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DEFINITIONS 

 

Carbon nanotubes (CNTs) – are allotropes of carbon with a cylindrical 

nanostructure. These cylindrical carbon molecules have unusual properties, which are 

valuable for nanotechnology, electronics, optics and other fields of materials science 

and technology. Nanotubes names are derived from their long, hollow structure with 

the walls formed by one-atom-thick sheets of carbon, called graphene. Nanotubes are 

categorized as single-walled nanotubes (SWNTs) and multi-walled                           

nanotubes (MWNTs).  

Nanoparticles are particles between 1 and 100 nanometers in size. In 

nanotechnology, a particle is defined as a small object that behaves as a whole unit 

with respect to its transport and properties. Ultrafine particles are the same as 

nanoparticles and between 1 and 100 nanometers in size. 

Fiberglass – fiber or multifilament yarn, formed of glass. Fiberglass is made of 

various types of glass depending upon the fiberglass use. These glasses all contain 

silica or silicate, with varying amounts of oxides of calcium, magnesium, and 

sometimes boron. To be used in fiberglass, glass fibers have to be made with very low 

levels of defects. 

The nanometre (International spelling as used by the International Bureau of 

Weights and Measures; SI symbol: nm) or nanometer (American spelling) is a unit of 

length in the metric system, equal to one billionth of a metre (0.000000001 m). The 

name combines the SI prefix nano- (from the Ancient Greek νάνος, nanos, "dwarf") 

with the parent unit name metre (from Greek μέτρον, metrοn, “unit of measurement”). 

It can be written in scientific notation as 1×10−9 m, in engineering notation                         

as 1 E−9 m. 

Electrical conductivity or specific conductance is the reciprocal of electrical 

resistivity, and measures a material's ability to conduct an electric current. It is 

commonly represented by the Greek letter σ (sigma), but κ (kappa) (especially in 

electrical engineering) or γ (gamma) are also occasionally used. Its SI unit is siemens 

per metre (S/m) and CGSE unit is reciprocal second (s−1). 

An electrically conducting yarn is yarn that conducts electricity. Conducting 

yarns are used to manufacture carpets and other items that dissipate static electricity, 

such as work clothes in highly flammable environments, e.g., in the                     

petrochemistry industry. 

Pseudocapacitors store electrical energy faradaically by electron charge transfer 

between electrode and electrolyte. This is accomplished through electrosorption, 

reduction-oxidation reactions (redox reactions), and intercalation processes, termed 

pseudocapacitance. 
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NOTATIONS AND SHORTENINGS 

 

CNT – carbon nanotube 

CVD – Chemical Vapor Deposition 

CCED – constant current electrodeposition 

CPED – constant potential electrodeposition 

CVC – current-voltage characteristic 

μm - micrometer 

nm – nanometer 

PED – pulsed electrodeposition 

SEM – scanning electron microscopy  

SC – solution combustion 

TEM – transmission electron microscopy 
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INTRODUCTION 

 

General description of the work  

The dissertation work is devoted to the experimental researches of carbon 

nanotubes synthesis with different variation of chemical vapor deposition method, the 

study of structural and morphological and physico-chemical properties of carbon 

nanotubes. It has been studied the application of the solution combustion method for 

creation catalytic systems for synthesis of carbon nanotubes. From the perspective of 

practical application, the primary objective of this dissertation work was the formation 

of films from carbon nanotubes. It has been studied the obtaining of different type of 

carbon nanotubes films on the surface of glass fibers, shungine and zeolite particles 

and the individual films of carbon nanotubes. The obtained carbon nanotube films have 

been applied in electrical power system devices. Due to carbon nanotube synthesis 

there were obtained composite materials having improved parameters of physical and 

chemical characteristic.  

Research topic actuality 

Researches in the field of nanotechnology and nanomaterials are the most relevant 

areas of modern science. The manipulation by substance at atomic and molecular level 

gives the opportunity to researchers to create the absolutely new materials with unique 

physical and chemical properties. The development of nanotechnology field helped to 

address key issues in material science, electronics and technology in general. Among 

wide range of nanomaterials the carbon nanomaterial class has a special status and due 

to discovery of fullerenes and carbon nanotubes the mentioned class has a number of 

unique electrical, physical, mechanical and optical properties. 

 With the discovery of carbon nanotubes interest in this class of carbon 

nanomaterial has grown and expanded with the practical application of each year. 

Carbon nanotubes (CNTs) have been under scientific investigation for more than 

twenty-five years because of their unique properties that predestine them for many 

potential applications.  In connection with this, there are observed a remarkable activity 

of scientific community regarding producing, investigation of properties as well as 

searches of practical application of one-dimensional (1D) carbon nanomaterials, 

including carbon nanotubes. The interest of scientists were fixed on unique properties 

of carbon nanotubes such as optical, electrophysical, thermophysical, mechanical and 

others and it differs from the properties of bulk materials. Thanks to its unique 

properties the carbon nanotubes are of great interest to both basic researches and wide 

range of practical applications. 

 Carbon nanotubes due to their unique physico-chemical properties are called as 

«materials of the future». Studies of producing and practical application of carbon 

nanotubes are core direction of science, as evidenced by the large number of 

publications on this subject, both in local and foreign publications. The producing of 

composite materials based on carbon nanotubes is one of the main application fields. 

The CNTs in sizeable quantities could be produced using various methods: electrolysis, 

arc discharge, laser ablation, sono-chemical of hydrothermal synthesis, chemical vapor 
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deposition (hot filament, water assisted, and oxygen assisted, microwave plasma, 

radio-frequency, thermal, plasma enchanted). 

For a number of practical applications it is necessary the creation of thin films 

from carbon nanotubes, including application in electronics, alternative energy 

sources, energy storage devices, biotechnology, microelectronics, textile, and others 

fields. The search of new decisions that connected with carbon nanotube synthesis and 

producing of thin films on their basis is very relevant task.  

The chemical vapor deposition method (CVD) is one of the best known and most 

effective methods for producing of carbon nanotubes. This method is widely used to 

produce carbon nanotubes and ensures high productivity and required quality of 

desired material at comparative simplicity of apparatus execution and    availability of 

primary components. However, the carbon nanotube synthesis is required a specific 

growth conditions. Among the different methods, the chemical vapor deposition 

method certainly emerges as the best method for large-scale production of carbon 

nanotubes. The catalysts methods are applied for synthesis of carbon nanotubes. 

Frequently, the catalyst is the complex of matrix and active phases. The catalysts on 

the basis of transition metal particles from fine metal or their compounds such as salts 

and oxides are the most effective in the synthesis process of carbon nanotubes. The 

choice of matrix for catalysts, its structure predetermines the properties of final 

product. Creation of new catalytic systems with various composition of active phases 

and matrix allows obtaining the carbon nanotubes with different morphology and 

properties. Special requirements are for catalytic systems, because for the most part the 

carbon nanotube synthesis is a catalytic process. To date, the literature contains a 

wealth of information concerning the methods and mechanisms of carbon nanotubes 

growth. Nevertheless, the development of reliable methods for producing of carbon 

nanotubes with desired characteristics are still remains an urgent problem. In spite of 

carbon nanotube synthesis mass, the current problem is the search of new solutions for 

obtaining of carbon nanotube films both as a separate object and films at the surface of 

various objects. The central task of this dissertation work is the study of gas-phase 

growth of carbon nanotubes and the formation of the films. 

Many investigations were made to improve either the quality or the quantity of 

the carbon nanotubes by optimizing the synthesis process. For a number of practical 

applications it is necessary the creation of thin films from carbon nanotubes, including 

application in electronics, alternative energy sources, energy storage devices, 

biotechnology, microelectronics, textile, and others fields. The search of new decisions 

that connected with carbon nanotube synthesis and producing of thin films on their 

basis is very relevant task. 

Since the discovery of carbon nanotubes research mechanisms and modeling of 

nucleation and growth process of carbon nanotubes is the actual direction of 

nanoscience. One of interest object in nanoworld is vertically-aligned “forest” from 

carbon nanotubes. Nanotubes can also be obtained in immediate proximity so that the 

van der Waals force is reason them to align and grow upward into a structure like 

vertically-aligned “forest” of carbon nanotubes.  
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The great physical and chemical properties of carbon nanotubes produce a variety 

of application potential, some derived as an extension of traditional carbon fiber 

applications, but many are new possibilities, based on the novel electronic and 

mechanical behavior of carbon nanotubes. Due to the carbon nanotubes in the present 

new classes of composite materials with new and unique properties were obtained. 

