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Abstract

The catalytic activity of metal clusters often shows an interesting cluster size selectivity, e.g., metals which are inertin bulk form can become
extraordinarily catalytically active with reduced cluster sizes. To shed light on elementary steps of catalytic processes on nanoclusters, the
chemisorption properties of mass-selected coinage metal cluster anions in the gas phase were studies using time-of-flight (TOF) mass-
spectrometry and ultraviolet photoelectron spectroscopy (UPS). In surface chemistry, it is generally acceptedifisaic@tes at room
temperature; however, on coinage metal cluster anions, di-oxygen species can be found, implying that di-oxygen species on coinage metal
clusters are important reaction intermediates for the catalytic CO-oxidation and partial oxidation of hydrocarbons. For H adsorption on Au
cluster anions, H acts as a one-electron donor like Au does. The implication of this result on heterogeneous catalysis of nanoclusters is
discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
In contrast to the real catalysts consisting of metal

The chemical properties of a cluster can drastically change nanoparticles on high surface area support materials, such
with increasing number of atoms in a cluster. The rates of as silica, alumina, magnesia and titania, the experimental pa-
the chemisorption of B D,, and N on Fg,, and Nb, (n rameters in the model catalysts are well-defined, and can be
= number of atoms) clusters and those of CO on different controlled more precisely. Therefore, elementary steps of cat-
metal clusters can vary by several orders of magnitudes asalytic processes in these ideal model systems can be inves-
a function ofn [1-6]. For W, a sharp jump of the reactiv- tigated on the atomic scale by using various surface anal-
ity towards N chemisorption is detected at liquid nitrogen ysis techniques under ultrahigh vacuum (UHV) conditions
temperature as well as room temperaturenaxceeds 15  [12-15]

[7,8]. The reaction pattern of V cluster cations with @as- There have been concerns whether the model studies of
tically changes with increasing number of V atoms in a cluster catalysis can properly describe the real catalysis, and much
[9]. Pt cluster cations also show size dependent changes offfort has been made to mimic the complexity of real catalysis
the activities towards reactions with various gas molecules, in the model studies in order to bridge the gaps between the
such as NH, H, and @ [10,11] Recently, variations of the ~ model and real catalysis. Experimental techniques have been
chemical properties of mass-selected metal clusters have atdeveloped, which allow investigations on catalytic processes
tracted particular attention of chemists and physicists, sincenot only under UHV conditions, but also under high pressure
studies on mass-selected clusters were shown to be able teonditionsto overcome the “pressure giB—-18] Instead of
provide a better understanding of elementary steps of het-studying catalytic activities of metal single crystal surfaces,
erogeneously catalyzed reactions on nanoparticles, which ismetal particles deposited on oxide single crystalline surfaces
currently one of the mostimportant subjects in surface chem- have been studied to bridge the “material g§i#,20] Ox-
istry and heterogeneous catalysis. Using gas-phase clusterdges are often insulating, thus causing charging problems
the variations of catalytic activities with increasing cluster in many surface analysis techniques, such as electron spec-
size can be studied on an atom-by-atom basis. Moreover, thetroscopy and scanning tunneling microscopy (STM). This
results from the mass-selected clusters can be directly com-can be avoided by using oxide thin films on refractory metal
pared with theoretical calculations, which is difficult for the single crystal surfacg49,20]
model catalysts consisting of metal nanoparticles with cer-  Studies on metal nanoparticles over oxide surfaces re-
tain size distributions supported by oxide surfaces. At the vealed that there are actually some examples of nanosized
beginning of this article, a brief summary will be given, out- metal particles showing completely different catalytic prop-
lining recent efforts of surface chemists to discover unique erties fromthe bulk counterparts. One of the mostwell-known
catalytic properties of nanoparticles, which cannot be found examples for this “material gap” is Au-based catalyst. Au is
for the bulk counterparts. Furthermore, still open questions known to be the most inert metal in bulk form; however,
from surface chemistry on nanocatalysis will be reviewed. In Au nanoparticles as large as 2—-3 nanometers (nm) have been
order to shed light on the questions from a surface chemistryshown to be extraordinarily active for various catalytic re-
point of view, the chemical properties of mass-selected clus- actions, such as low-temperature CO-oxidation and partial
ters in the gas phase have been investigated in cooperatiomxidation of hydrocarbon21-32] Recently, Ag nanoparti-
with Prof. Gantebr's group of the University of Konstanz, cles with an average size of 2-3 nm were also shown to be
Germany. The results will be reviewed in the present arti- catalytically as active as the Au nanopartidlg3]. Itis likely
cle. that the size dependent change of the catalytic activity is not
limited to Au, but may be also valid for other materials. It
should be noted that there are two most important factors
2. Surface science studies on nanocatalysis for the efficiency of the nanocatalysts, namely cluster size
and metal support interactions: as mentioned above, the cat-

One of the most important goals in surface chemistry is alytic activity can change drastically with cluster size. Metal
obtaining a better understanding of mechanisms of various nanoparticles with the same size show dissimilar catalytic
heterogeneously catalyzed reactions. To unveil the reactionactivities, depending on the support material, e.g., catalytic
mechanisms on the atomic scale, surface scientists have beereactions of Au nanoparticles on titania take place at lower
using metal single crystal surfaces as model catalysts. temperatures compared to those on si[R2].
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Most of the Au-based catalysts used in surface scienceattached to the coinage metal cluster anifs#s-56] Most
studies have certain particle size distributions, which do not of this article is devoted to theg£Zhemisorption on coinage
allow investigations of cluster size selectivity in catalytic re- metal cluster anions. The last part deals with the hydrogen
actions on an atomic-by-atom basis. Hence, mono-disperseadsorption on Au cluster anions, which can be relevant for the
surfaces are required, i.e., all the clusters deposited on a supeatalytic reactions involving hydrogen chemisorption, such
port material should have the same size. This has been realas partial oxidation of propylene to propylene oxjde].
ized by Heiz and co-workers, who deposited mass-selected
clusters on oxide thin film§34—36] Using this technique,

Heiz and co-workers found that Au clusters consisting of 3. Experimental set-up

8-20 atoms are reactive towards CO-oxidation, when they

are deposited on MgO(1 00) surfad&4]. In combination To synthesize MO,~ (M =metal atom), a pulsed arc clus-
with density functional theory (DFT)-calculations, itwas sug- terion source (PACIS) was usfiB,59] Inthe PACIS source,
gested that the Au clusters on stoichiometric MgO surfaces a He pulse is inserted between the target and Mo (or W) elec-
are almost inert, whereas the Au clusters interacting with de- trodes, and a high voltage (about 100 V) between two elec-
fect sites of MgO (oxygen vacancies, so-called F-centers)trodes ignites an electric arc, leading to the sputter-process
are catalytically active, indicating that strong metal-support of the target electrode. The metal atoms ejected from the tar-
interactions play a pivotal role for catalytic activities of nan- get electrode can be thermalized to room temperature during
oclusterqd34]. collisions with a carrier gas (He), and at the same time, these

