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10. Thin Oxide Films as Model Systems
for Heterogeneous Catalysts

Hans-Joachim Freund (®, Markus Heyde
Swetlana Schauermann, Thomas Schmidt

This chapter summarizes efforts to use thin oxide
films as model supports for heterogeneous cat-
alysts. We demonstrate that the oxide film route
provides a useful platform to study oxide surfaces,
per se its interaction with species from the gas
phase, supported metal and oxide nanoparticles
using the entire tool box of surfaces science under
ultrahigh vacuum conditions. The extension to use
thin oxide films as template also under ambient
conditions or under water, is discussed and the
potential to use oxide films as genuine two-di-
mensional materials is exemplified with vitreous
and crystalline silica films.
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10.1 Preamble

Reprinted with permission from [10.1], © 2016 Ameri-

can Chemical Society.

“A detailed understanding of processes at surfaces
requires knowledge of the surface structure at the
atomic scale. Unraveling this knowledge for metal
surfaces caused the success of surface science and
its application to chemical reactions at surfaces and
heterogeneous catalysis culminating in the 2007
Nobel Prize for Gerhard Ertl [10.2]. The surface
science approach was limited for quite a while
to metal single crystal surfaces. Only in the mid-
nineties, the books by Cox [10.3], by Henrich and
Cox [10.4] as well as by Noguera [10.5] on ox-
ide surfaces alerted the broader community that
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this important class of materials should also be
included into consideration of surface scientists.
The field of oxide surface science has been de-
veloped since. The oxide single crystal surface
for which most of the data have been published
is TiO(110) [10.6,7]. Henrich and Cox [10.3,4]
also pointed out that reproducible preparation is
at the heart of studies on oxide surfaces, specif-
ically bulk single crystal surfaces. Based on this
comment researchers started to think about alterna-
tive routes to reproducibly prepare oxide surfaces,
which led to the birth of thin oxide film surface sci-
ence [10.8-17]. The idea was to grow oxide films
on metal single crystals using the rules of epitaxial
growth. If made sufficiently thin, surface charg-
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ing, which hampers the investigation of insulating
bulk oxides when using charged information car-
riers, such as electrons or ions, does not occur.
The field has further developed tremendously in
recent years. Two books [10.18,19] and a num-
ber of review articles have been published on the
subject [10.8—17] providing the reader with an im-
pression of what has been achieved. A wide variety
of techniques has been applied to study oxide thin
films, as collected therein. The present chapter will
discuss a number of examples, mainly from the
laboratories of the authors, to demonstrate how the
field has developed and to highlight interesting av-
enues for future research in this area.

Before we discuss specific examples, we
would like to address a few general scenarios, as
schematically indicated in Fig. 10.1. Figure 10.1a
shows an oxide film of a thickness chosen in such
a way that the buried interface between oxide film
and metal support does not influence the surface
properties of the oxide film. Molecules, metal or
compound (for example another oxide) nanoparti-
cles, deposited and adsorbed on the surface, would
experience the same geometric and electronic envi-
ronment as on a bulk single crystal surface. A dif-
ferent situation is depicted in Fig. 10.1b. Here, the
film is so thin that the buried interface influences
the properties of the oxide surface, at least elec-
tronically, even if the geometric structure were the
same as on a bulk single crystal surface, or, instead,
it radically changes structure and properties. These
ultrathin films are used to create novel materials or

)
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02-10m | Oxide

Metal
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Oxide Oxide
Metal 1 Metal 2

Fig. 10.1a-f Schematic illustration of various thin film systems and scenarios. Reprinted (adapted) with permission
from [10.1] Copyright (2016) American Chemical Society

grow films that are hard to prepare as thicker sam-
ples [10.19]. Examples are silica films [10.20-22],
aluminosilicate films [10.23], modeling zeolites or
films of quasi crystals [10.24]. However, it may
also be used to develop and test general concepts
by controlling certain parameters via the presence
of the oxide—metal support interface. Consider, for
example, charge transfer processes. If the energy
to remove an electron from the buried oxide—metal
interface is smaller than the energy released by
attaching this electron to an adsorbate, then this
process is favorable and will occur if an appro-
priate electron transport mechanism is available in
the system under consideration [10.25-27]. Such
systems may be of interest for studying electron
transfer to adsorbed metal nanoparticles, in or-
der to investigate the general influence of electron
transfer on the chemistry on supported particles
and on the interface between the metal nanopar-
ticle and the oxide film. Another option is to
create a film, which does not fully cover the metal
support, so that there is an open oxide metal
interface between the oxide film and the metal
single crystal (Fig. 10.1c) [10.28]. This is often
called an inverse catalyst (inverse with respect to
metal particles on oxides) which allows the inter-
rogation of the oxide—metal interface [10.29-31].
The nomenclature is, however, somewhat mislead-
ing, as it implies that for the interface it does
not matter whether one investigates metals on
oxides or oxides on metals. Obviously, this is
incorrect, because the surface will be different.
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Still, those investigations may be useful in their tive. Given the envisioned homo-epitaxial growth
own right. A situation, schematically represented on top, those oxygen vacancies would diffuse into
in Fig. 10.1c may be encountered when dealing the film grown on top upon thermal treatment.
with the so-called strong metal support interac- However, if a so-called blocking layer is intro-
tion (SMSI) [10.32—41]. The scenarios sketched in duced, the ultrathin film, grown on top will not be
Fig. 10.1b and Fig. 10.1c are, of course, relevant influenced by the exchange of vacancies with the
to model catalysts and conceptually such studies underlying substrate and will behave, as if it was
also offer the possibility to combine them with grown on a conductive substrate. Yet the entire sys-
approaches modeling the bulk situation based on tem would represent a bulk material. This might
the scheme depicted in Fig. 10.1a. Figure 10.1d, be a procedure to approach the situation encoun-
again, shows an oxide film of sufficient thick- tered for bulk single crystals, using, however, the
ness to model the bulk without interference of advantages of thin film preparations. There is one
the buried metal-oxide interface. However, in this aspect, which needs to be included conceptually
case, dopants have been implanted into the ox- in this introduction. This aspect is concerned with
ide film [10.42-48]. If the appropriate combination the possibility to remove ultrathin films from their
between host material and dopant is chosen then substrate to create truly two-dimensional materials
one might envision that those dopants serve as (Fig. 10.1f), similar to graphene [10.54-56], but
sources for electron transfer to induce a situa- based on oxides [10.57,58]. Those films may, of
tion, which is similar to the one encountered for course, be used to create stacks of two-dimensional
ultra-thin films, described above. Within limits, materials of varying stoichiometry and varying
such an approach may be compared with the stan- electronic properties [10.59].”
dard approach in semiconductor physics, where
n- and p-doped semiconductors are used to engi- Reprinted with permission from [10.1], © 2016 Ameri-
neer the band structure and, thus, the electronic can Chemical Society.
properties of those materials [10.49,50]. Realiz-
ing that dopants control the electronic properties The paper is organized in four sections: We first report
of oxides offers yet another possibility for study- on structural properties of epitaxial oxide films, then we
ing ultra-thin films. Imagine the situation depicted turn to tuning the structural and electronic properties
in Fig. 10.1e: Here, an ultrathin oxide film is grown of oxide films, before we discuss their chemical reac-
homoepitaxially on a specially prepared substrate tivity. While in those sections we report on properties
of the same oxide [10.51-53]. In this substrate characterized mainly under UHV (ultra-high vacuum)
oxygen vacancies have been created in the oxide conditions, in the final section we attempt to look at ox-
by reduction, which renders the substrate conduc- ide films beyond UHV in an ambient.
10.2 Structural Properties of Epitaxial Oxide Films
Reprinted with permission from [10.60]. © 2019 Mate- figurations [10.19,63]. In the following, we will
rials Research Society. introduce the oxide films explored in our group
“The number of thin-film model systems that have starting Wi.th b.i nary ionic alkaline earth oxide
been prepared and characterized in the past is enor- surfafzés with mmp%e rock ;alt structure towafds S
. . .. transition metal oxides, which can pose consid- 3
mous and covers almost all binary oxides existing erable challenges with respect to possible surface w
in the bulk [10.8,11,19,61]. In fact, the variabil- .. . . —
. . . . terminations. The structural properties provide the -
ity of thin-film oxides is even larger than that of . . . =)
necessary basis for the subsequent discussion of 2

their bulk counterparts. The reason can be found
in the much higher structural and compositional
flexibility of oxide films of few-monolayer thick-
ness, giving rise to a plethora of nonstoichiometric,
strained and polar structures that would be un-
stable in the bulk limit [10.8, 62]. Moreover, the

the electronic as well as chemical properties dis-
cussed in Sect. 10.3 to 10.5.

10.2.1 Mg0 and Ca0(100) Films

geometric template effect of the substrate com-
bined with different electronic coupling schemes
is able to stabilize various unusual thin-film con-

The two rocksalt oxides MgO and CaO are proba-
bly the most prominent model systems for chemi-
cally and catalytically-driven surface science stud-



270 PartB I Surface Crystallography

b) (o)}

[100]/«

2 nm

EROBERS
—»=[100] 1 nm
1 nm 5 nm

Fig. 10.2a-c Low-temperature STM (scanning tunneling microscopy) images of a 4 ML (monolayer) MgO(100) film on
Ag(001), showing an atomically resolved terrace region (a), overview and atomically resolved images of a regular step
edge (b) and an irregular step edge (c). Only one ionic sublattice of the MgO is resolved in the measurement. Reproduced
with permission from [10.60], © Materials Research Society 2019
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ies [10.10]. Their importance relies on several
aspects. The rocksalt oxides are characterized by
particularly simple structural and electronic prop-
erties, i.e., a cubic unit cell with two atoms in
the base and a wide, electronic band gap, respec-
tively. As a consequence, they are highly accessi-
ble to theoretical calculations, but can also be pre-
pared on a variety of squared atomic lattices with
matching dimensions. Suitable supports for MgO
(lattice parameter 4.2 A) are Ag(001) [10.64],
Fe(001) [10.65] and Mo(001) [10.66,67], while
CaO (lattice parameter 4.8 A) is typically grown
on Mo(001) [10.68]. Given the symmetry of the
support, the rocksalt layers develop their thermo-
dynamically preferred (100) termination that is
both structurally compact and charge compensated
(Fig. 10.2). Attempts to stabilize alternative rock-
salt surfaces, e.g., the (111) termination, turned
out to be challenging at least in an UHV en-
vironment [10.69]. This can be explained with
the polar nature of the hexagonal rocksalt plane,
which needs to be compensated for either by sur-
face reconstruction or adsorption of charged ad-
species [10.70, 71].

The structural quality of MgO and CaO(100)
films is largely governed by a nonperfect lattice
match with the support, which induces interfacial
lattice strain and needs to be released by structural
distortions in the film. Not surprisingly, relatively
smooth and homogenous MgO films has been
grown on Ag(001) that features only 3° lattice mis-
match with bulk MgO (Fig. 10.2) [10.64]. The film
quality can be further improved by post-annealing
these layers at 773 K, followed by a slow cooling-

down procedure [10.72,73]. The lattice mismatch
due to Mo(001) is considerably larger (5.3°) and
results in the development of a dense dislocation
network to compensate the strain [10.67]. These
line defects share a number of properties with
the grain boundaries in realistic, polycrystalline
MgO, and shall thus been discussed in more de-
tail [10.74].

The dislocation network has a periodicity of
55—60 A with straight defect lines running parallel
to the MgO[110] direction, as revealed with STM
and grazing incidence x-ray diffraction (GIXD)
in real and reciprocal space, respectively [10.75].
Along these directions, an extra Mg—O row that
has no counterpart in the Mo support is intro-
duced for 18 regular oxide rows. The result is
a (19x19) MgO on (18 x18) Mo coincidence
lattice with square symmetry (Fig. 10.3). On the
atomic scale, the dislocation network is associated
with periodic switches of the interface registry,
changing from O to Mg ions sitting atop the Mo
atoms of the support. Energetically, the O-Mo
registry is preferred, as reflected in a shorter in-
terface binding length (2.3 A) as compared to the
Mg-Mo domains (3.5A) [10.76]. As the O-Mo
and Mg-Mo regions lie on different height levels,
the MgO films develops a considerable mosaic-
ity, being reflected in a prominent splitting of the
fundamental MgO spots in low-energy electron
diffraction data [10.75]. The modulated interface
distance also produces a work function pattern on
the MgO film, in which high work function values
are found for the Mg—Mo registry, while values for
the O-Mo domains are 1.5eV lower. The differ-
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Fig. 10.3a—d STM images showing several states of strain relaxation in MgO thin films on a Mo(001) support (100 x 100 nm?,
Vs = 4.0V). (a) Submonolayer coverage with square shaped MgO islands. Their size is controlled by the interfacial lattice strain.
(b) 3 ML thick film displaying a squared coincidence lattice. (c) 7 ML thick film characterized by wide, atomically flat terraces,
separated by edge and screw dislocations. (d) 18 ML film with bulk-like lattice parameter. The image quality in (d) is degraded
due to the vanishing conductivity of thick MgO layers. Reproduced with permission from [10.60], © Materials Research Society

2019

ence can be explained with the suppressed electron
spill-out from the Mo support at the compact O—
Mo interface [10.77]. The reduced thermodynamic
stability of the Mg—Mo registry finally leads to
a higher concentration of point defects in these
domains [10.78]. The strain-induced dislocation
network on MgO/Mo thin films gives rise to a spa-
tially modulated adsorption behavior that can be
exploited as template for the preparation of well-
ordered ensembles of metal particles [10.76].

With increasing oxide thickness, additional de-
fect types develop next to the dislocation network
(Fig. 10.3). Prominent defects at 10 ML film thick-
ness are screw and edge dislocations the latter
being aligned with the nonpolar MgO[100] di-
rection [10.75]. Also point defects, in particular
oxygen vacancies, become more abundant. They
mostly locate along step edges, where the atomic
coordination is reduced with respect to atoms em-
bedded in a compact terrace. The lattice position
of oxygen vacancies has been thoroughly charac-
terized by angle-dependent EPR (electron param-
agnetic resonance) measurements in combination
with scanning probe techniques [10.79, 80].”

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.

Oxygen vacancies can be stabilized in three charge states
on the oxide surface that is as neutral (F°), singly (F*)
and doubly charged color centers (F2T). The latter turned
out to be energetically unfavorable in thin films given
the quasi infinite electron reservoir of the metal support
just below the film. Recent STM and AFM (atomic force
microscopy) experiments have proven that the precise
charge state of the color centers can be determined on
the single-defect level (Fig. 10.4). Whereas STM con-
ductance spectroscopy evaluates the energy position of
defect-induced gap states in MgO [10.81], AFM probes
the electrostatic interactions between the charged defect
and the probe tip [10.82].

Charge trapping is not only observed for point de-
fects, but plays an even larger role for extended line
defects in MgO thin films. Several experimental and
theoretical evidences have been accumulated that show
the enormous ability of line defects to trap excess
electrons [10.74]. Quantitative data comes from EPR
spectroscopy, where a pronounced bulk-like resonance
at ¢ =2.003 shows up after filling the electron traps
by exposure to atomic hydrogen [10.83]. From the dis-
appearance of the signal after annealing to 500 K, the
depth of the trap states was estimated to ~ 1.0eV be-
low the conduction band onset, in good agreement with
DFT (density functional theory) models of the MgO
grain boundaries [10.84]. Local information on the po-
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Fig. 10.4 (a,b) STM images (25 x 25nm?) of a MgO island on 4 ML MgO/Ag(001) imaged at Vs = 4-3.5 and —3.5 V.
(c,d) Continuous scanning of the same surface region at high positive bias produces distinct defects that can be assigned
to F* (type 1) and F (type 2) color centers. (e) Constant current and conductance images of type 1 defects located at an
MgO step edge taken at different bias voltages (5 x 5nm?) [10.81]

sition of the electron traps inside the MgO film comes
from STM topographic and luminescence data [10.85].
In high-bias STM images, the MgO line defects appear
with negative contrast as compared to the regular film
(Fig. 10.5a). As the true geometric corrugation is small,
the dark appearance of the dislocations network is inter-
preted as an electronic effect. In fact, the high number
of electrons trapped in the defects leads to a local in-
crease of the electron potential, which in turn reduces
the transmissibility for tunneling electrons and forces
the STM tip to approach the surface. The shift of the
local electron potential due to excess electrons can be
quantified by probing the vacuum states above the MgO

surface via tunneling spectroscopy [10.86]. The spectra
reveal an upshift of the lowest resonance from 3.7 eV
on defect-free oxide patches to 4.4 eV above the dislo-
cation lines, in agreement with the anticipated presence
of excess charges in the defects [10.83].

Similar information is obtained from STM Iumi-
nescence maps taken on MgO/Mo films. The oxide’s
optical response is governed by radiative electron tran-
sitions from higher vacuum states to the ground state,
and defect-related potential shifts thus produce a con-
trast in the luminescence pattern (Fig. 10.5b) [10.85].
On regular MgO, the emission channel opens up al-
ready at 5.1V excitation bias and oxide terraces con-



Thin Oxide Films as Model Systems for Heterogeneous Catalysts

10.2 Structural Properties of Epitaxial Oxide Films
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Fig. 10.5 (a) STM image of 12 ML MgO/Mo(001) (100 x 100 nm?) taken as a function of bias voltage. The line defects
appear as deep grooves in the oxide surface as the bias increases. (b) Topographic image and photon maps (75 x 75 nm?)
taken at the bias position of the second vacuum state on MgO terraces (middle) and line defects (right). The contrast
reversal between both images reflects work function modulations in the film. Reprinted with permission from [10.83].

Copyright (2010) by the American Physical Society

sequently appear bright in those images. Conversely,
the optical channel becomes available only at 6.0 V in
defect regions, due to the upward shift of the vacuum
states, which results in a contrast reversal with respect
to the low-bias luminescence maps [10.83].

Charge trapping is a unique behavior of both, point
and line defects in MgO thin films. The often weakly
bound electrons are susceptible to be transferred into
adsorbates, making defects indispensable for the redox
chemistry of oxide materials [10.87, 88]. This interre-
lation has been verified in a number of adsorption and
reaction experiments on MgO films, demonstrating for
instance low-temperature CO-oxidation over defective
MgO/Mo(001) [10.89].

10.2.2 The Silica Film

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.

“The alkaline earth oxides discussed above rep-
resent a class of oxides, which tends to crystal-

lize in a well-defined simple lattice driven by the
Madelung potential of the highly ionic system.
As discussed above even such prototypical ionic
systems exhibit considerable structural complexity
in particular with respect to the defect structure.
Another level of complexity arises if the sys-
tem under consideration tends to form amorphous
structures.