Modification of the initial matrix by carbon nanotubes improves the mechanical 

properties, electrical conductivity, chemical stability, etc. It needs to be said that the 

stimulation in this field arises due to the versatility of this material and the possibility 

to predict properties based on its well-defined perfect crystal lattice. Carbon nanotubes 

really bridge the gap among the molecular sphere and the macroscopic world. The 

properties and characteristics of carbon nanotubes are still being researched strongly 

and scientists have barely begun to tap the potential of these structures. 

Tasks of the work 

The goal of this dissertation work is the study and development of methods for 

obtaining of carbon nanotube films with desired properties and their application in 

electrical power systems. 

Objectives of the work  
For this purpose, the following specific objectives have been pursued: 

1. Development of methods for obtaining of carbon nanotube films at the surface 

of different materials.   

2. Detailed study of structural and physico-chemical properties of obtained carbon 

nanotubes. 

3. The obtaining of composite material films on the basis of carbon nanotubes, 

investigation of their physico-chemical properties. 

4. Application of carbon nanotube films in electrical energy system devices.  

5. Development of method and prototype production of electrical energy system 

devices based on carbon nanotube films.   

The main provisions for the defense of the thesis 

1. Different modifications of chemical vapor deposition method for production of 

carbon nanotubes films at the surface of different materials with catalyst particles that 

obtained with the help of solution combustion method and electronic spattering were 

tested. 

2. The regularity of carbon nanotube structure was determined, depending on the 

nature and morphology of the catalyst.  

3. The method for production of flexible heating elements based on glass cloth 

with coating from carbon nanotubes. 

4. Carbon nanotube films and composite materials were obtained on the basis of 

solar water heating collectors. It was established experimentally that the coating based 

on vertically-aligned carbon nanotubes have maximum light absorption efficiency.  

5. Process for producing of hybrid supercapacitor electrodes based on carbon 

nanotubes films and nanoparticles Ni(OH)2 were tested. The correlation of hybrid 

electrode material based on carbon nanotube films with coating from nanoparticles 

Ni(OH)2 is precipitated by electrophoretic method was determined. It was found that 
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the maximum factor of gravimetric capacitance is observed when using pulsed 

electrodeposition. 

The object of research 

Carbon nanotube films and composite materials on its basis. 

The research subject is an influence of process conditions of chemical vapor 

deposition method, the composition and structure of catalyst system, morphology and 

physico-chemical characteristics of carbon nanotubes and films on its basis.  

Research methods  
The following research methods were applied during solving the target goal: 

scanning electron microscopy (SEM) – for investigation of  structural characteristics 

and morphology of obtained carbon nanotubes and films on its basis; transmission 

electronic microscopy (TEM) – for determination and investigation of internal 

structure of obtained carbon nanotubes; Raman spectroscopy – for identification of 

obtained carbon nanotubes and determination of their defect rate; EDAX analysis – for 

determination of  the elemental composition of obtained samples; X-ray diffraction 

analysis - for establishment and identification of phase composition of crystalline 

structures; optical microscopy – for visualization of  obtained sample surface. Small 

angle X-ray scattering method – for determination of quantitative content of 

nanoparticles with certain size in resulting sample. These investigation methods allows 

the identification nanotubes and comprehensively investigate their physico-chemical 

properties. 

Scientific novelty of the work  

Scientific significance of obtained results lies in the fact that the methods and 

technological ways for obtaining of individual films and carbon nanotubes are obtained 

with the help of chemical vapor deposition method and fluidized bed reactor. At the 

same time, the individual carbon nanotube film was obtained by filtering and pressing 

method, which is similar to the non-woven method for producing of fabrics at the 

macroscopic level.  

For the first time the solution combustion method was used for the synthesis of 

carbon nanotube growth and it is provided to obtain the ultrafine particles of   metal 

oxide nanoparticles, which are the active centers of carbon nanotubes growth. Due to 

solution combustion method the following production technology of carbon nanotube 

films at the surface of glass cloth and zeolite was developed. Thus, this technique 

allows to obtain the carbon nanotube films at various surfaces, ensuring a good 

adhesion of carbon nanotubes and base material. 

During the study an absorbing capacity of composite films based on carbon 

nanotubes and absorbent coating of solar collectors was investigated. Comparative 

analysis of coatings based on carbon nanotubes are grown on cobalt oxide 

nanoparticles, coating based on schungite with carbon nanotubes and films was carried 

out. 

 The correlation of deposition conditions of nickel hydroxide to the films from 

carbon nanotubes was determined. It was found that the best results of gravimetric 

capacitance is observed for hybrid electrode material on the basis of carbon nanotubes 

and Ni(OH)2, are deposited by pulsed electrodeposition. 
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Practical significance  

The practical significance of researches is that the technology of electrically 

conductive fiber was developed during researches, consisting of catalyst applying in 

the form of metal oxide nanoparticles at the surface of fiberglass and the synthesis of 

carbon nanotubes. The optimal synthesis conditions were worked out, volt-ampere 

characteristics were tested as well as miniature of soldier with heated jacket was made. 

Studies have shown the effectiveness of solution combustion method for obtaining of 

transition metal oxides (cobalt, iron) to the surface of the glass cloth. These metal oxide 

nanoparticles have shown a good catalytic activity during the synthesis process of 

carbon nanotubes by chemical vapor deposition method from propane-butane mixture. 

On the basis of glass cloth with coating from carbon nanotubes the prototype of flexible 

heating element has been made. This technology is universal for production of flexible 

heating elements, for creation a favorable temperature conditions of hardware nodes of 

various production lines as well as for production of smart - textile products for military 

equipage, astronauts and for people who are in extreme weather conditions (climbers, 

athletes, etc.).  

The carbon nanotube films and composite materials on its basis as an absorbent 

coating for solar water heating collectors were obtained. It was established 

experimentally that the coating from carbon nanotubes have the maximum light 

absorption from different composite materials. Based on analysis of obtained results, 

it was found that the among presented composite materials with carbon nanotubes that 

obtained at various matrices,  the greatest absorbent capacity has coating from 

vertically-aligned “forest” of carbon nanotubes, the specific effectiveness of this 

coating is 56,93∙10-2  in comparison with a sample without coating (pure tube) the 

specific effectiveness of which is 30,23∙10-2.   

The methods for producing of hybrid supercapacitor electrode based on carbon 

nanotube films and nanoparticles Ni(OH)2. A correlation of hybrid electrode material 

based on carbon nanotube films with coating from nanoparticles Ni(OH)2 deposited by 

electrophoretic method. Deposition conditions at constant tension, constant voltage and 

impulse electrodeposition were tested. It was found that the maximum rate of 

gravimetric capacitance is observed when using pulsed electrodeposition, for which 

the maximum capacity was 953.5 and 418.9 F/g at surplus rate 5 and 100 mV/s. 

Preliminary studies according charge/discharge cycles have shown that the electrode 

material on the basis of carbon nanotubes with Ni(OH)2–coating, is obtained by pulsed 

deposition is withstand more than 8000 charge-discharge cycles with a maximum loss 

of efficiency of less than 10 %. 

Work approbation  

The fundamental principles and work results were reported and get approval at 

following conferences and symposiums: The IUMRS International Conference in Asia, 

Bangalore, India, 2013; World (International) Conference on Carbon, JEJU, Korea, 

2014; III International scientific conference Sarsembaev readings «Current issues of 

condensed-matter physics, nanotechnologies and nanomaterials», Almaty, 

Kazakhstan, 2014; VIII International symposium «Physics and chemistry of carbon 

materials/Nanoengineering», Almaty, Kazakhstan, 2014; International conference 
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«Colloid sand nanotechnologies in industry», Almaty, Kazakhstan, 2014; The 7th 

European Combustion Meeting (ECM 2015), Budapest, Hungary, 2015; VIII 

International symposium «Combustion and Plasmachemistry» and International 

scientific and technical conference «Energy efficiency -2015», Almaty, Kazakhstan, 

2015; The conference for students and young scientists «Chemical physics and 

nanomaterials», Almaty, Kazakhstan, 2016; The Joint IX International Symposium 

«Physics and chemistry of carbon materials/Nanoengineering» and International 

Conference «Nanoenergetic materials and nanoenergetics», Almaty, Kazakhstan, 

2016; World (International) Conference on Carbon State College, Pennsylvania, USA, 

2016. 

