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Abstract Small Au particles have been shown to exhibit interesting catalytic
properties. In an attempt to parallel catalytic studies on powder supports we have
undertaken a series of model studies using oxide films as support. We address the
formation of Au aggregates as a function of size starting from Au atoms to clusters
and islands of larger size, and as a function of the support. In addition we have
studied different support materials such as alumina and iron oxide and we com-
pare ultrathin and thicker oxide films of the same material (MgO). From a com-
parison of charge transfer through ultrathin films with the situation encountered in
thicker films, we propose the use of dopants in bulk materials to control particle
shape. We include the study of carbon monoxide adsorption on Au clusters of var-
ying size. It is demonstrated how chemical modification (hydroxylation) of oxide
supports influence particle growth and properties. Finally, we report on effects to
study the processes involved in particle growth by wet impregnation in order to
bridge the gap to catalyst preparation under realistic conditions. On that basis one
may now compare properties of supported particles prepared in ultrahigh vacuum
using physical vapor deposition with those prepared by wet impregnation.
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1 Introduction

In 1984 Michael Mingos published two papers important for the present review
[1,2]. One paper published in Account of Chemical Research in which he summa-
rized the state of affairs concerning the prediction of structures of cluster com-
pounds based on their total number of valence electrons. He and Ken Wade pio-
neered in the early 70s [3] what has been called the Polyhedral Skeletal Electron
Pair Theory, an extension of the VSEPR (valence shell electron pair repulsion
theory) [4] of molecular compounds. This led then to setting up of electron count-
ing rules, which connect the number of available valence electrons with stability



criteria for particular cluster geometries. The second paper was published in Gold
Bulletin entitled “Gold cluster compounds: are they metals in miniature?”’. The re-
sults of his thoughts about surface-clusters analogies may be summarized with two
quotes from his paper: “The writer's personal view is that such analogies bear the
same deficiencies as attempting to relate benzene to graphite and strained hydro-
carbons such as cubane, CgHg, to diamond.” and “These results suggest that those
scientists studying the catalytic properties of crystallites of gold on inert supports
should recognize that the clusters may change their geometries as a result of intro-
ducing substrates and changes in environment.” The latter, in particular, is an im-
portant observation that many researchers in catalysis, even today, have not taken
into consideration, seriously. It is one of the messages that this paper wants to
convey: the flexibility of nano particles to respond to the environment, for exam-
ple the support, is the source for their reactivity. By controlling the environment
and using the flexibility of nano particles one may change not only morphologies
and structures but also charge states of active components. For the latter, the met-
al-oxide interface plays an important role and thus cannot be taken into considera-
tion by the single crystal approach, so successful in the past, culminating in the
2007 Nobel Prize for Gerhard Ertl. [S] While solid state theory has provided fun-
damental insights into processes and intermediates on single crystal surfaces using
density functional calculations with periodic boundaries these approaches have to
be substantially modified to allow for successful treatment of nano particles of rel-
evant size on an oxide support. In this respect, also, calculations on free clusters
may only be used for reference purpose. Our group has pointed this out in a num-
ber of reviews on modeling heterogeneous catalysts. [6-9] The present review
goes somewhat beyond previous ones, as we attempt to make contact between
model systems of various degrees of sophistication and the preparation of the
same model systems via wet impregnation techniques. We have chosen Au sup-
ported on simple, non-reducible oxides as the example, as Au shows a pronounced
catalytic activity when it exhibits nanoparticulate morphology and is in interaction
with a support so beautifully pointed out in the late 1980ies by Masatake Haruta
[10,11].

The chapter is organized as follows:

After a short introduction into our philosophy for preparingmodel systems of sup-
ported dispersed metal catalysts, we proceed by showing how one may build up
Au particles from the individual atom to intermediate sized Au clusters towards
nano particles of a few nanometers in size. We will then proceed to larger islands
and address the question how one may be able to learn about the convergence of
cluster size towards representation of a fully developed metal. As we are working
with thin oxide films as supports in order to be able to use charged (entities) parti-
cles as information carriers we also address the question of film thickness to rep-
resent the bulk situation. In fact, out of this approach, the interesting observation
of the influence of dopants in the support arose and this problem will be addressed
as well. A brief intermezzo on CO adsorption will also be included. As a first step
towards the study of particle preparation via wet chemical techniques we have



studied substrate modification, basically by hydroxylation, and its influence on the
electronic and structural properties of metal deposits. Finally, we compare proper-
ties of deposits prepared via wet impregnation on oxides with systems prepared by
physical vapor deposition on oxides using ultra-high vacuum (Uhv) based tech-
niques, and at the end conclusions within a synopsis will be presented.

2 Binding of Single Metal Atoms and Small Clusters to Oxide
Surfaces

2.1 General Considerations.

Adsorption on defect-free oxides is generally weak given the high degree of bond
saturation at their surface and the large gap that governs their electronic structure
[12-18]. Metal atoms deposited onto pristine oxides have essentially two means to
interact with the surface. The first one, being accessible to all atoms, arises from
van der Waals or dispersive forces, i.e. the ad-atom gets polarized in the Madelung
field of the oxide and experiences dipolar coupling to the surface. Depending on
the atom polarizability, the resulting adsorption energies are of the order of 0.5 eV
or below for a single atom. The second interaction channel that is relevant for
open-shell d and f-elements is direct hybridization between orbitals of the ad-
species and the oxide surface. Especially the overlap between the d-states of tran-
sition metal atoms and the 2p orbitals of the surface oxygen plays an important
role, and enables an increase in the metal-oxide bond strength to more than 1.0 eV
[19-21]. Naturally, this channel is dominant for metals with partly filled d-shells
(Cr, Mn, Fe) and loses influence for semi-noble and noble metals, e.g. Pt, Cu Ag
and Au.

Oxide materials are never perfect and therefore surface defects need to be consid-
ered as potential binding sites for metal atoms [22]. Oxide defects often given rise
to considerable variations in the electrostatic potential, which originate from un-
balanced charges and cannot be screened due to the low density of free carries in
the insulating material. In covalently-bound oxides, dangling bond states may
emerge at the defect site, reflecting the rigid lattice structure of the system that
does not support bond reorganization. Whereas dangling bond states are highly
susceptible to form covalent bonds to metal ad-atoms, electrostatic forces and
charge transfer processes become relevant in the presence of charged defects in
ionic oxides. Oxygen vacancies in MgO, for example, are able to exchange elec-
trons with metallic adsorbates, which enable strong Coulomb attraction between
both partners. A model case for this scenario is the interaction between a doubly
occupied O-defect (F° center) and a Au atom, in which the gold turns anionic and
binds with more than 3.0 eV to the surface [23]. The opposite scenario, electron



flow into an electron trap in the oxide lattice (e.g. an F*" center) is observed for
electropositive ad-species and governs for instance the adsorption of alkali metals
to different surfaces. Defect-mediated interaction schemes exceed the binding po-
tential of the regular surface by up to a factor of three, underlining the significance
of such lattice irregularities for the nucleation and growth of metals on oxide ma-
terials.
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Figure 1: Different binding mechanisms of metal ad-atoms on thin films and bulk oxides.

A particularly interesting approach to modify the metal-oxide adhesion without
generating surface defects is the insertion of charge sources directly into the oxide
lattice (Figurel). Two approaches have been proposed in the literature and were
successfully realized in experiments. In a first scenario, the bulk oxide support is
transformed into a thin film grown on a metal single crystal [24-26]. The metal
substrate acts as infinite charge reservoir and on readily exchange electrons with
ad-atoms bound to the surface of the thin film. A different electron potential in
both subsystems is requirement for the charge transfer to occur, however this situ-
ation is often fulfilled as thin oxide films usually alter the work function of the
pristine metal beneath [27]. In the second scenario, doping with aliovalent impuri-
ty ions may be exploited to introduce charges into the interior of thick films and
even bulk oxides. Also in this case, charge transfer into the ad-species has been
revealed, the direction of which is given by the nature of the dopant in conjunction
with the electro-negativity of the adsorbate. Again, charge exchange is connected
with a considerable increase of the metal-oxide adhesion. To give an estimate for
the efficiency of charge-mediated interaction schemes, DFT calculations have re-
vealed an increase in binding energy from 0.9 eV for neutral Au on defect-free
MgO to 2.3 eV for Au species on thin MgO/Mo(001) films [28]. In the following,
we will substantiate these general considerations with a number of experiments
performed in our group. Whereas in the first part, the relevance of charge transfer
for binding of single atoms to oxide surfaces is discussed, consequences on the
growth and electronic properties of metal aggregates are in the focus of the later
sections.



2.2 Role of charge transfer for binding single ad-atoms to oxide
thin films.

A first hint for the formation of charged adsorbates on thin oxide films came from
low-temperature scanning tunneling microscopy (STM) experiments performed on
3 ML MgO/ Ag(001) exposed to small amounts of Au [15]. Whereas on bulk ox-
ides, gold shows a strong tendency for aggregation, mainly isolated atoms are de-
tected on the thin film even at high gold exposure. Moreover, the ad-species self-
assemble into a hexagonal superlattice on the film surface, with the Au-Au dis-
tance depending exclusively on the coverage and not on the MgO crystal structure
(Figure 2A). This unexpected ordering effect provides first evidence for the
charged nature of the Au atoms on MgO films, as equally-charged species tend to
maximize their inter-atomic distance in order to reduce the mutual Coulomb re-
pulsion. A similar phenomenon was found for alkali atoms on metal and semicon-
ductor surfaces before and was assigned to a positive charging upon adsorption
[29-31]. Conversely, the Au atoms on the MgO films charge up negatively, as
their 6s orbital gets filled with electrons from the Ag(001) support below the oxide
spacer layer. The charge exchange is enabled by the high electro-negativity of
gold in combination with a small work function of the Ag-MgO system, both ef-
fects promoting an electron release towards ad-gold [27,28]. The experimentally
deduced charging scenario was corroborated by DFT calculations that computed a
Bader charge of -1|e| at the Au atoms in addition to the expected increase in bind-
ing energy [32].

However, charge-mediated adsorption on oxide thin films is rather the exception
than the rule, and requires a favorable electronic structure of the adsorbate. Coun-
ter examples are Pd atoms that, in contrast to Au atoms, do not possess a low-
lying affinity level that can be filled with extra electrons from the MgO/Ag sup-
port. In fact, the Pd 5s, as the lowest unoccupied atomic orbital, is located well
above the Fermi level of the thin-film system and therefore not accessible to elec-
tron transfer. As a result, the Pd atoms remain neutral upon adsorption and do not
experience any self-ordering on the MgO surface (Figure 2B) [33]. Apart from
their random distribution, the Pd atoms exhibit a high tendency to assemble into
small aggregates even at low coverage, mimicking the anticipated binding behav-
ior of metals on bulk oxides in absence of charge transfer.



Figure 2: STM image of (A) single Au and (B) single Pd ad-atoms on a 3 ML thick MgO
film grown on Ag(001) (30 x 30 nm?). While the negatively charged Au atoms self-assemble
into a hexagonal pattern (see inset), the neutral Pd atoms are randomly distributed on the
oxide surface and show a large tendency to aggregate into clusters. A negative charge on
the Au species is also compatible with a distinct sombrero-like shape observed in low-bias
STM images. Black dots in both images are attributed to defects in the oxide film [32].

