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1. Introduction 

Carbon nanostructures represent one of the most diverse groups of nanomaterials, their properties and 

uses vary widely, so the focus of researchers' interest on the various forms of carbon dates back to their 

discovery. These carbon nanostructures include fullerene, carbon nanotubes (CNT), graphene oxide (GO), 

reduced graphene oxide (rGO), aerogels, carbon nanodiamonds, nanospheres and other carbon structures 

with one size within the nanometer size range. This range of sizes also coincides with the miniaturization 

goals of the electronics industry today, and it only increases the interest in carbon nanomaterials. The 

beginning of their popularity started with the discovery of fullerene C60 (1985) and the discovery of carbon 

nanotubes (1991) and graphene (2004) [1]. Their structure and diversity, and in many cases their rather 

unique physical-chemical properties, such as high-temperature superconducting or extremely high surface 

area, allow many applications in various fields. [2–4]. 

In the last decade, the interest in photocatalysis based on semiconductor oxides (e.g. TiO2, ZnO, Fe2O3 

and CdS) has increased exponentially and thousands of publications are published annually in this field. 

Catalysis with semiconductor oxides can be classified as heterogeneous catalysis. In heterogeneous 

photocatalysis it marked the beginning of a new period, when in 1972 Fujishima and Honda verified the 

splitting of water on TiO2 electrodes. TiO2 is used most commonly for photocatalytic experiments as it is 

stable, inexpensive and non-toxic. As a semiconductor oxide, TiO2 is a prominent photocatalyst, and its 

energy levels make it possible to catalyze both halves of the water splitting reaction. However, TiO2 is only 

activated by UV irradiation, which significantly limits the use of sunlight. [5–7]. In order to further increase 

its activity, TiO2 is usually doped with heteroatoms (e.g., C, N, etc.) or it is put in a composite with other 

semiconductor oxides, organic molecules and carbon nanostructures to shift the absorption spectrum from 

the UV range to the visible. Another possibility to increase the activity is to reduce recombination, which 

can also be achieved by forming composites (e.g., precious metals, organic molecules, carbon 

nanostructures). During recombination, the electron-hole pair generated by the absorbed photon does not 

participate in the photocatalytic reaction, but meets in the grid resulting in the loss of both charge carriers 

[8,9]. 

Another commonly used semiconductor oxide is zinc-oxide, because the 3,3 eV width of the bandgap 

and the high excitation energy of the electron-hole pair generated by photocatalysis allows wide optical and 

electronic application of ZnO. Furthermore, ZnO is biocompatible, and has a high mechanical, thermal and 

chemical stability. In many cases ZnO showed greater photocatalytic activity than the better researched 

TiO2, and the quantum efficiency of ZnO is also higher. [10–12]. 

Carbon nanostructures/semiconductor oxide composites are promising materials for the future as they 

provide better photocatalytic efficiency and the opportunity to develop new photocatalytic systems. In 

addition to assisting adsorption of pollutants and immobilizing semiconductor oxides with their high 

specific surface area, carbon nanostructures can also help the photocatalysts, for example, by inhibiting 

recombination or sensitizing them to visible light. The photocatalysis and carbon nanostructure areas have 

thus met for the purpose of composite formation in recent years, paying particular attention to the role that 

carbon nanostructures can play in promoting photocatalysis.
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 In the case of photocatalysts and their substrates, the high specific surface area and their nano-size are 

advantages for the mechanism, as they adsorb the pollutants more efficiently [13]. As an example, the good 

electron acceptor property of the fullerene, its electron structure, and the fact that the electron uptake and 

release does not cause significant structural changes, makes the C60 fullerene a very suitable substrate for 

photocatalytic composites [14,15]. The graphene in composites also behaves like an electron acceptor. 

Thus, radicals and h+ induced decomposition processes are both assumed here as in the case of fullerene. 

However, for GO as a substrate, researchers have not yet been able to give a more precise explanation of 

the mechanism of photocatalysis because of the GO’s independent photocatalytic effect and its dependence 

on functional groups. In the case of other carbon nanostructures, the question of whether they have 

independent photocatalytic activity and how they can help the photocatalytic mechanism has been only 

investigated yet [16–19]. 

