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Abstract

The catalytic activity of metal clusters often shows an interesting cluster size selectivity, e.g., metals which are inert in 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 accepted that O2 dissociates at room
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temperature; however, on coinage metal cluster anions, di-oxygen species can be found, implying that di-oxygen species on coina
clusters are important reaction intermediates for the catalytic CO-oxidation and partial oxidation of hydrocarbons. For H adsorption
cluster anions, H acts as a one-electron donor like Au does. The implication of this result on heterogeneous catalysis of nanoc
discussed.
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1. Introduction

The chemical properties of a cluster can drastically change
with increasing number of atoms in a cluster. The rates of
the chemisorption of H2, D2, and N2 on Fen, and Nbn (n
= number of atoms) clusters and those of CO on different
metal clusters can vary by several orders of magnitudes as
a function ofn [1–6]. For Wn, a sharp jump of the reactiv-
ity towards N2 chemisorption is detected at liquid nitrogen
temperature as well as room temperature asn exceeds 15
[7,8]. The reaction pattern of V cluster cations with O2 dras-
tically changes with increasing number of V atoms in a cluster
[9]. Pt cluster cations also show size dependent changes of
the activities towards reactions with various gas molecules,
such as NH3, H2 and O2 [10,11]. Recently, variations of the
chemical properties of mass-selected metal clusters have at-

size can be studied on an atom-by-atom basis. Moreover, the
results from the mass-selected clusters can be directly com-
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In contrast to the real catalysts consisting of metal
nanoparticles on high surface area support materials, such
as silica, alumina, magnesia and titania, the experimental pa-
rameters in the model catalysts are well-defined, and can be
controlled more precisely. Therefore, elementary steps of cat-
alytic processes in these ideal model systems can be inves-
tigated on the atomic scale by using various surface anal-
ysis techniques under ultrahigh vacuum (UHV) conditions
[12–15].

There have been concerns whether the model studies of
catalysis can properly describe the real catalysis, and much
effort has been made to mimic the complexity of real catalysis
in the model studies in order to bridge the gaps between the
model and real catalysis. Experimental techniques have been
developed, which allow investigations on catalytic processes
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troscopy and scanning tunneling microscopy (STM). This
can be avoided by using oxide thin films on refractory metal
single crystal surfaces[19,20].

s re-
v sized
m op-
e own
e u is
k er,
A been
s re-
a artial
o i-
c to be
c
t s not
l . It
s ctors
f size
a e cat-
a etal
n lytic
a lytic
r wer
t

n

Studies on metal nanoparticles over oxide surface
ealed that there are actually some examples of nano
etal particles showing completely different catalytic pr
rties from the bulk counterparts. One of the most well-kn
xamples for this “material gap” is Au-based catalyst. A
nown to be the most inert metal in bulk form; howev
u nanoparticles as large as 2–3 nanometers (nm) have
hown to be extraordinarily active for various catalytic
ctions, such as low-temperature CO-oxidation and p
xidation of hydrocarbons[21–32]. Recently, Ag nanopart
les with an average size of 2–3 nm were also shown
atalytically as active as the Au nanoparticles[33]. It is likely
hat the size dependent change of the catalytic activity i
imited to Au, but may be also valid for other materials
hould be noted that there are two most important fa
or the efficiency of the nanocatalysts, namely cluster
nd metal support interactions: as mentioned above, th
lytic activity can change drastically with cluster size. M
anoparticles with the same size show dissimilar cata
ctivities, depending on the support material, e.g., cata
eactions of Au nanoparticles on titania take place at lo
emperatures compared to those on silica[22].
tracted particular attention of chemists and physicists, since
studies on mass-selected clusters were shown to be able to
provide a better understanding of elementary steps of het-
erogeneously catalyzed reactions on nanoparticles, which is
currently one of the most important subjects in surface chem-
istry and heterogeneous catalysis. Using gas-phase clusters,
the variations of catalytic activities with increasing cluster

not only under UHV conditions, but also under high press
conditions to overcome the “pressure gap”[16–18]. Instead of
studying catalytic activities of metal single crystal surfac
metal particles deposited on oxide single crystalline surfa
have been studied to bridge the “material gap”[19,20]. Ox-
ides are often insulating, thus causing charging proble
in many surface analysis techniques, such as electron s
pared with theoretical calculations, which is difficult for th
model catalysts consisting of metal nanoparticles with c
tain size distributions supported by oxide surfaces. At
beginning of this article, a brief summary will be given, ou
lining recent efforts of surface chemists to discover uniq
catalytic properties of nanoparticles, which cannot be fo
for the bulk counterparts. Furthermore, still open questi
from surface chemistry on nanocatalysis will be reviewed
order to shed light on the questions from a surface chem
point of view, the chemical properties of mass-selected c
ters in the gas phase have been investigated in cooper
with Prof. Gantef̈or’s group of the University of Konstanz
Germany. The results will be reviewed in the present a
cle.

2. Surface science studies on nanocatalysis

One of the most important goals in surface chemistr
obtaining a better understanding of mechanisms of var
heterogeneously catalyzed reactions. To unveil the reac
mechanisms on the atomic scale, surface scientists have
using metal single crystal surfaces as model catalysts.
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Most of the Au-based catalysts used in surface science
studies have certain particle size distributions, which do not
allow investigations of cluster size selectivity in catalytic re-
actions on an atomic-by-atom basis. Hence, mono-disperse
surfaces are required, i.e., all the clusters deposited on a sup-
port material should have the same size. This has been real-
ized by Heiz and co-workers, who deposited mass-selected
clusters on oxide thin films[34–36]. Using this technique,
Heiz and co-workers found that Au clusters consisting of
8–20 atoms are reactive towards CO-oxidation, when they
are deposited on MgO(1 0 0) surfaces[34]. In combination
with density functional theory (DFT)-calculations, it was sug-
gested that the Au clusters on stoichiometric MgO surfaces
are almost inert, whereas the Au clusters interacting with de-
fect sites of MgO (oxygen vacancies, so-called F-centers)
are catalytically active, indicating that strong metal-support
interactions play a pivotal role for catalytic activities of nan-
oclusters[34].

These results from surface science studies triggered fur-
ther investigations on the chemical properties of mass-
selected clusters in the gas phase[37–43]. One of the advan-
tages of studying gas phase clusters is that they can be more
easily mass-separated than deposited clusters. Note that for
deposited clusters, diffusion of the clusters on the substrate
surfaces can take place, which may lead aggregations of the
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attached to the coinage metal cluster anions[52–56]. Most
of this article is devoted to the O2 chemisorption on coinage
metal cluster anions. The last part deals with the hydrogen
adsorption on Au cluster anions, which can be relevant for the
catalytic reactions involving hydrogen chemisorption, such
as partial oxidation of propylene to propylene oxide[57].