The prototype for amorphous network struc-
tures is silicon dioxide. This material is the sim-
plest and most common type of glass. Many ele-
ments and compounds can form glasses and some
of the oldest man-made objects found are made
from glass materials [10.90-92]. Glass materials
and especially silicates are relevant in nature and
various branches of modern technologies, e.g., in
semiconductor devices, optical fibers and as a sup-
port in industrial catalysis [10.93]. In order to
push this material class forward and to understand
chemical reaction at surfaces in the context of het-
erogeneous catalysts, we should characterize their
structures and properties at the atomic scale.
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Fig. 10.6a-c Atomically resolved crystalline and vitreous regions of the thin silica film by STM (the scan area of image
(a,c) is 3.5 nm x 3.5 nm). Reprinted (adapted) with permission from [10.21]. Copyright (2012) American Chemical Soci-
ety. An atomic model of the topmost layer of the silica film is superimposed onto the lower section of the images in (a,c)
(green balls: Si atoms, red balls: O atoms). Zachariasen’s scheme of crystalline and glass network structures is given
in (b) for comparison [10.94]. Reprinted (adapted) with permission from [10.94]. Copyright (1932) American Chemical
Society

W.H. Zachariasen postulates laid the founda-
tion to the so-called Random Network Theory 80
years ago to explain the structure of amorphous
materials [10.94]. Due to the comparable mechan-
ical properties of amorphous and crystalline mate-
rials he assumed that the bonding forces between
the atoms in the two phases should be essentially
identical. The lack of periodicity and symmetry
are the main features that distinguish a glass from
a crystal. Early on, it had been suggested that
tetrahedral atomic configurations were required to
form glasses. Zachariasen used these predictions
to sketch an atomic picture of a glass. In his pa-
per he reduced the three-dimensional (3-D) picture
into a two dimensions (2-D) analogy (Fig. 10.6b).
For silicon dioxide, the simplest structural unit in
the 3-D case is a SiOy tetrahedron. If the complex-
ity of the system is reduced from 3-D to 2-D, the
simplest structural unit for silicon dioxide changes
from the SiOy tetrahedron to a SiOj triangle. The
brown circle in Fig. 10.6 marks the SiO3 building
unit. The SiO3 triangles are linked to each other
as individual building blocks at fixed 180° angles,
corresponding to a crystalline material. This cre-
ates long-range order and periodicity. If the angle
between these structural units varies, the building
blocks can develop an extended network with rings
of different sizes. As can be seen in Fig. 10.6b
(bottom) the uniform structural units are linked to
each other at apparently random angles. Zachari-
asen drew a 2-D diagram in which trigonal units
are linked together to create the amorphous net-
work. Due to the large variety of Si—~O-Si angles
which bridge two neighboring building units, the

glass structure lacks periodicity and long range or-
der.

In our department we have developed a recipe
to grow thin silica bilayer films on Ru(0001). This
film system nicely verifies the complex atomic ar-
rangement of the Random Network Theory with
a striking similarity. The observed protrusions at
atomic separations in the STM images shown
in Fig. 10.6a,c. are arranged in propeller shaped
structures. By comparing to Zachariasen’s model
and based on this propeller symmetry the protru-
sions can be assigned to Si atoms (green balls
in Fig. 10.6a,c). Such propeller shaped units have
been separately marked in Fig. 10.6. Here, a Si sen-
sitive contrast is observed and the position of the O
atoms has been calculated based on the Si coordi-
nates. In this way the 2-D model of the topmost O
and Si atoms has been completed. Please note that
a modified tip termination can make the O instead
of the Si positions visible [10.21]. This silica film
system corroborates crystalline structures [10.20],
but also verifies Zachariasen’s predictions of a vit-
reous random network for a glass [10.22].

Besides the separate characterization of
each phase, also interface structures between
crystalline and amorphous phases have been ad-
dressed [10.95]. In the glass community, there has
always been a controversy about how crystalline
and vitreous phases are connected to one another.
From the experimental point of view, a real-time
observation at the atomic scale of an active front
during a glass transition process is not currently
feasible. But a static image of such an interface
region can be gained. For further details see [10.95].
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Furthermore, it should be mentioned that sil-
ica bilayer films can be grown on a number of
substrates [10.22,96-98], which leaves room for
tuning the properties of these films, but also shows
that these films resemble a completely new materi-
als class of its own.

With these experiments, a clear image of an
amorphous material has been obtained which al-
lowed for the first time the derivation of atomic
sites and a detailed analysis from real space coor-
dinates. The text book example of the amorphous
silica structure proposed by Zachariasen in 1932
has thereby finally been verified. Also Mo(112)
and Pt(111) substrates have been used to prepare
thin silica films.

10.2.3 Iron Oxide Films

The oxide films discussed so far were simple in the
sense that the oxidation state of the constituents
is well-defined. This restriction is lifted if transi-
tion metal oxides are considered. In addition, the
ability to form oxides with different formal oxi-
dation states of the metal ion is associated with
changes in the bulk crystal structures. With respect
to the atomic structure of the surfaces observed for
different oxides the surface termination becomes
a central aspect. To illustrate these aspects we will
present results on iron oxide films.

Iron oxides films have a wide field of tech-
nological applications, ranging from magnetic de-
vices to heterogeneous catalysis [10.99, 100]. This
class of material exhibits rather different magnetic
or conducting properties [10.101] depending on

Fig. 10.7a=c Models of iron oxides structure for (a) wustite (FeO), (b) magnetite (Fe30,4), and (c) hematite (a-Fe,03)

their crystal structures, which is strongly deter-
mined by the way of preparation. The morphology
and termination of the oxide film have a strong
influence on the chemical properties and are, there-
fore, subject of intense studies [10.102—-105].”

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.

Figure 10.7 briefly sketches the crystal structures of
iron oxide phases discussed in the following, the main
ones being FeO (wustite), Fe;O4 (magnetite) and o-
Fe,O5; (hematite). For a more detailed overview of
these different crystalline structures see Weiss and
Ranke [10.102] a-Fe,0;3 crystallizes in the corundum
structure with a hexagonal unit cell. Along the [0001]
direction the O anions form a close-packed hcp sublat-
tice with ABAB stacking. The Fe’* species between
these layers are arranged in honeycomb (+/3 x +/3)R30°
like layers. Fe3Oy4 crystallizes in the inverse spinel
structure. The O anions form a close-packed fcc sublat-
tice (ABC stacking along the [111] axis of the lattice)
with Fe?* and Fe?* cations located in the interstitial
sites. The O planes are similar to those in a-Fe,O3. Be-
tween the close-packed planes of oxygen ions either one
Kagomé or three hexagonal (mixtrigonal) Fe layers al-
ternate. Both ion sublattices are arranged in a (2x2) like
fashion on the close-packed oxygen layer. FeO crystal-
lizes in the rock salt structure, hence the O and Fe (111)
planes form ideal two-dimensional hexagonal lattices
with a cubic ABC stacking sequence along the [111] di-
rection. FeO films in (111) termination are intrinsically
unstable as they develop a polar dipole that increases
with film thickness. The impact of the polarity on the
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Fig. 10.8a,b Morphology of a well-prepared Fe;O4 film, completely covering the Pt(111) support. Both LEEM images
show the identical surface area in (a) bright- and (b) dark-field imaging mode, utilizing the (0;0) and the (1/2;0) diffrac-
tion spots, respectively. The contrast is caused by the morphology. Additionally, domains rotated by 180° become visible
as dark areas in the dark-field image. Reprinted with permission from [10.106]. Copyright (2012) by the American

Physical Society

local surface potential largely governs the adsorption
behavior of the film, and can be probed with STM, for
example [10.107].

Morphology of Thin Fe304(111) Films
Fe;04(111) films of about 10 nm thickness were grown
on a Pt(111) single crystal support by repeated cy-
cles of Fe deposition at room temperature (RT) and
oxidation at elevated temperatures, after one complete
FeO layer was formed initially [10.102]. In each cy-
cle, between 5 and 10 ML of Fe was deposited, and
oxidized at 1 x 10~® mbar of O,, starting at RT, fol-
lowed by annealing to 900K, which was kept for
5 min. Upon cooling, the oxygen pressure was reduced
only after cooling to 500K. By following this proce-
dure, the Pt(111) crystal is completely covered by an
Fe;O, film (Fig. 10.8a). The LEED (low energy elec-
tron diffraction) pattern of the film matches perfectly
the one described in literature [10.108]. The film con-
sists of terraces up to a width of 100 nm, most of them
with polygonal shape. As seen in LEEM (low energy
electron microscopy), the step density increased af-
ter every cycle, especially > 20nm of film thickness.
However, the film could be smoothed if the final oxi-
dation treatment was done at an elevated temperature
of ~ 1000 K. Here, it was necessary that the film was
completely closed and thicker than 7 nm, otherwise the
annealing up to 1000 K led to a de-wetting (see the fol-
lowing section). A subsequent thermal flash in UHV
did not produce further morphological changes, but im-

proved the homogeneity of the surface structure (see
Sect. 10.2.3).

Magnetite crystallizes in an inverse spinel structure
with space group Fd3m, while the Pt substrate exhibits
a fcc structure with space group Fm3m. Therefore, the
F6304

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.

“islands created by initial nucleation on a clean
Pt(111) surface may coalesce with improper stack-
ing [10.109, 110] and form a complete film with
two twin domains rotated by 180°. Dark field
LEEM studies using the (1/2;0) and (0;1/2) spots
showed a predominance of one rotational domain;
coverage ratio for these rotational domains ranged
between 75°/25° and 98°/2°, depending on the
preparation condition. Figure 10.8b shows a dark-
field LEEM image visualizing the two rotational
domains as dominating bright and small black ar-
eas. This preponderance is maintained even after
subsequent cycles of Fe deposition and oxida-
tion. On average, the rotational domain size is
larger than the terrace width; some of the domains
were even several pm wide. A comparison be-
tween dark field and bright field LEEM images
shows that the rotational domains are preferen-
tially placed in correspondence of the step bunches
of the substrate, providing a partial correlation be-
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Fig. 10.9a-f Dewetted Fe3Oy film, studied by (a) LEED, (b—e) LEEM and (f) XPEEM. The LEED pattern shows a su-
perposition of the Fe;04 and FeO structures. The LEEM images use selected LEED spots as labelled in (a). In the bright-
field LEEM image (b) the Fe30y4 and FeO surface areas appear dark and bright, respectively. The dark-field images (c,d)
identify the Fe3Oy4 area with rotational domains, whereas in (e) only the FeO layer appears bright. (f) XPEEM image
using the Pt 4f;/, photoemission line. Adapted from [10.106]

tween substrate morphology and crystallographic
inhomogeneities.”

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.

Morphological Inhomogeneities
The oxidation temperature plays a crucial role for the
uniformity of the thin film.

Reprinted excerpt with permission from [10.106] ©
2012 by the American Physical Society.

“On the one hand it should be high enough to enable
the oxidation process, but on the other hand not too
high, especially during the first deposition cycles, to
avoid a de-wetting of the Fe; Oy film. The latter was
observed for a film thickness of 7 nm at oxidation
temperatures above 900 K, as FeO areas became
clearly visible in the holes of the Fe304(111) film.
The width of these FeO domains increased dramat-
ically at further increase of the temperature, from

- /

approximately 100 nm to several pm for an oxida-
tion temperature of 1000 K. The FeO areas could
be identified by various experiments: bright and
dark field LEEM (Fig. 10.9b—e), LEED (Fig. 10.92)
and XPEEM (x-ray photoelectron emission mi-
croscopy) (Fig. 10.9f). In the de-wetted case bright
field LEEM images (Fig. 10.9b), Fe;O4 (dark) and
FeO (white) areas are visible with different con-
trast, while the corresponding LEED pattern shows
the superposition of the Fe;O4(111) pattern and the
Moiré pattern (six satellite spots surrounding the
central (0;0) spot) typical for the FeO(111)/Pt(111)
interface. By dark field imaging using the Fe;Oy4
(1/2;0) and (0;1/2) spots (Fig. 10.9¢,d) the FeO ar-
eas appear dark, while the Fe3O, areas show a con-
trast between rotational domains due to the three-
fold symmetry of the Fe3O4(111) crystal structure.
On the contrary, the FeO domains can be unam-
biguously identified as brighter areas if one of the
satellite spots around (0;0) is selected (Fig. 10.9e).
XPEEM images obtained with Pt 4f7/, core level
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emission line (Fig. 10.9f) additionally reveal that
the FeO domains formed by de-wetting are indeed
deep holes in the Fe;O4 film.”

Reprinted excerpt with permission from [10.106] ©
2012 by the American Physical Society.

The FeO areas are so thin that the electrons photo-
emitted in the Pt substrate can still pass through, while
the Fe;O4 film is thick enough to completely damp
the Pt signal. Considering the electron mean free path
length of ~ 0.5nm at the used kinetic electron en-
ergy (104.2¢eV), one can estimate the thickness of the
FeO areas as a few Angstroms. Once the Fe;O4 film
had de-wetted and FeO holes were formed, it was not
possible to recover a closed Fe;O4 film by several
additional cycles of Fe deposition and oxidation. Ob-
viously, the Fe atoms adsorbed on the FeO areas at
room temperature migrated onto the Fe;Oy4 areas during
the oxidation process at 900 K. Consequently, only the
Fe;O4 grew in thickness, while the FeO zones remained
unchanged. Furthermore, wide-range LEEM images of
an almost closed Fe;O4 film show that FeO domains
are formed preferentially at the step bunches of the
Pt(111) substrate, where the Fe;O4 is unstable, most
likely due to the strain induced by the steps and step
bunches [10.106].

Surface Termination
Besides the two inhomogenities in the rotational do-
mains and in the morphology, a third type related to the
surface termination was found and was investigated us-
ing four techniques:

(i) SPALEED (spot profile analysis low energy elec-
tron diffraction (profile analysis of LEED spots))
studying the profile of the LEED spots in-real-
time during oxidation and flash in UHV yielding
the domain sizes for different preparations

XPS (x-ray photoelectron spectroscopy) of the
surface before and after the final annealing, deter-
mining the chemical composition of the surface,
excluding contaminations of carbon, nitrogen or
molybdenum containing species

STM of the as prepared surface, visualizing about
2 nm wide objects and therefore smaller than the
LEEM resolution

Dynamical LEED analysis of the spot intensi-
ties for differently prepared surfaces, studying the
surface unit cell structure and therefore the termi-
nation [10.106].

(ii)

(iii)

(iv)

In the special LEEM set-up, we collected //V-LEED
(intensity/voltage low energy electron diffraction (in-

tensity analysis of LEED spots)) spectra of the Fe;O4
thin film at room temperature before and after the
flash at 900 K. The intensity of six different diffraction
spots, (0:0), (1/2:0), (0;1/2), (1:0), (0;1) and (1/2;1/2),
were analyzed within an energy range between 40 and
300eV, equivalent to an overall dataset of 1560eV.
In contrast to a standard back-view LEED, the op-
eration condition of the electron gun and the image
columns of our system are not altered during the energy
scan, but solely the sample potential is changed. Con-
sequently, the beam current on the sample is constant
during the scan, for all experiments. Additionally, due
to the special LEEM optics the investigated diffraction
spots do not move in position on the detector during
the energy scan and the (0;0) spot is visible even at
full perpendicular illumination. It is also possible to di-
rectly inspect the probed surface region from where the
diffracted electrons are collected. Combining this with
a dark field image, which gives the portions of the two
possible rotational domains, one can easily disentangle
the contributions of the two rotational domains and ex-
tract the real spectra of (1/2;0), (0;1/2), (1;0) and (0;1)
spots of a single rotational domain. This is not possible
with a standard back-view LEED set-up because of the
superposition of two threefold pattern with unknown
relative abundance. Therefore, one is usually forced to
average the spectra of spots of the same diffraction or-
der, with consequent loss of information.

The resulting disentangled I/V-LEED spectra for
the as prepared and after flash surfaces differ strongly
in some energy ranges (see arrows in Fig. 10.10). This
can be interpreted as a change in the surface termi-
nation. Additionally, we found that the spectra of the
as prepared surface do not change significantly for
different cooling rates. For a full I/V-LEED analysis
different models for the surface atomic structure were
assumed, from simple truncation of the bulk crystal
unit cell along the (111) plane, yielding six different
terminations, up to more complex structure models,
i.e., with incomplete site occupation and/or changed
coordination sites. Every configuration was optimized
until the change in each atomic coordinate in a single
iteration loop was < 0.1 A. The most reliable model
with a resulting Pendry reliability (R) factor of R =
0.14 is 1/4ML Fe atom belonging to the MixTrigo-
nal layer on a closed-packed oxygen layer resting upon
a Kagomé iron layer. The surface after the flash presents
the expected atomic termination and confirms the re-
sults obtained first by Barbieri et al. [10.104] and then
by Ritter and Weiss [10.111].

The fit of the I/V curves measured for as prepared
films gave no clear resulting structure because all R-
factors were much larger with respect to the values ob-
tained for the flashed surface. The most reliable model
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was still the one described above for the flashed surface,
but with a R-factor of 0.33 much worse than before.
One can assume that, as shown by STM, part of the as
prepared surface exposes the termination dominant af-
ter the annealing. Therefore, the spectra were also fitted
with a linear combination of the after flash surface and
the unknown structure. Even with this extra parameter,
the analysis did not result in structures with accept-
able R-factor. Simple explanations, that the IV-LEED
method fails in this case, are (i) the low atomic order
of the objects, as seen in STM, and (ii) the small object
size of 2nm (i.e., &~ 7 atomic distances), not suitable for
the method, which assumes infinite periodic conditions.

The nature and the origin of these extra objects could
be studied indirectly. In the (0;0) LEED spot profiles
they exhibit a significant shoulder like broadening, cor-
responding to an average domain size of 2 nm, as also
observed in STM. Real time SPALEED measurements
clearly show, that the extra objects were not present dur-
ing the oxidation process at temperatures > 900 K, but
were formed during the cooling down at temperatures
< 750 K. Furthermore, if the oxygen exposure was cut
off during the cooling process > 750 K, no extra object
was detected. Therefore, the formation of extra objects
on the surface must be directly related to the O, exposure
at lower temperature.
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Once formed, the extra objects can be completely
removed by annealing up to 900 K in UHV. As shown in
LEEM and SPALEED, this flash in UHV transforms the
as prepared surface with a rough morphology and small
objects of less-ordered and highly oxygen containing
domains into a smooth surface with a homogeneous 1/4
Fe termination. Therefore, this final flash determines
the morphology and termination of the prepared Fe;O4
film. Recent studies indicate that the extra objects may
be due to water adsorption from the background.

Interconversion of Fe304(111) and a-Fe,05(111)

Thin Films
An additional inhomogeneity observed in oxide films
are domains of different bulk structures. Under our
preparation conditions iron oxide films grown on the
Pt(111) or Ag(111) surfaces were composed of the
Fe;O4 phase and of a few microns large domains of a-
Fe, 03, covering a few percent of the entire surface. The
two phases coexist for intermediate preparation param-
eters [10.112], often also showing small FeO domains
due to partial dewetting (Fig. 10.11a). The annealing
of the film in 3 x 107> mbar O, pressure (i.e., a higher
pressure than used for the initial preparation) starting at
RT up to 700 K, leads to an oxidation of the Fe;O, area
into a-Fe,O3 as monitored in LEEM (Fig. 10.11b-i).
The conversion starts at 670 K (Fig. 10.11c¢) as a growth
front of dendritical shape. The process becomes faster
when the temperature is increased, indicating that the
transformation process is thermally activated [10.113].

The conversion can be inverted by extra Fe deposi-
tion, which leads to a shrinkage of the a-Fe,O3 upon
annealing in UHV. Here, the Fe is incorporated into
the hematite area, causing a change in stoichiometry
and crystal structure [10.112]. Without Fe deposition,
annealing in UHV can also lead to a reduction of the
a-Fe, O3 by desorption of oxygen. This was observed
when Ag(111) was used as support [10.112, 114]. How-
ever, on a Pt(111) support, the UHV annealing yields
the opposite result: the Fe;O,4 is converted into o-
Fe,03. The reason for this unexpected behavior is the
special ability of the Pt(111) support to dissolve Fe.
Therefore, Fe from the Fe;O,4 phase can diffuse into
the bulk, producing an intermediate nonstoichiometric
Fe;O,4 phase or even a-Fe, O3, which subsequently is
structurally transformed into hematite.

The preparation of ~ 10 nm thin iron oxide films on
metal supports is determined by various parameters like
growth temperature, oxidation temperature and pres-
sure but also kind and morphology of the supporting
substrate. These parameters may have a crucial influ-
ence on e.g., the film morphology, the film roughness,
surface termination and crystal structures. Therefore,

the control of the preparation is essential for the proper
characterization of the chemical properties of oxide
films.

10.2.4 Other Transition Metal Oxide Surfaces

Surface Structure of V,05(001) and V,03(0001)
Vanadium oxides are catalytically active for a num-
ber of reactions, most of them involve the transfer
of oxygen atoms [10.115] which triggered a number
of studies in the areas of basic and applied research.
Some aspects are summed up in recent review pa-
pers [10.14, 62, 116-120]. Vanadium catalysts are often
based on V>* but lower oxidation states are likely to
play a role during catalytic processes. The relevance
of vanadium oxides in catalysis has motivated scien-
tists to perform model catalytic studies for which well-
characterized high-quality crystalline oxide surfaces are
required.