Charge-driven adsorption schemes were observed for many other thin-film sys-
tems, using not only metal ad-atoms but also molecular species [34,35]. Particular-
ly interesting in this context are experiments on a 5 A thick alumina film grown on
NiAl(110) [36], as the results provide direct insight into the direction of the charge
transfer and the number of exchanged electrons (Figure 3) [37]. Although charge
transfer into the Au atoms prevails also in this case, the interaction involves a cer-
tain bond reorganization in the oxide and therefore deviates from the more simple
MgO/Ag(001) case [32]. The Au atoms bind exclusively to Al3+ ions in the alu-
mina surface, and no adsorption to anionic lattice sites is revealed (Figure 3A).
Upon bond formation, the Al ion below the gold is lifted above the surface plane.
This upward motion of the Al3+ leads to a homolytic rupture of the bond to the
oxygen in the layer beneath. The Au atom takes up the electron donated by the Al
ion, while the electron deficiency at the oxygen is balanced by back-bonding it to
an Al atom in the NiAl(110) metal surface. The involvement of the metal substrate
thus reinforces the interaction between ad-atom and surface, whereby not only
charges are shuttled through the oxide, but the film reorganizes its internal bond-
ing network in order to accommodate the gold. In numbers, a participation of the
NiAl support leads to an increase of the Au-alumina adsorption strength from 1.0
to 2.1 eV, emphasizing once more the importance of charge transfer [37]. It should
be added that the Au-induced bond cleavage in the alumina film can be considered
as an extreme form of a polaronic lattice distortion, being a typical response of an
ionic oxide to stabilize charged adsorbates on its surface [38].



Figure 3: (A) STM image of Au monomers and small aggregates on alumina/NiAl(110) (-1.5
V, 18 x 18 nm2). The inset shows a ball-stick model of a monomer bound to an Al surface
ion. (B) Image series, showing a small alumina region as a function of bias voltages (15 x 15
nm?2). The various Au species undergo large contrast changes as a function of the imaging
conditions [39].

The extra charges localized in alumina-bound Au atoms are responsible for a dis-
tinct contrast evolution in STM images taken as a function of sample bias (Figure
3B) [39]. At negative voltage (probing the occupied sample states), Au monomers
are imaged as circular protrusions of ~6 A diameter and ~1 A apparent height.
This height value decreases at positive polarity and finally reverses at 3.0 V, when
the Au atoms show up as shallow depressions in the surface (Figure 4A). At in-
termediate voltages (between +2.0 and +3.0 V), the ad-species are surrounded by a
characteristic sombrero ring, again being the typical fingerprint of charged ad-
sorbates (Figure 3B and Figure 2a) [40,41]. According to the Tersoff-Hamann
theory for vacuum tunneling, a negative contrast indicates a lower state density of
the ad-atom as compared to the surrounding oxide, which forces the tip to ap-
proach the surface in order to maintain the preset tunnel current [42]. This de-
crease in state density is easily explained with a local upward bending of the oxide
bands, in response to the negatively charged Au atom. Whereas tunneling is effi-
cient in regions away from the Au-, as the oxide conduction band provides suita-
ble final states, it remains blocked at the ad-atom site due to up-shift of the band
onset at this location (Figure 4B, inset). Such upward bending is compatible with
the accumulation of negative surface charges, exerting a repulsive interaction on
the alumina electronic states [43], while positive charges would result in a down-
ward bending of the bands and does not explain the experimental observations
[44]. Assuming a screened Coulomb interaction:
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with an alumina dielectric constant of €, =10 and an Au excess charge of q = -1e|,
the upward bending calculates to +1.8 eV in distance r = 1 A from the anion [43].
This value matches the bias window of 3.0-4.5 V, in which the Au atom appears
with negative contrast in the STM images. The contrast reversal observed for Au
atoms on alumina thin films therefore provides additional evidence for the charge-
transfer that accompanies the interaction of gold with oxide thin films [28]. We
note in passing that no contrast reversal is observed for Au dimers, which appear
bright over the entire bias range (Figure 4B). The reason is the Au, electronic
structure, which exhibits an intrinsic electronic state at 2.5 eV that compensates
for the LDOS reduction due to band bending [39].
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Figure 4: (A) Line profiles and (B) apparent heights of an Au monomer and dimer on alu-
mina/NiAl(110) taken as a function of the bias voltages. The monomer turns into a depres-
sion above 3.0 V, as its negative charge triggers an upward bending of the alumina bands
(see inset). The dimer appears bright due to tunneling through its LUMO located at 2.5 eV
[37].
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Charge transfer across oxide thin films does not necessarily lead to the formation
of anionic gold species. In fact, the direction of charge transfer depends on the po-
sition of the Au affinity level (the Au 6s orbital) with respect to the Fermi level of
the metal-oxide system. Because the level position of individual Au ad-atoms is
largely governed by the vacuum energy, which is, in turn, given by the work func-
tion ¢ of the metal-oxide system, it is the latter quantity that determines the direc-
tion of the charge flow [38]. In general, low work function systems promote an
electron flow into the gold, while the opposite trend is revealed for systems with
high ¢ values. The two oxide films discussed so far, MgO/Ag and Alumina/NiAl



are characterized by a low work function, because the oxide layer prevents elec-
tron spillout from the metal surface and therewith removes a main reason for the
high work function of non-alkali metals. A counter example is the FeO thin film
that can be grown on Pt(111). Already the bare Pt(111) surface features an excep-
tionally high work function and this situation does not change upon FeO deposi-
tion. The reason is that the FeO film is of polar nature and features an intrinsic
surface dipole with the negative side pointing towards the surface (oxygen termi-
nation) [45]. In this particular case, the Au atoms lose electrons to the film and be-
come positively charged upon adsorption [46]. Although the direction of the
charge flow is opposite to the one on magnesia and alumina, the resulting binding
principles are similar and arise from a combination of electrostatic interactions
and polaronic lattice distortion of the ionic oxide in presence of the charged ad-
species.

2.3 Charge-mediated growth of metallic chains on oxide thin films.

The charge transfer that governs the binding of Au monomers to oxide thin films
affects also the aggregation behavior of the gold at higher exposure. At cryogenic
temperature, aggregation of equally charged ad-atoms is inhibited due to the Cou-
lomb repulsion, giving rise to the formation of ordered ad-atom patterns as shown
in Figure 2A. The repulsion is overcome, however, when dosing the gold at ele-
vated temperature, e.g. 100 K. In this case, the Au atoms assemble into 1D atom
chains at low coverage, as observed on both magnesia [47,48] and alumina films
[40]. The smallest aggregate is a flat-lying dimer with 9 A apparent lengths, while
longer chains contain between three and seven atoms and are 12 to 22 A long
(Figure 5). The development of 1D chains on thin films is in contrast to the com-
mon behavior on bulk oxides, where 3D clusters are energetically favorable at any

coverage due to the weak metal-oxide adhesion [26,49].
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Figure 5: STM images of Au monomers, dimers and different chains on 2ML MgO/
Ag(001) (-0.4 V, 19 x 19 nm?). For the dimer, an upright (Au,T) and a flat-lying isomer is
observed (Au,—>) [48].

The development of Au atom-chains seems unexpected at first glance as the num-
ber of stabilizing Au-Au bonds is small with respect to 2D and 3D aggregates.
However, the linear atom arrangement is in agreement with the charged nature of
the aggregates. Similar to the monomer case, electron transfer through the oxide
film into the Au cluster is active and increases the electrostatic coupling to the ox-
ide lattice. Conversely, the charge transfer leads to a Coulomb repulsion in the ag-
gregate that may be minimized when the extra electrons are separated over large
distances. Minimization of Coulomb repulsion in electron-rich aggregates is there-
fore the fundamental reason for the development of 1D cluster shapes, and no 1D
chains are be expected in the absence of charge-transfer through the oxide films
[47,48].
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Figure 6: Attachment energies to form the displayed Au clusters, calculated for bulk
MgO(001) (black circles) and 2ML MgQO/Ag(001) films (orange squares). The blue squares
depict the second most stable isomers on the thin film. On the oxide film, linear configura-
tions are energetically preferred up to AuS, when planar isomers become more stable. The
odd-even oscillations in the attachment energy are related to the high energy of open-shell
systems containing an unpaired electron. They are less pronounced on thin MgO films due
to the screening influence of the Ag support [48].

Also for Au aggregates bound to MgO/Ag(001) [47] and MgO/Mo(001) films
[50], the concept of charge transfer has been verified by DFT calculations. Two
configurations have been identified for the Au dimer, a neutral and upright one
that binds to an O” ion in the MgO surface and a flat-lying, negatively charged
species (Bader charge -0.8|e|) that bridges two Mg®" or two hollow sites. The flat-
lying configuration is thermodynamically preferred by 0.34 eV, a finding that ex-
plains its abundance in STM images of the MgO film (Figure 5) [47]. The prefer-
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ence of charged over neutral Au clusters becomes even more pronounced for larg-
er aggregates [48]. An Auz chain for example (Bader charge -1|e|) has a higher
binding energy than various neutral isomers (Figure 6). This finding holds for Au
tetramers, where a doubly charged Au, chain (Bader value: -1.6]e|) is energetically
preferred over different rhomboidal structures that can be found on bulk
MgO(001). Note that the two extra electrons in the Au4 chains are localized at the
terminal atoms, emphasizing the shape-determining role of the Coulomb repul-
sion. With increasing atom count, 2D Au aggregates gain stability with respect to
1D configurations; as the formation of additional Au-Au bonds outweighs the en-
ergy surplus due to charge delocalization [48]. Whereas, a doubly negatively
charged AuZ™ chain is still iso-energetic with a flat-lying Auz sheet on
MgO/Ag(001), a 2D Aub island has already a lower energy than the correspond-
ing linear structure (Figure 6). The critical atom number at which the 1D—2D di-
mensionality crossover occurs has been determined to five/six, both in experiment
and theory.

So far, the amount of charge transfer into oxide-supported Au clusters has proven
mainly by DFT calculations. However, this quantity can be accessed also by ex-
periment, if the electron filling of specific quantum well states (QWS), in particu-
lar, of the highest-occupied (HOMO) and the lowest-unoccupied (LUMO) state
can be measured with STM conductance spectroscopy. How this technique is ex-
ploited to quantify the charge transfer into Au chains on alumina thin films is
demonstrated in the following (Figure 7) [37,40].
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Figure 7: STM image and structure model for Au; chains bound to the two reflection do-
mains in the alumina/NiAl(110) film (5 x 5 nmz). The chain orientation and the NiAl [001]
direction are indicated by dashed and solid lines, respectively. Although the two domains
are tilted against each other by 48°, the chains closely follow the NiAl [001] direction in
both cases. The sketches on the right side show the Al%’r top layer (open spheres), the Au
chain atoms (yellow, filled spheres), as well as the NiAl and alumina unit cells, being de-
picted with grey and red lines, respectively [40].

