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1. Introduction and aims

Mankind usually associates nanotechnology and nanoscience with microelectronical
and informatical instruments. To improve fastness and high density microchips more than
1000 billion dollars have been investigated into these industrial stages. However, it is not
clearly known that similar amount and type of investigation into the catalytic industry and
research has been going on.

Catalysis is one of the most dynamically improving fields of the chemical industries
due to expectations of green and economical chemistry which demand for catalysts with high
activity and selectivity. Nanoscience with the possibility of production of novel catalyst
supports and nanoparticles with different size and shape can be the answers for these
increasing claims.

The nanoparticles showed dissimilarity to the bulk counterparts in the field of
heterogeneous catalysis due to their tiny size and special, controllable shape. Beside the high
surface-to-volume ratio non-metallic properties can be risen up in the nanometer scale where
the fusion of the valence and conductive band does not occur. Furthermore, the outstanding
catalytic properties of the nanoparticles can be attributed to the low coordination of the atoms,
excess electronic charge and to the special nanoparticle-support interactions. Carbon
nanotubes are promising candidates for novel catalyst supports due to their unique thermal,
electric, mechanical and adsorption properties. New phenomena arisen from the combination
of nanoparticles and carbon nanotubes can be resulted in novel nanocomposite based
catalysts.

In the past few years several researches are focused on heterogenous catalytic reaction
and on the synthesis, characterization and application of carbon nanotubes and 0D metallic or
non-metallic nanoparticles at the Department of Applied and Environmental Chemistry.

The main objective of our research was to synthesize, characterize and catalytic test
of novel carbon nanotube based nanoparticle nanocomposites. Furthermore, our aim was the
investigation of the support-nanoparticle interactions and the support effect on the different

catalytic processes.



2. Experimental

Multiwalled carbon nanotubes for catalyst support was synthesized on alumina
supported Fe-Co catalysts with catalytic chemical vapor deposition (CCVD) optimized at the
Department of Applied and Environmental Chemistry. Beside pristine nanotubes nitric acid
functionalized and ball-milled counterparts with redundant surface chemistry were also
prepared.

Wet impregnation method was used for preparation of different 0D metal or metal-
oxide (Ni, Co, Pt, Pd, Rh and their oxides)/carbonaceous material (MWCNT, ball-milled
MWCNT, amorphous carbon, graphite) nanocomposites. Benzene and toluene were applied
as impregnation media due to the preferable wetting properties. Furthermore, transition metal
acetylacetonates and acetates served as catalyst precursor since their adequate solubility and
thermal stability. The metal content was adjusted to 5-35 w%. After the impregnation process
the samples were dried and thermally treated in air or hydrogen at different temperature (180
°C — 380 °C) dependent upon precursor properties.

Morphology of the pristine and modified carbon nanotubes and the average particle
diameter, size distribution and dispersion were characterized by transmission electron
microscopy (TEM) as well as scanning electron microscopy (SEM). X-ray diffractometry
(XRD) and electron diffraction (ED) technique were used for crystal structure, crystallinity
and average particle diameter determinations.

Measurements of the adsorption/desorption isotherms, specific surface area, pore size
distribution and pore volume of the different catalysts and supports were carried out in an
automatic N, sorption equipment. Metal content of the catalysts were determined with energy
dispersive spectroscopy (EDS) and thermogravimetry (TG). The number of the acidic sites of
the different carbonaceous material supported palladium catalysts were calculated from
temperature programmed desorption (TPD) studies. In case of the investigation of the nickel-
oxide-carbon nanotube interactions extensive thermal analysis (TG-DTG-DTA) was used for
decomposition temperature, rate and enthalpy determination.

The as-prepared catalysts were tested in cyclohexene and propene hydrogenation-
dehydrogenation and ethanol steam reforming reactions. Activity, stability and selectivity

were monitored by gas chromatography (GC) and infrared spectroscopy (IR).



3. New scientific results

T.1. Preparation and characterisation of nickel catalysts supported on different carbon
allotropes

1.1 Nickel catalysts supported on different carbon based materials such as multiwalled
carbon nanotubes, ball-milled multiwalled carbon nanotubes, graphite and amorphous carbon
were synthesized by wet impregnation. The average diameter and size distribution of NiO and
Ni nanoparticles were characterized by TEM and XRD techniques. In spite of the chemical
similarity the nanoparticles, their diameters were found to depend strongly on the structure of
the carbon-based supports.

1.2  Catalysts supported on carbon nanotubes showed higher activity than amorphous
carbon and graphite based catalysts in cyclohexene hydrogenation reactions below 1:9
hydrocarbon:hydrogen ratio. The catalytic activity dissimilarities observed between pristine
and ball-milled carbon nanotube supported catalysts can be attributed to the effects of unequal
number of surface defects and functional groups.

T.2. Preparation snd characterisation of carbon based palladium catalysts

2.1  Pristine and acid-functionalized carbon nanotube, amorphous carbon and graphite
supported palladium catalysts were also prepared. TEM studies revealed that smaller (1-2 nm)
nanoclusters are agglomerated into larger (7-8 nm) nanoparticles in case of the pristine carbon
nanotube based samples. Such phenomenon was not observed on functionalized carbon
nanotube supported catalysts due to the oxygenated surface functional groups/nanoparticle
interactions. Unlike Ni/carbon nanocomposites, the type of the carbonaceous supports does
not appear to effect the average diameter of supported palladium nanoparticles.

2.2  Both carbon nanotube supported catalysts exhibited high and long-lasting activity in
the hydrogenation of cyclohexene . The rapid decline of the initial 100% conversion measured
on the amorphous carbon based catalyst can be attributed to the deactivation step taking place
on Broensted acidic sites found to be present in relatively high amounts as determined by NH3
TPD. In case of the functionalized carbon nanotube based catalyst no significant deactivation



was observed despite the high number of active sites. This phenomenon can be assigned to the

stable, stacky structure of the support.

