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1. Introduction and objectives  

Over the last 30 years, research of carbon nanotubes with outstanding 

physical and chemical properties has become an important role of materials 

science. They are characterized by good thermal conductivity, high tensile 

strength, and specific electrical properties, and can be used in a wide range of 

applications, such as various electrochemical applications and in the production 

of composite materials. Vertically Aligned Carbon Nanotubes (VACNTs), often 

referred to in the literature as carbon nanotube forests, are one field of carbon 

nanotube research, a structure first successfully produced by a Beijing group in 

1996. These carbon nanotube forests, which are also produced on conductive 

substrates, have outstanding electrical properties, making them suitable for use 

in a variety of electronic equipment. 

In my doctoral thesis, I aimed to study the growth of carbon nanotube 

forests on different conducting substrates (aluminum, titanium). To this end, I 

wanted to investigate the effect of the concentration and the ratio of the catalyst 

ink on the two different substrates. I also wanted to study the effect of the layer 

building on the growth of carbon nanotube forests, using a simple layer building 

technique (dip-coating) and a more complex technique (PLD (Pulsed Laser 

Deposition)). I also aimed to investigate the influence of the parameters used in 

the CCVD (Catalytic Chemical Vapor Deposition) synthesis (reaction time, 

water vapor, different carbon sources) on the height and orientation of the 

carbon nanotube forests. In addition, I aim to prepare carbon nanotube forests in 

the presence of nitrogen-containing compounds and to investigate the 

incorporation of nitrogen into the structure of carbon nanotubes and to obtain 

information on the changes in the structure of carbon nanotube forests. For this 

purpose, I wanted to use two different methods (bubbling and injection 

techniques), and to study the effect of hydrogen, different nitrogen containing 

compounds and layer building on the incorporation of nitrogen into carbon 
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nanotubes. Finally, I wanted to gain information on the possibility of forming a 

composite between metal oxides and carbon nanotube forests, and therefore I 

wanted to investigate TiO2 and ZnO, which I wanted to composite with carbon 

nanotube forests using the ALD (Atomic Layer Deposition) method. 

 

2. Experimental methods and procedures 

In my experiments, carbon nanotube forests were prepared by CCVD. 

Two methods were used to build the catalyst layers on the substrates, the first 

one was dip-coating, where the catalyst solution contained iron(III)-nitrate and 

cobalt(II) nitrate. While for PLD, the pastilles were made of Fe- and Co-oxides. 

The synthesis was carried out after catalyst layer formation, where the synthesis 

temperature was 640°C for aluminum substrate and 700°C for titanium 

substrate. The reaction time differed when using the two substrates, 15 min for 

the aluminum substrate and 30 min for the titanium substrate. In the cases where 

I doped the carbon nanotube forests with nitrogen containing compounds, I used 

different nitrogen containing compounds, which were: NH3, acetonitrile (ACN), 

and tripropylamine (TPA). The different carbon sources were acetone, ethanol, 

brandy, cyclohexane, diethyl-ether and ethyl-acetate. 

The scanning electron microscope (SEM: Hitachi S-4700 Type II FE-

SEM) was used to determine the height and structure of the carbon nanotube 

forests. 

The transmission electron microscopy (TEM: FEI Tecnai17G2 20 X-

TWIN) was used to determine the diameter of the carbon nanotubes and the 

number of walls of the carbon nanotubes. 

The composites and nitrogen incorporation were analyzed by energy 

dispersive spectroscopy (EDX: HITACHI S-4700 Röntec QX2). 
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A Raman spectroscope (Thermo Scientific DXR) was used to determine 

the graphiticity of the carbon nanotube forests and the ordered of the carbon 

structure.  

The electrical contact between the carbon nanotube forests and the 

substrate was determined using cyclic voltammetry. 

Photoelectron spectroscopy (XPS: Specs Phoibos 150 MCD) was used to 

investigate the nitrogen incorporated in the carbon nanotubes. 
 

3. Summary of new scientific results  

T1. The concentration of the catalyst ink and the metal ratio used in the 

layer construction affect the height and structure of the carbon nanotube 

forests during the syntheses on aluminum and titanium substrates. 

T1.1. The different catalyst concentrations and ratios were used to form the 

catalyst film, demonstrating that the most suitable catalyst concentration for 

aluminum and titanium substrates is 0.11 M, while the most ideal catalyst ratio 

is Fe:Co = 2:3, which is different from the Fe:Co = 1:1 ratio most commonly 

used in the literature. Using these parameters, the highest carbon nanotube 

forests can be achieved on aluminum and titanium substrates.  

T1.2. On the aluminum substrate, cyclic voltammetry measurements were 

performed on samples prepared at different concentrations, demonstrating that 

there is an electrical connection between the substrate and the carbon nanotubes, 

and that the highest charge capacity was observed at a concentration of 0.11 M, 

thus proving that the highest electrochemical surface area is achieved at this 

concentration. 
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T1.3. By comparing the parameters (catalyst concentrations and ratios) 

investigated for carbon nanotube forests produced on two different substrates, it 

is demonstrated that higher carbon nanotube forests can be achieved using the 

aluminum substrate than the titanium substrate, thus allowing the cost-effective 

production of carbon nanotube forests using a cheaper substrate. 