The most basic synthesis methods that are suitable for the preparation of carbon nanostructure/ 

semiconductor oxide composites are the sol-gel process [20], thermal oxidation, hydrothermal synthesis, 

chemical vapor deposition (CVD) [21], physical vapor deposition (PVD) and the electrophoretic deposition 

(EPD) [22], and the newer technique I used, the atomic layer deposition (ALD) [23].  

In the semiconductor industry, because of the continuous miniaturization, there was a growing demand 

in the 1990s for precise growth of 1 to 10 nm thick layers in silicon-based microelectronics, especially in 

the area of high dielectric permittivity oxides (e.g. HfO2), at which time the ALD came to the focus. Thus, 

firstly, solutions have been developed to create layers of semiconductor oxides and sulfides. It is now 

possible to deposit elemental metals, oxides, sulphides and nitrides by ALD, as well as to create special 

crystalline, microcrystalline or amorphous layers [23]. The ALD deposition process itself consists of four 

cyclically repeated distinct steps. The process is based on chemisorption, whereby vapor phase reagents, 

the precursors, bind to the substrate surface of the substrate by chemical reaction. ALD differs from 

chemical vapor deposition because precursors are injected separately into the reactor space in time, so that 

reaction is only possible on the surface of the substrate. This can be achieved by pulsating the compounds 

and rinsing between the pulses by using an inert gas. With this method, film thickness can be precisely 

controlled by increasing the number of cycles, and even, homogeneous layers can be grown for both porous 

and nanostructured complex samples. [23,24]. 

Functional groups on the surface of the carbon nanostructures play a critical role in the decomposition 

of semiconductor oxides in this thin film-growing method, because the reaction can only begin on these 

groups. The problem of the surface inertia of carbon structures can be solved by the functionalization of 

the surface, whereby functional groups are created on the surface of the material to promote the layer 

growth. There are two methods to create nucleation sites. In one case, the functional groups are covalently 

linked with strong oxidizing reagents (e.g. H2O2, H2SO4, HNO3)[25]. In the other case, not a covalent bonds 

provide the nucleation sites, but the ALD reaction starts on, for example, surface-sorbed NO2 molecules 

[26]. While these methods promote the formation of a new film in the ALD process, the formation of new 

bonds can easily affect the electrical properties of the carbon nanostructure, thus worsening the properties 

of the resulting composite. For example, materials composed of sp2 hybrid carbon atoms, such as graphite, 

graphene, and carbon nanotubes, will have a sp3 hybrid carbon atoms, establishing an error in the 

delocalized π-electron system. [27]. 
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By now examples of ALD on most carbon nanostructure substrates can be found in the literature, but 

semiconductor oxides have not yet been deposited on some carbon nanostructures only metals, and the 

composites have been tested as photocatalysts in even less cases [28–38]. 

 

2. Motivation 

During my PhD thesis work my aim was to grow semiconductor oxides by atomic layer deposition on 

carbon nanostructures (fullerene, graphene oxide, carbon aerogel, carbon nanospheres). My goal was to 

first follow the production of carbon nanostructures in detail with analytical measurements. In the case of 

fullerene, I wanted to study the process of functionalization to determine which hypothesis is taking place. 

In the case of the improved Hummers synthesis of graphene oxide, my aim was to observe the functional 

groups by thermal analysis and to prove the presence and study the thermal behavior of covalently bound 

sulfonic acid groups. Furthermore, for all of the carbon nanostructures I used, I was aiming to investigate 

the heat sensitivity of functional groups, as these groups and the applicable temperature are critical in the 

atomic layer deposition process. 

 My next planned step was to grow semiconductor oxides, TiO2 and ZnO and reference Al2O3, 

nanoparticles on carbon nanostructures by atomic layer deposition. My aim was to investigate in which 

crystal phase the oxides are grown at different temperatures and to observe the morphology of the formed 

oxide layers. 

