on oxide supports; however, first of all in the next section
we introduce the terms applied and list the techniques utilized.

2. Terms and Techniques

[fone splits a regular lattice along one of the crystallographic
directions, two sublattices are formed that both have regular
surfaces as boundaries. With elementary solids these surfaces
are identical; however, this is not necessarily the case for com-
pounds. The resulting surfaces are termed volume-terminated.
The surface atoms are located at a different coordination envi-
ronment than the atoms in the bulk. This leads to a change of
the interatomic distances and manifests itself, for example,
through the relaxation of the interlayer distances or in a recon-
struction; that is, a full laterai and vertical (buckling) restructur-
ing of the atoms in the surface and in the regions near to the
surface.

The structures are {requently churacterized by electron dif-

fraction (low energy electron diffraction (LEED)) or by ims ging

force microscopy (AFM)), and the surface lattice is character-
tzed in terms of lattice vectors in units of length and with respect
to the orientation of the bulk lattice vectors.?!- 22! Figure 1 (for

Figure I. Possible defects in a predominantly (111)-orientated NiQ surfuce. The
ideal (111) surfaces could occur as oxygen- or nickel-terminated. Furthermore.
facets could exist with (110) oz (100) orientation next to point defects Y and octopo-
lar recenstructed regions Z. The reconstructed surface can be both nickel- and
oxygen-lerminated.

an extensive discussion see Section 3.1} shows situations in
which both the lateral order of the atoms and the interlayer
distances have changed. The lattice vectors of the surface unit
cell are twice as long as those in the bulk and are oriented in
exactly the same way. This is referred to as a p(2 x 2) structure
(p = primitive, (2 x 2) = double length in both directions of the
surface). Correspondingly, (]/3 ﬁ/i)RBD" denotes a structure
with crystal vectors, which are }/'3 times longer than that of the
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bulk and which are both rotated by 307 anticlockwise with re-
spect to the bulk lattice vectors (R30%).

In order to determine the interatomic distances and atom
coordination experimentally, in the electron diffraction experi-
ment a definite geometry is chosen, and the wavelength of the
scattered electrons is varied simply through a change in the
acceleration voltage V. The number of diffracted electrons in a
certain reflection, that is the current /, is then determined as a
function of ¥. Thereby I/ ¥ curves are obtained, which are fitted
through model calculations for structure determination.”? The
system is stabilized by surface reconstructions and adopts the
corresponding minimal surface energy.f*3

Surface defects and inhomogeneities play a special role in the
stability of the surface. Defects can be characterized with respect
to their structure and distribution by analysis of the reflection
profiles in electron diffraction patterns. [n order to eliminate the
influence of the surroundings such that clean surfaces can be
investigated, the surfaces are prepared under ultrahigh vacuum
conditions of between 107% and 1077 Pa, under which only a
comparitively small number of collisions per centimeter squared
of surface is expected in about an hour. If a ““clean™ surface is
placed in a gas atmosphere, the surface atoms in regular sites
and defects are capable of bonding through their unfilled valen-
cies to atoms or molecules from the gas phase, and thus stabilize
the surface.

The surface structures adopted after gas adsorption clearly
are generally different from those of the clean surfaces. The
lattice vectors are characterized as discussed above. Evidently,
the structures formed depend on the amount of gas adsorbed.
Since the actual amount of gas bound is determined by the
sticking probability, frequently no absolute surface coverage is
given, but only the gas dosage. The unit of the dosage is the
Langmuir (L) and corresponds to a supply of a gas at 107* Pa
for 1 s. This unit became established because at this dosage it
was possible to obtain full coverage with a sticking probability
of 1 on a surface of 1em?in 1s

Even though absolute coverages are not usually indicated,
they can be determined experimentally**! A typical procedure
is based on thermal desorption spectroscopy (TDS), in which
the flow of the desorbed particles from the surface is determined
with a quadrupole mass spectrometer, while the temperature of
the sample is continually increased. Kinetic parameters such as
the activation energy for the desorption and the desorption rate
and order can be determined from the form and temperature
range of the observed desorption structures. Thermodynamic
data are accessible by analyzing the adsorption isotherms.
Calorimetric measurements are likewise possible.

PES: photoclectron spectroscopy
XPS: X-ray photoelectron spectroscopy
(AR)UPS: (angle-resoived) ultraviolet photoelectron spectroscopy
AES: Auger electron spectroscopy
(HR)EELS: (high-resolution) electron energy loss spectroscopy
HAS: helium ion scattering
ISS: ion-scaltering spectroscepy
STM: scanning tunneling microscopy
AFV' atomic force microscopy
SPA)-LEED:(spot profile unalysis) low-cnergy electron ditfraction
'RAS, infrared reflection absorption spectroscopy

Scheme !. Surfuce-sersitive spectroscopic procedures.

The s ; ctroscopic properties are established by a number of
surface-sensitive procedures. Scheme | contains acronyms and
procedures, which are frequently appiied. The methods have
been disccused in detail in the literature ™ 2' =24 A final com-
ment: the reason for the use of electron spectroscopic proce-
dures is based on the strong interaction between slectrons and
the condensed state. This limits the escape depth of the electrons
from the solid and causes the high surface sensitivity of the
procedures.

3. Experiments on Clean Oxide Surfaces
3.1. Structural Priaciples and Energetics

Systems that crystallize in a simple lattice type are particularly
well suited to introducing structural principles and energetics of
compound systems.'® These systems include binary oxides that
exhibit a rock salt lattice, that is NiQ,P?¥ Co0,1** Fe0.[*3!
Figure | shows a schematic representation of the NiO sur-
face!**! with differently oriented facets. The corresponding sur-
face energies are given in Table 1. The following discussion will
show that the greatly differing energies, which wili be considered
in detail, fundamentally determine the reaction behavior.

Table |. Surface energies in the NiQO system.

Surface Eqe[Im™7
NiO(100) 1.74 [29]
NiO(110) 3.98 [29]
NiO(111) = [29]
NiO(111) missing row 8.18 (30]
NiO({ 11} octopolar 4.28 [30]

NiO(111) hydroxylated nat xnown. ouf possinly < Eq:(:10) [32]

Starting from the nonpolar (100) surface, the surface poten-
tial will be discussed with the aid of the stacking sequence along
the normal of the surface®® as shown in Figure 2. Thereby we
will start with the extreme case of full ionic bonding; that is the
covalent share of the bonding and of the hybridization will be
initially neglected. On a nonpolar surface there are equal num-
bers of cations and anions available. This is not only valid for
the surface but also for every layer along the {001} direction.
Thisresultsina disappearing dipole moment u perpendicular to
the surface, regardless of the number of stacked layers. The
potential has its final value directly on the surface and drops
exponentially in vacuum.

NIO(111) NiO(100)
| 00089008 L 2]
| $2686 00999 § ® o900
9 0 o 9 @
2S00 609 ® o006 0
BB HLE 5RHLD > O ® ® ®
DEBSHEBEBD ® e 000
Figure 2. Charge distnibution in polar (left) and nonpolar (right) oxide surfaces

Section perpendicular to surface. » = intzratomic distance.



In contrast, a completely different situation exists on polar
surfaces. Every layer is occupiced with only one sort of ion. and
consequently, because of the stoichiometry. a transition to the
next layer results in a change in the type of ion and charge. Thus,
there is a dipole moment perpendicular to the surface that in-
creascs finearly with the number of layers N and diverges with
N tending to infinity. [n the simplest case of a completely ionic
bond the potential ¥ at the surface can be described with Equa-
tion (a).7 The potential disappears only very slowly into the
vacuum with clear expansion of the surface (S: size of the sur-
face unit cell).

2

V= ST[Nh[Eﬁ~I]+-‘:(1 — )] (a)

Such a situation leads to unstable surfaces, which as a rule
cannot be produced to a high standard through cleavage of a
single crystal. The corresponding attempts led to strongly
faceted surfaces, in which the facet faces again consist of the
stable, nonpolar layers with the characteristic coordination of
the ions. A coordination like that of the polar surface is found
only at the corners and tips of the faceted areas.®- 28 29!

Concepts of how such an unstable situation can be stabilized
can be derived from Equation (a): Since @ represents the charge
on the surface relative 10 a reference layer in the center of the
crystal, it shows clearly that the surface charge reduces to half
its value (¢ =1/2) through the disappearance of the linear diver-
gence terms in V. This layer charge reduction can be achieved in
several ways:

a) by the loss of ions from the first layer of the surface3%
b) by a reconstruction of the surface affecting several lay-

Crsflﬁ. 29]

c) by a terracing with long-range periodicity
d) by providing the surface with an adsorbed layer with only

half the charge (3']

Figure 3 shows schemutically how these charge reductions
alter the surface structure. In Figure 3a half of all ions in rows
in the first layer have been arbitrarily removed. Since on a
hexagonal surface there are three equivalent directions, a do-
main structure can be expected with an electron diffraction pat-
tern corresponding 1o a p(2 x 2) structure. Figure 3b shows a
reconstruction extending over several layers, which has already
been discussed very early on by Lacman®®! as a possible stabi-
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Fiaure 3. Possibilities for stabilizing polar : a) Charge reduction by re-
movatl of half of the OF  ions. by octopolir reconstruction. ¢} domain formation.
) adserption.

lization of the polar rock salt surface. Recently Wolf?*! showed
theoretically that this is in fact the most stable reconstruction
(sec also Table 1).1%* This kind of surface reconstruction is de-
scribed as an octopolar reconstruction because it can be identi-
fied by octopolar cube units in the surface. This reconstruction
can also be regarded as a faceting with (100) microfacets. A
more detailed examination allows us to recognize the concept of
charge reduction.!™ Concentrating on the first layer, three-quar-
ters of the cations are missing, which corresponds to a charge
reduction of 75 %, which is correspondingly S0 % more than the
condition required for stability (i.e. 50% charge reduction). In
contrast, in the second, negatively charged layer, only a quarter
of the corresponding counterions are missing, thus 50% less
than the requirements for stability. The third layer is already
complete. In summary, the first and second layers give an over-
rall charge reduction of 56%. This reduction would lead to a
hesagonal structure likewise with a p(2 x 2) electron diffraction
pattern.

