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1. Introduction and the object of thesis

Over the past decade, nanosized materials generated intense interest in science and
technology. The reason is the unique behavior of these nanoclusters consisting of 100-1000 atoms.
Their properties lie somewhere between those of bulk and single-particle or molecular species. The
metal particles located on the surface may have specific physical and chemical properties that are
more intensive at the limit of metallic character cessation in the interval of 1-10 nm.

Nanoparticles of different noble metals have been found to catalyze a wide range of
chemical reactions. Catalysis in the 20th century focused primarily on activity, increasing turnover
rates to produce more molecules per unit time. Recently, the aim has shifted towards reaching 100%
selectivity. In this respect it is important that the preparation method of the catalyst influences the
activity and selectivity substantially.

In order to obtain high selectivity (with the ultimate goal being 100% selectivity), synthetic
methods that enable molecular control over the size, location and structure of the metallic
nanoparticles and catalyst promoters must be developed. Under certain circumstances, nearly
monodisperse particles with defined morphology can be synthesized. The size and morphology of
reduced noble metal particles can be influenced by the choice and the relative concentration of
precursors and stabilizing agents and by the temperature. Nucleation, growth and the relative
growth rates of the different sorts of crystallite faces determine the properties of the particles.
Electronmicroscopic measurements uniquely reveal the crystallographic orientation of particles
from the atomic lattice structure, which in turn determines the 3-dimensional geometry of particles.

Due to the high surface/volume ratio, the particles have high surface energy and can easily
aggregate in colloidal suspension. The linkage of the nanoclusters can be limited by their
immobilization on some sort of support. Due to the small particle size, the noble metal particles
dispersed on the surface of the support guarantee high surface available for catalytic reactions.
Evidently, the aggregation can not be excluded in this case. The mobility of nanoparticles depends
on the raggedness of surface and the strength of the bonding.

High dispersity and homogeneous distribution can be reached using materials with high
surface area (e.g. ALOs, silicagel, zeolites, mesoporous materials like SBA-15). The support not
only stabilizes these small metallic particles, but may also influence the chemistry through a
bifunctional mechanism that provides active sites on the support or at the support—metal interface in
addition to the active sites on the metal.

Single crystals of transition metals are utilized as model systems in heterogeneous catalysis;
their surface structure is well defined yet easily modifiable, allowing the study of surface effects on

adsorption, reaction and desorption phenomena. The techniques and practices of ultra high vacuum



(UHV) have enabled surface cleaning and characterization in order to obtain a wealth of
information on the influence of surface structure on heterogeneous reaction kinetics and dynamics.
The kinetic measurements of McCrea et al. have shown that the selectivity during cyclohexene
hydrogenation/dehydrogenation reactions is influenced by the surface structure. Considering the
fact that catalytic behavior of single crystals is influenced by the atomic level structure of the crystal
faces, research to develop supported metal catalysts mimicking the characteristics of single crystals
in nanometer scale was initiated.

On the score of these considerations, the aims of our work are (a) the preparation of
platinum nanocrystals with wel-defined shape, size and homogeneous size distribution, (b) their
deposition on a well-organized silicate support SBA-15, (c) the characterization of these 3-
dimensional model catalysts and (d) studying the influence of particle shape and size of platinum
particles and the role of the support and catalyst preparation in the cyclohexene

hydrogenation/dehydrogenation test reaction investigated by IR spectroscopy.



2. Experimental methods

Platinum nanoparticles with controlled shape and size were prepared and dispersed on the
surface of the well organized mesoporous silicate support SBA-15. Control over the size- and
shape-distribution of platinum nanoclusters was achieved by varying the type of capping and
reducing agents and the synthesis temperature.

The size and the shape of nanocrystals and the morphology of the SBA-15 silicate were
determined by transmission electron microscopy. The crystal structure of the support and the size of
the platinum inside the channels were characterized by Small Angle X-ray Diffraction
measurements, while the Pt content of the samples was measured employing X-ray fluorescent
analysis. To investigate the thermal behavior of specimens, a Derivatograph Q thermobalance was
utilized.

Nitrogen adsorption was measured at 77 K. The BET surface area and pore size distribution
were determined from the isotherms. These curves were calculated from the adsorption branch of
the isotherms using the Barett-Joyner-Halenda (BJH) method.

The removal of organic compounds and the catalytic activity of the samples were confirmed
by IR spectroscopy. The -catalytic test reaction was the hydrogenation/dehydrogenation of
cyclohexene. “C- and #Si MAS (Magic Angle Spinning) NMR spectroscopic measurements were

used to gather information about the structure of the support after mechanical stability testing.



3. New scientific results

T.1. Controlling the shape of Pt nanoparticles

l.a. Different capping agents have been used to synthetize platinum nanoparticles. TEM
images have suggested that in the presence of poly(vinyl-pyrrolidone) (PVP) the particles had
tetrahedral shape. If poly(N-isopropyl-acrylamide) (NIPA) was used, the most frequently shape has
been cubic while in case of sodium polyacrylate (SPA) polyhedral nanoparticles were formed.
Systems featuring homogeneous size distribution and morphology were obtained when using PVP

or NIPA as capping agent.