Ordered V,05(001) layers have been prepared on
Au(111) only [10.121,122], while V,03(0001) lay-
ers have been grown on a number of substrates:
Au(111) [10.123,124], W(110) [10.125], Rh(111)
[10.126], Pd(111) [10.127], and CuzAu(100) [10.128].
There have also been reports of VO,(110) growth on
TiO,(110) [10.129] and SnO,(110) [10.130, 131] but
extended adsorption/reaction studies have not been re-
ported.

The main difference between the preparation recipes
for V,05(001) and V,03(0001) is that the prepara-
tion of V,05(001) layers requires higher oxygen pres-
sures than the preparation of V,03(0001) layers: the for-
mer is prepared in an oxygen pressure in the 50 mbar
range [10.121, 122] while for the latter UHV compatible
pressures in the 10~ mbar range suffice [10.123-125].
The preparation recipe for V,05(001) on Au(111) is de-
scribed in detail in [10.122]: well defined layers with
a very low density of point defects may be produced
as shown in Fig. 10.12. The bonding of the V,05(001)
layers to the Au(111) substrate is so weak that the is-
lands in in the left panel of Fig. 10.12 exhibit differ-
ent azimuthal lattice directions which leads to ring-type
intensity patterns in the LEED images [10.122]. When
enough material is deposited to close the layers then
the islands grow together which leads to the lines in the
center panel where azimuthally differently oriented ar-
eas meet. V,05(001) is terminated with vanadyl double
rows which are clearly recognizable in the right panel of
Fig. 10.12.

V,05(0001) layers may also be grown on
Au(111) [10.123-125]. These layers are also well
ordered but with a somewhat higher density of point
defects, see Fig. 10.13. The surface structure of a model
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catalyst is a relevant parameter for its catalytic activity
and therefore this aspect was investigated in detail in
the first stages of the V,03(0001) related studies.
V,03 has a corundum lattice and the (0001) sur-
face is a basal plane of this hexagonal lattice. Seen
from the side, this lattice consists of alternating quasi-
hexagonal oxygen layers and vanadium double layers.
Three different surface terminations may be obtained
by cutting the structure parallel to (0001): DM, SM,
and bulk O3, see Fig. 10.14. The stability of such
surfaces from an electrostatic point of view has been
initially analyzed by Tasker [10.133] who could show
that polar structures, i.e., structures with electrically

Fig. 10.11a-i
Conversion of
Fe;04 into a-Fe, 03
by oxidation at
Po, = 3 x107> mbar
in a temperature
range between RT
and 700 K. Images
are taken in the
sequence from (a)
to (i) whereas the
ol conversion time
4105, 669K and temperature

f) are indicated at the
respective image.
(a) The initial
surface consists

of a-Fe, O3 (dark)
and Fe; Oy (bright)
areas and FeO
holes (bright).
Between (f) and
(g) the sample was
shifted to follow
the conversion
front. As a help for
i) the eye, the circle
marks the identical
surface spot.
Reprinted (adapted)
with permission
from [10.112].
Copyright (2014)
American Chemical
Society

nonneutral layers parallel to the surface may ener-
getically be stable only under certain conditions. The
consequences have been discussed for a large variety of
systems and the interested reader may be referred to the
current literature [10.8, 70] Among the V,0j3 termina-
tions shown in Fig. 10.14 only SM is electrostatically
stable according to the Tasker criteria [10.133]. How-
ever, the vanadium atoms at the SM terminated surface
are chemically rather active and therefore it was as-
sumed that the surface might actually be terminated
by vanadyl groups, V=0 in Fig. 10.14. This assump-
tion was later supported by infrared spectroscopy and
HREELS (high resolution electron energy loss spec-
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Fig. 10.12a-c STM images of V,05(001)/Au(111). (a) V,05(001) islands on Au(111), 100 x 100nm?, U =3V, [ =

0.2nA. (b) Closed V,05(001) layer, 50 x 50nm?, U =2V, I = 0.2nA. (c) Small area scan, 5.8 x 6.4nm?, U =3.5V,
I = 0.2nA. For details see [10.121, 121]
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Fig. 10.13 STM image of vanadyl terminated V,03(0001)
on Au(11l), 20x20nm?, U =15V, I=02nA. Af-
ter [10.132]

troscopy) data which feature intense structures related
to the vanadyl V=0 vibration and by STM data like
the one shown in Fig. 10.13 [10.125, 126]. This model
was later challenged by studies featuring ion scatter-
ing experiments and DFT calculations which came to
the conclusion that the surface termination should be
the one named rec. O3 in Fig. 10.14 [10.127,134,
135]. This structure is similar to the bulk O3 ter-
mination with the difference that a vanadium atom
from the second double layer below the surface moves
into the first vanadium double layer below the sur-

face. This view was recently refuted by a detailed
combined I/V-LEED + STM + ion scattering study
which could conclusively show that the surface is ter-
minated by vanadyl groups under standard UHV condi-
tions [10.123, 124].

Preparation of Rutile Ti0,(110) Layers

on Rutile Ti0,(110) Single Crystals

with a Diffusion Blocking Layer
Mixed or doped oxides may offer additional catalytic
reaction paths due to the presence of the additional
component which may play a role for a specific reac-
tion. This issue was studied with the example of vana-
dium mixed into rutile TiO,(110). The first step of that
project was the preparation of a suitable sample. Several
tries were made to prepare ordered TiO,(110) layers on
different gold and platinum surfaces but suitable lay-
ers could not be obtained (see Sedona et al. [10.136]
for TiO, on Pt(111)). Interface stress due to over-
layer-substrate lattice mismatch was assumed to be the
reason for this failure and therefore it was tried to
prepare TiO,(110) layers on rutile TiO,(110) single
crystals [10.51] since in this case the lattice parameters
of the overlayer and the substrate would be identical.
High-quality layers could be prepared in this way, but
when vanadium was mixed into the layers it turned out
that the vanadium diffused into the substrate at temper-
atures required for the preparation of the films, so that
vanadium doped oxide layers could not be prepared.
In the next step a layer between the overlayer and the
substrate was introduced with the aim of blocking vana-
dium diffusion. The blocking layer was a TiO,(110)
layer with ions of another metal mixed into it. The ad-
mixed metal was chosen such that the ionic diameter of
its 44 ions was somewhat larger than that of the Ti**
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ions in TiO,(110). This stresses the rutile lattice of the
TiO, host oxide, thereby increasing the diffusion bar-
rier. A relevant property of the blocking layer is that it is
a good support for the growth of rutile TiO,(110) over-
layers, with and without vanadium doping. Therefore
the structure and the lattice parameters of the block-
ing layer had to be very similar to the corresponding
rutile TiO, properties. For this reason the metal ions
mixed into the blocking layer were chosen among met-
als having oxides with rutile structure. Another relevant
property is the thermal stability with respect to diffusion
of the admixed metal ions, which should be high to pre-
vent diffusion of the admixed ions into the overlayer
and finally to the surface. Lead, tungsten and tanta-
lum were tested as admixed components in the blocking
layer. Lead appeared to segregate and was therefore dis-
carded. Tungsten ions turned out to be thermally less
stable than tantalum ions and therefore tantalum was se-
lected to be the metal admixed to the TiO, in the block-
ing layer [10.51]. The prepared blocking layers were
usually & 3 nm thick and had an approximate composi-
tion of TipgTap,0,. The thermal stability of the layers
was such that with XPS weak tantalum signals could
only be detected in surface-near regions of the top layer
after 10 h of annealing at 800 K or 2 h at 900 K.

It was demonstrated that the blocking layer does
not only impede vanadium diffusion but also the dif-
fusion of Ti** ions resulting from the reduction of
TiO,(110) [10.51]. This is illustrated in Fig. 10.15
which shows UPS (ultra-violet photoelectron spec-
troscopy) spectra of the TiO,(110) band gap state which
is known to be related to Ti’* ions [10.137-139]. The
spectra have been measured at a grazing electron de-
tection angle which means that most of the intensity
in the spectra stems from just the topmost layer of
the respective sample. Spectrum (b) was recorded from
a sputtered single crystal after annealing at 800K in
vacuum for 10 min while spectrum (d) is the spectrum
of a TiO,(110) layer subjected to the same proce-
dure. Both, sputtering and annealing produce Ti** ions.
However, the Ti*t related feature at &~ 0.75eV is much

Bulk Os Fig. 10.14 Different possible
V,03(0001) surface terminations
(DM: double metal termination; SM:
single metal termination). For details
see text. Brown: bulk oxygen, beige:

vanadyl oxygen, gray: vanadium.
% % Reprinted (adapted) with permission

from [10.123]. Copyright (2015)
American Chemical Society
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Fig. 10.15 Hel UPS spectra of differently prepared
TiO,(110) surfaces recorded at an electron detection an-
gle of 70° with respect to the crystal surface normal. The
spectra show the energy range of the TiO,(110) band gap
region. (a) Single crystal annealed at 800 K in 10~ mbar
O, for 10min. (b) Single crystal reduced by sputtering
at RT and annealing at 800K in vacuum for 10 min.
(¢) TiO»(110) thin film annealed at 800K in 10~ mbar
0O, for 10 min. (d) TiO,(110) thin film reduced by sput-
tering at RT and annealing at 800 K in vacuum for 10 min.
(e) The layer produced in step (d) annealed for 10 more
min at 800 K in vacuum. Reprinted (adapted) with permis-
sion from [10.51]. Copyright (2016) American Chemical
Society
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4.0 nm

Fig. 10.16a-c STM images (2.0 V, 0.1 nA) of differently
prepared TiO,(110) surfaces. (a) A TiO,(110) thin film an-
nealed in vacuum at 900 K for 20 min. (b) A TiO,(110)
thin film annealed in 10~° mbar O, at 600 K for 10 min.
() A TiO,(110) single crystal surface annealed in
10~ mbar O, at 600 K for 10 min. For the images shown
in (b,c) the samples were annealed at 800K in vac-
uum prior to oxidation which resulted in flat surfaces
with large terraces. Reprinted (adapted) with permission
from [10.51]. Copyright (2016) American Chemical Soci-
ety

more intense in the spectrum of the thin film. This
would not be the case if the Ti** ions could pass the
blocking layer since in this case the Ti** ions would
have diffused into the substrate, which happened in the
case of the single crystal substrate (spectrum (b)) and
led to the smaller intensity in the spectrum. Further an-
nealing of the thin film did not change the intensity of
the band gap state since the Ti** ions could not diffuse
into the substrate (spectrum (e)).

TiO,(110) single crystals studied with electrons (us-
ing electron spectroscopy, electron scattering, STM,
...) have to be electrically conductive which is usu-
ally achieved by a mild reduction which produces Ti**
ions. In addition to vacancies in the bulk this leads
to oxygen vacancies at the surface (bridging oxygen
vacancies) which may and often do play a role in cat-
alytic surface reactions. The introduction of blocking
layers offers a way to prepare surfaces without bridg-
ing oxygen vacancies which do not charge and can
therefore be studied with charged particles, provided
that the layers are not too thick. Also strongly reduced
layers may be prepared without reducing the substrate
notably.

Figure 10.16a displays a STM image of a TiO,(110)
film (&~ 10nm thick, on a blocking layer) after an-
nealing in vacuum. A high density of bridging oxygen
vacancies (the links between the continuous rows) is
observed as expected from the discussion above. After
annealing in oxygen (Fig. 10.16b) the bridging oxy-
gen vacancies are not visible anymore and some bright
features on the rows show up, which are attributed
to oxygen adatoms, resulting from oxygen dissocia-
tion [10.138, 140]. The result is different if the single
crystal is exposed to oxygen (Fig. 10.16¢c). In this
case extended structures form which result from the
diffusion of Ti** ions to the surface where they are ox-
idized [10.141]. Since there is no blocking layer in the
case of the single crystal, Ti** ions from far below the
surface can diffuse to the surface which the reason for
the formation of the extended protrusion in Fig. 10.16¢.

It could be shown that vanadium admixed to
TiO,(110) prefers subsurface locations under reducing
conditions [10.53]. The vanadium has the effect that the
host oxide becomes more reducible, which was traced
back to the lower binding energy of vanadium to oxy-
gen [10.53]. This has the effect that layers containing
vanadium are usually more reduced than layers without
vanadium, which affects the surface reactivity: bridging
oxygen vacancies and extended reduction induced de-
fects like the strands known for heavily reduced (1 x 2)
reconstructed TiO,(110) appear in elevated concen-
trations at the surface, where they may interact with
adsorbates, modifying reactions rates, selectivities and
reaction paths.

10.3 Tuning the Properties of Oxide Films

Apart from the structural properties of oxide films,
which have been addressed in the previous section,
it is important to elucidate the physical and chemi-
cal properties of these systems in more detail. Within

this section we would like to elucidate the possibilities
to tune the properties of the oxide films. A variety of
strategies have been reported in literature on how the
properties of these systems can be modified. We will
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Fig. 10.17 (a) STM image (30nm x 30nm) of Au atoms adsorbed on a 3 ML thin MgO film. (b) Experimental STM
image and (c) calculated STM image of Au atoms on 3 ML MgO/Ag(001). (d) STM image (5nm x 5nm) of Au atoms
on 3 ML MgO/Ag(001); the grey lattice is the ionic sublattice extracted from a high resolution image of the clean MgO

film

restrict the discussion to two aspects. First we would
like to discuss the effect of film thickness. We will
refrain from discussing the complex structural variabil-
ity of several ultrathin oxide film systems, which have
been reviewed recently, but we will focus on charge
transfer processes and their impact on the properties of
molecular adsorbates as well as metal atoms and par-
ticles. While a discussion of ultrathin oxide films may
sound like an academic curiosity it is important to note
that the concepts observed for the ultrathin films can
largely be transferred to bulk oxides if suitable electron
donors or acceptors are provided. We will use CaO as
an exploratory example to show how suitable doping of
a bulk, wide-band gap oxide can modify the properties
of the system, which is very comparable to the observa-
tions made for the ultrathin MgO film.

10.3.1 Charge Transfer Effects
on Thin Oxide Films

MgO as the prototype of an ionic oxide is a good start-
ing point for the discussion of charge transfer effects on
thin oxide films. The interaction of molecules as well as
metal atoms with the stoichiometric (001)-plane of the
rock salt lattice is rather weak resulting in a low stability
of individual metal atoms and growth of 3-dimensional
metal particles at ambient temperature. Gold atoms ad-
sorbed on bulk like 30 ML MgO(001) films were shown
to be neutral entities [10.142]. However, the binding of
the atoms on-top of the oxygen ions of the MgO lattice
leads to a polarization of the valence electrons of the Au
atom, which enables charge transfer to molecular adsor-
bates such as CO [10.143]. Theory had proposed that
Au atoms deposited onto ultrathin MgO films get neg-
atively charged due to a charge transfer from the metal
substrate to the Au atom [10.25, 144, 145]. This is due

to the fact that the unoccupied part of the Au 6 level
found in the band gap on thick films is located below
the Fermi-energy of the support for the thin film system.
There are different contributions to this effect. First, the
deposition of MgO onto the metal substrate reduces the
work function of the system, which has been confirmed
both theoretically as well as experimentally [10.64,
77,146]. Second, charged Au atoms adsorbed on the
surface of the ultrathin MgO film are stabilized by po-
laronic distortions of the oxide lattice [10.144, 147].
Experimental evidence for the charging of Au atoms
on ultrathin MgO(001) films comes from low-tempera-
ture STM experiments. As seen from the STM image
(Fig. 10.17a) Au atoms deposited on a 3 ML MgO film
(T = 5—10K) form an ordered structure indicating sig-
nificant repulsion between them [10.27]. In contrast to
that adsorption of Pd atoms (3 ML thick MgO film,
T = 5—10K) is in perfect agreement with expectations
based on a statistical distribution of the atoms [10.27].
Further evidence for a charged state of the Au atoms
can be found from the STM signatures of single Au in
comparison with simulated ones applying the Tersoff—
Hamann approximation (Fig. 10.17b,c) [10.149]. The
experimental appearance of the Au atoms showing
a sombrerolike protrusion surrounded by a depression
is nicely reproduced theoretically, however, it is absent
in the simulated STM images of neutral atoms [10.150].
Similar observations were found for other systems such
as Au on ultrathin NaCl films [10.151]. To elucidate
this question in more detail it is interesting to note that
on bulk MgO or thick films Au atoms were found to
nucleate on top of oxygen ions [10.142], while the-
ory predicts charged Au atoms on thin films to adsorb
preferably on Mg sites or hollow sites [10.25, 144, 152].
STM can provide evidence for the change in the dis-
tribution of the adsorption sites by superimposing the
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Fig. 10.18 (a) EPR spectrum of 20 L O, adsorbed at 40 K on a 4 ML thick MgO(001) film on Mo(001) with the magnetic
field in the surface plane along a [110] equivalent direction. (b) Result of a DFT calculation of O, on a 2ML thin
MgO(001) film on Mo(001) showing the polaronic distortion of the MgO lattice. (c) Sketch of oxygen molecules adsorbed
on 2 ML MgO films as predicted by theory. The transparent area indicates the plane in which the magnetic field was
lying in (a). The orientation of the three principal components of the g-matrix of the two symmetry equivalent molecules
are shown as color coded arrows. As an EPR experiment probes the g-value oriented along the static magnetic field it is
readily clear that both molecules are not identical for the magnetic field lying in the surface plane. Adapted from [10.148]

MgO lattice on the STM images of Au atoms. For an
8 ML film > 80% of the atoms occupy one adsorption
site, while at least two different adsorption sites are
populated with almost equal probability on 3 ML films
(Fig. 10.17d), which clearly shows the change in ad-
sorption site [10.27].

Charge transfer is not restricted to metal atoms with
sufficiently high electron affinity, but was theoretically
predicted for molecules with high electron affinities
such as NO, or O, adsorbed on ultrathin MgO(001)
films grown on Ag(001) or Mo(001) [10.147, 153, 154].
From an experimental point of view the characterization
of the superoxide anion (O3) can be approached us-
ing EPR spectroscopy [10.155] as the superoxide anion
is a radical with a doublet ground state. Figure 10.18a
shows an EPR spectrum of molecular oxygen adsorbed
at 40K on a 4 ML thick MgO(001) film grown on
Mo(001) [10.148]. The spectrum consists of a dou-
blet of lines at g-values of 2.072 and 2.002, which are
well in line with expectations based on O radicals
observed on MgO powder [10.156-158]. In line with
theoretical predictions the radicals show significant sta-
bility (Tges =~ 350K) and disappear for thicker MgO
films (> 15ML). A detailed analysis of angle depen-
dent spectra reveals that the O; radicals are adsorbed
on the terraces of the MgO(001) surface aligned with
[110] equivalent directions as predicted theoretically
(Fig. 10.18b). A comparison of the g_, component (for
an alignment of the g-matrix with the molecular frame-
work see Fig. 10.18c) of the g-matrix (g, =2.072)
with values observed for O; radicals on terraces of
MgO powders (g.. =2.091) [10.157] provides addi-
tional physical insight into the interaction between the

molecule and the surface as the observed value depends
critically on the local electric field experienced by the
radical. The reduction of the g.. component on the film
as compared to bulk MgO is associated with an increase
of the local electric field, which is due to the polaronic
distortion of the MgO lattice in case of the ultrathin film
(Fig. 10.18b) as revealed by quantum chemical calcula-
tions [10.1438].