Figure 3¢ depicts a terracing, which involves the first to third
layers and leads on average to a halving of the charge on the
surface. However, one must not forget that above every single
terrace the surface potential diverges, and only on average is the
condition for stability fulfilled. Thus, it is assumed that if such
a situation occurs, the size of the terraces must be very limited.
The diffraction pattern relative to that obtained in the recon-
struction case would not be changed to a first approximation.
Figure 3d shows the adsorbate termination of the polar surface.
In exact terms, this could be imagined as a layer of OH ™ ions,
which would have only half the charge of a pure 0%~ ion layer.
The formation would occur either through the adsorption of
protons on an oxygen-terminated layer or through adsorption
of OH™ ions on a nickel-terminated layer.**! The electron dif-
fraction pattern would not be differentiated from the nonrecon-
structed layer with respect to the symmetry. However, the
changed electron diffraction cross sections would be revealed
experimentally from the current—voltage curves.

Nonpolar and polar surfaces can be prepared experimentally
in different ways.” ~'7! The techniques have been described of-
ten and thus shall not be discussed in detail here. In summary
there are three techniques: In the first. the single crystal is
cleaved in situ under UHV conditions and investigated.” [n the
second method the single crystal is cut under non-UHV condi-
tions and then under UHV conditions cleaned and prepared
through sputtering, and finally heated in an oxygen atmo-
sphere.> 127181 The third method involves the production of
thin films through epitaxial growth.!”! The advantages and dis-
advantages of the different kinds of sample were indicated in the
introduction.

3.2. Adsorption and Reactivity: Nonpolar Surfaces

Nonpolar surfaces show. when perfectly prepared. increas-
ingly low adsorption enthalpies. In conjunction with this the
surface loses chemical reactivity. In all documented experiments
the perfect terraces are very similar to a bulk-terminated sur-
face. LEED experiments®* 738 and increasingly also He dif-
fraction studies®*®-*% show only small relaxations and a stight
“buckling” of the first layer with outward relaxation of the large



anions. The effects are all within the range of a few percent of

the interfayer distances and will not be described in detail here.
in the ideal case of perfect terraces. molecules such as NO and
CO are relatively weakly bound to the nonpelar surface. CO/
MgO(100) has an adsorption energy of 0.2 eV and represents a
physisorbed system.'**~*3 CO/NIG(100)* and NO/NiQ!2%
display adsorption energies of 0.3 and 0.3 eV, respectively,
somewhat stronger interactions, which one would describe as
strong physisorption or very weak chemisorption. In spite of the
relatively weak bond, the molecules are aligned on the sur-
face.l*%! On the NiO(100) surface CO is oriented perpendicular
to the plane of the surface such that the carbon atom is coordi-
nated to Ni. [n contrast, the axis of a NO molecule is tilted at 45°
to the surface normal 1231 As with CO, the coordination is to Ni,
though the bond takes place through the nitrogen atom.

A series of theoretical studies has been carried out on the
bonding of CO to MgO and Ni0Q.123:#575% The calculations all
give binding energies that are far too small in relation to those
obtained experimentally. However, agreement exists since the
bond is based fundamentally on electrostatic effects: the ionic
surface interacts with the multipole moments of the molecule.
Covalent bonding components were not found in the given ex-
amples. In particular, it appears that the tried-and-tested Bly-
holder model!®" for transition metals cannot be used for the
analysis of the bond between CO and a transition metal oxide
surface. There are many reasons for this,"*> 73! among which
the most important is that the open d shell in NiO cannot hy-
bridize with the energetically high-lying s orbital of Ni** and
thus loses the flexibility of the “preparation” of suitable bond-
ing orbitals that is possible on the surface of a metal. The open
d shell is thus strongly spatially localized such that in addition
to the hindrance from the bulky oxygen atoms, a molecule can-
not be bound through a g-donor—m-acceptor interaction. Fig-
ure 4 provides a detailed comparison of the classical Blyholder
bonding mechanism with that of the effective bonding mecha-
nism of the examined oxide surfaces.

[n the first case a metal band exists with considerable disper-
sion. In this meta! band structure, the s- and d-metal atom
orbitals are hybridized because their energies lie in approximate-
ly the same energy region. Unfilled metal bands interact with the
filled 5o orbital of the CO molecule and contribute to the for-
mation of a c-donor bond. Occupied bands can form a n-accep-
tor bond with the unoccupied 2rt orbital of the CO molecule.

[n the second case the metal atoms or ions are separated by
the oxygen neighbors, such that the development of a band
structure for the resultant strongly localized d states can be
neglected to a first approximation. The typical ligand field split-
ting of a square pyramid with a triplet ground state is observed.
Naturally, the oxygen orbitals develop a band structure whose
energetic position is schematically shown (O 2p). Calculations
show that the unoccupied s orbitals of the Ni ions are very
strongly destabilized. Thus, only an exceptionally weak So-d
donor bond or none at all can be formed. particularly since the
relevant d, orbital of the Ni** is singly occupied. For a n-accep-
tor back bond. the CO molecule must move very close to the d
orbitals; on a (100) surface this is prevented by the Pauli repul-
sion betwesen the 50 and 1x electrons and the electrons of the
oxygen atoms. The situation with MgO is even more apparent.
since Mga*~ has formally no valence electrons.
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Figure 4. Schematic representation of the bonding of CO on transition metal sur
laces (left) and oxide surfaces {nght)

The changes in vibrational frequencies for CO and NO rela-
tive to those in the gas phase can also be understood in the
context of an electronically dominated interaction. Here. three
effects play a role. The first is the wall effect,[*3! which takes into
account that in a CO bond stretch, the carbon atom vibrates
against a more-or-less rigid wall. This shifts the vibrational fre-
quency to higher values. The second effect is dipole—dipale
couplings: A chemical interaction which represents the third
effect would lead to 2 lowering of the vibrationa! frequency
provided that through this interaction the antibonding 2n or-
bital of the CO molecule is populated. A shift of this kind occurs
for adsorbed NO.

For CO on MgO(100),**7*3 NiO(100),** and CoO-
(100).1*" the CO stretching frequencies are near or even slightly
above that of the gas phase value. This is consistent with the
above-mentioned electronic considerations. However, for NO
there is a great deal of support that it not only electrostaticalily
interacts with NiO(100) and CoO(160). since the NO stretching
frequency is between 9 and 13 meV lower than that in the gas
phase, which at the moment can only be expiained succinctly
through chemical interactions.f23 321

Calculations by Staemmler et al. support this statement.[*3!
These calculations use the ““cluster approximation™ in which the
molecule interacts with a relatively small part of the NiO surface
that is described fully and correctly by ab initio methods. This
cluster is then embedded in a half-infinite arrangement of point
charges, in order to simulate the docking to the bulk crystal.
Figure 5 shows an extremely simplified MO diagram. Two ex-
treme cases—perpendicular and tilted NO--are compared.!*¥!
[n contrast to CO the 2m orbital is occupied. and lies energatical-



ly at a clearly lower ener-
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Figure 5. Schematic representation of the
bonding of NO adsorbed on NiQ(100) with
pepeniielr () und skl £om4  bonging and aniibond-
tron picture. ing combination and

with the corresponding
occupation lead to a stabilization of the bond. Detailed calcu-
lations reveal that the configuration after NO adsorption shown
in Figure 5 right is one of many possibilites. However, configu-
ration calculations show that the angled configuration is the
most stable. Evidently, one must be clear that the bonding on
the oxide support layer, if it exists, can only be compared in the
cxtreme case with the bonding in NO complexes. At any rate the
calculated charge transfer between the systems on adsorption is
very small.

3.3. Adsorption and Reactivity: Polar Surfaces

Polar surfaces are more reactive, even if their structure is well
developed.tt9 #1314 23 =57 Their preparation by epitaxy is just
as possible as that of nonpolar surfaces. Reasons for the high
reactivity are quite evident.* 3751 {n general, the fundamentally
higher surface potential is the source of the increased reactivity
and strong molecule-substrate bond. In addition, local effects
such as the changed coordination of the metal ions in the sur-
face, which limits their ease of reachability for the molecules in
the gas phase, and the large influence of local field strengths
have to be taken into account. The local situation faced on a
polar surface evidently also occurs in defects on nonpolar sur-
faces. For instance the oxygen site on a (100) surface: The mi-
crofacets in this case are (111) oriented. Needless to say the
opposite situation is observed on the tip of a (100)-oriented
crystal. Pacchioni and Bagus™ have shown with help from
SCF calculations the following trend: the interaction energy on
such defects increases relative to that on (100) terraces even if
the estimated absolute value is viewed with a certain amount of
sceptisism due to difficulties that arise in the estimation of ad-
sorption energies. Analogous conditions should be expected al-
so for polar surfaces. However, in addition in this case there is
the above-mentioned global surface potential, which can induce
distinctive reconstructions of the surface. We would like to
demonstrate this with two examples.

