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Oxides have gained increasing interest in surface science during recent years because of
their important role in applications. In the Ðrst part of the lecture we review the current
knowledge on morphology and structure of surfaces of bulk single crystals as well as oxide
Ðlms. The interaction of oxide surfaces with molecules is thoroughly discussed and the role
of defects on adsorption is highlighted. In a further part, structure and morphology of
deposited aggregates on clean and modiÐed substrates are discussed. Such systems may
serve as models for heterogeneous catalysts. Electronic structure as a function of the size
of the deposited particle is studied, as well as size dependent adsorption properties and
reactivities.

Introduction
The bulk properties of simple binary oxides are well understood and there are excellent reviews
and text books available treating the various physical aspects.1h5 In sharp contrast to the situ-
ation encountered for the bulk properties rather little is known about the surfaces of oxides, even
the most simple ones. Only recently, if compared with the thirty years of surface science that have
passed by,6 researchers have started to study the surface science of oxides. There is a very useful
book that marks a Ðrst milestone in this e†ort entitled ““The surface science of oxides ÏÏ by V. E.
Henrich and P. A. Cox.7 Since the publication of this book several reviews have appeared which
have covered the Ðeld up to the present date.8h15 It is understood that there are classes of oxides
exhibiting external and internal surfaces, i.e. zeolites and meso-porous materials which are techno-
logically very important. The present lecture will not discuss these even though some of the
aspects which are dwelled upon here could be applied to those materials. We refer the reader to
the paper of Thomas summarizing his Introductory Lecture of Faraday Discussion no. 105 where
he discusses some aspects of this Ðeld as well.16

The present lecture has been organized as follows. In the Ðrst part we discuss several aspects of
the geometric and electronic structure of clean oxide surfaces as determined by a variety of experi-
mental methods. We show examples of surfaces terminating bulk single crystals as well as surfaces
of epitaxial oxide Ðlms. This part is followed by examples attempting to illustrate some of the
principles governing the interaction of molecules with oxide surfaces. A short comparison between
the situation encountered on single crystalline surfaces with microcrystalline surfaces is included in
order to demonstrate the inÑuence of defects on the adsorption properties. The third part is
dedicated to the interaction of metals with oxide surfaces and the study of deposited metal aggre-
gates, including adsorption and reaction of molecules on such systems. Such composites represent
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model systems for heterogeneous catalysts and allow us to try to bridge the materialÏs gap
between single crystal metal surfaces and real catalysts.8h15,17h19 When a physical chemist talks
about catalysis the situation is similar to a mathematician trying to convince engineers that what
he does is of use for them. G. H. HardyÏs A MathematicianÏs Apology, 1940, contains many useful
thoughts on this problem.20 One is :

It is one of the Ðrst duties of a professor, for example, in any subject, to exaggerate a little
both the importance of his subject and his own importance in it. A man who is always asking
“Is what I do worth while? Ï and “Am I the right person to do it ? Ï will always be ine†ective
himself and a discouragement to others. He must shut his eyes a little and think a little more of
his subject and himself than they deserve.

Structure and adsorption on clean oxide surfaces
The preparation of a clean oxide surface is a rather difficult task. Several strategies have been
followed.7,21,22

The most straightforward strategy is UHV in situ cleavage, which, however, only leads to good
results in certain cases, such as MgO, NiO, ZnO, etc.13 Some very interesting materialsSrTiO3 ,
such as etc. are hard to cleave.7 A disadvantage with respect to experimentalAl2O3 , SiO2 , TiO2 ,
investigations of cleaved bulk single crystal insulators is their low conductivity. An alternative way
of bulk single crystal surface preparation is ex situ cutting and polishing followed by an in situ
treatment by sputtering and subsequent annealing in oxygen. Through such a process a sufficient
number of defects is created in the near surface region and in the bulk to support conductivity of
the material. This leads to a situation where electron spectroscopies as well as STM can be
applied.7

Single crystalline oxide surfaces may also be prepared via the growth of thin oxide Ðlms on
single crystal metal supports.11,21,22 To such systems all surface science tools can be applied
without further problems. If the oxide Ðlm is supposed to represent the bulk situation special care
has to be taken in the control of Ðlm thickness. Also, if adsorption and reactivity studies are
intended the continuity of the Ðlm has to be guaranteed. There are several examples in the liter-
ature where this has been achieved.10,11,23

Probably, the best studied clean oxide surfaces are the and surfaces.7,21,24TiO2(100) TiO2(110)
A STM image of the clean (1] 1) surface taken by Diebold and her group25 is shownTiO2(110)
in Fig. 1. It is noteworthy that one of the Ðrst atomically resolved images of this surface was
reported by Thornton and his group.26,27 The inset shows a ball and stick model of the surface.

Fig. 1 Structure of the (1 ] 1) surface as determined via STM (a, reproduced from ref. 25) andTiO2(110)
grazing incidence X-ray scattering (b, adapted from ref. 32).
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There is now accumulating evidence from theoretical modeling of the tunneling conditions, but
also from adsorbate studies using molecules which are assumed to bind to the exposed Ti-sites,
that the bright rows represent Ti atoms. Iwasawa and his group28h31 have successfully used
formic acid in such a study, and showed in line with the theoretical predictions, and counter-
intuitive with respect to topological arguments, that the Ti ions are imaged as bright lines and the
oxygen rows as dark lines. Taking the resolvable interatomic distances within the surface layer the
values correspond to the structure of the charge neutral truncation of the stoichiometric (110)
surface.32 Interatomic distances normal to the surface, however, are substantially di†erent from
the bulk values as is revealed by X-ray scattering experiments.32 The top layer six-fold coordi-
nated Ti atoms move outward and the Ðve-fold-coordinated Ti atoms inward. This leads to a
rumpling of 0.3 ^ 0.1 The rumpling repeats itself in the second layer down with an amplitudeA� .
of about half of that in the top layer. Bond length variations range from 11.3% contraction to
9.3% expansion. These strong relaxations are not untypical for oxide surfaces and had been theo-
retically predicted for quite a while.33

The relaxations are particularly pronounced for the so-called charge-neutralized polar sur-
faces.34h36 There are several experimental results,37h40 basically corroborating the theoretical pre-
dictions although the quantitative agreement is not always good.41h44 SpeciÐcally, the (0001)
surfaces of corundum-type materials such as and have been studiedAl2O3 ,41,42 Cr2O343 Fe2O344with X-ray di†raction, quantitative LEED as well as with STM and theoretical methods. Fig. 2
reminds the reader brieÑy of the fact that a polar surface (e.g. (111) orientation for a rock-salt
structure) exhibits, if bulk terminated, a diverging surface potential due to the missing com-
pensation of the interlayer dipole moments, as is nicely discussed in NogueraÏs book.36 Conse-
quently, polar surfaces reconstruct and/or relax substantially, while non-polar surfaces often
exhibit much less pronounced relaxations although, as shown above for the degree of relax-TiO2ation is substantial. Fig. 3 shows the results of structural determinations for the three related

Fig. 2 Schematic representation (side and top views) of the structure of a non-polar (a, MeO(100), an unre-
constructed polar (b, MeO(111)) and hydroxylated polar (c, MeO(111) adsorbate stabilized surface) surface of a
rock-salt type crystal. The energies given refer to MgO.177,178 (V , surface potential ; S, area of surface unit cell ;
N, number of layers ; b, interlayer spacing ; r, charge on surface layer relative to a layer in the bulk.)
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Fig. 3 Experimental data on the structure of corundum-type depolarized (0001) surfaces (side and top views).
Adapted from (b) ref. 33 ; (c) ref. 39, and (d) ref. 44.

systems and as addressed above. In all cases a stable struc-Al2O3(0001), Cr2O3(0001) Fe2O3(0001)
ture in UHV is the metal ion terminated surface retaining only half of the number of metal ions in
the surface as compared to a full buckled layer of metal ions within the bulk. The interlayer
distances are very strongly relaxed down to several layers below the surface. The perturbation of
the structure due to the presence of the surface in oxides is considerably more pronounced than in
metals, where the interlayer relaxations are typically of the order of a few percent.45 The absence
of the screening charge in a dielectric material such as an oxide contributes to this e†ect consider-
ably. It has recently been pointed out46 that oxide structures may not be as rigid as one might
think judged on the relatively sti† phonon spectrum in the bulk. In fact, at the surface the phonon
spectrum may become soft so that the geometric structure becomes rather Ñexible, and thus also
very much dependent on the presence of adsorbed species.

