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1. Background and objectives 

 

Nanostructured materials are becoming increasingly important today because of 

certain benefits they offer over bulk phases. Nanotechnology is the science of synthesizing, 

characterizing and using these materials. Increasing demand for nanostructures has recently 

put their reproducible and economically feasible synthesis, as well as their rapid and accurate 

characterization into the focus of scientific attention. 

Porous solid materials are characterized into microporous (pore diameter below 2 nm), 

mesoporous (2–50 nem pore diameter) and macroporous (pore diameter above 50 nm) 

according to IUPAC. The term "nanoporous material" is used frequently to refer to materials 

witha characteristic pore diameter below 100 nm. The synthesis, characterization and 

application of nanoporous materials has been a continuously developing field of materials 

science in the past few decades. The main reason for this attention is that the high specific 

surface area (~100-1000 m2 g-1) of nanoporous materials makes them excellent candidates 

for catalytic and adsorption applications. The specific surface area can even be controlled 

and increased further by reducing the pore diameter. 

The objective of my doctoral research work was the synthesis of various mesoporous 

materials by using soft and hard templates. I was particularly interested in uncovering the 

relationships between the synthesis conditions and the properties of the products. My 

secondary objective was to find practical applications for the new materials.  

One of my major research directions was the creation of core-shell nanostructures and 

the functionalization of hollow inorganic nanospheres. Further research efforts were devoted 

to the synthesis and catalytic applications of mesoporous oxides and to the synthesis and 

nanocomposite applications of silica foams. 
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2. Experimental 

 

Two groups of mesoporous materials were synthesized. Hollow silica nanospheres 

(HSNS) were obtained by first creating polystyrene–silica core-shell structures and then 

removing the hard polystyrene (PS) template by heat treatment. The morphology of the 

HSNS was governed by that of the PS. The size and morphology of the resulting 

nanostructures was assessed by transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM). HSNS samples featuring adequate stability and the desired 

morphology were chemically functionalized by substituting their surface OH groups with 

aminopropyl groups both in toulene and in methanol. FTIR and Raman spectroscopy were 

used to verify the presence of functional groups after the modification. 

The other group of materials investigated in this thesis work was that of mesoporous 

oxides created by using various soft and hard templates. The former were used to synthesize 

the materials SBA-15 (Santa Barbara), SF (Silica Foam), MCF-17 (Mesostructured Cellular 

Foam) and KIT-6 (Korea Institute of Technology). KIT-6 also served as a hard template in 

the synthesis of mesoporous metal oxides (Co3O4, CeO2, MnO2, NiO). The structure and 

morphology of all samples were studied by transmission electron microscopy (TEM), and 

some materials were also characterized by X-ray diffraction (XRD) and small angle X-ray 

scattering (SAXS) measurements. The pore structure of the mesoporous oxides was assessed 

by measuring nitrogen adsorption–desorption isotherms. Specific surface area and pore size 

distribution data were obtained from the adsorption branch using the BET model and the 

desorption branch using the Barrett-Joyner-Halenda (BJH) model, respectively. 

SBA-15, MCF-17 and SF porous silicas were converted into active heterogeneous 

catalysts by decorating their surface with size controlled platinum nanoparticles. Moreover, 

SF based nanocomposites featuring either phosporescent strontium-aluminates or titanate 

nanowires were also created. Platina/silica catalysts were tested in the ethanol vapor 

decomposition reaction and in the hydrosililation reaction between phenylacetylene and 

triethyl-silane.  
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3. New scientific results 

 

T.1. Results related to the synthesis of meso- and macroporous oxides 

 

1.1. We were the first to prove that the aminopropyl functionalization of hollow silica 

nanospheres can be accomplished in toulene without any adverse effects on the product 

morphology. Core-shell nanostructures consisting of polystyrene and SiO2 were 

synthesized first, then converted into hollow silica nanospheres by thermal template 

removal. Afterwards, some surface OH groups were substituted by aminopropyl 

groups. Raman and FTIR spectroscopy were utilized to confirm the successful 

functionalization, TEM was used to verify the conservation of the spherical 

morphology, and nitrogen adsorption-desorption isotherms were used to obtain the 

specific surface area of the hollow silica nanospheres. 

1.2. We contributed to the development of practical applications based on macroporous 

silica foams (SF) by conducting exploratory research on the relationship between their 

synthesis conditions and pore structure. We were the first to prove that the Triton X-

114 surfactant suggested by the original SF recipe can be replaced by the considerably 

cheaper Tween X-20 while maintaining an adequate foam structure. We developed 

methods to add two different functional modifiers (titanate nanowires, phosphorescent 

strontium-aluminates) into silica foams. 

1.3. We have shown that the pore surface of SBA-15 (a material consisting of mesoporous 

channels arranged into ordered blocks) differs significantly from that of silica foams 

(SF, MCF-17) where the mesopores are integrated into a macroporous system. This 

was done by analyzing the surface fractal dimension data obtained from small angle 

X-ray scattering measurements. The characteristic surface fractal dimension of foams 

and SBA-15 is 2 and 3, respectively. 

1.4. We demonstrated that it is possible to synthesize mesoporous metal oxides (NiO, 

Co3O4, CeO2, MnO2) with a morphology that mimicks the pore structure of the KIT-6 

silica hard template inversely. Up-scaling of the synthesis of KIT-6 and metal-oxide 

were performed by tuning of the reaction parameters. Altering the time of the NaOH 

assisted washing process, the morphology of the mesoporous metal-oxide could be 

varied from 3D to 2D nannowire structures. 
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T.2. Results related to the application of meso- and macroporous oxides 

 

2.1. We have shown that porous silica supports are not necessarily inert in heterogeneous 

catalytic reactions even though this assumption is very common in the scientific 

literature. SF, SBA-15 and MCF-17 supports were decorated by precisely size-

controlled platinum nanoparticles (average diameter 6.6 nm), and the performance of 

the obtained catalysts was compared in the vapor phase ethanol decomposition 

reaction in the 100–300 °C temperature range. The SBA-15 supported system was 

considerably more active (x2 factor in turnover frequency) than the other two, which 

can be explained by the known differences (see 1.3 above) in their pore wall surfaces. 

2.2. We were the first to measure the catalytic activity of SBA-15 decorated with platinum 

nanoparticles in the hydrosililation reaction between phenylacetylene and triethyl 

silance in liquid phase (tetrahydrofurane) at 70 °C. Catalysts prepared with large Pt 

nanoparticles (average diameter 7.0 nm) significantly overperformed their small Pt 

nanoparticle (average diameter 1.6 nm) counterparts: conversion and selectivity 

towards the main products were larger by one order and magniture and 20%, 

respectively.  
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