We have already shown that single Au atoms be-
come charged upon adsorption on very thin MgO(001)
films. Hence, it is interesting to explore the conse-
quences of charge transfer on the growth mode of Au
particles. Theory predicted that charge transfer onto the
gold particles leads to the formation of 2-dimensional
structures on ultrathin MgO films in contrast to expec-
tations on bulk MgO, where 3-dimensional particles are
expected [10.9, 10, 26]. The reduced stability of the 2-
dimensional structure with film thickness is due to a de-
creasing stabilization due to the image charge as well
as the increasing cost for the polaronic distortion with
increasing film thickness. The latter is caused by a stiff-
ening of the MgO lattice due to the long-range nature
of the Coulomb interaction. A low temperature STM
study provided experimental evidence for the predicted
crossover in growth mode. For an 8 ML MgO/Ag(001)-
film 3-dimensional particles are observed after anneal-
ing to room temperature, whereas the Au-structures on
3ML MgO/Ag(001) stay 2-dimensional after the cor-
responding annealing step (Fig. 10.19) [10.27].

An increase of the contact area between metal
and oxide film allows to optimize the charge trans-
fer. For a close-packed Au layer on an ultrathin
MgO(001)/Ag(001) an average charge transfer of about
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—0.2|e| per adatom has been calculated [10.159]. As
shown for Au chains on alumina/NiAl(110) it is not
expected that the charge distribution within Au islands
is homogeneous [10.160]. Experimentally, this distribu-
tion can be interrogated by so-called conduction maps,
which show an enhanced d//dV contrast around the
Fermi level at the island edges indicating a higher den-
sity of states at these sites [10.161]. This observation is
nicely reproduced by semi-empirical tight-binding DFT
calculations, which reveal an increase of charges at the
perimeter of the particles [10.161].

5 10
Distance (nm)

A more detailed picture of the electronic structure
of the adsorbed Au particles can be obtained by explor-
ing so called quantum well states (QWS ), which are
derived from the 6 s levels of the Au atoms and hence
allow for an analysis in a 2-dimensional electron gas
model [10.162]. Figure 10.20a,b shows three STM im-
ages providing information on topography as well as
electronic structure of occupied as well as unoccupied
states of a small Au cluster with about 10 A diameter
grown on a 2 ML MgO/Ag(001) film [10.159]. The im-
age taken around the Fermi energy reveals mainly the
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Fig. 10.20 (a) STM images of a symmetric Au cluster on 2 ML MgO/Ag(001) taken at the given sample bias. (b) d//dV
spectra of top (dark brown) and left part (light brown) of the Au cluster in panel (a). (c) Calculated images of the HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) as well as structure model of an
Auyg cluster on MgO/Ag(001). Reprinted with permission from [10.161]. Copyright (2009) by the American Physical

Society

cluster morphology as no states are available in the en-
ergy range probed by the STM experiment. At higher
bias the appearance of the cluster changes to flowerlike
protrusions. The bias-dependent contrast is clear evi-
dence for tunneling governed by electronic and not to-
pographic properties of the island. Both observed QWS
probed by STM resemble the eigenstates of a free-elec-
tron gas in a 2-dimensional parabolic potential, which
can be characterized by an angular momentum quantum
number j [10.163]. Both states, observed at —0.4 and
+0.8 'V, respectively, exhibit four nodal planes (j = 4),
which corresponds to G-symmetry. The next two lower
lying occupied states, found at —0.8 and —1.2'V, ex-
hibit P-symmetry (not shown). A detailed analysis of
the electronic structure of this Au cluster including its
charge state was achieved by comparing the experimen-

tal results to DFT calculations [10.159]. However, an
extensive search of the parameter space is required to
determine the number of atoms, the geometric structure
as well as the charge state of the cluster. The degree
to which theory is able to reproduce the experimental
results is nicely shown in Fig. 10.20c assuming a pla-
nar Aug cluster lacking one corner atom of a Aujg
cluster, the latter being a so-called magic-size. In agree-
ment with the experiment, the highest occupied as well
as the lowest unoccupied state are of G-symmetry be-
ing located in the Sth level of the harmonic potential,
whereas the highest states of the 4th shell of this po-
tential are of P-symmetry in line with the experimental
results. Once this has been established, the charge state
is readily determined by counting the filled states in
the potential. There are 11 doubly occupied orbitals,
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hence, 22 electrons. The 18 Au atoms contribute 18
electrons, which leads to a 4-fold negatively charged
cluster being provided by charge transfer from the sup-
port. A Bader analysis of the DFT calculation yields
a value of —3.54|e| for the Auyg cluster. Please note that
this amounts to an average transfer of almost 0.2]e| per
atom as calculated for closed-packed Au layers on the
MgO thin film [10.161].

In this chapter we have discussed charge transfer
effects on ultrathin oxide films using MgO as an ex-
ploratory example. We have shown how microscopy as
well as spectroscopy can be used to provide experimen-
tal evidence for charge transfer between the substrate
and adsorbed species such as metal atoms or molecular
adsorbates with appropriate properties. The tools and
concepts used here are, however, not limited to the ul-
trathin films, but it is possible to transfer some of them
to bulk like oxide films if suitable electron donors or
acceptors are provided. Such species can be introduced
into oxide films by doping, which will be discussed in
more detail in following section.

10.3.2 Modifying the Properties
of Oxide Materials via Doping

The former paragraphs have illustrated that sponta-
neous electron transfer through oxide thin films has
an enormous impact on the equilibrium shape of metal
particles and even enables molecular activation [10.27,
148]. So the question arises, whether the concept of
charge-mediated control of the oxide properties is re-
stricted to ultrathin films, or can be extended to thicker
layers or even bulk materials, as used in heterogeneous
catalysis [10.29, 164]. A possible route might be the
insertion of suitable charge sources directly into the ox-
ide material, preferentially into a near-surface region
to allow for charge exchange with adsorbates [10.165].
By this means, all advantages of charge control could
be maintained for oxide slabs of arbitrary thickness.
Although the fundamental concepts of doping were
introduced and brought to perfection in the semicon-
ductor technology already decades ago, a direct transfer
to oxide materials is challenging due to several struc-
tural and electronic peculiarities [10.166]. Oxides are
subject to self-doping by native defects and unwanted
impurities, the concentration of which is difficult to
control experimentally [10.138]. Both lattice defects
and impurity ions may adopt different charge states
in the oxide matrix [10.167], a variability that leads
to pronounced compensation effects and is less com-
mon in semiconductors. And finally, the dopants may
be electrically inactive in wide-gap oxides, as thermal
excitation is insufficient to promote electrons from the
defect states to the bulk bands. The excess charges thus

remain trapped at the host ions and are unavailable
for charge transfer. However, the following examples
demonstrate that doping is a versatile approach to tailor
the properties of bulk-like oxides as well.

In general, doping is carried out with impurity ions
that adopt either a higher or a lower valence state
than the native oxide ions [10.165]. Whereas high-va-
lence dopants may serve as charge donors and provide
extra electrons, low-valent dopants have acceptor char-
acter and may accommodate electrons from suitable
adsorbates. In rare cases, charge-preserving doping is
realized where geometric and strain effects take the role
of the charge transfer [10.168]. Based on the above
considerations, we expect that charge donors inserted
in an oxide lattice may resume the role of the metal
support in the case of ultrathin oxide films. This as-
sumption has first been verified in studies of the growth
morphology of gold on crystalline CaO(100) doped
with trace amounts of Mo (Fig. 10.21) [10.47]. On the
doped oxide, gold was found to spread out into ex-
tended monolayer islands, while the conventional 3-D
growth prevailed on the nondoped material. Evidently,
the donor character of the Mo ions is responsible for
the 2-D growth morphology, while the metal-oxide ad-
hesion on pristine CaO(100) is negligible.

According to DFT calculations, Mo dopants in CaO
mainly occupy Ca substitutional sites and adopt the typ-
ical 24 charge state of the rock salt lattice. In the 2+
configuration, four Mo 4d electrons are localized in the
dopant, three of them occupying (ty,-at) crystal field
states and one sitting in a (tpe-p) level close to the con-
duction band onset (Fig. 10.21¢) [10.169]. Especially,
the latter is in an energetically unfavorable position and
thus susceptible to be transferred into an acceptor state
with lower energy. Such states are provided by the Au
ad-atoms that exhibit a half-filled Au 6s affinity level,
being ready to take the topmost Mo4d electron. The
result is an Au~ anion that, as discussed before, experi-
ences reinforced bonding to the CaO surface [10.25].
DFT calculations find an increase of the binding en-
ergy from &~ 1.5 to & 3.5 eV upon doping, whereby the
electrically-active Mo ion may be located up to ten lay-
ers below the CaO surface [10.47]. Moreover, not only
Mo?* jons are susceptible to electron transfer into gold,
but also Mo’* and Mo** are active donors as their top-
most occupied d states are still higher in energy than the
Au 6s affinity level [10.169]. Mo impurities in the CaO
lattice are therefore robust electron donors, and as such
directly responsible for the 2-D growth of gold found
experimentally [10.47].

The presence of suitable dopants is, however, not
the only requirement for a stable donor characteristic
and also the interplay between dopants and the host
oxide governs the redox activity, as shown for Cr-

289

€0L|9Med



290 PartB I Surface Crystallography

€0L|9Med

¢) Partial LDOS
Yoo ! 1 Au
1 Mo
k L Aubs e Ca0
/\ o
Yy T

Fig. 10.21a=c STM images of 0.7 ML Au deposited onto
(a) pristine and (b) doped CaO films (4.5 V, 50 x 50 nm?).
The insets display close-up images of two characteristic
particles (=5.0V, 10 x 10nm?). (c) PBE (Perdew—Burke-
Ernzerhof (DFT functional)) projected state-density calcu-
lated for nondoped (fop) and doped (bottom) CaO films
in presence of an Au adatom. Reprinted with permission
from [10.47]

doped MgO films next [10.170]. Although chromium
has a similar electronic structure as Mo, i.e., the same
number of d electrons, it is unable to influence the Au
growth on MgO supports (Fig. 10.22). Even at high Cr
concentration, gold adopts 3-D shapes and hardly any
2-D islands are found on the surface [10.44]. The rea-
son is the low energy position of the Cr t, levels in the
MgO band-gap, reflecting the large stabilization effect
of the MgO crystal field on the Cr electrons. Note that
the crystal field in MgO is much stronger than in CaO
given the larger lattice parameter of the latter [10.171].
In addition, the Cr ionization energies are higher than
those for Mo, and formation of Cr** and Cr°* ions is
energetically costive. As a result, Cr is able to donate

only a single electron to gold, which compares to three
in the case of Mo ions in CaO [10.169, 170]. More crit-
ically, not even this electron may reach the ad-metal,
but is likely captured by parasitic electron traps in the
oxides, such as cationic defects or grain boundaries.
Cation vacancies or V-centers are the preferred com-
pensating defects for high-valance dopants, as they are
able to neutralize the extra charges released by the im-
purity ions (Fig. 10.22e) [10.166]. According to DFT
calculations, the formation energy of a V-center de-
creases from 8 eV in bare CaO or MgO to 1.0—1.5eV in
the presence of high-valence dopants [10.44]. Accord-
ingly, an effective compensation mechanism becomes
available that fully annihilates the donor character of
the Cr ions. Because Mo impurities in CaO are able to
release more electrons, full charge compensation is im-
possible and the impact of the donors prevails in that
case.

Low-valence dopants generate hole-states in the
electronic structure of rocksalt oxides and are able to
trap excess electrons as well [10.172,173]. Their re-
sponse is therefore similar to the one of compensating
lattice defects, as shown in a codoping experiment on
CaO using both, Mo donors and Li acceptors [10.46].
At low Li concentration with respect to Mo, most of
the Au particles still adopt 2-D shapes, indicating that
the charge transfer into the gold is maintained. With in-
creasing Li doping level, more and more charges get
trapped in the Li-induced defects until the charge flow
into the ad-gold breaks down completely and the Au
particles turn 3-D. In fact, monovalent Li* substituting
a Ca’* ion produces a deep hole in the O 2p states of
adjacent oxygen that effectively traps all available free
carriers and neutralizes the Mo donors. Let’s note that
Li doping alone did not result in any observable change
in the Au growth characteristic on the CaO surface.
This finding suggests an effective intrinsic compensa-
tion mechanism to be active also in the case of low-
valence dopants [10.174]. Hereby, oxygen vacancies
play the role of the compensating defect, as they are
able to release electrons according to

F' > Fr4+e - Ft 4+2e

which then fill up the hole states produced by the Li
ions. Hole-doping of oxides, as a means to tailor the
properties of metal ad-particles, is therefore more dif-
ficult to realize than electron-doping with donor-type
impurities [10.175].

So far, electron-transfer processes induced by
dopants in the oxide lattice have been shown to mod-
ify the growth behavior of ad-metals on oxide surfaces.
However, charge exchange is also a promising route for
molecular activation, as demonstrated before for oxy-
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Fig. 10.22a-e STM images of (a) bare and (b) Mo-doped CaO(100) films of 60 ML thickness after dosing 0.5 ML of Au
(60 x 50nm?, Vs = 6.0 V). The 2-D Au islands appear as depressions on the insulting oxide, because electron transport
through the gold is inhibited at high positive bias. Similar measurements on (c) bare and (d) Cr-doped MgO(100) films
of 20 ML thickness. The particle shape is not affected by the dopants in this case. (e) Ball models visualizing charge-
transfer processes between the doped oxide and the ad-metal and their effect on the particle shape

gen exposed to thin MgO/Mo films [10.148]. In the
following section, we will show that a similar scheme
holds for bulk-like oxides, in which high-valence
dopants have been inserted as intrinsic charge source.
Not unexpectedly, stoichiometric CaO(100) as
a chemically inert, wide gap insulator shows little ac-
tivity toward adsorption and dissociation of oxygen
(Fig. 10.23a) [10.176]. Neither at room nor low tem-
perature (20 K) is the oxide able to bind oxygen, apart
from some trace amounts attached to low-coordinated
edge and corner sites. This situation changes consider-
ably for a material doped with Mo ions [10.43]. The
STM images now reveal a high concentration of de-
pressions on the CaO surface after oxygen exposure,
both at 20 and 300K (Fig. 10.23b). In fact, two oxygen
species are distinguished on the surface. The first one
shows up as 0.6 A deep and 10 A wide depression and
is assigned to an oxygen molecule (Fig. 10.23c). Expos-
ing it to electrons from the tip, it can be converted into
a pair of shallow dents surrounded by a bright halo. Ap-
parently, the molecule gets dissociated into its atomic

constituents via electron injection [10.177]. Whereas
a mean O—O separation of 10—15 A is observed directly
after dissociation, the distance increases over time, in-
dicating the repulsive character of the O—-O interaction
on the surface (Fig. 10.23c¢).

The ability of the CaO(100) surface to adsorb oxy-
gen is apparently triggered by the presence of high
valence Mo ions in the lattice. The underlying inter-
action mechanism relies again on an electron transfer
between the high-lying Mo 4d states and the LUMO
of the oxygen molecule, as revealed by DFT calcula-
tions performed at the B3LYP (Becke, three-parameter,
Lee—Yang—Parr (DFT functional)) +D level [10.43].
On nondoped CaO(100), the oxygen physisorbs with ~~
0.13 eV to a Ca—Ca bridge position. On doped CaO, an
O3 species develops due to charge transfer from the Mo
dopants, which strongly interacts with a surface Ca>*
ion. The calculated binding energy amounts to 0.87 eV
if the associated donor is a Mo+ ion located in the
third subsurface plane. Even larger adsorption energies
are found for Mo?* species serving as donor, as well as
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Fig. 10.23 (a,b) STM images of bare and Mo-doped CaO after dosing 5 Langmuir O, at 20K (40 x 40 nm?). (c) Bias-
dependent contrast and height profile of oxygen molecules (deep minima) and atoms (faint double dents). Note the
dissociation of an O, in the lower left part of the image during scanning. (d) Appearance of charging rings, characteristic
for subsurface Mo dopants, after desorbing two O, molecules from the surface (17 x 17 nm?). Reprinted with permission

from [10.43]

for dopant positions closer to the surface [10.43]. Fur-
ther evidence for the formation of O species comes
from the bond elongation (121—133 pm) and the re-
duced stretching frequency (1537—1200cm™!) of the
oxygen molecule after charge transfer. In addition, a de-
creasing total spin of the system has been calculated,
evolving from 5/2 (3/2 for Mo** plus 2/2 for neu-
tral O,) to 3/2 (2/2 for Mo** plus 1/2 for the O,) due
to the electron exchange. The superoxo species formed
on the doped CaO surface exhibits, finally, a two times
lower barrier for dissociation, if compared with a neu-
tral O, on pristine CaO. This theoretical finding is in
good agreement with the observation that oxygen ad-
species can be effectively dissociated via electron in-
jection from the tip. The DFT calculations therefore
clearly corroborate the idea that electron transfer from
Mo dopants is responsible for the adsorption, activation
and finally dissociation of O, molecules on the CaO
surface [10.43].

Further experimental evidence supports the above
mechanism. If single oxygen molecules are removed
from the surface by means of a controlled bias pulse
given to the STM tip, a Mo donor shows up via a char-

acteristic ring structure on the CaO surface, arising
from a temporal change of the Mo charge state as the
tip scans this oxide region (Fig. 10.24d). The spatial
correlation between the impurity position in the oxide
and the preferred O, adsorption site underlines that the
dopant indeed mediates the binding of oxygen. Inter-
estingly, the active dopant never occupies a position
directly in the CaO top layer, but sits in subsurface
planes as deduced from the diameter of characteristic
charging rings emerging in the STM images [10.178].
The charge transfer to adsorbates hereby occurs via
electron tunneling over distances as large as 1 nm. A last
experimental hint for O; formation on doped CaO films
comes from the evaluation of the vacuum states above
the oxide surface (Fig. 10.24). As mentioned already in
Sect. 10.2.1, the vacuum states are a sensitive probe of
the local surface potential [10.86] and up-shift in en-
ergy if negatively charged species accumulate at the
surface but downshift on surfaces holding a positive net-
charge. This provides a direct probe of the direction of
charge transfer in the CaO/Mo(001) system. An oxide
region densely covered with O species exhibits a se-
ries of vacuum states, the lowest of which being located
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Fig. 10.24 (a,b) Conductance images of CaO/Mo(001) before and after desorbing O, molecules from the central region
with a tip voltage pulse (40 x 40nm?). The bias voltage for imaging has been tuned to the first vacuum state of the
oxygen-covered surface (4.0eV), which consequently appears with bright contrast. After oxygen removal, the local
surface potential, and hence the vacuum states, downshift and the affected surface region shows lower conductance and
appears dark. (c) STM conductance spectra showing the energy shift of CaO vacuum states after O, desorption from the

surface. Reprinted with permission from [10.43]

at 4.2V above the Fermi level (Fig. 10.24c) [10.43].
After desorbing the molecules with a tip pulse, the vac-
uum states experience a clear downshift, reflecting the
decreasing electron density after removing the nega-
tively charged superoxo species. The excess electrons
released during desorption return to their Mo host-ions
located in subsurface CaO planes, where they do not
perturb the surface potential anymore. The effect of
a decreasing surface potential after oxygen desorption
can best be visualized in work function maps, plotting
the contribution of selected vacuum states to the elec-
tron transport between tip and sample (Fig. 10.24a,b).
Whereas the overall electron transmissibility is high on
the oxygen covered surface, with the exception of cer-
tain CaO line defects, a localized patch of low contrast
emerges after removal of the O; species from this re-
gion. The measurement reflects the local drop of the
surface potential after oxygen desorption, which sud-
denly makes the lowest vacuum state unavailable for
electron transport and explains the low contrast in this
region. Also this data cannot be explained without tak-
ing the effect of charge transfer between the doped
oxide and the O, molecules into account.

In summary, doped bulk oxides display in many
respects similar adsorption properties as ultrathin ox-
ide films [10.179]. In both systems, excess electrons
are transferred into the ad-species and open up specific
charge-mediated interaction schemes. Whereas for ul-
trathin films, the extra electrons are provided by the
metal substrate below the film, doped oxides contain
intrinsic charge sources in the form of aliovalent im-

purity ions. As shown here, high-valence dopants in the
CaO lattice are able to alter the equilibrium shape of
metal particles from 3-D to 2-D, which is expected to
change the reactivity pattern of the metal-oxide system
as well. Moreover, the charge transfer opens a suitable
pathway to activate small molecules, such as oxygen or
carbon dioxide, even on smooth, defect-free surfaces of
a nonreducible, but doped oxide. Whereas thin oxide
films on metal single crystals are of large academic in-
terest, as they provide easy access to the properties of
oxide materials via conventional surface science meth-
ods, doped oxides are of direct, practical relevance for
heterogeneous catalysis.