First let us consider the NiO(111) surface. [t can be produced
either as a relatively thick film (=50 /f\) on the Ni(111) surface
by oxidation,®" or as a relatively thin film (<10A&) on a
Au(111) surface by oxidation of vapor-deposited Ni.%8! Films
grown on Ni show a well-developed p(1 x 1) LEED diagram,
regardless of their actual thickness. Analysis by vibrational
spectroscopy, in this case electron energy loss spectroscopy

(EELS). shows that OH groups are located on the surface.*!!

This means that the surface has stabilized itself during the
growth by uisng the impurities present in the gas, and thus
created a situation like that shown in Figure 3d: the first layer
is saturated with OH groups and in this way reduces its surface
charge by a factor of 2, which 1s a necessity for stabilization.
Removal of the OH layer by heating, leads to the intermediate
formation in the ideal case of an OH-free NiO(111{) surface,
which is not electrostatically stable znd thus reconstructs.®%
The above-mentioned octopolar reconstruction is observed
(see Figure 3b). If water is added to the reconstructed surface
with the p(2 x 2) LEED pattern, the final state leads again to
a p(!1x1) LEED pattern. We observed this event with a SPA-
LEED apparatus’® and with a focused p-LEED system.[8%1 A
thin film on Au(111) shows that this is not a reversible phe-
nonomen.®?! Furthermore, in this case the film forms in the
reconstructed form and cannot be forced into the p(1 x 1) struc-
ture through the use of H,0.

Figures 6 and 7 show the appropriate experimental data.
LEED and structural data for the relatively thick NiO film on
Ni are shown in Figure 6.7 and the atomically resolved
structure of the thin Ni film as an STM picture in Figure 7.15%
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Figure 6. LEED pictures of the NiO(111)/Ni(1!1) system and their schematic rep-
resentations {durk ellipses: superstructure reflections, light grey shaded circles:
main structure reflections). I: Unreconstructed surface: [ and [II: p(2 x 2} recon-
structed surface; IV: Maodel of the octopolar reconstructed NiO(111) surface.

It is assumed that the lacking influence from adsorbed H,0 on
the very thin film is attributed to the lack of a distinctive surface
potential divergence, which could drive the process. This is ob-
served during the reconstruction with the formation of (100)
facets, which are arranged at an angle of 70° to the global (111)
direction, and also confirmed by adsorption experiments.©*2! If
CO is adsorbed on an octopolar reconstructed surface. a global
tilting angle of the CO uxis is observed, which is consistent with
that of the facets, if, as in the case of adsorption on NiO(100),
a perpendicular ordering of the axis is assumed for CO.

This together with the surface reconstruction that accompa-
nies the adsorption of H,O could have significance in real cata-
Iytic events, as Helmut Papp and co-workers have recently



Figure 7. a) STM diagram of the p(2 x 2) reconstructed NiO surface, epitaxically
grown on Au(111) (constant current topegraphy (CCT), 250 Ax250A, —5 V.
0.5nA). b) Sample as in 1) (CCT. 35 Ax 354, —0.3V, 0.50A).

shown:® through topotactical decomposition of Ni(OH),,
NiO powder can be produced whose crystallites show predomi-
nantly the (111) orientation. The activity of this powder was
tested with the DeNOx reaction, that is the decomposition of
NO with NH, to give N, and water. The activity was shown to
only start at a temperature above 400 K. At this temperature the
last thrust of water loss takes place, and the OH groups bound
to the initially well-defined N1O(111) film begin to separate off
as water. Thus the next logical step is to combine both processes,
which leads to the conclusion that the water-free but recon-
structed surface has sufficient energy to drive the DeNOx reac-
tion, whereas this is not the case for the OH-covered surface.
As a second example we chose the Cr,0,(0001) surface, a
polar surface of the corrundum type.[®! Schematic representa-
tions of the of possible structures of the terminated bulk are
given in Figure 8.1°27 %% These are unstable for the same reason
as the corresponding structures with the rock salt structure. A
reconstruction that resembles that shown in Figure 3a occurs
on the Cr,0,{0001) surface. We know from ion-scattering spec-
_troscopic measurements!®* and from LEED // ¥ analysis!®®- 871
that only half of the expected chromium ions lie on the surface
after bulk termiration. From the honeycomb structure only a
hexagonal arrangement of Crions remains (Figure 9a), which,

by Toeak 11 A

Figure 8. Dilferent terminations of a Cr,0, surface: ) by a complete layer of
oxygen ions, b) by a complete layer of chromium ions. ¢) Schemalic representation
of the layer sequence

Figure 8. a)-View of the reconstructed, depolarized Cr,0,(0001) surface. b) Sche-
matic representation of the relaxation in the interlayer distance after surface recon-
struction.

however, still gives the same LEED scattering pattern as the full
layer. This pattern is, however, only observed at low tempera-
tures (90 K).®*1 On increasing the temperature a sharp scatter-
ing pattern of a (},/"ix },@)Rm” structure develops at 150 K,
which at higher temperatures becomes diffuse.®* The relax-
ation of the interlayer distances at 90 K is very pronounced and
reaches deep into the solid.®®” This leads to the conclusion, as
Figure 9b shows, that the surface chromium ions are nearly
embedded in the oxygen layer. There are some indications
for strong relaxations from theoretical approximations on
Al,0, /%889 which is isostructural to Cr,0;. The relaxations
amount to 50% of the interlayer distances. Furthermore, the
observed structural changes with increasing temperature point
to dynamic processes. The temperature-dependent EEL spectra
indicate that the ions could either undergo site changes or mag-
netic scattering in the antiferromagnetic material or small local
surface distortions could occur;®* however, very little is known
about the exact mechanism.

Further indications of dynamic processes on films are ob-
tained from adsorption experiments with oxygen. 377071 [ 4
clean Cr,0,(0001) surface is dosed with molecular oxygen, this
will be adsorbed molecularly at 90 K. IR spectra (Figure 10)
contain an absorption band at about 1000 cm ™', which by ex-
change of '°0, for %0, gives, in accord with the isotope effect,
a small shift in frequencies.!”") The band is relatively wide, and
experiments concerning the O, coverage, point to the presence
of many different adsorbed O, species.'??! If the temperature is
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increased to 415 X, oxygen dissociates and chromyl groups are
formed. The TR spectrum now contains a sharp, slightly asym-
metric band. If the dissociation is monitored with isotope-la-
beled '*0,, in addition to the Cr~'%0 band shifted by the
isotope effect, the Cr~ 'O band is also present. Whereas the
molecular O, adsorption occurs with no exchange with the oxy-
gen in the lattice, O, dissoclation and the formation of the
chromyl groups leads to an exchange with lattice oxygen.

These observations allow a few conclusions to be drawn
abourt the bonding state of the oxygen on the surface: firstly O,
is known not to be [R active in the gas phase. Evidently, the
adsorption leads to a noticeable change in the electronic struc-
ture of the molecule. Photoemission experiments!”? reveal that
these changes possibly arise from a very small charge transfer
from the surface to the molecule. Thus, this cannot be consid-
ered as a fully formed O species even though the shift of the
vibrational frequency from 1555em™'"*1 {0 1010 em ™! would
be consistent with this.

The observation of the O, vibration in the adsorbed state also
allows conclusions to be made about the bonding geometry: If
the molecule lays flat on the surface, the induced dipole can be
screened from the electrons in the underlying layer, provided
that the polarizability is sufficiently large."*) This leads to an
overlap of two opposing dipoles and thus to a disappearing
transition dipole moment. In contrast, if in the other extreme
case where the molecule is perpendicular to the surface, the
overlap leads to a strengthening of the induced dipole moment.
For the system considered here, we conclude that the adsorbed
O, molecule does not lie flat on the Cr,0,(0001) surface but
end-on bound to a chromium 1on. As already mentioned, after
the O, dissociation a chromyl species develops. The IR absorp-
tion of the Cr-O double bond lies in the same frequency range
as that of the modified O, bond. This is also evident from a
comparison with the [R spectrum of CrQ,CL, 1% The two rela-
tively heavy Cl atoms represent to a good approximation the
“surface” onto which the chromyl groups are bound. The vibra-
tional stretches of the chromy! groups cccur at 990 and
1000 cm ™! for the symmetric and antisymmetric combination,

respectively. of the two Cr=0 vibrations.

We had initially expected that two chromyl
bonds per chromium ion form on the surface, since
the Cr=0 band was always asymmetric and in
many cases clearly split. This splitting could be
attributed to the corresponding symmetric and an-
tisymmetric combinations. However, there could
also be two different chemical species with single
Cr=0 bonds on the surface next to each other
Isotope labeling experiments!”® 72! clearly indi-
cate that only single Cr=0 bonds form on the
surface, and thus there must be two different spe-
cies. If this is compared to the situations after dis-
sociation from 'f0, and from '*0, on a Cr,-
(*%0),(0001) surface, the expected band for the
two Cr="30 bonds is never found in one mole-
cule. This result agrees remarkably well with the
findings for polycrystallized Cr,0,."" " Iater-
estingly, chromyl groups form on the surface not
only through adsorption of O, from the gas phase,
but also by repeated heating of the clean surface.
[sotope labeling experiments show that these groups form by
oxygen diffusion through the film.l’%

The above-mentioned experiments indicate that the chromi-
um ions on the surface are the active adsorption sites. This
becomes even more apparent if, after coverage with oxygen,
attempts are made to adsorb a further compound such 45 ethene
or CO.I7% 73 Thermal desorption studies show that after satu-
rated coverage with O, the adsorption of further particles is
strongly reduced.