Personal contribution of the author is in formulation and experimentation, 

definition of methods and solution approach of settled practical and theoretical tasks, 

generalization and interpretation of findings, writing of articles and reports as well as 

preparation of patent applications.  

Publications  

According to the materials of dissertation work there were published 22 

publications in co-authorship, including 15 thesis reports on foreign and national 

international scientific conferences and symposiums, 3 articles in national journals of 

the Committee’s list, 2 articles is indexed by Scopus database, also 2 patent grants of 

RK for useful models “Method for producing of electrically conductive cloth” and 

“Absorption material for absorber of solar energy collector”.  

Volume and structure of dissertation  

Dissertation work is presented on 105 pages, it consists of introduction, 4 sections 

and conclusion, the article contains 75 pictures, 8 tables and reference list including 

126 titles of works of domestic and foreign authors. 
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1 LITERATURE REVIEW 

 

1.1 Carbon nanotubes - the actual trend of modern science, industry and 

technology 

The beginning of XXI century was marked by the beginning of the revolutionary 

development of nanotechnologies and nanomaterials. They are already used in all 

developed countries of the world in the most important areas of human activity 

(industry, defense, information sphere, electronics, energy, transportation, 

biotechnology, medicine). The discovery of carbon nanotubes belong to the Japanese 

scientist Sumio Iijima. Carbon nanotubes were discovered in spray products graphite 

in an electric arc. Sumio Iijima, it was found that the nano-sized tubes consist of one 

or more graphite layers, and the distance between layers is equal to 0.34 nm [1]. Carbon 

nanotubes (CNTs) are entire cylinders of one (single-wall, SWNT), two (double layer, 

DWNT) or more layers of graphene sheets (multiwall, MWNT), with open or closed 

ends [2]. It is very significant for the use of CNTs to prepare CNTs with various 

construction in large scale and perfect quality.  

Ideal carbon nanotubes have all carbons bonded in a hexagonal net excluding at 

their ends, whereas defects in CNTs introduce pentagons, heptagons, and other defects 

in the sidewalls that worsen the physico-chemical properties. Diameters of single wall 

nanotubes are 0.8 to 2 nm and multi-walled nanotubes are characteristically 5 to 20 

nm. However, MWNT diameters can exceed 100 nm. For example, aspect ratios 

(length-to-width) of over 10,000,000 have been observed for CNTs, which are 

significantly larger than any other material. This large aspect ratio explain into a very 

high surface area, which has been exploited for numerous practical applications. In 

addition to high surface area, CNTs are some of the strongest materials known, with a 

tensile strength and specific strength far exceeding that of even steel [3]. 

The lengths of CNT range from less than 100 nm to few centimeters. CNT-tied 

scientific activity has grown most essentially during the last 10 years. Since 2006, 

worldwide CNT production capacity has increased at 10 times, and the annual number 

of CNT-tied scientific publications and issued patents continues to grow (figure 1) [4]. 

 

 
 

Figure 1 – Trends in CNT investigation and commercialization, journal publications 

and issued worldwide patents per year, along with assumed  

annual production capacity [4] 
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Carbon nanotubes due to their unique physico-chemical properties are called as 

«materials of the future» [5] it’s triggered an exceptional splash during investigating 

of the carbon nanomaterials. Carbon nanotubes are used in many application fields 

such as energy, biotechnology, microelectronics, textile, etc. [6, 7]. The producing of 

composite materials based on carbon nanotubes is one of the main application fields. 

There are many methods for the synthesis of carbon nanotubes such as electro arc, 

CVD synthesis, flame synthesis [8], etc. Currently, CVD method is recognized as the 

leader in synthesizing of CNTs. CVD method is an inexpensive system, and there is a 

feasibility to use different catalysts and various carbon containing sources in solid, 

liquid and gas forms. Structure and properties of carbon nanotubes depends on many 

factors: initial components, composition and structure of catalyst, synthesis conditions 

and other.  

The catalysts methods are applied for synthesis of carbon nanotubes. Frequently, 

the catalyst is the complex of matrix and active phases. The catalysts on the basis of 

transition metal particles from fine metal or their compounds such as salts and oxides 

are the most effective in the synthesis process of carbon nanotubes. The silicon wafers 

[9], aerogels, quartz, mesoporous silica [10] are used as matrixes for the catalyst. 

Carbonaceous precursors are decomposed into catalytic nanoparticles but the carbon is 

diffuse through a catalytic nanoparticle and sprout into CNTs. 

There are two main model of carbon nanotubes growth: «tip-growth model» and 

«base-growth model». Depending on composition and structure of the catalyst there is 

one or the other growth mechanism. The choice of matrix for catalysts, its structure 

predetermines the properties of final product. Creation of new catalytic systems with 

various composition of active phases and matrix allows obtaining the carbon nanotubes 

with different morphology and properties. 

In the paper [11] are presented data for large-scale production of carbon 

nanotubes. The analysis in [12] shows that the practical application of CNTs is 

constantly growing, which contributes to the rapid growth of demand in the market. In 

2014, total production of carbon nanotubes was 1053 million US dollars, while the 

average annual growth rate amounted to 58.9 %. The bulk production of carbon 

nanotubes for industrial applications, in the early 1990s, Hyperion Catalysis 

International, Inc. (Cambridge, MA) started the large-scale production of MWNTs. 

This company has a wide range of patents on synthesis and applications of nanotubes 

and nanofibers of carbon. Carbon Nanotech Research Institute (CNRI), a subsidiary of 

Mitsui & Co., Ltd., plans to engage in developing technologies for the large-scale 

production of 120 tons of MWNTs annually. Others companies such as Applied 

Sciences, Inc. (API) and Showa Denko (SDK) already have a large-scale production 

capacity for MWNTs, which exhibits relatively large diameters and wide distribution 

of diameters ranging from 70 to 200 nm. 

For some purposes, the process of functionalization of carbon nanotubes is carried 

out. This modification allows to obtain carbon nanotubes doped with additional 

functional groups such as hydroxide groups, halogen atoms and others. The paper [13] 

is an overview for obtaining of functionalized carbon nanotubes. Authors presented 

summary methods of producing single-walled and multiwalled oxidized carbon 
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nanotubes. It also includes the methods of nanotubes functionalization of nitride and 

aromatic groups. 

 

1.2 Physico-chemical properties of carbon nanotubes 

From the standpoint of the geometry of the SWNTs is a cylinder rolled from one 

graphene layer, composed of hexagonally arranged carbon atoms. Depending upon the 

folding angle of the sheet can be obtained SWNTs with different structure and 

properties. SWCNT structures such as “zigzag” and “armchair” refers to achiral 

nanotubes whose folding angle corresponding to 0 and 30°. Other nanotubes are chiral 

structure (figure 2). There is a simple rule of indices (n, m), which determines 

electronic properties of single wall carbon nanotubes. If n = m, the tube has "armchair" 

structure and has a metallic conductivity character. If the difference indices n-m is a 

multiple of 3, then the nanotube has a so-called half-metallic properties. In all other 

cases, the semiconductor single wall carbon nanotubes exhibit properties [14, p. 

15873].  

 

 
 

Figure 2 – The principle of CNT construction from graphene sheet along the chiral 

vector of C [14, p. 15873] 

 

Theoretically the carbon nanotube chirality can be defined in terms of a chiral 

vector, which also determines the tube diameter. This vector determines the direction 

of rolling a graphene sheet, in which a lattice point (m, n). Therefore, the diameter of 

carbon nanotube can be expressed as: 

 

𝑑 =
a√𝑚2+mn+𝑛2

𝜋
, 

 

 

(1) 

where a=1.42×√3 Å corresponds to the lattice constant in the graphene sheet. 
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At θ=0, (m, n) = (p, 0), where p is integer – “zigzag”, θ=±30, (m, n) = (2p, -p), or 

(p, p) – “armchair” [15]. 

The chemical reactivity of a CNT is, compared with a graphene sheet, enhanced 

as a direct result of the curvature of the CNT surface. Carbon nanotube reactivity is 

directly related to the pi-orbital mismatch caused by an increased curvature. Therefore, 

a distinction must be made between the sidewall and the end caps of a nanotube. For 

the same reason, a smaller nanotube diameter results in increased reactivity. Covalent 

chemical modification of either sidewalls or end caps has shown to be possible. For 

example, the solubility of CNTs in different solvents can be controlled this way. 

