
ORIGINAL PAPER

Model Studies on Heterogeneous Catalysts at the Atomic Scale

Hans-Joachim Freund • Shamil Shaikhutdinov •

Niklas Nilius

Published online: 3 May 2014

� Springer Science+Business Media New York 2014

Abstract Thin single crystalline oxide films comprise

perfect supports to grow nanoparticles of metals and other

catalytically relevant materials. The model systems thus

created can be thoroughly investigated with respect to

structure and/or chemical activity applying both, the tech-

niques of surface science under ultrahigh vacuum condi-

tions as well as the traditional techniques applied in

catalysis to study chemical kinetics under ambient condi-

tions. We discuss here in particular the oxidation of

methanol to formaldehyde on ceria supported vanadia

nanoclusters as well as the effect of transition-metal do-

pants in single crystalline oxides, such as CaO, on the

activation of molecular oxygen.

Keywords Heterogeneous catalysis � Oxidation �
Oxygen activation � Dopants

1 Introduction

Oxide surfaces are often used as catalysts in oxidation

reactions [1]. We set out to design model systems to study

oxidation catalysis on hydrocarbons and alcohols on such

surfaces. Those model systems are based on well-ordered

crystalline thin oxide films grown on metal single crystals

using the rules of epitaxial growth. There are a number of

reviews available on various aspects of those thin-film-

based model systems [2–5]. The main advantage of using

this approach is the fact that we may use the toolbox of

surface science to study those systems at the atomic level,

employing scanning tunneling microscopy and variants, as

well as spectroscopic techniques based on charged infor-

mation carriers because those systems do not show

charging.

Also, because of the growth on a metal support, which

acts as a mirror, we are in a position to apply reflection

infrared spectroscopy [6]. By varying the film thickness we

may study the bulk material or create new systems where

the underlying metal co-determines the properties [7, 8].

Figure 1 represents a schematic diagram of an oxidation

reaction on a bulk oxide surface adapted from Jersey

Haber’s chapter on oxidation within the Handbook of

Heterogeneous Catalysis [9]. Here, the equilibrium

(chemical potential) between oxygen molecules in the gas

phase and the oxide is considered. Elementary steps are

indicated that provide a rationale for the transformation of

a gas phase species into oxygen anions in the solid oxide.

Traditionally, one distinguishes between electrophilic

oxygen on the surface and nucleophilic lattice oxygen. The

electrophilic oxygen is believed to be responsible for

complete oxidation to carbon dioxide and water, while the

nucleophilic oxygen is responsible for selective oxidation.

In the case of lattice oxygen, the concept of site isolation,

i.e. spatial separation of an ensemble of lattice oxygen

anions, has been introduced by Grasselli and Calahan [10,

11], and is held responsible for the specific oxidation

behavior. This is indicated in Fig. 2 where different lattice

oxygen ensembles schematically indicate a typical reaction

that may be induced by specific arrangements. It is

exemplified for the oxidation of propylene. Recently, fur-

ther concepts have been introduced. A concept, relating

oxidation reaction energetics to partial reaction descriptors,

was recently introduced by Joachim Sauer, and we will

make use of it when we discuss methanol oxidation on
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ceria supported vanadia catalysts [12, 13]. Another, even

more general concept on acid–base pair formation through

modified oxide surfaces was proposed by Horia Metiu,

enabling also a more systematic approach of the influence

of dopants [14]. This proposal was recently taken up by the

Häkkinen group and quantified for Mo dopants in CaO, a

system we will be dealing with in detail in the present

paper [15]. Of particular interest are oxygen vacancies in

the system, because they control, on one hand, the site

isolation on the surface, and, on the other hand, the

mobility of oxygen and electrons in the lattice [8]. Their

concentration as well as their charge state may be con-

trolled by the concentration of dopants [16]. In the present

paper we will discuss two examples for the influence of

dopants by studying the activity of very small vanadia

particles deposited onto a ceria surface with respect to

methanol oxidation [17], and the influence of Mo dopants

within CaO onto adsorption of oxygen from the gas

phase [18].

