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4.4.1 Introduction

Harvesting. saving. and storing energy are key issues in today's general energy dis-
cussions [1]. Harvesting energy through photochemistry and storing energy in com-
pounds using thermal energy-efficient processes are attractive solutions to some
problems within the grand picture [2].

Heterogeneous thermal and photocatalysis are bound to play a key role in those
solutions. However. while thermal heterogeneous catalysis is widespread in chemical
industries, and photocatalysis not yet, there is still a strong demand in both areas for
research in order to understand the process and its elementary steps as well as to
rationally design the catalytic material.

[nvestigation of model catalysts can play a decisive role in a rational approach to
understand heterogeneous catalysis. and this is the topic of this chapter [3-6].

[n the introduction, the model systems will be defined to familiarize the reader with
the approach in order to appreciate the connection to real-world catalysis. Following
the introduction. we will demonstrate via four case studies various fundamental as-
pects in thermal and photocatalysis whereby studies on model systems might become
important to unravel the foundations of reaction mechanisms.

The model systems have been created under the premises that it is possible to
investigate them at the atomic scale using the toolbox that has been developed in
surface science during the second half of the last century up to now [7].

The model systems are based on the idea to grow well-ordered oxide layers or
thin films, representing the bulk material, and as such the catalyst support, on single-
crystal metal surfaces using the concepts of epitaxial growth [8]. This, in turn, allows
one to investigate bulk insulators without having to worry about charging when
charged information carriers such as electrons or ions are used to investigale
those systems. One thus avoids one of the key difficulties hampering the detailed
study of real catalysts. Also the application of scanning probe techniques including
electron tunneling is possible for thin-film systems. The fact that the oxides are
grown on a metal support also ensures the easy applicability of infrared reflection
absorption spectroscopy at such systems. Moreover. controlling the growth Ll
meters of the oxide film also allows one to vary the density of defects at the surful’cc
of the oxide films. a factor of importance when nanoparticles are grown on the
oxide support.
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The first case study presented in this paper is related to a model system that is sche-
matically represented in Figure 4.4.1A [9]. An oxide film representing the bulk mate-
rial is grown on a metal surface. The growth of metal nanoparticles (MNPs), and
in particular their morphologies, which may distinctively influence the catalytic per-
formance, are compared on pristine oxide films and films that have been doped
with metal ions that may assume higher valences than the metal of the host mate-
rial. Using the model system, even the effect of doping as a function of the depth
(Figure 4.4.1A) at which the dopant is deposited below the surface may be studied.
and thus questions of the presence of dopants in materials used to prepare suppotts
in real catalysis may be addressed.

Real dispersed metal catalysts are prepared by precipitation from solution.
Investigating processes involving oxide surfaces in solution is a challenging topic.
Figure 4.4.1B schematically shows the type of system investigated [10]. Particles
are deposited from an aqueous solution of a metal chloride as a function the pH
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Figure 4.4.1 Schematic representation of the model systems discussed within the chapter:
(A) nanoparticle growth influenced by dopants in the support, (B) nunoparticle deposition
from solution, (C) strong metal support interaction. and (D) photochemistry at supported
nanoparticles as a function of size.
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of the solution. The pH strongly influences the outcome of the impregnation process.
Understanding the details of such processes is of utmost importance for preparation
of technical catalysts, and the first steps in this direction are being taken. This
represents the second case study.

In a third case study, the effect of a reducible support material, such as magnetite,
on Pt nanoparticles anchored onto the magnetite surface after a heat treatment is in-
vestigated. In this system, a typical strong metal-support interaction (SMSI) — that is,
the migration of a thin oxide film from the support onto the metal nanoparticles in-
fluencing catalytic performance — has been observed. An SMSI effect usually renders
the system inactive in oxidation reactions such as CO oxidation. Here it is shown that
depending on the chemical potential of oxygen in the gas phase, the SMSI system
schematically shown in Figure 4.4.1C may become more active than the clean metal
at the given temperature. Some general design principles may be deduced from
those studies [11, 12].

In the fourth and last case study, the interaction of laser light with alumina-
supported silver nanoparticles (Ag NPs) and the consequences for the desorption
of molecules were studied. In particular, the question of tuning the light frequency
into the plasmon frequency of the particles and thus optimizing the harvesting of
energy has been investigated as a function of particle size. Also, the consequences
of varying the duration of the laser pulse from nanoseconds to femtoseconds, addres-
sing more fundamental questions, are discussed. This is schematically indicated in
Figure 4.4.1D [13-13].

This chapter does not provide the space to discuss all aspects of model catalyst stu-
dies in detail, but the four case studies exemplify the breadth and depth that is
provided by such investigations.

4.4.2 First Case Study: Controlling Nanoparticle Shapes
on Nondoped and Doped Oxide Supports

The performance of metal-particle ensembles in catalytic reactions is not only gov-
erned by the size and shape of the deposits but also by their interactions with the
oxide support. The occurrence of certain active sites on a catalyst surface is often
related to distinct particle geometries. For example, perimeter sites that enable a mol-
ecule to interact simultaneously with the metal and the oxide surface are most abun-
dant on flat metal islands, while low-coordinated metal atoms are usually found on
ultrasmall aggregates [16-18]. Moreover, the geometry affects the electronic proper-
ties of metal particles, and many phenomena such as metal-to-insulator transitions
are closely related to the atom arrangement within the aggregate [19]. Also, in photo-
catalysis, particle shapes are of utmost importance as they determine the energy posi-
tion of plasmonic excitations, being the initial step in several photon-mediated
processes [20]. The dependence of the chemical reactivity of a supported metal
catalyst on size and morphology of the active metal species has been explored in
detail for gold [21]. Using transmission electron microscopy. raft-shaped Au islands
on Fe>O3 support have been identified as the active species for the low-temperature
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CO oxidation [22, 23]. A similar conclusion was drawn from scanning tunneling
microscopy (STM) measurements on the AwTiO> system, where again bilayer
high deposits turned out to be the most active ones [24, 25]. Naturally, a close struc-
ture-reactivity relationship is not restricted to Au particles but can be found for other
metal species in a multitude of chemical reactions [26].