3. Experimental set-up

To synthesize MnO2
− (M = metal atom), a pulsed arc clus-

ter ion source (PACIS) was used[58,59]. In the PACIS source,
a He pulse is inserted between the target and Mo (or W) elec-
trodes, and a high voltage (about 100 V) between two elec-
trodes ignites an electric arc, leading to the sputter-process
of the target electrode. The metal atoms ejected from the tar-
get electrode can be thermalized to room temperature during
collisions with a carrier gas (He), and at the same time, these
atoms form clusters. After the clusters have cooled down to
about room temperature, they are exposed to O2 to study the
oxygen chemisorption properties of the mass-selected clus-
ters. In the case of hydrogen chemisorption on Au cluster
anions, H2 was inserted into the electric arc, resulting in dis-
sociation of H2. H2 does not react with Au cluster anions at
room temperature; in contrast atomic hydrogen produced in
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lusters (sintering). To avoid this problem, suitable exp
ental parameters, such as low deposition temperature

ow cluster coverages should be chosen. It is also importa
ention that by comparing chemical reactivities of gas p

lusters to those of the respective deposited clusters, on
etter understand metal-support interactions. Many cl
hemists and physicists have been investigating the ch
al properties of mass-selected cluster in the gas phase
hetten and co-workers found that Au cluster anions in

as phase are as active towards CO-oxidation as dep
u nanoclusters, suggesting that gas phase clusters c
sed as model systems to gain insights into the eleme
teps of various catalytic reactions[37,42].

Catalytic reactions involve many elementary steps.
generally accepted view that adsorption and activatio
2 is the most important step in various catalytic reacti
articularly in low-temperature CO-oxidation. When ato
xygen instead of molecular oxygen is deposited on
ased catalysts, CO can readily react with the atomic
en to form CO2, independently on the cluster size, i

he size dependent changes of the chemical activities
letely disappear in this case[44]. This result of the Bullins
roup obviously shows that chemisorption and activa
f O2 on Au-based catalysts are the keys of the clu
ize selectivity of Au-nanocatalysis[44]. The nature of th
hemisorbed oxygen has been in debate. Dissociative
olecular chemisorption of O2 were suggested from va
us previous studies; however, direct experimental evid
n this issue has been missing[34,37,44–51]. Only very re-
ently, spectroscopic measurements on the reacted c
nions allowed identification of the structures of the oxy
,

his way can react with Au cluster anions. We have also
ormed experiments on MnO2

− (M: Au, Ag and Cu), which
ere produced by inserting O2 into the electric arc, so th
tomic oxygen and metal atoms can thermalize simult
usly and form clusters; however, the results from thes
eriments are out of scope of the present article. By me

ng the UPS peak widths of Cu clusters created in the PA
ource, the temperature of the clusters at the stage of
easurements was estimated to be room temperature[58].
he mass of cluster anions was selected using a time-of-
TOF) mass spectrometer, and the ultraviolet photoele
pectra (UPS) of the mass-selected cluster anions were
sing UV laser pulses (photon energy = 4.66 or 6.4 eV).
nergy resolution of our UPS instrument is about 0.1 eV

. Results and discussion

.1. O2 chemisorption on Au cluster anions

.1.1. O2 chemisorption reactivity of Au cluster anions
In Fig. 1, mass spectra of Aun− after reaction with O2 are

iven [52,53]. The grids inFig. 1 correspond to the mass
f the pure Au clusters, and peaks deviating from the g
ome from the reacted clusters. Aun

− with n = even number
eact with O2 (with an exception of Au16

−), whereas the od
umbered clusters are inert (with exceptions of Au1

− and
u3

−, which partially react). Our results are in agreem
ith the even/odd-alternation in the O2 adsorption reactiv

ies, which were previously observed by Lee and Ervin[43].
he even/odd-alternation of the O2 chemisorption reactivit
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Fig. 1. TOF mass spectra of Au cluster anions reacted with O2. The grids
correspond to the masses of the pure Au clusters, and thus the peaks deviating
from the grids come from the reacted clusters.

correlates with the even/odd-pattern of the adiabatic electron
affinity of Aun (in the present work, the electron affinity is
defined as the energy difference between the ground state of
the anionic cluster and that of the neutral cluster). Note that
electron affinities of the even-numbered Aun are generally
lower than those of the directly neighboring odd-numbered
clusters[38,60]. It is important to mention that Aun− with n
>20 do not react with O2 at all.

The even/odd-alternation of the electron affinities of Au
clusters can be understood based on a simple electronic
model. Au has one 6 s electron in the valence shell struc-
ture, and thus, the highest occupied molecular orbitals (HO-
MOs) of even-numbered Au cluster anions consist of a hole
and an unpaired electron (open shell configurations), whereas
those of odd-numbered Au cluster anions are occupied by two
paired electrons, i.e., the HOMOs are closed. Note that as
mentioned above, the even-numbered Au clusters with open
shell configurations have lower electron affinities than the
odd-numbered neighbors with closed valence shells[60]. The
results of the chemisorption experiments inFig. 1 indicate
that only those cluster anions with lower electron affinities
having open valence electronic structures can generally re-
act with O2 efficiently, whereas the Au clusters with closed
shell configurations are less reactive. The results that the Au
cluster anions consisting of more than 20 atoms are inert can
b hese
l toms
h e of
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t as

O2
− (superoxo-species), O22− (peroxo-species) and disso-

ciatively chemisorbed oxygen. The even/odd-alternation in
the chemisorption reactivity of O2 can be interpreted in the
following way: O2 acts as a one-electron-acceptor, thus yield-
ing closed-shell configurations of the even-numbered Au
cluster anions upon attachment of an O2 molecule. Consider-
ing that the superoxo-species is a one-electron acceptor, the
results inFig. 1imply that oxygen is non-dissociatively bound
on the Au cluster anions[37,38]. It is interesting to note that
the degradation reactions of the Au cluster cations with NH3
and CH3NH2 also exhibit pronounced even–odd behaviours,
implying that the chemistry of coinage metal cluster anions
is often dominated by their electronic structures[61].