2 Experimental

The experiments have been performed in three custom

made ultrahigh vacuum systems equipped with preparation

chambers and the following analytical tools: scanning

tunneling microscopy at room and liquid helium tempera-

tures, X-ray photoelectron spectroscopy, synchrotron pho-

toemission studies, infrared spectroscopy, and temperature

programmed desorption. The experimental details are

given in the papers cited and briefly discussed in the

respective sections.
Fig. 1 Mechanism of the oxidation of a hydrocarbon molecule to an

aldehyde over an oxide catalyst (adapted from Fig. 2 from Ref. [9])

Fig. 2 Site isolation principle.

Schema of active lattice oxygen

arrangements on hypothetical

surfaces. Anticipated reaction

paths of propylene upon contact

with these surfaces [11]

Top Catal (2014) 57:822–832 823

123



3 Results and Discussion

Figure 3 shows a large scale STM image of a CeO2(111)

surface grown as a thin film (ca 3 nm in thickness) on a

Ru(0001) single crystal [17]. The inset reveals the atomic

structure of the surface. Vanadium was deposited on the

ceria films cooled to *150 K and then annealed to room

temperature for 10 min in 10-6 mbar of O2. STM images in

Fig. 4 revealed that the number, and in particular the size

of protrusions changes as the amount of vanadium

increased. The spectroscopic and microscopic information

revealed further that we are preparing surfaces exposing

vanadia monomers, distinct oligomers and islands. More-

over, the vanadia seems to be wetting the surface forming

monolayer structures [19]. This finding was a first proof

obtained by real space imaging, that, indeed, a monolayer

oxide may be formed on an oxide support. The spectro-

scopic information shown in Fig. 4 clearly shows that the

vanadia particles contain vanadyl (V=O) bonds, with the

characteristic vibrational band around 1000 cm-1, which

shifts to higher frequencies when the particle size increa-

ses. This is fully compatible with interconnected VO4 tet-

rahedra (vanadyl bonds perpendicular to the surface),

where coupling of the dynamic dipoles shifts the vibrations

to higher frequencies as the number of vanadyl bonds

increases. This represents the first direct structure-spec-

troscopy relation for those materials, and disagrees with

previous assumptions on those relations [20–26]. The

photoelectron spectra recorded for the same set of

preparations exhibits further interesting structure–property

relations: The V2p spectra of the vanadia deposits reveal an

oxidation state of V5? [27], compatible with a fourfold

coordinated vanadyl containing species and indicating that

the support is actively involved in determining the elec-

tronic structure through redox processes. As the coverage

increases V2p intensities increase but the local electronic

structure does not change until the second layer starts to be

populated as shown by STM [17], and V2p bands charac-

teristic of V3? appear in the spectra, revealing considerable

changes in the electronic structure. The valence band

photoemission features are only modified moderately,

except the feature between the valence band and the Fermi-

energy, which increases as the vanadia loading increases.

This feature is characteristic for Ce3?, i.e. for the filling of

the Ce4f states in ceria [28], forming as the vanadia binds

to the substrate and uses oxygen from the ceria by pro-

ducing oxygen vacancies.

The Sauer group has theoretically described the binding

of vanadia monomers on the ceria surface using density

functional calculations [17]. Their results are in very good

agreement with the microscopic and spectroscopic infor-

mation, and allow, beyond the possibilities of the experi-

ment, predictions on the stability of vanadia species on the

surface. A quantity of particular importance for the thermal

stability of the smallest aggregates is their tendency to

diffuse across the surface and to combine with co-adsorbed

particles to form larger aggregates. The calculations [29]

indicate a rather high diffusion barrier for vanadia mono-

mers, which turns out to be of key importance to under-

stand the temperature programmed reaction data presented

in Fig. 5 for the oxidation of methanol to formaldehyde

[13]. The traces from top to bottom refer to pure CeO2(111)