Also on alumina films, gold spontaneously forms linear clusters that are 8-22 A
long and contain between two and seven atoms [40,37]. These Au chains exhibit a
particularly simple electronic structure that arises from the overlap of Au 6s and
6p orbitals to QWS formed in the 1D potential well [43,51]. There, the HOMO of
the Au monomer derives from the Au 6s orbital and is doubly occupied (Eying = -
1.3 eV, Figure 8A). This double occupancy reflects the negative charge on the ad-
atom, as gas phase Au features an Au 6s' ground state. The LUMO is a pz-like
state that locates at +2.5 eV above EF hence inside the alumina conduction band.
In Au dimers, the two 6s orbitals hybridize and form two new states at -0.3 eV and
-1.5 eV. Both states are filled, which brings the total number of s-electrons in the
dimer to four. As two of these electrons are transfer-electrons from the NiAl sub-
strate, the Au, is twofold negatively charged. The Au, LUMO shifts to +1.9 eV
due to the superposition of the two p, states of each monomer (Figure 8B). In line-
ar Aus, a third s-like state appears directly at the Fermi level, while the two other
QWS shift to -1.8 and -2.5 eV. Due to the half-filled nature of the HOMO, five s-
electrons occupy the Au; valence orbitals, three intrinsic Au 6s electrons and two
transfer-electrons from the metal beneath. The lowest unoccupied Au; states are
the symmetric and anti-symmetric combination of the 6p, orbitals, giving rise to
two QWS at +1.9 and +2.8 eV, respectively.
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Figure 8: Spin-averaged LDOS and orbital shapes for (A) an Au monomer, (B) a dimer and
(C) a trimer on alumina / NiAl(110), as calculated with DFT. The black line marks the total
Au LDOS, the blue and red lines denote the s- and p,-contributions, respectively. The
dashed line depicts the alumina states. (D,E) Experimental dI/dV spectra and topographic
images of an Au monomer and a dimer. (F) Trimer spectrum with dI/dV images taken at
the two peak positions. All images are 4.5 x 4.5 nm’ in size; the set-point for spectroscopy
was set to 3.0 V.

In extension of this concept, the electronic structure of a m-atom Au chain arises
from the consecutive splitting of the 6s and 6p-like states and results in the devel-
opment of m mainly occupied s-derived QWS and m empty states with p,-
character (Figure 9). The s-like states display the characteristic properties of a par-
ticle-in-a-box system with infinite walls [43]. The eigen-functions are sinusoidals
(Y, = sin k;x), defined by a wave-number k, that is proportional to the inverse
box-length L and a quantum number n: (k,=nm/L). The resulting electron distribu-
tion in the nth QWS (5,?) is given by n maxima separated by n-1 nodal planes
along the chain axis, while the eigen-energies follow a parabolic dispersion rela-
tion:

2 2
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Figure 9 (A) Conductance spectra of an Au; chain and the bare oxide film. The insets dis-
play dI/dV maps taken at the peak positions of the respective spectrum (5x5 nmz). (B) Cal-
culated LDOS for an Au; chain. The blue line denotes the seven Au 6s-like QWS (termed
S1-S7), while the red line depicts the 6p state density. The quantized nature of the 6p states
is not resolved due to the small energy separation between adjacent levels. The energy posi-
tion is however marked by arrows (P1-P7). The calculated orbital shapes for the 4™ 6™ s-
like and the 1°' - 3" 6p-like QWS are shown as insets [39].

The electronic signature of ultra-small Au aggregates discussed above has been
reproduced experimentally by STM conductance spectroscopy (Figure 8, D-F)
[39]. The Au dimer displays one dI/dV maximum at +2.6 V, while two maxima at
+2.3 / +3.0 V are detected for the trimer. These peaks are compatible with the
lowest p,-like QWS in the Au aggregates. This assignment is supported by dI/dV
maps of the trimer taken at the respective peak positions. While a homogeneous
dI/dV intensity distribution is revealed for the lower state, reflecting the constant
density probability of the ground-state p, orbital, a region of suppressed conduct-
ance marks the nodal plane in the first excited p,-derived state (Figure 8F). Note
that the LUMO of the monomer was not detected, most likely because of the over-
lap of this state with the alumina conduction band.

Also conductance spectra of longer Au chains are in agreement with the electronic
structure sketched above [39,37]. In positive-bias spectra, two dI/dV peaks are ob-
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served for Au, and Aus chains, while three maxima are resolved for the gold hep-
tamer (Figure 9) [40]. Based on their energy position, the maxima are assigned to
the unoccupied 6p,-like QWS, the onset of which has been determined to 1.8 eV.
As the energy spacing between adjacent 6p,-levels is relatively small, the corre-
sponding dI/dV maps do not show the unperturbed symmetry of isolated QWS but
always result from a superposition of adjacent levels. In contrast to ultra-small ag-
gregates, filled QWS are detected in the longer Au chains as well as the tetramer
displays two dI/dV peaks below Eg, whereby the upper one at -1.1 V (the HOMO)
exhibits three electron-density maxima and two nodal planes along the chain axis
(Figure 10). The HOMO is therefore assigned to the third s-like QWS, being char-
acterized by three density maxima. Assuming double occupancy of all QWS be-
low the Fermi level, the total number of s-electrons in this ad-chain would be six.
While four electrons are provided by the incoming Au atoms, the other two origi-
nate from the NiAl support, rendering the Auy chain twofold negatively charged.
With the same arguments, the Aus chain was found to contain three extra elec-
trons, as its HOMO at -1.6 V exhibits four intensity maxima and is thus assigned
to the 4™ QWS. Only five of the eight s-electrons are intrinsic to the Au atoms in
this case, while the other three originate from the substrate again. For the Au,, be-
ing the longest chain observed experimentally, the fourth and fifth QWS are de-
tected at -1.8 and -1.3 V, respectively. In agreement with the particle-in-the-box
model, the lower state displays four and the higher five density maxima along the
chain axis in the dI/dV maps (Figure 10). The Au, chain has consequently five oc-
cupied QWS carrying ten S-electrons in total, which brings the number of transfer
electrons from the NiAl to three again. It should be mentioned that no six-atom
chains have been identified in the experiment, which might be explained with an
unfavorable magnetic ground state of the linear Aug arising from an unpaired elec-
tron at Er.
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Figure 10: Experimental and calculated topography, HOMO shape and model structure
for Au; to Au; chains on alumina /NiAl(110). All images are 5.0 x 5.0 nm’. The HOMO-1
for the Auy is shown in addition. Measured chain lengths are 9 A, 12 A, 15 A and 22 A; cal-
culated distances between first and last chain atom amount to 5.3 &, 7.8 A, 10.5 A and 15.5
A. To compare theoretical and exp. lengths, 2-3 A should be added to both sides of the
chain to account for the diffusivity of the 1D orbitals [37].

Both, the experimental and theoretical behavior of s-like QWS in different Au
chains are in good agreement with the particle-in-the-box model sketched above.
Fitting the computed level energies to a parabolic dispersion relation yields a po-
tential depth of Eg =-2.65 eV and an effective electron mass Mgy = 0.85m,. It is in-
teresting to note that Au chains assembled directly on the metallic NiAl(110) sup-
port have a smaller electron mass of 0.5 m, [52,51]. This finding indicates higher
electron-mobility in the metal-supported chains, despite a somewhat larger Au-Au
distance in that case (2.89 A on NiAl versus 2.6 A on alumina). The difference re-
flects the role of indirect coupling between the Au atoms, mediated by electronic
states in the NiAl substrate. Naturally, this contribution is missing on the insulat-
ing alumina film [53].
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2.4 Development of two-dimensional metal islands on oxide thin
films.

The charge transfer through a thin oxide spacer prevails also for larger Au aggre-
gates and keeps controlling their geometry and electronic structure. On 2ML
MgO/Ag(001) films, for example, gold first forms flat, single-layer islands and
develops a nearly complete wetting layer with increasing exposure (Figure 11)
[15]. The formation of 2D islands is in sharp contrast to the 3D growth that is typ-
ically observed on bulk oxides [26,54,16]. It reflects the tendency of gold to in-
crease the contact area with the oxide film, as this maximizes the charge transfer
into the gold affinity levels and therewith the strength of the metal-oxide adhesion.
Similar to Au monomers and chains, the reinforcement of the Au bonding results
from increased electrostatic and polaronic interactions upon charge transfer [55].
As a rough number, the average charge transfer per ad-atom has been calculated to
be -0.2]e| for a close-packed Au layer on 2ML MgO/Ag(001) [56].

Figure 11: STM images of Au deposits on (A) 3 ML and (B) 8 ML MgO/Ag (001) (30 x 30
nm?). Due to the charged-mediated adhesion, Au wets the ultra-thin MgO film. In the case
of thicker films, the electron transfer is inhibited and 3D gold particles form on the oxide
surface [15].

Especially in larger 2D gold islands, the excess electrons are not homogenously
distributed but show a preference to accumulate at the island perimeter [57]. The
reason for this particular charge distribution is similar to the one that leads to the
development of 1D chains at small atom numbers. The excess electrons repel each
other, which increases the internal Coulomb repulsion in the island and hence the
total energy. To minimize this Coulomb term, the extra charges maximize their
mutual distance, which promotes their localization along the island edges. The
presence of a negatively charged perimeter can be deduced directly from STM
conductance maps of the 2D Au islands, as shown in Figure 12. Especially around
the Fermi level, the island edges appear with enhanced dI/dV contrast, indicating a
higher density of states as compared to the island interior. The contrast enhance-
ment at the edge is compatible with specific edge states that enable accommoda-
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tion of the extra electrons that have been transferred through the oxide film into
the gold sheets. This mechanism has been corroborated by tight-binding DFT cal-
culations, which allow for an explicit treatment of the atomic structure and the
edge configuration even of extended metal nanostructures [57]. Also, the comput-
ed charge density plots unambiguously demonstrate the localization of electronic
states along the island perimeter (Figure 12). These states are able to store one ex-
tra electron per low-coordinated edge atom, and get filled up with transfer elec-
trons although the island interior remains neutral. This charge localization in the
low-coordinated edge atoms renders the 2D Au islands supported on thin oxide
films particularly interesting for adsorption and chemical reactions involving elec-
tron-accepting molecules (Lewis acids) [58].

Excess |
electrons 100806040200

Figure 12: (A,C) STM topographic image and dI/dV maps of an planar Au island on 2 ML
MgO/Ag(001) taken at the indicated bias voltage (US = 0.2 V, 25x25 nmz). (C) Correspond-
ing charge distribution as calculated with a Density Functional Tight Binding approach
[57].

Also for flat Au islands on MgO/Ag(001), STM conductance spectroscopy can be
exploited to determine their charge state [56]. As discussed before, the develop-
ment of well-defined QWS is the necessary precondition for this analysis, where-
by symmetry and electron filling of the QWS have to be compared to the findings
in neutral aggregates. As electron confinement in a 2D potential is more sensitive
to structural irregularities, Au islands with suitable QWS need to be highly sym-
metric and free of defects.
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Figure 13: (A) Topographic and (B) dI/dV image of a symmetric Au cluster on 2 ML MgO/
Ag(001) taken at the given sample bias (3.9 x 3.9 nm?). The corresponding dI/dV spectra
are shown in addition (blue and cyan curves: top and left part of the cluster). (C) Calculat-
ed HOMO and LUMO shape, as well as structure model of an Aujs cluster on
MgO/Ag(001). Perfect match between experimental and theoretical cluster properties indi-
cate the identity of both aggregates [56].

