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1. Introduction

One of the key sectors nowadays is nanotechnology that produced a considerable
amount of results in its few decades of existence, most of which are now widespread in
everyday life. Examples include information technology, transportation, detergents,
sports equipment, etc.

A lot of effort has also been made to utilize the benefits of nanotechnology in the
field of catalysis for the production of catalysts with higher stability and selectivity. Zero
dimension nanoparticles exhibit properties missing from bulk phase which are attributed
to the high surface to volume ratio of nananoparticles, unstably coordinated atoms and
particle-support interactions. Particle-support interaction greatly depends on both the
position of nanoparticles on the support and on the presence of surface moieties, like
minute amounts of foreign elements, functional groups or impurities.

Several attempts have been made in the past decades to transfer the beneficial
properties of nanomaterials into macroscopic scale, which was mostly achieved by
creating different composites. These solutions however are not capable of utilizing the
possibilities provided by nanomaterials completely, as composites only allow the
improvement of the properties of bulk materials; the full utilization of all beneficial
properties of nanomaterials however remain unsolved. For this reason in recent years an
increasing amount of research has been conducted for creating bulk phase materials
purely from nanostructures, which in turn should be able to combine the beneficial
properties of nanomaterials with the ease of handling of macroscopic objects.

Several studies already dealt with the production, characterization and utilization of
porous, OD and 1D nanostructures at the Department of Applied and Environmental
Chemistry, which opened an opportunity for the production and modification of new
kinds of carbon nanostructures on the basis of knowledge already acquired in the past.

The aim of my work was to expand this knowledge in the following ways:

1. The control of specific surface area and total pore volume of mesoporous carbons

within a wide range.



2. The modification of mesoporous carbon materials with palladium nanoparticles
and trace amount of elements with different techniques. Testing the catalytic properties of
supported nanoparticles in a hydrogenation model reaction.

3. Revealing the effects of different functionalization times on the carbon structure
and formation of metallic and oxide nanoparticles.

4. Better understanding the effects of surface moieties forming at carbon nanotube
synthesis and functionalization.

5. Assembly of self-supported 3D nanostructures purely made of carbon nanotubes,

where the assembly process does not hinder the modification of nanotubes themselves.

2. Experimental

The carbon nanotubes used for all experiments were synthesized by the widely
known catalytic chemical vapor deposition method (CCVD) on alumina supported iron-
cobalt catalysts. Oxidation modified, Soxhlet-extractor washed and Pd nanoparticle
modified versions of nanotubes were also created.

Mesoporous amorphous carbon structures exhibiting high specific surface area were
created by the chemical vapor infiltration (CVI) method using silicon-dioxide as
template. For the removal of the silica template both hydrofluoric acid and sodium-
hydroxide solutions were employed. Both carbon nanotubes and mesoporous carbon
structures were modified with the widely employed wet impregnation method.

The physical properties like average diameter, length, dispersion or structure of
carbon nanotubes, amorphous carbon structures and supported nanoparticles were
determined by using transmission electron microscopy (TEM). The crystal structure and
in some cases the crystallite size of supported nanoparticles and carbon structures was
determined by X-ray powder diffractometry (XRD) and/or electron diffraction (ED). The
specific surface area, pore size distribution and total pore volume of carbon structures
were determined by nitrogen adsorption-desorption analysis, while their thermal stability
with thermogravimetry (TG). The concentration of metal on nanoparticle modified
structures were determined by energy dispersive X-ray spectroscopy (EDS). Prepared
samples were also subjected to catalytic testing in a continuous flow reactor, where the

ratio of product and reactant was determined by gas chromatography (GC).



For the preparation of 3D carbon nanotube structures we used the centrifugation
method developed in our laboratory. This method allows the preparation of nanotube
objects with different size and shape without incorporating additional materials or the
need for post-synthetic treatments. The mechanical properties of carbon nanotube
assemblies were determined by dynamic mechanical analysis (DMA) and a simple

elasticity test, while the thermal properties were determined by thermogravimetry.