Given the importance of the particle geometry, a good fraction of catalysis
research has been devoted to exploring different means to optimize this parameter.
In principle, particle morphologies are governed by the strength of the metal-support
interaction with respect to the surface-free energies of the separated systems. For
oxide supports, as commonly used in heterogeneous catalysis, this usually leads to
the formation of three-dimensional (3-D) deposits, as both the free energy of the
oxide surface and the interface adhesion of the ad-metal are small (Figure 4.4.2A).
Moreover, the metal particles tend to mimic the symmetry of the oxide lattice in
order to establish interfacial bonds. This causes, for instance, the Ni lattice to switch
from face centered cubic (fcc) in the bulk to hexagonal close packed (hep) in small
deposits grown on the MgO(001) surface [27]. To overcome these growth restrictions,
several procedures have been developed that enable a certain control of particle equi-
librium shapes on oxide supports. Most of them are based on a targeted modification
of the substrate morphology. for example, by introducing defects [28] and suitable
ad-species (i.e. hydroxyl groups) [29]. Their function is to anchor the metal particles
on the inert oxide surface, inhibiting sintering and ripening processes (Figure 4.4.2A).
Alternatively, oxide surfaces with polar character might be used because they feature
high surface-free energies and therefore an enhanced adhesion of the ad-metal
(30, 31]. This approach has been demonstrated for the polar ZnO(0001) surface.
where Cu was found to grow in a layer-by-layer fushion [32]. Finally. electron trans-
fer processes across the metal-oxide interface can be exploited to alter the equilibrium
shape of the ad-particles [33]. The charge exchange between metal deposits and sup-
port is stimulated by different mechanisms. On thin oxide films grown on metal sub-
strates. it often occurs spontaneously due to the different Fermi levels in support and
ad-metal. The accumulation of excess charges in the deposit thereby activates new
charge-mediated coupling schemes between both systems, such as polaronic and Cou-
lomb-type interactions. The enhanced interface adhesion promotes a spreading of the
metal on the oxide support and might. in an extreme case, switch the growth regime
from 3-D to two-dimensional (2-D) when going from neutral to charged ad-species
[34. 33]. The charge transfer is, however, restricted to ultrathin oxide films, as it
requires electron tunneling through the insulating layer.

A charge-induced formation of low-dimensional metal aggregates has been identi-
fied on various oxide thin films, employing mostly STM as the imaging tool. On alu-
mina films grown on NiAl(110), for example, the formation of one-dimensional
(1-D) gold chains was observed (Figure 4.4.2C) [36]. The linear nature of the aggre-
gates enables good spatial separation of the extra electrons inside the particle
electronic system. which in turn lowers the internal Coulomb repulsion. With increas-
ing atom number, the equilibrium shape changes to planar 2-D islands. as obsers ed
for gold on magnesia thin films [34]. By analyzing the electronic structure of the 2-D
islands, their charge state could be quantified directly [37]. For a planar Auyy aggre-
gate on 2 monolayer (ML) MgO/Ag(001) for example. four extra electrons were
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Figure 4.4.2 (A) STM images of Ag particles on pristine and sputtered Al,O3 films grown on
NiAI(110) (1 V, 100 x 100 nm?). Note the different particle density and shape on the defect-
rich oxide surface. (B) Atomically resolved image of the top facet of a Pd particle on Al,O5/
NiAI(110) (0.05 V, 4 x 4 nm?). The facet is well ordered and corresponds to a Pd(111) plane.
(C) One-dimensional Au clusters on ultrathin alumina films that develop as a result of a charge
transfer out of the support (-1.0 V, 5 x 5 nm?). (D) Two-dimensional Au island on a 2 mono-
layer (ML) MgO/Ag(001) film. Whereas the central panel displays the island morphology
(0.2 V, 25 x 25 nm?), the left and right panels are conductance images and reflect the state
density at the given bias voltage. (E) Large monolayer high Au sheets on MgO thin films
with characteristic meandering shapes (0.2 V, 25 x 25 nm?).

found to reside on the deposit, providing a rough idea of the efficiency of charge
transfer processes across the metal-oxide interface. The relationship between the
preferred growth geometry in the presence of excess charges and the need of the sys-
tem to minimize the internal electron-electron repulsion has been visualized best for
even larger Au islands on the MgO support [38]. The transferred charges from the
support localize exclusively at the perimeter of the metal island, where electron-
rich edge states with Au 6s character become visible in tunneling spectroscopy
(Figure 4.4.2D). As the electron-storage capacity of those edge states is limited,
the gold islands develop a peculiar meandering shape that keeps the ratio between
inner and edge atoms constant (Figure 4.4.2E). The electron-rich nature of their
perimeter renders charged monolayer Au islands particularly attractive for adsor-
bates. Not surprisingly, CO molecules dosed onto the AwMgO thin-film system
were found to bind exclusively to the low-coordinated edge atoms, while no adsorp-
tion takes place in the island interior [39]. According to density functional theory
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(DFT) calculations, the island perimeter is also prone to bind and dissociate O2 mo-
lecules, being the initial step to form gold oxide at the island perimeter [40].

Although charge-mediated growth schemes are ideally suited to alter the equilib-
rium shape of metal particles on thin oxide films, the mechanism breaks down on
thick, bulk-like oxide supports as used in real catalysts. The reason is the limited tun-
neling length of electrons through an insulating oxide, being on the order of 1-2 nm.
An obvious approach to overcome this restriction is to insert the charge donors
directly into the oxide material, preferentially into a near-surface region. By this
means, charge transfer into the ad-metal can be sustained even for arbitrarily thick
oxide slabs, preserving the previously discussed possibility to tailor the particle
shapes. There are two types of donor-like impurities in an oxide material. The first
one comprises intrinsic lattice defects that are able to trap and release electrons [41].
Prominent examples are single O vacancies that contain one or two excess electrons
(F° or F* centers) and structural lattice defect with electron-trapping abilities. For
example, grain boundaries that are present in most oxide films were found to trap
large quantities of extra electrons (up to 5 per nm defect line) {42, 43]. The subsequent
transfer of electrons out of these defects into suitable metal deposits has been demon-
strated for the Aw/MgO,_, system, employing infrared absorption spectroscopy with
CO as probe molecule [39, 44]. The main disadvantage of using intrinsic lattice de-
fects as electron donors is the strong variation of their concentration with the
oxide preparation conditions. Whereas the abundance of oxygen vacancies depends
on the O, chemical potential during preparation or reaction conditions, the density
of structural defects is given by the mechanical strain exerted on the oxide lattice dur-
ing growth. Both influences cannot easily be controlled in real materials used for catal-
ysis and energy storage and are hence unsuitable to tailor the equilibrium geometry of
ad-particles.

