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Abstract A systematic approach to model heterogeneous
catalyst material and characterization at the atomic level is
presented. Two examples are used to illustrate the concepts
derived from those studies. They document the problems
arising on the way to create such model systems and they
also indicate possible solutions. The first example is con-
nected with activation of CO, at the rim of electron rich
MgO (thin film-supported Au islands), and the second
example aims at the creation of a model system for the
Phillips catalyst for ethylene polymerization and, in par-
ticular, the creation of a hydroxylated silica support.

Keywords Surface science - Model catalysts - CO,
activation - Amorphous silica - Silica films

1 Introduction'

What do we mean by models for heterogeneous catalysts?
Catalysis is a kinetic phenomenon, where a material (the
catalyst) changes the rate of a chemical reaction without
being part of the products (Ertl et al. 1997; Ertl and Freund
1999; Freund and Pacchioni 2008; Freund 2010; Freund
et al. 2014; Pacchioni and Freund 2012). This is Ostwald’s
definition put forward during the nineteenth century
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(Ostwald 1923). Most frequently in catalytic literature we
encounter ‘‘micro-kinetic models’> which describe the
complex system of elementary reaction and transport steps
by a limited, ideally minimum set of rate equations (Marin
and Yablonsky 2011). This important aspect is not subject
of the present article.

Here we focus on models for the catalytic material.
Catalysis may occur under various circumstances: When it
occurs at the interface between a solid and a gas or liquid
phase we call it heterogeneous catalysis, when it occurs in
the liquid phase we call it homogeneous catalysis and when
it occurs under the action of an enzyme, which is often a
big biologically relevant molecule in the liquid phase we
call it enzymatic catalysis. Since the catalyst is not part of
the products we really need to look at the material as it
performs its action. This is an experimental challenge that
has, so far, not been fully met. Since a discovery of a
catalytic material has often been based on serendipity, and
its optimization on trial and error, it may not be trivial to
identify the most important ingredients, even without
consideration of the reaction-induced changes. One
approach to overcome this problem is to use a systematic
model approach (Freund et al. 2014; Marin and Yablonsky
2011)! Take heterogeneous catalysis, which is the topic of
this paper, as an example: a reaction between two gaseous
components proceeds at the surface of a material contain-
ing several components. To identify the active part of the
material we need to be able to study a very small amount of
starting material and of products at the surface of the
complex material, and we need to be simultaneously able
to differentiate the surface of the material from its bulk.
This requires the development of specific, surface sensitive

! The introduction is reproduced to a large part from Sauer and Fre-
und (2015).
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techniques and, to isolate the action of the various material
components, a systematic variation in the complexity of the
studied material (Freund et al. 2011). This variation has to
proceed from the most simple to the more complex, and not
vice versa. Only by adding complexity will we be able to
finally approach the final real system. In this sense, we set
up model systems in catalysis, which may be characterized
at the atomic level. There are several levels of models in
catalysis, which we try to show as a flow chart in Fig. 1.
We note that progress in the spirit of understanding
phenomena at the atomic level will only be achieved by
experiment and theory going hand-in-hand. We clearly
move, as outlined above from the simple to the complex,
and not vice versa, which is important. The bottom of the
chart refers to clusters in the gas phase in different charge
states. Through a comparison or better a combination
between experiment and theory it is possible to unravel
details of the reactions taking place in such systems. It has,
indeed, been possible to see catalytic reactions, character-
ized by turnover, on those materials, and this is a first
step—The “Ultimate Single Site Catalysis” (Bohme and
Schwarz 2005). The small window indicates, that systems
at this level of complexity have been investigated in UHV/
ambient molecule level in gas phase and/or in interaction
with a gas phase/crossed beams. However, the distance in

complexity of the isolated cluster level with respect to
supported clusters is far, and the size of clusters, possible to
study, has, until now, been limited, although steadily
increasing. Having said this, still very useful and unique
information on details of reaction mechanisms may be
unraveled. At the next level in the chart (Fig. 1), single
crystal and well-ordered thin film surfaces have been used
successfully in the past to start to understand fundamental
phenomena at surfaces. This culminated in the Nobel Prize
for Gerhard Ertl in 2007 (Ertl 2007, 2008). Given the
enormous success of those studies, the valid question that
has been asked is: What comes next? In fact, not too long
ago, people have argued: Surface science is dead!! We
believe it is clear from what we argued so far that this
statement is definitely wrong, if one is interested in
unraveling the details of catalytic reactions. But not only in
this respect! Single crystal metal studies lack important
ingredients of real catalysts: One is the finite size of the
metal particles, typically used in the catalyst, and, second,
the oxide-metal interface realized by the fact that dispersed
metals are typically supported on oxides, which, according
to all reports so far, is of enormous importance for the
reactions, their activity and selectivity, observed. Not to
speak of the addition of modifiers such as poisons or pro-
moters. So we certainly have to move to higher levels of