These results from surface science studies triggered fur-atoms form clusters. After the clusters have cooled down to
ther investigations on the chemical properties of mass- about room temperature, they are exposed4oc3tudy the
selected clusters in the gas phf&é-43] One of the advan-  oxygen chemisorption properties of the mass-selected clus-
tages of studying gas phase clusters is that they can be mor¢ers. In the case of hydrogen chemisorption on Au cluster
easily mass-separated than deposited clusters. Note that foanions, H was inserted into the electric arc, resulting in dis-
deposited clusters, diffusion of the clusters on the substratesociation of H. H> does not react with Au cluster anions at
surfaces can take place, which may lead aggregations of theoom temperature; in contrast atomic hydrogen produced in
clusters (sintering). To avoid this problem, suitable experi- this way can react with Au cluster anions. We have also per-
mental parameters, such as low deposition temperatures anformed experiments on MD>~ (M: Au, Ag and Cu), which
low cluster coverages should be chosen. Itis also important towere produced by insertingdnto the electric arc, so that
mention that by comparing chemical reactivities of gas phase atomic oxygen and metal atoms can thermalize simultane-
clusters to those of the respective deposited clusters, one camwusly and form clusters; however, the results from these ex-
better understand metal-support interactions. Many clusterperiments are out of scope of the present article. By measur-
chemists and physicists have been investigating the chemi-ing the UPS peak widths of Cu clusters created in the PACIS
cal properties of mass-selected cluster in the gas phase, e.gsource, the temperature of the clusters at the stage of UPS
Whetten and co-workers found that Au cluster anions in the measurements was estimated to be room temperfi8te
gas phase are as active towards CO-oxidation as deposited’he mass of cluster anions was selected using a time-of-flight
Au nanoclusters, suggesting that gas phase clusters can b€TOF) mass spectrometer, and the ultraviolet photoelectron
used as model systems to gain insights into the elementaryspectra (UPS) of the mass-selected cluster anions were taken
steps of various catalytic reactiof8,42)]. using UV laser pulses (photon energy = 4.66 or 6.4 eV). The

Catalytic reactions involve many elementary steps. It is energy resolution of our UPS instrument is about 0.1 eV.

a generally accepted view that adsorption and activation of

O3 is the most important step in various catalytic reactions,

particularly in low-temperature CO-oxidation. When atomic 4. Results and discussion

oxygen instead of molecular oxygen is deposited on Au-

based catalysts, CO can readily react with the atomic oxy- 4.1. G chemisorption on Au cluster anions

gen to form CQ, independently on the cluster size, i.e.,

the size dependent changes of the chemical activities com-4.1.1. Q chemisorption reactivity of Au cluster anions
pletely disappear in this cag#d]. This result of the Bullins’ In Fig. 1, mass spectra of AU after reaction with @are
group obviously shows that chemisorption and activation given[52,53] The grids inFig. 1 correspond to the masses
of O on Au-based catalysts are the keys of the cluster of the pure Au clusters, and peaks deviating from the grids
size selectivity of Au-nanocatalysjé4]. The nature of the ~ come from the reacted clusters. Auwith n=even numbers
chemisorbed oxygen has been in debate. Dissociative andeact with Q (with an exception of Ays™), whereas the odd
molecular chemisorption of Owere suggested from vari- numbered clusters are inert (with exceptions ofiAwand
ous previous studies; however, direct experimental evidenceAuz ™, which partially react). Our results are in agreement
on this issue has been missifgg,37,44-51]Only very re- with the even/odd-alternation in the;@dsorption reactivi-
cently, spectroscopic measurements on the reacted clusteties, which were previously observed by Lee and Ef¢Bi.
anions allowed identification of the structures of the oxygen The even/odd-alternation of the;@hemisorption reactivity
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O, (superoxo-species), &~ (peroxo-species) and disso-
ciatively chemisorbed oxygen. The even/odd-alternation in
) the chemisorption reactivity of £can be interpreted in the
AuO; [ Au, following way: O, acts as a one-electron-acceptor, thus yield-

) ing closed-shell configurations of the even-numbered Au
cluster anions upon attachment of apr@olecule. Consider-
ing that the superoxo-species is a one-electron acceptor, the
resultsirFig. limply that oxygenis non-dissociatively bound
on the Au cluster anion87,38] It is interesting to note that
the degradation reactions of the Au cluster cations witisNH
and CHNH; also exhibit pronounced even—odd behaviours,
E implying that the chemistry of coinage metal cluster anions
' I F is often dominated by their electronic structufes].
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4.1.2. UPS studies ongxhemisorption on Au cluster
anions (photon energy = 4.66 eV)
U u In Fig. 2, the UPS spectra of AW, withn=1, 2, 4,

Intensity (arb.units)