The second approach exploits new charge degrees of freedom that can be inserted
into an oxide lattice by replacing some of the intrinsic ions with foreign species
[45-50]. Whereas doping has proved to be extremely successful for tailoring the prop-
erties of semiconductors, a transfer of this technique to oxides is challenging due to
the higher complexity of the latter material. Two general approaches can be distin-
guished, which include overvalent doping (i.e. replacing a lattice ion with a species
of higher charge state) and undervalent doping where an electron-poor ion substi-
tutes the original species. While the dopants have donor character in the first case
(i.e. they release electrons to suitable adsorbates), they act as electron acceptors in
the latter by creating hole states in the oxide that stimulate electron transfer out of
the adsorbates. [n both scenarios, the localization of excess charges in the ad-
metal might lead to distinct changes of its geometric and electronic properties, in a
similar fashion as described for thin oxide films before.

The impact of doping on the growth geometry of metal particles has been demon-
strated for CaO films doped with Mo impurities in the 1%~2% range [9]. After dosing
gold onto the atomically flat CaO(001) surface, a perfectly 2-D growth regime was
detected with the metal spreading into large monoiayer high islands on the oxide sup-
port (Figure 4.4.3). This unusual growth behavior is not observed on nondoped
films, where tall 3-D Au deposits develop as expected from the weak interaction
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Figure 4.43 STM images of 0.5 monolayer (ML) Au deposited onto (A) pristine CaO,
(B) CaO doped with 4% Mo, (C) CaO doped with 4% Mo plus 2% Li, and (D) CaO doped
with 4% Mo plus 8% Li (6.0 V, 50 x 50 nm?). Whereas the presence of Mo donors changes
the Au morphology. to 2-D, codoping with Li reinstalls the original 3-D growth mode. Note
that monolayer Au islands in (C) appear as depressions, as their conductance is lower than
the one of bare CaO(001). (E) Histogram of aspect ratios for Au particles grown on the differ-
ently doped CaO films. The low aspect ratios observed for Mo-rich samples correspond to a
wetting growth of gold, as induced by electron transfer from the donor-type impurities.

morphology is in full agreement with the donor character of the Mo impurities.
Without gold, the Mo ions adopt a 2+ charge state that is typical for cations in
the rock-salt lattice. This implies that the Mo 3d electrons remain localized in the
dopant, occupying f>-type defect states inside the CaO band gap [9]. However,
some of the d-electrons are close to the onset of the CaO conduction band and
hence in an energetically unfavorable situation, which renders a transfer into suitable
acceptor states likely. Exactly those states are now provided by the Au ad-atoms, and
indeed a spontaneous electron crossover takes place from a high-lying Mo d-state
into the Au 6s affinity level. The anionic gold exhibits a reinforced bonding to
the CaO surface, stimulating the 2-D growth regime revealed in the experiment
(Figure 4.4.3A, B).

The interrelation between electron transfer and realized Au particle shape can be
proved directly by blocking the electron flow between the dopants and the ad-metal,
for example, by introducing a defined number of electron traps into the oxide lattice.
As discussed before, hole states with electron-trapping abilities are generated by un-
dervalent dopants (e.g. by monovalent Li* ions sitting in Ca’* substitutiona! sites).
Indeed, a codoping of CaO with both Mo and Li leads to an internal charge
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compensation of the two dopants, in which the excess electrons of the donors are
trapped by the hole states inserted by the acceptor species [51]. As a consequence,
no electron transfer into the Au ad-metal takes place anymore for the codoped
CaO films, and the Au deposits adopt the original 3-D equilibrium shape that is typ-
ical for pristine CaO (Figure 4.4.3C, D). Apparently, the desired doping effect gets
cancelled out if dopants with opposite charge state coexist in the oxide host.

[nterestingly, not every overvalent dopant is able to donate charges into an ad-
metal. Cr ions embedded in an MgO matrix, for instance, are inappropriate electron
donors, and the Au growth morphology is hardly affected in this case [32]. The rea-
son is that Cr in the MgO lattice cannot be stabilized in the 2+ charge state because it
prefers a high-spin configuration and consequently puts electrons into both the low-
lying £, and the high-lying e, state manifold. The latter already overlaps with the
MgO conduction band, so that the electrons move away from the dopant and
become trapped in other oxide defects, preferentially in Mg vacancies sites [33].
The Cr adopts a 3+ charge state right from the beginning and cannot donate further
charges to surface species. An active dopant therefore needs to fulfill two require-
ments. On the one hand, it should occur in two stable charge configurations in the
oxide host. On the other, the top-most occupied state needs to be high enough in
energy to render charge transfer into an adsorbate affinity level energetically feasible.
The same considerations also hold for acceptor-like dopants, only that the hole state
produced upon doping localizes in an adjacent oxygen ion. It should be noted that
holes in the oxygen 2p states are intrinsically unstable against charge transfer from
competing electron sources, such as electron-rich O defects (£° centers) or donor-
type molecules that are always present on oxide surfaces (water, hydrogen) [54, 55].
Hole doping as a means to tailor the properties of metal ad-particles is hence more dif-
ficult to realize than electron doping with donor-type impurities.

In conclusion, the doping of oxide materials opens promising new routes to change
the morphology and electronic properties of supported metal particles as used in het-
erogeneous catalysis. Thin oxide films are ideally suited to elucidate such doping ef-
fects, as they can be explored by means of conventional surface science techniques at
a fundamental level. The identified mechanisms can be transferred to real catalysts
later, as the doping approach is not based on specific thin-film effects.