 

T2. The methods used in layer building (dip-coating, PLD) influence the 

growth of carbon nanotube forests during syntheses.  

2.1. I have demonstrated that the dip-coating method of layer formation does 

not require the thermal treatment of the substrate, which can lead to the 

formation of a support-oxide layer on the substrate surface, thus allowing for 

the simplification of the synthesis and the direct production of carbon nanotube 

forests on the substrate, which can be advantageous in electrochemical 

applications, as the absence of an insulating oxide layer facilitates the direct 

contact of carbon nanotubes with the substrate.  

2.2. I have found that the presence of alumina-oxide on the substrate is not 

necessary for the formation of carbon nanotube forests when using the PLD 

layer building method, contrary to the fact that this support layer is often used in 

the literature, which may negatively affect the formation of electrical contacts 

between the carbon nanotubes and the substrate.  

 

T3. The parameters used during CCVD synthesis (reaction time, water 

vapor flow rate, different carbon sources) influence the growth of carbon 

nanotube forests during their production. 
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3.1. I found that the most ideal water vapor saturated nitrogen flow rate on 

aluminum substrate is 30 cm3/min, at which the highest carbon nanotube forest 

can be observed from SEM images, and on titanium substrate the presence of 

water vapor is not required in the system during the formation of carbon 

nanotube forest structure, thus simplifying the synthesis.  

3.2. During the syntheses, the production of carbon nanotube forests was 

investigated in the interval of 5-20 min for the aluminum substrate and in the 

range of 10-50 min for the titanium substrate. From which I have demonstrated 

that the ideal reaction time is 15 min for the aluminum substrate and 30 min for 

the titanium substrate, and that higher carbon nanotube forests are formed on 

the substrate surface in the former case, and that it is possible to reduce the 

height of the carbon nanotube forests by reducing the reaction time (6.7 µm for 

aluminum and 3.0 µm for titanium, which is significantly lower than the 

literature data).  

3.3. I found that at 700˚C, without water vapor and using a reaction time of 30 

min in the absence of ethylene carbon source, using the other carbon sources 

(acetone, ethanol, brandy, cyclohexane, diethyl ether and ethyl acetate), carbon 

nanotube forests were observed on the titanium substrate only in the presence of 

cyclohexane, while for the other carbon sources only disordered carbon 

nanotubes were formed on the substrate.  

 

T4. The parameters used in the study of nitrogen incorporation (different 

nitrogen containing compounds, the use of layer building methods, the 

effect of hydrogen, the method of nitrogen loading) influence the growth of 

carbon nanotube forests during the syntheses and the incorporation of 

nitrogen into carbon nanotubes. 
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4.1. I found that when acetone solutions of different nitrogen compounds (NH3, 

ACN, TPA) are used, only in the presence of TPA-acetone the carbon nanotube 

forest structure is formed on the substrate surface, while for the other nitrogen 

compounds only carbon nanotubes are observed in SEM images.  

4.2. I have demonstrated that the catalyst building method influences the 

nitrogen incorporation into carbon nanotubes: using the PLD method, EDX 

measurements show that nitrogen incorporation into carbon nanotubes is 

assumed, which is likely due to the presence of an alumina-oxide support layer 

on the substrate surface.  

4.3. I have shown that the presence of hydrogen is sufficient only in the 

reduction phase, in which case the highest carbon nanotube forests are observed 

in the SEM images. In addition, this short hydrogen presence is assumed to the 

most ideal for nitrogen incorporation into the carbon nanotubes, the highest 

nitrogen incorporation being observed in the EDX measurements.  

4.4. I found that among the methods used to introduce nitrogen-containing 

compounds (bubbling, injection), the injection method is more effective for 

incorporating nitrogen into carbon nanotubes. EDX and XPS measurements 

were used to verify the incorporation of nitrogen into carbon nanotubes, and 

TEM images were used to demonstrate the bamboo structure, which is a typical 

structure for nitrogen doped carbon nanotubes. Furthermore, we have 

demonstrated that, under the above parameters, the formation of extremely low 

carbon nanotube forests with a height of only 1.6 µm is possible. 

 

T5. The ALD method used in the composite design of carbon nanotube 

forests with metal oxides allows the carbon nanotubes that build the carbon 

nanotube forests to be decorated with the metal oxides.  
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5.1. I have demonstrated that it is possible to decorate carbon nanotube forests 

with ZnO and TiO2 by ALD method. The SEM and TEM images and Raman 

spectroscopy measurements, it was demonstrated that the composite formation 

does not only take place on the outer surface of the carbon nanotube forests, but 

also metal oxides appear on the (inner) carbon nanotubes that build up the 

carbon nanotube forests.  
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