6, 8 taken using a laser with a photon energy of 4.66 eV are
compared52,53] UPS spectra for ALO,~ with n= 2, 4,
6 exhibit vibrational fine structures of about 150-180 meV
corresponding to the-@D stretching frequencies, indicative
Fig. 1. TOF mass spectra of Au cluster anions reacted withT®e grids of non-dissociative adsorption of,OForn = 8, the vibra-
correspond to the masses of the pure Au clusters, and thus the peaks deviatingional fine structure is not discriminated. The vibrational fre-
from the grids come from the reacted clusters. guencies inFig. 2 are much higher than those of the di-
oxygen species on transition metal surfaces. Note that the
correlates with the even/odd-pattern of the adiabatic electronvibrational frequencies of molecular oxygen species on tran-
affinity of Au,, (in the present work, the electron affinity is  sition metal surfaces are 80—-120 meV for peroxo-species and
defined as the energy difference between the ground state 0fL35-150 meV for superoxo-speciég,63] The vibrational
the anionic cluster and that of the neutral cluster). Note that frequency in the UPS spectra of a cluster anion corresponds
electron affinities of the even-numbered,Aare generally  to that of the neutral cluster having the ground state geome-
lower than those of the directly neighboring odd-numbered try of its respective anion. As nuclear motions are generally
clusterd38,60] It is important to mention that A with n much slower compared to the detachments of electrons, the
>20 do not react with @at all. so-called vertical detachment takes place, which results in
The even/odd-alternation of the electron affinities of Au neutral clusters with the same geometries as that of the anion
clusters can be understood based on a simple electronigground states as final states of the photoelectron emission pro-
model. Au has one 65s electron in the valence shell struc- cesses. In the anionic states, the additional electrons occupy
ture, and thus, the highest occupied molecular orbitals (HO- the antibonding 2* orbitals of G, thus further activating the
MOs) of even-numbered Au cluster anions consist of a hole O—O bonds, and decreasing the-O stretching frequencies.
and an unpaired electron (open shell configurations), whereas Since we observe strong vibrational structures e300
those of odd-numbered Au cluster anions are occupied by twothe O-O bond length should be significantly altered upon
paired electrons, i.e., the HOMOs are closed. Note that asthe one electron detachment. The additional electron in
mentioned above, the even-numbered Au clusters with openthe anionic state is strongly localized on oxygen, in line
shell configurations have lower electron affinities than the with recent theoretical studies, which found strong res-
odd-numbered neighbors with closed valence sf@lls The onances of the ©27* and HOMOs of the Au cluster
results of the chemisorption experimentsHig. 1 indicate aniong[64].
that only those cluster anions with lower electron affinities ~ UPS spectra do not provide information on geometric
having open valence electronic structures can generally re-structures of the clusters, yet comparison with density func-
act with G efficiently, whereas the Au clusters with closed tional theory-calculations can shed some light on the cluster
shell configurations are less reactive. The results that the Augeometry. InFig. 3, the optimized geometries of AQ,~
cluster anions consisting of more than 20 atoms are inert canwith n = 2, 4 by theoretical calculations of Jena’s group are
be also rationalized with the electronic model, since these given[54]. For the theoretical studies, the self-consistent lin-
larger clusters with even as well as odd numbers of Au atomsear combination of atomic orbital-molecular orbital (SCF-
have relatively high electron affinities compared to those of LCAO-MO) approach was used. The total energies are cal-
the smaller even-numbered Au clustgé®]. Chemisorp- culated using DFT with the generalized gradient approxima-
tion of O, can result in various oxygen-species, such as tion (GGA) for the exchange-correlation potential, which is
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Fig. 2. UPS spectra of AD,~ withn=1, 2, 4, 6, 8. The photon energy is 4.66 eV. Vibrational fine structures are denoted in the figure.

taken as Perdew-Wang 91 prescription (commonly referredis highly reliable[54]. The O-O distances in these clus-
to as PW91). The atomic orbitals are represented by a Gaus+ters are about 1.8, which is larger than those of the neu-
sian basis. The 6-311++G (3df, 3pd) basis set for O and thetral counterparts by about 0.85 This result also reveals
Stuttgart relativistic effective core potential basis set for Au that the excess electrons in the negatively charged Au clus-
were used. The structures for the anionic and neutral clustergers play an important role for the activation of the-@
were optimized without symmetry constraint using the Gaus- bonds.

sian 98 code. For both clusters, the formation of superoxo-  For the Au monomer anions, the vibrational frequency is
species was suggested from theory, in line with the experi- much lower than those of the other clusterfig. 2 Itis dif-
mental data. The theoretically calculated electron affinities ficult to provide a clear interpretation of this result, since
of these clusters are in good agreement with the experimen-98 meV can be assigned either to the-&uor the G-O

tal data, suggesting that the theoretical approach used heretretching frequency. Inthis case, therefore, combined studies
with DFT-calculations are required. In the DFT-calculations
for the Au monomer anions, dissociative adsorption of oxy-
gen on Au, forming a linear ©@Au—O~ structure is ener-
getically more favorable than the molecular adsorption by
about 0.7 eV, suggesting dissociative chemisorption of oxy-
gen. Again, the electron affinity, the vertical detachment en-
ergy (VDE) and the vibrational frequency of AgOfrom the
theoretical calculations are consistent with the experimental
data[54]. Itis, however, remarkable that according to the the-
oretical calculations of Jena’s group, the dissociation f O
on Au, is impeded by a large activation barrier, which cannot
be overcome at room temperat(sd]. Therefore, itis likely
that the formation of Au@~ results from reactions between
Au~ and small amounts of atomic oxygen (or hot molecular
oxygen) being present in the gas phase.

1.877 _ 1.877

12.604

4.1.3. UPS studies ongZZhemisorption on Au cluster

anions (photon energy = 6.4 eV)

Fig. 3. Optimized geometric structures of A~ with n = 1, 2, 4 using UPS studies using a laser with a photon energy of 4.66 eV
DFT-calculations. Bond lengths and angles (in degree) are given in the figure. are limited to the smaller reacted clusters consisting of less
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Fig. 4. UPS spectra of AD,~ withn=2, 4, 6, 20 (the group S) and= 8, 10, 12, 14, 18 (the group W). The photon energy is 6.4 eV.