followed by increasing vanadia coverage. The solid lines

represent the formaldehyde mass and the dotted traces

mark the main fragment from methanol. Clearly, pure

CeO2 is active but it produces the aldehyde at temperatures

around 565 K. When vanadia is present on the surface

three peaks are observed. The one at highest temperature

(c), between 550 and 600 K, correlates with the one on

clean ceria. The one at 450–500 K (b) increases in relative

intensity as the vanadia coverage increases, and is thus

associated with larger vanadia aggregates, while the lowest

temperature peak (a) near 350 K, must be due to the

smallest aggregates of vanadia. When ramping the tem-

perature the vanadia almost certainly acquires some

mobility, though the barrier is high as outlined above, so

that the relative peak intensity cannot represent the abun-

dance of the species. But the fact that all peaks are

observed indicates the relatively high stability of the var-

ious species, in line with the qualitative picture evolving

from the DFT calculations. Our conclusion is that the

smallest vanadia aggregates lead to activity at the lowest

Fig. 3 Large scale STM image of a CeO2(111) surface revealing its

morphology and its atomic structure (inset)
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temperature, while polymeric species only show activity at

higher temperature. It also varies considerably as we

change the nature of the support, that is from ceria to

alumina, in line with recent catalytic studies on powdered

monolayer vanadia catalysts [30]. With this we conclude

the discussion of the first example and now turn to the

discussion of the influence of dopants within the lattice of

simple oxides and their influence on oxygen adsorption.

There are not many studies in the surface science literature

reported on adsorption of oxygen on oxide surfaces [31]. One

reason is, of course, that many techniques do not allow to

differentiate between the oxygen already present in the oxide

and the adsorbed species. Studies using isotopically labeled

oxygen species, however, reveal some aspects of oxygen

chemistry on oxide surfaces, in particular, the intermixture of

oxygen from the gas phase and oxygen in the oxide lattice

[32]. In investigations on the Mars - van Krevelen mecha-

nism those studies play an important role. In the case of group

V and VI transition metal oxides, i.e. chromia, molybdena,

vanadia, niobia, there are oxide phases that do not contain

doubly bonded surface oxygen species in the bulk but may

form such species on the surface upon exposure to oxygen

from the gas phase. Alternatively, oxygen may be liberated

from the phase below the oxide film, for example from a

metal single crystal that contains dissolved oxygen that dif-

fuses through the film to form adsorbed species on the sur-

face. Those species may be easily identified through their

characteristic vibrational frequencies, which render them

very different from oxide phonons. In connection with

studies of this kind we had probed the binding of molecular

oxygen on vanadium-sesquioxide using infrared spectros-

copy in comparison with DFT calculations [31]. The result of

those investigations was the identification of adsorbed

molecular oxygen as the precursor for atomic oxygen bound

as vanadyl on the V2O3 surface. In this case the vanadium

ions in the surface of the vanadium-sesquioxide are chemi-

cally unsaturated and try to complete their coordination

environment by binding the oxygen atoms as vanadyl

groups. In the next example binding of oxygen is triggered by

a different mechanism, which we will discuss in the

following.

Let us consider a simple oxide of sodium chloride

structure, and its (100) surface. Ideally, the surface contains

the same number of cations and anions arranged in a

checkerboard. Molecular oxygen will be bound rather

weakly to this surface, held basically through van der

Waals forces. DFT calculations for O2 on CaO(100) reveal

that O2 is bond by 13 kJ/mol with 16 kJ/mol of dispersive

Fig. 4 a–c STM images of VOx/CeO2(111) for various vanadia

loadings as indicated. Sample a was annealed to 300 K, while

samples b and c were additionally annealed in UHV to 700 K. The

insets highlight the atomic structure of the vanadia deposits. (The

scale bars are 3 nm. Tunneling bias is 3 V; tunneling current is

0.02 nA (a), 0.01 nA (b), and 0.10 nA (c)). d IRA spectra of the

vanadyl (V=O) stretching region for the corresponding STM images

(a–c). e Photoelectron spectra (at photon energies as indicated) for

two loadings of vanadia on CeO2(111) compared to a pristine

CeO2(111) thin film. [17]
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binding reduced by 3 kJ/mol of repulsion [18]. There is no

driving force for charge rearrangement for such an adsor-

bate. However, if such a surface is exposed to neutral

atomic oxygen or atomic oxygen anions, binding occurs

depending on the proper spin state of the atomic species.