However, direct investigation of chemical modifications on nanotube behavior is 

difficult as the crude nanotube samples are still not pure enough [16]. Single-wall 

carbon nanotubes have unique physical and chemical properties, so Young’s modulus 

of elasticity from 320 to 1470 GPa [17], tensile Strength – 150 GPa, thermal 

conductivity - 2000 W/m∙K for multi-walled carbon nanotubes is Young’s modulus – 

1200 GPa, tensile strength – 150 GPa [18]. The results of measurement shows that 

specific resistance of carbon nanotubes can vary widely from 5.1∙106 to 0.8 Ω/cm [19]. 

Thermal conductivity of individual single wall carbon nanotube is 6600 W/mK and 

>3000 W/mK for an individual multi-walled carbon nanotube [20]. Due to the high 

current density (109 A∙cm-2) which may be passed through the single wall carbon 

nanotubes, they are considered to have a replacement promising material of copper and 

aluminum in integrated circuits. Multi-walled carbon nanotubes have 

superconductivity with a comparatively high transition temperature [21]. Electron 

transport properties of carbon nanotubes are described as ballistic, i.e. the resistance of 

the nanotube does not depend on its length as the mean free path λm is longer than the 

nanotube itself. λm = 30 μm has been found by authors [22] which was much longer 

than the length of nanotube. Some properties of carbon nanotubes listed in Table 1 [23]. 

 

Table 1 – Theoretical and experimental properties of CNTs [23] 

 

Properties Single wall carbon 

nanotubes 

Multi-walled carbon 

nanotubes 

Specific gravity 0.8 g/cm3 1.8 g/cm3 

Elastic modulus ~1 TPa ~0.3 – 1 TPa 

Strength 50 – 500 GPa 10 – 60 GPa 

Thermal conductivity 3000 W 1/m∙K 3000 W 1/m∙K 

Thermal stability >700 °C (in air); 

2800°C (in vacuum) 

>700 °C (in air); 

2800°C (in vacuum) 

Specific surface area ~400-900m2/g ~200 – 400m2/g 

Resistivity 5 – 50 μΩ∙cm 5 – 50 μΩ∙cm 

 

Donaldson K. et. al. [24] consider questions of toxic effect of carbon nanotubes 

on the human body and living objects. The increasing applying of CNT in industry and 

technology denotes that the safety of scientists and engineers who are working with 

carbon nanotubes and their composites needs consideration of the workplace control 



17 

 

in view of their specific problems presented by monitoring and the indeterminacy of 

the character, mechanism, and influence response for adverse effects. According to the 

actual model for fiber toxicology, based on fibers, carbon nanotubes would pose a 

problem if CNT were longer than 20 μm, a length so far not evaluated in any of the 

toxicological studies. 

 

1.3 Methods for synthesis of carbon nanotubes 

There are different methods for synthesis of carbon nanotubes. The scale-up 

obtaining of carbon nanotubes with high purity and homogeneity is significant for the 

use of CNTs in reality. In several past decades, a lot of effort was made to investigate 

the synthesis strategies of CNTs and modify constantly the promising methods. Carbon 

nanotubes (CNTs) have been under scientific investigation for more than twenty-five 

years because of their unique properties that predestine them for many potential 

applications. In this paper [14, p. 15874] reviewed history, types, structure and 

especially the different synthesis methods for carbon nanotubes preparation including 

arc discharge, laser ablation and chemical vapor deposition. Moreover, authors 

mention some rarely used ways of arc discharge deposition, which involves arc 

discharge in liquid solutions in contrary to standard used deposition in a gas 

atmosphere.  

The CNTs in sizeable quantities could be produced using various methods: 

electrolysis, arc discharge, laser ablation, sono-chemical of hydro-thermal synthesis, 

chemical vapor deposition (hot filament, water assisted, oxygen assisted, microwave 

plasma, radio-frequency, thermal, plasma enchanted). Each of them has some 

advantages and disadvantages resulting in different growth results, which predestinates 

a choice of specific method for preparation of carbon nanotubes with requested 

properties. The physical methods for producing nanotubes includes processes 

sublimation and desublimation of carbon. This method can be implemented under the 

action of the arc discharge, laser heating or induction. The main disadvantages are 

high-energy consumption by sublimation, the need for low pressure, low yield, high 

cost of initial carbon precursor (graphite) and complexity automation and scaling 

processes.  

In the paper [25] authors obtained the carbon nanotubes in the benzene-oxygen 

counter-flow flame (figure 3 a). The flame synthesis of carbon nanotubes coupled with 

application of moderate electric fields is studied experimentally as a means to control 

CNTs growth rates and morphology. The nanotubes are grown on a conductive metal-

based catalytic probe positioned at the fuel side of the opposed flow oxy-flame. The 

probe was connected to an external voltage source to generate radial electric fields on 

its surface. At low applied voltages (from 0.3 to 2 V), the effect of the electric field on 

alignment and growth rate enhancement revealed the generation of vertically aligned 

carbon nanotube (VACNT) arrays with uniform distribution of carbon nanotube 

diameters. For synthesis of carbon nanotubes in the flame use the transition metals and 

their compounds. In the [26, 27] are presented results for synthesis of carbon nanotubes 

(figure 3 b) in propane-oxygen flames, as catalysts 20 % alcohol solution of 

Ni(NO3)2⋅6H2O was used.  
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a) schematic of the experimental setup of counter-flow flame (a) [26]; (b) the 

electron-microscopic photographs of the carbon-nanotube sample onto nickel     

particles [27] 

 

Figure 3 – Flame synthesis of carbon nanotubes  

 

One of most popular method for obtaining of carbon nanotubes is method of 

catalytic pyrolysis of hydrocarbons. In the paper [28] authors reported about synthesis 

of multiwalled carbon nanotubes by pyrolysis of ethylene on Ni, Co, Fe nanoparticles. 

Control of the diameter of the catalyst particles is one of the major problems affecting 

the development of CNT growing methods. Experimental evidence shows that by using 

the method of CVD grown CNT diameter determined by the size of catalyst particles 

[29]. Nanodispersed Fe particles can be used for controlled by the diameter of CNTs 

growing. For CNTs with a narrow size distribution close to the 3, 7, 13 nm, it is 

necessary to use iron nanoparticles same diameter. The yield of purified carbon 

nanotubes reaches 1.8 g per gram of catalyst per hour. The active phase for MWCNTs 

growing is formed by the soft reduction of corresponding nitrate by diluted hydrogen 

at 450–500 °C followed by further decomposition of ethylene-containing gaseous 

mixture at temperature of 750 °C. For synthesis CNTs by pyrolysis use the acetylene 

[30], methane [31] polyacrylonitrile (PAN) [32], and polypyrrole [33]. The advantages 

of pyrolytic methods include the ability to of their use for matrix synthesis, for example 

using porous membranes of alumina, silicon oxide, zeolites, silicates and other           

[34, p. 13]. 

Many investigations were made to improve either the quality or the quantity of 

the carbon nanotubes by optimizing the synthesis process. As a result some new types 

of CVD method were discovered such as plasma-enhanced, microwave-enhanced, 

radiofrequency- enhanced CVD. Catalytic chemical vapor deposition (CCVD) - either 

thermal or plasma enhanced (PE) – is now the most common and effective method for 

the CNTs production. Moreover, there are trends to use other CVD techniques, like 

water assisted CVD, oxygen assisted CVD, hot-filament (HFCVD), microwave plasma 

(MPECVD) or radiofrequency CVD (RF-CVD). CCVD is considered to be an 
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economically viable process for large scale and quite pure CNTs production compared 

with laser ablation. The main advantages of CVD are easy control of the reaction course 

and high purity of the obtained material, etc. [14, p. 15877]. CVD method use for 

synthesis different type of carbon nanotubes: “array” of MWCNT, vertically-aligned 

CNT, depending on a practical application of the final product. There are various types 

of equipment design of CVD method (figure 4) [35]. 

 

 
   a 

 

          
             b                  c 

 

a) horizontal furnace; b) vertical furnace; c) fluidized bed reactor 

 

Figure 4 – Schematic demonstration of different type of CVD methods [35] 

 

Analysis of literature data [36] shows that the structure and morphology of the 

carbon nanotubes produced by CVD depends from next process parameters: 

temperature, pressure, gas composition, catalyst load, process time, nature of catalyst 

systems. In the review [34, p. 13] was shown that carbon nanotubes "forest' can be 

synthesised onto: monocrystal of silica, porous silicon, porous alumina, quartz, 

aluminum foil, a nickel foam, chromium, copper, stainless steel foil, steel mesh, 

titanium, graphite, glass, glass carbon, fibers, and other ceramic beads. For example in 

[37] multi-walled carbon nanotubes were synthesized by chemical vapor deposition 

using acetylene gases as the carbon source and iron-supported zeolite templates. 