T.3. Hydrogen production over multiwalled carbon nanotube supported catalysts

3.1  Nickel, cobalt, platinum and rhodium catalysts supported on acid functionalized
multiwalled carbon nanotubes were also synthesized. The nanoparticles decorating the
nanotubes were identified as metallic (Pt and Rh) as well as oxide (NiO and Co30,) phases by
XRD after the oxidative precursor decomposition process. In case of the cobalt catalyst, the
presence of the reduced, mixed oxide form and the relatively high metal content determined
by EDS can be attributed to the reductive behavior of the carbon nanotube support. TEM
images indicated that the nanoparticle size distributions on the carbon nanotube surfaces are
polydisperse in case of cobalt and platinum catalysts. On the other hand, the CNT supported
nickel and rhodium catalysts are monodisperse, although the rhodium nanoparticles are

partially agglomerated into larger (20-50 nm) nanoclusters.

3.2  Steam reforming of ethanol (SRE) for hydrogen was studied using CNT-based nickel,
cobalt, platinum and rhodium catalysts and the results were compared to those measured on
commercial Ni/Al,O3. The Ni/CNT and Co/CNT catalysts exhibited the highest activity and
selectivity in hydrogen production and were found to outperform the reference commercial
catalyst. Complete ethanol conversion is achieved over Ni/CNT at around 400 °C. Co/CNT
produces the highest hydrogen yield at 450 °C with low CO and CH,4 selectivity. Pt and Rh
CNT-based catalysts were found to have low activity and selectivity in the SRE reaction.

T.4. 3D CNT scaffolds as catalyst support

4.1  Palladium decorated aligned carbon nanotubes grown on microstructured SiO,/Si
chips were also produced by wet impregnation followed by either solely reductive or
oxidative plus reductive precursor decomposition. The nitrogen adsorption behavior could be
described as a Type Il isotherm with a pronounced multilayer condensation region at high
relative pressures. The pore size distribution curve was found to be bimodal: while the
majority of the pores were macropores over 10 nm in diameter, there was also a well-defined

mesoporous contribution at ~3 nm pore diameter. The larger pores correspond to the general



voids formed by the intercrossings of carbon nanotubes in the membrane, whereas the smaller
ones are related to the V-shaped channels defined by the cylindrical outer surfaces of two
quasi parallel neighboring multiwalled carbon nanotubes.

4.2 The larger average size of the palladium nanoparticles supported on the CNT surface
in case of the samples calcined in air can be attributed to the surface diffusion and
coalescence of the nanoparticles during the treatment with longer duration at high
temperature. A significant difference between the obtained catalysts is that the nanotube
support was partially consumed in calcined samples because the catalyst nanoparticles drilled
nano-sized holes and cavities into the CNT walls due to palladium catalyzed carbon oxidation

processes.

4.3  Both reduced and oxidized-reduced CNT scaffold supported palladium catalyst
exhibited stable and high catalytic activity in propene hydrogenation because of the ordered
macrostructure. The highest activity (TOR = 1.1 molecules-s-Pd active site™) was achieved
at 120 °C. Apparent activation energies calculated from the Arrhenius-type diagram were 27.8
+ 0.6 kJ'mol™ in the intrinsic-kinetic regime, 12.0 + 0.2 kJ-mol™ in the internal diffusion

regime and 4.8 + 0.2 kJ-mol™ in the external diffusion regime.

T.5. CNT-nanoparticle interactions study

5.1  The structure of the carbon nanotube support deteriorated with increasing temperature
during the Ni(acac),/carbon nanotube calcination. The initially tiny (1-2 nm) Ni(acac),
nanoparticles coalesced into larger (2-4 nm) particles through surface diffusion. The catalytic
carbon oxidation reactions responsible for the graphitic layer destruction occurred
simultaneously. NiO nanoparticles drilled into the walls of the CNTs agglomerated due to the
extensive destruction of the carbon nanotube support during calcinations at higher
temperature (653 K).

5.2 Insitu TEM studies showed that the nickel salt particles decomposed and that CNT
oxidation due to the high energy of the incident electron beam suppressed the surface
diffusion phenomenon. The surface of the observed nanotubes was completely destroyed and
their outer diameter decreased to approx. 75% of the initial value after 7 minutes of electron

beam exposure. The dominant process is the radial movement of particles towards the



nanotube axis, however, particle migration parallel with the CNT axis was also observed. The

depth and width of the drilled pits both increased with irradiation duration.

5.3  Thermogravimetric measurements showed that in the presence of the carbon nanotube
support the decomposition temperature of the Ni(acac), precursor decreased from 614 K to
580 K. This can be attributed to the small size of the nickel based particles and the special
interactions between the carbon nanotubes and the complex electron system of the Ni(acac),
precursor. The carbon decomposition started at 680 K in case of pristine carbon nanotubes,
while in the presence of the nickel the carbon oxidation occurred immediately after the nickel
precursor decomposition (580 K). Carbon oxidation was both faster and more complete in the

presence of NiO nanoparticles.

5.4  The activation energy of the Ni(acac), precursor decomposition as calculated from
DTA measurements was 28.11 kJ-mol™ and 26.35 kJ-mol™ in the case of raw and carbon
supported Ni(acac), precursor, respectively. The lower value measured for the carbon
supported precursor can be attributed to the interaction between the CNT surface and d
orbitals of the nickel atoms. The significant difference in the activation energy of pristine and
Ni(acac), decorated carbon nanotube decomposition is explained by the carbon oxidation

reactions catalyzed by the NiO formed.
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