10.3.3 Metal Deposits on Silica Films

In order to make use of the silica film system in
the context of heterogeneous catalysts and to further
characterize its chemical and physical properties, the
adsorption behavior of

Reprinted with permission from [10.180] © 2014
American Chemical Society.

“Au and Pd over bilayer SiO,/Ru has been inves-
tigated by using scanning-probe microscopy, XPS,
and density functional theory (DFT) [10.180].
Low temperature (=~ 5K) AFM and STM mea-
surements reveal the presence of small adsorption
features after exposing the samples to small doses
of either metal (Fig. 10.25a,b). In the case of
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Fig. 10.25a-c STM images showing
Pd and Au adsorption over silica.
(a) Pd on SiO,; (b) Au on SiO,.
Crystalline regions are colored
purple and amorphous regions are
colored brown. Note: The nonregular
dimmer features throughout the
crystalline portions of both samples
likely result from native SiO,/Ru
species, as they are present both
before and after metal adsorption. All
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It = 100 pA. (c) Penetration profiles
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Pd, we note a homogeneous distribution of adsor-
bates across the entire surface, marked by circles
and elemental symbols (Fig. 10.25a), which con-
sists of both amorphous and crystalline phases.
Au, however, adsorbs only over amorphous areas
and domain boundaries, which possess larger pores
than can be found in the ordered portions of the
film (Fig. 10.25b). DFT calculations reveal that
this difference is rooted in the pore-size-dependent
barriers for diffusion of the two metals into the

Reaction coordinate

film, where they can then bind stably at the Ru in-
terface (Fig. 10.25¢). Auger parameter analysis of
the Pd 3d and Au4f core-levels from atoms bind-
ing in this manner show upward orbital-energy
shifts, which, according to the results of theoretical
calculations, originate from effects similar to those
causing surface core-level-shifts for such met-
als [10.181]. Further analysis of the computational
results shows that such atoms donate electron den-
sity to the Ru support, which is consistent with
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XPS results that show band-bending effects related
to decreases in the work function of the sample af-
ter adsorbing either metal. Additional features in
the XPS studies suggest that a secondary binding
mechanism, mediated by cluster formation over
the SiO, film, becomes increasingly favorable as
temperature and loading increase.”

Reprinted with permission from [10.180] © 2014
American Chemical Society.

For the crystalline SiO; film on Mo(112), a similar
size-dependent adsorption behavior has been observed.
Whereas Pd and Ag atoms were found to penetrate
the six-membered —Si—O- rings with little barrier,
Au atoms can pass the silica over-layer along do-

main boundaries only, which contain larger, i.e., eight-
membered rings [10.182]. However, it is not the size
of the atoms that governs the penetration behavior, but
their electronic structure. Both, Pd and Ag atoms de-
plete their spatially expanded 5s orbital before passing
the film, while the highly electronegative Au cannot
strip off its 6s-electron and is thus unable to penetrate
the regular SiO,. Inserting metal atoms at the interface
between ordered silica films and the Mo support opens
a number of other fascinating functionalities. Addition
of interfacial Li, for example, gives rise to a dramatic
decrease of the work function of the thin film system,
controlled by the highly electropositive character of the
Li-ions [10.183]. Iron deposition, on the other hand,
leads to the formation of single-ion magnetic units at
the metal—oxide interface [10.184].

10.4 Chemical Reactivity of Oxide Surfaces

Chemical reactions at oxide surfaces play a pivotal role
in a variety of technological processes in particular in
heterogeneous catalysis. Therefore, it is of great inter-
est to understand these processes at the atomic level.
Tremendous efforts have been made for powdered ma-
terials to get to this point, but the complexity of these
systems usually hampers an atomistic characterization.
In this section we will exemplify the level of under-
standing that can be achieved by discussing first the
interaction of water with oxide surfaces as well as
the impact of hydroxylation on the growth of metal
nanoparticles using the systems introduced above. Sub-
sequently, we will focus on chemical transformations of
gas phase molecules on oxide surfaces using vanadium
oxide as an exploratory example and will finally show
results on CO oxidation on an thin FeO(111) film grown
on Pt(111) at elevated pressures and molecular beam
studies on alkene hydrogenation as well as the H, /D,
exchange reaction using a model catalyst consisting of
oxide supported metal nanoparticles.

10.4.1 Interaction of Gas-Phase Water
with Well-Defined Oxide Surfaces

The interaction of water with oxide surfaces is of major
interest in surface science because of the strong impact
of hydroxyl groups on the surface properties, in partic-
ular, the reactivity of solid surfaces, which is important
in diverse fields such as biology, materials science, en-
vironmental science, geochemistry, and heterogeneous
catalysis. Depending on the chemical potential of water
(and oxygen) and the chemical properties of the oxide
surface, the adsorption state of water is either molecular
or dissociated, or a combination of the two.

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.

“In this section, we review some of the results
obtained with the thin oxide films introduced in
Sect. 10.2 with regard to water interaction, show-
ing how a combination of different methods allows
to gain atomistic insight into the energetics of ad-
sorption processes as well as the nature of the
surface species.

Water on Alkaline Earth Oxide
and Silica Surfaces:
Monolayer Structures and Hydroxylation

A comparison of water adsorption on the (100)
surfaces of the alkaline earth oxides is interest-
ing because they all have the same structure (fcc,
rocksalt), but different lattice constants and basic-
ity, which is expected to strongly influence the
water adsorption (molecular or dissociative) and
the ability to form long-range ordered 2-dimen-
sional structures. While monolayer water adsorp-
tion on MgO has extensively been studied in the
past both experimentally and theoretically and is
now well-understood, details about the higher al-
kaline earth oxides such as CaO and SrO have
only recently become available. It is well es-
tablished that a single water molecule adsorbs
molecularly on the MgO(100) surface, but may
dissociate, even under UHV conditions, on defects
such as low-coordinated cation-anion pairs on step
edges. By contrast, single molecule adsorption is
dissociative on CaO and SrO and involves con-
siderably higher adsorption energies, as shown in

H°0L | 9 Med



296 PartB

Surface Crystallography

h°0L | 9 Med

Fig. 10.26a, which displays the computed E,qs for
water on the various oxides [10.185]. The dissoci-
ated monomer consists of a dynamic ion pair with
the hydroxyl group (free OD, ODx) adsorbed in
bridge position between two cations and the pro-
ton transferred to a nearby oxygen ion (surface
OD, OD, Fig. 10.26¢) [10.186]. An interesting
trend is seen for increasing water coverage, i.e.,
for increasing the number of water molecules per
(3x4) unit cell used in the calculations: While
the adsorption energy increases with increasing
coverage for MgO and 2-dimensional monolayer
structures are found to be the most stable water
adsorption states, the calculated adsorption energy
for water on CaO(001), although very similar in
the entire coverage range, is highest for 1-dimen-
sional structures. For StO, isolated and dissociated
monomer and dimer species are expected to be
more stable than the oligomer species. Experi-
mentally, evidence for the 2-dimensional ordered
arrangement of the water monolayer on MgO has
been provided by diffraction and scattering meth-
ods more than 20 years ago [10.187, 188]. More
recently, the stability of 1-dimensional water struc-
tures was proven by STM upon water adsorp-
tion on thick CaO(001) films at room temperature
(Fig. 10.26b) [10.185,189], and the confirmation
of the dynamic ion pair nature of a single, disso-
ciated water molecule, as well as the stability of
dimer species, on SrO has been obtained by STM
on SrO-terminated Sr3Ru,O7 [10.190].

Generally, diffraction methods and STM do
not allow the positions of the individual wa-
ter species and their chemical nature (molecu-
lar or dissociated) within the 1- and 2-dimen-
sional water structures found on MgO(001) and
Ca0O(001) to be determined, and one has to re-
sort to high-level computations and spectroscopic
methods to learn more about the molecular-scale
details of these structures. Whereas electron spec-
troscopies can provide information about the pres-
ence of dissociated and molecular water, which,
for example, has provided first experimental proof
for the existence of mixed molecular/dissoci-
ated water molecules in the water monolayer on
MgO(001) [10.192], comparison of experimen-
tally measured and computationally obtained fre-
quencies of water and hydroxyl vibrations is con-
sidered to provide additional information about the
structural details.

The latter approach has been used to identify
and confirm the structural models of the 2-dimen-
sional water monolayer on MgO(001) [10.191],
and of the 1-dimensional chain structures found by

STM on CaO(001) [10.185, 189]. Figure 10.26d
shows the experimental IRAS (infrared reflection
absorption spectroscopy) spectra (top panel) for
the water monolayer prepared on MgO (left panel)
at low temperature (160K), and for the water
chain structures prepared on CaO(001) at room
temperature (right panel), and the corresponding
calculated anharmonic vibrational spectra (lower
panel). (Note that the experiments and calcula-
tions were performed with D,O instead of H,O).
The experimental spectra are qualitatively similar
and exhibit reasonably narrow bands in the range
2600—2750cm™! and broad absorption between
2000 and 2500 cm~'. The individual spectral con-
tributions can be assigned based on the good
agreement between the experimental spectra and
the calculated spectra of the most stable structures
shown in Fig. 10.26. For both, the MgO(001) and
Ca0(001) surface, the ordered water structures are
comprised of dissociatively and molecularly ad-
sorbed water. In the case of MgO, two ordered
structures with different water coverage, the high
coverage c(4 x2) and the low-coverage pg(3 x2)
structure, coexist at 160 K and can be distinguished
based on the different frequencies of the OsD
groups [10.191]. Note that, due to the metal sur-
face selection rule, the molecular water species,
which are oriented almost parallel to the surface
in both structures, give rise to only weak absorp-
tion signals. In fact, they do not contribute to
the IR spectrum of the pg(3 x 2) structure. In the
case of the c(4 x2) structure, the molecular wa-
ter species stabilize the protruding OH group, and
combinations of their symmetric and anti-symmet-
ric stretch vibrations lead to signal contributions
in the 2100—2400 cm™! spectral range, which are
detected in the experiment as a broad featureless
absorption. Molecular water species in the 1-di-
mensional chain structure on CaO(001) are also
oriented parallel to the surface and contribute only
little to the IR signal on the thin film sample.
The more defined signals for water on CaO(001)
originate from OH; (at highest wavenumber) and
O;D groups from dissociated water. Note that the
OD groups in the 1-dimensional chain structure
on CaO(001) are spectrally much more separated
than in the 2-dimensional structures on MgO be-
cause the strength of hydrogen bonding between
O;D groups and ODx groups is markedly different
in the tetramer unit and in the linker unit [10.185].

The combined experimental and computa-
tional analysis of water adsorption on the alkaline
earth oxides has not only contributed to a bet-
ter understanding of the molecular details of wa-
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(a) Calculated
adsorption energy
per water molecule
on CaO(001),
MgO(001), and
SrO(001) for in-
creasing water
coverage (1w, etc.:
1 water molecule
per (3 x4) unit
cell; 1-D, etc.:
1-dimensional
water/hydroxyl
structures). (b) RT-
STM image

(30 x 25nm?) of
1-dimensional water
chains formed on
CaO(001). (c) Most
stable structures
of the dissociated
water monomer on
CaO(001), the 1-D
chain structure on
Ca0(001), and the
two most stable
ordered 2-D water
phases (pg(3 x2)
and c(4 x2)) on
MgO(001). (d) Ex-
perimental (fop)
and computed (bot-
tom) IR (infrared)
spectra of the 2-D
(D,0) structures
on MgO(001) (left)
and the 1-D (D,0)
chain structure on
CaO(001) (right).
After [10.185, 189,
191]
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ter structures, but additionally allows conclusions
about the evolution of different structures on the
surfaces to be drawn. Dissociation of a single
water molecule is favored and involves larger ad-
sorption energies when going from MgO to SrO.
This can be explained by the increasing lattice
constant and substrate flexibility when descending
the AEO series [10.193]. Additionally, the sub-
tle balance between intermolecular and molecule-
surface interactions determines also the stability
of higher coverage structures: Two-dimensional
ordered structures are stabilized on MgO(001) be-
cause of the weak interaction between water and
the MgO surface and the favorable dimension of
the MgO lattice parameter, which allows a strong
hydrogen bonding network between adsorbed wa-
ter and hydroxyl species to be established. The
CaO lattice is slightly too large to enable the for-
mation of a hydrogen-bonded network, and the
water structures therefore collapse into a 1-D con-
figuration at low coverage. Similar 1-D assemblies
become stable also on MgO(001) when its lat-
tice parameter is artificially increased to reduce the
effect of intermolecular coupling. In contrast on
SrO(001), the water residuals are always too far
away to form uniaxial or 2-dimensional hydrogen-
bonded arrangements [10.185].

The results presented for the alkaline earth
oxides demonstrate that not only the acid-base
properties of the oxide surface, but also the lattice
parameter and hence, the ability to form hydrogen-
bonds between neighboring hydroxyl groups, has
a major impact on the adsorbed water structures.

The examples discussed so far refer to wa-
ter adsorption on bulk-like thin films (i.e., films
of reasonable thickness and structurally similar as
the corresponding bulk oxides) at UHV conditions,
where no structural modifications of the oxide
lattice take place during adsorption. For com-
plete hydroxylation of the oxide surfaces, which
is expected to occur when environmentally more
realistic water partial pressure conditions (mbar
range) or higher water coverages are approached,
reactions between water and the oxide surfaces
have to be considered as well. For the more ionic
oxides in particular, this may involve hydrolysis
of cation-anion bonds and strong structural mod-
ifications. The hydroxylation of MgO and CaO
single crystal surfaces and the partial transforma-
tion into the corresponding hydroxide as a function
of relative humidity have been studied by am-
bient pressure XPS. Those studies revealed that
the CaO(001) surface gets fully hydroxylated even

under UHV conditions and transforms into the hy-
droxide, involving hydroxylation of the subsurface
regions, at elevated water partial pressure [10.194].
On the other hand, a certain threshold water
pressure in the sub-mbar range has to be ap-
plied to achieve sufficient surface hydroxylation of
MgO(001) [10.195]. Studies on the corresponding
thin film surfaces confirmed these results. Fig-
ure 10.27a compares STM images of the surface
of a clean CaO(001) film (top) and after a satura-
tion dose of water under UHV conditions at room
temperature (bottom) [10.185, 189]. Clearly, water
adsorption leads to strong structural modification
of the surface, which is due to complete surface hy-
droxylation and partial solvation of Ca>* ions. The
latter can in part be explained by the sufficiently
large structural flexibility of the CaO lattice, which
allows easy rupture of cation—anion bonds.

By contrast, hydroxylation of thick, bulk-like
MgO(001) films at room temperature and in UHV
conditions is limited to defect sites, and in order
to obtain complete hydroxylation a threshold wa-
ter partial pressure of about 0.01 mbar has to be
applied (Fig. 10.27b) [10.196]. Titration of Mg>*
sites with CO has shown that the number of low-
coordinated Mg”* sites gets strongly enhanced
upon hydroxylation, suggesting the occurrence of
similar structural modifications as in the case of
CaO(001). Interestingly, the threshold pressure for
hydroxylation decreases by 3 orders of magnitude
as the film thickness is reduced from 12 to 2 ML
(Fig. 10.27b) [10.196]. This effect is not related to
an increased abundance of defects on the ultrathin
film, but can be explained by a decreased energetic
barrier for the rupture of Mg>* —0?~ bonds, which
is related to the greater structural flexibility of the
MgO lattice in the ultrathin regime [10.197].

Polar oxide surfaces are intrinsically reactive
towards water because surface hydroxyls provide
compensating charges necessary to remove polar-
ity. Similarly, in polar oxide films grown on metal
substrates, while the compensating charge density
at the metal-oxide interface is readily provided
by the metal, the free film surface needs to be
compensated by conventional mechanisms, e.g.,
surface hydroxylation. Conversely, the thinnest
oxide films (monolayers) are intrinsically non-
polar, thus reducing their activity towards wa-
ter. In fact, the FeO(111) monolayer film is sta-
ble in pure water vapor environment, as shown
by the O1sXP spectrum obtained after expo-
sure to 1 mbar water vapor, which exhibits only
one component attributable to the lattice oxygen



Thin Oxide Films as Model Systems for Heterogeneous Catalysts | 10.4 Chemical Reactivity of Oxide Surfaces

1.0

0.8

0.6

0.4

0.2

0.0

A

b) fou (ML)

-@— 2 ML MgO/Ag(001)
-0 4 ML MgO/Ag(001)
—O— 12 ML MgO/Ag(001)

1071 10°% 10°¢ 1074 1072 1

p (mbar)

Fig. 10.27 (a) STM images (30 x 25nm?) of 10 ML CaO(001)/Mo(001) (top) and of the same surface exposed to a sat-
uration dose of water at RT (bottom). Reprinted with permission from [10.189], © ACS (2016). (b) H,O pressure
dependent surface hydroxyl coverage on Ag(001)-supported MgO(001) films of different thickness obtained from fits of
the O 1s XP spectra. Reprinted (adapted) with permission from [10.196]. Copyright (2010) American Chemical Society

species, and no further contribution from hydrox-
yls (Fig. 10.28a) [10.198]. In addition, the struc-
tural integrity of the FeO(111) monolayer appears
to be maintained upon exposure to air ambient
and even liquid water, as shown by the STM im-
ages presented in Fig. 10.28c, where the long-
range ordered Moiré superlattice characteristic of
FeO(111)/Pt(111) is proven to persist in the corre-
sponding environment.

As will be discussed in more detail below
(Sect. 10.4.3), exposure of FeO(111) to a high-
pressure oxygen atmosphere leads to a transfor-
mation of the FeO bilayer to a O-Fe-O tri-
layer [10.35,37,39]. Both, the additional oxygen
incorporated in the film, which shows up in XPS
as a shoulder on the high binding energy side
of the main O 1s component (Fig. 10.28a), and
the similarity of the STM appearance suggest that
this transformation occurs also upon exposure of
the FeO film to air. In addition, the IRA spec-
trum of an air-exposed film reveals the presence
of hydroxyl species with characteristic vibrations
at 3650 cm~!. It can, therefore, be concluded that
the trilayer structure is not only highly active in the
catalytic oxidation of CO, but also in water disso-
ciation. As aresult, an O—Fe—OH trilayer is formed
(Fig. 10.28d) and the additional O 1s signal in XPS
can be attributed to hydroxyl species [10.198].
XPS quantification reveals a maximum hydroxyl
coverage of 0.45 ML. Together with the ordered
appearance in STM this suggests that the hydrox-
ylation activity is restricted to the most reactive

region within the Moiré unit cell, which, according
to DFT calculations, is the Fe-hcp region [10.37].
Note that also the hydroxylated FeO layer is highly
active in CO oxidation [10.198].