Bulk oxide stoichiometries depend strongly on oxygen pressure, a fact that has been recognized
for a long time.47 So do oxide surfaces, structures and stoichiometries, a fact that has been shown
again in a recent study on the surface by the Scheffler and Schlo� gl groups.44 In fact,Fe2O3(0001)
if a single crystalline Ðlm is grown in low oxygen pressure, the surface is metal terminatedFe2O3while growth under higher oxygen pressures leads to a complete oxygen termination.44 This
surface would be formally unstable on the basis of the electrostatic arguments presented above.
However, calculations by the Scheffler group44 have shown that a strong rearrangement of the
electron distribution as well as relaxation between the layers leads to stabilization of the system.
STM images by Weiss and co-workers44 corroborate the coexistence of oxygen and iron terminat-
ed layers and thus indicate that stabilization must occur. Of course, there is need for further
structural characterization. The idea of polar and non-polar surfaces only really holds in its sim-
plest version as presented above if the material is very highly ionic. Thus, the most extreme cases
to look at are perhaps the polar surfaces of the simple oxides with rock-salt structure48 such as
MgO and NiO, i.e. MgO(111) and NiO(111). Recently, Barbier et al.49 have succeeded in pre-
paring a single crystal NiO(111) surface, and to characterize it via grazing incidence X-ray di†rac-
tion (GIXD)! As was shown earlier for the case of thin NiO Ðlms of di†erent crystallographic
orientations, i.e. NiO(100)50 and NiO(111),51,52 a surface prepared in air or under residual gas
pressure exhibits a p(1 ] 1) structure while the clean polar (111) surfaces are reconstructed. The
p(2 ] 2) reconstruction originally reported for the thin Ðlm system has also been found for the
bulk single crystal surfaces.48,49 An initial structural analysis indicated that the actual structure is
not the expected octopolar reconstruction shown in Fig. 4 but a more complicated one.48
However, more recent investigations53 of more carefully prepared bulk single crystal surfaces
reveal that a stoichiometric surface actually reconstructs according to the octopolar scheme.36,54
The small (100) terminated pyramids are oxygen terminated. Very recently, NiO(111) Ðlms grown
on Au(111), which were initially studied by Neddermeyer and his group,55 have been investigated
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Fig. 4 Schematic representation of the octopolar reconstruction of a polar rock-salt (111) surface in oxygen
and metal termination. Adapted from ref. 48.

by GIXD.56 The p(2 ] 2) reconstruction was again corroborated, but the structural analysis
undertaken up to now would seem to favor a structure where oxygen as well as Ni-terminated
octopols, possibly arranged on adjacent terraces constitute the surface layer. Both, the bulk single
crystal surfaces as well as the NiO(111) Ðlm surfaces grown on Au(111) exhibit high degrees of
surface order. This is probably one reason why these surfaces do not quickly restructure upon
exposure to water, while NiO(111) Ðlms grown on Ni(111) do reconstruct to form a hydroxy
terminated NiO(111) surface.51,52 A microscopic mechanism would involve massive material
transport across the surface, which is the more unfavorable the better the order, and may therefore
be kinetically hindered on well ordered single crystals. We would like to note at this point that the
interaction of water with polar oxide surfaces is a topic of general interest in geochemical and
environmental issues57 as well as in catalysis. With respect to the latter, Papp et al. have found
indications that NiO catalysts prepared with preferential (111) crystallographic orientation by
topotactical dehydration of do show the highest activity towards afterNi(OH)2 DeNO

x
-reactions

the last monolayer of has been desorbed.58,59 Already in 1977, Derouane and co-workers60H2Ohad theoretically analyzed on the basis of energetic considerations that real crystallites must be
terminated partly by polar surfaces whose charge has been reduced via OH adsorption.

It is thus evident that the general study of the interaction of molecules with oxide surfaces
represents an interesting and important Ðeld of study. In the following we are going to discuss
several examples in order to bring out certain aspects of the bonding and interaction of molecules
with oxide surfaces. This will be discussed in comparison with the adsorption of molecules on
metal surfaces.

Before we proceed to a more detailed discussion of the binding of adsorbed molecules, a few
remarks concerning the electronic structure of oxide surfaces are appropriate.

Early on, Hu� fner and co-workers investigated the electronic structure of transition metal bulk
samples and a great deal has been learned.61,62 There have also been attempts to investigate the
surfaces of these materials with respect to electronic structure. Qualitatively, it was expected that,
due to the high ionicity of some compounds, there are pronounced surface e†ects. Photoelectron
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spectroscopy has been used to experimentally verify these expectations through the detection of
chemically shifted core levels. However, the shifts are not large enough to be detectable due to the
relatively complex satellite structure accompanying metal core ionization.62 Eventually, this was
also rationalized via more sophisticated quantitative calculations which showed that there are
several compensating contributions rendering the surface Ðelds only slightly di†erent from the
bulk. Applying techniques allowing for higher energy resolution have then clearly demonstrated
surface e†ects. In the Merz group63 and our laboratory64 electron energy loss spectroscopy
(EELS) in the regime of electronic excitations has been used to identify excitations in the surface
layer. Fig. 5 shows a set of spectra taken on Ni(100) surfaces. The lowest trace has been taken on a
clean single crystal. The broad features peaking at 4È5 eV correspond to charge-transfer excita-
tions crossing the band gap of the insulating NiO bulk. In the gap there are narrow features due
to excitations within the d-electron state manifold of the open shell Ni2` ions. As the excitation
energy within this manifold increases the number of states increases, so that near the charge-
transfer band those states overlap and lead to the monotonous increase of intensity in this energy
region. Most of the optically allowed transitions have been spectroscopically observed by trans-
mission spectroscopy of bulk samples.65h67 Fromme and Kisker have recently performed spin-
polarized EELS measurements, which allow an assignment of the spin character of all states via
the control of spin-polarization in the scattering conditions.68,69 The assignment and a spin-
polarization measurement have been superimposed on the spectra. The important point here is