For example, neutral atomic oxygen may interact with an

MgO(100) surface via formation of a peroxo species which

is oriented perpendicular to the surface plane [33, 34].

While those considerations apply to the ideally terminated

surface, the situation becomes more complex if defects are

introduced into the surface. The most common defects are

color centers, where we differentiate between F0,F?, and

F2? centers, depending on the number of missing electrons

with respect to an O2- site. With this nomenclature, a F0

center holds two electrons, an F? center one, and a F2?

center no electrons [8]. Many of those defects have been

well characterized by their energetic position in the band

gap [8] and concomitantly by their spectroscopic finger-

prints but they have also been imaged with scanning tun-

neling microscopy or atomic force microscopy [35]. They

may be formed by chemical means or by electron bom-

bardment. These color centers act as electron sources or

electron traps, and, in the case of F0 and F? facilitate the

formation of anionic species on such defected surfaces

depending on the electron affinity of the adsorbate. Water,

for example will interact with such surfaces by dissocia-

tion, filling the defect, and forming hydroxyls on the sur-

face concomitantly [8]. Moreover, electronegative metals,

such as Au, may pick up the electrons and charge up. This,

in turn, will lead to characteristic chemistry on such sur-

faces [16, 36]. The formation of defects may also be trig-

gered by dopants in the oxide. Consider, for example, a

transition metal ion of appropriate size and equivalent

charge state to substitute for a cation in a simple oxide of

the kind discussed above. If this transition metal ion exists

in another, higher charge state that may be formed without

large energy requirements, then the charge imbalance may

be compensated through the formation of a of a cation

(VM) defects [36], which in turn control the chemistry of

the system. In real systems, electron traps that provoke a

spontaneous charge drain from the impurity ion to the

defect might be present. The existence of overvalent do-

pants, for example, is known to increase the number of VM

defects in the oxide lattice, as demonstrated by paramag-

netic resonance and optical spectroscopy. Each VM center

produces two holes in the 2p states of nearby O ions that

are filled by the high-lying d-electrons of the TM impurity,

according to the reaction

2TM2þ þ VM þ 2O� ! 2TM3þ þ VM þ 2O2�:

In this reaction, two twofold positively charged TM-ions

are oxidized, while two holes in the O2p states of adjacent

oxygen get filled with the released electrons. Given the

high energy of the initially filled defect state and the low

energy of the initially empty holes states, this charge-

transfer reaction is energetically highly favourable.

By those means, energetically unfavorable defect states

in the band gap are emptied, and the total energy of the

system becomes lower. DFT calculations by Pacchioni’s

group revealed that the formation energy of a VM defect in

the presence of two TM dopants decreases from *8 eV in

stoichiometric MgO (CaO) to 0.97 (1.68) eV in the cation-

doped MgO:Cr (CaO:Mo) systems, respectively. The for-

mation of VM defects is thus expected to occur in our

doped oxides, especially as the samples are annealed to

Fig. 5 TPD spectra for 5 L of CH3OH adsorbed at 300 K on

CeO2(111) and VOx/CeO2(111) surfaces at vanadia loadings as

indicated. Dashed lines indicate the raw signal for CH3OH (31 amu),

whereas solid lines indicate formaldehyde (CH2O) production

(29 amu, corrected for the methanol cracking pattern). Signal

intensity below 300 K is assigned to the tail of CH3OH monolayer

desorption. [13] (Reprinted with permission from Ganduglia-Pirovano

MV, Popa C, Sauer J, Abbott H, Uhl A, Baron M, Stacchiola D,

Bondarchuk O, Shaikhutdinov S, Freund H-J (2010) Role of Ceria in

Oxidative Dehydrogenation on Supported Vanadia Catalysts. J Amer

Chem Soc 132 (7):2,345–2,349 Copyright (2010) American Chemical

Society.)
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1000 K during preparation. The Mo insertion into the CaO

film occurs via diffusion of Mo ions from the Mo(001)

single crystal, used as support in our study. The process is

thermally activated and starts at around 1000 K sample

temperature. CaO films annealed to this or lower temper-

ature have thus a low dopant concentration, while films

annealed to 1100 K and above are Mo-rich. The actual Mo

concentration is not homogenous inside the film but

depends on the distance from the CaO-Mo interface.