1.b. While increasing the temperature or applying stirring has scarcely influenced the
particle size, they affected preferably the shape distribution. Without using a capping agent only

broad shape and size distributions could be obtained.

T.2. The influence of the catalyst preparation method

2.a. Impregnation and ultrasonic treatment were used to distribute metal particles over the
support. At optimal time of the treatment and concentration of nanoparticles the sonication resulted
in a better distribution of particles on the surface and in the pores. The impregnation did not destroy

the support, neither were any changes in the surface area or in the crystal structure detectable.

2.b. We have examined the influence of the platinum content increase on the structure of the
support. It was demonstrated by X-Ray diffraction and N, adsorption that platinum nanoparticles
arriving to the vicinity of pore openings cause the mechanical breaking of the ordered straight
pores. The presence of a capping agent hardly contributes to the decreasing of the specific surface
area. Experiments proved that the ultrasonic treatment destroys the support when the platinum

content is above 0,1 wt%.

T.3. The stability of the catalysts

3.a. Removing of organic compound from the samples was optimized with the aim that
either the shape and size of platinum nanoparticles or the structure of SBA-15 support should
remain unchanged. IR spectroscopic investigations showed that neither a simple evacuation of the
silicate at 450 °C for 2 hours nor leaching the “as-synthesized” SBA-15 in ethanol for several hours
have resulted in organic free material. Oxidation with hydrogen peroxide in aqueous solution

proved to be ineffective as well. By treating the sample with O; the CH residues could be



eliminated at 300 °C but the activity of the catalyst has also been lost. The only procedure that led to

an organic free sample was treatment in O, at 500 °C.

3.b. XRD and BET measurements revealed that it takes a heat treatment above 800 °C to
cause significant changes in the SBA-15 structure. We have confirmed by using TEM pictures that

the platinum particles have preserved their shape and size and have not aggregated at 500 °C.

3.c. In order to check the applicability of SBA-15 in IR spectroscopic measurements, we
have investigated its resistance against pressure. The support exhibited poor pressure resistance
since the ordering of the structure started deteriorating above 5 bar. The pore size distribution has
shown the formation of a bimodal pore system and decreasing mean pore diameter from around 6
nm to 3,5 nm due to increasing pressure. At 100 bar pressure exclusively small pores were found in

the sample and the hexagonal structure has collapsed completely.

T.4. IR spectroscopic investigations of the catalytic reaction

4.a. The catalytic activity of different samples was tested in the
hydrogenation/dehydrogenation of cyclohexene. Although the IR spectra of cyclohexene and
potential products overlapped to some extent, we were able to find several bands suitable for
species identification. The rather small shift of the bands after adsorption indicated weak
interactions between the adsorbeate and the support. The shift of OH band of the silicate to lower

wavenumbers was significant and different in the presence of different reactants.

4.b. Investigations of the hydrogenation and dehydrogenation of cyclohexene over SBA-15
support in the absence of platinum nanoparticles have revealed the inactive behavior of the support

in the reaction. Neither the cyclohexene nor the potential products were transformed on the surface.

T.5. Catalytic features of the 3D model catalysts

5.a. Even the sample with 0.05 wt% Pt exhibited some catalytic activity. We observed that
the catalytic performance of the samples was very sensitive to the reaction temperature.
Hydrogenation takes place at 25 °C while dehydrogenation needs a higher temperature. The
transformation speed depends on the particle size, particle shape and the catalyst preparation

method.



5.b. In contrast to previous observations reported on single crystals, the maximum turnover
rate for hydrogenation was found to be higher on Pt (100) and lower on Pt (111) faces. In case of

dehydrogenation the reaction rates were identical.

5.c. The influence of the particle size was examined in the case of hexagonal particles. As

the size increased, the reaction speed decreased.

5.d. No observable hydrogenation reaction rate differences were found over the different

platinum nanoparticle shapes above 50 °C reaction temperature.

5.e. The lowest catalytic activity was found on the sample with 0.01% Pt loading. The shape
of the kinetic curve exhibited a saturation character indicating the deactivation of metal after a very
short reaction time. Between 0.05-0.1 wt% Pt content the reaction could be monitored well, whereas

above 0.5 wt% Pt loading the transformation was too fast.

5.f. The samples prepared by ultrasonication were more active in both reactions than the
samples prepared by impregnation. The reason for this is the more even distribution of the particles

on the surface and in the channels of the support.

5.g. A strong influence of the hydrogen pressure was observed for both catalysts. The
kinetic curves for hydrogen/cyclohexene = 1 molar ratio run to saturation. Reaction mixtures
containing more hydrogen exhibited much better catalytic performances. 100 % conversion could
be achieved over cubic particles at hydrogen/cyclohexene = 5 ratio and over tetrahedral ones at 10:1

ratio.

5.h. Intermediates were not detectable by changing either the particle size and shape or the

concentration of platinum nanoparticles on SBA-15 support.

T.6. Deactivation

6.a. The life time of catalysts was examined by reproducibility experiments. The activity
decreased with time indicating the deactivation of the catalyst. Since no traces of aggregation were
visible on the TEM images of the deactivated catalyst, this phenomenon is believed to be caused by

the deposition of organic compounds on platinum surface.
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