Fig. 5 Electron energy loss spectra of NiO(100) surfaces. (a) Adsorbate covered NiO(100) Ðlms, (i) defects OH
saturated, before NO adsorption, (ii) after adsorption of NO. (b) Clean NiO(100) surfaces, UHV-cleaved single
crystal. The assignment of the features according to theory is given and supported by spin-polarized measure-
ments (adapted from ref. 68 and 69).
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that there are additional spectroscopic features, most pronounced at 0.6 eV excitation energy
which are not due to excitations in the bulk but rather in the surface layer. This can be experimen-
tally demonstrated by an adsorption study.64 Those excitations localized in the surface should be
most strongly a†ected by adsorbed species. The experiment has been performed on a thin Ðlm
sample because the surface has to be cooled to adsorb an appreciable amount of NO in this case.
It is very obvious that the peak at 0.6 eV is inÑuenced. In fact, it is shifted towards the position of
a feature originating from an excitation in the bulk. In passing we note that the NiO(100) Ðlm has
been treated with water before the experiments had been performed, in order to saturate the
defects with hydroxy groups via dissociative adsorption of water. The vibrational losses caused by
the hydroxys are clearly visible before NO adsorption took place. NO adsorption then induces yet
a further vibrational loss at lower loss energy. What is the nature of the surface excitation and
why is it di†erent from the bulk excitation? Staemmler and his group have performed ab initio
cluster calculations,64,70 the result of which can be summarized as follows : Due to the localization
of the Ni-d-electrons it is sufficient to consider a single Ni2` ion within its octahedral coordi-
nation sphere if we consider the situation encountered in the bulk (see Fig. 6). The ground state is
a 3E state with two unpaired d-electrons in the orbitals of the ligand Ðeld split set of d-orbitals.egThe Ðrst excited state results from an excitation from the completely Ðlled subset into thet2gpartly Ðlled subset giving rise to an excitation located near 1 eV. There are many more higheregexcited states, some of which are assigned according to the work of Fromme et al.68,69 In the
surface, however, one of the coordinated oxygen ions is missing and the symmetry of the local
Ni2` site is reduced to Consequently, the degenerate subset is split. The subset is alsoC4v . eg t2g

Fig. 6 Correlation of structural data with electronically excited states on NiO(100). Upper panel : (left) coor-
dination of a Ni ion in the bulk, (middle) coordination of a Ni ion in the clean (100) surface as well as (right) in
the case of adsorbed NO. Lower panel : orbital diagram and total energies from cluster calculations.64,70
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split, but this e†ect is not so important. The d-orbital of the former subset pointing along theegNiÈO axis has lost part of its destabilizing interaction and, consequently, its energy decreases. The
calculation shows that still both orbitals in the former subset are singly occupied after reductionegof symmetry. Therefore, the Ðrst excited state in a Ni2` surface ion is at lower energy than in the
bulk, as also revealed by the experiment. If an NO molecule is now coordinated to the Ni2`
surface ion, the energetic position of the orbital is raised again (similar to the presence of the sixth
oxygen ion), e†ectively moving the excitation energy back close to the bulk position. It is clear
from these results that the surface e†ect on the excitation energies is of the order of 0.4 eV, and
thus the above mentioned lack of evidence from other techniques can be rationalized.

So far we have discussed the localized metal-ion states. Are there also surface modiÐcations
onto the charge-transfer states? The answer is yes ! Unfortunately, NiO is not a good example to
support this experimentally. The electronic excitations of the surface, on the otherCr2O3(0001)
hand, show the e†ect very clearly.71h74 Fig. 7 shows the EELS spectrum72h74 of this surface at low
temperature. Again, a thin Ðlm has been used. The sharp features in the band gap are excitations
within the manifold of d-orbitals. A detailed discussion74 has shown that the excitations are char-
acteristic of surface Cr ions with three d-electrons. However, the Cr ions do not carry a net charge
of 3] as expected (and found for the bulk Cr ions) but rather of 2] charge due to strong
hybridization with the neighboring oxygen atoms. When we now perform EELS measurements
after adsorption of not only the d-excitations are inÑuenced but also the very intense featureCO2 ,
near 3.8 eV. Again, on the basis of cluster calculations performed in the Staemmler group,71 it has
been possible to assign this intense feature to a surface charge-transfer excitation at the band gap,
which is shifted to lower energy as compared with the corresponding excitation in the bulk (see
Fig. 7). The decrease in energy is reasonable because the Cr d-orbitals have been lowered, the
more open surface structure (see Fig. 3), and the coordination of the Cr ions to only three oxygen
ions allows for better charge separation than in the bulk. In NiO the e†ect is less pronounced
because the surface Ni ions are still Ðve-fold coordinated.

The analysis of the electronic structure of as discussed so far, has been performedCr2O3(0001),
at 90 K. We note that upon increasing the temperature, the structure of the surface changes,74 and
we have speculated that these changes are connected with changes in the magnetic structure of the
surface. Oxide surface magnetism is a Ðeld that needs to be explored in the future.

At this point we return to the question raised above, on the binding and interaction of mol-
ecules with oxide surfaces. Molecules bind to oxides via a bonding mechanism considerably di†er-
ent from metal surfaces. A CO molecule, for example, binds to metals via chemical bonds of
varying strength involving charge exchanges.75 Fig. 8 illustrates the bonding of CO to a Ni-metal
atom via the so-called r-donation/p-back-donation mechanism schematically, and on the basis of
a one electron orbital diagram.

Fig. 7 EELS spectra of the clean and adsorbate covered surface.72h74Cr2O3(0001)

8 Faraday Discuss., 1999, 114, 1È31



Fig. 8 Orbital diagram for the bonding of CO to Ni-metal (left) and to Ni-oxide (right).

The r- and p-interactions lead to a relative shift of those r- and p-orbitals involved in the bond
with respect to those orbitals not involved. The diagram reÑects this via the correlation lines. This
may be contrasted by the electrostatically dominated interaction between a CO molecule and a Ni
ion in nickel oxide.70,76 There is a noticeable r-repulsion between the CO carbon lone pair and
the oxide leading to a similar shift of the CO 5r-orbital as in the case of the metal atom. However,
there is no or little p-back-donation so that the CO p-orbitals are not modiÐed.11,77 Conceptually,
the situation is transparent and one would expect that a detailed calculation reveals the di†erences
quantitatively. However, as it turns out the description by ab initio calculations is very much
involved and today a full account cannot be given.78 Theoretically (Table 1)70,78h89 the prediction
is that CO as well as NO bind very weakly to NiO.78 The predicted binding energy of CO is of
the order of 0.1 eV and it is expected to be similar to CO binding to MgO(100), i.e. the inÑuence of
the Ni d-electrons should be negligible.78

To shed light on this problem it was necessary to perform thermal desorption measurements on
cleaved single crystal surfaces, being the surfaces with the least number of defects.90 In Figs. 9 and
10 TDS data for CO and NO on vacuum-cleaved NiO(100) are compared with data for thin
NiO(100) Ðlms grown by oxidation of Ni(100). At temperatures of 30 and 56 K multilayer desorp-
tion for CO and NO, respectively, shows up. The pronounced features at higher temperatures
correspond to desorption of the respective adsorbate at (sub)monolayer coverage. In the case of
the CO adsorbate at 34 K desorption of the second layer is found and the states at 45 and 145 K
for CO and NO, respectively, are due to adsorption on defects as concluded from data obtained
from ion bombarded surfaces (not shown here). It is obvious that for both adsorbates the thin Ðlm
data and the data of the cleaved samples agree well, in particular for NiO(100) the thin Ðlm data
are comparable to those from the more perfect surfaces of the cleaved samples. The higher defect
density of the thin Ðlm surfaces leads to small, but clearly visible additional peaks in the TDS data
which show up as shoulders near to the main peak, for example in the NO spectra. Nevertheless,
the general shapes of the thin Ðlm spectra of both adsorbates are very similar to those of the
cleaved samples.