MWNTs synthesized for 1 h had inner and outer tube diameters in the range of 3.8 – 

5.0 nm and 6.3-8.8 nm, respectively. With increasing iron content in the zeolite, the 

carbon yield showed a monotonous increasing trend, reaching 63.1 %. With prolonged 
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reaction times such as 30 minutes, 1 h, 2 h, and 3 h, the inner diameter of the carbon 

nanotubes remained constant while the outer diameter became larger and larger, with 

the carbon yield after the reaction of 3 h reaching 63.1 %. 

One of novel method for synthesis of carbon nanotubes with specific properties 

of chirality is method of organic synthesis [38]. The essence of method is the extension 

of nanotubes from organic molecules-precursors (figure 5). An organic synthesis has 

several advantages. The templating strategy is a rational approach that can be based on 

mechanistically well-understood reactions, also organic synthesis is typically practiced 

at temperatures well below 200 °C whereas the current techniques for carbon nanotube 

growth. 

 

 
 

Figure 5 – Bottom-up, organic synthesis approach to CNTs with 

 discrete chirality [38] 

 

Among the different methods, the CVD method certainly emerges as the best 

method for large-scale production of carbon nanotubes. 

Iron, cobalt and nickel have found to be effective for the obtaining of single- and 

multiwall carbon nanotubes. The kinetics of formation of carbon nanotubes on the 

catalysts of different types differ from each other. The nature of the kinetic curves on 

the nickel catalyst include the induction period, during acceleration and deceleration 

of the growth rate of CNTs. For cobalt catalyst induction period is zero, and the process 

starts with a maximum speed and gradually slows down. In the case of iron, more active 

form of the catalyst are iron oxides. Each catalyst Properties, the value of its marginal 

productivity: CNT weight divided by the initial weight of catalyst [34, p.16-17]. 

Sometimes catalysts for synthesis of carbon nanotubes have complex structure. In [39, 

40] authors have reported that alloys like Fe/Co – bimetallic catalysts, are even more 

effective. The paper [41] describes the application of NiO-MgO catalytic system for 

synthesis of MWCNT with diameter 20-50 nm. The recently appeared, indicating the 

possibility of using not only metals which had previously been difficult to be 
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represented in the form of increased catalyst due to the limited solubility of carbon (Au, 

Cu, Ag), and other elements and compounds - Pd, Pt, Mn, Mo, Cr, Sn, Mg, Al, Si, SiC, 

Ge, Al2O3 [42-45]. 

While the arc discharge method is capable of obtaining large amount of impure 

carbon nanotubes, great effort is being directed towards production processes that offer 

more controllable roads to the carbon nanotube synthesis. Today, the catalytic chemical 

vapour deposition method is considered as the only economically viable process for 

large-scale CNT production and the integration of CNTs into various devices. 

 

1.4 Growth mechanism of carbon nanotubes 

Since the discovery of carbon nanotubes research mechanisms and modeling of 

nucleation and growth process of carbon nanotubes is the actual direction of 

nanoscience. Based on the analysis of the conditions of synthesis and the final product, 

the scientists are several possible, and sometimes conflicting, formation of carbon 

nanotubes mechanisms have been put forward. However, none of the existing 

mechanisms of growth of carbon nanotubes has an absolute acceptance until now. 

However, the most widespread and the most “recognized” mechanism can be 

represented as follows. A gas (or vapor), carbon-containing compound is reacted with 

a metal nanoparticle glow then decomposes to form carbon, which is dissolved in the 

metal. After reaching the solubility limit of carbon in the metal particle, under given 

conditions (temperature, pressure), the dissolved carbon is precipitated and crystallized 

in the idea of a cylindrical grid without dangling bonds, which provides energy stability 

of the structure. The process of decomposition of carbonaceous compounds is an 

exothermic process, whereby the released amount of heat absorbed by the metal 

particle. Carbon crystallization process is an endothermic process with the absorption 

of heat from the metal particle. This thermal gradient within particles is the base metal 

of the process. 

Consider the case of two common interaction catalyst particles and the carbon 

nanotubes by decomposing a gaseous hydrocarbon CxHy. The first case is when the 

interaction of the catalyst and the substrate is weak, hydrocarbon is decomposed in the 

upper surface of the metal particles formed carbon diffuses downward through the 

metal, and a carbon nanotube crystallizes in situ adhesion metallic particles and the 

substrate, after which the metal particle breaks away from the substrate, and further 

crystallization carbon conducting nanotubes to promote the metal nanoparticles up. 

Until the top of the metal particle is open for hydrocarbon access and is in the process 

of decomposition, the concentration gradient in the metal particle enables the diffusion 

of carbon, and therefore provides a further growth of the carbon nanotubes. This model 

is known as the “tip-growth model” [46].  

In the second case when the interaction of the catalyst and substrate is strong, the 

carbon nanotube is formed, is not able to tear the metal particle from the substrate and 

thus crystallization occurs carbon nanotubes on top of the metal particles. After the 

decomposition of the hydrocarbon dissolved carbon diffuses upward. Carbon 

crystallizes in the form of a hemispherical dome, which is the most favorable for the 

carbon network structure formed on a spherical metal nanoparticle, which then grow 
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up in a graphite cylinder. Thus, the carbon nanotube grows on the catalyst particle, the 

model known as “base-growth model” [47]. 

 

1.5 Obtaining vertically-aligned carbon nanotubes “forest” and carbon 

nanotubes films 

One of interest object in nanoworld is vertically-aligned “forest” from carbon 

nanotubes. Nanotubes can also be obtained in immediate proximity so that the van der 

Waals force is reason them to align and grow upward into a structure like “forest” of 

carbon nanotubes. There are many works about synthesis of vertically-aligned “forest” 

from carbon nanotubes. In the [48] “forest” of CNT varies according to several 

parameters: the diameter of the CNT, the number of layers, the size distribution of the 

CNT, CNT length, surface density on the substrate. It is also possible to obtain 

branched and layered “forests” of CNT. 

In the review [48] described that “forest” of carbon nanotubes can be obtained in 

several ways: by pyrolysis on the catalyst, previously deposited on the substrate; 

pyrolysis of a evaporated catalyst; matrix method using membranes; graphite 

sputtering by electrophoresis and by chemical binding of CNTs to a substrate . 

One aspect of carbon nanotube synthesis that remains a barrier to realize technical 

mass production is the CNT growth effectiveness. Many approaches have been 

reported to develop the efficiency, either by lengthening the catalyst lifetime or by 

increasing the growth rate. Authors [49] investigated the suitability of inhabit time and 

carbon source flow control to optimize yield, growth rate, and catalyst lifetime of 

water-assisted chemical vapor deposition of single-walled carbon nanotube “forests” 

using acetylene as a carbon source. Results show that ethylene gases is better source 

for synthesis of SWNT than acetylene and possesses a high reactivity, the SWCNT 

forest growth efficiency is highly sensitive to inhabit time and carbon flow. Through a 

systematic study, spanning a wide range of inhabit time and carbon flow levels, the 

relationship of the height, growth rate, and catalyst lifetime is found. Further, for the 

optimum conditions for 10 min growth, SWCNT forests with ~2500 μm height, ~350 

μm/min initial growth rates and extended lifetimes could be achieved by increasing the 

dwell time to ~5 s, demonstrating the generality of dwell time control to highly reactive 

gases. 

CNT yarns were directly spun from vertically aligned MWCNT arrays grown by 

chloride mediate chemical vapor deposition method [50]. This method requires a 

conventional thermal CVD system, iron chloride (FeCl2) as precursor for Fe catalyst 

nanoparticles and acetylene gas as carbon source. As a substrate, either fused quartz or 

an oxidized Si wafer can be used. By using this method, can be obtaining more than 2 

mm long and spinnable MWCNT arrays at a very high growth rate of about 100 

μm/min. As-grown CNTs have an average diameter of 40 nm, show a high areal density 

of 109 cm-2 and are very well aligned with high straightness from root to tip which is 

called super alignment.  