MODELS OF INCREASING COMPLEXITY

v

LT

et o
=
A
3
(o}
. : 3
metal clusters and single crystals modification of nanoparticles on | | realistic structure :5; o
oxide clusters and single crystals, modified single and o 2
(charge state: +, 0, -) - = < g [
single crystalline promotors, crystals or thin morphology o <
films inhibitors, dopant films & H
» » effects [+ +> - (e =
ANt
(2]
=
P t L ¥ i t 1 e

M m 1M 0 mm

th  exp th exp th exp th exp th exp

Lef §

.
ambient

B ves

B no

Fig. 1 Schematic and pictorial representation of model systems as a
function of increasing complexity to capture the essential features of a
working catalyst. Each level is evaluated with respect to experiment
and theory and with respect to progress that has been made to achieve
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a proper representation/description of each level: green: yes,
achieved; red: no, not achieved. In addition, it is indicated whether
studies have been performed under UHV and under ambient condition
(Sauer and Freund 2015) (color figure online)
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model studies as shown in Fig. 1 before we will have a
chance to reach a level, which may be directly compared
and connected to situations encountered on real catalytic
material. This is the point where the two arrows bottom up
and top down meet. Through the interplay between
experiment and theory, those additional ingredients,
indeed, have been identified as essential, and it is the task
of researchers in the field, both from theory and experi-
ment, to work together to bring the field forward along the
complexity axis shown in Fig. 1. Next to the various levels
of complexity, the partially green and red bars indicate how
far theory and experiment have come in an effort to
describe systems at those levels of complexity properly.
Also, it is important to indicate whether studies have been
possible under UHV conditions and in addition comparison
has been made to in situ studies under ambient conditions.
This is indicated by the little window.

I will try to exemplify the approach of experimental and
computational model systems by choosing two examples,
which the author and his group have worked on, using a
variety of experimental and, in collaboration with other
groups, theoretical techniques. The examples are basically
taken from heterogeneous catalysis. However, it is important
to try to unify approaches, a goal that a cluster of excellence
in Berlin between the three Berlin Universities and two Max-
Planck Institutes in the Berlin area try to tackle.

Since the complex structure of real, supported metal
catalysts often hampers the attempt to connect macroscopic
effects with the microscopic processes taking place on the
surface, an increasing number of model studies have been
conducted so far to tackle these questions. For studies of
that kind planar substrates, instead of the technically used
porous materials, are needed to take full advantage of
modern surface spectroscopic and microscopic techniques
(Bdaumer and Freund 1999).

Vapor deposition of metals (Campbell 1997; Freund
1997; Baumer et al. 1997) or deposition of metal clusters
from the gas phase (Heiz et al. 1997) under UHV condi-
tions have been preferred in experiments keyed to more
fundamental questions about the correlation between
structure and properties of small metal particles.

In these cases, well-ordered substrates are desirable, just
to know where the atoms are. The most straightforward
choice in this context are single crystal samples of course.
Studies of bulk oxides, however, can be connected with
severe experimental problems. Their insulating character
can restrict or even prevent electron and ion spectroscopic,
as well as low-energy electron diffraction (LEED) and
scanning tunneling microscopic (STM) measurements.
Only in cases where the oxide can be made sufficiently
bulk conducting (e.g., TiO,), this limitation may not apply
(Diebold et al. 1995; Persaud and Madey 1997). Other
difficulties encountered are related to sample mounting and

cleaning (adjustment of surface stoichiometry) or arise
from the poor thermal conductivity associated with oxide
materials.