All UHV-based, well-defined silica models
have a common structural motif, which consists of
corner-sharing [SiO4] tetrahedra arranged in a hon-
eycomb structure (Sect. 10.2.2) [10.202]. The fact
that the surfaces are terminated by siloxane bonds
renders the regular parts of the films hydropho-
bic and, thus, unreactive towards water. Indeed,
the silica bilayer on Ru(0001) can be exposed to
air and pH neutral aqueous solutions without any
noticeable accompanying chemical and structural
modifications to the film (see also Sect. 10.5.1).
Hydroxylation of these model systems occurs only
at defect sites, which, on well-prepared films, are
scarce [10.203]. Since hydroxyl groups on silica
(silanol groups) are of enormous importance for
several technological applications, their creation
and further utilization on well-defined model sys-
tems may help obtain more fundamental insight
into specific interfacial reactions where silanols
are involved. Hydroxylation of the films could be
achieved with the help of electron bombardment of
the water (ice) layer [10.199]. This is exemplified
by the TPD spectra shown in Fig. 10.28e, which
have been obtained after dosing water (D,0O) at
a substrate temperature of 100 K and followed by
heating to RT (normal route, black curve), or with
an additional electron bombardment prior to heat-
ing (electron-assisted route, red curve). The strong
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Fig. 10.28 (a) O 1s XP spectra, from top to bottom, of (i) clean FeO(111)/Pt(111), the film exposed to (ii) 1 mbar DO,
(iii) air, and (iv) 100 mbar O, and 1 mbar H,O. (b) IR spectrum of the FeO(111)/Pt(111) film exposed to 100 mbar
0, and 1 mbar H,O. (c) Ambient-STM images (60 x 60nm?) of the FeO(111)/Pt(111) film in air (fop) and in lig-
uid water (bottom). Reprinted with permission from [10.198], © (2011) American Chemical Society. (d) Model of the
FeO(111)/Pt(111) film (left) and of the Pt—O-Fe—OH film (right) formed by exposure to air. (e) TPD (temperature pro-
grammed desorption) spectra (m/z+ = 20 amu) of SiO, samples exposed to 5 Langmuir D,O at 100 K and then exposed
(e-beam, light brown trace) or not exposed (normal, dark brown trace) to an electron beam (0.05 mA, 200eV, 60s).
(f) Hydroxylation structures for silica films involving breaking of in-plane (structure Ia, fop) and vertical (structures Ib
and II, bottom) siloxane bridges, obtained from DFT calculations. Reprinted (adapted) with permission from [10.199].
Copyright (2011) American Chemical Society

enhancement of water desorption from the elec-
tron-bombarded sample in this region is related to
a significantly increased abundance of D,O and
OD’s on the silica surface. More specifically, the
thermal route leads to the formation of isolated hy-
droxyl groups at defect sites within the film, which
recombine at elevated temperature and desorb as
molecular water at 900 K, and some additional hy-
drogen-bonded physisorbed water, which desorbs
at lower temperatures (< 500 K). The small amount
of water desorbing from this sample supports the

idea of the inert nature of the silica bilayer film
surface. By contrast, enhanced hydroxylation of
the electron-bombarded sample gives rise to much
larger and more clearly defined water desorption
peaks with maxima at 450 and 600K, as well
as an additional high temperature desorption fea-
ture at ~ 1070K [10.199,204]. It is interesting
to see that in terms of peak temperatures asso-
ciated with individual desorption states, there is
general agreement with analogous TPD spectra
collected from hydroxylated bulk silica samples,
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b) D, QMS signal (arb. u.)
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Fig. 10.29 (a) STM topographs (50nm x 50nm) of 0.2ML of Au deposited on clean (fop) and hydroxylated
MgO(001)/Mo(001) (bottom) at RT (left) and after annealing at 600 K (right) [10.200]. (b) Top: TPD spectra track-
ing the m/zt =4 (D,) evolution from hydroxylated MgO (gray) and hydroxylated MgO with 0.4 ML Pd (brown)
deposited at RT. Reprinted (adapted) with permission from [10.200]. Copyright (2011) American Chemical Society.
(b) Bottom: Temperature-dependent Pd 3d electron binding energy variations relative to Pd(111) due to changes in the
initial states of the photoemission process for PdA-MgO (black) and Pd-MgOyyqy, (brown). Reprinted (adapted) with
permission from [10.201]. Copyright (2014) American Chemical Society

which suggests the presence of similar water and
hydroxyl species on the hydroxylated silica film.
According to the Zhuravlev model [10.205], the
desorptions are attributed to the following adsorp-
tion states and processes: Chemisorbed molecular
water gives rise to desorption at 400 K, whereas the
high temperature peaks are assigned to recombina-
tive water desorption originating from vicinal (at
600 K) and isolated hydroxyls (above 800 K). The
creation of silanols requires the rupture of silox-
ane bridges and several possibilities how this could
be achieved have been modeled by DFT [10.199].
As shown by the structural models presented in
Fig. 10.28f, rupture of an in-plane siloxane bridge
results in two silanol groups, which are both en-
gaged as donor groups in hydrogen bonds (struc-
ture Ia). On the other hand, breaking the Si—~O-Si
linkage between the two silicate layers results
in one hydrogen-bonded silanol and one termi-
nal silanol species (structure Ib). In addition to
these processes, which are basically the same as as-
sumed for bulk silica surfaces, the presence of the

metallic substrate underneath the silica film opens
the possibility for another mechanism, which in-
volves hydrogen release and Ru oxidation (struc-
ture II). According to the computed hydroxylation
energies and further experimental observations (D,
desorption observed in TPD and infrared signals of
terminal OD groups) [10.199], all three proposed
structures are likely to be formed initially during
electron bombardment or are created via transfor-
mation of one structure into the other during heat-
ing to elevated temperature. Further experimental
studies into the mechanism of electron-assisted hy-
droxylation of the silica films support the idea that
the primary effect of electron irradiation is not
the creation of defects (i.e., rupture of siloxane
bridges) in the films, but the formation of reactive
water radiolysis products (e.g., hydroxyl radicals)
in the ice layer, which diffuse to the silica-ice in-
terface and attack the siloxane bridges [10.204].”

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.
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Surface Crystallography

Metal Nucleation

on Hydroxylated MgO0 Surfaces
Controlled creation of hydroxylated oxide thin film sur-
faces allows the influence of the hydroxyl groups on
surface processes to be studied. As an example, the ef-
fect of hydroxyls on metal nucleation on hydroxylated
MgO is presented. A most conspicuous evidence for
the influence of hydroxyls on nucleation and sintering
of Au on MgO(100) is provided by STM. The images
displayed in Fig. 10.29a present the surface morphol-
ogy for gold deposited at 300 K and after subsequent
heating to 600 K on clean MgO(100) and hydroxylated
MgO, respectively [10.200]. Two main conclusions can
be drawn from these results: (i) the density of nucleation
sites is much higher on MgOyyq,, and (ii) the stability of
Au particles towards sintering is greatly enhanced on
MgOpyq,. This latter point is essential for catalysis be-
cause it basically means that the high Au dispersion is
maintained at elevated temperature, a result that is cor-
roborated by related CO-TPD studies showing a higher
CO adsorption capacity for Au/MgOpyqar as compared
to Au/MgO(100) [10.206]. With the help of additional
XPS and IRAS measurements the enhanced Au sin-
ter stability could partly be explained by the stronger
adhesion of Au to the hydroxylated surface, which is
a result of the chemical modification (oxidation) of
interfacial Au because of the interaction with hydrox-
yls [10.200]. In addition, one has to take into account
that the microscopic roughness of MgO increases upon
hydroxylation [10.196], which might also contribute to
limited diffusion of Au clusters on the surface.

Similar experiments have also been performed with
Pd instead of Au, and in this case more details about
the chemical interaction between the metal atoms and
the surface hydroxyl groups could be obtained [10.201].
The interaction of metal atoms with hydroxyls is ex-
pected to follow a redox reaction

1
Me +~OH™ — —0;~Me" + ~H, .

resulting in the simultaneous oxidation of the metal
and evolution of H,. This could indeed be observed
with Pd atoms deposited on MgOpyq, (hydroxylation
was performed with D,O) as shown in Fig. 10.29b.
The top panel displays D,-TPD spectra taken from
MgOpy¢r and Pd deposited on MgOyyq,, which shows
that the presence of Pd leads to a strong enhancement
of D5 evolution from MgOyyq, at elevated temperature
(> 350K). To correlate D, evolution with electronic
structure changes of Pd, Pd 3d spectra and in particu-
lar, a deconvolution of the Pd 3d binding energy shift
in initial-state and final-state contributions using Auger
parameter analysis was performed. The bottom panel
of Fig. 10.29b compares the initial-state binding en-

ergy shift relative to the Pd 3d binding energy of bulk
Pd (352.1eV) for Pd on clean MgO(001) (black data
points) and Pd on MgOy,yq, (blue data points). The shift
from negative to positive ABE values for PdA—MgOy,yq,
at 373 K, which correlates with the onset of D, evo-
lution from the Pd—MgOy,q, sample, indicates that Pd
gets oxidized at this temperature. Thus, the interrelation
of these processes provides direct evidence of the redox
reaction between Pd and hydroxyls, which results in Pd
oxidation and hydrogen (deuterium) evolution [10.201].

10.4.2 Methanol Partial Oxidation
on V203(0001) and V205(001)

An often studied reaction in model catalysis is the
partial oxidation of methanol. This can be readily in-
vestigated under low pressure conditions since the educt
(methanol) as well as the common precursor (methoxy)
are reasonably strongly bound to the surface and do not
desorb at low pressure and not too high temperature.
V,05(001) and V,05(0001) were studied with respect
to their catalytic performance using the partial oxida-
tion of methanol as a test reaction [10.132,207,208].
It turned out that the vanadyl terminated surfaces are
not reactive with respect to this reaction since methanol
just binds molecularly to the surface without forming
the methoxy intermediate [10.132,208]. Therefore, the
surfaces were reduced prior to methanol exposure by
electron irradiation. For small electron doses the elec-
tron beam leads to the removal of vanadyl oxygen
atoms resulting in isolated or aggregated point defects,
see Fig. 10.30a,b. The surface structure after irradiation
with a high electron dose was studied with I/V-LEED
in the case of V,03(0001) [10.209]. An STM image
is displayed in the right panel of Fig. 10.30. It could
be shown that this surface exposes the SM termination
as schematically depicted in Fig. 10.14. The dark areas
exhibit the same surface structure as the more elevated
areas.

The following will discuss methanol adsorption for
the case of a low degree of reduction where isolated va-
cancies or small groups of them prevail. Figure 10.31
shows STM images of a V,03(0001) surface before
electron irradiation, after electron irradiation and after
dosage of methanol onto the reduced surface. The point
defects found at the surface of a freshly prepared oxide
layer (Fig. 10.31a) are not active for methoxy forma-
tion, but the vacancies produced by electron irradiation
are [10.132]. Therefore, only part of the surface defects
is covered by methoxy groups (seen as bright protru-
sions) in Fig. 10.31c.

STM data of the type shown in Fig. 10.31 were
recorded for two different energies of the reducing
electrons (50 and 500eV) and different electron doses
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Fig. 10.30a—c STM images on vanadium oxide layers on Au(111) reduced by electron irradiation. (a) Weakly reduced
V,05(001), 20 x20nm?, U = 2V, I = 0.2nA. (b) Weakly reduced V,03(0001),25x25nm?, U = —1.5V, [ = 0.2nm.
(c) Fully reduced V,03(0001), 20 x 20nm?, U = —1eV, I = 0.2nA. The electron doses (energies) used for reduction

are (a) 3mC (50eV), (b) 1.5mC (50eV), (c) 80 mC (500eV)

< 0.8mC (500eV) and 1.6 mC (50eV), respectively.
In each series the number of defects before and after
electron irradiation and the number of methoxy groups
after exposure of the surface to methanol were counted.
The methanol layer was prepared by dosing multilayer
amounts of methanol at 90 K and the STM images of the
methoxy-covered surfaces were recorded after a flash
to 400K in order to desorb the molecularly adsorbed
methanol.

Figure 10.32 displays the results of the evalua-
tion. The main outcome is that the number of methoxy
groups is approximately twice as large as the number of
surface defects which is the consequence of a self-lim-
iting chain reaction at the surface [10.132]. In the initial
step, which occurs already when methanol is adsorbed
at 90K all electron induced defects carry one methoxy

group
nCH;0H+nV +nVO — nCH3;0V +1nVOH (10.1)

V denotes a vanadium site produced by electron irradia-
tion, VO is a surface vanadyl group, and » is the number
of surface vanadyl oxygen vacancies.

If the sample is warmed up water forms at 270K
due to the recombination of hydroxyl groups as shown
by TPD [10.132]. This reaction consumes substrate
oxygen which is the signature of Mars—van Krevelen
type reactions [10.210]

nVOH — inH,0 + inVO+ inV (10.2)

This step occurs at a temperature where molecular
methanol is still at the surface. Therefore, the surface

Fig. 10.31a-=c STM data of freshly prepared (a), reduced (b), and methoxy covered reduced (c) V,03(0001). Vanadyl
oxygen vacancies were prepared by irradiation with 1.5mC of 50eV electrons. 25 x 25nm?, U = —1.5V, I = 0.2nA.

After [10.132]

303

4#°0L| 9 Hed



304 PartB I Surface Crystallography

h°0L | 9 Med

a) Density (nm?)

Fig. 10.32a,b Density of defects
induced by electron irradiation and

0.6
/
05 % 033400l nm2mC-"! the numbﬁ:r of methoxy groups
as a function of the electron dose
0.4 for two electron energies (a) E =
Room t t
dosing P 50eV and (b) E = 500eV. The
0.3 ) data were obtained from STM
Density of . . .
0.2 | methoxy groups images like the ones shown in
AY 19+ 0.0l nm2mC"! Fig. 10.27 (CH30H/weakly reduced
01 Density of AX V,03(0001)). The number of surface
surface defects d . . .
0.0 - efects in this figure is the number
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

b) Density (nm?)

074

0.6 AY 2 1
=22 = j: T —

0.5 AX 0.80 £ 0.03nm™~mC

0.4 2

0.3 | Density of
methoxy groups

Electron dose (mC)

of surface defects in images recorded
after electron irradiation minus the
number of defects already present

at the surface before exposure

to the reducing electron beam.
After [10.132]

0.2
AY _ 2 -1
0.1 Density of H =0.39+£ 0.0l nm “mC
0.0 surface defects
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

with its n/2 'V sites can split n/2 methanol molecules
into n/2 methoxy groups and n/2 hydroxyl groups

5nCH;0H + 31V + 51 VO

| | (10.3)
— 31 CH30V + 51 VOH

The n/2 hydroxyl groups produced in this step can

again form water

inVOH — {nH,0 + {nVO+ inV (10.4)

With this reaction the cycle goes on. The overall num-
ber of methoxy groups produced in this reaction is

Nmethoxy:n+%n+il’l+...:2n (10.5)

This is in full agreement with the data in Fig. 10.32.

Figure 10.33 shows the effect of this self-limiting
chain reaction on IRAS spectra. The intensity increase
of the methoxy C—O vibration at ~ 1040cm™! can be
attributed to the chain reaction occurring at ~ 270K
where the hydroxyl groups at the surface react to form
water: the methoxy coverage doubles and so does (ap-
proximately) the intensity of the C—O vibrational band.
The band labelled V="80 and V="°0 are due to vibra-
tions of vanadyl groups with '#0 and '°0. The presence
of both isotopes is a result of the preparation history of
the V,03(0001) sample.

Electron dose (mC)

The case of methanol on V,05(001) is different
from the case of methanol on the case for methanol on
V,05(0001) due to somewhat different activation en-
ergies [10.132,207]. The reaction kinetics of methanol
on V,05(001) has been studied in some detail with
TPD [10.208]. Figure 10.34 displays the amount of
formaldehyde formed by methanol partial oxidation at
the surface of slightly reduced V,05(001) as a function
of the methanol dose. This quantity was estimated from
the area of the formaldehyde mass 29 desorption peak
in TPD spectra. At elevated temperature the methoxy
groups react on the surface, forming formaldehyde and
therefore the mass 29 peak area is a good measure for
the methoxy coverage. The red line in Fig. 10.34 shows
the best fit to the data assuming a sticking coefficient
proportional to the number of unoccupied adsorption
sites. It is clear that this simple model is not correct
which means that the reality must be more complex.

Therefore a model considering water formation
from hydroxyl groups and methanol formation from
methoxy and hydroxyl groups was formulated, i.e., the
following two reaction step were incorporated

VOH + VOH — VO + V + H,0 (10.6)
(water formation) ’
VOH + CH;0V — VO + V + CH;0H (10.7)

(methanol formation)
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~—— methoxy C—O vib.

Fig. 10.33 IRAS spectra of
methanol-dosed moderately re-
duced V,03(0001) after annealing at
240 and 270 K, respectively. Methanol
was dosed at 90K and the surface
was reduced with an electron dose of
8 mC. After [10.132]
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Herewith the following differential equation system
was set up for the time-derivative of the methoxy cov-
erage O and the hydroxyl coverage 0oy [10.208]

do E
Ntotd_;v[ = S(@)(DM _NtoteMQOHU exp (—ﬁ)
(10.8)
deOH EZ
NtotT = S(0) Pyt — 2N 05V exp (_ﬁ)
E
— NiotOmOonv exp (—ﬁ) (10.9)

S(0) is a coverage-dependent sticking coefficient, ¢
is the time, Ny is the number of vanadyl lattice

sites (4.8 x 10'¥m™2), v is the attempt frequency (set
to 1083571, E; and E, are the energy barriers for
methoxy—OH recombination and OH-OH combination,
respectively, Gy is the flux of methanol molecules per
unit area and time, k is Boltzmann’s constant and 7 is
the adsorption temperature (7' = 298 K). It is assumed
that there are no further reaction paths and that diffu-
sion can be neglected which is reasonable if it is much
quicker than the water and methanol formation reac-
tions. The sticking coefficient S(0) is assumed to be
coverage-dependent

No—Nm

(10.10)
Niot

S(0) =
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with Ny and Ny being the number of possible adsorp-
tion sites per unit area and the number of methoxy
groups per unit area, respectively (Ny = OvNior)-
Methanol molecules that hit the surface at an unoc-
cupied defect site do stick, while molecules that hit
a nonreduced or occupied surface site do not. We note
that the calculated water and methanol formation rates
are three orders of magnitude smaller than the rate at
which methanol molecules impinge onto the surface.
Therefore the reactive defect sites are nearly fully cov-
ered and details of the sticking coefficient equation do
not play a relevant role.

The set of differential equations was solved nu-
merically with E; and E, as parameters to fit the
experimental data in Fig. 10.34. Ny was set to 7.5%
which is approximately the density of surface oxy-
gen vacancies after exposing the surface to 1 mC of
electrons with a kinetic energy of 50eV. The best
fit was obtained for E|, = E, = 0.85eV (blue curve in
Fig. 10.34). The blue curve reproduces the experimen-
tal data quite well and the activation energies for water
and methanol formation are indeed identical within the
error range of the fit. Somewhat similar activation ener-
gies (E1 = E; = 0.75¢eV) could be obtained from a fit
of TPD data [10.208].

These studies highlight the role of hydroxyl groups
in the methanol partial oxidation reaction. Hydroxyl
groups are not just spectators in this reaction (with the
side effect that they reduce the substrate when they react
to form water), they can affect the kinetics and therefore
the reaction rate. They may also affect the selectivity as
observed for V,03(0001) [10.132] (not discussed here).

10.4.3 Strong Metal Support Interaction
Effects on Reactivity:
FeO/Pt in CO Oxidation

Reprinted with permission from [10.211]. © 2015 John
Wiley and Sons.

“The reactivity of ultrathin transition metal oxide
(TMO) films is closely related to so called strong
metal-support interaction (SMSI) [10.212], which
is mostly discussed in terms of a full or partial en-
capsulation of metal particles by a thin oxide layer
stemming from a support.

A number of studies have addressed this prob-
lem. In particular, our own studies [10.33,38,
40] of Pt nanoparticles deposited onto well-de-
fined iron oxide surfaces showed encapsulation
of the Pt surface by an iron oxide layer identi-
fied as FeO(111) monolayer film that is virtually
identical to the one grown on a Pt(111) single
crystal [10.213]. However, the FeO(111) film, ini-

tially stacked as an O-Fe bilayer, transforms at
elevated oxygen pressures to an O-rich, FeO,_,
film with a trilayer (O—Fe—O) structure [10.37, 39].
Although the film stoichiometry implies Fe cations
in the formal oxidation state 4+, i.e., unusual for
iron compounds, DFT results showed that Fe ions
in the trilayer structure are in the oxidation state
3+ due to a substantial electron transfer from the
Pt(111) substrate. However, for brevity, we will
use FeO and FeO, for the bi-layer and tri-layer
structures, respectively. The CO oxidation reaction
has been used as a probe reaction.