I intended to investigate one of the most important uses of composites and carbon nanostructures, the 

photocatalysis, with a model experiment. I wanted to track the decomposition of methyl orange dye in the 

presence of the substrates and the composites, thus demonstrating the photocatalysis enhancing effect of 

carbon nanostructures.
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3. Experimental 

My first substrate was the pure fullerene (C60) molecule, which had to be first functionalized with OH 

groups to provide adequate nucleation sites on the inert carbon surface for the ALD reaction. For this, the 

C60 was cooked in concentrated sulfuric acid/nitric acid, then washed with distilled water and NaOH 

solution and dried. Then, TiO2 particles were grown on the surface of C60-OH molecules by ALD at 80 °C 

and 160 °C. The low temperature was justified by the heat sensitivity of the OH groups. For the two 

precursors, pulse and rinse times were 0,5 s/30 s and 0,5 s/90 s, and 80 ALD cycles were used for both 

depositions. 

In the case of my next substrate GO suspension from graphite was made with the improved Hummers 

method, from which I produced solid GO samples by lyophilization for ALD. The chosen substrate was 

therefore GO, because this has more functional groups for nucleation as compared to graphene or reduced 

graphene oxide (rGO). Three semiconductor metal oxides were deposited on GO by ALD: TiO2, Al2O3 and 

ZnO at 250 ° C, to which titanium isopropoxide [Ti(OC3H7)4], trimethyl aluminum [(CH3)3Al], diethyl zinc 

[(CH3-CH2)2Zn] and H2O precursors were used. The low ALD temperature was chosen due to the heat 

sensitivity of the functional groups. 

A polymer hydrogel was synthesized from resorcinol and formaldehyde and after solvent exchange 

supercritical carbon dioxide drying was used to form resoricin-formaldehyde aerogel (RFA). From this, I 

obtained carbon aerogel (RFCA) by inert atmosphere carbonization. On these substrates, titanium dioxide 

was deposited by ALD at two different temperatures (80 °C and 250 °C).  

Finally, hydrothermaly prepared carbon nanospheres were successfully subjected to growth of TiO2 and 

ZnO layers by ALD from TiCl4, Zn(C2H5)2 and water precursors at 80 and 250 °C. This way core/shell 

nanosphere composites were prepared. From the composites, the carbon core was burnt out to produce 

hollow oxide nanospheres. 

The synthesis, possible functionalization and ALD reactions as well as the final composites were studied 

by powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy 

and scanning and transmission electron microscopy (SEM and TEM). The thermal decomposition of the 

samples was tested by simultaneous thermogravimetry and differential thermal analysis (TG /DTA) under 

inert (He) and oxidizing (air) conditions. The decomposing gases were detected by a mass spectrometer 

(TG/DTA-MS) connected to the thermal device. The specific surface area of the aerogels was determined 

by nitrogen gas adsorption. 

Finally, the photocatalytic activity of the composites and substrates was studied by degradation of the 

methyl orange dye solution and followed by UV-VIS measurements. Samples of 0,4 to 1 mg were added 

to quartz cuvettes and 3 ml of 4.0*10-5 mol/dm3 methyl orange solution was added and sealed with a 

polymer film (Parafilm). To reach adsorption equilibrium the samples were put in the dark. To check this, 

the absorbance of the methyl orange solution was measured every ten minutes on a UV-VIS 

spectrophotometer. After the equilibrium (when the absorbance is no longer or negligibly changed), the 

cuvettes were placed in UV light supplied by two 18W Osram blacklight UV-A tubes on both sides of the 

cuvettes at 5-5 cm parallel placed. I determined the absorbance at the maximum peak of the dye (λ = 464 

nm) and then plotted it as a function of time. After that, I measured the change in the absorption maximum 

of methyl orange by half-hour measurements. In the case of the aerogels the results had to be corrected with 

the specific surface area and the prolongation of the adsorption phase was needed.
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4. Results and discussion 

4.1 Studies on the fullerene substrate 

During my research I started with pure fullerene molecules, which first had to be functionalized. To do 

this, the C60 was cooked in concentrated sulfuric acid/nitric acid, then washed with distilled water and 

NaOH solution. Then, on the surface of the as produced C60-OH molecules 1-2 nm TiO2 particles were 

grown by ALD. The functionalization reaction was successful and, based on the thermal analysis, calculated 

from the weight loss, one or two OH groups were formed on each fullerene molecule. I have proved that 