4.1.2. UPS studies on O2 chemisorption on Au cluster
anions (photon energy = 4.66 eV)

In Fig. 2, the UPS spectra of AunO2
− with n = 1, 2, 4,

6, 8 taken using a laser with a photon energy of 4.66 eV are
compared[52,53]. UPS spectra for AunO2

− with n = 2, 4,
6 exhibit vibrational fine structures of about 150–180 meV
corresponding to the OO stretching frequencies, indicative
of non-dissociative adsorption of O2. For n = 8, the vibra-
tional fine structure is not discriminated. The vibrational fre-
quencies inFig. 2 are much higher than those of the di-
o t the
v tran-
s s and
1 l
f onds
t ome-
t rally
m s, the
s lts in
n anion
g n pro-
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w are
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e F-
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t h is
e also rationalized with the electronic model, since t
arger clusters with even as well as odd numbers of Au a
ave relatively high electron affinities compared to thos

he smaller even-numbered Au clusters[60]. Chemisorp
ion of O2 can result in various oxygen-species, such
xygen species on transition metal surfaces. Note tha
ibrational frequencies of molecular oxygen species on
ition metal surfaces are 80–120 meV for peroxo-specie
35–150 meV for superoxo-species[62,63]. The vibrationa

requency in the UPS spectra of a cluster anion corresp
o that of the neutral cluster having the ground state ge
ry of its respective anion. As nuclear motions are gene
uch slower compared to the detachments of electron

o-called vertical detachment takes place, which resu
eutral clusters with the same geometries as that of the
round states as final states of the photoelectron emissio
esses. In the anionic states, the additional electrons o
he antibonding 2�∗ orbitals of O2, thus further activating th

O bonds, and decreasing the OO stretching frequencie
Since we observe strong vibrational structures of OO,

he O O bond length should be significantly altered u
he one electron detachment. The additional electro
he anionic state is strongly localized on oxygen, in
ith recent theoretical studies, which found strong
nances of the O2-2�∗ and HOMOs of the Au cluste
nions[64].

UPS spectra do not provide information on geome
tructures of the clusters, yet comparison with density f
ional theory-calculations can shed some light on the cl
eometry. InFig. 3, the optimized geometries of AunO2

−
ith n = 2, 4 by theoretical calculations of Jena’s group
iven[54]. For the theoretical studies, the self-consisten
ar combination of atomic orbital–molecular orbital (SC
CAO-MO) approach was used. The total energies are
ulated using DFT with the generalized gradient approx
ion (GGA) for the exchange-correlation potential, whic
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Fig. 2. UPS spectra of AunO2
− with n = 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 referred
to as PW91). The atomic orbitals are represented by a Gaus-
sian basis. The 6-311++G (3df, 3pd) basis set for O and the
Stuttgart relativistic effective core potential basis set for Au
were used. The structures for the anionic and neutral clusters
were optimized without symmetry constraint using the Gaus-
sian 98 code. For both clusters, the formation of superoxo-
species was suggested from theory, in line with the experi-
mental data. The theoretically calculated electron affinities
of these clusters are in good agreement with the experimen-
tal data, suggesting that the theoretical approach used here

F
D figure.

is highly reliable[54]. The O O distances in these clus-
ters are about 1.3̊A, which is larger than those of the neu-
tral counterparts by about 0.05Å. This result also reveals
that the excess electrons in the negatively charged Au clus-
ters play an important role for the activation of the OO
bonds.

For the Au monomer anions, the vibrational frequency is
much lower than those of the other clusters inFig. 2. It is dif-
ficult to provide a clear interpretation of this result, since
98 meV can be assigned either to the AuO or the O O
stretching frequency. In this 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 OAu 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 AuO2

− from the
theoretical calculations are consistent with the experimental
data[54]. It is, however, remarkable that according to the the-
oretical calculations of Jena’s group, the dissociation of O2
on Au, is impeded by a large activation barrier, which cannot
be overcome at room temperature[54]. Therefore, it is likely
that the formation of AuO2− results from reactions between
Au− and small amounts of atomic oxygen (or hot molecular
o

4
a

6 eV
a less
ig. 3. Optimized geometric structures of AunO2
− with n = 1, 2, 4 using

FT-calculations. Bond lengths and angles (in degree) are given in the
xygen) being present in the gas phase.

.1.3. UPS studies on O2 chemisorption on Au cluster
nions (photon energy = 6.4 eV)

UPS studies using a laser with a photon energy of 4.6
re limited to the smaller reacted clusters consisting of
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Fig. 4. UPS spectra of AunO2
− with n = 2, 4, 6, 20 (the group S) andn = 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
clusters become very close to the photon energy. To obtain in-
formation on electronic structures of AunO2

− for n < 21 with
a wider energy range, UPS spectra of AunO2

− are collected
using a laser with a higher photon energy (6.4 eV) (Fig. 4)
[53,54]. Based on the shapes of the UPS spectra, AunO2

−
clusters studied here are classified to two different groups (S
and W groups), where S stands for stronger Au–O interac-
tions, and W for weaker Au–O interactions.

First, we focus on AunO2
− clusters withn = 2, 4, 6, 20

(referred to as group S). The respective bare Au clusters of
this group show relatively low electron affinities (<2.75 eV)
[60]. The distinct features of the pure Au cluster anions ex-
isting at the binding energies below about 4.7 eV completely
disappear upon O2 adsorption, and broad features between
3 and 4.5 eV (marked with A inFig. 4) can be found, fol-
lowed by several narrower peaks at higher binding energies.
These broad features denoted as A inFig. 4 result from the
combination of the O2-2�∗-orbitals and the valence occu-
pied MOs of Aun−. As mentioned above, O2 molecularly
adsorbs on Aun− with n = 2, 4, 6 (Fig. 2), and based on the
similarities in the valence electronic structures (Fig. 4), O2
is suggested to be also molecularly bound on Au20

−, form-
ing superoxo-species. The very large widths of the peaks A
are evidence for a strong overlap of the O2-2�∗ orbitals with
t o
t upon
e elec-
t when
t of a
c e
a ectra
B
o s
m

pletely changed upon O2 adsorption, confirming significantly
large interactions between O2 and Au in the group S clusters.
It should be noted that not only HOMO but also other oc-
cupied MOs of the Au cluster anions participate in the O2
chemisorption (Figs. 4 and 5). Most likely, the approach of
O2 close to Aun− is facilitated by sufficient charge transfers
from the delocalized sp-state (HOMO) to the O2-2�∗ orbital,
which then enables the contributions of other localized MOs
of Aun

− with higher binding energies in the O2 chemisorp-
tion.