Faraday Discuss., 1999, 114, 1È31 9



Table 1 Table of literature data for adsorption of CO and NO on NiO(100) and MgO(100)a

Adsorption
Author System Method energy eV

Pacchioni and Bagus79 CO/NiO(100) Ab initio cluster calculation 0.24
Klu� ner and Freund80 NO/NiO(100) Ab initio cluster calculation, B0

BSSE correction
Po� hlchen and CO/NiO(100) Ab initio cluster calculation, 0.03 to 0.1

Staemmler70 BSSE correction
Cappus et al.81 CO/NiO(100)/Ni(100) TDS, Redhead 0.32
Vesecky et al.82 CO/NiO(100)/Ni(100) IRS, ClausiusÈClapeyron 0.45
Staemmler83 NO/NiO(100) Ab initio cluster calculation, 0.1

BSSE correction
Po� hlchen84 NO/NiO(100) Ab initio cluster calculation, \0.23

BSSE correction
Kuhlenbeck et al.85 NO/NiO(100)/Ni(100) and TDS, Redhead 0.52

NO/NiO(100)
Nygren and Pettersson78 CO/MgO(100) Ab initio cluster calculation, 0.08

BSSE correction
Chen et al.86 CO/MgO(100) DFT 0.28
Neyman et al.87 CO/MgO(100) DFT, BSSE correction 0.11
He et al.88 CO/MgO(100)/Mo(100) IRS, ClausiusÈClapeyron, 0.43

TDS, Redhead 0.46
Furuyama et al.89 CO/MgO powder IRS, ClausiusÈClapeyron 0.15 to 0.17

a BSSE, basis set superposition error ; TDS, thermal desorption spectroscopy ; DFT, density functional theory ;
IRS, infrared spectroscopy ; ClausiusÈClapeyron, evaluation of pressure and temperature dependent IR inten-
sities with the ClausiusÈClapeyron equation ; Redhead, evaluation of TDS data with the Redhead equa-
tion.179

For CO the shift of the peak maximum with increasing coverage indicates that at higher cover-
age repulsive lateral interaction comes into play which may lead to occupation of energetically less
favorable sites. This is not the case for the NO adsorbate which may be attributed to smaller
lateral interactions and to the higher adsorption energy which makes adsorption more site spe-
ciÐc, and thus may inhibit compression of the layer involving site changes.

TDS data for NO and CO on vacuum-cleaved MgO(100), for comparison, are plotted in Figs.
11 and 12. Multilayer desorption is found at 29 and 56 K for CO and NO, respectively. The small
features around 45 and 100 K are likely due to defect adsorption since they saturate at rather low
coverage. Desorption from layers with small coverage is found at 57 and 84 K for CO and NO,
respectively. The data for CO and NO on NiO(100) have been evaluated using the leading edge
method as well as a complete analysis. Details of the procedures may be found in ref. 91 and 92.
Both methods determine the heat of adsorption as a function of the coverage of molecules already
on the surface. The results of the evaluation are shown in Figs. 13 and 14. Both graphs exhibit a
trend which is generally to be expected for laterally interacting adsorbate layers : the adsorption
energy decreases with increasing coverage. At coverages near to 1 monolayer the energies con-
verge towards the multilayer values (0.09 and 0.18 eV for CO and NO, respectively93). At low
coverage the lateral interactions are most likely small so that the corresponding adsorption ener-
gies may be compared with theoretical results since in the calculations lateral interactions have
not been considered. As indicated in Figs. 13 and 14, the low coverage adsorption energies are
0.30 and 0.57 eV for CO and NO, respectively.

The low coverage adsorption energies for CO and NO on NiO(100) and MgO(100) are com-
piled in Table 2. According to theory the interaction of the adsorbates with MgO(100) and
NiO(100) are expected to be similar since the bonding should be mainly electrostatic in nature78
(the electric Ðelds at the surfaces of NiO(100) and MgO(100) are similar). However, according to
Table 2 the bonding energies are considerably di†erent, with the higher values being obtained for
NiO(100). Covalent interactions involving the Ni 3d-electrons may play a role for the adsorbateÈ
substrate interaction which does not show up in the calculations published so far.

As far as it concerns the basis set superposition error (BSSE) corrected calculations listed in
Table 1 which are expected to yield qualitatively better results as compared to the non-corrected
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Fig. 9 Thermal desorption spectra of CO on NiO(100) cleaved in vacuum (upper part) and CO on a thin
NiO(100) Ðlm grown by oxidation of Ni(100) (lower part). The mass spectrometer was set to mass 28 (CO). CO
doses are given relative to the dose needed to prepare a monolayer.

calculations, it appears that the theoretical results for adsorption on MgO(100) are in general in
line with our experimental results, whereas a similarly favorable comparison can not be made for
NiO(100). It appears necessary to re-investigate the role of the Ni 3d-electrons in future theoretical
studies.

The adsorption of CO on MgO has been thoroughly investigated by Heidberg and his group
using IR-spectroscopy94 and by Weiss and co-workers using helium scattering spectroscopy.95
They have clearly demonstrated that CO develops ordered phases on the cleavage planes and that
order and spectroscopic properties depend on the quality of the prepared surfaces. From their
experiments the inÑuence of the presence of surface defects on adsorption properties is very
obvious but a quantitative evaluation based on the number and the nature of the defects has not
been reported.

The quantitative evaluation of defects is a well deÐned but hard to tackle problem for future
studies that has to be taken on by our research community. Water adsorption is an example that
lends itself to a study of the inÑuence of defects, because at lower coverage the (100) cleavage
planes of MgO and NiO do not dissociate water, while the presence of defects does induce water

Table 2 Compilation of low-coverage bonding
energies for NO and CO on NiO(100) and
MgO(100) obtained in this work

NiO(100) MgO(100)

CO 0.30 eV 0.14 eV
NO 0.57 eV 0.22 eV
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Fig. 10 Thermal desorption spectra of NO on NiO(100) cleaved in vacuum (upper part) and NO on a thin
NiO(100) Ðlm grown by oxidation of Ni(100) (lower part). The mass spectrometer was set to mass 30 (NO).
NO doses are given relative to the dose needed to prepare a monolayer.

Fig. 11 Thermal desorption spectra of CO on MgO(100) cleaved in UHV. The mass spectrometer was set to
mass 28 (CO). CO doses are given relative to the dose needed for the preparation of a monolayer.
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Fig. 12 Thermal desorption spectra of NO on MgO(100) cleaved in UHV. The mass spectrometer was set to
mass 30 (NO). NO doses are given relative to the dose needed for the preparation of a monolayer.

dissociation. This can be seen in TDS spectra of from (100) rock-salt type surfaces. Fig. 15H2Oshows results for desorption from MgO(100) and NiO(100).96 The most pronounced featuresH2Oin the spectra are due to condensed water layers at lowest desorption temperature and the conver-
sion of a compact layer (with c(4] 2) periodicity in the case of MgO) to the monolayer which
desorbs at 225 K (240 K for MgO(100).97,98 The di†erence in desorption temperature between

Fig. 13 Adsorption energy of CO on NiO(100) cleaved in vacuum as a function of coverage. The data have
been determined from TDS spectra like those shown in Fig. 9 (upper part) using the leading edge method and
complete analysis. TDS data taken with heating rates of 0.1, 0.2, 1 and 2 K s~1 have been used.
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Fig. 14 Adsorption energy of NO on NiO(100) cleaved in vacuum as a function of coverage. The data have
been determined from TDS spectra like those shown in Fig. 10 (upper part) using the leading edge method and
complete analysis. TDS data taken with heating rates of 0.2 and 1 K s~1 have been used.