A particularly instructive example shows an ultra-small Au cluster with ~10 A di-
ameter and 0.8-0.9 A apparent height grown on an 2ML MgO/Ag(001) film (Fig-
ure 13) [56]. In low-bias STM images, mainly the cluster morphology is revealed,
as no eigenstates of the aggregate are available in the probed energy window. At
slightly higher bias, the apparent cluster height doubles and flowerlike protrusions
emerge in the image. This bias-dependent contrast change provides evidence that
tunneling is now governed by the electronic and not the topographic properties of
the nanostructures. More precisely, a distinct eigenstate, the LUMO of the Au ag-
gregate, becomes accessible to the tunneling electrons, and dominates the image
contrast at positive bias. A similar observation is made at negative bias, when the
Au HOMO moves into the bias window and a comparable ‘nano-flower’ becomes
visible in the STM. The two observed QWS closely resemble the eigenstates of a
free-electron gas confined in a 2D parabolic potential (Figure 14) They are derived
from the Au 6s states of the participating atoms and preserve their characteristic
symmetry, as they neither mix with the states of the wide-gap oxide material nor
with the Au 5d and 6p states positioned of much lower or higher energy, respec-
tively [43,59]. The symmetry of the states is defined by the angular momentum
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quantum number M, being a measure of the number of nodes in the 20 electron
density probability [60]. The two lowest QWS in Figure 13 feature four nodal
planes, which corresponds to an m of 4 or, equivalently, to a state with G-
symmetry.
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Figure 14: Energy levels (left) and orbital shapes (right) of the free-electron eigenstates in a
2D parabolic potential. The electron occupancy determined for a particular Au cluster on
2ML MgO/Ag(001) (here the Aul8 cluster) is depicted by arrows.

Again, the STM reveals not only the symmetry of the eigenstates, but via the spec-
troscopic channel also their energy position. For the Au cluster shown in Figure
13, the HOMO and LUMO are clearly identified as dI/dV peaks at -0.4 and +0.8
V, respectively, separated by a region of zero-conductance of 1.0 V width. Also
higher QWS show up in the dI/dV spectra of the cluster. The HOMO-1 at -0.8 V
and the HOMO-2 at -1.2 V are both of P-symmetry with the nodal plane pointing
in two orthogonal directions. Note that higher and lower states cannot be resolved
as an increasing overlap with the MgO electronic states renders their identification
difficult.

With this experimental input, the electronic structure of the gold nanoisland and
more importantly its charge state can be determined by comparing the measured
orbital shapes with DFT calculations for possible sample clusters [56]. Following
an extensive theoretical search, the experimental signature shown in Figure 13
could be matched on the properties of a planar Aug cluster. Its structure is derived
from a magic-size Auyg cluster with one missing corner atom. In agreement with
experiment, the HOMO and LUMO are two 1G orbitals located in the 5" shell of
the harmonic potential, whereas the HOMO-1 and HOMO-2 are the 2P-like QWS
states in the 4™ shell (see level scheme in Figure 14). The missing atom with re-
spect to a symmetric Auyg gives rise to a slight asymmetry in the orbital shapes
that becomes particularly evident for the LUMO. Counting the number of orbitals
from the 1S-like ground state to the 1G HOMO, as plotted in Figure 14, we find
eleven filled valence states for the Auys cluster being occupied by a total number
of 22 s-electrons. As each of the 18 Au atoms adds only a single 6s electron to the
delocalized QWS, there is a difference of four electrons to the total electron count
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determined by experiment. As discussed in detail for the Au chains, the missing
four electrons are introduced via charge transfer from the MgO/Ag interface into
the Au island. This charging effect is corroborated by a DFT Bader analysis,
yielding a value of -3.54|e| for the Auy; cluster, but matches also the average trans-
fer of 0.2]e| per atom as calculated for dense-packed Au layers on thin MgO films
[56].

Similar procedures have been carried out for many other Au aggregates on the
MgO/Ag(001) system [56]. In all cases, a negative charging has been revealed,
verifying the charge-mediated binding concept for Au islands on thin oxide films
[38,49,7]. The number of transfer electrons was found to be proportional to the at-
om number in the 2D cluster or, synonymously to the interfacial contact area (Fig-
ure 15). Interestingly, the accumulated charge per Au atom is generally be lower
in 2D aggregates as compared to 1D chains, which might be rationalized by the
higher efficiency of the linear systems to distribute the excess electrons and lower
the internal Coulomb repulsion [48]. The energetic preference for chains dimin-
ishes, however, for clusters containing more than 6-7 atoms, inducing a crossover
to 2D island shapes and later to 3D structure. It should be mentioned that also the
HOMO-LUMO gap shows a strong dependence on the atom number per cluster
(Figure 15). Whereas Au aggregates containing 10-15 atoms have experimental
gap sizes of around 1.5 eV, the HOMO-LUMO gap closes for more than 100 at-
oms in the cluster, reproducing earlier results for Au clusters on TiO, [61]. The
gap size hereby follows the inverse cluster area (2 according to Eg o 027 as ex-
pected for the energy separation of eigenstates in a 2D harmonic potential [60,43].
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Figure 15: (A) Experimental HOMO-LUMO gap for differently sized Au clusters on
MgO/Ag(001). The atom number is deduced from the measured particle area Q, using DFT
results as a reference for the de-convolution procedure. The dashed line is a fit of the data
to the inverse cluster size. (B) Calculated number of excess electrons in linear (diamonds)
[48] and 2D Au clusters on 2ML MgO/Ag(001) [56]. The line depicts the charge accumula-
tion of 0.2]e| per atom, being computed for a compact Au layer on 2 ML MgO/Ag(001).
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In summary, the charge-mediated binding scheme of gold to oxide films is closely
related to the possibility to transfer electrons through the insulating spacer. The
dominant transport mechanism is electron tunneling from the Fermi level of the
metal substrate through the oxide layer. The tunneling probability depends expo-
nentially on the oxide thickness, and to a smaller extent on the gap size, as already
discussed by Cabrera and Mott [55,62]. As an interesting consequence the growth
regime of Au on thin oxide films might be altered simply by increasing the film
thickness until tunneling transport becomes impossible (Figure 11) [15]. Whereas
only 2D islands are found on 3ML MgO/Ag(001) films, a dimensionality crosso-
ver to 3D particles occurs on 8ML films that do not support charge transfer any-
more [16]. These experiments have been reproduced by DFT calculations, ad-
dressing the shape of Aug clusters on 2 and SML thick MgO/Ag(001) films [55].
With increasing oxide thickness, the amount of charge transfer was found to de-
crease by 50%, causing the interfacial adhesion to drop from 0.7 to 0.35 eV per in-
terfacial atom. As a result, the initially planar Aug cluster turned 3D on the thick
film in order to increase the number of Au-Au bonds and to counterbalance the
loss in interfacial adhesion. Both experiments and theory therefore confirm the
importance of charge transfer in determining the growth shape of metals on thin-
film systems.

2.5 Metal growth on doped oxide materials.

The former paragraphs have demonstrated how the equilibrium shape of metal
particles on oxide supports depends on the charge state of the deposits. It turned
out that charged species, either single atoms or small aggregates, tend to bind
stronger to ionic oxides, as they exhibit additional electrostatic and polaronic in-
teraction channels that are not available for neutral entities [55,28]. However, the
concept of charge-mediated control of the metal-oxide adhesion seems to be re-
stricted to ultra-thin films, as the extra electrons are provided by a metal substrate
and need to tunnel through the insulating spacer layer. In contrast, the request to
tailor the equilibrium shape of metal particles becomes particularly large on bulk
oxides as used in heterogeneous catalysis, as the chemical properties of metal-
oxide systems was shown to depend sensitively on the particle shape [63-66]. The
relation between chemical reactivity and geometry of the active metal species has
been explored in detail for gold [8]. Raft-shaped Au islands on iron oxide, for ex-
ample, have been identified as the active entities in the low-temperature oxidation
of CO [67,68]. Also in the Au/TiO, system, bilayer deposits turned out to be the
most active [61,69]. Both results suggest a special role of the perimeter sites of
metal deposits, which enable molecules to interact simultaneously with the metal
and the oxide support. As those sites are most abundant on flat metal islands, a
close interrelation between structure and reactivity is not surprising. We note in
passing, that the shape affects also other fundamental properties of metal deposits,
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e.g. their electronic structure and optical response [70,71], which renders a careful
shape control relevant for applications in microelectronics, nano-optics and photo-
catalysis as well.

One possibility to extend the concept of charge-mediated particle growth to bulk
oxides is the insertion of suitable charge sources directly into the oxide material,
preferentially into a near-surface region to allow for charge exchange with adsorb-
ates. By this means, all advantageous effects of charge control could be main-
tained for oxide slabs of arbitrary thickness. The fundamental approach to insert
charge centers into a material is doping, and the underlying concepts have been in-
troduced and brought to perfection already in the mature field of semiconductor
technology. Surprisingly, the art of doping is less advanced what oxide concerns,
which relates to a number of peculiarities in these materials. Oxides are subject to
self-doping either by native defects or unwanted impurities, the concentration of
which is difficult to control experimentally [72]. Both, lattice defects and impurity
ions may adopt different charge states in the oxide lattice [73,74], a variability that
leads to pronounced compensation effects and is less common in semiconductors.
And finally, the dopants may be electrically inactive in a wide-gap insulator, as
thermal excitation is insufficient to rise the electrons from defect states into the
bulk bands. As a result, the excess charges remain trapped at the host ions and are
unavailable for charge transfer. The following examples demonstrate, however,
that doping is a versatile approach to control the growth of metals even on bulk-
like oxide materials [75-77,18,17,78,79]. The underlying concepts are thereby
similar to the charge-transfer picture developed for thin films before.

Figure 16: STM images of 0.7 ML Au dosed onto (a) pristine and (b) doped CaO films (4.5
V, 50x50 nm®). The insets display close-ups of two characteristic particles (-5.0 V, 10x10
nm2)

In general, doping is carried out with impurity ions that adopt either a higher or
lower valence state than the substituted ions in the oxide lattice. In rare case, also
charge-preserving doping is realized, and geometric and strain effects and not
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charge-transfer become relevant in these cases. Whereas high-valence dopants
may serve as charge donors and provide extra electrons, undervalent dopants have
acceptor character and may accommodate electrons from suitable adsorbates.
Based on the above considerations we now expect that charge donors in an oxide
lattice have a similar influence on the particle shape as the metal support below a
thin oxide films.

The impact of doping on the growth morphology of gold has first been realized for
crystalline CaO(001) doped with Mo in the sub-percent range [80]. On the doped
oxide, the gold was found to spread out into extended monolayer islands, while
the conventional 3D growth regime prevailed on the pristine, non-doped material
(Figure 16). Evidently, the donor character of the Mo dopants is responsible for
the 2D growth-morphology, as the bare CaO(001) surface interacts with gold only
weakly. The Mo impurity ions mainly occupy Ca substitutional sites and, in the
absence of gold, adopt the typical 2+ charge state of the rocksalt lattice in order to
maintain charge neutrality. In the 2+ configuration, four Mo 4d electrons are local-
ized in the dopant, three of them occupying (t»,-at) crystal field states and one sit-
ting in a (ty,-P) level close to the upper end of the CaO band gap (Figure 17) [80].
Especially the latter one is in an energetically unfavorable position and therefore
susceptible to be transferred into an acceptor state with lower energy. Such states
are indeed provided by the Au atoms that exhibit half-filled Au 6s levels at lower
energy. DFT calculations therefore reveal a spontaneous transfer of the top-most
Mo 4d-electron into the Au 6s affinity level, resulting in the formation of an Au~
anion (Figure 17). As discussed for the thin films, the charged gold experiences
reinforced bonding to the CaO surface, reflected by the increase of the binding en-
ergy from ~1.5 eV without to ~3.5 eV with Mo dopants in the film. We emphasize
that the charge transfer does not require the presence of a Mo ion in the surface
and remains active over relatively large Mo-Au distance of up to ten atomic
planes.
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Figure 17: PBE projected state-density calculated for non-doped (top) and doped (bottom)
CaO films in presence of an Au adatom [80].