Whereas in the interface layer, up to 25 % of all cationic

species are replaced by Mo ions, this number drops to zero

in 25 ML thick films annealed to 1000 K. The desired Mo

concentration in a near-surface region can, therefore, be

tuned either via the film thickness or the annealing tem-

perature. It is probed with XPS or alternatively with STM

imaging and spectroscopy. For Mo-rich preparations, the

typical density of Mo dopants per layer in a near surface

region amounts to 1 9 1014–1 9 1016 m2.

The STM topographies indeed displayed atom-sized

depressions in the oxide surface, the density of which

scaled with the dopant concentration as shown in Fig. 6

[37]. Moreover, the surface density of those vacancies was

found to be higher in MgO than in CaO films at similar

doping levels, reflecting the higher VM formation energy in

the latter case. Additional electron traps are known to be

present along the dislocation lines of the MgO and CaO

films [38], which render a more quantitative discussion at

this point difficult. By dosing the dopants at particular

stages of film growth we are able to control their position

within the film, and with respect to the oxide surface. Even

if the dopants are in the surface region but below the

outermost surface, STM can tell its presence. Figure 7

shows an image of Mo-doped CaO(100), which exhibits

characteristic ring structures on the oxide surface. The

surface density of these rings thereby varies with the

number of Mo dopants embedded in the oxide matrix.

Interestingly, the surface plane itself is perfect in all cases

and no atom-size defects are identified in the ring centers.

To connect the ring features in STM with Mo dopants in

the lattice, we have changed the Mo concentration by

annealing the films to different temperatures (Fig. 7b) thus

increasing Mo diffusion into the films. Indeed, the density

of ring structures was found to rise from 5 9 1015 to

5 9 1016 m-2 when going from low- to high-temperature

films. In the latter case, the rings overlapped without vis-

ible interference, suggesting that features seen in the STM

originate indeed from isolated species in the oxide matrix.

The ring features in STM can be explained with charging

events of the Mo2? dopants in the tip electric field, a

mechanism that has been identified for semiconducting and

organic layers before [15, 39, 40].

Conclusive evidence for the nature of the rings comes

from a careful analysis of their diameter in dependence on

the tunneling parameters (Fig. 8) [41]. The ring structures

arises due to band bending in the electric field of the STM

tip which locally increases the energy of the dopant

Fig. 6 STM topographic images of Cr/Mg mixed oxides on Mo(001)

after annealing to 1000 K (35 3 35 nm2, 1.5 V). The Cr concentra-

tion rises from a 0.05 %, b 0.5 % to c 1 %, producing an increasing

number of atom-sized holes in the surfaces [37]. Note that the

depressions seen in STM correspond to the compensating Mg-defects

in the lattice, while the Cr-dopants themselves are invisible.

Fig. 7 a–c STM images of 25 ML CaO annealed to the given

temperatures (30 9 30 nm2, 2.6 V). Note the increasing number of

charging rings (see broken circle) upon annealing. d On 50 ML thick

films, the diameter of charging rings is larger due to the bad dielectric

screening (30 9 30 nm2, 4.4 V) [41]
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electronic states with respect to the unperturbed oxide

electronic structure away from the tip. As schematically

shown in Fig. 9, the Mo dopants charge up when the local

band shift at the dopant position matches the binding

energy of the highest occupied Mo donor level with respect

to the oxide conduction band. At this moment, the bound

Mo electron is pushed into the CaO conduction band and

delocalizes over an extended CaO region. As a result, the

positive charge at the Mo donor increases, which in turn

produces an attractive Coulomb potential around the

impurity and increases the available state density in the

oxide surface. Electrons from the tip consequently find

more final states for tunneling and a circular region around

the donor appears with enhanced contrast. Simultaneously,

a sharp ring becomes visible in the conductance maps due

to the sudden rise of the accessible CaO state density upon

charging (Fig. 8). The deviation of the perturbed region

from an ideal circle thereby reflects the asymmetry of the

tip apex, hence radial differences in the band bending. Note

that the dopants at the metal oxide interface always transfer

their electrons into the substrate (Fig. 9).