The reaction mechanism of CO oxidation, ad-
dressed by DFT using the model of a continuous
FeO, film, suggested CO reacting with the weakly
bound, topmost oxygen atom in the O—Fe-O tri-
layer, thus forming CO; that desorbs leaving an
oxygen vacancy behind [10.39]. The vacancy must
be replenished by the reaction with molecular oxy-
gen to complete the catalytic cycle. Our systematic
study of reactivity of ultrathin oxide films formed
from a number of different transition metals, such
as Ru, Zn, Fe, and Mn, suggested the oxygen bind-
ing energy as a good descriptor for reactivity of
the ultrathin oxide films [10.214] which may also
be present at the rim of oxide islands.

Bao and coworkers have addressed the reactiv-
ity of FeO(111) and other TMO(111) monolayer
structures on Pt(111) exposing the oxide/metal
boundary [10.215-218]. On the basis of DFT cal-
culations [10.216, 218], a Pt—cation ensemble was
proposed, where coordinatively unsaturated TMO
cations at the edges of TMO islands are highly
active for O, adsorption and dissociation. Dissoci-
ated oxygen binds to Pt at the TMO/Pt interface
and is responsible for the facile CO oxidation.
Note, however, that the calculations employed
a simplified model, using a TMO ribbon, which
does not account for the experimentally observed
epitaxial relationships of oxide and Pt and related
lattice mismatches, in turn resulting in various
edge structures as observed [10.219]. More im-
portantly, the oxide phase was modelled by the
bilayer, i.e., O-TM-Pt(111), structure, which is
not the structure relevant for technological CO ox-
idation reaction conditions, neither for FeO(111)
nor for ZnO(0001) films on Pt(111) [10.28, 39].
Nonetheless, following these studies, the highest
reactivity is expected to be on the rim of the
FeO(111) islands, which are oxygen deficient and
expose the unsaturated Fe?t cations [10.215,217,
218].

Recently, Huang and coworkers [10.220] have
addressed the reactivity of FeO(111)/Pt(111) sur-
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Fig. 10.35 (a) CO oxidation rate as a function of the FeO(111) coverage on Pt(111). Reaction conditions: 10 mbar CO
and 50 mbar O,, balanced by He to 1 bar; 450 K. (b) Total CO, production measured by TPD in low and high temperature
(LT, HT) regions as a function of FeO coverage in original films

faces in the water gas shift reaction and preferential
oxidation of CO in excess of H, using tempera-
ture programmed desorption (TPD) technique. It
appears that the oxide structure is strongly af-
fected via the reaction with water and hydrogen.
A DFT study [10.221] performed on a more real-
istic model of FeO,/Pt(111), showed that, beyond
terraces of the oxygen-rich FeO,_, phase, consid-
ered for a close film [10.39], also FeO,/FeO and
FeO, /Pt boundaries may be involved in reactions.
Finally, the metal-oxide synergy effect may also
result from oxygen spillover from the oxide to the
metal support.

We also studied the reactivity of FeO(111)/
Pt(111) films at submonolayer coverage both un-
der near atmospheric and UHV-compatible pres-
sures in order to bridge the pressure gap that
may cause some controversy in results obtained
by different groups [10.211]. We have shown that
a much higher reactivity is, indeed, achieved by
exposing an interface between the Pt support and
the oxygen-rich FeO,_, phase. Two synergetic ef-
fects concur: a low oxygen extraction energy at the
FeO, /Pt interface and a strong adsorption of CO
on Pt(111) in its direct vicinity. Weak adsorption
of CO on oxide surfaces levels out the (negligible)
role of CO adsorption characteristics in the reac-
tion over the closed oxide films, thus rendering the
oxygen binding energy as the decisive parameter
for reactivity of ultrathin oxide films [10.214].

Figure 10.35a shows the CO oxidation rate
(measured by gas chromatography) over FeO(111)/
Pt(111) films at 450K in the reaction mixture of
10 mbar CO and 50 mbar O, (balanced by He to
1 bar) for different oxide coverages. (Note, that the
initial rate was solely measured in order to ne-
glect any deactivation effects). In the course of
the reaction the initially grown FeO(111) islands
transformed into the FeO,_, islands in agreement
with STM results of Fu et al. [10.217] The rate
vs coverage plot revealed a maximum at ~ 0.4 ML
coverage. The rate is substantially (by a factor of
3.5) higher than obtained for a closed, monolayer
film, which is, in turn, more active than the pristine
Pt(111) surface, in full agreement with our previous
studies [10.39]. Obviously, the oxide/metal inter-
face provides reaction sites more active than those
on the (interior) surface of FeO, islands.

More detailed experiments on FeO(111)/
Pt(111) films at sub-ML coverages using CO TPD
as a function of oxide coverage, exposure, and
preparation conditions revealed that CO, produc-
tion from CO oxidation came in two temperature
regimes. The one at low temperature (LT, below
350K) is very similar to that obtained on pristine
Pt(111), whereas the reaction at high temperature
(HT, 350—550 K) originates only on oxide covered
surface.

Figure 10.35b depicts the total amounts of CO,
measured in six consecutive CO TPD spectra in
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Fig. 10.36 (a) Computational model of a sub-monolayer FeO, film on the Pt(111) surface. The nonequivalent oxy-
gen sites are labeled 1-7: T-FeO (1), T;-FeO, (2), Ts-FeO, (3), E-FeO/Pt (4), E;-FeO, /Pt (5), Es-FeO, /Pt (6),
E-FeO,/FeO (7). Pt, O and Fe atoms are represented by gray, red and blue spheres, respectively. (b) Most stable CO
adsorption configurations at the FeO, /Pt (lefr) and FeO, /FeO (right) boundaries depicted in panel (a). Pt, O, C and Fe
atoms are represented by gray, red, black, and blue spheres, respectively. Reprinted with permission from [10.211]
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the LT and HT regions, respectively, as a function
of oxide coverage. The LT signal reversely scales
with the oxide coverage, in full agreement with re-
action taking place on uncovered areas of Pt(111).
The observed linear relationship also suggests no
(or negligible) oxygen spillover from FeO; islands
onto the Pt(111) surface. In contrast, CO, produc-
tion in the HT state goes through the maximum in
the same manner as observed for the CO oxidation
rate at near atmospheric pressures (Fig. 10.35a),
thus providing compelling evidence that the en-
hanced activity must be attributed to the reaction
at the interface between Pt(111) and FeO, trilayer.

Also, DFT calculations have been performed
to estimate the thermodynamic stability of oxy-
gen at a variety of alternative terrace and boundary
sites, characteristic of Pt-supported FeO, film at
sub-ML coverage. The computational model de-
picted in Fig. 10.36a represents an oxide coverage
of 0.6 ML, with an equal proportion of FeO and
FeO,, accounting for the case of large FeO, islands
on the Pt(111) surface. It consists of embedded
FeO, islands, with trilayer O-Fe—O structure, lo-
cated primarily in the region of the so-called hcp
lattice registry (O ions on-top of surface Pt atoms,
Fe ions in the hollow sites), where the oxygen-rich
film forms the most easily [10.37]. Conversely,
bare FeO(111) is most stable in regions of fcc reg-
istry (both O and Fe ions in three-fold hollow sites
of a Pt(111) substrate). The large unit cell contains
also the region of a bare Pt(111) surface created
by removing the oxide from regions of rop registry
(O ions in the hollow sites, Fe ions on-top of a sur-
face Pt), where the stability of a FeO, film is the
lowest [10.37, 222].

While the oxygen extraction thermodynam-
ics identified edge (E-FeO,/Pt and E-FeO,/FeO)
sites as the most plausible candidates to react
with CO (with a small preference for the latter),
the very different characteristics of CO adsorption
(2.05 vs 0.05eV, respectively) clearly indicates
that these two sites have a different efficiency for
CO oxidation. Since CO binds only weakly to
the FeO, /FeO boundary, the Eley—Rideal reaction
mechanism is anticipated on these sites. Con-
versely, strong CO binding in the direct vicinity
of the FeO, /Pt boundaries makes the Langmuir—
Hinshelwood mechanism operative. Although in
the latter case CO and O binding characteristics are
close to those obtained on the bare Pt(111) surface,
the FeO, oxide phase provides O atoms which do
not suffer from the CO blocking effect which, oth-
erwise, poisons the CO oxidation reaction on the
bare Pt surface.

Certainly, for the rate enhancement to occur
CO must adsorb sufficiently strongly, otherwise it
desorbs intact before reaction with oxygen. There-
fore, weakly adsorbing metal surfaces, such as
Ag(111), do not show such effect as previously re-
ported for ZnO(0001) films [10.223]. Accordingly,
using oxygen binding energy as a principal de-
scriptor for CO oxidation over ultrathin oxide films
seems to be valid only for the systems exhibit-
ing relatively weak CO adsorption which does not
compete for oxygen adsorption sites. In the case of
systems exposing a metal/oxide interface, the re-
activity may be considerably enhanced by metals
strongly adsorbing CO like Pt. In such cases, the
model of overlapping states [10.224] seems to be
fairly predictive, suggesting high activity when the



Thin Oxide Films as Model Systems for Heterogeneous Catalysts

10.4 Chemical Reactivity of Oxide Surfaces

desorption profiles for each individual molecule
reacting at the surface overlap.

Reprinted with permission from [10.211]. © 2015 John
Wiley and Sons.

10.4.4 Olefin Hydrogenation

over Pd/Fe30,(111)

Reprinted with permission from [10.225], © 2013
American Chemical Society.

Real catalytic processes often require small
amounts of some additives (promoters), such as
e.g., alkali metals or halogens [10.100], that en-
sure high catalytic activity and selectivity. The role
that these compounds play at a microscopic level
remains unclear for most of the known catalytic
systems in operation. One of the most important
coadsorbates, particularly in hydrocarbon chem-
istry, is carbon resulting from decomposition of
the reactants. Accumulation of carbon was recog-
nized to considerably affect the activity and the
selectivity in hydrocarbon conversions promoted
by transition metals [10.226]. In our studies, by
comparing the hydrogenation activity of clean and
C-containing Pd nanoparticles we addressed the
underlying microscopic mechanisms of C-induced
changes in the catalytic performance for hydro-
genation of olefins [10.227-229].

Hydrogenation rates of cis-2-butene over
clean and C-containing Pd nanoparticles sup-
ported on Fe;O4(111)/Pt(111) film are shown in
Fig. 10.37a. Pd nanoparticles were saturated first
with deuterium to form both surface and sub-
surface D species [10.230] and then short pulses
of cis-2-butene were applied. Clean Pd nanopar-
ticles exhibit high hydrogenation activity for an
initial short period of time (a few butene pulses),
after which it drops to zero. In contrast, if car-
bon was deposited on Pd nanoparticles before the
reaction, a sustained hydrogenation rate was ob-
served. Using CO as a probe molecule for different
adsorption sites, it can be shown that deposited
carbon modifies the low-coordinated site such as
edges and corners [10.230]. However, it is not clear
whether carbon resides on the surface or might
penetrate into the subsurface region as predicted
theoretically [10.231]. This effect demonstrates the
exceptional importance of carbon for olefin hy-
drogenation, which can be carried out in a truly
catalytic fashion for many turnovers, only on C-
containing Pd nanoparticles.

The role of carbon in promotion of sustained
hydrogenation was rationalized by employing tran-
sient molecular beam experiments and resonant
nuclear reaction analysis (rNRA) for hydrogen
depth profiling. First, we obtained the first direct
experimental evidence that the presence of H(D)
absorbed in the Pd particle volume is required for
olefin hydrogenation, particularly for the second
half-hydrogenation step [10.227], in agreement
with previous experimental evidences [10.232].
This result explains the high initial hydrogenation
rates, observed on the clean particles fully satu-
rated with D, and vanishing hydrogenation activity
in steady state because of the depletion of the sub-
surface D reservoir (Fig. 10.37a). Apparently, the
inability to populate subsurface D sites arises from
hindered D subsurface diffusion through the sur-
face covered with hydrocarbons. Further, it was
shown that even a submonolayer coverage of car-
bon significantly affects the H(D) depth distribu-
tion in Pd particles [10.227]. Based on these obser-
vations, and on the analysis of the hydrogenation
kinetics [10.229], we attribute the sustained hydro-
genation activity to facilitation of H(D) diffusion
into the particle volume by deposited carbon.

The proposed mechanism was confirmed both
theoretically and experimentally [10.233,234].
Computational studies on Pd nanoclusters demon-
strated that deposited carbon dramatically en-
hances the hydrogen diffusion rate into subsur-
face, mainly due to a local elongation of Pd-Pd
bonds and a concomitant lowering of the activa-
tion barrier [10.233]. This dramatic reduction of
the activation barrier can account for the experi-
mentally observed unusual promotion of sustained
hydrogenation activity by carbon. In contrast, the
lateral rigidity of the extended Pd(111) surface was
predicted to hinder this effect, in agreement with
experimental observations [10.228]. The results
demonstrate the conceptual importance of atomic
flexibility of sites near particle edges, which, in
contrast to intrinsically rigid regular single crystal
surfaces, play a crucial role in H subsurface diffu-
sion on Pd.

Finally, we provided direct experimental ev-
idence for a faster subsurface H diffusion
through C-modified low-coordinated surface sites
on Pd nanoparticles by probing the diffusion
rate via Hp + D, — HD exchange in different
temperature regimes [10.234]. It was previously
shown [10.230] that the formation of HD can oc-
cur either via recombination of two surface H and
D species or an involvement of subsurface H or
D species. The latter pathway dominates at low
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temperatures between 200 and 300 K. Our exper- where desorption involves at least one subsurface
imental results are consistent with the scenario H(D) species. This effect can be explained only by
implying that one subsurface atom (H or D) re- the higher formation rate of the subsurface H(D)
combines with a surface-adsorbed atom to form species on the C-modified particles, resulting in
HD. In the case of slow subsurface H(D) diffusion, a higher steady state concentration.
the formation rate of subsurface species will be Such insight allowed us to identify an excep-
the limiting step in HD production, and can, there- tionally important role of carbon in hydrogenation
fore, be addressed by probing the rate of isotopic chemistry on nanostructured catalysts that was pre-
scrambling. viously not clearly appreciated. According to our
Figure 10.37c shows the steady state HD for- model, small amounts of carbon modify the low-
mation rates at 260 and 320K on clean and C- coordinated surface site of Pd nanoclusters (edges,
modified Pd nanoparticles. C—modification of the corners), thus allowing for effective replenishment
particles edges was found to affect the HD forma- of subsurface H in steady state and enabling sus-
tion rate in a dramatically different way for two tained hydrogenation. These results also highlight
reaction temperatures: whereas at 320K pread- the crucial role of subsurface H diffusion, which
sorbed C reduces the overall reaction rate by about is a strongly structure-sensitive process on Pd
30°, the reaction rate increases by about 100° at surfaces, in hydrogenation of the olefinic bond.
260 K on the C-modified particles. The decreased Computational studies suggest that the atomic flex-
HD formation rate at 320 K, where HD formation ibility of the low-coordinated surface sites is an
is dominated by the recombination of the surface important structural feature that is responsible for
H and D species [10.230], can be rationalized as easy subsurface diffusion of H under operation
a consequence of the blocking of surface adsorp- condition.”
tion sites by carbon. Interestingly, even though
a part of the surface is blocked by carbon, the HD Reprinted with permission from [10.225], © 2013
formation rate is significantly increased at 260 K, American Chemical Society.
10.5 Oxide Films Beyond UHV
Reprinted with permission from [10.60]. © 2019 Mate- tions of interest. For surface science investigations
rials Research Society. in particular, it is desirable that the structural or-
“The investigations discussed so far were limited der is malnta}ned. Smce the CherTnc‘al properties
. .. . of (most) oxide thin films are similar as those
to systems studied under UHV conditions which . . .
. . . of the corresponding bulk analogues, their stabil-
immediately poses the question how these results . . . Lo
: . .. ity and dissolution behavior is expected to fol-
relate to oxide systems at ambient conditions such . . .
. . low the same trends. Dissolution rates for oxide
as an aqueous environment. In the following we . .
. thin film samples can be derived from the mea-
illustrate how such well-defined systems prepared .
o sured decrease of film thickness upon exposure
under UHV conditions can be used to study the . . .
. . . to aqueous solution, which can straightforwardly
properties of the oxide surfaces under ambient con- . . .\ .
ditions be determined from the intensities of the oxide
g‘? ' and substrate XPS or AES (Auger electron spect-
3 -
w 10.5.1 Alkaline Earth Oxides, Iron Oxides tms;’gys) zzizst(glsls and $i2p regions) taken af
= and Silica Out of UHV into Solution pectrs . p Tegor
=) ter exposing bilayer SiO,/Ru to deionized water at
vl

Stability and Dissolution of Thin Oxide Films
in Aqueous Environment

A variety of technologically important processes,
such as catalyst preparation by wet impregnation,
involve processes at the liquid/oxide interface.
Aiming at the investigation of such processes us-
ing well-defined thin oxide films the system has to
be stable under the specific environmental condi-

90 °C, and NaOH(aq) at 25 °C for various times are
displayed in Fig. 10.38a [10.204]. Clearly, deion-
ized water (pH 7) does not affect the film structure
to any significant extent, even at elevated tem-
perature. While a small shift of all silica-related
XP peaks to higher BE, which reflects a slight
change in the electronic structure of the system
(band bending), is noted, neither the Si2p nor
the O1s peaks suffer any loss of intensity. In
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Fig. 10.37a,b Hydrogenation rate of cis-2-butene at 260 K over clean (a) and C-precovered (carbon adsorbed at Pd
nanoparticle edges) (b) model catalysts Pd/Fe;O4/Pt(111). (c) The steady state HD formation (H, + D, — 2HD) rates
obtained on the pristine and C-precovered Pd nanoparticles supported on Fe;O4/Pt(111) at 260 and 320 K. Reprinted
(adapted) with permission from [10.234]. Copyright (2011) American Chemical Society. (d) Proposed reaction mecha-
nism of olefin hydrogenation on Pd nanoparticles
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Fig. 10.38 (a) Evolution of O 1s (left) and Si2p (right) XP spectra of SiO,/Ru(0001) samples as a function of time of
exposure to (fop) deionized water at 90 °C, and (bottom) 0.1 M NaOH at 25 °C. (b) Peak intensity ratios of Si2p relative
to Ru 3d for bilayer SiO,/Ru samples exposed to aqueous NaOH solutions at pH 13 and various temperatures (left) and
varying pH at 90 °C (right) as a function of time spent within the aqueous environments. Reprinted from [10.204], with
permission from Elsevier. (c) Left: Dissolution of MgO(001)/Ag(001) films (initial thicknesses corresponding to the
values at time = Os) in various environments plotted as MgO film thickness vs. time of exposure to solutions; black:
0.01 M NaOH solution (pH 12), blue: Millipore water (pH 6), red: 0.01 M HCI solution (pH 2). (c) Right: Dissolution of
MgO(001)/Ag(001) in 0.01 M NaOH. Reprinted from [10.235], with permission from Elsevier. (d) Air-STM images of
Fe;04(111)/Pt(111) taken after transfer from UHV to air (/eft), after 60 min exposure to 0.1 M HCl, pH 1 (middle) and
after 60 min exposure to NaOH,q, pH 10 (right)

contrast, the intensity of both peaks decreases sig-
nificantly, even at 25°C, when the silica bilayer
is exposed to alkaline media (NaOH, pH 13). The
equal relative signal intensity loss of Si and O
peaks observed with time of exposure allows to
conclude that, in accordance with general expe-
rience, the dissolution process in alkaline media
can be described as the OH™ catalyzed hydroly-
sis of SiO, (SiO; +2H,0 — H4Si04). One can
further state that the bilayer SiO,/Ru films re-
semble the dissolution behavior of other, more
abundant forms of silica (quartz, amorphous sil-
ica), which are found to be practically insoluble in
the neutral pH range, and more strongly soluble in
alkaline conditions. From more systematic studies
of dissolution as a function of temperature and pH
(Fig. 10.38a, lower part) it is clear that removal of
Si0, from the sample shows a preference for larger
values of both parameters, which is also quali-

tatively consistent with the behavior noted from
bulk-phase silica analogues [10.236]. The dissolu-
tion rates for the thin film sample can be modeled
by the general silica dissolution rate model de-
rived by Bickmore et al. [10.236], which accounts
for variations in pH, temperature, and the cover-
age of neutral (6s;_on) and deprotonated (fsi—o-)
silanols. Because the silica film is hydrophobic and
lacks significant initial silanol coverage, the lat-
ter two contributions can be neglected and the rate
equation simplifies to

dSimol _ orens o st (opy- )
dr s

A comparison of the dissolution rates predicted
from that relation to those estimated on the basis of
the initial rates of Si XPS peak attenuations from
the thin films shows good agreement between the
model and the experiment [10.204]. From this, it
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is concluded that dissolution of the film in alkaline
media is initiated by OH™ attack at Si centers. Note
that this leads to rupture of siloxane bonds. Thus,
the initial step in the dissolution process can qual-
itatively be described by models that are similar
to those used to explain electron-assisted hydrox-
ylation of the silica film (Fig. 10.28f). In general,
the silica bilayer films were found to be stable (i.e.,
negligible dissolution rates observed) at room tem-
perature in acidic and neutral aqueous solutions,
and in alkaline media up to pH 10 [10.204].