The increase of the metal-oxide adhesion due to dopant-induced charge transfer
fully explains the 2D growth regime of gold observed in the experiment. Gold
tends to wet the CaO surface in an attempt to maximize the number of exchanged
electrons, hence the interfacial interaction. Further DFT calculations suggested
that also a Mo®" species that has already lost one electron remains a potential do-
nor, as two of the residual d-electrons are still higher in energy than the Au 6s af-
finity level [81]. Consequently, even a second and a third electron may be trans-
ferred into the ad-metal, leaving behind thermodynamically stable Mo* and Mo™*
ions in the CaO lattice. It is this behavior of the Mo ions that is responsible for the
robust donor behavior of Mo-doped CaO [80].

The presence of suitable dopants is, however, not the only requirement for a stable
donor characteristic, the interplay between dopants and host oxide determines the
redox activity. This shall be demonstrated for two similar systems, Cr-doped MgO
and Mo-doped CaO, which still exhibit an entirely different behavior [81-83]
Chromium has a similar electronic structure as Mo, i.e. the same number of d-
electrons, but is a 3d and not a 4d metal. Surprisingly, it is unable to influence the
Au growth behavior on the MgO support (Figure 18). Even at a high Cr co-
nanhalion, the 3D growth of gold prevails and hardly any 2D islands are found on
the surface. The reason for this poor behavior is the low energy position of the Cr
tyg levels in the MgO band gap, which originates from a substantial stabilization of
the Cr 3d-electrons in the MgO crystal field. Note that the crystal field in MgO is
substantially stronger than in CaO, due to the reduced lattice parameter [84]. In
addition, the ionization energies of Cr atoms are higher than for Mo, which makes
formation of Cr*" and Cr’" ions energetically more expensive [85]. As a result, Cr
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is able to donate at maximum one single electron to gold, which compares to three
for the Mo dopants in CaO [81].

Moreover, this electron may not even reach the ad-metal, because it is likely to be
captured by parasitic electron traps that are present in real oxides. Typical electron
traps are cationic vacancies, e.g. Mg defects, domain boundaries, or dislocation
lines [86]. The cation-defects (V-centers) preferentially develop in oxides with a
large number of high-valance dopants, as they are able to compensate the augmen-
tal charge state of the impurities with respect to the intrinsic ions [84]. According
to DFT calculations, the formation energy of electron-trapping (V-centers decreas-
es from more than 8 eV in bare CaO and MgO to 1.0-1.5 eV in the presence of
high-valence dopants [81]. As a result, internal compensation effects become fa-
vorable, in which every dopant in the lattice produces a balancing vacancy. Whiles
this internal compensation remains insufficient to cancel the donor potential of Mo
ions, it annihilates the effect in Cr-doped MgO. Consequently, no charge-mediated
changes in the Au growth morphology are observed for Cr-MgO, although the ef-
fect is huge for the Mo-doped CaO (Figure 18). One conclusion of these results is
that the donor behavior of a transition-metal doped oxide cannot be predicted by
simple valence arguments but needs to be checked in every single case.
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Figure 18: STM images of (a) bare and (b) Mo-doped CaO(001) films of 60 ML thickness
after dosing 0.5 ML of Au (60x50 nm’, +6.0V). The 2D Au islands appear as depressions on
the insulting oxide, because electron transport into the gold is inhibited at the high positive
bias needed for scanning. The insets show typical 3D and 2D islands taken at lower bias
(3.5 V, 10x10 nm?). Similar measurements on (c) bare and (d) Cr-doped MgO(001) films of
20 ML thickness. The particle shape is not affected by the dopants in this case. (e) Ball
models explaining possible charge-transfer processes between the doped oxide and the ad-
metal and their influence on the particle shape.
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The influence of overvalent dopants on the equilibrium morphology of metal par-
ticles can, to a certain extent, be annihilated by undervalent dopants in the oxide
lattice (Figure 19) [87,88]. Dopants with lower charge state generate holes in the
oxide electronic structure that are able to trap the extra electrons provided by the
charge donors. This mutual compensation between donors and acceptors has been
explored for CaO films co-doped with Li and Mo ions [89]. At low Li concentra-
tion with respect to Mo, most of the Au particles still adopt 2D shapes, indicating
a prevailing charge transfer into the gold. With increasing Li doping level, howev-
er, more deposits turn 3D, as the ad-particles are unable to accumulate enough ex-
cess charges from the Mo donors (Figure 19C,D). The extra electrons are trapped
by lattice defects that arise from the presence of Li in the lattice. Every monova-
lent Li" ion sitting in Ca®" substitutional sites produces a deep hole in the O2p
states of an adjacent oxygen forming an effective trap for the Mo 4d electrons. As
a result, charge transfer to the surface ceases at a critical Li doping level and the
Au deposits adopt the typical 3D geometry of pristine CaO films.
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Figure 19: STM images of 0.5 ML Au deposited onto (A) pristine CaO, (B) doped with 4%
Mo, (C) doped with 4% Mo + 2 % Li and (D) doped with 4% Mo + 8 % Li (50 x 50 nm?,
6.0 V). Note that monolayer Au islands in (B) and (C) appear as depressions at high sample
bias. Histograms of the particle shapes (height-to-diameter ratio) are plotted below. Note
the transitions from 2D to 3D particles when the overvalent doping with Mo in (B) is bal-
anced with increasing amounts of monovalent Li impurities.

We note that pure hole-doping could not be realized in the experiments so far.
Neither MgO nor CaO films, doped exclusively with Li, were found to alter the
morphology and electronic structure of gold, and no sign for the generation of pos-
itively charge ad-species was obtained. This finding is in agreement with the oc-
currence of intrinsic compensation mechanisms in the oxides that remove the en-
ergetically unfavorable holes produced by the Li" species. Even in well-prepared
oxide films and at perfect vacuum conditions, competing electron sources are pre-
sent, such as electron-rich oxygen vacancies (F° centers) and donor-type adsorb-
ates from the rest gas (water, hydrogen) [87,88,90,91]. Hole-doping of oxides as a
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means to tailor the properties of metal ad-particles is therefore more difficult to
realize than electron-doping with donor-type impurities.

Interestingly, the competition for excess electrons occurs not only in Mo and Li
co-doped films but is observed also in the presence of electron accepting species
on the oxide surface. Gold forms monolayer islands if deposited onto a Mo-doped
CaO at vacuum conditions, but 3D particles if oxygen is present during growth.
The reason is that O, molecules bound to the surface act as electron acceptors as
well, and may trap charges in their O 2n* antibonding orbitals. These electrons are
lost for the Au islands, resulting in a gradual transition from a 2D to a 3D growth
regime with increasing O, partial pressure. Whereas in 5x10” mbar of oxygen,
50% of the Au islands still adapt monolayer shapes, all Au deposits turn 3D grown
in an 5x10” mbar O, background. The interplay between the observed growth
mode and the composition of the gas environment emphasizes the pivotal im-
portance of excess electrons from donor species for the reactivity of oxides to-
wards adsorption of metallic and gaseous species.

In summary, doped bulk oxides display in many aspects similar adsorption proper-
ties as ultra-thin oxide films. In both systems, excess electrons are transferred into
the ad-species and open up specific charge-mediated adsorption schemes. Whereas
for ultrathin oxide films, the extra electrons are provided by the metal substrate
below, doped oxides contain intrinsic charge sources in the form of aliovalent im-
purity ions. Thin oxide films grown on metal single crystals are mainly of academ-
ic interest, as they provide easy access to the properties of oxide materials via
conventional surface science techniques. Doped oxides, on the other hand, are of
practical relevance for many processes in heterogeneous catalysis. As shown in
this section, overvalent dopants are able to change the particles equilibrium shape
from 3D to 2D, which is expected to change the reactivity pattern of the metal-
oxide system. Moreover, charge transfer from electron-rich dopants might be a
suitable pathway for the activation of small molecules, such as oxygen or me-
thane. A possible activation mechanism would be the occupation of the anti-
bonding orbitals, leading to a destabilization or even dissociation of the molecules.
In a recent experiment, electron donation from Mo-impurities was shown to pro-
duce super-oxo (O;) species on a CaO surface, which might be a highly reactive
precursor for subsequent oxidation reactions. Although the chemical reactivity of
doped oxides is still subject of active research, it appears already that oxide doping
forms a promising route to fabricate highly reactive and selective catalysts for the
future.

3 CO adsorption on supported Au particles

The binding of molecules to specific sites of a metal nanoparticle is thought to de-
termine the reactivity of metal/ oxide systems used in heterogeneous catalysis. The
model systems, described above, represent ideal objects to study the influence of
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size, shape and charge onto adsorbed molecules. Given the large body of infor-
mation on CO as an adsorbate, this molecule represents the probe molecule of
choice. Figure 20 shows the range of frequencies CO typically shows when bound
to Au in different oxidation states [92].
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Figure 20: Connection between Au charge scale and the stretching frequency of adsorbed
CO [92].

This knowledge, together with the possibility of imaging allows us to investigate,
in detail, molecule-Au interactions. Before we discuss CO adsorption on nano par-
ticles we briefly discuss the frequencies of the outlier in Figure 20, i.e. the IR
spectrum of CO interacting with a single Au atom [93]. When small amounts of
Au are deposited on a 10 monolayer thick MgO(100) film, the Au atoms remain
neutral, as conclusively shown via EPR measurements on the system [94]. CO ad-
sorption leads to the appearance of a band at 1852 cm™ in the IR spectrum, which
has been identified with the help of a DFT calculation. The large shift of 285cm™
from the frequency of the gas phase CO arises because the Au 6s valence electron
is strongly polarized away from the MgO surface due to Pauli repulsion with the
oxygen ions to which the Au preferentially binds [94]. The concomitant transfer of
electrons into the C-O anti-bonding 21" orbital leads to this dramatic weakening
of the intermolecular bond, hence a redshift of the stretching frequency. This shift
is even larger than for an Au atom residing on a color center holding one electron,
i.e. there the shift is 220cm™'[93].

3.1 CO Adsorption on Au on Thin MgO/Ag Films.

Molecular species can also be identified directly on oxide-supports gold
nanostructures, using low-temperature STM. For example, single CO molecules
are imaged as circular depressions on the MgO surface (Figure 21a).
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Figure 21: STM topographic images of CO molecules on 2 ML MgO/Ag(001) imaged with
(a) a metallic and (b) a CO-covered tip (3 x 3 nmz, 150 mV, 3pA). The CO(tip)—CO(sample)
interaction leads to a ring-like appearance of the adsorbates in (b). (¢) STM image of a CO-
saturated Au island taken with a CO-covered tip (4 x 4 nmz, 100 mV, 3pA). CO-induced
contrast is only revealed at the perimeter of the Au island [66].