than 10 Au atoms, since the electron affinities of the larger pletely changed upon{adsorption, confirming significantly
clusters become very close to the photon energy. To obtain in-large interactions betweerp@nd Au in the group S clusters.
formation on electronic structures of M, ~ for n< 21 with It should be noted that not only HOMO but also other oc-
a wider energy range, UPS spectra of &4~ are collected cupied MOs of the Au cluster anions participate in the O
using a laser with a higher photon energy (6.4 e&p( 4) chemisorption Figs. 4 and b Most likely, the approach of
[53,54] Based on the shapes of the UPS spectrg,Gaa O> close to Ay~ is facilitated by sufficient charge transfers
clusters studied here are classified to two different groups (Sfrom the delocalized sp-state (HOMO) to the-@r* orbital,
and W groups), where S stands for stronger Au—0O interac- which then enables the contributions of other localized MOs
tions, and W for weaker Au-O interactions. of Au,, ~ with higher binding energies in the;@hemisorp-
First, we focus on AO2~ clusters withn = 2, 4, 6, 20 tion.
(referred to as group S). The respective bare Au clusters of In contrast to the case of the group S clusters, the UPS
this group show relatively low electron affinities (<2.75eV) spectra of AyO,~ with n = 8-18 (group W) consist of dis-
[60]. The distinct features of the pure Au cluster anions ex- tinct multiple peaksKig. 4). The peaks from the HOMO of
isting at the binding energies below about 4.7 eV completely the bare Au cluster anions disappear uponadsorption;
disappear upon ©adsorption, and broad features between however, in contrast to the case of the group S, no broad fea-
3 and 4.5eV (marked with A ifrig. 4) can be found, fol- ture is observed in the binding energy regime between 3 and
lowed by several narrower peaks at higher binding energies.4.5 eV. Only distinct peaks above 4 eV existing in the UPS
These broad features denoted as Acig. 4 result from the spectra of the pure Au cluster anions are still visible with mi-
combination of the @2x*-orbitals and the valence occu- nor modifications after @adsorption Fig. 5). This suggests
pied MOs of Ay,~. As mentioned above, Omolecularly that charge transfers from the HOMO of the Au cluster anions
adsorbs on A~ with n=2, 4, 6 Fig. 2), and based on the  to oxygen is the main chemisorption mechanism, whereas an
similarities in the valence electronic structuré&sg( 4), Oz additional overlap between the @* orbital and other MOs
is suggested to be also molecularly bound ond@u form- ofthe Au cluster anions is negligibly small, which is quite dif-
ing superoxo-species. The very large widths of the peaks A ferent from the results of the group S clustd¥gé. 4 and b
are evidence for a strong overlap of the-@&x* orbitals with This resultis evidence for much weaker interactions between
the valence electronic levels of AuNote that accordingto Oz and Au in the group W clusters compared to those of the
the Franck—Condon profile, a large structural change upongroup S clusters. The general trend for the weaker interac-
electron excitation results in broad band features: an elec-tions of the group W clusters with/Qs consistent with the
tron detachment can lead to a large structural change, wherrecent results from the £adsorption reactivity experiments
this electron is involved in a strong chemical bonding of a on Au cluster anions described [88]. Much weaker inter-
cluster (in our case £-Au bonding), which can lead to the actions between 9and Au in the group W clusters imply
appearance of broad features in the photoelectron spectranon-dissociative chemisorption ob@n the group W, since
By comparing the UPS spectra of the ,AZp~ with those for the dissociative adsorption, stronger Ay-iBteractions
of the respective pure Au cluster aniomdqg. 5), it becomes are required. That the Au cluster anions in the group W re-
more obvious that the valence band structure gf Ais com- act more weakly with @than in the case of the group S is
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Fig. 5. The UPS spectra of A and Ay,0,~ (n =2, 12) are compared. The photon energy is 6.4 eV.

explained by the lower electron affinities of the bare Au clus- ating temperatures of Pt-group catalysts are known to be
ters of the group S compared to those of the grouf6%], significantly higher than those of the Au-nanocatalysts. On
because within a simple charge transfer model, one can argudt-group metal surfaces, CO-oxidation usually takes place
that the W group clusters allow less Ax O, charge transfer  through the dissociative chemisorption of © atomic oxy-
than the S group clusters. gen, which subsequently reacts with CO to form J&r].

It is interesting to note that thex@dsorption mechanism  On the Au cluster anions, in contrast, the stabilization of the
on Awo~ is much different from that of other Au cluster activated molecular oxygen at room temperature can open
anions with similar sizes (AU with n> 8), and rather anal-  up new reaction channels (e.g., CO-oxidation mediated by
ogous to the @adsorption pattern of much smaller clusters carbonate-like species), responsible for the low temperature
(n=2, 4, 6). Ayg has a highly symmetric tetrahedral struc- CO-oxidation[37,38,42,46] Molecular adsorption of oxy-
ture witha HOMO-LUMO gap of 1.8 eV, whichis the largest gen can play a vital role for the enhanced activities of Au
among coinage metal clusters studied so far, exceptifal, clusters towards many other catalytic reactions, such as par-
Auyg is classified as a “magic” cluster, suggesting thatAu tial oxidation of propylene, in which formation of hydrogen
should be chemically inef65]. In general, “magic” clusters  peroxide (HOOH) is suggested to be imporf@if]. It should
tend to exhibit relatively low electron affinities, since the en- be mentioned that non-dissociative chemisorption seems to
ergy level of LUMO is shifted to the lower binding energy be a general phenomenon for small nanoclusters, and there-
range as a consequence of a large HOMO-LUMO [§&}. fore many other catalytic reactions may proceed via non-
The strong interaction with Alp~ with Oy indicates that a  dissociatively chemisorbed species on nanoclusters. For ex-
“magic” cluster can become chemically very active with an ample, N chemisorbs dissociatively on W surfad&8], but
excess electron, triggering further studies on chemical activ- molecularly on W nanoclusters consisting of less than 15
ities of other “magic” clusters with one excess electron. It atoms[68,69] Stabilization of di-nitrogen and di-hydrogen
should be emphasized that it is not only the one additional species on small nanoclusters was also found on Nb and Ti
electron in the HOMO of the anionic state of the “magic” cluster anions, respective[y0]. For ammonia (NH) syn-
cluster, which participates in the chemisorption. Other MOs thesis on metal surfaces, it is generally accepted that N2 dis-
in the higher binding energies, which should be chemically sociatively chemisorbs and then reacts with H, however, on
inert in the neutral state, participate in the chemisorption in small nanocatalysts, it is possible that di-nitrogen species are

the anionic state. formed[13,71] Di-nitrogen species can react with H to form
N—N—H,, (n = 1-3), which upon further hydrogenation can
4.1.4. Reaction mechanisms then decompose to form NH71].

Under similar experimental conditions to those of ours It is unclear so far, if the CO-oxidation on the Au
(room temperature, comparale Qartial pressure), AT, cluster anions operate via the Langmuir—HinsheIwood
Aus~ and A~ clusters were shown to be highly reac- mechanism, or the Eley-Rideal mechanism. In the
tive towards oxidation of CO to C©[37,42] Compari- Langmuir-Hinshelwood mechanism, CO and, ®oth

son of the chemisorption properties of ,Au with those chemisorb on catalyst surfaces, and CO molecules diffuse on
of the Pt-group metal surfaces provides insights into the the surfaces until they can find thermally activated oxygen
origin of the unusual catalytic properties of Au nanoclus- atoms to react to C9[67]. In the Eley—Rideal mechanism,

ters for CO-oxidation and propylene epoxidation. Pt-group CO molecules existing in the gas phase react with surface
metals can efficiently catalyze CO-oxidation, but the oper- 0xygen species, without forming chemical bond with surface
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atoms, i.e., inthe Eley—Rideal mechanism, the residencetime  tact area between Au and TiJ21]. As a consequence

of CO on the catalyst surface during reactions can beregarded  of the metal-support interaction, Au particles consisting
to be 0472]. In surface chemistry, it has been suggested that of several hundreds Au atoms (about 2-3 nm in diame-
CO-oxidation can take place via the Eley—Rideal mechanism ter) are still semiconductive with band gapsup to 1.2eV

on oxygen-rich Ru surfacg3§3,74] however, this sugges- [21]. As aforementioned, a larger band gap (or HOMO-
tion later turned out to be invalifr5]. No direct evidence LUMO gap) of a nanoparticle corresponds to a lower
has been observed for the CO-oxidation on metal surfaces  electron affinity{66], leading to a higher chemical activ-
taking place via the Eley—Rideal mechanism, which there- ity towards Q adsorption. This can rationalize, why the
after has been rather regarded as an unrealistic mechanism mean size of the catalytically active Au particles on 7iO
for heterogeneous catalygE5]. In this context, it is worth is much larger than that in the gas phase without support.