OH functional groups are formed by hydrolysis of sulphonic acid groups on the surface of fullerene with 

developing gas analysis. Atomic layer deposition also proved to be successful on my functionalized 

substrate. This was proved by the SEM-EDX measurement, which showed the presence of Ti in my 

composite samples. It also showed that the amount of TiO2 deposited at 80 °C was twice the amount as 

deposited at 160 °C. The reason for this is that the OH groups are thermally sensitive on the functionalized 

fullerene, and they start to leave under 100 °C, so in the case of the 160 °C ALD reaction, due to the high 

temperature, less nucleation sites remains for the ALD. The connection between fullerene molecules and 

TiO2 particles was confirmed by TEM images directly (Figure 1.). With Raman and FTIR spectroscopy 

measurements, although I could not directly detect TiO2 in the C60-TiO2 samples, because TiO2 particles 

were present in such small quantities and sizes. However, by detecting the shift and alteration of the C60 

bonds, the linkage between C60 and TiO2 was indirectly demonstrated. Finally, the C60-TiO2 samples were 

tested as a photocatalysts. The C60 showed no photocatalytic activity alone. The C60-TiO2 samples have 

been shown to be photocatalytically active (Figure 1.). The sample deposited at 80 °C shows a higher 

activity, with this composite having reduced the concentration of the dye solution to 80 %, and the sample 

at 160 °C to 89 %, which is explained by the fact that it has twice as much TiO2 in the same composite. 

The surprising result of the experiments is that the C60-TiO2 samples had photocatalytic activity at all. 

Namely, the TiO2 films grown by ALD start to crystallize from 160 to 200 °C, under that it forms in 

amorphous structure. [39]. It is generally accepted of TiO2 that it is not photocatalytically active in 

amorphous form only if it is crystalline. However, as a literary example, TiO2 nanofilm grown by ALD on 

the surface of a lotus leaf had a photocatalytic effect even though the TiO2 was amorphous [40]. From all 

these, it seems that the amorphous TiO2 grown by low temperature ALD behaves differently than the 

amorphous TiO2 produced by other methods. Namely, the amorphous TiO2 grown by ALD is 

photocatalytically active on this carbon nanostructure, contrary to any expectation. It is possible that the 

low temperature ALD reaction creates a TiO2 layer that by XRD, FTIR, and Raman measurements appears 

amorphous but still capable of photocatalytic effect. 

.  

1. Figure: The TEM images of the C60-TiO2-160°C sample and the photocatalysis results 
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4.2 Studies on the graphene oxide substrate 

GO suspension from graphite was made with the improved Hummers method, from which I made solid 

GO samples for lyophilization for ALD [41]. The chosen substrate was therefore GO, because this has more 

functional groups for nucleation as compared to graphene or reduced graphene oxide (rGO). The improved 

Hummers method was followed by thermal and evolving gas analysis measurements to show the formation 

and modification of the functional groups during the successful synthesis and during the oxidation reaction 

and subsequent washing steps. I have shown that, in addition to the hydroxyl, epoxy and carboxyl groups 

described earlier, sulfonic acid groups are also present on the surface of the GO, which have not been done 

yet in the literature by thermal analysis. [42]. The evolving gas analysis of GO showed that these sulfonic 

acid groups break down immediately after the other groups; and that part of the OH functional groups and 

the bound water first began to leave under 100 °C (Figure 2.).  

 

2. Figure Result of the thermal analysis on the samples from the steps of the improved Hummers synthesis 

The success of the ALD depositions on GO was confirmed by SEM-EDX, FTIR and TEM 

measurements, which provided valuable information on the amount and growth mechanism of the different 

semiconductor oxides. Under the same growth conditions, less TiO2 (one order of magnitude lower atomic 

percentage) was deposited than the other metal oxides. The TEM recording shows that a single film from 

TiO2 could not be deposited, only the island growth started, but the growth was still successful. However, 

the Al2O3 and ZnO composites have already been able to create a continuous film on the GO surface (Figure 

3.). X-ray diffractograms have shown that ZnO was crystalline even at 80 °C, while TiO2 and Al2O3 were 

amorphous. In the case of this carbon nanostructure, independent photocatalytic activity was also detected. 