A similar imaging contrast is observed on most metal surfaces, where it originates
from the absence of CO orbitals for tunneling transport close to the Fermi level
(Ep) [95]. CO attachment to the tip gives rise to a distinct contrast change of the

adsorbates, which now appear as dark rings of ~8 A diameter (Figure 21 b). This
imaging mode enables CO identification even on corrugated surfaces, e.g. next to
an Au deposit, where the tiny CO-induced depressions obtained with metallic tips
are no longer detectable. Figure 21c shows a corresponding STM image of an Au
island saturated with CO. Apparently, the CO- induced features are exclusively
localized along the island perimeter, while the center remains adsorbate-free. An
alternative method to identify CO molecules on the oxide surface is inelastic-
electron-tunneling spectroscopy (IETS) with the STM [96-98]. The peak/dip posi-
tions observed in the second-derivative d?1/dV? spectra correspond to the vibra-
tional energy modes of the molecules. The CO vibrational mode with the highest
excitation cross section in STM-IETS is the frustrated rotation [96]. Consequently,
bias voltages of 45 mV have been chosen to identify CO molecules next to the 2D
Au islands via their vibrational signature (Figure 22 a-d).

As mentioned before, no CO is visible on the aggregate in topographic images
taken with a metallic tip. However, CO related loss signals emerge in the d?1/dV?
maps and produce a bright/dark brim around the island at positive/negative sample
bias (Figure 22 c,d). Control measurements taken at bias values above or below
the CO frustrated rotation did not produce any d?l/dV? contrast (Figure 22 b).
The localization of the inelastic signals along the perimeter therefore corroborates
the CO attachment to edge and corner atoms of the Au islands. For comparison,
we show similar information for a single Au atom with adsorbed CO. Here we see
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a very similar spectral response indicating the a-top position of CO on the Au
monomer (Figure 22 e-h).

Figure 22: (a) STM topographic image and (b—d) corresponding second-derivative maps of
a planar Au island saturated with CO (7.0 x 5.5 nm’, 10pA). Due to the metallic tip state,
the CO molecules are not resolved on the island but give rise to distinct energy-loss features
at the island perimeter (c,d). The second-derivative contrast vanishes at bias voltages away
from the CO vibrational modes (b), (e-h) corresponding information for single Au atoms
[66,95].

The preferential CO binding to the island perimeter might be ascribed to two ef-
fects. On the one hand, the boundary atoms have a lower coordination than the
ones enclosed in the Au plane. The same mechanism controls CO adsorption on
stepped metal surfaces [99,100]. On the other hand, electrons transferred from the
MgO/Ag-support are localized at the island perimeter, as discussed above and may
alter the CO binding characteristic. According to DFT calculations, the coordina-
tion effect clearly dominates the CO binding position. Whereas CO adsorbs with
0.72 eV to 3-fold coordinated edge atoms of a negatively charged Au island on
MgO/ Ag(001), it is nearly unbound to the 5-fold coordinated atoms in the interior
of island. A similar binding enhancement is revealed for edge versus inner atoms
of a neutral Auy, island on bulk MgO [101]. The extra electrons localized on the
perimeter of charged islands actually counteract this trend, as they impede charge
donation from the CO 5o orbital into the metal and hence increase the CO-Au re-
pulsion [102]. Clearly, CO attaches to the island perimeter not because but in spite
of the extra charge, and the binding preference with respect to the top facet is gov-
erned by the reduced coordination of the edge atoms.

This conclusion is supported by the experimental observation that CO adsorption
modifies the charge distribution within the Au islands. The specific contrast at the
rim of the islands (Figure 23a) disappears after CO dosage, when standing elec-
tron waves emerge in the island center (Figure 23b) [103]. Apparently, the CO
removes the localized charges from the perimeter sites by pushing them into the
interior of the island. Also this finding is in line with DFT results for charged Au,
clusters on MgO/Ag(001) [101].
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Figure 23: STM topographic images of (a) a bare (see also Figure 12) and (b) a CO-
saturated Au island on 2 ML MgO/Ag(001) (7.0 x 5.5 nm?%, V =150 mV). Whereas the bare
island is surrounded by a bright rim, indicating charge accumulation at the perimeter, the

CO-covered island exhibits charge-density waves in the interior. The standing electron
waves are due to electron displacement from the island boundary upon CO adsorption [66].

While on ultrathin films we resorted to IETS to probe the vibrations on adsorbed
CO, on thick insulating films the CO binding properties have been studied with
IRAS, whereas STM still provides information on the nucleation density and size
of the Au aggregates. Figure 24a displays an STM topographic image of a 12 ML
thick MgO/Mo film, being exposed to electrons to produce F* and F' centers.
Those point defects that mainly form along step edges and misfit induced disloca-
tion lines are the preferential Au nucleation sites on the oxide [104]. After dosing
0.05 ML Au at room temperature, Au particles develop on the surface that are one
to two layers high and contain 30-50 atoms (Figure 24a).
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Figure 24: (b) Infrared absorption spectrum of CO adsorbed on a 3 ML MgO/Ag(001) film
covered with 0.1 ML Au. (2—8) IR spectra taken on an electron-bombarded 15 ML thick
MgO/Mo film covered with (2) 0.005 ML Au (CO saturation coverage, 100 K), (3) 0.05 ML
Au (15% CO exposure, 30 K), (4) 0.05 ML Au (saturation coverage, 30 K), and (5) 0.05 ML
Au (saturation coverage, 100 K). The spectra (6-8) were taken for 0.1 ML Au coverage and
(6) 15 s CO exposure (30 K), (7) CO saturation coverage (30 K), and (8) after annealing the
sample to 100 K [66].

For the IRAS experiments shown in Figure 24, Au deposition was carried out at
30 K, which increases the nucleation density and decreases the mean particle size.
For the given coverage range of 0.1 to 0.005 ML Au, the size of Au deposits is
expected to vary between a few tens of atoms down to monomers and dimers. The
IRAS data (spectra 2-8) in Figure 24 show bands ranging from 2090 cm™ all the
way down to 1990 cm™ as well as two isolated lines at 1925 and 1855 cm™. All
bands are red-shifted compared to CO adsorbed on Au clusters on pristine MgO
films, which are found between 2125 and 2100 cm™ depending on the preparation
conditions. The low-frequency lines that only occur at the smallest metal exposure
(Figure 24 spectrum 2, gray line) are assigned to Au atoms adsorbed to regular ter-
race sites (1855 cm™) and F-centers (1925 cm™) on the basis of results discussed
above. All other bands can be explained by CO bound to negatively charged Au
aggregates located on top of electron-rich surface defects [92]. In particular, the

noisy features at ~1990 and ~2011 c¢m™ are suggested to originate from CO ad-
sorption to ultra-small Au aggregates, e.g. dimers and trimers.

This assignment is corroborated by IR spectra taken at higher Au exposure (Figure
24, spectra 3-5, blue lines). In addition to the low-.frequency bands discussed be-
fore, new blue-shifted lines emerge in the frequency range around 2060 cm™ that
shifts to 2070 cm™ upon annealing to 100 K. For the highest coverage of 0.1 ML
(Figure 24, spectra 6-8, red lines), the spectrum is dominated by a band at 2074
cm’’, while the strongly red-shifted bands have disappeared. Annealing the system
to 100 K induces again a blue shift of the line to 2097 cm™. Inspection of the two
data sets shown in Figure 24, spectra 3-5 and 24, spectra 6-8 reveals that neither
the intensity nor the line shape of the Au-related bands changes when the CO cov-
erage is increased from 15% to 100% of the saturation value. Annealing the sys-
tems to 100 K, on the other hand, leads to a blue shift of the lines that reaches 15
cm’ for the bands at 2060 (Figure 24, spectra 5) and 2080 cm™ (Figure 24, spectra
8). At 100 K, CO desorbs from the MgO film as evident from the reduction of the
MgO-related CO-stretch bands between 2150 and 2180 cm™. In general, the CO
stretching frequencies experience a decreasing red shift with higher Au exposure
and increasing cluster size, a phenomenon that can be rationalized in the following
way. Assuming that each Au aggregate nucleates on a single color center and
takes up one electron, the density of excess charges decreases in the larger parti-
cles, which reduces the amount of n-back-donation into the CO and hence the red
shift of the stretch mode. A similar conclusion was drawn from CO adsorption ex-
periments on charged gas-phase clusters, where the CO stretch [105] mode was
found to increase when going from Au™ (2050 cm'l) to Au’ clusters (2150 cm™).
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This simple picture needs, however, to be modified in view of the earlier discus-
sion. CO binds to the low-coordinated sites of the charged Au aggregates, which
accommodate the extra electrons as well. The amount of n-back-donation now de-
pends on the ability of the cluster to distribute the charge away from the CO ad-
sorption site to lower the Pauli repulsion with the CO. Naturally, this ability di-
minishes with decreasing particle size, causing the charge transfer into the CO 27*
to increase.

Based on these considerations, the experimental IR bands may be assigned. The
bands above 2060 cm™ that shift in an almost continuous fashion with Au expo-
sure are produced by particles containing a few tens of atoms, whose charge densi-
ty changes only gradually with size. The quasi-discrete bands at 1990 and 2010
cm’', on the other hand, are characteristic for ultra-small clusters such as dimers.
A direct assignment of these bands is difficult, as not only the size of the aggre-
gate but also the nature of the oxide defect underneath determines the vibrational
response. According to DFT calculations, Au dimers bound to F’-centers interact
only weakly with CO and produce a red shift of the stretching frequency of 194
cm™, whereas on F'-centers the binding is sizable and the red shift is smaller (158
cm™). However, also negatively charged Auz and Auj clusters [101] produce a

red shift of ~175 cm™. The experimental CO bands at 1990 and 2010 cm™ are
therefore compatible with several ultra-small Au clusters.

In summary, whereas, on ultrathin films, the ad-particles charge up due to an elec-
tron transfer from the support, the charging on thicker films is realized by an elec-
tron donation from defects. In both cases, the excess electrons give rise to unusual
CO adsorption properties, as deduced from STM and IRAS measurements. On
planar Au islands on thin MgO films, the CO exclusively binds to low-coordinated
Au atoms along the island perimeter. The adsorption is accompanied by a redistri-
bution of the cluster electrons away from the boundary toward the interior. On
thicker films, Au charging gives rise to an increasing red shift of the CO stretch
mode with decreasing particle size, reflecting the gradual filling of the antibonding
CO 27* orbital. The occurrence of sharp separated lines in the spectra, hence, in-
dicates the presence of Au aggregates with well-defined atom counts.

3.2 CO adsorption on Au on ultra-thin alumina and Iron Oxide
Films.

In the following, we will briefly also discuss CO adsorption on Au particles sup-
ported on other supports, such as alumina and iron oxide thin films, as we have al-
so discussed their structure in the first part of this section.