In paper [51], was investigated the effects of processing conditions and nanotube 

length on the properties of solid-state spun carbon nanotube yarns from vertically-

aligned carbon nanotubes “forest”. Authors have improved the engineering mechanical 
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strengths to 800 MPa (1 GPa cm3/g for specific yarn strength) for solid-state spun 

MWNT yarns. Average mechanical strengths of 1040 MPa were obtained for 

polystyrene-infiltrated MWNT yarns and the electrical conductivities of the yarns were 

as high as 700 S/cm. 

Y. Inoue et. al. [52] fabricated large-scale carbon nanotube paper sheets by 

stacking long-lasting multiwalled CNT webs without using binder materials. The 

MWCNTs are highly aligned in the webs and they keep their alignment in the 

fabricated paper. Although MWCNTs are just connected by van der Waals force, 

tensile strength is as strong as 75.6 MPa. In addition, resistivity and thermal 

conductivity is as good as 2.5∙10-3 Ω∙cm and 70 W/m∙K, respectively. The present high 

anisotropy ratios of 7.3 in resistivity and of 8.1 in thermal conductivity are due to the 

high alignment of the ultra-long MWCNTs which have lengths of millimeters. High-

speed web drawing with a draw speed of over 10 m/s enables very rapid fabrication. 

For some practical application are used the thin film from carbon nanotubes. 

There are different method for creating the thin CNT-films. In [53] described the main 

methods producing of CNT-films. Spray-coating method include spraying carbon 

nanotubes solution onto a hot substrate where every sprayed drop reaches the hot 

surface of substrate and undergoes thermal decomposition, therefore forms a thin coat 

of carbon nanotubes film. The abundance of solvent and side products discharge to the 

air by the vapor phase. Dip-coating is solution based surface covering method 

provision large potential to scale up for coating and does not require complicated 

apparatus. Essentially, the substrate is submerged  into the carbon nanotubes based 

solution at a constant speed and remainders inside for a period of time then starting to 

be pulled up. The pull up process requires a constant speed on carrying out to cancel 

any jitters. Spin-coating method includes depositing a small volume of carbon 

nanotubes based solution onto the center of  substrate, then spinning the substrate at 

high speed permissive solution to spread and coat the substrate to obtain a thin layer 

by centrifugal force. The height of film ordinarily correlated with the solution viscosity 

and concentration, angle speed and time of spin. The orientation of carbon nanotubes 

emerged to have an angle of about 45 ° comparative to the radial route of the film, 

which is independent on the spin rate and radial location. The sol-gel process is a 

chemical method broadly used for the manufacture of different materials. The basis 

rule of sol-gel technology is the conversion of a system from a colloidal sol into a solid 

gel phase. Characteristically, a solution of the suitable initial precursors is formed first, 

followed by transformation into gel condition by hydrolysis and followed by 

condensation. Sol-gel has been used to combine carbon nanotubes into various matrix 

with the merits of lighter compound control, good homogeneity, non-vacuum process, 

low temperature of process and low cost necessary equipment. Vacuum filtration is a 

ordinary method to split up carbon nanotubes composites from solvents and pack into 

films which is reached based on the different pressures between two parts Buchner 

funnel. The thin layer formed is then excorticated off from the surface filter paper and 

processed to drying process. Electrophoretic deposition take place when loaded 

particles from a colloidal suspension move in the route of an electrode under the 

constant electric field. Charged carbon nanotubes pile up at the electrode under the 
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electrophoretic deposition processes to obtain a uniform and tough film. One main 

limitation of electrophoretic deposition processes is the deposition only occurs on 

conductive surface. Sputter deposition is a physical vapor deposition method 

extensively used for deposition of specific materials onto available carbon nanotubes 

film to generate composite film. The fundamental mechanism can be characterized as 

plasma ions (commonly use inert gases) hit the target with a high energy and therefore 

atoms are discarded from the target material and being deposited onto carbon 

nanotubes film. Controlled thin layer can be obtained by elements, alloys, and 

compounds onto surface of  carbon nanotubes film. 

There is [54] one of method for producing the carbon large-scale nanotubes film. 

Methane (carbon source), ferrocene (catalyst) and thiophene (promoter) were 

combined under H2 at 1200°C in a vertical reactor. Catalytic Vapor Deposition (CVD) 

caused formation of aerogel, which was continuously collected on a winding roll. 

 

1.6 Practical application of carbon nanotubes and their composites 

There are many fields of practical applications of carbon nanotubes. Carbon 

nanotubes already found their application in vacuum microelectronics, energy storage 

systems, and filled composites, sensors [55, 56] and nano probes, templates, 

reinforcement of turbine blades, radio frequency components, coating, etc. [57, 58]. 

Single-wall carbon nanotubes are used as the basis for the manufacture of NO2 and 

NH3 gases sensors. Their sensitivity is 1000 times higher than conventional sensors. 

When NO2 concentration is 0.02 %, electric conductivity increases in 1000 times after 

10 seconds. When the content of NH3 is 1 % of the electrical conductivity decreased in 

100 times in 2 min [59]. One of type of sensors are textile sensors, in [60] authors made 

textile sensors by the screen printing method with the use of carbon nanotubes. It 

should be noted that carbon nanotubes may find application in medicine. In particular, 

in [61] indicates that the multi-walled carbon nanotubes are potentially suitable for 

combating cancer liver cells. One the aspect of practical application of carbon 

nanotubes is obtaining construction materials. In [62] authors synthesized in a simple 

one-step process a novel cement hybrid material, where in CNTs are attached to the 

cement particles. The cement hybrid material has been proven to increase 2 times the 

compressive strength and 40 times the electrical conductivity of the hardened paste. 

In the paper [63] authors studied the flexible properties of 

poly(methylmethacrylate) (PMMA) matrix strengthened by a single wall carbon 

nanotubes. Based on  simulation results, the lengthwise Young's modulus of a 

CNT/PMMA with nanotube volume fractions of 12 and 17 % are 94.6 and 138.9 GPa, 

respectively. Carbon nanotubes, silicate flakes clays and spherical silicon and alumina 

nanoparticles are examples of nanoobjects added to polymers matrix and the subject of 

numerous investigations [64-72]. 

In the paper [73-75], a fast microwave irradiation-mediated approach has been 

proposed for manufacturing multiwall carbon nanotube – graphene hybrid aerogels, in 

which MWCNTs are vertically anchored on the surface of cell walls of graphene 

aerogels. The hybrid monoliths show superhydrophobic and superoleophilic 

properties, a large pore volume, a large pore size, and excellent compressibility, 
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demonstrating outstanding performance for recyclable oil sorption. Carbon nanotubes 

have been prognosticated to have excellent electronics properties and have drawn a lot 

of consideration in the transistor application due to the extraordinary holder mobility 

and speed [76]. 

 

1.7 Application of carbon nanotubes in energy storage systems  

Dependable and affordable electro-energy storage systems are a precondition for 

optimizing the integration of renewable energy systems. With current level of 

development, mankind is about to face many energy-related problems unless we find 

ways for more efficient power generation and transmission.  Energy storage, therefore, 

has a main role to play in the effort to combine a future, sustainable energy supply with 

the standards of technical services and products. For both stationary and transport 

applications, energy storage systems are of growing importance as it enables the 

smoothing of transient and/or intermittent loads and the downsizing of base-load 

capacity with substantial potential for energy and cost savings. The extended lifetime 

of batteries in handheld devices is credited not only to higher energy densities but also 

to a simultaneous reduction of energy consumption of the portable devices. 

Traditional energy sources are exhausting day after day, and energy storage 

devices are getting considerable consideration. For energy storage systems include: 

lithium-ion batteries, rechargeable batteries, fuel cells, electrolytic capacitor and 

others. Authors [77] mention the following advantages of supercapacitors: voltage 

dependence on the application, and not from its chemical composition; high 

accumulated power; high power density; simple charging method does not require the 

use of special schemes of the registration process and the charging voltage; quick 

charge/discharge without risk of overcharging; low impedance; ability to withstand 

more than 500 thousand. Charge cycles/discharge at 100 % depth of discharge; the 

absence of any chemical reaction, i.e. environmental safety; service life of 10-12 years. 

The carbon in its many forms and modifications and in particular carbon nanotubes 

and composites based on them, the most studied object for producing the electrode 

materials of supercapacitors. Currently, a wide range of carbon materials with high 

specific surface area was investigated, including carbon nanotubes and graphene. In 

table 2 are data of specific surface area and specific capacitance for different type of 

carbon materials [78]. 