3. New scientific results

T.1. Synthesis of Pd/CMH systems and the testing of their catalytic activity in
cyclohexene hydrogenation

1.1.  Mesoporous carbon structures with high thermal and mechanical stability, specific
surface area and total pore volume were synthesized with the hard template method on
mesoporous silica templates of different particle size. The free changing of specific
surface area and total pore volume within broad limits with relative ease was successfully
demonstrated by selecting and mixing appropriate templates. This method also does not
show some of the disadvantages found in other methods devised for changing these
attributes.

1.2.  The modification of mesoporous carbon structures with Pd nanoparticles was
done by the widely known wet impregnation method as well as with the “Pd-sol” method
developed in our laboratory. By studying the prepared samples, it was found that while
the size of nanoparticles made by the Pd-sol method showed dependence on the
carbonization temperature, the nanoparticles made with the wet impregnation method did
show such relationship with temperature. The etching agents used did not affect particle
size significantly.

1.3.  Catalytic tests were also performed on samples by utilizing the hydrogenation of
cyclohexene as a model reaction. Samples modified with the Pd-sol method showed the
lowest activity which is attributed to the coverage of nanoparticles with amorphous
carbon forming during synthesis. The presence of the low conversion rate detected on
such samples thus proves that amorphous carbon does not isolate the particles
completely, but only serve as a considerably high diffusion limitation. Samples prepared

with the wet impregnation method showed average to high conversion rates depending on



the etching method used, where samples etched with NaOH showed the highest. This was
attributed the presence of surface hydroxide groups formed during etching and trace
amounts of Na which is known to have promoting effects.

T.2. The modification and characterization of carbon nanotubes with oxidation and
palladium nanoparticles.

2.1. By the systematic oxidation of carbon nanotubes we demonstrated that the size of
nanoparticles closely follows Raman G/D ratios regardless of nanoparticles being
metallic or oxide in nature. This allows to assume that the change in nanotube surface
environment affects the formation of both oxide and metallic nanoparticle identically
despite their different electronic properties. It was also demonstrated that nanoparticles
initially forming on the nanotube surface are built up of several smaller crystallites,
which later during the activation process performed prior to catalytic testing sinter to
form coherent particles.

2.2 The systematic oxidation and decoration of nanotubes was then supplemented by
Soxhlet-extractor enhanced acetone washing. It was found that impurities left from the
synthesis negatively affect supported nanoparticle size and specific surface area.
Oxidation debris forming during oxidation also affects specific surface area heavily, but
the size of nanoparticles remains unaffected by it. Functional groups forming during
oxidation were not found to affect nanoparticle size or specific surface area. Raman
spectroscopic measurements also demonstrated that the ratio calculated from graphitic G
and disorder induced D bands is only affected by oxidation debris, but not by functional
groups or post-synthetic impurities.

2.3 Catalytic performance tests were also performed on palladium modified samples.
It was found that post-synthetic impurities and functional groups forming during
synthesis have a beneficial effect on conversion, while the oxidation debris affects
conversion negatively. The shortening of nanotubes during oxidation has the ability to
counter the negative effects of oxidation debris, which is particularly pronounced for
particles residing on the inner side of the nanotube walls.

T.3. Low temperature preparation of 3D solids purely from carbon nanotubes with

different size and shape.



3.1 A new method has successfully been devised for the preparation of 3D solids
purely from carbon nanotubes. This methods allows the preparation of bulk solids from
modified nanotubes, as the preparation procedure itself can happen any time after various
nanotube modification procedures. Since there is no need for high temperature
treatments, nanotubes modified with less stable functionalities could also be used.

3.2 The mechanical properties of nanotube bulks created with this new method has
also been investigated, where the stiffness of the material was found to be dependant on
the amount of adsorbed water. The material is also capable of adsorbing 2.5 wt% of water
from moist air, which is also enough for changing the mechanical properties. By utilizing
a simple elasticity test it was found that the bulk nanotube material absorbs more energy
during elastic deformation than the aluminum bar used for comparison. This is though to

be caused by the friction happening between nanotubes during deformation.
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