In contrast to the case of the group S clusters, the UPS
spectra of AunO2

− with n = 8–18 (group W) consist of dis-
tinct multiple peaks (Fig. 4). The peaks from the HOMO of
the bare Au cluster anions disappear upon O2 adsorption;
however, in contrast to the case of the group S, no broad fea-
ture is observed in the binding energy regime between 3 and
4.5 eV. Only distinct peaks above 4 eV existing in the UPS
spectra of the pure Au cluster anions are still visible with mi-
nor modifications after O2 adsorption (Fig. 5). This suggests
that charge transfers from the HOMO of the Au cluster anions
to oxygen is the main chemisorption mechanism, whereas an
additional overlap between the O2-2�∗ orbital and other MOs
of the Au cluster anions is negligibly small, which is quite dif-
ferent from the results of the group S clusters (Figs. 4 and 5).
This result is evidence for much weaker interactions between
O f the
g erac-
t e
r ts
o -
a ly
n e
f
a re-
a is
he valence electronic levels of Aun. Note that according t
he Franck–Condon profile, a large structural change
lectron excitation results in broad band features: an

ron detachment can lead to a large structural change,
his electron is involved in a strong chemical bonding
luster (in our case O2 Au bonding), which can lead to th
ppearance of broad features in the photoelectron sp
y comparing the UPS spectra of the AunO2

− with those
f the respective pure Au cluster anions (Fig. 5), it become
ore obvious that the valence band structure of Aun

− is com-
.

2 and Au in the group W clusters compared to those o
roup S clusters. The general trend for the weaker int

ions of the group W clusters with O2 is consistent with th
ecent results from the O2 adsorption reactivity experimen
n Au cluster anions described in[38]. Much weaker inter
ctions between O2 and Au in the group W clusters imp
on-dissociative chemisorption of O2 in the group W, sinc

or the dissociative adsorption, stronger Au–O2 interactions
re required. That the Au cluster anions in the group W
ct more weakly with O2 than in the case of the group S
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Fig. 5. The UPS spectra of Aun
− and AunO2

− (n = 2, 12) are compared. The photon energy is 6.4 eV.

explained by the lower electron affinities of the bare Au clus-
ters of the group S compared to those of the group W[60],
because within a simple charge transfer model, one can argue
that the W group clusters allow less Au→ O2 charge transfer
than the S group clusters.

It is interesting to note that the O2 adsorption mechanism
on Au20

− is much different from that of other Au cluster
anions with similar sizes (Aun− with n > 8), and rather anal-
ogous to the O2 adsorption pattern of much smaller clusters
(n = 2, 4, 6). Au20 has a highly symmetric tetrahedral struc-
ture with a HOMO-LUMO gap of 1.8 eV, which is the largest
among coinage metal clusters studied so far, except Au6, i.e.,
Au20 is classified as a “magic” cluster, suggesting that Au20
should be chemically inert[65]. In general, “magic” clusters
tend to exhibit relatively low electron affinities, since the en-
ergy level of LUMO is shifted to the lower binding energy
range as a consequence of a large HOMO-LUMO gap[66].
The strong interaction with Au20

− with O2 indicates that a
“magic” cluster can become chemically very active with an
excess electron, triggering further studies on chemical activ-
ities of other “magic” clusters with one excess electron. It
should be emphasized that it is not only the one additional
electron in the HOMO of the anionic state of the “magic”
cluster, which participates in the chemisorption. Other MOs
in the higher binding energies, which should be chemically
i n in
t
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ating temperatures of Pt-group catalysts are known to be
significantly higher than those of the Au-nanocatalysts. On
Pt-group metal surfaces, CO-oxidation usually takes place
through the dissociative chemisorption of O2 to atomic oxy-
gen, which subsequently reacts with CO to form CO2 [67].
On the Au cluster anions, in contrast, the stabilization of the
activated molecular oxygen at room temperature can open
up new reaction channels (e.g., CO-oxidation mediated by
carbonate-like species), responsible for the low temperature
CO-oxidation[37,38,42,46]. Molecular adsorption of oxy-
gen can play a vital role for the enhanced activities of Au
clusters towards many other catalytic reactions, such as par-
tial oxidation of propylene, in which formation of hydrogen
peroxide (HOOH) is suggested to be important[31]. It should
be mentioned that non-dissociative chemisorption seems to
be a general phenomenon for small nanoclusters, and there-
fore many other catalytic reactions may proceed via non-
dissociatively chemisorbed species on nanoclusters. For ex-
ample, N2 chemisorbs dissociatively on W surfaces[13], but
molecularly on W nanoclusters consisting of less than 15
atoms[68,69]. Stabilization of di-nitrogen and di-hydrogen
species on small nanoclusters was also found on Nb and Ti
cluster anions, respectively[70]. For ammonia (NH3) syn-
thesis on metal surfaces, it is generally accepted that N2 dis-
sociatively chemisorbs and then reacts with H, however, on
s s are
f rm
N an
t

Au
c ood
m the
L
c se on
t gen
a m,
C rface
o face
nert in the neutral state, participate in the chemisorptio
he anionic state.

.1.4. Reaction mechanisms
Under similar experimental conditions to those of o

room temperature, comparable O2 partial pressure), Au2−,
u4

− and Au6− clusters were shown to be highly re
ive towards oxidation of CO to CO2 [37,42]. Compari-
on of the chemisorption properties of Aun

− with those
f the Pt-group metal surfaces provides insights into
rigin of the unusual catalytic properties of Au nanoc

ers for CO-oxidation and propylene epoxidation. Pt-gr
etals can efficiently catalyze CO-oxidation, but the o
mall nanocatalysts, it is possible that di-nitrogen specie
ormed[13,71]. Di-nitrogen species can react with H to fo

N Hn (n = 1–3), which upon further hydrogenation c
hen decompose to form NH3 [71].

It is unclear so far, if the CO-oxidation on the
luster anions operate via the Langmuir–Hinshelw
echanism, or the Eley–Rideal mechanism. In
angmuir–Hinshelwood mechanism, CO and O2 both
hemisorb on catalyst surfaces, and CO molecules diffu
he surfaces until they can find thermally activated oxy
toms to react to CO2 [67]. In the Eley–Rideal mechanis
O molecules existing in the gas phase react with su
xygen species, without forming chemical bond with sur



24 Y.D. Kim / International Journal of Mass Spectrometry 238 (2004) 17–31

atoms, i.e., in the Eley–Rideal mechanism, the residence time
of CO on the catalyst surface during reactions can be regarded
to be 0 s[72]. In surface chemistry, it has been suggested that
CO-oxidation can take place via the Eley–Rideal mechanism
on oxygen-rich Ru surfaces[73,74]; however, this sugges-
tion later turned out to be invalid[75]. No direct evidence
has been observed for the CO-oxidation on metal surfaces
taking place via the Eley–Rideal mechanism, which there-
after has been rather regarded as an unrealistic mechanism
for heterogeneous catalysis[15]. In this context, it is worth
mentioning that CO-oxidation on Au clusters is suggested
to occur by the Eley–Rideal mechanism in recent theoretical
calculations, and it could be interesting to find experimental
evidence on this issue[42].