In this context, ultra-thin oxide films grown on a
metallic substrate are an excellent alternative to circumvent
all these problems (Freund 1997; Bédumer et al. 1997,
Goodman 1994, 1995). It has been shown that even films
with a thickness of just a few Angstroms can exhibit
physical properties characteristic of the bulk material
(Freund 1995). The traditional method to prepare such
films is the oxidation of the native metal (Freund 1995) or
an alloy (Jaeger et al. 1991; Libuda et al. 1994; Bardi et al.
1992; Becker et al. 1998), although this often results in
amorphous or polycrystalline overlayers [e.g., Al oxide on
Al (Chen et al. 1987; Belton and Schmieg 1988a, b; Chen
et al. 1992), or Si oxide on Si (Rochet et al. 1986; Pan-
telides et al. 1978)] or films with a rather high defect
density. This is due to the large mismatch which usually
exists between the metal and the oxide lattice [e.g.,
NiO(100)/Ni(100) (Baumer et al. 1991)]. There are a few
examples where well-ordered crystalline films can be
obtained in this way [e.g., Cr,O3(111) on Cr(110) (Kuh-
lenbeck et al. 1992; Rohr et al. 1997a, b) or Al,O3 on
NiAl(110) (Jaeger et al. 1991; Libuda et al. 1994) and
NizAl(111) (Bardi et al. 1992; Becker et al. 1998)].

Therefore, other routes have been proposed. Goodman
et al., for example, extensively explored preparation tech-
niques based on the evaporation of a metal (or non-metal)
onto a host crystal, mostly a refractory metal, in an ambient
oxygen atmosphere (Goodman 1994, 1995, 1996). This
approach allows one to vary the oxide film thickness, and
explore whether the oxide film-metal support interface
influences the properties of the supported particles. In fact,
the oxide film metal interface may be used to control
charge transfer from the interface to the supported metal
particle.

2 Examples
2.1 Supported metal particles

After Masatake Haruta discovered (Haruta et al. 1993), that
small Au particles, supported on a reducible oxide support
CO oxidation at temperatures lower than room temperature
researchers started to wonder about the reasons. Again, the
late Wayne Goodman has taken up the problem and con-
ducted the first model studies on supported Au particles
(Chen and Goodman 2008). He used a TiO,(110) single
crystal as model support after reducing the bulk by anneal-
oxidation treatments to render it conducting. His studies
revealed, that particles become active in CO oxidation
when its diameter approaches a value below 3 nm. In
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addition, the particles exhibited an unusual morphology:
they resembled rafts of finite size and a thickness of only
one or two layers. This morphology was later also found
via aberration-corrected TEM on real powder-based CO
oxidation catalysts (Rashkeev et al. 2007; Herzing et al.
2008). The question is, what causes this peculiar mor-
phology to sustain, as metals typically form 3-dimensional
particles, driven by the relative magnitude of oxide and
metal surface energies. This discussion will be used to shed
light on this question.

In 2006 Pacchioni and Landman published a landmark
paper (Ricci et al. 2006), the result of which is depicted in
Fig. 2.

Density functional calculations of Au,, on either a thick
slab of MgO(100), representing the bulk material, or on a
two layer MgO(100) film on Mo(100) clearly indicated
that, as expected in the light of what has been argued
above, the three-dimensional tetrahedral structure of Au,g
(Li et al. 2003) is conserved on bulk MgO. On the contrary,
on the thin film the morphology changes drastically: Au,q
forms a one-layer raft. The reason is the charge transfer
from the MgO/Mo interface to the electronegative Au,
which may be maximized by bringing the Au atoms as
close as possible to the interface, thus leading to raft for-
mation. The lesson to be learned from this calculation, if it
could be experimentally verified, is twofold: (1) Charge
transfer influences the morphology of Au nano-particles,
(2) There has to be a source for this charge transfer within
the support, and the energetics have to be just right, i.e., the
relative energy needed to remove an electron from the
source and the energy gained by attaching it to the metal.
The predicted change of the Au nano-particles with respect
to morphology was proven by Sterrer et al. in 2007
experimentally (Sterrer et al. 2007) by comparing STM
images of Au deposits on an ultrathin and a thicker MgO

Fig. 2 Relaxed atomic
configurations of isolated Au,
cluster isomers (a—d) and upon
adsorption on the MgO/
Mo(100) (e—f). a Aug 3D cluster
isomer. b Aug planar cluster
isomer. ¢ Auje spherical-like
cluster isomer. d Au;¢ planar
cluster isomer. e, f Au,g
pyramidal (fcc) and planar
cluster isomers, respectively.
Yellow, green, red, and dark
blue spheres correspond to Au,
Mg, O, and Mo atoms,
respectively (Ricci et al. 2006)
(color figure online)

Gas-phase
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film. Additional studies on Au clusters containing a varying
number of atoms have been investigated in detail to char-
acterize the nature of the charge transfer in more detail.
Using the STM as a spectrometer, we have determined the
symmetry and electron distribution in the highest occupied
states as well as in the lowest un-occupied states, which
consequently allows you to—so to speak—count the
number of electrons (Lin et al. 2009). Furthermore, the
localization of the additional electrons within the nano-
particle was imaged as shown in Fig. 3 (Lin et al. 2010a),
clearly indicating that they are localized at the rim of the
nano-particle, thus provoking the question, whether this is
might also be the place where reaction would take place?