The concentration of methyl orange has decreased to its 60 % due to the influence of GO substrate. The 

amorphous Al2O3 served as a reference, since it had no photocatalytic effect on its own, it blocked some of 

the GO's surface and thus reduced GO's self-photocatalytic efficiency. Thus, Al2O3 can be used to mask, 

by blocking the catalytic surface. The ZnO composite performed best among the composites due to its 

crystalline structure, the initial value of the dye solution concentration decreased by 20 % at the end of the 

4-hour test. The amorphous TiO2 composite also achieved almost the same efficiency as the crystalline 
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ZnO (Figure 3.). The crystalline TiO2 could be an even better photocatalyst than the crystalline ZnO, but 

when grown with ALD, the crystalline phase is formed only above 250 °C, but at this temperature there 

would be no available GO functional groups. 

 

3. Figure: The TEM images of graphene oxide and its composites, and the photocatalysis results  

 

4.3 Studies on the resorcinol-formaldehyde and carbon aerogel substrates 

The aim of this work was to create titanium dioxide/aerogel composites using resorcinol-formaldehyde 

(RFA) and carbon aerogel (RFCA). The polymer hydrogel synthesized by the sol-gel method was dried 

with supercritical carbon dioxide after solvent exchange to form the RFA. From this carbon aerogel was 

obtained by inert atmosphere carbonization of 900 °C [43]. On these substrates, titanium dioxide was 

deposited at two different temperatures by ALD: at 80 °C the TiO2 is typically amorphous and at 250 °C it 

is grown in anatase crystal structure. Based on EDX results and TEM images (Figure 4.), the deposition of 

titanium dioxide was successful on both substrates at both temperatures, and SEM confirmed the formation 

of the porous aerogel structure and that it remained after ALD. Based on Raman images, the crystalline 

phase was successfully identified for the composites grown at 250 °C, whereas amorphous TiO2 was formed 

at 80 °C. During the thermal analysis, it was found that at the deposition temperatures, the carriers suffer 

only a small loss of weight due to the partial loss of lactone, acid anhydride, oxo (quinone), hydroxyl and 

carboxyl functional groups. In air, thermoanalytical analysis of the remaining masses after rapid oxidation 

of aerogels also supports the presence of TiO2. 

 

4. Figure: The SEM images of the RFA-TiO2-250°C and RFCA-TiO2-250°C samples 
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Due to the photocatalytic effect of the metal oxide, this property was also tested for the composites. 

Under UV light, the RFA is already slightly contributing to the decomposition of the methyl orange 

solution, reducing the absorbance of the dye by 1 %. However, the decomposition of dye is even more 

significant in cases where TiO2 was grown on the surface of the aerogel. It can be seen that the RFA-TiO2-

250 °C composite formed at 250 ° C shows the highest catalytic activity with 12% degraded dye due to the 

anatase phase grown at this temperature. In addition, 1,5% of the dye was decomposed by the composite 

grown at 80 °C, despite the fact that an amorphous TiO2 phase was formed. In the case of carbon aerogels, 

this tendency exists only when the specific surface area is taken into account, since the oxide layer grown 

during the ALD reaction had a significant effect on it. In the case of RFCA, the catalytic effect of the 

substrate was already higher compared to RFA. I found that the 250 °C heat load during the ALD 

deteriorates the activity of the substrate and the composite produced from it. And deposition of TiO2 lowers 

the specific surface area. The heated carbon aerogel proved to be a less efficient catalyst in the test process 

and only a 23 % reduction in absorbance was observed. Thus, when considering the effect of deposition 

temperature on the substrate and correcting with the specific surface area, it can be seen that the titanium 

dioxide deposited at 250 °C actually enhances the catalytic effect. Like RFA, amorphous titanium dioxide 

also has photocatalytic activity in the composite, with a 56 % reduction in absorbance. And the 250 °C 

composite effectively reduced the orange absorbance by 30 % (Figure 5.). 