 

Table 2 – Typical data for carbon nanomaterials [78] 

 

Carbon material Specific surface area 

(m2/g) 

Specific capacitance (F/g) 

Activated carbon 1000-3500 <200 

Activated carbon fiber 1000-3000 120-370 

Carbon aerogel 400-1000 100-125 

Carbon nanotubes 120-500 15-1335 

Graphene-based materials <1500 14-264 
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An extensive investigation as the main material of the supercapacitor electrodes 

received СNT and graphene  [79, 80]. Pure CNTs typically show good cycle stability, 

but also a large and irreversible capacity loss in the first cycle. There are four types of 

electrolytes for supercapacitors: liquid, solid states, polymer based, and based on 

biological objects. There are two most used type of liquid electrolytes for 

supercapacitors – aqueous-based and organic electrolytes. The most common 

electrolyte for capacitors produced in the industry in Europe and the US, is a solution 

of tetrafluoroborate tetraetilamina ((C2H5)4N+BF4
-) in acetonitrile. Limiting the 

working voltage in aqueous electrolytes for thermodynamic data should be 1.23 V. 

However, when the potential reaches a value of 0.7-0.8 V, the potential of one of the 

electrodes can overcome the thermodynamic limit and cause decomposition of the 

electrolyte in the near-electrode space. From this standpoint, organic electrolytes 

appear to be more interesting, while the electrode capacitance is lower than that in 

aqueous electrolytes. Advantages and disadvantages of systems with water and organic 

electrolytes are summarized in table 3 [81]. 

 

Table 3 – Comparative characteristics of capacitors based on aqueous and organic 

electrolytes [81] 

 

Characteristic Organic electrolyte The aqueous electrolyte 

Operating voltage, V 2.3-2.7 0.6-0.7 

Conductivity, S/cm -0.02 -1 

Maximum capacity F/g 150-200 250-300 

Technical and economic 

characteristics and safety 

 

 

Costly design that 

requires an inert 

atmosphere, containing 

harmful substances 

Simple, cheap, 

environmentally-safe 

design 

 

Currently, there are different materials for supercapacitor electrode material. 

Greatest use for supercapacitor electrode has carbon nanomaterial obtained by 

carbonization of vegetable matter. For example in [82] authors tested the electrode 

materials from carbonized corn leaves, corn silk, linen, cotton, needles of Carpathian 

spruce. The better results showed the electrodes material from corn silk – 254 F/g, and 

needles of Carpathian spruce – 247 F/g. Dai Y et. ai. nn the paper [83] described the 

process of obtaining ultrathin, uniform and monodisperse hollow mesoporous carbon 

nanospheres (HMCNs) with a thickness of ∼3.8 nm. The obtained HMCNs have a high 

specific surface area (568 m2/g) and large pore volume (1.63 cm3/g). The HMCNs show 

excellent capacitive properties, such as high specific capacitance (253 F/g), good rate 

capability (111 F/g at 60 A/g) and outstanding cycling stability (only 3.8 % loss after 

5000 cycles). In [84] is presented the possibility of creating a supercapacitor electrodes 

from single wall carbon nanotubes. Capacity of created devices was 180 F/g for single-

walled carbon nanotubes. Specific power is 20 kW/kg, specific energy ~7 Wh/kg. 

Further improvement of high-capacity capacitors may be promising for the 

development of electric motors for vehicles. In paper [85] authors shows the 
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application SWNT-polypyrrole composite materials for supercapacitors, the largest 

values of 131 and 92 F/g were obtained for SWNT – PPy nanocomposite with 50 wt. % 

PPy by CV and galvanostatic charge–discharge measurements, respectively. In [85] a 

number of nanocomposites SWNT:PPy were obtained and tested for supercapacitors 

electrode material. Electrochemical properties of the nanocomposites were 

investigated by cyclic voltammetry and galvanostatic spectroscopy technique in 

aqueous 1 M NaCl electrolyte. The highest specific capacitance of 131 F/g was 

obtained for nanocomposite with 1:1 SWNT:PPy ratio. 

There are different type of electrodes for supercapacitors. In the paper [86] 

vertically-aligned carbon nanotubes at MnO2 arrays grown on carbon cloth were 

prepared as high performance flexible electrodes for supercapacitors. Vertically-

aligned carbon nanotubes grew on carbon cloth with the method of plasma enhanced 

chemical vapor deposition to obtain strong contact between CNTs and carbon cloth, 

and δ-MnO2 nanosheets (figure 6). The vertically-aligned carbon nanotubes at MnO2 

on carbon cloth exhibited a remarkable specific capacitance 235 F/g at the scan rate of 

2 mV/s based on the total mass of vertically-aligned carbon nanotubes and MnO2. 

Excellent rate performance with a specific capacitance of 188 F/g at 100 mV/s and a 

stable cycling ability (nearly 100 % retention after 5000 charge/discharge cycles at 

5 A/g). 

 

  
a b 

 

a) the obtaining scheme of vertically-aligned carbon nanotubes at MnO2 arrays;           

b) TEM image of vertically-aligned carbon nanotubes at MnO2  

 

Figure 6 – Vertically-aligned carbon nanotubes at MnO2 arrays grown on           

carbon cloth [86] 

 

One of perspective material for electrode material of supercapacitors is carbon 

nanotubes and composites based on CNT [87]. In article [88] high-performance 

supercapacitors based on 3D pillared graphene-carbon nanotube networks were 

presented. A solution layer-by-layer self-assembling approach to prepare multilayered 

hybrid carbon films of alternating poly(ethyleneimine)-modified graphene sheets and 

acid-oxidized MWNT layers was developed to construct supercapacitors with a 

relatively high specific capacitance of 120 F/g. The resulting 3D pillared structure 

hybridized with nickel hydroxide coating showed a high specific capacitance (1065 

F/g) with a remarkable rate capability and excellent long-term electrochemical stability 

– only 4 % capacity loss after 20’000 charge–discharge cycles. In the paper [89], a 

nickel hydroxide/activated nanocarbon composite electrode for use in an 
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electrochemical capacitor was prepared. The investigation results showed that 

nanoparticles of nickel hydroxide was loading on the surface of activated carbon. 

Electrochemical performance of the composite electrodes with different loading 

amount was studied by cyclic voltammetry and galvanostatic charge/discharge 

measurements. It was demonstrated that the introduction of a small amount of nickel 

hydroxide to activated carbon could promote the specific capacitance of a composite 

electrode. The composite electrodes have good electrochemical performance and high 

charge–discharge properties. Moreover, when the loading amount of nickel hydroxide 

was 6 wt. %, the composite electrode showed a high specific capacitance of 314.5 F/g, 

which is 23.3 % higher than pure activated carbon (255.1 F/g). Also, the composite 

electrochemical capacitor exhibits a stable cyclic life in the potential range of 0–1.0 V. 

Nickel hydroxide is one of perspective material using for creation of high effective 

electrodes of supercapacitors. In [90] authors presented the results for synthesis of 

nickel hydroxide by sol-gel technology on the surface of nickel foam. Synthesized 

Ni(OH)2 particles have a fish-like shape. The working electrode was prepared by 85 

wt. % of the nickel oxide, 10 wt. % of carbon black, and 5 wt. % of binder (PVDF).The 

specific capacitance of Ni(OH)2 electrode is 1000 F/g. After of 200 cycles, the specific 

capacitance of Ni(OH)2 electrode is 950 F/g which indicates that 95.0 % of their initial 

capacitance can be retained. 

 

1.8 Carbon nanotubes in textile 

The technical process of the 20th century presented to the textile materials of the 

new requirements, which should have the specific properties required in any particular 

sphere of human activity. Textile materials of this type are called “clear textiles” or 

“smart textiles”, and production technologies related to high technology [91]. Smart 

textiles and products thereof have been widely used to equip soldiers, astronauts and 

members of expeditions, climbers, sportsmen as well as people living in extreme 

conditions, critical for the human body. For smart textiles are capable of fabric change 

color, emit light, conductive fabric and other development works in the field of “smart 

fabrics” goes in two directions: coloristic and intellectual. With the development of 

nanotechnology and methods for the preparation of new nanomaterials occurred 

integration capacity of the textile industry and nanotechnology, which gave rise to a 

new round of development in the field of smart textiles. One of the most widely used 

methods to change and improve the properties of textile fibers is their modification, 

including modification by nanomaterials. Researchers at the Department of Electronics 

and tissue Computing Laboratory at Zurich textile fabrics have developed a simple 

structure composed of polyester filaments which are twisted with a single copper 

wire[90]. Another possibility of imparting tissue conductivity is clutch-conducting 

structure to the product using embroidery techniques. In 2000, the Massachusetts 

Institute of Technology Media Laboratory studies have suggested the first stapling path 

templates that are based on cross-linking of the product components or conductive 

sensing device surface [93]. 