TPD experiments of CO adsorbed on Au, deposited onto a thin alumina film at
room temperature, revealed two clearly resolved peaks, with the first peak at
around 120 K and another located at a higher temperature, depending on the Au



35

coverage (see Figure 25) [106]. Based on CO desorption results for stepped Au
single crystal surfaces [107,108], both peaks were attributed to desorption from
gold particles. The morphology of the similarly prepared samples was studied by
STM in another UHV chamber as a function of the Au coverage. At low coverag-
es, gold forms very small clusters and even single atoms (see for example Figs. 3
and 7) if the sample has not been exposed to elevated temperatures. Apparently,
gold species are found randomly distributed across the surface without preferential
decoration of the line defects clearly seen in the bottom STM image in Figure 25.
At high coverage, gold forms hemispherical 3D-nanoparticles about 3-5 nm in di-
ameter. With increasing the Au coverage and hence the Au cluster size, the posi-
tion of the high temperature peak gradually shifts from 210 K to 160 K, thus indi-
cating a size effect such that small Au particles adsorb CO more strongly. In
addition, the intensity of this CO desorption signal reached saturation at a fairly
low coverage of gold and low exposure of CO, suggesting that CO only adsorbs
on low-coordinated Au atoms, but not on the regular terraces. Increasing Au cov-
erage basically leads only to the gradual development of flat (111) terraces on the
gold particles, which bind CO less strongly.

COTPD
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Figure 25: TPD spectra of CO exposed to Au/alumina film/NiAl(110) surface at 90 K as a
function of Au coverage. Note that CO does not adsorb on the alumina film above 60 K.
Typical morphology of similarly prepared surfaces is shown in the respected STM images
taken in another experimental setup (see text).

On FeO(111) grown on Pt(111), the TPD data of CO adsorption again showed a
strong size effect for Au particles deposited at ~ 90 K, with desorption states ob-
served at temperatures as high as 300 K for the lowest gold coverage [109]. After
annealing to 500 K, however, a reduction in signal intensity was observed and the
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size effect is completely suppressed, as TPD spectra show two peaks similar to
those observed in Figure 25 for alumina supported particles, independent of the
amount of gold deposited. This finding indicates that after annealing particles have
reached some critical size beyond which their adsorption behavior is size inde-
pendent.

Au coverage dependent IRAS spectra taken after CO saturation (adsorption and
deposition at 90 K) are shown in Figure 26 (left panel). At the lowest coverage
studied here, a feature at 2165 cm™ and a second at 2131 cm™ are observed with
approximately equal intensity. With increasing coverage, the low frequency peak
gains intensity and shifts from 2131 to 2108 cm™, while the high frequency peak
gradually attenuates. As shown in the right panel of Figure 25, annealing to 500 K
in UHV results in a single state at 2108 cm™ independent of the Au coverage.
Bearing in mind the sintering effects of annealing, the peak at 2108 cm™ can be
straightforwardly assigned to CO adsorbing on metallic gold. The species giving
rise to the peak at ~2165 cm™ is CO adsorbed on very small clusters, which - as
shown above - undergo charge transfer. In this case a specific interaction with the
support leads to positively charged Au species [110,46].

Interestingly, even monolayer islands formed on a FeO(111) film surface upon
annealing display the same CO adsorption behavior as large, three-dimensional
particles (see the STM images on the right side of Figure 26) or gold single crys-
tals [109]. We thus concluded that the observed dependences are due to a higher
percentage of highly uncoordinated gold atoms found for smaller particles, formed
at low temperatures, which favor CO adsorption. Indeed, the single IRAS peak
observed for the annealed samples did not shift and simply grew monotonically at
increasing Au coverage. This supports the TPD results indicating no apparent
change in the possible adsorption states for CO on monolayer islands as compared
to large particles. Therefore, the results fit well the picture of exclusive CO ad-
sorption on low coordinated surface atoms.
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Figure 26: IRA-spectra of CO exposed to Au/FeO(111)/Pt(111) surface at 90 K as a func-
tion of Au coverage. Left panel: as deposited particles at ~90 K. Right panel: after anneal-
ing to 500 K in UHV. The STM images of the similarly prepared samples are shown. At
very low temperatures (~10 K) and low coverages single Au atoms dominate the surface.
Upon annealing, gold forms single-layer islands with about 2.5 nm diameter. At high Au
coverage, only hemispherical 3D-nanoparticles are observed.

CO adsorption studies on Au deposited on alumina and iron oxide films performed
in our group clearly show stronger CO binding on small particles. For the smallest
Au coverage, CO may desorb at temperatures close to 300 K, which is in the tem-
perature range of working Au catalysts for low temperature CO oxidation and has
never been observed for Au single crystals. The presence of such a state is likely
due to the presence of highly uncoordinated gold atoms.

Inspection of CO TPD spectra collected for gold particles deposited on various ox-
ide [111] and carbon [112] films show that, for a given particle size (~ 3 nm as
measured by STM), the interaction of CO with gold particles on different supports
is virtually identical. However, the finding that annealing strongly attenuates size
effects indicates that the nature of the support and its defect structure may be criti-
cal for nucleation, growth, and stabilization of very small Au clusters.

4 Nucleation and bonding of Au on chemically modified oxide
surfaces

In section 2 we demonstrated the enormous potential of combining surface science
experiments with DFT calculations in providing details about the interplay be-
tween electronic and structural properties of oxide-supported Au atoms, clusters
and particles. Catalysis of supported gold strongly depends on these parameters, in
particular on the particle size and the structure of the Au-support interface, and it
is at the heart of catalyst preparation/synthesis to develop recipes that allow those
units that are responsible for catalytic activity to be stabilized on the catalysts” sur-
face. Indeed, much of the recent interest in gold surface chemistry arose from Ma-
satake Haruta’s observation of the unusual catalytic activity of highly dispersed
Au supported by oxides, after finding a preparation method that resulted in stable,
nano-sized Au particles [113]. In most cases, catalyst synthesis involves at least
one wet-chemical preparation step, which adds some degree of chemical complex-
ity to the systems that is typically not covered by surface science experiments car-
ried out under ultrahigh vacuum conditions.

In the following we present two examples of surface science investigations into
gold nucleation and bonding on oxide surfaces, which attempt to include some of
the complexity of a real-world catalyst. The first one investigates the specific role
of hydroxyl groups present on an oxide support on the morphological and chemi-
cal properties of Au nanoparticles. The second example presents an approach to
study the preparation of an oxide-supported gold model catalyst using a single-
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crystalline oxide support in combination with a wet-chemical preparation proce-
dure.

4.1 Gold nucleation at hydroxyl groups.

We have chosen to use MgO(001) as a model surface to investigate the effect of
hydroxyl groups on the properties of supported Au particles. Along the lines de-
scribed in the previous sections, MgO(001) films were grown on a Ag(001) or
Mo(001) substrate, but thicker films on the order of 10-15 ML thickness were
used to exclude any influence of the metallic substrate. As shown previously, hy-
droxylation of MgO(001) requires the surface to be exposed to elevated pressures
of water vapor, typically in the range of 10 mbar to 1 mbar [114]. The formation
of a stable hydroxyl layer on MgO is suggested to proceed via hydrolysis of Mg-O
surface bonds and leads to microscopic roughening of the MgO surface [115,116].
The results presented in this section were obtained from MgO thin film samples
that were hydroxylated by exposure to 10~ mbar D,O at room temperature in a
dedicated elevated pressure cell, which leads to a surface hydroxyl coverage of ~
0.4 ML as estimated from quantitative XPS measurements [116].

A most obvious influence of hydroxyl groups on the properties of gold on the
MgO surface is seen in Figure 27, which compares STM images of Au-MgO(001)
(Figure 27a) and Au-MgOyyq, (Figure 27b) [117]. The first set of images was taken
directly after Au deposition at room temperature (top), while the other set shows
the surface state after subsequent heating to 600 K (bottom).

a) Au-MgO(001) b) Au-MgOnydr c) CO-TPD

o CO-MgO  CO-Au
i

-
"

- Au-MgO.,-,.d,
=== Au-MgO(001)

Tanneal = 300 K
CO QMS signal /a.u,

100 150 200 250 300
temperature / K
CO-MgO CO-Au

— AuU-MgOnyar
=== Au-MgO(001)

Tanneal = 600 K

CO QMS signal / a.u.

-
10 nm ‘ T T T T
i 100 150 200 250 300

temperature / K



39

Figure 27: a) STM micrographs of 0.2 ML Au deposited on MgO(001) at room tempera-
ture taken immediately after Au deposition (top) and after subsequent heating to 600 K
(bottom). b) Same as a) but for 0.02 ML Au deposited onto hydroxylated MgO (MgOnyar).
¢) Comparison of CO-TPD spectra from 0.02 ML Au deposited on MgO(001) (black traces)
and MgOy,qr (red traces) for Au particles grown at room temperature (top) and the same
samples after heating to 600 K (bottom). CO was dosed at 100 K.

The Au particles are moderately dispersed over the MgO(001) surface at room
temperature (Figure 27, top), but Ostwald ripening and particle coalescence lead
to particle growth and a strong reduction of particle density after the elevated tem-
perature treatment (Figure 27a, bottom), which is expected for this weakly inter-
acting system. By contrast, the Au particle size and the particle density remain un-
affected when the same thermal treatment is applied to Au-MgOyyq, (Figure 27b).
The enhanced stability of Au-MgOyyq, towards sintering is also reflected in the CO
adsorption capacity of the Au particles. The comparison of CO-TPD spectra from
Au-MgO(001) and Au-MgOyyq taken for particles grown at room temperature
(Figure 27c, top) and after subsequent heating to 600 K (Figure 27c, bottom)
clearly shows the enhancement of CO adsorption on Au-MgOyyqr, in line with the
larger Au surface area of the more dispersed Au particles on MgOpyq, [118]. This
is a significant finding in light of the importance of small Au particle size for the
catalytic activity of oxide-supported Au catalysts. Indeed, chemical functionaliza-
tion of a TiO, support with hydroxyls prior to the deposition of gold particles was
found to have a strong enhancing effect on the CO oxidation activity [119].

What is the origin of the enhanced sinter resistance of Au particles on the hydrox-
ylated MgO surface? As mentioned above, hydroxylation of MgO(001) is accom-
panied by microscopic roughening of the surface because of hydrolysis of Mg-O
surface bonds. The morphological changes of the MgO surface may lead to in-
creased barriers for Au atom diffusion and thus limited mobility, even at high
temperature. On the other hand, additional or new nucleation centers may be cre-
ated upon hydroxylation, which could enhance the adhesion of the Au particles
because of a distinct chemical interaction with the substrate. While the first argu-
ment cannot be conclusively substantiated, direct evidence for the second one can
be obtained with the help of spectroscopic methods.

Infrared spectroscopy using CO as a probe molecule has in the past been shown to
provide valuable information about the charge state of gold particles [120]. While
the stretching frequency of CO adsorbed on neutral Au particles is typically found
in a narrow spectral region around 2100 cm ', the presence of positively (nega-
tively) charged Au particles results in a shift to higher (lower) wavenumber as a
result of reduced (increased) back-donation into the anti-bonding 2m* orbital of
CO has been discussed in the previous section. We noted that for CO adsorbed on
neutral, single gold atoms on the MgO(001) surface, a v(CO) of 1852 cm ™' was
observed as a result of internal charge reorganization in the MgO-Au-CO adsorp-
tion complex (see section 3 above, Figure 28a) [121]. This very particular charac-
teristic represents an easily accessible spectroscopic indicator for the presence of
single Au atoms on MgO and its presence or absence provides information about
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the nucleation of Au on modified MgO surfaces, such as the hydroxylated one in-
vestigated here. Indeed, this signal cannot be recovered for gold deposited at 100
K onto MgOnyqr, Which provides an initial evidence for the different nucleation of
gold on this surface relative to clean MgO(001). More specific information about
the state of gold nucleated on MgOyy, is obtained by looking into the spectral re-
gion around 2100 cm ™', where CO vibrational signals from Au particles are ex-
pected. Two bands at 2165 cm ™' and 2125 cm ™' are observed, which are signifi-
cantly blue-shifted relative to CO on neutral gold and are indicative for the
presence of cationic or oxidized Au species on MgOyyq, [117]. The cationic nature
of Au is also inferred from the corresponding XPS spectrum taken from this sam-
ple [117], which exhibits two Au 4f, signals at 86.9 eV and 85.3 eV binding en-
ergy - significantly shifted to higher binding energy relative to bulk gold (84.0
eV).
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Figure 28: a) CO-IRAS spectra (top) and Au 4f XPS spectrum from 0.05 ML Au deposited
at 100 K onto MgOyyar. b) Same as a) taken after annealing of the samples to 600 K.