Summarizing the mechanism, the ring structures

observed on CaO thin films can be connected to temporary

charging events of Mo donors embedded in the oxide lat-

tice. The rings develop as Mo2? ions in a near surface

region transfer their top-most electron to the CaO con-

duction band in response to the local field of the STM tip.

We expect that such a promotion occurs not only in pre-

sence of an external stimulus (e.g. the tip electric field), but

can be triggered also by electron-accepting molecules

bound to the surface. We will discuss such a scenario for

oxygen in the following section.

Figure 10 displays STM images of atomically flat, doped

CaO(001) films before and after exposure to O2 [18]. The

adsorbates are clearly discernible as circular depressions of

0.6 Å depth and 10 Å diameter in empty-state images.

Exposing them to electrons from the STM tip verifies their

molecular nature, as the adsorbates consecutively split into

pairs of identical minima being assigned to the respective O

atoms. Whereas a mean O–O distance of 10–15 Å is

observed directly after dissociation, this value increases over

time due to the repulsive character of the O–O interaction on

the CaO support. The two types of oxygen, atomic versus

molecular, can be distinguished also via the pronounced

topographic contrast of the molecule that differs from the

‘‘sombrero’’ shape of the atomic configuration.

Both, oxygen atoms and molecules, show a distinct bias

dependence in the STM images. While the molecules

always appear as pronounced depressions in the surface

(depth 50 pm), the atoms are less deep (25 pm) and

develop a bright ring around the minimum with increasing

Fig. 8 Topographic and differential conductance maps of a single Mo donor measured as function of bias voltages. The asymmetry of the

charging rings reflects the deviation of the tip apex from a perfect sphere (5 9 5 nm2) [41]

Fig. 9 Potential diagram of a STM junction containing a thick CaO

film. The oxide bands bend upward in the tip-electric field, which

eventually leads to an electron transfer from the Mo2? HOMO into a

CaO conduction state [41]
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bias. The final assignment of the two species is made with

STM manipulation experiments, in which the molecule is

split into its atomic components with a 4.0 V bias pulse to

the tip. The splitting procedure is only successful for the

deep depressions, which are consequently assigned to the

molecular species. No change in the STM appearance is

revealed for the sombrero-type species, which are therefore

related to single oxygen atoms.

The O2 adsorption efficiency strongly depends on the

concentration of the Mo dopants. This becomes evident in

Fig. 11, which displays weakly and strongly doped CaO

films after exposure to 5 L O2 at 20 K. Whereas the Mo-poor

film is almost unable to bind oxygen, an O2 concentration of

*1017 m-2 is determined for the Mo-rich support, sug-

gesting a crucial role of the dopants for binding. To correlate

the Mo concentration with the reactivity of CaO towards

oxygen, we use the position of the oxide conduction band

with respect to the Fermi level as descriptor. The band

position undergoes a downshift with increasing dopant

concentration in the matrix, reflecting the presence of filled

electronic states high in the CaO band gap (n-type conduc-

tivity) (Fig. 11). We now observe a steep onset in the O2

adsorption probability when the band edge drops below

3.0 eV, while films with a band position beyond 4.0 eV are

unable to bind oxygen. Apparently, dopants that are able to

donate electrons into the O2 species are responsible for the

molecular activation. This idea is supported by our obser-

vations that after removing O2 molecules from the surface,

e.g. via a bias pulse with the tip, the typical charging ring of a

Mo donor becomes visible in the STM images (as shown in

Fig. 7). Apparently, there is a spatial correlation between Mo

donors in the oxide matrix and the binding positions for O2

molecules, which enables a charge transfer out of the donor

and the formation of super-oxo (O2
-) species.