In a series of studies we have addressed this question,
realizing that the question is difficult to answer experi-
mentally, as so far only clear evidence from model calcu-
lations have been presented indicating a particular
reactivity of the metal/oxide interface at the rim of the
particle, while all experimental evidence was indirect, i.e.,
there have been no images of molecules in a reacting
system at the rim of particles.

First attempts to image molecules at the rim where
undertaken by Lin et al. (2010b) using CO as a probe
molecule. Using inelastic electron tunneling spectroscopy
(Langan and Hansma 1975; Stipe et al. 1998), as intro-
duced by Ho and coworkers into UHV surface science, Lin
et al. were able to show that a low lying CO vibration
frequency, in particular the frustrated rotation at about
45 meV excitation energy can only be found at the rim of
an artificially shaped nano-particle similar to those in
Fig. 3. Figure 4 collects images of Au islands after expo-
sure to CO. The left panel represents the morphology in a
constant current image. The two other panels contain
images recorded at a loss- and a gain-energy of 45 meV of
the same island after exposure to CO.

MgO(100) MgO/Mo(100)

[Iv X i/ X |
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Filled States

Empty States

Fig. 3 Filled and empty state d//dV maps of the Au island shown in Fig. 1b. High d//dV intensity is only observed along the island edges while
the center remains dark at all bias voltages. An atomic model of the island is overlaid (Lin et al. 2010a)

Fig. 4 left panel STM
topographic image; middle and
right panel corresponding
second-derivative maps taken at
the indicated energies of a
planar Au island saturated with

Cco

The images reveal the localization of the molecules at
the rim of the particle but they do not provide a direct
image of the adsorbed molecules, which is the next chal-
lenge we will tackle. Perhaps a larger molecule, which is
less mobile than CO, could be used to allow for imaging of
individual molecule at the rim. Stiehler et al. (2015) used
isophorone in such an attempt and it was successful: Fig. 5
collects STM images taken of the identical Au particle with
(left) and without (right) the molecules adsorbed at the rim.
This was only possible, because isophorone (structure in
the inset and IR spectrum taken of the system identifying
isophorone by its vibrational spectrum) is weakly adsorbed,
and may be manipulated with the STM tip, such that after
taking the images with the adsorbed molecules, those were
removed and the image of the naked particle was recorded.
This system provided another interesting option, as it
allowed us to record the quantum well states of the nano-
particles with and without the adsorbed molecules.

Second derivative images

\:T*a.‘.:g;‘( - —

Quantum well states arise from the finite size of the object
similar to the well-known particle in-a-box problem solved
in undergraduate courses of physical chemistry. The
quantum well states as measured through scanning tun-
neling spectroscopy are shown as spectra (blue and red)
taken at two positions within the particle, and, in addition,
the conductance maps of the system are shown, clearly
indicating the nature of the states involved.

The states shift to lower energy as the molecules are
adsorbed and also the separation of the quantum well states
is altered. In fact, the states are closer spaced for the system
with adsorbed molecules as compared with the naked
particle, indicating that the potential well walls are modi-
fied in such a way that it effectively gets wider, due to the
possibility of the wave-functions to spill out of the Au
particle. The effect is similar to the situation encountered
for a particle in-a-box with a wider potential well. Details
have been analyzed in Stiehler et al. (2016). This
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Fig. 5 Topographic and d//dV maps of an Au island (a) with and
(d) without isophorone molecules (left panels) bound to its perimeter
(11 x 8 nm? 70 pA). b and e associated conductance spectra taken
in the center (blue) and the left part of the island (red) as indicated in
(a) and (d). Gaussian fitting revealed five QWSs that are marked by
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arrows. Their bias positions match the ones used for d//dV imaging in
(a) and (d). ¢ Infrared absorption spectra of isophorone adsorbed on
Au/MgO (black) and Ru(0001) (gray). Similar vibrational modes are
resolved in both cases, indicating that the molecule adsorbs associa-
tively on the two surfaces (Stiehler et al. 2015) (color figure online)