Since hydroxyl groups are obviously involved in the nucleation of Au on MgOyyqr,
an impact of Au nucleation is also expected in the hydroxyl IR spectra. The top-
most spectrum in Figure 29 displays the OD spectral detail of the infrared spec-
trum obtained from MgO,yq, for the specific hydroxylation conditions used in this
experiment (10~ mbar D,O at room temperature for 180 sec.). The broad band can
be deconvoluted into three signal components with v(OD) = 2737, 2745 and 2753
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cm ', respectively, which are assigned to isolated and hydrogen-bond acceptor
hydroxyls on the MgO surface (the corresponding OH bands are found at around
3750 cm ") [122]. Upon deposition of gold, the intensity of the OD signal at 2737
cm ' is reduced (0.02 ML Au, Figure 28a, middle) and by increasing the Au cov-
erage further, this signal is almost completely depleted (0.2 ML Au, Figure 28a,
bottom). This result clearly indicates a very specific interaction of Au with hy-
droxylated MgO that involves only one particular surface hydroxyl site [117].

To obtain more detailed structural information about the specific hydroxyl site that
is involved in the interaction with Au, it is instructive to inspect the OD-IR signals
from MgOyyq as obtained following hydroxylation of MgO(001) at increasing
D,0 partial pressure (Figure 28b). The series of IR spectra shows, from top to bot-
tom, an increasing hydroxyl coverage, in agreement with the water-vapor pressure
dependent hydroxylation activity of MgO, and corresponding shifts of the OD-IR
frequencies, which indicate that different hydroxyl states (coordination, H-
bonding) are populated as a function of hydroxyl coverage. Of particular im-
portance for the present discussion is the fact that hydroxyl species exhibiting
stretching frequencies of 2730-2740 cm ', i.e. in the range of the OD that is de-
pleted upon deposition of gold (Figure 28a), appear exclusively after hydroxyla-
tion at low (10™* mbar) water vapor pressure (Figure 28b). It can be expected that
under these conditions the MgO(001) terraces are not affected by water, and hy-
droxylation occurs exclusively by water dissociation at defect sites. From STM
investigations it is clear that step sites are the most abundant defect sites on MgO
thin films as used in the present study (Figure 28c). This leads us to propose that
hydroxyl groups located at step sites such as the one sketched in Figure 29 are in-
volved in the nucleation of gold on MgOpyq, [117].
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Figure 29: a) IRAS spectra showing the OD spectral detail of MgOyyq: (top), and after sub-
sequent deposition 0.02 ML and 0.2 ML Au. b) IRAS spectra showing the OD spectral de-
tail of MgOn,qar after hydroxylation in water vapor at various pressures. C) STM micro-
graph of the surface of a MgO(001) thin film grown on Ag(001). D) Model of a di-
coordinated OH group located on a step site, which is proposed to be the initial nucleation
site of Au on MgOhyar.
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In summary, the STM, XPS and IRAS results presented in Figure 27-29 provide
evidence for a selective chemical interaction between Au and hydroxyl groups on
MgO. Hydroxyl groups were found to act as strong anchoring sites for Au and the
spectroscopic results indicate that oxidized Au species are formed on MgOyyq;.
The enhanced sinter stability of Au on MgOyyq, may consequently be explained by
the stronger interaction of Au with the MgO surface due to the formation of strong
Au-0O interfacial bonds. Though Au-oxide species are not stable at elevated tem-
perature and decompose (see Figure 28c, which shows that after 600 K annealing
the Au particles are essentially neutral), this strong interfacial interaction is the
main reason for the sinter resistance of Au on MgOpyq;.

4.2 Surface science approach to supported Au catalyst preparation.

The results presented in the previous section have shown that chemical modifica-
tion of an oxide surface with hydroxyl groups can have a strong stabilizing effect
on Au particles, which is an important criterion in Au-related catalysis. The strong
impact of Au particle size on the catalytic activity of oxide-supported Au as
demonstrated by Haruta [113] were synthesized by co-precipitation from aqueous
solutions containing HAuCl, and the nitrate of transition metals such as Fe, Co, or
Ni. This type of preparation has later on been replaced by another procedure,
which consists of suspending a metal oxide (the support) in a HAuCl, solution ad-
justed to a fixed pH in the range pH 7 — pH 10, aging of the solution for 1 hour at
343 K, followed by washing with distilled water, drying and calcination. This
method is frequently termed deposition-precipitation (DP), although several con-
ditions that are typical for DP, such as the gradual rise of pH and the preferential
precipitation of the precursor at the interface, are not met as outlined by Louis et al
[123]. A critical factor for obtaining small Au nanoparticles is the removal of
chlorine from the supported phase, as chlorine enhances the mobility of Au spe-
cies during drying and calcination. This is achieved by replacement of the Cl lig-
ands in AuCly ions by hydroxo ligands through hydrolysis at neutral or alkaline
pH such that Au-hydroxo complexes (Au(OH); or AuCl(OH);") primary precur-
sors interacting with the support, and by the washing step, which eliminates chlo-
rine from the support surface.

The DP approach used for the preparation of supported Au catalysts is particularly
well suited for studying the deposition of Au onto single-crystalline oxide sup-
ports from an Au precursor solution because it merely requires the oxide surface
to be contacted with the precursor solution and does not rely on the presence of
pores such as in incipient wetness impregnation, or the simultaneous precipitation
of the support and the active metallic phase as done in coprecipitation. We at-
tempted to recreate a situation similar to a DP procedure reported by Haruta by
exposing the surface of a 10 nm thin Fe;04(111) film grown on Pt(111) to an
aqueous solution of HAuCl, adjusted to pH 10. Fe;O4(111)/Pt(111) was chosen
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because of its high stability in aqueous solutions, as previously shown in our stud-
ies of Pd deposition from both strongly acidic [124] and strongly alkaline precur-
sor solutions [125], as well as because of its conducting properties, which allows

STM to be straightforwardly applied for morphological characterization.
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Figure 30: Au 4f (a) and Cl 2p (b) photoemission spectra from an Au-Fe304(111) sample at
different stages of preparation (from top to bottom: "as deposited" is after drying;
"rinsed" is after rinsing with distilled water; "annealed" is after additional heating to 600
K in UHV). ¢) STM image (150 nm x 150 nm) of the annealed Au-Fe;O04(111) sample pre-
pared via aqueous Au precursor. d) STM image (150 nm x 150 nm) of an annealed Au-
Fe304(111) sample prepared by physical vapor deposition of Au in UHV.

Figure 30a and Figure 30b display the Au 4f and CI 2p photoemission spectra
from an Au-Fe;O4(111) sample obtained by exposure of Fe;O4(111) to 1 mM
HAuCly, pH10, for 5 min. at room temperature, after individual stages of prepara-
tion. The “as deposited” state represents the raw catalyst, which has been dried at
room temperature but not rinsed. The main Au component present at this stage of
preparation exhibits an Au 4f;, binding energy of 87.1 eV, which is in line with
values reported for strongly oxidized Au and Au(OH);. The hydroxo complex
[Au(OH),] is the main hydrolysis product of aqueous HAuCl, at pH 10 and the
occurrence of the high binding energy Au 4f component in XPS strongly supports
previous conclusions about the Au-hydroxo complex as the main adsorbing spe-
cies during DP of Au. In addition, two Au 4f;, components at lower binding ener-
gy, at 85.5 eV and 84.6 eV, are present, which are attributed to oxidic and metallic
Au resulting from partial decomposition of the Au-hydroxo precursor on the sur-
face. As expected, a large amount of chloride is present on the raw catalyst.
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Rinsing the surface with distilled water completely removed chloride from the sur-
face, but led in addition to reduction of the Au precursor to metallic Au, which
exhibits an Au 4f;, binding energy of 84.2 eV at this stage of preparation (Figure
3.3a and Figure 3.3b, “rinsed”). Subsequent heating to 600 K in UHV leads only
to a small additional 0.1 eV shift of the Au 4f;, component to 84.1 eV (Figure
30a, “annealed”).

The XPS results provide already a good indication for the successful realization of
Au deposition onto the Fe;O4(111) surface from aqueous precursors. In order to
obtain further proof, the annealed Au-Fe;O4(111) model catalyst was investigated
by STM. Figure 30c displays a corresponding image taken in air, wherein the
bright features are assigned to Au nanoparticles. Closer inspection of this image
reveals a bimodal particle size distribution, with the larger particles exhibiting a
diameter of 6-8 nm, and some smaller ones, which are more abundant on the left
side of the STM image, with a diameter of about 4 nm. For comparison, Figure
30d shows an STM image of a Fe;O4(111) surface with Au particles obtained by
physical vapor deposition of Au in UHV followed by annealing to 600 K. In this
case, the Au particles are homogeneously distributed over the entire surface and
the particle size distribution is narrow.

The chemical complexity of the system as well as the different interaction of Au
with the chemically modified substrate is most probably responsible for the more
heterogeneous Au particle distribution and morphology on the Au-Fe;O4(111)
sample prepared via the DP approach as compared the sample prepared in UHV.
While more work is certainly necessary to understand the details of the metal-
support interaction in this particular case, this work has demonstrated that progress
is being made in applying surface science methodologies to study Au catalyst
preparation procedures.

S Synopsis

The growth of Au on ultrathin films and thicker, more bulk-like substrates by
physical vapor deposition has been thoroughly studied and analyzed. The combi-
nation of imaging and spectroscopic techniques has allowed us derive a detailed
picture of how clusters form from single Au atoms to clusters and further on to
nano particles. The influence of charge of the particles has been discussed and
their relation to the adsorption of CO molecules. By comparing three case studies,
i.e. MgO, alumina and ironoxide, the influence of the nature of the support, in par-
ticular with respect to the charge has been elucidated. While ultrathin MgO and
alumina lead to electron transfer to the supported Au, ironoxide leads to transfer
from the Au to the support. In order to proceed to more realistic supports we have
modified the magnesia support chemically by hydroxylation and discuss the con-
sequences for Au particle formation, as well as the impact of this modification on
the particle charge. In the case of an ironoxide support it has even been possible to
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study Au particle deposition from solution and it is found that if certain conditions
for reduction and calcination are used the result is rather similar to a preparation of
Au particles from physical vapor deposition. This study also shows that Michael
Mingos comments on the comparability of molecular compounds and surface ad-
sorbates have been close to the truth.
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