 

5. Figure: The photocatalysis results of the RFA, RFCA and their composites 

 

4.4 Studies on the carbon nanosphere substrate 

I have successfully grown TiO2 and ZnO layers by ALD on hydrothermally prepared carbon nanospheres 

to obtain carbon nanosphere/semiconductor oxide composites [44,45]. From the composites, the carbon 

core was burnt out to produce hollow oxide nanospheres. The thermal analysis (TG/DTA-MS) test on the 

carbon spheres in helium determined their decomposition temperature, which was 300 °C, so I could safely 

perform the ALD reaction at 250 °C without damaging the template. In the air, it turned out that the carbon 

core burns out between 200 to 600 °C, so that by heating the composites up to 700 °C I could produce the 

hollow oxide spheres. FTIR and Raman spectroscopy as well as EDX measurements proved that the ALD 

was successful and that the carbon core was indeed removed during heating. XRD and TEM-SAED 

measurements showed that the semiconductor oxide crystallized after heating (anatase TiO2 and hexagonal 

ZnO). The SEM and TEM measurements illustrated the spherical shape of the samples, which remained 

after the ALD and subsequent heating (Figure 6.). In the case of composites, it is also possible to deduce 

from the amount of hollow oxide remaining after heating how much oxide has been grown by ALD. The 

photocatalysis test revealed that there is no photocatalytic effect in the case of carbon nanosphere substrate 

and carbon nanosphere/semiconductor oxide composites, but the hollow oxide spheres had photocatalytic 

activity (Figure7.). Using thinner TiO2 shells deposited at 80 °C the photocatalytic effect is better because 

of their higher specific surface area, and the zinc oxide spheres were better photocatalysts than the TiO2 

spheres. 
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6. Figure: The TEM images of the C-TiO2-80°C, H-TiO2-250°C and H-ZnO-250°C samples 

 

 

7. Figure: The photocatalysis result of the carbon nanospheres, their composites (C-sign) and the hollow oxide spheres (H- 

sign) 
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5. Applications 

Atomic layer depostion is well suited for accurate imaging of high-specific area porous materials and 

nanostructured surfaces. With suitable precursors the deposition of nanolaminates, doped semiconductors, 

and so-called component-gradient containing composites at varying amounts to the surface can be achived. 

Thus, the ALD has a number of advantageous features that make this a promising technique in addition to 

electronic systems and also for the production of sensors, fuel cells, catalysts and photocatalysts [46,47]. 

Carbon nanostructure/TiO2 composites are promising materials for the future in photocatalysis as they 

provide the opportunity to develop new photocatalytic systems. In addition to supporting the adsorption of 

contaminants with a high specific surface area, the carbon nanostructures can also help the photocatalysts 

to increase efficiency by inhibiting recombination or sensitizing to visible light. Based on this feature, 

besides photocatalysis, they have promising applications in the field of electronics, optics, organic solar 

cells and energy storage (Li-ion batteries and supercapacities) [7,48]. 

The good electron acceptor property of the fullerene, its electron structure, and the fact that the electron 

uptake and release does not cause significant structural change, makes the C60 fullerene a very suitable 

substrate because it helps the TiO2 in the charge separation. Fullerene is a typical acceptor in organic solar 

cells through good electron pickup and electron conductivity, and this feature can be enhanced by adding 

TiO2 [49,50]. 

In GO/semiconductor oxide composites, the photocatalytic effect of GO content is still controversial. 

However, there is an example in the literature that, as in my case, GO had a photocatalytic effect on its 

own. The photocatalytic effect of GO can be attributed to the fact that the width of the bandgap can be 

varied by the degree of oxidation of the GO. The fully oxidized GO can act as an insulator, while the 

partially oxidized GO as a semiconductor and consequently the properties of the graphene oxide can be 

tuned by oxidation. Thus, the aim of development is to produce semiconductor oxide photocatalysts that 

can be tuned for efficiency in the future [51–53].  

Since carbon and polymer aerogels have many electronic advantages, such as low density, good thermal 

insulation and high specific surface area, several attempts have already been made to create composites 

with materials already widely tested in electronic systems. Examples of carbon/silicon-dioxide composite 

aerogels and structures doped with semiconductor oxides can also be found. In addition, due to their high 

specific surface area, there is an increased interest in using them as catalyst carriers [54,55].  