Fig. 6 Calculated structures of
a CO; - CO; dimer and
intermolecular arrangement of
CO, molecules in solid CO,
[Adapted from Rossi and Jordan
(1979)] (Freund and Roberts
1996)
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knowledge may now be used to proceed to a situation
where molecules at the rim are actually involved in a
chemical reaction. Here we combine the above discussed
ability of the Au particles to accumulate negative charge
and consider a reaction of carbondioxide (Freund and
Roberts 1996; Solymosi 1991). To transfer an electron to
an isolated CO, molecule affords 0.6 eV and is thermo-
dynamically unfavorable (Compton et al. 1975). However,
a CO,-dimer has a negative electron-affinity (0.9 eV), as
has been shown through electron attachment experiments
in molecular beams and corroborated by calculations
already decades ago (Pacansky et al. 1975; Stamatovic
et al. 1985; Quitevis and Herschbach 1989). The structure
of such a dimer is plotted in Fig. 6 (Rossi and Jordan 1979)

@ Springer

in comparison to the local structure found in solid CO,.
Therefore, electron transfer to a dimer, which might be
encountered at a surface at sufficiently high coverage,
should be thermodynamically favorable.

On this basis, we propose the following scenario (Calaza
et al. 2015; O’Brian et al. 2015): the Au nano-particles on a
thin MgO(100) film are negatively charged and may be
used as a source to trigger electron transfer to CO, dimers
possibly inducing the formation of an oxalate species,
which is nothing but a CO,-dimer-anion with an extra
electron transferred, concomitantly to forming a carbon—
carbon bond to C2042_. Of course, since the Au particles,
according to the paper by Pacchioni and Landman (Ricci
et al. 2006), alluded to above, only accumulate negative
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COgzyg

Fig. 7 Schematic showing the individual steps of oxalate formation
upon chemisorption of CO, on the rim of 2D Au islands on thin
MgO(001)/Ag(001) films. (Calaza et al. 2015) Carboxylate species
(green) are formed both on defect sites of the MgO film and on the
rim of the 2D Au islands by electron transfer. Only on the latter,
additional CO2 (yellow) is able to solvate the carboxylate species
yielding a (CO,),-dimer ion, which, after an additional electron
transfer, results in adsorbed oxalate C,O4,- (red). This reaction does
not occur on 3D Au particles (O’Brian et al. 2015) (color
figure online)

charge in the raft-like flat geometry, it is conceivable, that
upon heating, as we increase the mobility of Au atoms on
the oxide, three-dimensional Au nano-particles are formed,
and electron transfer to the Au nano particle becomes
unfavorable, the reaction is shut off. This scenario is
depicted schematically in Fig. 7. Here individual CO,-an-
ions are also shown, formed at defect of the MgO film. The
latter is quantitatively and qualitatively consistent with
studies before through EPR titration of oxygen anions and
IR measurements on CO, on other oxide films (Sterrer
et al. 2006; Seiferth et al. 1999). However, at those defects,
only a single electron transfer may be achieved.

COz - 2 ML MgO(001)/Ag(001)

S
1295 p=
CO: - Au/ 2 ML MgO(001)/Ag(001)
Tanneal
14051393 1295 1220 403

ARR 1 %

LANL L I R [N B L B BN B L LR LI B L B I B B B

1600 1500 1400 1300 1200 1100
wavenumber / cm™'

Fig. 9 IRA spectra of bare (top) and Au-loaded 2 ML MgO(001)/
Ag(001) samples recorded after a saturation dose of CO, at 223 K.
Au was deposited at 100 K and the samples subsequently annealed to
the indicated temperature prior to CO, adsorption (O’Brian et al.
2015)

This is, in fact what is experimentally observed. Here we
present part of the experimental evidence and refer to the
published literature for details. Figure 8 shows STM ima-
ges of a raft-like Au anno-particle after exposition to CO,.
Clearly, molecular protrusions are observed at the rim
(Calaza et al. 2015). Infrared spectra, taken as ensemble-
averaging data, are also plotted as a function of tempera-
ture. The top trace shows the clean MgO film after expo-
sure to CO,. The band at 1295 cm™" is due to carboxylate
(CO,") formed at defects. This was verified through iso-
topic labeling experiments (Calaza et al. 2015). The second

Fig. 8 STM topological images of an Au particle with isophorone molecules at the rim (left panel), the Au island is schematically shown as a
model. The right hand panels show a similarly shaped Au particle without adsorbed isophorone particle (Stiehler et al. 2015; Calaza et al. 2015)
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Fig. 10 STM images of (a) Au
deposited on 2 ML MgO(001)/
Ag(001) at 77 K, and after
subsequent annealing of the
system to 343 K (b), 400 K

(c) and 500 K (d). All images
were taken at 77 K. Scan area:
a—c 25 nm x 25 nm;

d 50 nm x 50 nm.