mentioning that CO-oxidation on Au clusters is suggested
to occur by the Eley—Rideal mechanism in recent theoretical 4.2, 0, chemisorption on Ag cluster anions
calculations, and it could be interesting to find experimental

evidence on this issyé2]. 4.2.1. Reactivity measurements
In Fig. 6, mass spectra collected for Ag cluster anions
4.1.5. Metal-support interactions after reaction in @ environments are displayd85]. The
Studies from Whetten and Wallace reportef8ifi] as well even/odd-behaviours of Au cluster anions can also be ob-

as those in the present work show that metal clusters consistserved for Ag cluster anions, even though there are some
ing of less than 20 atoms are reactive towards CO-oxidation. exceptions for this even/odd-relationship. For example, in
However, according to the finding from Goodman’s group, Fig. 6, itisevidentthat Age~ and Ags™ are less active than
Au particles consisting of about 100—-200 atoms are reactive, Other even-numbered Ag cluster anions. It is interesting to
when they are supported by TiGurfaceg21]. Comparison note that the even/odd-alternation in thge &isorption reac-
ofthe gas phase data and those of the Au particles onda® tivities can still be observed for the Ag clusters consisting
provide a better insight into the role of the support materials of more than 30 atoms ifig. 6 (except Agz™), which is

in the Au-nanocatalysis. We suggest that support materials in
Au-nanocatalyis may play the following roles:

Agn" + O2

(1) The experimental findings using mass-selected clusters
suggest that not only cluster size but also the charge state
in a cluster can have significant influence on its chemical
properties. From the results shown in the present arti-
cle, it is evident that negatively charged even-numbered
Au clusters are reactive towards; @hemisorption.

In contrast, cationic Au clusters are inert towards O
chemisorptiorj76]. It is possible that in the case of sup-
ported nanopatrticles, their charge states can be modified
by support materials, as it was suggested by theoretical
studies on Au nanoclusters over MgO surfa@. De-
pending on the support material, Au nanoparticles can
have positive, neutral or negative charge, which can sig-
nificantly alter their chemical activities. Itis interesting to _
note that the X-ray photoelectron spectroscopy (XPS) re-
sults from Au particles on Ti@in combination with DFT
calculations are also suggestive of a negative charging of
the chemically active Au particle by a charge transfer
from oxygen vacancies of Tigxo Au [77].

(2) Inthe gas phase, the HOMO-LUMO gaps of the clusters
become negligibly small (<0.2 eV), when the clusters
consist of more than about 25-30 atde®]. The 2D-3D
transition of the Au clusters takes place when the number
of Au atoms in a cluster becomes 11+418]. The cluster
shape becomes completely three-dimensional at a cluster
size of Alpg [65]. In contrast, Au strongly wets the THO
surfaces, kgepm_g the confined thlckness of larger ‘?“{S' Fig. 6. TOF mass spectra of Ag cluster anions reacted wjthT@e grids
ters to the direction normal to the oxide surface (Au ini- correspondto the masses of the pure Ag clusters, and thus the peaks deviating
tially grows two-dimensional), which increases the con- from the grids originate from the reacted clusters.
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quite different from the result of Au. Note that the Au cluster anions consisting of less than 21 atoms show similar activity
anions larger than Aig~ are inert towards @adsorption in patterns towards the£adsorption. Strong d characters in the
Fig. 1 valence band of the Au clusters may be taken into account to
Analogous to the results of theo,@hemisorption of Au rationalize these results. Previous quantum chemical calcu-
cluster anions, the even/odd-alternation of thea@sorption lations have found very strong d-sp mixing for Au, and the
on Ag cluster anions can be explained within an electronic UPS spectra of the pure Au cluster anions also agree with
model, since the even-numbered Ag cluster anions generallythese calculationgs0,79-82] The stronger d characters of
show lower electron affinities with respect to those of the Au nanoclusters are most likely related to relativistic effects
odd-numbered neighbors. The reason for the even—odd al{83-85] As the atomic nuclear charge increases, electrons
ternation in electron affinities as a function of cluster size is penetrating to the nucleus increase their velocity, and con-
mentioned aboveSection 4.1.1 The Ag cluster anions with ~ sequently their mass due to relativity. The relativistic effect
lower electron affinities can facilitate the electron transfer causes the s electrons to be in smaller orbitals than one might
to the antibonding MO of @ resulting in higher reactivi-  classically expect. The s electrons are therefore more strongly
ties towards @ adsorption. In contrast, the anionic clusters bound, shielding d electrons more effectivi®3—85] Am-
with higher electron affinities prohibit a charge transfer to ple evidence can be found in the literature that the relativistic
the adsorbates under our experimental conditions, hence deeffect plays a pivotal role in the chemistry of heavy metal
creasing the @adsorption activities. As described above, the atoms like AU83,85] Ag valence bands exhibit more sp and
even/odd-alternation of thes@hemisorption reactivity has  less d character compared to those of Au. It is possible thatd
been regarded as indication of the formation of superoxo- orbitals play an important role for the chemisorption of, O
species on Au cluster anions, which was also verified by since the d-orbitals can overlap better with-@:* orbitals
our UPS experiments. Therefore, the even/odd-behavioursthan the sp-states due to symmetry reasons. Because of the
of O, chemisorption on Ag cluster anions can also imply larger d character in the valence electronic levels of Au clus-
that O acts as a one-electron acceptor forming superoxo- ters, even-numbered Au clusters anions can be as reactive as
species, i.e., @adsorbs non-dissociatively on the Ag cluster Ag cluster anions for @adsorption, in spite of relatively high

anions. electron affinities of even-numbered Au clusters compared to
The & chemisorption data of Au cluster anions nearly those of the respective Ag clusters.
perfectly correlate with the electron affinity changegy( 1) Larger Ag and Au clusters behave chemically completely