MgO(100) and NiO(100) seems to be characteristic for the substrate interaction. Most of thatH2Oinformation is lost when we create defects via sputtering. Thermal desorption is now observed up
to relatively high temperatures and the features are broad. Which kind of defects and how many
have been created is not yet known. A combination of various techniques to characterize the
defects by probe molecule adsorption together with infrared spectroscopy, EPR and electron spec-
troscopies may in the future lead to a deeper understanding.

Dissociative adsorption of water on oxide surfaces can also be used in a preparative way,
namely to chemically modify the surface by hydroxylation. We have used this technique for a thin
alumina Ðlm to study the inÑuence of the presence of hydroxy groups on the nucleation and
growth of metallic aggregates as will be discussed later.99 At this point we show in Fig. 16 the
result of such a hydroxylation as measured with vibrational spectroscopies, such as high
resolution electron energy loss spectroscopy (HREELS) and FTIR.100 In the case of the thin
alumina Ðlm on NiAl(110) it was impossible to hydroxylate the oxide just by water dissociation,
while on a similar Ðlm on NiAl(100)101 formation of OH from dissociative adsorptionH2Ooccurs. The clean oxide Ðlm surface was exposed to metallic aluminium and then the aluminium
was hydrolyzed via water adsorption to form a hydroxy overlayer.99,100 In Fig. 16 at the bottom
an HREELS spectrum showing the hydroxy vibration at 465 meV (3750 cm~1) is plotted atop a
corresponding spectrum of the clean Ðlm. The peaks below 120 meV are due to the alumina
phonons,102 which are broadened through hydroxylation inÑuencing surface order. The observed
hydroxy loss coincides very nicely with the FTIR absorption observed for the same system. In this
case more water was adsorbed so that a broad band from water clusters is seen also. The sharp
extra band at 3705 cm~1 is due to free OH groups at the surface of these water clusters,103 as they
are known from the surface of ice. In fact, if a thick ice Ðlm is grown on the alumina Ðlm this
particular vibration is observed (see Fig. 16). In comparison with literature data104 it is now
possible to assign the hydroxy loss on the alumina surface. According to a review article by
Kno� zinger104 an OH-vibration at 3750 cm~1 is characteristic of hydroxys bridging aluminium
ions both in octahedral, or one in an octahedral and one in a tetrahedral site. We mention that on
alumina Ðlms grown on a di†erent NiAl substrate101 other types of OH species may be formed as
was shown by HemmingerÏs group. Therefore, it is conceivable that the inÑuence of the nature of

14 Faraday Discuss., 1999, 114, 1È31



Fig. 15 Thermal desorption spectra of on UHV-cleaved MgO(100) and NiO(100). A schematic repre-H2Osentation of the c (4 ] 2) structure is included (reproduced from Heidberg, Redlich and Wetter, Ber. Bunsen-
ges. Phys. Chem., 1995, 99, 1333). For comparison a thermal desorption spectrum from MgO(100) after
creation of defects via sputtering is shown.

the hydroxy species modifying the surface on the interaction with additional adsorbates, i.e. metal
deposits, could be investigated.

Before we move on to discuss the properties of metals on oxides we would like to brieÑy discuss
the adsorption of on oxides as an example of a molecular adsorbate system with moreCO2degrees of freedom.

TDS spectra indicate105,106 that there are more weakly and less weakly bound species onCO2a surface. We have studied the nature of those species by various techniques includ-Cr2O3(0001)
ing infrared spectroscopy. Fig. 17 shows several sets of IR spectra. The pair of sharp bands around
2300 cm~1 can easily be assigned to the more weakly bound with only a slightly distortedCO2structure as compared with the gas phase species. By a combination of isotopically labeling the
adsorbed (shift of frequencies) as well as the oxide layer (no shift of bands) we haveCO2 CO2demonstrated that the single band centered around 1400 cm~1 is due to the presence of a carbox-
ylate species, i.e. a bent anionic species, and not, as perhaps expected, to a carbonate.72 TheCO2bands between 1610 and 1700 cm~1 are missing because of the applicability of surface selection
rules in thin Ðlm systems. This means, all non-totally symmetric bands are suppressed in intensity.
A quick comparison with adsorption on chromia microcrystalline material as shown in Fig.CO217 indicates the presence of the bands between 1610 and 1700 cm~1 as expected for adsorption on
a bulk dielectric material. It is remarkable how similar the thin Ðlm data are in comparison with
the microcrystalline material. This has been discussed in detail by ZecchinaÏs group.107 Also, the
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Fig. 16 Fourier transform IR spectra (IRAS) and electron energy loss spectra (HREELS) of a clean and
alumina Ðlm.OH(]H2O)-covered

response of the two systems with respect to preadsorption of oxygen is very similar. In fact, as
shown in Fig. 17, adsorption in the form of the less weakly bound is fully suppressedCO2 CO2~on the thin Ðlm system and very strongly attenuated for the microcrystalline system. This indi-
cates that occupies the chromium sites, because we know that oxygen from the gas phaseCO2adsorbs on the chromium ions. As we remarked above, ELS73 and XPS108 spectra of the

surface have been used to deduce that the Cr-ions in the surface are in a low oxida-Cr2O3(0001)
tion state, i.e. Cr2` as opposed to chromium ions in the near surface and bulk regions. It is
therefore not surprising that such a surface provides electrons to adsorbed molecules, leading to
electron transfer as, for example, documented by the formation of and The lowO2~ CO2~.
valence state of the Cr surface ions also has consequences in other reactions, such as the poly-
merization of ethene which has been studied on and in connection with other,Cr2O3(0001),109
more realistic model studies.110

A Ðeld that has not been investigated in any detail as far as well characterized single crystal
oxide surfaces are concerned is connected with photoinduced chemical reactions on larger mol-
ecules. Photoinduced desorption of CO and NO from oxides has been studied extensively111h114
but the reactivity of larger molecules has not. Yates and his group have reported such studies on
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Fig. 17 IRAS spectra of adsorbed on surfaces and on polycrystalline chromia. Left panel :CO2 Cr2O3(0001)
IRAS spectra at di†erent surface temperatures and with isotopically labelled as well as RightCO2 Cr2O3 .
panel : adsorption of after pre-adsorption of oxygen.CO2

powder samples, i.e. Rh complexes deposited on powder and very interesting results con-Al2O3cerning CÈH bond activation have been reported.115 We refer to the literature for details,115 and
note that this should be considered as a new promising area in connection with single crystalline
systems.

Metals on oxides
So far, we have considered the clean oxide surface and its reactivity. In the following we will
modify the oxide surface by deposition of metal onto the surface. This represents a route towards
the preparation and characterization of more complex model systems in heterogeneous catalysis in
order to bridge the so-called materials gap.