In contrast, if ethene or CO is supplied to a clean, that is not
oxygen-covered, Cr,0,(0001) surface, a bond is formed to the
support.l7% 731 Figure 11 shows the results from an IR spectro-
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Figure 15, [R spectra of a Cr,'0,(0001) surface after dosing with different
amounts of C,H, at a surface temperature of 90 X



scopic study of the coverage with C,H, at 90 K. The frequency
regions of the CH bending vibration v, (CH) and the symmetric
CH strelching vibration v (CH) are shown. Even for small
coverages the bending vibration begins to shift in frequency with
a dose of | L. A measureable vibrational signal occurs from
about this amount of coverage. As for the case of the oxygen
adsorption discussed, the absence of the stretching vibrational
signal points to an ethene molecule oriented parallel to the sur-
face. possibly bound to a chromium ion. The photoemission
measurements provide evidence of a small charge transfer from
the molecule to the surface. At a large dosage the population
takes on a physisorbed state, which shows, through the occur-
rence of both IR bands, that there appears to be no detectable,
preferred orientation relative to the surface.

When thesc experiments are carried out under ultrahigh vac-
uum conditions, chemi- and physisorption are fully reversible,
which means that with a temperature increase the ethene de-
sorbs completely. In contrast. if the adsorption is performed at
about | bar and about 400 K, a reaction on the surface takss
place that we have interpreted as a polymerization of ethene [73!
which is in complete agreement with data from the Zecchina
group.'®®) After the polymerization, adsorbed OH groups are
formed. Such a finding is not completely surprising, since
chromium oxide is part of the well-known Phillips catalyst for
the synthesis of polyethylene ! %21 [n addition, similar experi-
ments have already been carried out on polycrystalline sam-
ples.®™ Based on the results described here, more can now be
said about a possible mechanism for this technically importan:
reaction: C,H, is adsorbed side-on on to a Cr** ion through a
small charge transfer, resulting in changes in the electronic
states of the Cr** jon, as we could show by EEL spectroscopic
analysis of the surface excitations of the chromium ions.U73!

Hitherto. there were no experimental results on thin film sys-
tems that indicated the direct formation of Cr*~ on the surface
as a consequence of ethene adsorption. Rather, the more accu-
rate picture is one in which an interaction between ethene and &
coordinatively unsaturated chromium ion is the active center for
ethene polymerization.®®®~%2 This result corresponds to the
classical bonding theory of a n-bonded ethene molecule.

[n contrast, CO bonds ina nonclassical way on a Cr,0,(0001)
support layer. Angle-resolved photoelectron spectra®® support
a case in which the CO molecule lies flat on the surface. and the
lone pairs of clectrons on carbon (55) and on oxygen (40) are
involved in the bond. This is further supported by the shifting of
the ionization energies of the appropriate states.® 83 The be-
havior of CO/NIiO(100)."** in which the interaction exists only
through the carbon atom. deviates considerably from that
of CO/Cr,04(0001).1%3) In contrast, it seems that NO on
Cr,0,(0001) is bound in a tilted manner in a similar way as on
NiO(100).2* How can the CO/Cr,0,(0001) interaction be
modeled? We know now that in contrast to previous assump-
tions the Cr,0, surface is very strongly relaxcd. This means that
the chromium ions are not as exposed on the surface as was
previously thought [## [t is, thus, not likely that the CO mole-
cule can simultaneously form bridging interactions with two
chromium ions. On the contrary, it is more likely that CO,
similar to ethene. is bound through a single Cr ton (Figure 12).
Thereby, a m bond is formed. which Icads to a shift of the in
ionization cnergy to a higher value. Only one component of the

I orbital is influenced by this C (1)
shift because of the high sym- K
metry of the adsorbate site. ;
However, since CO adopts a
position at an angle to the sur-
face plane. hybridization ef-
fects must be taken into con-
sideration, so that a clear
separation into two compo-
nents is not possible. The 5o
and 4o orbitals of CO in this
arrangement contribute very
little to a chemically bonding interaction, but experience the
pronounced Pauli repulsion of the closed-shell oxygen ions, and
are therefore shifted to higher binding energies. This shift resem-
bles the pure electrostatic shift of the 5o orbital in the CO/
NiO(100) system (sce Figure 4).%% As a result of the changed
adsorption geometry, in this case both o orbitals are influenced.
The bonding of CO on the support layer comprises two op-
posing contributions: the stabilization by the n orbital and the
destabilization by the repulsive o interactions with the substrate
(see Figure 12). The attempt to derive a charge transfer between
the CO molecule and the surface in the photoelectron spectrum
was not successful.®®*! CO produces the only adsorbate system
up to now on Cr,0,(0001) for which an ordered structure has
been found. The LEED picture has (ﬁx ]/E)RBD"' symmetry
and could be confused with the pattern of the phase transition
of the substrate. However, the //¥ behavier differs clearly for
the superstructure reflections of the two structures.®®! Further-
more, the CO superstructure is also detlected at low tempera-
tures at which the phase transition is not active. Whether the
interaction of the CO molecules with the Cr tons on the surface
stabilizes or influences the phase transition is still not clear. The
adsorption of a number of other different compounds leads,
however, to the disappearance of the phase transition.

Figure 12, Schematic representation
of the interaction of CO (with its p,
aad p, orbitals) with a Cr ton on the
reconstructed Cr,0,(0001) surfuce.

4. Experiments on Metal-Deposited Modified
Oxide Surfaces

The binary systems discussed in Section 3.3 can be modifed by
the introduction of additional chemical components. We con-
centrate here on the modifications achieved by deposition and
growth of ultrathin metal films. The systems created in this
way®7 """ can be considered as model systems for dispersc
metal catalysts. Thus. their study has a certain practical rele-
vance.

Typical metal support systems are those in which the metal
is a transition metal, and the support is, for example, composed
of 8i0,, Al,O,, or MgO. The methods discussed in Section
33 can be employed to produce well-ordered layers of
MgQU#! ~43- 1181201 ynd A1,0,.1'21-129% The preparation of
ordered SiO, layers still gives difficulties.!" * We have focused
our attention until now on the support system Al,O,. and thus
in the following, initially the structure and properties of the
support,l'21 1261 as wel] as the possibilities of its chemical mod-
ification by functionalization™ *"! will be considered, and there-
after the growth, morphology. adsorption. and reaction behav-
ior of the metal films deposited. 31 1421



4.1. Structure of a Support

A well-ordered, thin Al,O, film can be generated on a (110)
surface of a NiA] alloy single-crystal by oxidation and temper-
ing at 900 K.t*2*- 128 The choice of this system has several ad-
vantages. [f one tried to produce an Al,O, film on an Al sub-
strate, a film would be produced that covers the whole surface,
and thus to order this film, the temperature would need to be
raised to such an extent that the substrate would melt. In con-
trast. NiAl has a high melting point of 1638 °C. Al,O, is pro-
duced on the surface by oxidation; the freed Ni dissolves in the
NiAl bulk through heating because the thermodynamically
most stable phase in the NiAl system is the nickel-rich Ni Al
The dissolution of nickel in the bulk can be monitored, for
example, by ESR spectroscopy.!'*3! The thickness of the film
was determined to be 4-5 A from angle-dependent X-ray pho-
toelectron spectroscopy® **! and from Auger spectroscopy.l'#3!
The stoichiometry of the film corresponds within the limits of
experimental error to that of Al,0,.1"*'! Photoelectron spec-
troscopy and EEL spectroscopy were used to show that the film
contained no metallic Niand no NiO.!'211 The film is chemically
unreactive, and CO adsorbs on it only at low temperatures
(<80 K),"?% 2" whereas CO binds to the NiAl substrate up to
significantly higher temperatures.l'*®] Thermal desorption stud-
ies confirm the film formed covers the whole surface of the alloy.
Figure 13 shows a scanning tunneling microscope (STM) im-
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Figure 13. STM diagram (CCT, 500 A x 500 A, +4 V, 2 nA) of a partly oxidized
NiAI(110) surface. The Al,O, film can be identified by the characteristic striped
pattern (bottom left). A step of the NiAl substrate can be seen above [132].

age!'3¥ of the growing Al,O, film. The STM image shows two
terraces of the N1A] substrate. and above this an extended do-
main of the Al,O; film, characterized by the striped pattern in
the direction of the twist of the domain. The ALO; film is
remarkable in the way it spreads itself over the steps of the
substrate like a “carpet”, a phenomenon that is known, for
example, for the growth of alkali metal halide films on elemental

semiconductors.l!+7!

Figure [4. Top: Global LEED picture (35 eV) of the AL,O,/NiAl(110) system as
well as the enlarged representation of a region around the (0.0) reflecti
reflections that appear in addition to those of the oxide (marked grid) are at
to double scatiering on the substrate and oxide structure {incommensurably grown
2long [001]). Bottom: Schemalic structural medel derived from ;-Al,Q,. The size
of the unit cell of the oxide superstructure determined from the diffraction pattern
is marked.