[38]. Based on the simple electronic model mentioned above, different, i.e., Au cluster anions larger than Au are inert

it seems to be reasonable that the Ag cluster anions show artowards @ adsorption, whereas the Ag cluster anions con-
even/odd-behaviour for thesGdsorption, analogous to the sisting of more than 20 Ag atoms are still reactive. However,
case of Au, since the valence electronic configurations of the the G, adsorption pattern of the Ag cluster anions consisting
Au and Ag clusters are similar. Note that Au and Ag both of less than 21 atoms is quite analogous to the case of the
have one s electron in the valence atomic orbitals. Our ob- respective Au clusters.

servation that Ags~ and Agig~— are less reactive than other

even-numbered neighbors also reconciles the relatively high4.2.2. UPS studies

electron affinities of these clusters compared to those of other  In order to shed light on structural properties of A,
even-numbered Ag clustej80]. However, itis importantto ~ UPS experiments were carried olid. 7) [55]. Only for
note that the absolute electron affinities of Ag cluster an- Ag,O,~ and AgO, ™, periodic structures are observed in
ions are generally significantly lower that those of the Au the UPS spectra corresponding to about 170 meV, which can
cluster anions with similar siz¢60]. The electron affinities  be assigned to the stretching frequency efibf a superoxo-

of the even-numbered Au clusters consisting of less than 20specieskig. 7) [68,63] The observation of the-@D stretch-
atoms, which are active towards, @dsorption in the an-  ing frequency at the lower binding energy regimes in the
ionic form, are lower than 3.4 eV, whereas the Au clusters UPS spectra of AgO>,~ and AgO,~ indicates that the
inactive in the anionic state have electron affinities above detachment of the electrons with the lowest binding en-
3.4eV[60]. The electron affinities of Agwith n = even and ergies in AgO>~ and AgO> change the ©0 distance
odd numbers are always <3.2d80]. Assuming that the  significantly. This implies that the excess electron in the
absolute electron affinity is the only criterion for the reactiv- anionic state should be localized inp Owhich was also
ity towards @ adsorption, not only even-numbered but also found for the @ chemisorption on the Au cluster anions
odd-numbered Ag cluster anions should be reactive towardsby theoretical calculationf64]. For other clusters without
O, adsorption. However, our experimental observation of the vibrational fine structures, direct evidence of chemisorp-
even/odd-behaviours of the Ag cluster anions towarglad® tion geometries of @is missing; however, it is important
sorption suggests that the absolute electron affinity cannot beto note that recent theoretical studies on €hemisorp-

a sufficient criterion to determine the reactivity towards O tion on Ag cluster anions suggest formation of superoxo-
adsorption. species, in line with our interpretation about the even/odd-
Despite the much higher electron affinities of the Au clus- behaviours of the @chemisorption reactivity experiments

ters compared to the respective Ag clusters, Au and Ag cluster[40].
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Ag O~ Au120,7, three distinct peaks are located at the lower binding
energy regime. The valence band structures of these clusters

n= ‘ ‘ ‘ V“ are most likely dominated by the antibonding orbitals of oxy-
170 meV gen (@-2w*), suggesting that the adsorption structures pf O

on these Au and Ag cluster anions are analogous. These re-

4 sults again suggest that oxygen should be molecularly bound
on these Ag cluster anions, like on the Au cluster anions.
J/\/Iﬂf The Au cluster anions smaller than AT have drawn

particular attention due to their extraordinarily high catalytic
activities for reactions involving oxygen adsorption, and it
was found that the superoxo-species on the Au cluster anions

are important reaction intermediates on Au-based catalysts.
Since the oxygen chemisorption properties of the Ag cluster
anions studied here are quite analogous to those of the catalyt-

10 ically active Au clusters, it is likely that Ag-nanoclusters can
be as active as Au-clusters for those reactions in which molec-
)

Intensity (arb.units)

ular oxygen is an important intermediate, e.g., CO-oxidation
and partial oxidation of hydrocarbons. In fact, Ag nanoparti-
cles deposited on titania supports were found to be as reactive
as Au nanoparticles on titania for CO-oxidation, and partial
oxidation of hydrocarbons, which is in line with the results
from the present wor[33].

14
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. 4.3. G chemisorption on Cu cluster anions
Binding Energy (eV)

Fig. 7. UPS spectra of the even-numbered,@g~ with n = 2-14. The I_Dr_e_VIOUSIy' Lee and Ervin studledz_mhemlsorptlon re-
photon energy is 4.66 eV. Vibrational fine structures are denoted in the figure. activities of Au, Ag and Cu cluster aniofé3]. In the case
of Cu, the even/odd-alternation was much less pronounced
For some cluster sizes, similarities between the UPS spec-compared to the cases of Au and Ag cluster anions, i.e., not
tra of Ag,O,~ with those of the respective A@, ™~ clusters only even-numbered but also odd-numbered cluster anions
can be foundFig. 8). For AgO>~ and ApO»~, broad fea- are active towards £chemisorption. Au and Ag clusters can
tures can be observed at lower binding energies followed react with only one @ molecule, whereas Cu clusters can
by several narrower peaks. In the case ofiAp~ and possibly react with more than two,Onolecules. It is well
known that Cu bulk crystals easily react with oxygen form-
Au O~ Au O~ ing Cu oxide. Cu monomer and Cu dimer anions can also
22 122 1 1 1 efficiently dissociate @ suggesting that ©should disso-

ciatively chemisorb on Cu cluster anions, regardless of the
cluster sizd86—88] However, there were some indications
that Cu cluster anions consisting of 5-10 atoms can interact
less strongly than smaller Cu cluster anions. Cu cluster anions
. : . : , consisting of less than 5 atoms can react with more thap 2 O
3 4 5 4 5 molecules, however, Ga—Cu~ can only react with one
] AgZOZ" 1A2,,0, O2 molecule[43]. Therefore, one cannot exclude the possi-

] 1 1 bility to observe completely different chemical properties of

A=260meV

Intensity (arb.units)

these medium-sized Cu cluster anions from those of other Cu
clusters, e.g., ®may molecularly chemisorb on ¢u with
n=6-10.