Upias = +(0.5=0.75) V. I, = 30
pA. e Height profiles of
representative islands/particles
from the 400 K (dashed line)
and 500 K (dotted line)
annealed samples, highlighting

the transition from 2D to 3D
geometries (O’Brian et al. 2015)

trace has been recorded after Au deposition, the formation
of the raft-like particles, and exposure to CO, at room
temperature. The two extra bands are due to the formation
of oxalate. Again, detailed isotopic labeling experiments
confirm the formation of a C—C bond in oxalate. Here we
profit from the possibility to not only label the CO,
molecules adsorbed but also the possibility to label the
oxide film by forming it using '®0, instead of 1°0,. This
provides the unique way to differentiate the species formed
from carbonate, which would need the involvement of
oxygen from the substrate. For the subsequent spectra the
temperature of the system has been systematically
increased. Clearly, upon heating above 400 K prior to
exposure to CO,, the oxalate bands attenuate (O’Brian
et al. 2015), and by 600 K have practically disappeared. If
this information is combined with the STM data shown
also in Fig. 8, we may conclude that upon hearing above
500 K the particles tend to assume three-dimensional
morphology, thus corroborating the idea, that those parti-
cles do not provide electrons to induce oxalate formation.

It should be noted, that thermal desorption studies on the
system (Calaza et al. 2015) reveal that the formed oxalate
may be desorbed as CO, upon heating the adsorbate to a
temperature larger than 340 K. This is interesting, since
there is also the possibility to form CO and carbonate
(CO5*7) upon heating, an observation made for oxalates
formed in the presence of alkali co-adsorbates (Freund and
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Roberts 1996; Solymosi 1991; Paul et al. 1988; Toomes
and King 1996). It seems, that the low oxophilicity of Au
prevents the formation of carbonate thus rendering the
formation and decomposition of oxalate reversible in this
system. As a final note in reference to the study of iso-
phorone, presented above, we studied the influence of the
negatively charged oxalate molecules onto the quantum
well states of the Au nano-particles. The situation is quite
different from the previous one, as the negative charge
located at the rim represents, de facto, an increase in barrier
height for the Au electrons, thus leading to the reverse
effect on the spacing of the quantum well states as com-
pared to isophorone. We have discussed this comparison in
the literature (Fig. 9).

The example demonstrates, that basic knowledge may
be used to unravel the details of a surface chemical reaction
for those considerably more complex systems than metal
single crystals, and provide evidence at the atomic level.
One may now ask, whether this finding is only applicable
to those rather esoteric thin film oxide systems or whether
there is a way to transfer this to real powder catalyst sys-
tems? The answer is: possibly yes! We have previously
demonstrated (Shao et al. 2011), that the flat raft-like Au
structures may not only be formed at thin oxide films on
top of a metal substrate, which provides the source for
electrons, but rather also on thick oxide films, mimicking
the bulk situation. Here, the electron source is provided
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Fig. 11 Top and side views of the (a) monolayer and (b) bilayer
silica films on Ru(0001). Below the IR spectra of the two films are
depicted [adapted from Yang et al. (2012)]

through doping the oxide bulk with appropriate dopants
with low electron releasing energetics. We provided as an
example Mo dopants in a CaO (60 layers in thickness)
where in the presence of the dopants raft-like Au nano-
particles form, while in the absence of dopants Au grows
three-dimensional. It is envisioned that such systems could
be used to transfer the above ideas to real catalytic systems.
Experiments in this direction are under way.