Figure 14 shows the electron scattering pattern of the film
together with a schematic structural model ['2') The LEED pic-
ture, as indicated, still shows the reflections of the substrate.
Superimposed onto the substrate spots are the reflections
derived from a superposition of two domam LEED patterns, as
indicated in the diagram. The double diffraction reflections
through scattering on the Al,O; film and substrate exist but are
of a weak intensity (see Figure 14)."" 2% The two domain direc-
tions A and B are at an angle of 24° to each other. This twist is
forced by the arrangement of the large, nearly square unit cells
on the (110) NiAl surface. The arrangement of the Al,0; layer
in the (110) direction is substrate-related and commensurable, in
the perpendicular direction, however, incommensurable.

Figure 15 shows an STM image of the domain interface, (12°]
which has no atomic resolution, rather the protrusions show a
global variation of the electronic structure about the marked

Figure 13, STM image of the A1,O,/NiAl{110) system (CCT. 210 A~ 130 4. —2 V.
0.5 nA). The unit cells of the differently oriented domains A and B are marked
(cf. Figure 14).



unit cells. The STM image was recorded under conditions at
which electrons from the oxide layer tunnel to the tip of the
scanning tunneling microscope. Since the occupied density of
states of the oxide begins at about 4 ¢V below the Fermi energy
of the alloy substrate, high tunneling voltages are required.
Therefore, the distance between the tip and the substrate is
relatively large, and the lateral resolution is limited. If small
tunneling voltages are used, the electrons tunnel mainly from
the substrate through the film to the tip. This can be used to
reproduce the atomic structure of the NiAl layer immediately
beneath the Al,O; film.

Figure 16a shows an image of the hidden layer in the NiAl
substrate, directly bordering the oxide with atomic resolution,
which was recorded under the above tunneling conditions.!* 28!

Figure 16. a)STM i

1ge of the ALO, NiAI(110) system (CCT.90 A x 90 A, -1 V,
1.3 nA): b) schematie represent, of the atomic structure of the NiAl(110) layer
beneuth the oxide laver (derived from (a)).

Together with the schematic representation in Figure 16b it is
clear that through a regular displacement of every fourth atom
the incommensurability of the Al,O, unit cell is compensated in
this direction. The existence of this interface also clarifes why
the double scattering reflections in the LEED image were so
weakly pronounced.

The thickness of the Al,Oj film is comparable with two Al-O
double layers, as shown schematically in Figure 17. The Al,O,
film is oxygen-terminated, as we know from ion-scattering spec-
troscopic experiments.[!33713%) Both the intensity distribution
in the electron scattering pattern and the measurements of the
Al,O, band structure by angle-resolved photoelectron spec-
troscopy hint at the formation of hexagonal oxygen layers.('?!!
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Figure 17. Top: Schematic buildup of the Al,0,/NiAl(100) system. Bottom: High-
resolution photeelectron spectrum (left, Av =150 eV, perpendicular emission) and
HREEL spectrum (right). Substrate, interface, and oxide components are clearly
separated tn the photceleciron spectcum (£, = binding energy). The HREEL spec-
trum of the A1, O, film on NiAI(110) is compared to those of Al{ox)/Al and 2-Al,0,
(AE = energy loss).

Additional evidence for the formation of the layer is obtained
from photoelectron spectra in the region of the Al-2p core elec-
trons.['?'I The photoelectron spectroscopic signals of individual
layers in the film are assigned in Figure 17: The sharp doublet
arises without doubt from the alloy support layer; the weak
shoulder at about 74 eV must stem from the interlayer region,
since it returns strongly in terms of its relative intensity when the
spectrum is recorded at grazing electron emission, that is, lower
escape depths of the electrons;!'**) the most intensive signal in
the photoelectron spectrum stems from the fully oxygen-coordi-
nated Alions. The nature of the coordination environment (oc-
tahedral or tetrahedral) of the Al ions is hard 1o decipher from
this information alone. Similar information is provided in Fig-
ure 17 (bottom right) from the phonon spectrum of the film ! 21
which was recorded by using electron loss spectroscopy. Com-
parison with the spectra of z- and y-Al,0, leads to the conclu-
sion that the coordination corresponds more Lo that of y-Al,O,
than that of z-Al,0;. This means that tetrahedrally and octahe-
drally surrounded Al ions are present.



We have thus achieved an extensive characterization of the film
=nd established that we are dealing wi b a well-ordered Al,O,

ilm, which is free of hydroxy groups and which fully covers the
surface. Evidently, this film cannot correspond in every way to a
bulk single crystal, since in the direction perpendicular to the
surface the thickness of a unit cell of - or x-Al, O, is not achieved.
Nevertheless, it appears that in many ways the properties of this
film are those typical for -Al,O,, and the layver thickness has
only a limited intluence on the observed properties.

The fiim prepared in this way can now be directly covered
with metal. but it can also be chemically modified prior to the
introduction of the metal.!'**! Thus, it has been possible to
study the influence of functional groups on the Al, O, surface on
the growth and reactivity of thin metal films: Of special
cance in this context are hydroxy groups on the Al,O, surfaces,
and in the following the ways in which chemically modified films
can be prepared will be discussed briefly 1311487133

The basic concept is the following: Metallic aluminum is ab-
sorbed on to the ordered Al,O, film and then the laye
can be increased by oxidation with either pure oxy
oxidation with H,O a somewhat thicker hydroxylated alu-
minum oxide layer is achieved. This process can be monitore
by photoelectron spectroscopy (Figure 18).1'3*! The bottom
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NIA(110) surface (in
Clean ALQ, lilm: B: After deposition of | A Al
al 90 K und subsequent warming 1o 300 K.
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emission (0 )). A:
ter H,0 exposition

olocmission spectra of the chemic
=150 eV grazing (70 ) and perpendic
atloo K: C:

spectra (A) are those ol the clean Al, O, film, on the left hand
side by perpendicular electron emission, and on the right h:

side by grazing electron emission. Deposition of a part of a
monolayer of metallic aluminum leads to the spectra B. From
the production and the comparison with different spectra
recorded at different angles of emission, it can be seen straight
away that Al lies on the surface of the ALQ; layer. i
didh on to the appearance of new bands, the whole spectr

Thie lcabbeibnted ol
hifted to a smaller Cnergy range. 1nis is attriouted (o tn

that depending on the charge polarization in the interfacial lay-

ers. potential differences occur through the insulator laver.

e discussed in terms of band bend-
n with water leads

These differences can also
ing."3" and lead to these shifts. Hydroxylati
to a conversion of the metallic aluminum to the tonic form and
to the lop spectrum in the series (C). At the same time, thc O Is
spectrum indicates the formation of a shoulder, which is typical
for the presence of hydroxy groups. It is not surprising that
through this process the order of the surface is changed, though
it is by no means fully lost. The concentration of functional
groups can be controlled by varying the dosage of aluminum.
Evidently. it is conceivable that the formed OH groups can be
used to further functionalize the surface.

4.2. Morphology of Metal Deposits

Metals can be deposited on clean and on chemically modified
surfaces. F‘g ire 19 shows two STM images of metal deposits on
a clean Al,O; surface-—after deposition of 1/3 of a monolayer of
silver,[13?1and after about the same amount of Pt was deposited
on the same substrate."!*3! The substrate was at room tempera-
ture. Owing to the relatively high mobility of Ag, large particles
form that deposit on the pronounced step defects of the surface
(Figure 19.b). In contrast, the mobility of Pt is reduced to such
an extent that the platinum particles nucleate on the terraces.
The competition between the interaction between metal and
oxide and the thermal energy clearly decides on these processes.
The adsorplion energy E, ., is described by the classical Young

Figure 190 STM images of the ALLO,/NIAl(110) system alter metal deposition:a) |
growth at 360 X (CCT.400 A x400 X, —4 V.0.8 nA)y, h) Ag prowth at 300 K (CC
980 A x 900 A, —0.6 V. 05 nA)

Pt
T.




- 157 values

approximation [Eq. (b)],"'** 137! for which approximate
are known for the first two interaction energies, but the oxide;
metal term is usually not known.

- Emcm.;n — Coxide;metal (5)

Whether the metal particles move at a given tem per'iturc de-
pends on E . [f E,, <0, full coverage is attained, that means
a layer growth of the Frank-van der Merwe type. if E.>0,
three-dimensional islands are formed (Volmer—Weber growth
mode).!">7 [f a layer-by-layer growth is replaced at a known
layer thickness by a three-dimensional growth, it is referred to
as a Stranski-Krastanov mode. Naturally, the detailed defect
structure of the substrate and the introduced particles play an
important role for these processes, since the defects of the oxide
layer are nucleation centers for the deposited particles, as is
apparent from Figure 19.

However, it’s not just a case of the existence of defects per se
but also their nature. Palladium, for example, has a growth
behavior that is influenced by the existence of domain inter-
faces, as well as by the steps in the substrate and point defects
in the oxide layer.!' 37 This is illustrated in Figure 204, in which
Pd was deposited at 90 K. The Pd particles partly decorate the
domain interfaces, as can be seen in the figures. In addition,
there are particies on the terraces. If the same amount of Pd is
separated off at room temperature, the mobility is increased and
clearly larger aggregates form. Some of the aggregates in Fig-
ure 20 b adopt the form of small crystals. That these crystals are
limited by planes with a (111) orientation is apparent from the
electron scattering diagrams, such as that shown in Fig-
ure 20c.!3™ The oxide reflections are two diffuse, but clearly
definable, hexagonal (111) superstructure reflections rotated 127
towards each other. The double reflections stem from the
growth of the particies on both the Al,O, domains.