Fig. 9 shows the UPS spectra of gllp~ and CyO,~,
which were produced by admission ob @hto the PACIS
source after Cu clusters formed and were cooled down to

Binding Energy (eV) room temperaturgs6]. A mass spectrum of the reacted Cu
. _ _ ) clusters is also shown iRig. 9c, indicating that there is al-
Fig. 8. UPS spectra of A§,~ and Ag,0,~ are compared with those . . .
of the respective Au cluster anions. Similarities of &3~ and the Au mO_St_ no even/odd-alternation of the, @hemlsorptlpn re-
counterparts imply that £chemisorption geometires on Ag and Au cluster ~ activity. One can also see that the mass-resolution of the
anions should be analogous. present work is high enough to resolve different isotopes of

A=290m eV

~f—

2 3 3 4
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] N ; Our result indicates that at certain cluster sizes, Cu can
| Cug0y 150 meV Cu,0, become resistant towards oxide formation, since the disso-
00 | 150meV ciative chemisorption is the precursor state of the oxide for-
' i mation[89]. As mentioned above, reactions of coinage metal
cluster anions with oxygen can be explained within an elec-
tronic model, in which lower electron affinities of the neutral
clusters facilitate metal to oxygen charge transfers of the an-
ionic counterparts, yielding larger reactivities towards oxy-
gen chemisorption. That Go and Cy~ do not allow disso-
ciation of the ©-O bond, can be rationalized by the relatively
high electron affinities of Cyiand Cy, hampering a metal
to oxygen charge transfer, and ending up with the molecu-
lar chemisorption. In particular, Gu has a closed electronic
shell configuration, having a high electron affinity of the neu-
tral counterparts and a large gap between the HOMO and
LUMO, which might explain the chemical inertness of this
cluster[60]. However, these results are still surprising, con-
sidering that the electron affinities of gand Cy are much
5 6 7 8 9 10 11 1 lower than those of other larger Cu clusters, which should
© Mass (Cu units) dissociate @, and form Cu-oxidd60]. As aforementioned,
Fig. 9. UPS spectra of (a) @@,~ and (b) C¢O,~. The photon energy is reactivities of C¢~ and Cy towa'rds Q chemlsqrptlon are
4.66 eV, and the vibrational fine structures are denoted in the figure. (c) MassmUCh lower than those of GU with n = 1-4, since these
spectrum of the reacted Cu cluster anions. smaller clusters can react with more than t\Npl’m)leCUleS,
whereas Cgr and Cy~ allow attachment of only one O
Cu (Fig. ). For CgO2~, no vibrational fine structure is  molecule on a clustd@3]. Our result that Cgrr and Cy~
resolved in the first peak at about 2.6 eV; however, featuresdo not allow dissociation of the-@D bonding, i.e., Cgl™ and
between 3 and 3.6 eV contain several equally spaced sub-Cu; ™ interact less strongly than smaller Cu cluster anions,
peaks, which should correspond to the vibrational frequency can reconcile the reactivity data of Lee and Erf48]. We
of a CsO2 neutral cluster. The peaks at 2.6 eV and 3-3.6 eV are currently carrying out experiments op €hemisorption
are attributed to the transitions from the ground state of the reactivities of other Cu clusters, which are not studied so far
anion to the ground and the first excited state of the neutral, using UPS.
respectively. In principle, vibrational fine structures are ex-  The chemisorption properties of,@n Cus~ and Cy~
pected to be presentin both features; however, mostlikely, theseem to be analogous to those of the Au cluster anions
too low intensity of the peak at 2.6 eV does not allow observa- consisting of between 2 and 20 atoms, since the molecu-
tion of the vibrational progressions in this feature, i.e., we can lar chemisorption of oxygen was also observed for the even-
observe the vibrational frequency of the neutrajGunot in numbered Au cluster anions. For the even-numbered Au clus-
the ground state but in the first excited state. The periodicity ter anions reacted with QUPS spectra showed vibrational
of the fine structure between 3 and 3.6 eWFig. 9aamounts  fine structures of G0 stretching frequencies, and the ac-
to about 150 meV, corresponding to the @ stretching fre- tivated di-oxygen species were suggested to be important
quency of a superoxo-speciesy(Q [62,63] This indicates reaction intermediates. Based on our result&im 9, it is
the existence of an-@D bond in Cy¢Oy, i.e., & does not dis- suggestive that Cu clusters with certain sizes may be promis-
sociate on Cg. For CiO,, also, a 150 meV-periodicity  ing candidates for catalyzing those reactions, for which for-
can be observed in the UPS spectriiig( %), indicative of mation of activated di-oxygen species is important (such
the molecular chemisorption of Oln this case, the vibra- as low temperature CO-oxidation, and propylene epoxida-
tional fine structure is present in the first peak from the lowest tion).
binding energy, indicating that this fine structure corresponds
to the vibration of the neutral GO in its ground state. Itis 4.4, Hydrogen chemisorption on Au cluster anions
important to mention that the features at the lowest binding
energy range for metal clusters bound tp @ntain signifi- Besides @ chemisorption on metal clusters, hydrogen-
cantly high contributions from the antibondingr2orbitals metal cluster interaction is another important issue in hetero-
of Oy, and therefore photoelectron detachments from thesegeneous catalysis. For example, Au nanoparticles are active
states should change the-O bond length, yielding the vi-  towards various reactions, in which hydrogen plays an im-
brational progression of the-@ bond. It should be pointed  portant role (e.g., propylene epoxidatid8}1]. Note that the
out that our UPS spectra of CgOand CyO,~ are consis- partial oxidation of hydrocarbons generally occurs inadd
tent with previous ones from Wang et al., demonstrating the H, atmospheres, which most likely form hydrogen peroxide
high reliability of our UPS spectr#86,87] species on the surfa¢d1]. Studies on the interactions be-
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Fig. 10. UPS spectra of Au1H™ are compared with those of AU (n = changed, if a Au atom is replaced by a monovalent atom,
3-8). The photon energy is 4.66 eV. H.

Electronic structures of simple s/p metal clusters (coinage
tween hydrogen and Au clusters are essential to unveil theand alkali metals) are often described by the electron shell
origin of the unusual chemical activities of Au. model, in which the s electrons from each atom form delo-