4.4.3 Second Case Study: Preparation of Oxide-
Supported Palladium Model Catalysts by
Pd Deposition from Solution

In typica!l surface science experiments as presented previously, oxide-supported metal
nanoparticles are deposited onto a clean oxide surface by physical vapor deposition.
The precursor in this process is metal atoms in the gas phase, which impinge on
the surface, diffuse until they eventually get trapped (cither at surface defects or by
dimer formation), and then act as nuclei for the growth of larger particles. These
processes are well understood for ideal model systems under ultrahigh vacuum
(UHYV) conditions [36, 57]. In contrast, most “realistic” supported metal catalyst
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preparation procedures (e.g. impregnation) make use of metal complexes as the pre-
cursor. primarily in the form of salts dissolved in aqueous solution. which adsorb at
ihe support-solution interface in the initial step [58. 39]. The pH of the solution is one
of the important parameters. as 1t controls the interaction of precursor complexes
with the support by determining the speciation of the solution complexes as well
as the surface charge of the support. Based on the knowledge of the pH-dependent
precursor speciation in solution on one hand. and the properties of the support
(point of zero charge. PZC. density of hydroxyl groups) on the other. this interaction
cun be described phenomenologically by complexation models [60]. The transforma-
tion of the adsorbed precursor complex into the catalytically active compound then
usually involves a calcination step lollowed by reduction. The performance in a cat-
alytic test reaction is the ultimate criterion for the usefulness of a certain preparation
procedure. While prereaction. in situ. and postreaction characterization of the cata-
lyst provides relevant information about the active sites in the catalytic reaction, ini-
tial nucleation and decomposition of the adsorbed precursor into metal nanoparticles
are difficult 1o track experimentally with powder catalysts and remain largely
unknown aspects of catalyst preparation. As will be shown in the following. single-
crystalline oxide thin films are ideally suited for studying these processes. provided
they are stable at (vpical impregnation conditions.

We have chosen to use FesO4(111) flms grown on Pl11) for studying the
deposition of palladium from a PdCl> precursor. Fe;O4(111) films with a thickness
of ~10 nm were prepared in a UHV chamber following a recipe described in the lit-
erature [61]. The surface of the films was subsequently covered by precursor solution.
which was prepared from an acidic (5 M HCl) PdCls stock solution by dilution to the
desired concentration and pH adjustment with NaOH. Following washing with
water and dryving under a stream of He. the sample was then subjected to thermal
treatment in UHV to transform the adsorbed Pd precursor into nanoparticles.

Shown in Figure 4.4.4 are STM images (taken in air) of Fe;O4(111)-supported Pd
particles formed by impregnation with 3 mM Pd precursor solutions of different pH
ranging from 1.3 to 10 and after a final thermal treatment at 600 K in UHV. In the
acidic pH range (pH 1.3 1o pH 4.7). we observe a substantial variation of Pd cover-
age. particle size. and particle dispersion. At the lowest pH. only a few Pd particles
with a diameter of | nm are present (note that alter impregnation. the surface of the
Fe;O4[111] film is affected by heating leading to the observation ol meandering fea-
tures. most prominently seen for pH 1.3: on top of this surface, the Pd particles
appear as small spots). As the pH of the impregnation sclution is changed to
1.6 and 2.3, higher Pd coverage 1s obtained with a slight increase of particle diameter.
however. with still uniform size distribution. The behavior in this pH range reflects
the results of tvpical uptake curves [62] for negatively charged precursor complexes
(here PAC1,” ) on positively charged support surfaces (PZC[Fez0y] = 8). The retar-
dation of Pd uptake in strongly acidic medium may he ascribed to (1) competitive
adsorption of chloride [63] or (i1) a decrease of the adsorption equilibrium constant
al high ionic strength [64]. As the pH is increased to 4.7, the very unfavorable situ-
ation of uncontrolled deposition of large and nonuniformly sized Pd particles occurs.
Such deposition characteristic has been observed with various near-neutral pH
precursor solutions and can be explained by deposition of solution-precipitated
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Figure 4.4.4 STM images (100 x 100 nm?) of Pd particles formed on Fe;04(111)/Pt(111) thin
films by impregnation with Pd precursor solution of different pH prepared from PdClz .q and
subsequent annealing in UHV to 600 K.

Pd particles. At alkaline pH (pH 10, Figure 4.4.1) the Pd particle size distribution
in the final catalyst is again uniform. However, compared to the acidic pH range,
a significantly higher Pd loading is achieved.

A more detailed account on the nucleation process of Pd nanoparticles from
adsorbed precursor complexes is given in Fig. 4.4.5, which compares STM and
X-ray photoelectron spectroscopy (XPS) results obtained at different annealing tem-
peratures after impregnation of Fe;O4(l111)/Pt(111) with precursor solutions of
pH 1.3 (15 mM Pd>*) and pH 10 (2 mM Pd>*), respectively. The combination of
STM and XPS allows the thermal evolution of morphological features with the
chemical nature of the precursor species to be directly correlated. In the case of acidic
precursor solution (Figure 4.4.5A, [10]), the STM image obtained directly after re-
moving the precursor solution without additional heating (room temperature, RT)
shows a low density of particles on a seemingly clean Fe;0, substrate. As the tem-
perature is increased to 390 K, the particle density is increased, and at a final temper-
ature of 600 K, particles uniformly cover the Fe;O4 surface (Figure 4.4.5A). Note
that the particle size (2 nm) does not change from RT to 600 K, showing that
600 K is well below the onset of Ostwald ripening under the present experimental
conditions. The corresponding Pd 3d XPS spectra (Figure 4.4.5B) reveal the presence
of two Pd species with binding energies (BEs) of 337.8 and 336.2 eV (Pd 3ds;2) on the
Fe;0, sample directly after removing the pH 1 solution. With increasing tempera-
ture, the Pd component at higher BE is gradually transformed into the lower BE
component. This behavior is perfectly in line with the STM observations and allows
the high BE component to be assigned to adsorbed Pd precursor complexes, which
cannot be resolved with STM. The low BE component, on the other hand, correlates
with the emergence of nucleated particles at increasing annealing temperature. The
chemical identity of the surface species may be inferred from knowledge of the solu-
tion speciation of Pd. It is safe to assume that in pH 1.3 (HCl) solution, Pd is present
as PdCly> complex. The high Pd 3ds;» BE obtained for the adsorbed species at
RT (337.8 eV, compared to 335.2 eV for bulk Pd) is in line with previous observa-
tions [63. 66] and can, therefore, be attributed to adsorbed PdCly* or aquochloro
complexes of the form Pd(H.0),Cl,*". According to STM results shown in Figure
4.4.5A, these adsorbed precursor complexes are thermally decomposed into Pd par-
ticles. At a final annealing temperature of 600 K, the BE of the particles is 335.7 ¢V,
which is significantly higher than expected for metallic Pd particles. XPS analysis
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Figure 4.45 STM and XPS results for Pd deposited on Fe3O4(111)/Pt(111) surfaces from
(A and B) pH 1 precursor solution and (C and D) pH 10 precursor solution at different stages
of pretreatment: directly after removing the precursor solution at room temperature (top). after
drying in UHV at 390 K (middle), and at 600 K (bottom).