4.1.5. Metal-support interactions
Studies from Whetten and Wallace reported in[37] as well

as those in the present work show that metal clusters consist-
ing of less than 20 atoms are reactive towards CO-oxidation.
However, according to the finding from Goodman’s group,
Au particles consisting of about 100–200 atoms are reactive,
when they are supported by TiO2 surfaces[21]. Comparison
of the gas phase data and those of the Au particles on TiO2 can
provide a better insight into the role of the support materials
in the Au-nanocatalysis. We suggest that support materials in
A
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tact area between Au and TiO2 [21]. As a consequence
of the metal-support interaction, Au particles consisting
of several hundreds Au atoms (about 2–3 nm in diame-
ter) are still semiconductive with band gaps up to 1.2 eV
[21]. As aforementioned, a larger band gap (or HOMO-
LUMO gap) of a nanoparticle corresponds to a lower
electron affinity[66], leading to a higher chemical activ-
ity towards O2 adsorption. This can rationalize, why the
mean size of the catalytically active Au particles on TiO2
is much larger than that in the gas phase without support.

4.2. O2 chemisorption on Ag cluster anions

4.2.1. Reactivity measurements
In Fig. 6, mass spectra collected for Ag cluster anions

after reaction in O2 environments are displayed[55]. The
even/odd-behaviours of Au cluster anions can also be ob-
served for Ag cluster anions, even though there are some
exceptions for this even/odd-relationship. For example, in
Fig. 6, it is evident that Ag16

− and Ag18
− are less active than

other even-numbered Ag cluster anions. It is interesting to
note that the even/odd-alternation in the O2 adsorption reac-
tivities can still be observed for the Ag clusters consisting
of more than 30 atoms inFig. 6 (except Ag32

−), which is

Fig. 6. TOF mass spectra of Ag cluster anions reacted with O2. The grids
correspond to the masses of the pure Ag clusters, and thus the peaks deviating
from the grids originate from the reacted clusters.
u-nanocatalyis may play the following roles:

1) The experimental findings using mass-selected clu
suggest that not only cluster size but also the charge
in a cluster can have significant influence on its chem
properties. From the results shown in the present
cle, it is evident that negatively charged even-numb
Au clusters are reactive towards O2 chemisorption
In contrast, cationic Au clusters are inert towards2
chemisorption[76]. It is possible that in the case of su
ported nanoparticles, their charge states can be mo
by support materials, as it was suggested by theore
studies on Au nanoclusters over MgO surfaces[34]. De-
pending on the support material, Au nanoparticles
have positive, neutral or negative charge, which can
nificantly alter their chemical activities. It is interesting
note that the X-ray photoelectron spectroscopy (XPS
sults from Au particles on TiO2 in combination with DFT
calculations are also suggestive of a negative chargi
the chemically active Au particle by a charge tran
from oxygen vacancies of TiO2 to Au [77].

2) In the gas phase, the HOMO-LUMO gaps of the clus
become negligibly small (<∼0.2 eV), when the cluste
consist of more than about 25–30 atoms[60]. The 2D–3D
transition of the Au clusters takes place when the num
of Au atoms in a cluster becomes 11–13[78]. The cluste
shape becomes completely three-dimensional at a c
size of Au20 [65]. In contrast, Au strongly wets the TiO2
surfaces, keeping the confined thickness of larger
ters to the direction normal to the oxide surface (Au
tially grows two-dimensional), which increases the c
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quite different from the result of Au. Note that the Au cluster
anions larger than Au20

− are inert towards O2 adsorption in
Fig. 1.

Analogous to the results of the O2 chemisorption of Au
cluster anions, the even/odd-alternation of the O2 adsorption
on Ag cluster anions can be explained within an electronic
model, since the even-numbered Ag cluster anions generally
show lower electron affinities with respect to those of the
odd-numbered neighbors. The reason for the even–odd al-
ternation in electron affinities as a function of cluster size is
mentioned above (Section 4.1.1). The Ag cluster anions with
lower electron affinities can facilitate the electron transfer
to the antibonding MO of O2, resulting in higher reactivi-
ties towards O2 adsorption. In contrast, the anionic clusters
with higher electron affinities prohibit a charge transfer to
the adsorbates under our experimental conditions, hence de-
creasing the O2 adsorption activities. As described above, the
even/odd-alternation of the O2 chemisorption reactivity has
been regarded as indication of the formation of superoxo-
species on Au cluster anions, which was also verified by
our UPS experiments. Therefore, the even/odd-behaviours
of O2 chemisorption on Ag cluster anions can also imply
that O2 acts as a one-electron acceptor forming superoxo-
species, i.e., O2 adsorbs non-dissociatively on the Ag cluster
anions.
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anions consisting of less than 21 atoms show similar activity
patterns towards the O2 adsorption. Strong d characters in the
valence band of the Au clusters may be taken into account to
rationalize these results. Previous quantum chemical calcu-
lations have found very strong d-sp mixing for Au, and the
UPS spectra of the pure Au cluster anions also agree with
these calculations[60,79–82]. The stronger d characters of
Au nanoclusters are most likely related to relativistic effects
[83–85]. As the atomic nuclear charge increases, electrons
penetrating to the nucleus increase their velocity, and con-
sequently their mass due to relativity. The relativistic effect
causes the s electrons to be in smaller orbitals than one might
classically expect. The s electrons are therefore more strongly
bound, shielding d electrons more effectively[83–85]. Am-
ple evidence can be found in the literature that the relativistic
effect plays a pivotal role in the chemistry of heavy metal
atoms like Au[83,85]. Ag valence bands exhibit more sp and
less d character compared to those of Au. It is possible that d
orbitals play an important role for the chemisorption of O2,
since the d-orbitals can overlap better with O2-2�∗ orbitals
than the sp-states due to symmetry reasons. Because of the
larger d character in the valence electronic levels of Au clus-
ters, even-numbered Au clusters anions can be as reactive as
Ag cluster anions for O2 adsorption, in spite of relatively high
electron affinities of even-numbered Au clusters compared to
t
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The O2 chemisorption data of Au cluster anions nea
erfectly correlate with the electron affinity changes (Fig. 1)