Over past years several strategies have been followed along this route. Very early on small
metal particles have been put onto oxide bulk single crystal surfaces, particularly MgO, and char-
acterized by transmission electron microscopy (TEM). Poppa has been the pioneer in this Ðeld,18
and the very important contributions to the Ðeld have been recently reviewed by Henry, who
himself was involved in the early TEM measurements.14 While these e†orts where mainly aimed
at preparing small well deÐned particles, another strategy has been followed by and hisMÔller
group116h119 as well as Madey and co-workers19 by trying to prepare thin metal Ðlms on bulk
oxide single crystals, such as surfaces. As mentioned above the advent of scanningTiO2(110)
tunneling microscopy has had a substantial inÑuence on the understanding of the structure of
clean oxide surfaces. Several groups120h122 have started to investigate metal deposition on

Interesting initial results concerning metal particle migration, and oxide migrationTiO2 surfaces.
onto the metal particles (the so-called SMSI e†ect) have been obtained.121,122 Particularly well
suited for the application of scanning tunneling microscopy are metal particles deposited onto thin
Ðlm oxide surfaces.8,10,11,14 GoodmanÏs group, for example, made major contributions to this
Ðeld early on.10 In Fig. 18 we show the result of a STM study from our laboratory. The left panel
shows the clean alumina surface as imaged by a scanning tunneling microscope.123 The surface is
well ordered and there are several kinds of defects on the surface : Firstly, the reÑection domain
boundaries between the two growth domains of on the NiAl(110) surface, the sub-Al2O3(0001)
strate on which the Ðlm is grown via a well established oxidation recipe.102 Secondly, there are
anti-phase domain boundaries within the reÑection domains, and in addition, there are point
defects which are not resolved in the images. The image does not change dramatically after
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Fig. 18 Scanning tunneling images (3000] 3000 V, I \ 0.8 nA). (a) CleanÓ2, Al2O3/NiAl(110), utip \ 8
alumina Ðlm, (b) after deposition of 0.1 of Rh at 90 K, (c) after deposition of 2 of Rh at 300 K, and (d)A� A�
after deposition of 2 of Rh at 300 K on hydroxylated substrate onto the pre-hydroxylated alumina Ðlm.A�

hydroxylating the Ðlm, a procedure we had mentioned above.99 The additional panels show STM
images of rhodium deposits on the clean surface at low temperature, and at room tem-
perature,15,124 as well as an image after deposition of Rh at room temperature on a hydroxylated
substrate.125 Please note, that the amount deposited onto the hydroxylated surface is equivalent
to the amount deposited onto the clean alumina surface at room temperature. Upon deposition of
Rh from the metal vapor onto the clean surface at low temperature small particles nucleate on the
point defects of the substrate and a narrow distribution of sizes of particles is formed. If the
deposition of Rh is carried out at room temperature the mobility of Rh atoms is considerably
higher compared with low temperature so that nucleation at the pronounced line defects of the
substrate becomes dominant. Consequently, all the material nucleates on the reÑection domain
and anti-phase domain boundaries. The particles have a relatively uniform size given by the
amount of deposited material. If the same amount of material is deposited onto a hydroxylated
surface the particles are considerably smaller and distributed across the entire surface showing
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that hydroxylation leads to higher metal dispersion.15,99 The thermal behavior of the deposits is
important with respect to studies of chemical reactivity because the ensemble of particles may
undergo morphological changes adopting their equilibrium shape which could be di†erent with
and without the presence of a reactive gas phase. In the present case detailed studies have been
undertaken on the particles deposited onto the clean substrate and less detailed studies for the
deposit on the hydroxylated surface. As a result of these studies it is known that the morphology
of the ensemble is not altered within a temperature window from 90 to approximately 450 K. The
window is extended to even higher temperatures on the hydroxylated substrate. Above the upper
temperature limit the particles tend to agglomerate and also start to di†use through the Ðlm into
the metal substrate underneath.15

Studying this agglomeration process is an interesting subject in itself and research in this direc-
tion is only starting.15 A more basic aspect, of course, would be a study of metal atom di†usion on
oxide substrates. The obvious method to perform such a study is the STM.126 However, in con-
trast to di†usion studies on metal surfaces, similar studies on oxide surfaces have not been report-
ed. On the other hand, Ðeld ion microscopy studies on metal atom di†usion on oxide Ðlms are
under way and a Ðrst estimate of activation energies for di†usion has been reported.127 It is
obvious that the area of di†usion studies will considerably proÐt from atomic resolution, once it is
obtained routinely for deposited aggregates on oxide surfaces. While for and very few otherTiO2oxide substrates atomic resolution may be obtained routinely, there are very few studies on depos-
ited metal particles where atomic resolution has been reported.128 The Ðrst report for an atom-
ically resolved image of a Pd metal cluster on was reported by Henry and his group.128 AMoS2joint e†ort between Besenbacher and our group129 has led to atomically resolved images of Pd
aggregates deposited on a thin alumina Ðlm. Fig. 19 shows such an image of an aggregate of about
80 in width. The particle is obviously crystalline and exposes on its top facet, the (111) PdA�
surface. Also, the (111) facets on the side, typical for a cuboctahedral particle, can be discerned.
The small (100) facets predicted via equilibrium shape considerations on the basis of the Wul†-
construction could not be atomically resolved. If we, however, apply the concept of the Wul†-
construction, we may deduce the metal surface interaction energy.129 The basic equation is

Wadh \ coxide] cmetal[ cinterface (1)

Provided the surface energies of the various crystallographic planes of the metal are(cmetal)known,130 a relative work of adhesion may be deÐned.129 We Ðnd 2.9^ 0.2 J m~2 which is(Wadh)still rather di†erent with respect to recent calculations by Jennison et al.131 where metal adsorp-
tion energies (1.05 J m~2) have been calculated on a defect free thin alumina Ðlm. It is not unlikely
that this discrepancy is connected with the rather complicated nucleation and growth behavior of
the aggregates involving defects in the substrate.

Fig. 19 Scanning tunneling images at atomic resolution of Pd aggregates grown on an alumina Ðlm.129
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While STM reveals the surface structure of deposited particles, their internal structure, in partic-
ular as a function of size, is not easily accessible through STM. In this connection TEM studies on
the same model systems can be of help.132 Fig. 20 shows a schematic drawing of a sample. After
growing the Ðlm and deposition of the particles, the sample is ion-milled from the back so that a
small hole is Ðnally formed. In this way, a wedge is obtained which is thin enough for the imaging
process. A positive side e†ect of this procedure is the fact that also the unsupported Ðlm next to
the edge can be studied.133 This opens the opportunity to judge whether the metal substrate has
any structural e†ect on the deposits. On the basis of numerous high resolution TEM images and a
subsequent analysis of the Moire� periodicities, it has been possible to calculate the lattice con-
stants as a function of particle size.132 The corresponding plot is depicted in Fig. 21 and indeed
proves that the atomic distances continuously decrease to 90% of the bulk value at a cluster size
of 10 On the other hand, the lattice constant approaches the Pt bulk value already at a diam-A� .
eter of 30 This e†ect has also been detected for Ta and Pd clusters on the thin alumina Ðlm, butA� .
it seems to be less pronounced in these cases.134h136

Fig. 20 Schematic drawing of a sample prepared for transmission electron microscopy (sample milling
technique).

Fig. 21 Lattice constants and interatomic distance of Pt particles grown on as a function ofAl2O3/NiAl(110)
their size (the ends of the horizontal bars represent the width and the length of the particular clusters, respec-
tively, while the vertical bars are error bars).
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Of course, the electronic structure of deposited metal aggregates reÑects to a certain extent the
geometric structure and vice versa. The electronic structure, which will be discussed next, has been
investigated using various methods including photoemission, X-ray absorption and scanning tun-
neling microscopy. One particularly interesting aspect in connection with aggregates is the size
dependence of the electronic structure in relation with adsorption and reactivity.