suggests that this BE shift results from remaining chlorine adsorbed on the Pd
particles rather than from a particle size effect [10].

A slightly different behavior is observed on the Fe3O4 sample contacted with
pH 10 precursor solution (Figure 4.4.5C and 4.4.5D, [67]). In the initial state, no par-
ticles are observed, suggesting that the surface is uniformly covered by adsorbed
precursor. Only moderate drying at 390 K leads to the formation of small particles
in the size range 1-2 nm covering the entire surface. The corresponding XPS spectrum
shows the dominant abundance of a single Pd species with a Pd 3ds;» BE of 335.9 V.
Significant particle sintering (average diameter 4-5 nm) occurs upon further annealing
with a concomitant shift of the Pd 3ds,» component to 335.4 eV. The different nuclea-
tion behavior observed on the pH 10 sample as compared to the pH 1.3 case is a result
of the different speciation of Pd complexes. At pH 10, the adsorbed Pd species are hy-
droxo complexes. Their thermal decomposition into Pd nanoparticles proceeds via the
formation of PdO particles as an intermediate step (observed at 390 K).

Based on the results presented in Figure 4.4.4 and Figure 4.4.5, the deposition of
Pd on single-crystalline Fe;O4(111) thin films from aqueous precursor solutions can
be divided into three different regimes: electrostatic adsorption of PdCl,*", precipita-
tion, and adsorption of Pd hydroxide. In the acidic pH range (< pH 3), the interac-
tion is controlled by electrostatic adsorption of the negatively charged precursor
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complex (PdCly>) and the positively charged surface. If we apply this so called
“strong electrostatic adsorption” concept to the present case we expect the following
behavior: A minimum uptake at the PZC of the oxide is predicted, followed by a
maximum below the PZC, and, again, a small uptake at small, i.e. acidic, pH [60].
The latter case, which is usually ascribed to the effect of high ionic strength, has
been observed here. [n this regime, small and uniformly sized Pd particles are formed
by thermal decomposition of the adsorbed precursor. The regime of maximum
adsorption due to strong electrostatic interaction could not be reached because un-
controlled deposition of precipitated Pd (most probably PdCly) species sets in at
near-neutral pH. Shifting the solution pH into the basic range (pH 10) leads again
to the formation of Pd particles with uniform size distribution after decomposition
of the precursor. Strong electrostatic adsorption is not possible in this regime because
both the solution complexes (Pd[OH]4>") and the oxide surface are negatively charged.
A chemical interaction between precursor and support (¢.g. hydrolytic adsorption of
Pd hydroxide) is more likely the dominant interaction at the support-solution interface
at basic pH.

In summary, the way is paved to look at oxide-supported metal nanoparticles, pre-
pared in solution, and to understand the formation of MNPs through calcination and
reduction. However, there is still a way to go to identify the elementary steps in the
interaction of the species from solution at the solid-liquid interface. Of course, this is
what we really want.

4.4.4 Third Case Study: Strong Metal/Support
Interaction Effects

SMSI effects have been known for many years to occur when a metal catalyst sup-
ported on a reducible oxide is subjected to high-temperature treatments in a reducing
atmosphere (typically, hydrogen) [68-72]. In principle, the SMSI state depends on the
metal, the oxide, and the reaction and may include both structural and electronic ef-
fects. The most prominent example is Pt supported on TiO,, which undergoes SMSI
via the formation of a thin titania film overgrowing the Pt particles, albeit of a very
complex structure [73-75]. Certainly, the oxide overlayer suppresses adsorption of
many molecules otherwise readily adsorbing on a metal surface and, as a result, ren-
ders metal catalysts inactive. However, when the encapsulated oxide film is very thin
(“ultrathin™), the situation is not straightforward since structural and chemical prop-
erties of an ultrathin film are often considerably different from those of a bulk coun-
terpart [76]. In some cases, the encapsulation may lead to the promotional effects.
Here, we illustrate this phenomenon for Pt particles supported on iron oxide
Fe;O4(111).

The Pt particles were formed by physical vapor deposition onto ~!0 nm thick
Fe;04(111) fiims grown on Pt{lli). The particles become more uniform in size
and weli-faceted upon heating to elevated temperatures. Figure 4.4.6 shows typical
morphology of the Pt nanoparticles vacuum-annealed at temperaturss above
800 K. The particles, about | nm in height and 5 nm in width. expose atomicaliy
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_Figure 4.4.6 (A) Typical STM image of Pt deposited onto Fe3O4(111) film and subsequently
annealed in UHV at 850 K. Atomically resolved STM image of the top facet is shown in the
inset. (B) The cross view of the FeO(111)/Pt(111) interface and schematic presentation of the Pt

‘particles encapsulated by the FeO(111) overlayer.

flat top facets, which are Pt(111) in nature, owing to the epitaxial relationships
between Fe;04(111) and Pt(111) [77]. It has turned out, however, that high-
temperature annealing leads to a dramatic attenuation of the CO uptake compared
to the samples annealed at 600 K, which cannot be assigned solely to Pt sintering
[77, 78). This behavior is, in fact, a “classical” manifestation of the SMSI [68].