38]. Based on the simple electronic model mentioned ab
t seems to be reasonable that the Ag cluster anions sh
ven/odd-behaviour for the O2 adsorption, analogous to t
ase of Au, since the valence electronic configurations o
u and Ag clusters are similar. Note that Au and Ag b
ave one s electron in the valence atomic orbitals. Ou
ervation that Ag16

− and Ag18
− are less reactive than oth

ven-numbered neighbors also reconciles the relatively
lectron affinities of these clusters compared to those of
ven-numbered Ag clusters[60]. However, it is important t
ote that the absolute electron affinities of Ag cluster

ons are generally significantly lower that those of the
luster anions with similar sizes[60]. The electron affinitie
f the even-numbered Au clusters consisting of less tha
toms, which are active towards O2 adsorption in the an

onic form, are lower than 3.4 eV, whereas the Au clus
nactive in the anionic state have electron affinities ab
.4 eV[60]. The electron affinities of Agn with n = even and
dd numbers are always <3.2 eV[60]. Assuming that th
bsolute electron affinity is the only criterion for the reac

ty towards O2 adsorption, not only even-numbered but a
dd-numbered Ag cluster anions should be reactive tow
2 adsorption. However, our experimental observation o
ven/odd-behaviours of the Ag cluster anions towards O2 ad-
orption suggests that the absolute electron affinity cann
sufficient criterion to determine the reactivity towards2

dsorption.
Despite the much higher electron affinities of the Au c

ers compared to the respective Ag clusters, Au and Ag cl
hose of the respective Ag clusters.
Larger Ag and Au clusters behave chemically comple

ifferent, i.e., Au cluster anions larger than Au20
− are iner

owards O2 adsorption, whereas the Ag cluster anions c
isting of more than 20 Ag atoms are still reactive. Howe
he O2 adsorption pattern of the Ag cluster anions consis
f less than 21 atoms is quite analogous to the case o
espective Au clusters.

.2.2. UPS studies
In order to shed light on structural properties of AgnO2

−,
PS experiments were carried out (Fig. 7) [55]. Only for
g2O2

− and Ag8O2
−, periodic structures are observed

he UPS spectra corresponding to about 170 meV, whic
e assigned to the stretching frequency of OO of a superoxo
pecies (Fig. 7) [68,63]. The observation of the OO stretch
ng frequency at the lower binding energy regimes in
PS spectra of Ag2O2

− and Ag8O2
− indicates that th

etachment of the electrons with the lowest binding
rgies in Ag2O2

− and Ag8O2
−change the OO distance

ignificantly. This implies that the excess electron in
nionic state should be localized in O2, which was als

ound for the O2 chemisorption on the Au cluster anio
y theoretical calculations[64]. For other clusters witho
ibrational fine structures, direct evidence of chemis
ion geometries of O2 is missing; however, it is importa
o note that recent theoretical studies on O2 chemisorp
ion on Ag cluster anions suggest formation of supero
pecies, in line with our interpretation about the even/
ehaviours of the O2 chemisorption reactivity experimen

40].
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Fig. 7. UPS spectra of the even-numbered AgnO2
− with n = 2–14. The

photon energy is 4.66 eV. Vibrational fine structures are denoted in the figure.

For some cluster sizes, similarities between the UPS spec-
tra of AgnO2

− with those of the respective AunO2
− clusters

can be found (Fig. 8). For Ag2O2
− and Au2O2

−, broad fea-
tures can be observed at lower binding energies followed
by several narrower peaks. In the case of Au12O2

− and

Fig. 8. UPS spectra of Ag2O2
− and Ag12O2

− are compared with those
of the respective Au cluster anions. Similarities of AgnO2

− and the Au
c ter
a

Au12O2
−, three distinct peaks are located at the lower binding

energy regime. The valence band structures of these clusters
are most likely dominated by the antibonding orbitals of oxy-
gen (O2-2�∗), suggesting that the adsorption structures of O2
on these Au and Ag cluster anions are analogous. These re-
sults again suggest that oxygen should be molecularly bound
on these Ag cluster anions, like on the Au cluster anions.

The Au cluster anions smaller than Au21
− 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-
ically active Au clusters, it is likely that Ag-nanoclusters can
be as active as Au-clusters for those reactions in which molec-
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 work[33].

4.3. O2 chemisorption on Cu cluster anions
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ounterparts imply that O2 chemisorption geometires on Ag and Au clus
nions should be analogous.
Previously, Lee and Ervin studied O2 chemisorption re
ctivities of Au, Ag and Cu cluster anions[43]. In the cas
f Cu, the even/odd-alternation was much less pronou
ompared to the cases of Au and Ag cluster anions, i.e
nly even-numbered but also odd-numbered cluster a
re active towards O2 chemisorption. Au and Ag clusters c
eact with only one O2 molecule, whereas Cu clusters c
ossibly react with more than two O2 molecules. It is we
nown that Cu bulk crystals easily react with oxygen fo
ng Cu oxide. Cu monomer and Cu dimer anions can
fficiently dissociate O2, suggesting that O2 should disso
iatively chemisorb on Cu cluster anions, regardless o
luster size[86–88]. However, there were some indicatio
hat Cu cluster anions consisting of 5–10 atoms can int
ess strongly than smaller Cu cluster anions. Cu cluster a
onsisting of less than 5 atoms can react with more than2
olecules, however, Cu6

−–Cu10
− can only react with on

2 molecule[43]. Therefore, one cannot exclude the po
ility to observe completely different chemical propertie

hese medium-sized Cu cluster anions from those of oth
lusters, e.g., O2 may molecularly chemisorb on Cun

− with
= 6–10.
Fig. 9 shows the UPS spectra of Cu6O2

− and Cu7O2
−,

hich were produced by admission of O2 into the PACIS
ource after Cu clusters formed and were cooled dow
oom temperature[56]. A mass spectrum of the reacted
lusters is also shown inFig. 9c, indicating that there is a
ost no even/odd-alternation of the O2 chemisorption re
ctivity. One can also see that the mass-resolution o
resent work is high enough to resolve different isotope
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Fig. 9. UPS spectra of (a) Cu6O2
− and (b) Cu7O2

−. The photon energy is
4.66 eV, and the vibrational fine structures are denoted in the figure. (c) Mass
spectrum of the reacted Cu cluster anions.