MgO is a basic oxide (point of zero charge
(PZC) in the pH10 range) and therefore ex-
pected to be more stable in alkaline media than
in neutral and acidic environment [10.237]. Re-
sults of dissolution experiments performed with
MgO(001)/Ag(001) thin films are presented in
Fig. 10.38b, where the variation of MgO film
thickness as a function of time is displayed for
exposure to acidic (pH2, 0.01M HCI), alka-
line (pH12, 0.01M NaOH) and close to neu-
tral (pH 6, Millipore water) environments, respec-
tively [10.235]. The data shown in Fig. 10.38b is
consistent with the expected faster dissolution of
MgO in acidic media. In fact, in 0.01 M HCI so-
lution the dissolution is so fast that a 11 ML thick
film was completely dissolved within the first 5 s of
exposure. The dissolution rate is smaller at pH 6;
however, even under these conditions a 13 ML thin
MgO film was completely dissolved within 5s of
exposure. During the same period, only 3 ML MgO
were dissolved from the MgO sample upon expo-
sure to alkaline (pH 12) solutions. For the latter, the
dissolution behavior was studied for prolonged ex-
posures (up to 90 min), the results of which show
that the dissolution is initially fast and consider-
ably slows down with time, until a stable surface
state is obtained after 20—30 min of exposure. This
suggests the formation of a brucite (Mg(OH);)-
like passivating surface layer during exposure to
alkaline solution, for which dissolution rates are
considerably smaller than for MgO [10.238]. Be-
cause of the partial dissolution, and transformation
of the surface layers into a hydroxide, MgO films
exposed to alkaline media are subject to strong re-
structuring. Even if the crystallinity of the films
can partially be recovered by annealing at elevated
temperature, the initial structure of the MgO(001)
films cannot be restored [10.235].

Iron oxides are, according to the correspond-
ing Fe-water Pourbaix diagram, stable in aqueous
solutions in a wide range of pH. Thus, it is not
surprising that also thin iron oxide films are very
stable in aqueous solutions. As an example, STM

images taken in air from Fe;O4(111)/Pt(111)
films, which have been prepared in UHV and sub-
sequently transferred to air ambient and exposed
to aqueous solutions (pH 1, 0.1 M HCI and pH 10,
NaOH,) for 1 h, are shown in Fig. 10.40c [10.239,
240]. These images reveal that the island-terrace-
step structure of the thin film remains intact. Fur-
thermore, the step edges run straight along the
crystallographically preferred directions and the
terraces are atomically flat. XPS taken from the ex-
posed films indicates a slight oxidation of the sur-
face, but this does obviously not lead to structural
modifications. Both, Fe;04(111)/Pt(111) and bi-
layer silica films (and to a limited extent also
MgO(001)/Ag(001)) are therefore well suited for
further investigations of processes involving ox-
ide-liquid interfaces.”

Reprinted with permission from [10.60]. © 2019 Mate-
rials Research Society.

Surface Science Approach to Catalyst

Preparation: Pd—Fe30, as an Example
In Sect. 10.4.4 we have already shown that Pd nanopar-
ticles deposited on a Fe304(111) surface are good cata-
lysts for hydrogenation reactions. The system discussed
above was prepared by physical vapor deposition of Pd
atoms onto the oxide surface under UHV conditions.
However, almost all supported catalysts employed in-
dustrially are prepared by wet-chemical methods such
as impregnation, deposition—precipitation, spreading,
and ion exchange [10.74]. The first step in a commonly
applied wet-chemical catalyst preparation procedure
consists of the interaction of the support with precur-
sor solutions that contain the metal component in the
form of salts or complexes. This is followed by drying,
calcination and reduction steps, which are necessary to
transform the adsorbed metal precursor into the catalyt-
ically active phase. Among other approaches, thin oxide
films have recently been used to model typical catalyst
preparation procedures with flat, single-crystalline sub-
strates [10.235,239-242].

With Fe;O4(111)/Pt(111) as support, the prepa-
ration of supported Pd nanoparticles using PdCl, as
a precursor has been studied [10.239,240]. The spe-
ciation of PdCl, in aqueous solutions has been the
subject of intense research in the past. In strongly
acidic conditions, the tetrachloro complex PdCLZf is
the most abundant species (Fig. 10.39a). Upon hydrol-
ysis, the chlorine ligands are gradually replaced by
aqua or hydroxo ligands, leading finally to Pd(OH);~
species in strongly basic medium [10.243, 244]. Neutral
Pd complexes of the kind [PdCl,(H,0),] are formed at
an intermediate stage of hydrolysis. These complexes
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Fig. 10.39 (a) pH-dependent speciation of PdCl, in aqueous solution. (b) STM images (75 x 75nm?) of Pd nanoparti-
cles on Fe;O4(111) obtained by exposure of freshly prepared Fe;O4(111)/Pt(111) to PACl, solutions of different pH
followed by drying and annealing at 600 K in UHV. (c) Schematic representation of the adsorption of Pd-complexes on
oxide surfaces in acidic (pH below the PZC of the oxide) and alkaline media (pH above the PZC of the oxide)

are most probably responsible, because of their ten-
dency for polymerization (— polynuclear Pd-hydroxo
complexes, PHC), for the formation of colloidal par-
ticles [10.245], seen with the appearance of the dark
brown color of the Pd solution (Fig. 10.39a). The pH at
which formation of PHC’s sets in can be slightly var-
ied by changing the Pd?>* and CI~ concentration. The
strong influence of the solution pH on the Pd load-
ing and the particle morphology is demonstrated by
means of the STM images displayed in Fig. 10.39b.
These images were obtained following exposure of the
Fe;04(111) films to precursor solutions (5 mM PdCl,)
exhibiting different pH (as indicated in Fig. 10.39b),
and subsequent thermal treatment at 600K in UHYV,
which transforms the adsorbed Pd precursor into Pd
particles. First, the samples prepared with the low pH
solutions (pH 1.3-2.5), where the influence of PHC’s
can be excluded, are considered. The trend toward
higher Pd loading and slightly increasing Pd particle
size with increasing pH is obvious and in agreement
with results obtained for similar preparations carried
out with powder samples [10.246]. Within the strong
electrostatic adsorption model (Fig. 10.39c¢, top), which
seems to be applicable for the given conditions (nega-
tively charged precursor and positively charge support
surface, PZC of Fe;04 is ~ pH 6.5) the suppression of
Pd precursor adsorption at low pH, which results in low
Pd loading, is typically explained by the lowering of
the equilibrium adsorption constant as an effect of the
higher ionic strength of the strongly acidified precursor
solution [10.247].

While small and homogeneously distributed Pd par-
ticles are formed following exposure to the low pH
solutions, a high Pd loading and large Pd particles
are obtained if the pH 4.7 precursor solution is applied
(Fig. 10.39b). At first glance, this result might be re-
lated to the adsorption of colloidal particles present
in the precursor solution. However, deposited particles
could not be identified by STM directly after deposi-
tion. Therefore, a different adsorption mechanism for
the Pd precursor needs to be considered at this pH con-
ditions. Since at pH4.7 the Fe;O4 surface is essentially
uncharged and a considerable fraction of the solution
species is charge-neutral, a strong chemical interaction
via hydrolytic adsorption of the precursor complexes
could be the reason for the high Pd loading. With the
basic pH 10 precursor solution the Pd loading decreased
again and a particle size distribution that is more ho-
mogeneous as compared to the one obtained with the
pH 4.7 precursor solution was obtained. Since both the
oxide surface and the solution complexes are negatively
charged in this case, electrostatic adsorption is believed
to play a negligible role and the adsorption of Pd occurs
mainly via hydrolytic adsorption of the Pd-hydroxo
complexes on the surface hydroxyl groups (Fig. 10.39c¢,
bottom). Copyright Springer [10.242].

More detailed studies regarding the stepwise de-
composition of the adsorbed precursors into metallic
nanoparticles were conducted with samples prepared
by exposure to pH1.3 and pH10 precursor solu-
tions, respectively [10.239,240]. As an example, the
results obtained with the alkaline precursor solution
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Fig. 10.40 (a) STM images (100 x 100 nm?) and (b) corresponding Pd 3d XP spectra of a Fe304(111)/Pt(111) thin film
surface acquired after exposure to Pd precursor solution (5mM PdCl,, pH 10) and subsequent drying (RT, fop), after
drying at 390K (middle), and subsequent heating to 600 K (bortom). (c) IRA spectrum taken after adsorption of CO
at 80K on a Pd/Fe;04(111) model catalyst prepared by exposure to pH 10 PdCl, precursor solution. (d) STM image
(100 x 100 nm?) of Pd/Fe;04(111) prepared by physical vapor deposition of Pd onto a Fe;O4(111) surface modified by

treatment with NaOH solution. After [10.242]

are reproduced in Fig. 10.40a (STM) and Fig. 10.40b
(XPS) [10.240]. An STM image of the Fe;O4(111)
surface following exposure to the precursor solution
(2mM PdCl,, pH10) and subsequent water rinsing
and drying shows an apparently clean oxide surface
with the typical morphological features of Fe;O4(111)
(Fig. 10.40a, top). However, the corresponding XPS
spectrum confirms the presence of Pd on this surface
(Fig. 10.40b, top). Obviously, the adsorbed precursor
complexes are homogeneously distributed across the
surface and cannot be individually resolved in STM.
The two Pd3ds;, photoemission signals identified at

337.8 and 336.5eV BE can be assigned to Pd-hydroxo
and PdO species, respectively. It has to be mentioned
that the high BE component was found to be sensitive to
x-ray irradiation, and the PdO component identified at
this stage of the preparation results most probably from
x-ray induced decomposition of the Pd-hydroxide into
PdO. Only mild drying at 390K completely changes
the surface morphology, which displays small particles
with an average diameter of 2.5-3nm (Fig. 10.40a,
middle). This morphological change is accompanied by
an almost complete transformation of the adsorbed Pd-
hydroxide precursor into PdO, as deduced from the loss
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of the high BE component in XPS and the concurrent
increase of the 335.9¢eV feature (Fig. 10.40b, middle).
Finally, fully reduced Pd particles (particle diameter:
3—7nm) are found after further thermal treatment at
600K (Fig. 10.40a,b, bottom). These particles contain
some carbon contamination remaining from the prepa-
ration process, which can be eliminated by oxidation
at S00K in 1 x 10~ mbar O,. Subsequent reduction in
CO atmosphere restores the metallic state, which then
presents CO-IRAS signatures typical for supported Pd
nanoparticles (Fig. 10.40c) with two bands arising, re-
spectively, from on-top bound (2105 cm™!) and bridge-
bonded CO (1990 cm™") [10.248]. Alternatively, the fi-
nal reduction step was performed in H, instead of CO
atmosphere, which led to the formation of bimetallic
Pd-Fe particles due to strong metal support interaction
(SMSI). This modification can be easily understood on
the basis of the catalytic action of Pd in providing H
atoms for reduction of the Fe;O, support via H disso-
ciation and H spill-over. Iron atoms from the reduced
support then migrate into the Pd particles.

An important question to ask at this point is whether
or not the morphology of a model catalyst prepared
by wet-chemical procedures as described above dif-
fers from that of a corresponding model catalyst pre-
pared exclusively in UHV. In other words, does the
nature of the precursor (single atoms in UHV vs.
metal complexes in solution) or the support proper-
ties (clean surface in UHV vs. a surface modified by
exposure to precursor solution) affect the properties
of the activated model catalyst? In order to answer
this question two additional Pd/Fe;04(111) model cat-
alysts were prepared: One, where Pd was deposited
onto a clean Fe30,4(111) support in UHV by vapor de-
position (Pd/Fe;04(UHV), Fig. 10.40d), and another
one, where Pd was deposited by vapor deposition onto
aFe;04(111) surface following a treatment with NaOH
(pH 12) solution (Pd/Fe3;04(hydr), Fig. 10.42b,e). The
NaOH treatment was applied in order to achieve a sur-
face functionality comparable to the solution deposition
experiment. Inspection of the corresponding STM im-
ages (Fig. 10.40d,e) reveals differences between the two
samples with respect to the arrangement of the Pd par-
ticles and the particle size distribution. While the Pd
particles are uniform in size and arranged in an al-
most perfect hexagonal array on the clean Fe;04(111)
surface, the surface order is lost on the pretreated
Fe; O, surface and a deviation from the normal particle
size distribution is apparent. Most notably, the mor-
phology of the Pd/Fe;04(hydr) sample (Fig. 10.40e)
closely resembles that of the model catalyst prepared

by deposition of Pd from the pH 10 precursor solu-
tion (Fig. 10.40a, bottom). This finding suggests that in
the present case the morphology of the activated model
catalyst is mainly governed by the interfacial proper-
ties, and not by the nature of the precursor. The more
heterogeneous sintering of Pd particles on the modi-
fied surfaces is attributed to the presence of hydroxyl
groups and the existence of a variety of adsorption sites
with differing Pd adhesion properties [10.240], Copy-
right Springer [10.249].

10.5.2 Water/Silica Interface

To date, most of the research on silica bilayers has
been performed in idealized ultra-high vacuum environ-
ments. These conditions provide a high degree of exper-
imental control which enables unambiguous structural
assessment. Yet real world applications of silica and its
derivatives demand higher pressures and temperatures
and occur under ambient condition. Recent research
on silica bilayers beyond ultra-high vacuum addresses
these practical considerations by bridging the gap be-
tween UHV and ambient.

In order to bridge such gap, the structure of sil-
ica has been investigated with high-resolution liquid
atomic force microscopy (AFM). Silica films are grown
in UHV and subsequently transferred through ambi-
ent to the liquid environment (400 mM NaCl solution).
Figure 10.41 shows images of the bilayer silica struc-
ture attained with ultra-high vacuum STM and high
resolution liquid-AFM [10.250]. The low-temperature
UHV STM images exhibit atomic resolution of the
silica structure while the resolution of the room tem-
perature liquid-AFM images allows to identify the ring
structures. The structures appear remarkably similar as
confirmed quantitatively from pair distribution func-
tions of the ring center positions. These results show
that the silica film is structurally robust against am-
bient and aqueous conditions; this result is consistent
with the conclusions of the previous study which found
the silica bilayer film to be exceptionally stable against
hydroxylation [10.199]. In contrast, many UHV sur-
face structures are not stable under ambient conditions
due to unsaturated bonds [10.198,235]. The stability
of the silica bilayer makes it an optimal playground
to test the resolution of liquid AFM as the amorphous
structure circumvents the common challenge of dis-
tinguishing between true atomic resolution and lattice
resolution [10.251]. Furthermore, establishing the sta-
bility of the silica bilayer under ambient conditions
opens the door to future device applications.
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Fig. 10.41a=d An amorphous silica bilayer film with atomic resolution of silicon atoms by STM in UHV (a) and ring
resolution by liquid-AFM in (d). Both images have a scan frame of 5nm x 5nm. Red, orange, and yellow measurement
bars show examples of ring center—center distances for the first three families of ring neighbors identified in the amor-
phous silica bilayer. Several individual rings are marked in each image. (d) Reprinted from [10.250], with the permission
of AIP Publishing. The measurement in (a) has been obtained with a custom-made low temperature ultra-high vacuum
STM shown in (b) while (d) has been taken with a commercial liquid-AFM photographed in (c)

a) b) 3]

O Qe Qe Qe Qe
1.42 / A
d) Peal-Off
2-D silica
Transfer to a

PMMA 1 Ru(0001 new substrate

T u\(\ ) and PMMA

P removal Pl Pe(i11)
2-D silica
Ru(0001)
el e Pt(111)
2-D silica + PMMA layer ' ' '

Ru(0001)

Fig. 10.42 (a) Top and side view of a boron nitride layer in comparison to the silica bilayer (b) and (c). In contrast to
graphene both shown 2-D materials are wide band-gap insulators. (d) Schematic of the transfer procedure: silica bilayer
on ruthenium substrate, spin coating of system with polymethyl methacrylate (PMMA) layer, mechanical exfoliation
of PMMA, silica adheres to PMMA layer, silica supported on PMMA layer, placing the PMMA-supported silica layer
on clean Pt(111) substrate, subsequent heat treatment, after PMMA removal, silica is supported on Pt(111) substrate.
Reprinted (adapted) with permission from [10.57]. Copyright (2016) American Chemical Society
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10.5.3 Peal-0ff Experiments tures due to its insulating character and high degree of
with Silica Films structural integrity under ambient conditions [10.252].

Novel nanoelectronic heterostructure devices are de-

Silica bilayers are an ideal candidate material for in- signed with tailored properties by bottom-up produc-
clusion in two-dimensional nanoelectronic heterostruc-  tion which combines two-dimensional insulating, semi-
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conducting, and conducting materials. Numerous op-
tions exist for two-dimensional semiconductors, yet
to date hexagonal boron nitride is the most widely
used two-dimensional insulator. Silica bilayers are wide
band-gap insulators with band gaps on the order of
6.5—7.3eV [10.253,254] and provide a two-dimen-
sional analog of the SiO, insulating layer used in the
semi-conductor industry. In order to use bilayer sil-
ica for nanoelectronic devices, transfer of the bilayer
from the growth substrate is necessary. This proce-
dure has been sketched in Fig. 10.42. Silica bilayers

10.6 Conclusions

In this chapter we have compiled a range of experimen-
tal results to address some of the important questions
that need to be understood if aiming at an atomistic
understanding of chemical processes at oxide surfaces.
The experiments described here use well-defined, sin-
gle crystalline oxide films as model systems, which
were proven to be suitable to address the properties
of oxide surfaces and allow for their characterization
with the rigor of modern surface science methodology.
The basis for the atomistic understanding is a detailed
knowledge of the structural properties of the system
at hand. Using some selected systems, we have shown
how the machinery of modern surface science can be
used to determine the structural properties of oxide
surfaces. It is important to emphasize the increased
complexity of oxide surface structures in comparison
to metals and we have addressed some of these such as
surface termination and defect structures, among oth-
ers. Oxides cover a wide range of chemical and physical
materials properties from wide band-gap insulators to
metallic systems. We provide some examples how the
properties of the oxides can be tuned focusing on the
ability to control charge transfer processes at the sur-
face of oxides using the film thickness or appropriate
doping of the system as exemplified for alkaline earth
oxide surfaces. Oxide surfaces play a pivotal role in
heterogeneous catalysis not only as support for transi-
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