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1 Introduction and aims

Thin oxide films have received considerable attention in recent years, because of their
unique and unprecedented properties. In heterogeneous catalysis, the study of two-dimensional
reducible oxides is typically carried out on model systems, i.e., ultra-thin films formed on single
crystals under high or ultra-high vacuum conditions. The purpose of the research in this field is to
identify interesting aspects of simple systems that can be studied by surface science methods and
understood through theoretical descriptions.

The research conducted by the MTA-SZTE Research Group on Reaction Kinetics and
Surface Chemistry focuses primarily on the possibilities of producing simple and complex
nanostructures and characterizing the nanostructures and their interfaces. | did my PhD work in
this research group and aimed to improve the properties of platinum metals and other metal
catalysts by using atomic thickness layers. Among the platinum metals, | preferred Rh because of
its outstanding catalytic activity in reactions that are important for pure energy production. Since
it is a rather expensive metal, its substitution with cheaper alternatives such as active oxide layers
is of utmost importance. | chose atomic layer thick titanium oxides and molybdenum oxides,
which have excellent promoter effect and can easily be prepared under UHV conditions. The

catalytic activity of the catalysts was tested by CO adsorption experiments.

Further adsorption experiments were carried out on the surface of reduced TiO, (110)
supported Rh nanoparticles, which aimed to gain a deeper understanding of the elemental steps of
the catalytic hydrogenation of CO. Since the hydrogenation of CO leads to the formation of

water, | also studied the interaction of CO and H,O with TiOy layer formed on Rh clusters.



2 Experimental

All my experiments were carried out on the same system under ultra-high vacuum
(baseline pressure <5x10~° mbar). The chamber was equipped with an Auger electron
spectroscope (AES), a mass spectrometer, a Kelvin probe for measuring work function, an Ar”
ion gun, and an EGN4 electron beam evaporator. | moved the sample to the correct position with

manipulators.

3 New scientific results

3.1 The promotion effect of TiOy layer on Rh particles and Rh film supported on TiO,
single crystal.

In UHV condition | proved that the effect of TiOy surface layer formed on TiO; (110)
single crystal supported Rh particles was twofold. On the one hand, it prevented the uptake of CO
by occupying the adsorption sites. On the other hand, the Rh-TiOy interface, formed during the
encapsulation process, promoted/enhanced the dissociation of CO, and by increasing the surface
oxide layer, the amount of desorbed recombinant CO (y-CO) went through a maximum value. |
observed a similar phenomenon in the case of 20 ML thick Rh films, where the exact surface
oxide concentration could be determined. In this case, the amount of y-state at 0.2 ML coverage
of Mo reached a maximum value, which is consistent with previous high-pressure studies,

showing that the rate of hydrogenation of CO is maximal at low TiOy coverage.

I successfully utilized the ultra-thin TiOy layer as a carrier for Rh particles. The CO-TPD
measurements on the Rh-TiO4-Rh structure showed that the 0.4 ML thick Rh overlayer, prepared
at 230 K, is highly active, though a slight increase in the deposition temperature of Rh (35 K),
triggered a significant structural transformation. The rearrangement is accompanied by the
diffusion of the TiO4 layer onto the Rh particles. The process is driven by the formation of a
strong Rh-Rh bond and a reduction in surface free energy. Furthermore, adsorption experiments
have confirmed that the CO-saturated Rh layer is stable at 230 K up to the molecular CO
desorption temperature, indicating that the stability of the sandwich structure is strongly
dependent on the presence of adsorbates.



3.2 Effect of Mo and MoOx layers on CO chemisorption properties of Rh particles and
Rh films.

The Mo layer (0.15-2.7 ML) prepared by physical vapor deposition on TiO; single
crystal is oxidized by the support already at room temperature and form a mixed oxide of Tij.
xM0,O; in which the highest oxidation number for Mo is 2. The AES measurements have shown
that on this surface the Rh growth occurs in a layer-by-layer manner. The CO-TPD measurements
revealed that the MoOy overlayer on 1 ML thick Rh film generated a new recombinative CO
desorption state with Tp=700 K. I proved that the formation of -CO can only be observed above
certain Rh coverage (0.5-0.7 ML Rh) which can be attributed to Rh particle size effect and

geometric factors governing the CO adsorption.

I showed that on pure MoO; film supported by TiO, single crystal the growth mode of
Rh is 2D up to 0.7 ML coverage. The recombinant CO-state also appears in this case at Tp=720
K, but for this, higher Rh coverage is required (0.6-1 ML). By increasing the oxidation number of
Mo, the mechanism of Rh growth become 3D even at low coverage, and the -CO state does not
appear even at 2 ML Rh coverage. This can be attributed to the fact that a significant part of the
metal is encapsulated by MoOy species at room temperature which is also confirmed by the CO

titration series at 6gy, = 0.4 ML coverage.

MoO,Cy and MoOy layers formed on the Rh particles’ and Rh films surface also
promote CO dissociation (Tp = 700 K). In both cases, the amount of B-CO is reached its
maximum value at 0.2-0.3 ML Mo coverage, supporting the assumption that the MoOy-Rh
interface plays a crucial role in this process. This interface has already been associated with
enhanced reactivity towards CO hydrogenation in high-pressure studies.

3.3 The reaction of H, H,O, and CO on the pure and on the Rh covered, reduced TiO,
single crystals.

In my further adsorption experiments, | showed that the Rh-TiOx interface has high
reactivity towards H, and H,O molecules, which was manifested in their dissociation. By
deuterium adsorption experiments, | proved that the desorption state of H, at TP = 540-570 K
results from the recombination of OH groups originated from the decomposition of water at the

metal-oxide interface.



The desorption of recombinant CO (Tp=780 K) was not affected by the co-adsorbed or
the pre-adsorbed hydrogen, however, the pre-adsorbed water reduced the decomposition of CO,
because of the oxidation of the Rh-TiOy interface. In addition, the pre-adsorbed and dissociated
CO did not prevent the formation of a high-temperature H, state, resulting from water
decomposition. The adsorption experiments have confirmed that the active centers of the reaction
between CO and hydrogen are located at the Rh-TiOy interface. Furthermore, | proved that the
hydrogen spillover (i.e. the diffusion of hydrogen atoms from the Rh nanoparticles into the TiO,
single crystal) which is an important process for the storage and detection of hydrogen remains
active/persists until the metal surface is completely covered with CO molecules or TiOy layer. In

order to optimize the hydrogen spillover, the presence of these adsorbates must be minimized.

3.4 The dissolution of H into strongly reduced TiO,.

| proved that in the case of very strongly reduced TiO,, the H-atoms from the surface
hydroxyl groups, formed by the dissociation of water, dissolve into the oxide, but upon heating,
they diffuse again to the surface and desorb in the form of H,O at Tp = 570, 670 and 750 K. The
amount of total desorbed H-containing molecules shows a near saturation curve, indicating that
the formation of these products is limited by the amount of surface and/or near-surface oxygen

defects that react with H>O molecules.
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