Cu (Fig. 9c). For Cu6O2
−, no vibrational fine structure is

resolved in the first peak at about 2.6 eV; however, features
between 3 and 3.6 eV contain several equally spaced sub-
peaks, which should correspond to the vibrational frequency
of a Cu6O2 neutral cluster. The peaks at 2.6 eV and 3–3.6 eV
are attributed to the transitions from the ground state of the
anion to the ground and the first excited state of the neutral,
respectively. In principle, vibrational fine structures are ex-
pected to be present in both features; however, most likely, the
too low intensity of the peak at 2.6 eV does not allow observa-
tion of the vibrational progressions in this feature, i.e., we can
observe the vibrational frequency of the neutral Cu6O2 not in
the ground state but in the first excited state. The periodicity
of the fine structure between 3 and 3.6 eV inFig. 9a amounts
to about 150 meV, corresponding to the OO stretching fre-
quency of a superoxo-species (O2

−) [62,63]. This indicates
the existence of an OO bond in Cu6O2, i.e., O2 does not dis-
sociate on Cu6−. For Cu7O2

−, also, a 150 meV-periodicity
can be observed in the UPS spectrum (Fig. 9b), indicative of
the molecular chemisorption of O2. In this case, the vibra-
tional fine structure is present in the first peak from the lowest
binding energy, indicating that this fine structure corresponds
to the vibration of the neutral Cu7O2 in its ground state. It is
important to mention that the features at the lowest binding
energy range for metal clusters bound to O2 contain signifi-
c ∗
o hese
s i-
b d
o -
t the
h

Our result indicates that at certain cluster sizes, Cu can
become resistant towards oxide formation, since the disso-
ciative chemisorption is the precursor state of the oxide for-
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 Cu6

− and Cu7− do not allow disso-
ciation of the O O bond, can be rationalized by the relatively
high electron affinities of Cu6 and Cu7, hampering a metal
to oxygen charge transfer, and ending up with the molecu-
lar chemisorption. In particular, Cu7

− 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 Cu6 and Cu7 are much
lower than those of other larger Cu clusters, which should
dissociate O2, and form Cu-oxide[60]. As aforementioned,
reactivities of Cu6− and Cu7− towards O2 chemisorption are
much lower than those of Cun

− with n = 1–4, since these
smaller clusters can react with more than two O2 molecules,
whereas Cu6− and Cu7− allow attachment of only one O2
molecule on a cluster[43]. Our result that Cu6− and Cu7−
d −
C ons,
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antly high contributions from the antibonding 2� orbitals
f O2, and therefore photoelectron detachments from t
tates should change the OO bond length, yielding the v
rational progression of the OO bond. It should be pointe
ut that our UPS spectra of CuO2

− and Cu2O2
− are consis

ent with previous ones from Wang et al., demonstrating
igh reliability of our UPS spectra[86,87].
o not allow dissociation of the OO bonding, i.e., Cu6 and
u7

− interact less strongly than smaller Cu cluster ani
an reconcile the reactivity data of Lee and Ervin[43]. We
re currently carrying out experiments on O2 chemisorption
eactivities of other Cu clusters, which are not studied s
sing UPS.

The chemisorption properties of O2 on Cu6− and Cu7−
eem to be analogous to those of the Au cluster an
onsisting of between 2 and 20 atoms, since the mo
ar chemisorption of oxygen was also observed for the e
umbered Au cluster anions. For the even-numbered Au

er anions reacted with O2, UPS spectra showed vibration
ne structures of OO stretching frequencies, and the
ivated di-oxygen species were suggested to be impo
eaction intermediates. Based on our results inFig. 9, it is
uggestive that Cu clusters with certain sizes may be pro
ng candidates for catalyzing those reactions, for which

ation of activated di-oxygen species is important (s
s low temperature CO-oxidation, and propylene epox

ion).

.4. Hydrogen chemisorption on Au cluster anions

Besides O2 chemisorption on metal clusters, hydrog
etal cluster interaction is another important issue in he
eneous catalysis. For example, Au nanoparticles are a

owards various reactions, in which hydrogen plays an
ortant role (e.g., propylene epoxidation)[31]. Note that the
artial oxidation of hydrocarbons generally occurs in O2 and
2 atmospheres, which most likely form hydrogen pero
pecies on the surface[31]. Studies on the interactions b
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Fig. 10. UPS spectra of Aun−1H− are compared with those of Aun
− (n =

3–8). The photon energy is 4.66 eV.

tween hydrogen and Au clusters are essential to unveil the
origin of the unusual chemical activities of Au.

Fig. 10displays spectra of Aun− and Aun−1H− clusters
for n= 3–8, showing that the spectra of the Aun−1H− clusters
are similar to those of the respective Aun

− clusters[57]. Lin-
ear Au3− has a relatively high vertical detachment energy
(feature A at 3.9 eV), which is also observed for Au2H−
(feature A at 3.6 eV). Following the even/odd alternation, the
VDE is relatively low for Au4− (2.8 eV) as it is for Au3H−
(2.6 eV). The spectra of the 4-atom clusters are very simi-
lar except for the small differences in binding energies of
the d-orbital emission (features marked B). For the 5-atom
clusters, the VDEs of both clusters are again similar (peaks
marked A), but the spectrum of Au4H− shows some weak
superimposed maxima in the higher binding energy regime
(marked A′), which cannot be found for Au5−. A similar be-
haviour is observed for the 6-atom clusters. The main features
A and B are at comparable BEs for Au6

− and Au5H−, but
in the spectrum of Au5H− there are several additional weak
peaks (marked A′, arrows). We assign these weak features to
different, less abundant isomers. In the spectrum of Au4

− a
weak feature (A′) is visible, which is assigned to an almost
degenerate isomer of the tetramer anion. The topic of differ-
ent coexisting isomers of AunH− clusters and their formation
has been addressed in a recent paper[90–92].
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Fig. 11. The vertical detachment energies (VDE) of Aun−1H− and Aun−
as a function of cluster size.

changed, if a Au atom is replaced by a monovalent atom,
H.

Electronic structures of simple s/p metal clusters (coinage
and alkali metals) are often described by the electron shell
model, in which the s electrons from each atom form delo-
calized electronic shells in a cluster[93]. According to the
electron shell model, closed shell configurations form when
the number of valence electrons is 2, 8, 18,. . ., which has been
also experimentally confirmed. The electron shell model is
valid not only for homonuclear clusters, but also for alloy
clusters, such as AunCsm clusters[94–100]. Our result in
Fig. 11suggests that here, H acts like an alkali or a coinage
metal atom.