Starting from an atomic level diagram, Fig. 22 shows how such a level diagram develops when
more and more atoms are agglomerated to form an aggregate and Ðnally a solid with a periodic
lattice. Upon formation of an aggregate from equivalent atoms the atomic levels are split into
molecular orbitals many of which are degenerate if the symmetry of the system is high. The
splittings are characteristic for the intermolecular interactions. Depending on the interaction
strength the split levels derived from a given atomic orbital start to energetically overlap with
levels derived from other atomic orbitals. As long as the system has molecular character there is
an energy gap left between occupied and unoccupied levels, in contrast to the situation encoun-
tered for an inÐnite periodic metallic solid as represented on the right hand side of the Ðgure,
where there is no longer a gap between occupied and unoccupied levels. It is not hard to envision
now, that as we slowly enlarge the number of atoms in an agglomerate, the gap between occupied
and unoccupied orbitals e†ectively vanishes. It e†ectively vanishes if the gap energy decreases to a
value close to kT . In this situation the changes in the electronic structure would be responsible for
an insulator(molecule)Èmetal transition. The question arises : how many atoms are necessary to
induce such a transition? There are several reports in the literature claiming numbers ranging
from 20 to several hundred atoms to be necessary.135,137h149 In this connection, there is one very
interesting extrapolation deduced from spectroscopic measurements of the gap of inorganic car-
bonyl cluster compounds as a function of the metal cluster size. It is shown in Fig. 23139 and
stems from the Longoni group in Bologna. The extrapolation would suggest that 70 atoms are
sufficient to close the gap. Comparatively, we have studied deposited clusters of varying size with
a combination of photoelectron spectroscopy and X-ray absorption.141,147,149 Both, the naked as
well as the CO covered aggregates, have been studied. Without discussing the results we only state
that the extrapolation on the CO covered clusters yields a vanishing gap just below 100 metal

Fig. 22 Diagram illustrating the transition from an atom to a metal. binding energy ; Ðrst ionisation(EB , I1,energy ; e, electron charge ; /, workfunction ; !, X, symmetry points in the Brillouin zone.)
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atoms. It appears from the STM images that such a situation is reached when the diameter of the
aggregate decreases down below 25 diameter and a height of 15È20 The aggregate of this sizeA� A� .
contains 75È100 atoms, a size which well correlates with the extrapolation on the spectroscopic
data of carbonyl cluster compounds in Fig. 23, as well as with our results. We take this as a strong
indication that at least for the carbon monoxide covered cluster a non-metal-to-metal transition
occurs in the vicinity of such a size. Goodman and his group have used scanning tunneling
microscopy to investigate the electronic structure of aggregates deposited on oxides.10,150h152 Fig.
24 shows typical currentÈvoltage curves for some aggregate sizes, i.e. Au on WhileTiO2(110).150
the large particles do not exhibit a plateau near I\ V \ 0, the smaller clusters do show the
behavior expected for a system with a gap. However, the discrete structures observed for other
systems, i.e. nanoparticles on graphite152 and related substrates153 are not found. The authors
report on indications that it is particularly the second layer in the gold aggregates that is
responsible for the non-metal-to-metal transition. Au is an interesting low temperature CO oxida-
tion catalyst and the STM Ðndings are important to understand the size speciÐcity of the reaction.

Before we take a closer look at the reactivities of deposited particles we will brieÑy discuss
adsorption properties, as observed mainly through the probe molecule CO. The technique to
study CO adsorption is Fourier transform infrared spectroscopy (FTIR) because it provides the
resolution to di†erentiate between various adsorbed species. Again the thin Ðlm based systems are
particularly well suited because the metallic support of the oxide Ðlms acts as a mirror at infrared
frequencies. It is, however, also possible to perform such experiments on surfaces of bulk dielec-
trics as was shown by the Hayden group.154,155

Goodman and his group were active in this Ðeld early on152 and have published an interesting
study of CO adsorption on Pd aggregates on Ðlms. The results have been interpreted asAl2O3characteristic for the adsorption of CO on di†erent facets of the small crystalline aggregates.
While this interpretation does not take into account adsorption on the various defect sites of the

Fig. 23 Electronic excitation of lowest energy for several cluster compounds as a function of metal atoms in
the cluster is the energy gap for cluster compounds).(*Eav
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Fig. 24 CurrentÈvoltage (b) recorded for Au clusters of various sizes deposited onto a surface. ATiO2(110)
typical STM picture of the system is shown in (a). (Adapted from ref. 151.)

aggregates, which has been pointed out in a more recent study,156 the data are indicative of the
potential of the tool for the study of size dependent absorption studies. We have recently prepared
metal deposits on well ordered alumina Ðlms at lower temperature including liquid He tem-
peratures, i.e. in the range of 50 to 90 K substrate temperature,157,158 in order to determine the IR
characteristics of speciÐc sites.

The infrared spectrum taken from a Rh deposit prepared and saturated with CO at 90 K
(average particle size : nine atoms) is displayed in Fig. 25 (left, top corresponding to the spectrum
in the middle on the right). The most prominent feature in the stretching region of terminally

Fig. 25 (Left) Infrared spectra taken after deposition of 0.028 ML Rh on and subsequent saturationAl2O3with 12CO (top) and an approximately equimolar mixture of 12CO and 13CO (bottom) at 90 K. The isotopic
compositions giving rise to the three dicarbonyl bands are indicated below the corresponding wavenumbers.
Average particle size : nine atoms. (Right) Infrared spectra recorded after CO saturation of Rh deposits at 90
K, along with corresponding room temperature STM images (500 Top: 0.057 ML Rh deposited atA� ] 500 A� ).
300 K. Middle : 0.057 ML Rh deposited at 90 K. Bottom: 0.057 ML Rh deposited at 300 K, followed by the
same exposure at 90 K.
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bound CO molecules is a sharp, intense band at 2117 cm~1. This signal has previously been
shown to arise from isolated Rh bound to oxide defects.157 Both the number of adsorbed CO
molecules and the nature of the defect site remained unclear. Features at lower frequencies are
assigned to molecules on Rh aggregates. In order to get insight into the stoichiometry of the
RhÈcarbonyl species giving rise to the band at 2117 cm~1, isotopic mixing experiments have been
carried out. These experiments allowed us to unambiguously assign this band to a Rh(CO)2species. Large particles prepared at 300 K deposition temperature, residing on line defects, do not
exhibit the band (Fig. 25, right, top spectrum). However, if the spectra are recorded afterRh(CO)2saturation of the line defects at 300 K, and then further metal is deposited at 90 K (Fig. 25, right
bottom spectrum) the band is found, indicating that this species resides in point defectRh(CO)2sites. By further reducing the size of the particles we have also identiÐed RhCO and species carry-
ing more than three CO molecules.158

In summary, however, we may conclude that several di†erent types of Rh particles are
responsible for the observed infrared features. Presently, density functional calculations on small
Rh carbonyls are in progress.159 Calculated vibrational frequencies of such systems may help to
identify the species present on the alumina Ðlm.