2.2 Silica films

The group of the author has been studying silica films since
about a decade in an attempt to provide a model substrate
to study silica supported catalyst systems. One such sys-
tem, envisioned is the Philips catalyst, where chromia is
grafted to typically amorphous silica catalyzing the poly-
merization of ethene to poly-ethylene (McDaniel
1985, 2010). Our research in this direction had been
inspired by work at the group of Adriano Zecchina in
Torino (Groppo et al. 2005). We have not yet succeeded,
but the example shown in this section demonstrates the

way to tackle such a research problem and the kind of
obstacles that have to be overcome. The challenge, before
one could even consider grafting chromia to silica is to
prepare an amorphous silica film, which allows for a
characterization at the atomic level. In 2005 Weissenrieder
et al. (Weissenrieder et al. 2005), in collaboration with
Joachim Sauer’s theoretical work, succeeded to image a
monolayer silica film on Mo(112), after its preparation
before by Schrider et al. (Schroder et al. 2000). In this film,
the SiO, tetraedra are linked into six-membered rings, with
one of the Si—O bonds directly connected to the metal
substrate. This shown in Fig. 10 for a Ru(0001) surface
where the same type of silica film may be prepared (Yang
et al. 2012). The stoichiometry of this film is SiO,s.
However, on the latter metal surface, a bi-layer film may
also be formed, as demonstrated in 2010 by D. Loffler et al.
(2010), which has SiO, stoichiometry, and is only bound to
the metal substrate by dispersive forces. The network
formed, as viewed from above (e.g., by STM) is identical
to the monolayer, but the vibrational spectrum, as also
shown in Fig. 10 reveals directly the differences in bond-
ing. Therefore, in a combination of STM and IR spec-
troscopy the bi-layer film may uniquely be identified.

The Si—O-metal bond sows up in the monolayer at
1134 cm™!, while this band is missing in the bi-layer, and,
instead, the Si—O-Si bond is observed at 1300 cm~'. While
this is an ideal substrate to proceed in the direction indi-
cated above, the film is ordered and we need an amorphous
film. Note, that those films are prepared by depositing Si in
an oxygen ambient at tested surface temperatures. Fig-
ure 11 shows STM images and LEED patterns of a film
prepared at different deposition conditions. The films
characterized on the left appears crystalline, with the STM
revealing the hexagonal ring structure and a sharp spot
LEED pattern, while the film on the right, shows a diffuse,
ring-like LEED pattern and an irregular STM image,
apparently showing rings of different size. The latter has
later been identified in a detailed study by Lichtenstein
et al. (2012a, b, ¢) and shown in Fig. 13 as a realization of
the never before experimentally directly proven structure
of amorphous silica, proposed by W.R. Zachariasen in
1932 (Zachariasen 1932) as the standard model for amor-
phous silica.

Figure 12 shows two images, taken with a setup, that
allows for recording STM images and nc-AFM images at
the same sample position. While STM is sensitive to the
oxygen contrast, nc-AFM reveals the Si contrast. By
superimposing the two images a clear picture of the
amorphous silica structure is revealed, clearly identifying it
as in line with the Zachariasen-structure. This film, there-
fore, is the ideal substrate to proceed with the task outlined
at the top of this chapter. It is an amorphous silica layer of
correct stoichiometry, whose structure we are able to
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Fig. 12 (Top) LEED patterns
(at 60 eV) and STM images
(bottom) of the bilayer silica
films prepared by slow (on the
left) and fast (on the right)
cooling after the high
temperature oxidation step in
the film preparation [Tunneling
parameters: 2 V, 0.1 nA (left);
3.3V, 0.1 nA (right)] (Yang
et al. 2012)

Fig. 13 a, b Both images represent a single atomically resolved
constant height measurement, where a shows the nc-AFM and b the
STM channel. Imaging parameters for a: oscillation ampli-
tude =0.27 nm, gray scale from —1.0 Hz (dark) to +0.6 Hz (bright);
for b: Vg = 100 mV, gray scale from 50 pA (dark) to 500 pA
(bright); for both a and b: scan area =2.7 nm x 3.9 nm. In a the
structure of the Si atoms is visible, whereas b reveals the arrangement
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of the O atoms. An atomic model of the topmost layer of the silica
film is superimposed onto the lower right corner of the images in
a and b (green balls: Si atoms, red balls: O atoms). (Lichtenstein
et al. 2012¢) Zachariasen’s scheme (Zachariasen 1932) of a random
network (black dots: cations, white circles: anions) (color
figure online)
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Silica film in liquidAFM