High-resolution STM study showed that the top facets exhibit the hexagonal lat-
tice of protrusions with a ~3 A periodicity, in turn forming a superstructure with
a ~25 A periodicity (see inset in Figure 4.4.6). This structure is well-documented in
the literature on thin iron oxide films grown on Pt(111) [79] and can unambiguously
be assigned to an FeO(l11) film, which consists of close-packed layers of iron and
oxygen stacked as O-Fe-Pt(111). The Moiré superstructure originates from a mis-
match between the Pt(111) and FeO(111) lattices. Since FeO(l11) films can be
grown on the Pt(100) surface as well [80], it seems plausible that the encapsulation
by the FeO(111) layer also occurs on the side facets, which, according to the particles’
habitus, expose (111) and (100) surfaces.

The mechanism of the encapsulation is still unknown. Nonetheless, the encapsula-
tion implies high adhesion energy between Pt and iron oxide, which could, in princi-
ple, be derived from the structural information, obtained by STM on the particle size
and shape, using the modified Wulff construction [81].The analysis yielded an energy
in the range of 3.8-4.2 J/m?, which is. indeed. considerably larger than those obtained
for Pd particles on FezO4(111) and alumina films (i.e. 3.1-3.3 J/m3?), for which the
encapsulation has not been observed [77). Note also, that CO adsorption experiments
indicated Fe-Pt surface intermixing with the onset at ca. 600 K [82], probably as the

rst step in the encapsulation.

The well-defined Pt/Fe;O4(111) systems were examined in the CO oxidation reac-
tion at near-atmospheric pressures and relatively low temperatures (~450 K) [34].
Figure 4.4.2A shows kinetic curves of CO, production under O-rich conditions
{e.z. 10 mbar CO + 50 mbar O, He balance to 1 bar) over two samples possessing
the same amount of Pt, but annealed either at 600 K (i.e. exposing clean Pt surface)
or 830 K (i.e. encapsulated by FeQ) prior to the reaction. The results for pristine
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Fe;04(111) films and clean Pt(111) under the same conditions are also shown, for
comparison.

It is clear that the encapsulated Pt particles exhibit higher reactivity than the clean
Pt particles. The difference must be even higher if one normalizes the reactivity to the
particles’ surface area, which obviously decreases at 850 K due to particle sintering,
albeit not measured in those experiments. The same effect was observed also at the
stoichiometric ratio (40 mbar CO + 20 mbar O3) [83]. Such promotional effect of en-
capsulation seems counterintuitive since the FeO film covering Pt particles and ex-
posing a close-packed O layer must be essentially inert. In order to rationalize
these findings on highly dispersed systems, we have to address the structure-reactivity
relationships observed for extended, well-ordered FeO(111) films on Pt(111).

The FeO(111) film is, indeed, extremely stable and chemically inert under condi-
tions typically used in UHV-based experiments. However, the situation changes
dramatically in the mbar range of pressures. At low temperatures studied here
(400-4350 K), Pt(111) is inactive in CO oxidation due to the well-known blocking
effect of CO on O, dissociation. The nanometer-thick Fe;O4(111) films shows
some activity, but it is negligible as compared to ultrathin FeO(111) films, which
showed an order of magnitude higher reaction rate under the same conditions
(Figure 4.4.7A). Therefore, it is the thin FeO overlayer on Pt that is responsible
for the enhanced reactivity of encapsulated Pt particles in CO oxidation.

The experimental results in combination with DFT calculations provided compel-
ling evidence that at elevated pressures the FeO(111) film transforms into a different
structure containing an Fe layer sandwiched between two oxygen layers like O-Fe-O
film (Figure 4.4.7B) [11, 12]. The mechanism for this transformation starts by 0>
adsorption on an Fe atom pulled out of the pristine FeO film. Because of local low-
ering of the work function by this process, electrons are transferred from the oxide/
metal interface to oxygen, resulting in a transient superoxo species, which dissociates,
thus forming the O-Fe-O structure. It appears, however, that the formation of the
trilayer structure depends on the registry to underlying Pt(111), ultimately resulting
in close-packed islands with a FeO, stoichiometry (see Figure 4.4.7B) rather than a
continuous O-Fe-O film. Nonetheless, the topmost O atoms in the resulting FeO2.x
films are more weakly bound than those in the original FeO layer and readily
react with incoming CO to form CO,, which desorbs and leaves an oxygen vacancy
behind. The overall activation barrier for CO, formation on the ideal O-Fe-O over-
layer, as determined by DFT (~0.3 eV), is considerably lower than the computed
barrier (~1 eV) for the CO oxidation reaction on Pt(111) and as such may explain
higher reactivity of FeO(111)/Pt(111) than pure Pt(111) [12]. Certainly, to end the
catalytic cycle, the oxygen vacancies must be replenished via the reaction with Oz
from the gas phase. Recent STM studies provided strong evidence for this mecha-
nism of the Mars-van Krevelen type [84]. Interestingly, NO transforms the FeO
film into the trilayer film in the same way as O,. Comparison of the CO + O, and
CO + NO reactions over the FeO(111)/Pt{111) surface showed that the replenishment
of oxygen vacancies is the rate-limiting step that proceeds much faster with O than
NO [83].

[t is important to note that aum the transformation ot‘t& e FeO into FeO»-like fim
and the oxygen vacancy replenishment under the reaction conditions involve th
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Figure 4.4.7 (A) CO; production over Pt(111), iron oxide films on Pt(111), and PV
Fe304(111) annealed to 600 and 850 K. (B) STM images of the encapsulated Pt particle on
Fe304(111) and, for comparison, of the FeO(111)/Pt(111) film, both exposed to 20 mbar O,
at 450 K. The scheme illustrates the reaction mechanism. (See the text.)

charge transfer accompanied by a lattice distortion. Both factors favor the reaction
on ultrathin films.

Apparently, the same scenario holds true for the encapsulated Pt particles.
Figure 4.4.7B shows STM images of the encapsulated Pt particle on Fe;04(111)
and, for comparison, of the FeO(111)/Pt(111) film, both exposed to 20 mbar O at
450 K. The close similarities between these two systems with respect to the surface
morphology and reactivity indicate the absence of the “material gap,” suggesting
that the results and conclusions drawn for extended surfaces can be transferred to
the supported nanoparticles.