These studies on small Rh particles have been extended to include neighboring elements in the
periodic table. Infrared spectra recorded after deposition of comparable amounts of Pd, Rh, and Ir
and subsequent CO saturation at 90 K are displayed in Fig. 26. We note di†erences in the low
wavenumber region, where vibrational frequencies of molecules in multiple coordinated sites are
located. As on single crystals, the population of such sites is highest on Pd,160,161 while no such
CO is observed on Ir.162,163

The di†erences in the region of terminally bound CO, however, are much more pronounced. In
the case of Ir, several distinct features are observed. In analogy to the band at 2117Rh(CO)2cm~1, the sharp signal at 2107 cm~1 may be attributed to species via isotopic mixtureIr(CO)2experiments (not shown). Bands with similar frequencies have been assigned to the symmetric
stretch of on technical catalysts (2107È2090 cm~1)164 and on the iridium-Ir`(CO)2 Ir/Al2O3loaded zeolite H-ZSM-5 (2104 cm~1).165

Fig. 26 Infrared spectra of Pd, Ir, and Rh deposited at 90 K and saturated with CO at the same temperature.
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Fig. 27 CO dissociation on representative series of C 1s spectra taken after CO satura-Rh/Al2O3/NiAl(110) :
tion at 90 K and heating to the indicated temperatures (data acquisition at 90 K).

By contrast, no signs of atomically disperse Pd or of structurally well-deÐned aggregates are
observed. Indeed, the infrared spectrum is rather similar to that observed on much larger, disor-
dered Pd aggregates.156 At the same metal exposure, the Pd particles are found to be larger than
the Rh aggregates by room temperature STM.

Our observations show that infrared spectra of adsorbed CO provide valuable information on
the size of metal nanoparticles, as has been long recognized in the catalysis related literature. In
the nucleation regime the metal particle size increases from Ir across Rh to Pd, implying the
opposite trend in metal oxide interaction strength, i.e. Pd\ Rh\ Ir.

The literature contains several adsorption studies, see for example,166 employing other probe
molecules such as hydrocarbons but here also reaction comes into play which renders the situ-
ation even more complicated.

In the following Ðnal section several simple chemical reactions of and CO on small aggre-O2gates are addressed.
A simple reaction is the dissociative adsorption of oxygen on small particles. Pd aggregates as

shown in Fig. 19 can be imaged at atomic resolution after a dosage to saturation with molecular
oxygen from the gas phase.167 On the side facets the corrugation due to the presence of adsorp-
tion of oxygen can be identiÐed. A doubled periodicity corresponding to a p(2] 2) structure can
be identiÐed. This structure is very similar to the p(2 ] 2) structure observed after dissociative
oxygen adsorption on Pd(111).168 We therefore conclude that a similar situation is encountered in
the case of the deposited aggregates. The p(2 ] 2) structure interestingly appears on the di†erent
facets at di†erent tunneling conditions. When the oxygen covered Pd aggregates are exposed to
carbon monoxide the reactivity of the di†erent facets appear to be di†erent in the sense that the
oxygen adsorbate structure is lost on the various facets at variable temperatures and exposures. It
will be interesting in the future to study these e†ects in more detail.
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CO oxidation at low temperatures and as a function of size on supported gold aggregatesTiO2has been studied by the Goodman group.151 They Ðnd a marked size e†ect of the catalytic activity
which correlates with the original observations by the Haruta group169 for Au on large area
titania catalysts. The aggregates near 35 size show the maximum activity.A�

In the future it will be important to perform kinetic measurements for such reactions under well
deÐned conditions including UHV and ambient environments. A very good example has recently
been reported by Henry and his group.170

Similar to the studies of CO oxidation on Au aggregates reported above, we have undertaken a
detailed study of CO dissociation as a function of Rh particle size.171h173 For various cluster sizes
we have taken C 1s photoelectron spectra as a function of sample temperature. An example is
shown in Fig. 27 covering a temperature range where we know that the morphology of the ensem-
ble of aggregates does not change. At low temperature the signal typical for molecular CO is
observed. Near 400 K a second signal appears indicating the dissociation of CO into carbon and
oxygen atoms. At 500 K all molecular CO has been either dissociated or desorbed. The disso-
ciation probability is then given by the relative ratio of the molecular and the atomic C 1s signal.
This is plotted in Fig. 28 as a function of the aggregate size. Also included in the Ðgure are data
for very small aggregates, where it has been shown that CO dissociation is negligible.174 This is
also true for closed packed single crystal surfaces175 which would apply to the far end of inÐnitely
large aggregate sizes. If, however, we look at data gained for stepped Rh surfaces then there is a
probability for CO dissociation.176 At an intermediate aggregate size of 200È300 atoms the disso-
ciation probabilities are maximal.

Fig. 28 CO dissociation activity on Rh particles deposited on as determined by XPS.Al2O3/NiAl(110)
According to ref. 171 and 172 the dissociation activity also passes a maximum for the 300 K deposits, i.e. the
activity decreases in the regime of small particle sizes reÑecting the behavior of the 90 K deposits.
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Fig. 29 (a) C 1s spectra 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 : B104 atoms).

Although electronic e†ects cannot be completely excluded as a reason for the onset of the
dissociation phenomenon for small particles, an explanation on the basis of structural properties
of the system seems more likely.

Since the Rh deposits are basically disordered, it is easily imaginable that aggregates of medium
size exhibit a maximum defect density in terms of steps, kinks and other low coordinate surface
atoms. Smaller units should contain less defects, in particular if they are still two-dimensional. In
addition to that, spatial constraints may play a role here as well (accommodation of C and O on
adjacent sites, see Fig. 27). 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 a lower defect density. This is consistent
with the observation that the dissociation activity declines much faster in this case (see Fig. 28).

An interesting detail concerning the dissociation process has been discovered by a closer inspec-
tion of the C 1s emission of the molecularly adsorbed CO.172 As demonstrated in Fig. 29 (a), the
peak actually consists of two components, denoted A and B. If the fraction of the total intensity
found for component B after heating to 300 K is compared to the fraction of CO Ðnally disso-
ciating (see Fig. 28), it turns out that the species giving rise to B can be regarded as a kind of
dissociation precursor. In fact, the evolution of these two quantities as a function of the particle
size is identical, i.e. both pass a maximum at the same point.172 At 90 K, however, this is not yet
the case. Here, the relative intensity 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 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. 29
(b) showing the intensity changes for the A and B peaks as well as the losses which result either
from desorption or dissociation.173 Unambiguously, the desorption curve follows the curve for
component A, whereas the dissociation curve mimics the development of the component B. Unfor-
tunately, 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 coordinated CO species give rise to lower C 1s binding energies (see above), it may be
furthermore speculated whether B is associated with CO in a higher coordination as compared to
the A species.

The Ðeld of investigations of chemical reactivity as a function of aggregate size is in full develop-
ment and there are more exciting results at the horizon.
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Concluding remarks
After 30 years of surface science, which have seen an enormous development of methods and
instrumentation to be applied to the investigation of solid surfaces, the Ðeld is now ready to tackle
questions of rather complex natures. Naturally, so far metal surfaces have been the focus of atten-
tion in surface science and this will continue to be the case. However, also for such systems the
complexity of problems is constantly increasing, in particular if molecular adsorbates and self-
organized systems are considered. Metal oxide surfaces have received some attention in the recent
past and the study of such systems as well as more complex metalÈmetal-oxide composite systems
will, or perhaps has already deÐned a direction in surface science that promises to reveal inter-
esting results of fundamental interest as well as of appeal towards applications. It is good to see
that surface science is very healthy and alive and it has never been farther away from fatality.
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