Figure 21 shows by using the (0,0) reflection as an example,
the shoulders of the reflection, which, after deposition of Pd at
two temperatures, become clearly defined at logarithmic intensi-
ty. From the form and the energy dependency of the shoulder in
the LEED reflection profiles, that is the dependency on the
energy of the scattered electrons, a well-documented analy-
sis133-13%1 provides information about the average island size,
island distance, island density, and number of atoms per island
(see Figure 22). At 300 K the size of the islands reaches a plateau
(Figure 22 A, I). At this point an equilibrium between nucle-
ation, diffusion, and growth is reached. Only if there is more
than 12 -15 A of material deposited does the average island size
grow further, through coalescence processes, that is the fusing

12 A Pd
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Figure 21. Intensity profile of the 33 ""'
LEED (0.0) reflection after Pd RIS alengy
depasition on Al O, NiAl(110)
il Jl ferent tcmperatures and

f wies. Lef: Growth at -
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Figure 20. Pd growth on ALLO,/NIAI(110): a) STM image for growth at 90 K
(CCT. 16 V. 2.2nA). b) STM image lor growth at 300 K (CCT. +0.4 V, 0.5 nA).
¢) LEED image after dcpunl on of 20 A Pd a1 300 K (right. overview, 85 ¢V) us well
as the intensity profile of a region around the {0.0) reflection (left k. in %G, ,, is
plotted on the axes; k, is the wave vector with respect to the distance of {he
NiAl(110) reflections in the [170] direction; 50eV).

together of the islands. The islands then have a regular form
with well-developed facets that are crystallographically well-ori-

ented. This is also borne out in the encrgy dependency (Figure
21 left). Clear in-phase and out-of-phase relationships between
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Figure 22. Variations in several of the quantities characteristic for the grow:h behavior for the deposition of Pd on A1, 0,/NiAl(110), derived from LEED reflection profile
analysis. A} Growth at 300 X, B) growth a1 90 K; |- Average island size in A. 11: Island density in 10°2 cm ~2, 111 Average number of atoms per island; d nominai film thickness

in A

the rays scattered on different terraces of the growing metal
particles are again apparent in the reflection profiles. This is not
the case for deposition at 90 K (Figure 21 right). A pronounced
shoulder is still observed for the (0,0) reflection, but an energy
dependency such as that at 300 K is not observed. Also the
island growth shows clear differences relative to that seen at
300 K. Particularly characteristic is that no drop to a plateau is
observed (Figure 22 B, I). This is possibly linked to the impaired
diffusion during the deposition at 30 K. Nucleation centers are
among others the domain interfaces on the Al,O, layer, but
pronounced nucleation also occurs on the terraces.

Figure 22 II and IIl provide a comparison of the derived
island densities from the results discussed above and the number
of atoms per island, respectively. As mentioned above indica-
tions are that at 300 X in the range up to a layer thickness of
10 A the density of island sites increases strongly (II). Evidently,
a considerable number of the islands is not produced at the start
of the growth process by heterogeneous nucleation at strongly
favored centers, but instead only in the latter stages either by
homogeneous nucleation or nucleation at weakly favored ad-
sorption sites. Also the number of atoms per island (11I) shows
the discussed growth phases; notably, even at low metal cover-
ages large aggregates of more than a 1000 atoms can be formed.
At 90 K the situation is clearly difTerent. The rapid increase of
isiand size originates from the fact that the very high island

ensity of 10" em ™ is achieved even by small coverages. Coa-
lescence processes that begin early on allow the island density to
steadily fall. This growth behavior has as a consequence that the
number of atoms per island varies as a function of the amount
of metal deposited over a large region. Under these conditions
both the smallest particles with the least number of atoms as
well as the very large aggregates are accessible.

For Pd many different metal deposits could be studied in this
detailed manner. Rhodium shows a growth behavior similar to
that of PA.I'3Y A special feature for Rh is the strong nucleation
tendency along one certain defect structure, particularly that of
the antiphase domains of the oxide film."*** We will not consid-
er this aspect in any more detail here.

Figure 23 summarizes the growth behavior of the different
metals on the Al, O, film studied up to now and comparisons are
made by using examples of the reflection profiles at 90 and
300 K. A characteristic of the growth of Ag at 300 K is the
formation of larger aggregates, which leads to an extremely
small outer shoulder that is hardly separable from the central
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Figure 23 Comparison of the characienstic intensity profiles of the (0,0) reflection
for Ag, Pd. Rh, and Pt growth on Al,O,/NiAI(110) at growth temperatures of 90
(right) and 300 X (left). The intensity is plotted logarithmically




reflection. The large diffusion length of Ag a)

leads to larger aggregates even at S0 K. 20 i &1
This behavior corresponds to that of Ag Ssvl

on massive Al,O, single-crystal sur-

taces.!'3” The opposite extreme case with _ ; /
a well-pronounced shoulder is represented F"\ il

by the Pt/ALO; system. At both 90 and '\ /

300 K, small two-dimensional islands ’ L 1A 370 4

form due to the strong interaction. These —1/ N/ N Tow= 300K

offer possibilities to study substrate-in- A0 338.5 +

duced changes of the properties of metal AT i E,(Pd 3dsp)/aV é P
films.[® 132- 1331 pd and Rh are categorized H S i AN 304 ——F«
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es; Rh interacts somewhat stronger with ,oa 3355

the substrate than Pd. Thus, in terms of o Y -

the strength of their interaction derived S 3350 - =

from the growth behavior with the oxide, ,Jf':' g “\—‘n’:‘ W %.:,A-:x %

the metals are arrunged as follows: s i . . .
Pt>Rh=Pd>Ag. This sequence is con- ML M2 WO 338 2% 3 0.00 LL 0.15
sistent with the formation enthalpies of the e Eited R i
corresponding oxides %1 (AHS(A0): B
—12.1kImol !, AHE(PAO): —85.4kImol !, AHZ(RhO): 0) N ':O—;_f“*‘s )
—90.1 kImol™', AH®(PtO,): —172.0kJmol™!. This com- P e o
parison, however, can only be interpreted as a hint towards 310_O_ith(comma0: )

considerations of the stability.

4.3. Electronic Structure and Adsorption

Photoelectron spectra can be recorded of the morphologically
characterized systems.*3% = %% Both for the ionization energies
of valence electrons and also for those of inner shell electrons,
the dependency on the particle size can be established. We dis-
cuss for the clean, adsorbate-free particles only the inner ioniza-
tions. Figure 24a summarizes some 3d spectra for Pd deposits
that were recorded with synchrotron radiation. The binding
energy and the line width observed for the largest aggregates are
practically the same as that of the solid Pd(111) surface. With
decreasing particle size, a clear shift to higher binding energies
is observed together with a significant line broadening. Many
effects could contribute to both of these observations.!'®2 7164
Generally, it can be said that both charge transfer phenomena
such as initial-state effects and also influences, which only arise
in the ionized state of the system, could play a role. The discus-
sion of line widths is especially difficujt.[162.163.165-168] iy,
can at the moment only speculate that the nonequivalence of the
different metal atoms within the differently sized aggregates and
the interaction of some of the metal atoms with the substrate
combined with the final state effects are responsible for the
spread.

[n contrast, the interpretation of binding energy shifts, which
are graphically summarized on the right of Figure 24a for Pd
aggregates and in Figure 24b for Rh aggregates, is somewhat
clearer:118+ 199 Specific metal -support interactions,!'*% in the
sense that charge is transferred from the metal to the support,
can be discussed by using initial state effects. The discussion of
final state effects is here also urgently necessary, since the
screening of the positive charge formed by ionization leads to

clear binding energy shifts. Whilst for a bulk crystal a fully
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Figure 24. a) Left: Pd 3d photoelectron spectra (hv = 420 eV) for different Pd de-
posits on A[,O,/NiAl(110), in each case before (solid line) and after saturation with
CO at 80 K (dotted line; 20 L CO). Right: Plot of the binding energy of the Pd
surface compenents as a function of the average particle size 4 for the CO-free (o)
and the CO-saturated systems (+). b) Plot of the binding energy of the surface
compuonents as a function of the particle size for CO-free (@) and CO-saturated Rh
deposits (s). For comparison, the results for carbonyl compound deposits are given
[179]. The best fits in (a), right, and in (b) are based on the Coulomb energy of the
final state.

delocalized positive charge results, the charge delocalization is
limited for a metal aggregate not centrally bound to the sub-
strate. Therefore, a charge distribution builds up on the particle,
whose size depends on the average radius of the particle accord-
ing to Equation (c),!'®* %% and the binding energy shifts to
E.cR™! (<)
higher binding energies as the radii become smaller. There are
numerous experimental results{'627 159! that are in accord with
Eguation {c) and with the explanation of the binding encrgy



shift described in Figure 24 b. The shifts are generally attributed
to final state effects. With a pronounced influence of charge
transfer in a nonionized system, one would expect a strong
influence on the bonding energy of the substrate, which, how-
ever, in our case is only 10 % of the total effect. Possible reasons
why pronounced charge transfer effects were observed with
Pd*79- 72 and Ni deposits on Al, O, layers, which were on Al
substrates, are different interactions on the metal/oxide inter-
face, which are dependent on the defect density and stoichiome-
try of the film.