For number of Au atoms higher than 3, electronic struc-
tures of Aun− and Aun−1H− were shown to be similar
(Fig. 10). One may assume that the geometries of Aun−1H−
and Aun− are also similar, since there is a strong coupling be-
tween geometric and electronic structures. This assumption
can be confirmed by comparison with previous results from
theoretical calculations, in which energetics and geometric
structures of AunH− were studied. The case with the most
pronounced similarity of the photoelectron spectra isn = 4:
the spectra of Au4− and Au3H−. For Au4

− theory predicts
a planar structure with a base triangle of three Au atoms and
a fourth atom attached at the corner of the triangle[91]. The
s −
r gth
[ -
o ar
s m
r (
= luster
a
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o ding
e ty of
s n of 6s
a tom
i roven
For the larger clusters displayed inFig. 10, the even/odd
lternation continues and the shell closing expected
lectrons (Au7−, Au6H−) manifests itself in a relative
igh VDE. For these larger clusters (n = 7, 8) the similar

ty between the spectra of the Aun−1H− and Aun− clusters
s again obvious, if we tentatively assign weak additio
eaks (marked A′) to different isomers. InFig. 11, the VDEs
re plotted for the Aun−1H− and Aun− clusters supportin

he similarity of the electronic structures of these clus
he electronic structures of these clusters are determin

he number of delocalized electrons and this number i
ame structure has been calculated for Au3H with the H
eplacing the top Au atom with a slightly shorter bond len
90]. For the cases of Au6− and Au5H− the calculated ge
metries are very similar, too: Au6

− has a planar triangul
tructure, and Au5H− has a similar structure with the H ato
eplacing a corner Au atom[90,91]. For those two sizesn
4, 6) the geometries of the bare and hydrogenated c

nions are similar as are the photoelectron spectra.
In our photoelectron spectra we observe the upper

ccupied orbitals of the cluster valence band. This bin
nergy regime is dominated by the (s, p)-derived densi
tates and these states can be viewed as a superpositio
nd 6p orbitals of the Au atoms in the cluster. If one a

s removed, the hole manifold of states is changed as p
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by the pronounced size dependence of the spectra of the bare
Aun

− clusters. The manifold of s/p-derived orbitals remains
almost unchanged upon replacement of an Au atom by an-
other atom, only when the new atom contributes to the mani-
fold of states in a manner like a Au atom does, resulting in no
changes in electronic and geometric structures. Since we only
observe the uppermost occupied orbitals, changes might be
occurring for s/p-derived orbitals at higher binding energies,
especially for the lowest molecular orbital of the conduction
“band”. However, it seems that the HOMOs are very similar
in shape and symmetry for Aun−1H− and Aun−.

Previously, CO was shown to be a two-electron donor
on coinage metal clusters[101–104]. One of the important
consequences of this result is that coadsorption of CO with
other electron-accepting adsorbates like oxygen can be non-
competitive but cooperative[37]. Our result shows that on Au
clusters, hydrogenation provides an electron to the valence
electron pool of Au clusters, which can result in cooperative
adsorption between H and oxygen, analogous to the case of
CO and O2 coadsorption on Au cluster anions. This can be
closely related to the high activities of Au clusters towards
various reactions in which H adsorption is involved. For the
partial oxidation of propylene in H2 and O2 environments,
hydrogen peroxide (H2O2) is believed to be an important
reaction intermediate. To maximize the yield of hydrogen
p
H etals,
h tion,
o eptor
l oth
r es
a ted
a O
i
o H
o omic
H t
t s
i clus-
t lysis,
t was
f 1
[

5

rop-
e py in
c that
o clus-
t mpor-
t d by
c ation
a tion
o ctron

donor, which may play an important role for forming hydro-
gen peroxide species on Au cluster anions.

The question may be raised, whether the results from the
gas phase clusters can be also relevant for real catalysis,
consisting of metal nanoparticles supported by oxide sur-
faces. It should be mentioned that very recent studies using
Au particles on titania surfaces identified molecularly bound
oxygen species, in line with our results shown here[107].
For coadsorption of hydrogen and oxygen on Au-based cat-
alysts, hydroperoxide species (HOOH) could be identified,
also suggesting that oxygen chemisorbs nondissociatively on
Au nanoparticles supported by oxide surfaces, consistent with
the gas phase cluster data[108]. This suggests that gas phase
clusters can serve as important model systems to obtain a
better understanding of elementary steps of heterogeneous
catalysis. Gas phase clusters can be easily mass selected, and
therefore size dependent changes of chemical properties can
be followed on atomic scale. Moreover, gas phase data can
be more easily compared with theoretical results.

Ultraviolet Photoelectron Spectroscopy can be a powerful
tool to further identify important reaction intermediates on
gas phase clusters, e.g., coadsorption of CO and O2 may
form CO3 and H2 and O2 can form HOOH on metal clusters,
which can be identified using photoelectron spectroscopy.

To follow reaction paths on a real time scale, Time-
R PE)
s been
d
I ic re-
a are
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f

A

om
D e to
e d
t ram
i

R

lley,

em.

ys.

J.

hys.
eroxide, the rates of the H+O2 → HOO and H + O2H →
OOH reactions should be enhanced. For Pt-group m
ydrogen adsorption lowers the rate of oxygen adsorp
r vice versa, most likely because H is an electron-acc

ike oxygen, leading to the competitive adsorption of b
eagents[105]. Consequently, the HOOH formation involv
high activation barrier. On Au clusters, it can be facilita
s a consequence of the cooperative adsorption of H and2. It

s worth mentioning that Au clusters do not react with H2 but
nly with H, implying that in real catalysis, dissociation of2
ccurs on defects of oxide support materials, and the at
can then diffuse onto the Au particles, or H2 dissociate a

he oxide/Au boundaries. Alternatively, H2 only dissociate
n the presence of the precovered oxygen on Au nano
ers. It is important to note that in heterogeneous cata
he cooperative chemisorption of hydrogen and oxygen
ound, which may be in line with the results inFigs. 10 and 1
106].

. Summary and outlook

In the present article, recent results on chemisorption p
rties of coinage metal clusters using mass spectrosco
ombination with UPS are demonstrated. It was shown
xygen often forms di-oxygen species on coinage metal

er anions, and di-oxygen species are suggested to be i
ant reaction intermediates for various reactions catalyze
oinage metal clusters such as low temperature CO-oxid
nd partial oxidation of hydrocarbons. For H chemisorp
n Au cluster anions, H was found to act as a one-ele
esolved two Photon Photoelectron Emission (TR-2P
pectroscopy experiments can be carried out, which has
one on pure metal clusters have been carried out[109,110].

nvestigations on chemisorption, desorption, and catalyt
ctions on metal clusters employing TR-2PPE studies
nder way. To shed light on the metal support interacti
omparative studies on free and deposited clusters sho
urther performed.
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