Carbon nanospheres may be suitable as inorganic templates for the production of hollow nanospheres 

e.g. WO3, TiO2 and SiO2, having special optical, magnetic, electrical, thermal, electrochemical and catalytic 

properties. They have been used in catalysts, lithium-ion batteries and gas detection. The core/shell carbon 

nanosphere/ZnO composites may also be capable of absorbing electromagnetic waves. The results I have 

achieved in the future will provide an opportunity to use carbon nanospheres as templates instead of the 

polymer and inorganic nanoparticles that are used to produce inverse photonic crystals. [56,57]. 
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6. Thesis statements 

1. I have first grown amorphous TiO2 layer on a functionalized fullerene (C60) molecule by atomic layer 

deposition (ALD). The resulting composite proved to be an effective photocatalyst. Using the composite, 

the concentration of the dye decreased to 80 % while the P25 reference reduced it to 71 %, thus confirming 

that the amorphous TiO2 grown by ALD on fullerene has a photocatalytic effect. (1.) 

2. I have shown that besides the hydroxyl, epoxy and carboxyl groups there are sulfonic acid groups on 

the surface of the graphene oxide (GO). The evolvinggas analysis performed during the GO synthesis first 

showed that these sulfonic acid groups are breaking down immediately after the other groups, about 100 

°C after the other gases, at a later stage of the decomposition step. (2.) 

3. I first deposited Al2O3, ZnO and TiO2 semiconductor oxides on lyophilized graphene oxide using the 

ALD. With my photocatalysis experiments I proved that the GO can have a photocatalytic effect alone, the 

concentration of methyl orange decreases to 60 % of its initial value. The amorphous TiO2 grown on GO 

by ALD has a significant photocatalytic effect, the absorbance of the dye decreases to 30 % in 4 hours, and 

its efficiency is similar to the crystalline ZnO grown in the same way. I also illustrated that 

photocatalytically inactive Al2O3 blocked the surface of the GO. (4.) 

4. TiO2 was first grown on resorcinol-formaldehyde (RFA) and carbon aerogels (RFCA) by atomic layer 

deposition. The crystalline TiO2 phase grown on the polymer gel substrate showed photocatalytic activity, 

decomposing 12 % of the dye. At the same time, the amorphous TiO2 also contributed to the degradation 

of the dye in composite form, decomposing 1,5% of the methyl orange solution. In addition, RFA, as a 

substrate with a high specific surface area, showed limited photocatalytic activity, with an absorbance 

reduction of 1%. (5.) 

5. In the case of carbon aerogel substrate, the atomic layer deposition of TiO2 significantly reduced the 

specific surface area. Therefore, I corrected the photocatalytic results with the specific surface area, and I 

considered that the 250 °C heat load during the ALD deteriorates the activity of the substrate and the 

composites produced from it. By examining the RFCA, the catalytic effect of the substrate was already 

greater than that of RFA, with a 23% reduction in the absorbance of the dye after heating and correction. 

Taking into account the corrections, TiO2 grown at 80 °C and 250 °C by ALD improves the photocatalytic 

activity of the substrate. The former decomposed 56 % of the dye, and the latter 30 % of it. Overall, these 

aerogels can produce composites with a high specific surface area and photocatalytic activity in which the 

amorphous TiO2 also has a catalytic effect. (5.) 

6. By studying the photocatalytic activity of the carbon nanospheres, their composites and the hollow 

oxide spheres obtained by burning ot the carbon core, I have shown that there is no photocatalytic activity 

for the carbon nanosphere substrates and carbon nanosphere/semiconductor oxide composites, but the 

hollow oxide spheres had photocatalytic effect. 17% of the dye was decomposed using thinnerTiO2 shells 

grown at 80 ° C, 9 % using thicker TiO2 shells grown at 250 °C and 16 % using ZnO hollow spheres. The 

photocatalytic effect is better in the case of thinner TiO2 shells due to the higher specific surface area, and 

the zinc oxide hollow spheres are better photocatalysts than the hollow TiO2 spheres. (3.) 
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