Such a scenario is, indeed, supported by various spec-

troscopic investigations. In XPS, we find the Ca2p and

O1 s binding energies to shift downwards by 0.2 eV after

dosing O2 onto the films. The same trend is revealed for the

band positions revealed by STM conductance spectros-

copy. Both shifts indicate a work function increase, driven

by an electron transfer from the dopants into the surface

oxygen. The reverse effect, hence O2 desorption, elucidates

even the magnitude of the work function shift (Du) and

thus of the charge transfer. For this purpose, we have

monitored the position of characteristic vacuum states

above one and the same CaO region with and without

adsorbed oxygen (Fig. 12). We find a rigid downshift of the

states by 0.35 eV, being explained with the removal of

vertical Modþ � Od�
2 dipoles upon oxygen desorption. The

Helmholtz formula Du ¼ e
e0er

ladNad allows us to obtain an

estimate of the dipole strength lad of the charge-transfer

pairs. For an O2 concentration of Nad = 1017 m-2 and a

CaO dielectric constant of er = 10, we calculate a dipole

moment of 3 9 10-28 C m, a value that is compatible with

transferring one electron from a Mo ion in the 6th sub-

surface layer to an ad-oxygen. A last indication for O2
-

formation on doped CaO films comes from the facile dis-

sociation of the molecules, which proceeds with almost

100 % probability when injecting 4.0 V electrons from the

tip (1 min @ 20 pA). The bond cleavage occurs as a sec-

ond electron enters the anti-bonding states of the already

weakened super-oxo species.

The anticipated electron transfer between Mo donors

and O2 acceptors is corroborated by DFT calculations

performed with a B3LYP ? D hybrid functional [18]. On

non-doped CaO(001), a neutral O2 molecule binds with

13 kJ/mol to a Ca–Ca bridge position, whereas Ca2? top

sites are less preferred. In contrast, an O2
- species bound

with 98 kJ/mol to the same bridge site forms when a

Mo3? ion is present in the third subsurface layer. The

charge transfer to the oxygen would be even more

Fig. 10 STM images of a a pristine 25 ML CaO(001) film (4.0 V,

80 9 80 nm2) and b films after O2 exposure of 5 L @ 20 K c Height

profile and bias-dependent images of oxygen molecules and atoms.

While atoms appear with pronounced sombrero shapes at elevated

bias, the molecular species are imaged as deep depressions in the

surface [43]
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favorable for Mo2? donors that have a lower ionization

potential. Also the computed O–O bond elongation from

121 to 134 pm and the softening of the O–O stretching

frequency to 1193 cm-1 evidences the formation of

super-oxo species on the surface of Mo-doped CaO.

Finally, a decrease of the apparent O–O dissociation

barrier from 110 kJ/mol for neutral O2 on pristine CaO to

66 kJ/mol for super-oxo species on doped films is com-

puted with the PBE ? D functional. Apparently, O2

molecules may be activated to form super-oxo species

even on smooth, defect-free surfaces of a non-reducible

oxide, when dopants are present in the bulk. The O2
-

species is bound with about 100 kJ/mol, hence stable at

room temperature, and prone to dissociate into atomic

oxygen on the doped surface. We suggest that such spe-

cies may play a decisive role in activating even inert

hydrocarbons, e.g. methane, on wide-gap oxide surfaces.

First realization of the doping concept was demonstrated

by using Fe-doped MgO powder samples for oxidative

coupling of methane [42].

4 Synopsis

We have discussed two examples for model studies on

oxidation catalysis. Vanadia nanoparticles on ceria com-

prise a well-defined model to uniquely correlate reactivity

to methanol oxidation, and conclusions were obtained for

real catalyst systems. We show in the second case study

that dopants of transition metal ions in simple oxide lat-

tices, such as CaO, may be instrumental in transferring

electrons to electron accepting adsorbates on the surface,

i.e. oxygen molecules, or electronegative metals, such as

Au. This concept based on model studies may be trans-

ferred to catalysis on real systems. Our experiments dem-

onstrate that studies on model systems may be useful to

improve the general understanding of catalytic processes as

well as for catalyst design.
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