In the experiments, presented in Figure 4.4.7A, the initial reaction rate over the
encapsulated particles is almost identical to that measured on the FeO(111) film
because the particle surface area (including both top and side facets) at the high Pt
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loadings studied here is close to the surface area of the FeO film. Whereas the rate
over the FeO film is almost constant until all CO in the ambient is consumed and
the reaction stops, the reaction slows down over the encapsulated particles indicating
catalyst deactivation. The latter may include carbon deposition, but this issue is
beyond the scope of the present chapter.

This example demonstrates that ultrathin oxide films may enhance reactivity of
metal catalysts, particularly in oxidation reactions in the low-temperature regime,
where pure metal catalysts may suffer from site-blocking effects and strong chemi-
sorption of reactants. A continuously growing body of studies on reactivity of ultra-
thin oxide films leads us to believe in a rational design of monolayer oxidation
catalysts by combining different ultrathin films oxides with different metals, thereby
controlling the charge transfer.

4.45 Fourth Case Study: Photochemistry
at Nanoparticles

The coupling of molecules to surfaces strongly affects not oaly their thermal reaction
paths but also the reactions between their excited states, which are accessible selec-
tively by irradiation with photons (also primary or secondary electrons and other ex-
citations can be used). This surface photochemistry has been investigated in detail for
mode! systems comprising single-crystal surfaces and mostly rather simple adsorbate
systems (86, 87]. Concentrating on the breaking of the surface bond or/and internal
bonds, desorbing particles have often been used for characterization. Also, the chan-
ging coverages have been followed and characterized by some spectroscopy, which
makes the observation of other induced changes accessible as well. The relevant dif-
ferences to comparable gas-phase reactions have often been discussed under the
heading “Desorption induced by electronic transitions (DIET).” These investigations
have shown that the interaction with a surface can strongly change the absolute and
relative probabilities of possible reaction paths [88]. The bases for these effects are the
changes induced in excited-state potential energy surfaces by interaction with the sur-
face, and in particular the possible exchange of charge and energy with the substrate
during the excitation lifetime. On metals and semiconductors, this often leads to
strong, selective quenching of the excited adsorbate states, which, because of its sen-
sitive dependence on a number of adsorbate properties, can select certain pathways
and suppress others. But also new channels can open up; in the range of low excita-
tion energies (visible to near ultraviolet light). such channels often consist of transient
negative ion (TNI) states [87].

[t is a very interssting question which additiona! modifications are introduced if
one uses nanoparticles instead of surfaces of bulk materials. As our earlier review [13]
has summarized, for MNPs new electronic excitations — notably the Mie or particle
Plasmon [20] - can be expected to feed photochemical reactions on the MNPs. But
also the lifetimes and thus the reactivity of excited states may be changed by going to
nanoparticles; the main expected effect here is the confinement of excitations in the
small particles, which would quickly disperse in the volume in bulk materials [13].



|
4.4.5 Fourth Case Study | 345

In the past 7 vears, we have examined this range of questions for an apparently
simple (though in fact quite complex) system. Since one of the focal points was the
influence of Mie plasmons, the chosen material was silver. The deposition of Ag
NPs on ultrathin alumina films (on AINi alloy surfaces) has been studied. and
their properties have been characterized in detail [89]. The preparation of narrowly
defined particle sizes in the range of 2-10 nm is possible. These particles possess a
strong plasmonic mode at ~3.5 eV (polarized perpendicular to the surface; the
lower energy parallel mode is screened by the close metal substrate), which has
been observed and characterized by photon STM [89] (see Figure 4.4.8A) and by
two-photon photoemission [90]. The thin alumina film decouples the Ag NPs quite
efficiently electronically from the metal substrate without leading to charge-up, so
that confinement effects might be expected. This is in contrast to the situation of
Ag NPs on strongly reduced TiO, surfaces, where plasmon excitation leads to electron-
hole pairs in the TiO, which decay radiatively [91]. NO was chosen as adsorbate
because of the ease of its state-selective detection. Its adsorption on silver surfaces
is, however, more complex than usually observed on (transition) metal surfaces.
Because of its weak interaction with the noble metal silver, the adsorption has to
be done below 80 K; in this range, NO dimers are formed on the surface. On
Ag(111), the resulting adsorption layers have been characterized in great detail
[92], including their photochemistry [93, 94], so that we were able to start on a
good basis. The formation of dimers makes the photochemical reaction channels
more complex: besides breaking of the ON-NO bond and the bond to the surface
simultaneously, which leads to NO desorption into the gas phase (and some NO
left on the surface), the dimers can also react to N>O + O, which stays on the surface
(N,O can be detected by subsequent thermal desorption; adsorbed O leads to a stron-
ger bond of the NO monomer, which desorbs thermally at a much higher tempera-
ture and has a much smaller photoreaction cross section than the dimer). Even the
desorption of (extremely fast) N> molecules has been observed under certain condi-
tions [93]. However, NO desorption is the strongest channel; it has been investigated
in great detail. Besides measuring yields and desorption cross sections, the energy dis-
tributions over the translational [14] and internal modes (rotation, vibration) [96] of
the desorbing NO have been measured. The influences of photon energy and polar-
ization, particle size, and laser pulse duration have been investigated. In all cases,
direct comparison to Ag(111) in the same experimental system and with the same
methods has been made.

In the following, some of the main results are listed:

1. We found that the cross section, o, for NO desorption from (NO); monolayers on
Ag NPs is indeed strongly enhanced by excitation of the plasmon, which is known
to lie at approximately 3.5 eV (with a weak dependence on NP size [89, 90]). Com-
pared to Ag(111), an enhancement of ¢ by up to a factor 40 (depending on NP
size; see item 3 in this list) has been found [14].