Binding energy shifts and line shapes change considerably if
carbon monoxide is adsorbed onto the metal deposits. The
study of the CO adsorption is worthwhile, because extensive
comparative material of CO adsorption on metal single crystals
is available.[®3- 173 7173 The Pd 3d spectra with and without CO
coverage for desposits at 90 K and 300 K are compared in Fig-
ure 24, [fthe available spectra are considered after CO saturated
coverage at 90 K, the highest Pd coverage (corresponds to a
mean island size of 70 A) again shows clear parallels to the
Pd(111) surface.l' 7%~ 1781 The Pd 3d signal of the clean surface
shows a bulk and a surface compoenent, which are shifted to-
wards one another by about —0.3 eV!7% and which could not
be resoived. CO adsorption leads to a shift of the surface com-
ponent by about 1.1 eV to a higher binding energy; thus, both
sections (see shoulder in spectrum) could be well separated. The
bulk portion amounts to 40% in this case, decreases to 13%
with 2 A Pd (average island size of 22 A), and can no longer be
distinguished with 0.2 A Pd (average island size 7.5 A). The
CO-induced binding energy shift grows with decreasing island
size to about {.5eV. Experiments on single crystals show that
the binding energy shifts depend on the number of coordinated
CO molecules.!t 771781 Fyrther analysis of the data™3!! leads us
to suspect that for smaller aggregates the number of coordinated
CO molecules per surface Pd alom increases from one to two.
The coordination numbers of transition metal carbonyls were
never achieved.!'3!} Nevertheless, for cases in which the metal
lonization in carbonyl compounds can be compared with those
[rom the deposited particles," 7! the observed ionization ener-
gies of the carbonyl compounds are in agreement with those of
the smallest aggregate. Figure 24b shows the comparison for
Rh ionization. The binding energies obtained for the smallest
aggregates are in agreement with the determined island sizes in
the range of bi- to hexanuclear rhodium carbonyls.!!7% The
well-known Rh(CO), species on an Al,O, surface has an even
higher binding energy of 310.2 eV.!'7% However, the limited
comparability of the substrate used must be taken into consider-
ation in these comparisons.

Further indications of the electronic structure of the systems
can be derived from the valence and the C 1s ionizations of the
adsorbed CO and also from thermal desorption spectroscopy
(TDS). The TD spectra of several Pd deposits are given in Fig-
ure 25.1%% For large Pd coverages, the desorption spectrum
obtained closely resembles the spectrum of an adsorbate on a
single crystal.*#% The relatively sharp, slightly intensive desorp-
tion maximum at 240 K stems from a hydrogen impurity.[*31]
As the size of the deposited particles decreases, a desorption
maximum occurs between 250 and 300 K. The comparability of
the system prepared at 90 K with the films produced at higher
growth temperatures may be impaired by the limited thermal
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Figure 25. TD spectra of CO (m/z = 28) for the CO/Pd; Al O,/ NiAI(110) system
{adsorption temperature 90 K, adsorbate quantity 20 L, heating rate about
1.5 Ks™"). The sequence of the TD specira corresponds to increasing particle size
from bottom to top. The deposited amoeunts are given in the form of effective layer
thickness.

stability of the system. Thus, it is conceivable that the observed
desorption between 200 and 300 K arises from a thermally lim-
ited structural reorganization of the meta! aggregate alone as a
result of the low growth temperature. A corresponding experi-
ment based on warming the CO-saturated systems to 300 K and
subsequent saturation with CO at 90 K, provides, however, 2
virtually identical desorption spectrum.!'*!! The low-tempera-
ture desorption in the range between 200 and 300 K is thus an
inherent property of very small Pd aggregates.

The changes caused by CO adsorption in the region of the
valence electron ionization are conveyed in Figure 26.1#% First-
ly, the 4o and 5¢/1m emissions of the chemisorbed CO are
evident in the regions around 11 and 8 ¢V binding energy, re-
spectively. The significantly higher intensity for the 90 K deposit
compared to that of the film prepared at room temperature is
easy to understand when the growth behavior is considered in
terms of a clearly larger surface area in the first case.!'3! The
interaction of the valence states of the metal with those of the
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tions of Pd deposits on ALO,/NIAI(110) before and after saturation with CQ.
hv = 42 eV,



adsorbate leads to considerable changes in the region of Pd 4d
emission. Here again, the considerable difference in size of the
aggregate clearly shows the dependence on the conditions of
preparation: owing to the low proportion of bulk atoms at small
coverages. CO saturation for the 90 K deposit leads to even
larger changes in the region of the Fermi level.

The Cls spectra in Figure 27 are typical for molecularly
bound CO and are therefore comparable to the spectra of tran-
sition metal carbonyls!!®!~!331 and the C s spectrum of CO
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Figure 27. Cls photoelectron spectra (hv = 380 eV) of CO/Pd;Al,O4/NiAI(110)
after CU saturation at 90 K (dotted line) as weil as after a short warming to 300 K
(solid line}. For comparison, the C s spectra of two ordered CO superstructures on
Pd(111} {top) as well as of two transition metal carbonyls (bottom) are given.

adsorbed on Pd (111).13* The weakly defined fine structure in
the latter spectrum is attributed to CO molecules on different
adsorption sites. The C 1s spectrum for 12 A Pd is, apart from
insignificant broadening, identical to the spectrum of the single-
crystal adsorbate. The transition to smaller aggregates reveals a
significant shift to higher binding energies, an increase in the line
width, and an increase in the intensity of “shake-up” satel-
lites.!! #2133 71911 After the removal of some of the CO by
warming to 300 K for a short period, a shift to lower binding
energies as well as a decrease in line width, asymmetry, and
shake-up intensity is observed (solid lines).

Shake-up satellites are a much-discussed and weil-understood
consequence of the fact that ionization is a complex multiparti-
cle process, which despite the emission of a single electron leads
to the simultaneous excitation of many ion states [182-185-191]
How intensive these different ion states appear in the spectrum
of an adsorbate depends on, for example, how strong the bond
is between CO and metal !'31: 1821911 A detailed theoretical
analysis shows that the charge transfer satellites adopt relatively
large intensities for a weak chemisorption coupling between CO

and metal ['31- 132 19 Thyg, in agreement with the resuits from
TDS experiments, the changes of the satellite intensities confirm
the occurrence of an important change that appears with de-
creasing particle size: while the sirength of the chemisorption
bond for small aggregates depends sensitively on the coverage,
this is not so evident for large particles or single-crystal surfaces.
The lack of well-orderad crystal surfaces for small aggregates
leads inevitably to the situation that a distribution of different
geometries can occur, which contribute decisively to the ob-
served line broadening. Additional effects can also contribute
to the line width,!'3%- 19271931 byt these shall not be discussed
here.

The observed binding energy shift must, as when dealing with
the Pd ionizations, be attributed to screening processes in the
final state of the ionization.!'®3! This is verified by the X-ray
absorption experiments!! 3! compiled in Figure 28. The resuit-
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Figure 28. X-ray absorption spectra of Clsand O is — 2x* resonances for CO/Pd
Al O,/NiAl(110). Left: After CO saturation at 90 K. Right: After short warming
to 300 K. The vertical marks show the position of the photoemission signals on a
binding erergy scale.

ing spectra show the excitation of a C s or an O s electron into
the unfilled 2n orbital of the CO molecule.!'®* =9 Since the
excited electron in the 2n orbital remains in the molecule, it is
responsible for a large part of the core hole screening. Thus,
whereas the screening and the associated shift in binding energy
for the C 1s ionization is strongly dependent on the particle size,
a much smaller influence on the signal is expected from the
particle size itself with X-ray absorption. However, the strength
of the bonding interaction between CO and metal should influ-
ence the signal in the following way: the synergic o-donor-n-
acceptor bonding mechanism leads to an interaction between
unfilled CO r orbitals {see Figure 4) and filled Pd 4d orbitals.
Since the 4d orbitals form a band, the interaction with the 2n
orbitals of the CO molecule leads to a 2n state density distribu-
tion, whose width apart from the Pd 4d band width depends on
the strength of the CO metal interaction. As systematic experi-
ments on single-crystal adsorbates have shown, the lifetime of
the excitation, vibrational excitations, and intermolecular inter-
actions clearly play minima! roles.!'?? Two effects dominate:
the width of the resonance increases for systems with the same



geometry with increasing chemisorption energy, and it also in-
creases with increasing coordination of the CO molecule; that is
in the transition from atop to bridging to hollow site. These
concepts can be used to interpret the resonance positions and
widths in Figure 28,

While the ionization energy, indicated by the vertical mark-
ings in the C1s — 2n spectrum, shifts to larger values as a func-
tion of the decreasing particle size, the C1s — 2 resonance re-
mains more or less at the same energy. At the same time with
larger aggregates, it beomes broader, as expected for increasing
chemisorption energy. The same is valid for the O s — 2= reso-
nance in the case of the deposition at 90 K. After the sample is
heated to 300 K, the resonance is broader, which is consistent
with the discusssion conducted above—a clear indication of the
strength of the bond! All experimental findings point to a strong
chemisorption bond in the region of smalf CO coverage for the
Pd/ALO, system for all island sizes. For small Pd aggregates the
strength of this bond, however, decreases considerably for in-
creasing coverage, and lies finally for the smallest Pd aggregate
and CO-saturated coverage only in the region of weakly
chemisorbed systems.