Fig. 10displays spectra of Aur and Ay,_1H™ clusters calized electronic shells in a clust®3]. According to the
for n=3-8, showing that the spectra of the AyH™ clusters electron shell model, closed shell configurations form when
are similar to those of the respective, Auclusterd57]. Lin- the number of valence electronsis 2, 8,.18,which has been
ear Ay~ has a relatively high vertical detachment energy also experimentally confirmed. The electron shell model is
(feature A at 3.9eV), which is also observed for M+ valid not only for homonuclear clusters, but also for alloy
(feature A at 3.6 eV). Following the even/odd alternation, the clusters, such as AKLSs, clusters[94—-100] Our result in
VDE is relatively low for Ay~ (2.8eV) as it is for AgH™ Fig. 11suggests that here, H acts like an alkali or a coinage
(2.6 eV). The spectra of the 4-atom clusters are very simi- metal atom.
lar except for the small differences in binding energies of  For number of Au atoms higher than 3, electronic struc-
the d-orbital emission (features marked B). For the 5-atom tures of Ay~ and Ay,_1H™ were shown to be similar
clusters, the VDEs of both clusters are again similar (peaks (Fig. 10. One may assume that the geometries of AuH™
marked A), but the spectrum of AW~ shows some weak and Auy,™ are also similar, since there is a strong coupling be-
superimposed maxima in the higher binding energy regime tween geometric and electronic structures. This assumption
(marked A), which cannot be found for A4T. A similar be- can be confirmed by comparison with previous results from
haviour is observed for the 6-atom clusters. The main featurestheoretical calculations, in which energetics and geometric
A and B are at comparable BEs for &uand AusH™, but structures of ApH™ were studied. The case with the most
in the spectrum of AgH™ there are several additional weak pronounced similarity of the photoelectron spectra is4:
peaks (marked Aarrows). We assign these weak features to the spectra of Ay~ and AigH™. For Aw,~ theory predicts
different, less abundant isomers. In the spectrum of Aa a planar structure with a base triangle of three Au atoms and
weak feature (A is visible, which is assigned to an almost a fourth atom attached at the corner of the triafj§lg. The
degenerate isomer of the tetramer anion. The topic of differ- same structure has been calculated fogtAu with the H
ent coexisting isomers of At~ clusters and their formation  replacing the top Au atom with a slightly shorter bond length
has been addressed in a recent p§p@r92] [90]. For the cases of AyT and AyiH™ the calculated ge-

For the larger clusters displayedhig. 10 the even/odd-  ometries are very similar, too: AU has a planar triangular
alternation continues and the shell closing expected at 8structure, and AtH™ has a similar structure with the H atom
electrons (Au~, AugH™) manifests itself in a relatively  replacing a corner Au atorf®0,91] For those two size(
high VDE. For these larger clusters € 7, 8) the similar- = 4, 6) the geometries of the bare and hydrogenated cluster
ity between the spectra of the AuyH™ and Ay, ™ clusters anions are similar as are the photoelectron spectra.
is again obvious, if we tentatively assign weak additional In our photoelectron spectra we observe the uppermost
peaks (marked /A to different isomers. Ifrig. 11, the VDEs occupied orbitals of the cluster valence band. This binding
are plotted for the Ay 1H™ and Ay, clusters supporting  energy regime is dominated by the (s, p)-derived density of
the similarity of the electronic structures of these clusters. states and these states can be viewed as a superposition of 6s
The electronic structures of these clusters are determined byand 6p orbitals of the Au atoms in the cluster. If one atom
the number of delocalized electrons and this number is notis removed, the hole manifold of states is changed as proven
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by the pronounced size dependence of the spectra of the baréonor, which may play an important role for forming hydro-
Au,,~ clusters. The manifold of s/p-derived orbitals remains gen peroxide species on Au cluster anions.
almost unchanged upon replacement of an Au atom by an- The question may be raised, whether the results from the
other atom, only when the new atom contributes to the mani- gas phase clusters can be also relevant for real catalysis,
fold of states in a manner like a Au atom does, resulting in no consisting of metal nanoparticles supported by oxide sur-
changes in electronic and geometric structures. Since we onlyfaces. It should be mentioned that very recent studies using
observe the uppermost occupied orbitals, changes might beAu particles on titania surfaces identified molecularly bound
occurring for s/p-derived orbitals at higher binding energies, oxygen species, in line with our results shown hgr@7].
especially for the lowest molecular orbital of the conduction For coadsorption of hydrogen and oxygen on Au-based cat-
“band”. However, it seems that the HOMOs are very similar alysts, hydroperoxide species (HOOH) could be identified,
in shape and symmetry for AusH™ and Ay, . also suggesting that oxygen chemisorbs nondissociatively on
Previously, CO was shown to be a two-electron donor Aunanoparticles supported by oxide surfaces, consistent with
on coinage metal clustef$01-104] One of the important  the gas phase cluster d§t#8]. This suggests that gas phase
consequences of this result is that coadsorption of CO with clusters can serve as important model systems to obtain a
other electron-accepting adsorbates like oxygen can be non-better understanding of elementary steps of heterogeneous
competitive but cooperati87]. Our result showsthaton Au  catalysis. Gas phase clusters can be easily mass selected, and
clusters, hydrogenation provides an electron to the valencetherefore size dependent changes of chemical properties can
electron pool of Au clusters, which can result in cooperative be followed on atomic scale. Moreover, gas phase data can
adsorption between H and oxygen, analogous to the case obe more easily compared with theoretical results.
CO and Q coadsorption on Au cluster anions. This can be  Ultraviolet Photoelectron Spectroscopy can be a powerful
closely related to the high activities of Au clusters towards tool to further identify important reaction intermediates on
various reactions in which H adsorption is involved. For the gas phase clusters, e.g., coadsorption of CO andn@y
partial oxidation of propylene in fHiand G environments, form CO; and H and @ can form HOOH on metal clusters,
hydrogen peroxide (bD>) is believed to be an important  which can be identified using photoelectron spectroscopy.
reaction intermediate. To maximize the yield of hydrogen  To follow reaction paths on a real time scale, Time-
peroxide, the rates of the HYG-~ HOO and H + QH — Resolved two Photon Photoelectron Emission (TR-2PPE)
HOOH reactions should be enhanced. For Pt-group metals,spectroscopy experiments can be carried out, which has been
hydrogen adsorption lowers the rate of oxygen adsorption, done on pure metal clusters have been carriedd,110]
or vice versa, most likely because H is an electron-acceptorinvestigations on chemisorption, desorption, and catalytic re-
like oxygen, leading to the competitive adsorption of both actions on metal clusters employing TR-2PPE studies are
reagent$105]. Consequently, the HOOH formation involves under way. To shed light on the metal support interactions,
a high activation barrier. On Au clusters, it can be facilitated comparative studies on free and deposited clusters should be
as aconsequence ofthe cooperative adsorptionof Harld O further performed.
is worth mentioning that Au clusters do not react withihit
only with H, implying that in real catalysis, dissociation of H
occurs on defects of oxide support materials, and the atomicAcknowledgement
H can then diffuse onto the Au patrticles, os Hissociate at
the oxide/Au boundaries. Alternatively kbnly dissociates | gratefully acknowledge the financial support from
in the presence of the precovered oxygen on Au nanoclus-Deutsche Forschungsgemeinschaft (DFG). | would like to
ters. It is important to note that in heterogeneous catalysis, express my special gratitude to Gerd GaitgfPuru Jena and
the cooperative chemisorption of hydrogen and oxygen wastheir co-workers for support and cooperation. Nils Bertram
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