2. There is also an enhancement of ¢ off the plasmon resonance, albeit weaker,
which we interpret as due to confinement of excitations, here of hot electrons in
the Ag NP. The photochemical mechanism of all the processes seen is believed
to involve TNI states [87, 94], which is consistent with detailed characterizations
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Figure 4.4.8 (A) Radiation emitted from individual Ag NPs of various sizes, observed with
the photon STM. Inset: STM micrograph of the NP ensemble investigated. After [90]. (B)
Variation of desorption cross sections, ¢, of NO from (NO), monolayers on Ag NPs as a func-
tion of mean particle size (top abscissa), for the three photon energies given. The plasmon is
excited at 3.5 eV. The bottom abscissa gives the inverse radius and emphasizes the approxi-
mate scaling off the plasmon resonance. After [14].

of the desorbing NO ([96]; see item 4 in this list). This means that a hot electron of
sufficient energy which is excited in an NP by the absorbed light tunnels from the
NP into an adsorbed (NO)»; in the formed TNI, the N-N and N-O bonds are wea-
kened, and the bond to the surface is strengthened by the charge-image charge
interaction, so that the corresponding wave packet is put into areas with potential
gradients in all dimensions. When the electron jumps back into the NP after a very
short residence time, a considerable fraction of the molecules has evolved suffi-
ciently along the gradients to lead to breaking of the N-N and the NO-Ag
bonds and to translational, rotational, and vibrational excitation of the NO
that appears in the gas phase.

3. This cross-section enhancement is also size dependent (Figure 4.4.8B, [14]). It gen-
erally increases with decreasing NP size (diameter d), which we ascribe to confine-
ment of the primary hot electrons in the NP (¢ ~ l/d, going with the surface/
volume ratio S/¥; see item 2 in this list). For excitation in the plasmon resonance,
a strong maximum of o at a certain NP size (here at d ~ 5 nm) is found, which is
explained by two counteracting influences: on the one hand, the conversion of
plasmons into hot electrons increases with decreasing NP size against the compet-
ing radiative decay; on the other hand, the total number of photons collected
decays with the number of atoms in the particle [14, 96].

4. On the other hand, the dynamics of the bond dissociations (i.e. the motion of the
representative wave packat on the potential energy surfaces of ground and excited
states for the various molecular entities) turns out to be always the same. This is
concluded from the fact that the final state of the descrbing NO stays constant: ail
energy distributions, translational, rotational, and vibrational, as well as their cor-
relations, are identical despite the strong variations of cross sections [14, 96]. These
characteristics are compatibie with the proposed TNI mechanism (see item 2 in
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this list). The only exception to this constancy of mechanism is found for excita-
tion with the highest photon energy used {4.7 eV) and the smallest NPs (d < 4 nm).
For these conditions, the mean translational energy of NO was considerably
enhanced — in fact, a new, much faster component was found in addition to the
normal one [14, 96]. We have explained this new path by excitation of a transient
positive ion of the NO dimer that becomes accessible at an excitation energy suf-
ficient to produce holes in the Ag d-band or direct excitations from a filled adser-
bate state to empty states of the NP. That this path becomes observable only for
very small NPs is due to the fact that its contribution is proportional to the surface
area, while the TNI contribution goes down with the volume [14, 96].

5. All these experiments have been carried out with nanosecond lasers under fluences
that lead to linear behavior of the photochemical yield with fluence (i.e. the deter-
mined cross sections are independent of fluence). This means that the excitations
do not interact, even when they are confined in the NP. Very different behavior is
found with femtosecond (~ 100 fs) lasers of even smaller fluences, for which the
photons of a pulse arrive in a much shorter time so that the spatiotemporal pho-
ton density is increased by at least a factor of 10* [15]. Here the cross section is
considerably enhanced and increases with fluence (i.e. the yield has nonlinear
dependence on the fluence). With two-pulse measurements, in which one pulse
is split into two and the two are delayed with respect to each other, it is found
that the memory of the system is confined to the time of overlapping pulses. So
there is a very short-lived confinement of interacting hot electrons. We have ex-
plained this by a repumping of hot electrons within the same pulse [15]. However,
despite this dramatic change of reactivity, it is found again that the mechanism of
desorption, as indicated by NO final state energies, is unchanged.

To summarize, we find that nanoparticles induce strong increases of photochemical
cross sections if they possess strong new excitations, in particular of plasmon type.
Also, confinement of excitations leads to (more gradual) enhancement of cross sec-
tions. If this confinement is also temporally constrained additional, nonlinear effects
can be caused. The timescales of the electronic processes (including excitation and
decay of plasmons) are very short, probably in the range below 10 fs (our results
can only impose an upper limit of 100 fs). The dynamics of evolving molecular states,
however, and thus the mechanism, appear essentially unchanged. This makes sense
since these processes occur on much longer timescales. It cannot be excluded that
there are systems in which the timescales can mix and, for example, the plasmon exci-
tation has a direct photochemical influence; in fact, we have seen one such case [97],
but we consider this as a probably rare, somewhat exotic case. While these results
have been obtained with a particular system, we believe that these main conclusions
will be fairly general. since they do not depend on any particular system properties.

As to the messages that might be carried over to practical photochemical pro-
cesses, the main emphasis of the use of NPs should lie on the improved light harvest-
ing made possible by plasmon excitations. The fact that plasmon resonances are
fairly narrow, even if variations with particle size are utilized by using broadly vary-
ing ensembies, limits the usable part that can be caught of a broadband source like
sun light. If one aims at photochemical reactions that require a certain energy, it will
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be important to use NPs with plasmons in the required energy range. The additional
effects offered by confinement will depend more strongly on the particular system
since it is strongly influenced by the photochemical mechanism, which will not
always be describable by the TNT process. Generally, we do not expect that partic-
ular new mechanisms will open up on NPs. The subject of photochemistry at nano-
particles is still in its infancy and deserves to be investigated more fully on a broader
front, both for model systems and practical setups.

4.4.6 Synopsis

Via four case studies, this chapter has demonstrated how model studies on complex
materials related to heterogeneous catalysis may help to unravel an atomistic view of
processes at solid-vacuum, solid-gas, and solid-liquid interfaces. Going beyond metal
single-crystal surfaces toward modeling some of the real complexity of catalytic ma-
terials is an important step forward to help designing energy-efficient catalysts by
providing information on principles more than on specific systems. We are approach-
ing a situation where the interplay between work on real catalytic material and work
on specifically designed catalyst models may lead to a detailed understanding of the
relation between structure-morphology and catalytic activity and selectivity.
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