The comparison with Rh deposits is interesting. Thermal des-
orption and X-ray absorption spectroscopy of Rh/Al, O, point
to very modest changes of the CO-adsorption properties de-
pending on the aggregate size. Thus, only the smallest islands
exhibit a slightly different desorption behavior. A possible ex-
planation for the different behavior of Pd/Al,O, and Rh/AlLLO,
could lie in the differences between the saturated-CO adsorption
geometry of the smaller aggregates. [t is known that on the
relevant adsorption sites, Rh tends to an overall higher coordi-
nation through the adsorbate (formation of dicarbonyl spe-
cies).l'7%1 This is also in agreement with the results of experi-
ments not considered here in detail %9~ 293 according to which
a reconstruction of the Rh islands—detectable by correspond-

ajl + o]

ing LEED profile measurements—takes place after CO expo-
sure at 300 K, This, in turn, leads to an increased adsorption
capacity after CO exposure at 50 K.!'3

4.4, Particle-Size-Dependent Reactivity

In contrast to the Pd deposits, the Rh deposits undergo a
further reaction channel on warming,[19% 20472071 namely CO
dissociation, which we will mention briefly in the following. This
channel is active between 300 and 400 K, as shown in the spectra
in Figure 29a. The signal that verifies the appearance of atomic
carbon occurs at 284 eV on warming. At the same time CO
desorbs from the surface. After complete removal atomic car-
bon remains, and the 2r-CO resonance is no longer detectable
in the X-ray absorption spectra.

The model systems offer the possibility of studying the disso-
ciation as a function of particle size.*?*~2°7! Figure 29 b shows
a corresponding series of Cls photoelectron spectra for Rh
films deposited at 90 K that have an average layer thickness of
between 0.6 and 12 A and, thus, island sizes of between 5 and
30 A. In each case the C1s signals after CO saturation (40 L) at
90 K are compared with those obtained after a short warming to
400 or 600 K. If the relationship between the molecular C{s
emission immediately after the adsorption and the atomic C1s
signal after full CO desorption is considered for small and large
aggregates, the latter signal is characterized by a considerably
small relative intensity. Also a further quantitative analysis{'3!]
leads to the conclusion (Figure 29b) that the smallest aggregate
actually shows a low dissociation activity.?®*~ 207! A geometric
effect could play a role: the products of the dissociation process,
atomic carbon and oxygen, prefer highly coordinated adsorp-
tion sites. Calculations'?%¥ estimate that these sites have to be
sufficiently apart from each other. A reaction path of this kind,
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as shown schematically in Figure 29¢, implies that the Rh aggre-
gates must have a considerable minimal size in order to permit
efficient dissociation. In addition, electronic effects also play
what may even be a dominant role.

We have arrived at a point in the discussion at which the
reactivity could be linked with the particle morphology. In order
to understand the effects that occur in catalyst preparation,
attempts should next be made to influencei299~2031 the mor-
phology chemically and thereby control the chemical reactivity.

4.5. Inftluence of the Support Madification
on the Morphology

In the context of the observations made in Section 4.1 about
the modification of the aluminum oxide film by hydroxyla-
tion,[*8+7 1330 the effects the chemical modification has on the
particle morphology will now be discussed briefly. This was
investigated as part of a study, which included LEED, TDS. and
photoelectron spectroscopic experiments.!***! Evidently, the in-
teraction of Rh with the hydroxylated surface changed relative
to that with the OH-free surface.2°97293 The Al2p and Ols
photoelectron spectra, in particular, experienced changes
through Rh deposition.!' 3!} These changes are attributed to the
occurrence of specific interactions between the deposited metal
and the hydroxylated regions of the surface. In this way the
formation of a highly dispersed Rh fiim results {rom the differ-
ent interaction with the modified film at 300 K, which with
regard to its growth behavior seems to be comparable with the
metal films prepared on the unchanged oxide film at 90 K. This
statement concerns merely the morphology; however, self-evi-
dently a change in the Rh—substrate bond is expected. That this
is in fact so becomes clear after CO exposure at 300 K. Unlike
for the nonmodified substrate, in the case of the modified alu-
minum oxide film there is no reconstruction of the Rh islands
under these conditions, which is evident from an enhancement
of the CO adsorption ability."* 3! This is consistent with a strong
metal-substrate interaction. Finally, if the dissociation reactiv-
ity in the modified systems is considered, the activity is reduced
to about half. which is consistent with the formation of smaller
Rh aggregates on the modified film. In summary, the investi-
gation of model systems allows the study of typical questions
that arise with catalyst preparations, and, in particular, allows
the changes that occur to be monitored directly by spec-
troscopy. The investigations are readily linked to the well-
documented research on CO-induced Rh redispersion on
AL 0,29 729% ynd other substrates.2®?~ 2" These investiga-
tions(2007203. 209211 yeyealed that with sufficiently high CO
partial pressures it is possible to reduce the metallic substrate
under the formation of a dicarbonylrhedium species. This
points to the fact that also in the real model systems carbonyl
formation takes place with involvement of the hydroxyl groups
of the Al,O, surface.

4.6. Metal Deposition in Adsorbate Atmospheres

If the adsorbate is not applied separately but instead is
present in the gas phase during the deposition, thus as a surfac-
tant, it can intarvene directly in the growth process.(212 72131 Ap

example is the deposition of Pd aggregates in a CO atmo-
sphere.l*?% Figure 30 shows the TD spectra after deposition of
different amounts of Pd. The dominant feature in all of the
spectra is a very sharp signal at 200 K. This is typical for the
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Figure 30. TD spectra of CO (m/z = 28) for different Pd coverages on AlL,Q,/

NiAl(110), deposited in a CO atmosphere (2 x 1076 mbar) at 90 K (heating rate
about 1.5 Ks™'). The insert shows the integral intensity fof the desorption signals
as a function of the nominal Pd layer thickness d.

decomposition of a compound formed on the surface. The weak
signals at higher temperatures (up to 500 K) are attributed to
the desorption of intermediates, which form in the course of the
decompaosition. The intensity of the signal of the bond decom-
position is directly proportional to the nominal layer thickness
d, as shown in the insert in Figure 30. That this compound is a
transition metal carbonyl is also confirmed by the valence pho-
toelectron spectra and spectra of the inner electrons 83 181.152]

Figure 31a shows photoelectron spectra of the valence elec-
trons that were obtained after stepwise Pd deposition in a CO
atmosphere. Through the application of difference spectra, the
substrate emission could be eliminated (Figure 31b). It is now
clear that, apart from a binding energy shift, the valence electron
spectra are almost unchanged over the whole coverage range. At
20 A Pd the spectra are dominated by the 1n/So emissions at
8.8 eV and the 4o emissions at 11.9 eV,®3 2181 and_ the ligand
field splitting of the Pd 4d orbitals!*3% 2™ at 4.} and 3.3 eV is
clearly apparent. With sinking coverages the signals shift by
about 1 eV to lower binding energies. A remarkable observation
concerns the region of the Fermi energy (£, = 0). Even with
high coverages the state density remains minute in this region.
Therefore, in agreement with the proposed formation of a metal
carbonyl species, the presence of large metal aggregates can be
excluded even at large coverages.

Schematically the growth of this metal carbonyl species can
be conceived as shown in Figure 31¢. This model of the forma-
tion of branched, low-dimensional structures accounts for a
variety of observations from LEED, XPS, and TDS experi-
ments. The formation of this species is thoroughly unexpected,
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Figure 31. a) Valence electron—photoelectron spectra (v = 42 eV) after successive
Pd deposits on A1,0,/NiAl{110)at 90 K in a CO atmesphere (2 x 107 ¢ mbar). The
spectrum (top) for 20 A Pd deposited under UHV conditions at 300 K and the
ensuing CO saturation is given for comparison. b) Photoelectron difference spectra
after subtraction of the oxide- and substrate-induced emissions. ¢) Schematic repre-
sentation of a possible growth model for Pd deposition in a CO atmosphere.

since binary palladium carbonyls are generally very un-
stable.2!7 =224 Unlike for the Pt/TiO, system,[®% in which the
CO-induced changes were discussed fundamentally on a ther-
modynamic basis, kinetic controlling mechanisms must be
present here.

5. Synopsis

Today compound surfaces, such as those discussed here, can
be prepared with different crystallographic orientations. The
dependence of the chemical reactivity of the surface on the ori-
entation can be clearly proven. This is substantiated by the
presented comparison of nonpolar and polar surfaces of NiO
and Cr,0;. The reactivity-accompanying restructuring for po-
lar surfaces can be studied by electron diffraction and adsorp-
tion experiments. The adsorption behavior of small molecules
on oxide surfaces has been investigated with a multitude of
surface analytical techniques, and the adsorption sites as well as

the adsorption geometry determined. Besides simple adsorption
behavior, reactions that have a certain technical importance
could aiso be investigated on single-crystal substrates, for ex-
ample the DeNOx reaction and ethene polymerization. These
reactions proceed on clean oxide surfaces. Furthermore, there is
a range of reactions that are also of technical interest and that
proceed on disperse metal systems on an oxide support. Such
systems could, for example, be simulated on thin well-ordered
Al,O, layers by deposition of metals. The morphology and
structure of the metal deposits can be studied by STM and
LEED, and the adsorption of molecules on these complex sys-
tems by TDS and photoelectron spectroscopy. Here reactivity
studies have provided clear indications about the particle-size-
dependent reaction behavior, for example, for the CO dissocia-
tion on Rh.

Processes, which play a role in catalyst preparation and reac-
tion, such as adsorbate-induced restructuring or increased influ-
ence of the metal dispersion by support modification, could be
studied with the model systems. The models are also used to
study metal deposition under ambient conditions. All in all the
study on model compound surfaces should provide a number of
interesting insights into the fundamental principles of catalytic
reactions.
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