)
|

Fig. 14 a Liquid-AFM image of an amorphous silica bilayer film
show ring resolution (5 x 5 nmz, f=337kHz, A =0.2nm,
k = 26.4 N/m, 400 mM aqueous NaCl solution). b UHV-STM image
of an amorphous silica bilayer film with atomic resolution of silicon
atoms. (5 x 5nm? I, =50\, V, =2 V). The silicon atoms are

investigate at the atomic level. The next step towards the
goal has to be the grafting of the Cr species to the surface.
However, for this the surface needs to be hydroxylated.
This turns out to be difficult as the film is extremely stable,
even under water. We have recently been able to image the
film under water using a commercial AFM system with
near atomic resolution as shown in Fig. 13 (Burson et al.
2016). The ring structure, as compared with an image taken
under UHV conditions is visible and there is no indication
that this leads to any significant hydroxylation, except at
surface defects.

The only way to significantly hydroxylate the film is by
electron bombardment after exposing the silica film to an
ice layer (Yu et al. 2016). We have recently demonstrated,
that this leads to the formation of different hydroxyls,
whose nature was unraveled using calculations performed
by the Sauer group. The type of hydroxyl groups, formed
upon electron bombardment, in-line with the experimental
observations, are schematically shown in Fig. 14. The
hydroxyl groups are formed with an orientation parallel as
well as perpendicular to the surface. Only those with a
dipole moment perpendicular to the surface may be iden-
tified with IR spectroscopy, while those parallel to the
surface need characterization with off-specular electron
energy loss spectroscopy. The latter study is underway
(Richter et al. 2016). Once the information is available, we
will proceed with grafting of the chromia species, and the
model system is ready to investigate the reaction in ques-
tion (Pan et al. 2016) (Fig. 15).

Silica film in LT-UHV-STM

marked in green for several rings. Red, orange, and yellow
measurement bars show examples of ring center—center distances
for the first three families of ring neighbors identified in the
amorphous silica bilayer. Several individual rings are marked in each
image (Burson et al. 2016) (color figure online)

3 Conclusion

This study is intended to demonstrate the idea of model
studies in catalysis and the effort necessary to establish
model systems, that allow reaching conclusions connected
with catalysis under realistic conditions. We have provided
evidence, that models may provide detailed evidence at the
atomic level, which at present cannot be attained with real
catalysts, simply because the techniques available do not
allow characterization at the detail necessary. The hope is
that future developments enable more detailed studies also
for real systems. Perhaps the newly developed-aberration
corrected transmission electron microscopy will allow in
the future to gain atomic level information at the surface of
real powder catalyst systems as well. Clearly, there is much
effort needed to finally be able to look at the working
catalyst at atomic detail. Only this will finally allow us to
deeply understand and design catalytic material. While
heterogeneous catalysis is complex process and involves
complex materials, similar situations are encountered in
homogeneous and enzymatic catalysis. At first sight, one
might argue that the structure of molecular complexes or
even enzymes are explored by scattering and spectroscopic
techniques, but if one is honest, the presence of solvents
and the non-crystalline environment in solution still present
huge challenges to establish in situ structure function-re-
lations for those branches of catalysis as well. In this sense
the community should strive for a unifying concept in
catalysis.

@ Springer



S16

Rend. Fis. Acc. Lincei (2017) 28 (Suppl 1):S5-S18

! !
L o WV a8 W

¢ $ ¢

B VJ00 ©20a

b4 o4
-] [«} -]
000000

(b) side view

D
LA
?‘u D1‘d1 (?‘\ b ¢ 01 (’\“\:—1’32
QoY e
o (o} {:fgz " o™ ,+ 10?4
é o, 24 v olele
' ) DZ )
LR S ) G 2.
L 1

-] (6] -]
0000000
(d) side view

Dy D,

Si;\ot Si 70t
"“5‘\“*@ uﬂLQ\A‘A&
_tl\ v J \J/
Ong d ’ + } + +
o 0oV -:‘\[%#Qv@
S‘a b { Sia

O3
o o
000000
(f) Structure Il

o o o
000000
(e) Structure Ib

Fig. 15 Top (a) and side (b) views of the pristine silica bilayer. Top
(c) and side (d) views of the hydroxylation structure Ia. e Side view of
the hydroxylated structure Ib. f Side view of the structure that forms a
Si—O-Ru bridge to the Ru surface. Si, O and Ru atoms are shown in
yellow, red, and gray, respectively. The O (or H for a H-precovered
model,) atoms only adsorbed on the Ru(0001) surface are shown in
blue (Yu et al. 2016) (color figure online)
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