The widespread use from a various types of smart textiles found conductive 

fabrics serving as a basis for producing textile heating elements capable of generating 
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heat by converting electric energy into thermal energy. There are many different ways 

to produce electrically conductive tissue. One of the most common methods is to 

integrate the conductive filaments (for example of metal thin wires) in a textile 

structure, for example, by weaving. However, the integration of electrically conductive 

yarns in the fabric structure is a complex process and uneven, so that the electrically 

conductive fabric is easy to operate, was soft to the touch, it was not hard and rigid. 

The conductivity can be altered by the introduction of electrically conductive fibers of 

various diameters. However, the structure of the woven fabric can provide a complex 

network, which can be used as electric generation systems with multiple conductive 

and non-conductive constituents. In [92], the authors demonstrated the possibility of 

creating a conductive fabric-based textile of cotton soaked in an aqueous solution of 

multi-walled CNT. This procedure is allowed to cover the surface of the fibers with 

carbon nanotubes, providing a mechanical coupling and attaching the fiber conductive 

properties. Electroconductive cotton textile has been prepared by a simple dipping-

drying coating technique using safely functionalized multiwalled carbon nanotubes (𝑓-

MWCNTs). Owing to the surface functional groups, the 𝑓-MWCNTs become strongly 

attached with the cotton fibers forming network armors on their surfaces. As a result, 

the textile exhibits enhanced electrical properties with improved thermal conductivity 

and therefore is demonstrated as a flexible electrothermal heating element. The 

fabricated 𝑓-MWCNTs/cotton textile (figure 7) can be heated uniformly from room 

temperature to ca. 100 °C within few minutes depending on the applied voltage. The 

textile shows good thermal stability and repeatability during a long-term heating test. 

 

 
                     a b c 

 
d e 

 

a) the photo of cotton fabric (top) and treated with a solution of CNTs – bottom; 

b) scheme of the fiber coating; c) MWCNT/cotton fabric, serving as a conductor at the 

LED emission; d) the textile material after washing in a standard test for 30 minutes; 

e) SEM image of the cotton fiber after washing test 

 

Figure 7 – Textile based on MWCNTs and cotton fibers [94] 
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In order to achieve the required values of resistivity authors had to put several 

layers of MWCNTs/cotton fabrics (5×5 cm2) adding together the material has low 

resistance sufficient to generate heat using low voltages based on the Joule heating by 

electricity. MWCNT/cotton fabric, folded in four layers, has a resistance ohm 𝑅𝑠 = 

1,67/cm2.  

Janas D. and Koziol K.K. in [95] published a study of the electrical conductivity 

textile of the coating of carbon nanotubes, as well as experimental investigations 

calorific value when applying electric current. The authors have shown that the critical 

temperature of carbon nanotube heating is 545 °C on air, after a brief heating of the 

sample degradation occurs at a given temperature, which leads to loss of conductive 

properties. The authors also noted that an optimum heating temperature for the coating 

on carbon nanotubes is in a temperature range of 400 °C at which the sample does not 

undergo changes and degradation occurs, which deteriorates the final properties of the 

object.  

In the paper [96] are presented study of carbon nanotubes growth on 

commercially-available woven alumina fibers, and achieve uniform growth of dense 

aligned carbon nanotubes on commercially-available cloths. The catalyst solution 

concentration determines the uniformity and density of catalyst on the fibers, H2 

exposure mediates formation of catalyst clusters, and thermal decomposition of the 

reactant mixture activates the catalyst particles to achieve uniform aligned growth. 

Averaged over 30 carbon nanotubes, the inner and outer diameters are 9.7 nm (standard 

deviation 1.8 nm) and 17.1 nm (standard deviation 3.3 nm) respectively. Radially-

aligned growth for 5 min adds a typical carbon nanotubes mass fraction of 3.8 % to the 

initial sample mass, and a uniform morphology exists throughout the weave (figure 8). 

Composites prepared by standard layup techniques using these carbon nanotubes 

“fluffy” alumina fibers are attractive as integral armor layers having enhanced ballistic 

and impact performance, and serve as a model system for later implementation of this 

technology using carbon fibers. 

Carbon nanotube forests that can be spun directly from the growth substrate into 

pure, highly aligned yarn, ribbons or yarn promise novel applications that capture the 

strength and other characteristics of this material. Authors in [97] examined the roles 

of catalyst, substrate, temperature, gas flow rates, reaction time with acetylene etc. 

were studied to identify and understand the key parameters and develop a robust, 

scalable process. Using a 44 mm reactor, the optimum values for these variables were 

determined as comprising a 2.3 nm thick iron catalyst layer on a silicon substrate with 

50 nm of thermal oxide; 670 °C running temperature; 650 sccm helium and 34 sccm 

acetylene for 20 min. Forests ranging in height from 80 to 900 nm, CNTs from 10 to 7 

nm diameter.  

Authors in [98] synthesized multi-walled carbon nanotubes on the surface of 

carbon fibers by chemical vapor deposition from acetylene in the availability of 

hydrogen gases, using solution of nickel salt as the catalytic precursor. The matrix 

fibers were impregnated in the solution of catalyst and dried. The catalytic 

nanoparticles were formed after a reduction process in hydrogen atmosphere at high 

temperature and the carbon nanotubes was obtained on the formed nickel catalysts 
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nanoparticles coating the surfaces of the fibers. The resulting carbon fibers with carbon 

nanotubes grown on their surfaces were used to create composites using an epoxy tar. 

The results showed that resulting composites carbon nanotubes carbon at fibers have 

better results a significant increase of 43 % and 94 % in the longitudinal and transversal 

compressive of strength.  

 

 
a 

 
b 

 
c 

 

a) optical photos of cloth; b) SEM images of fiber weave; c) SEM images of fiber 

bundles  

 

Figure 8 – Alumina cloth before and after CNT growth [96, p. 553] 



32 

 

In [99] showed an increase of 69 % in tensile strength of carbon fibers covered 

with carbon nanotubes composites as compared to composites using fibers without 

carbon nanotubes coating. It is possible using the different catalysts. In [100] authors 

for producing multiwall carbon nanotubes on the surface of carbon fibers by a CVD 

method using ferrocene as the precursor of catalyst and benzene vapor as an initial 

carbon source and hydrogen gases was also used in the process. The carbon fibers 

coated with the carbon nanotubes were mixed with polypropylene and this composites 

showed an increase of 52 % in tensile strength and 133 % in tensile modulus when 

compared to initial composites. These epoxy-carbon composites can used for aerospace 

applications. In [101] was reported the growth of carbon nanofibers on the surface of 

carbon and glass fibers from combustion of ethylene- oxygen mixture at 550°C, in this 

case palladium as catalyst was used. The fibers were impregnated in the palladium 

solution and processed to a reduction procedure under hydrogen to form the pure metal 

catalysts nanoparticles. Also in [102] was reported the synthesis of carbon nanotubes 

on the surface of glass and carbon fibers by a CVD method using a vaporized ferrocene 

solution as the catalyst and benzene vapor as carbon source. The fibers with carbon 

nanotubes grown on their surfaces were mixed with polypropylene and the obtained 

composites revealed superior tensile, impact and flexural properties compared to 

polypropylene reinforced. Composites containing carbon fibers and glass fibers with 

carbon nanotubes on the surfaces revealed an increase in tensile modulus of about 57 % 

and 40 %, respectively. Flexural modulus was increased 51 % when using carbon fibers 

with carbon nanotubes and 36 % when glass fibers with carbon nanotubes were used 

to produce the composites. Composites with grown carbon nanotubes on carbon fibers 

showed an increase of around 34 % in impact energy whereas glass fibers coated with 

carbon nanotubes had an increase of about 24 %. 

By Th. Fischer et. al. [103] were applied the carbon nanotubes onto a textile 

matrix from polyester and polyamide ultrathin fibers and to both‐side coated CNT-

paper to produce electroconductive films that can be used, for example, as flexible 

heating elements. Films of carbon nanotubes with sheet resistance from 0.12 to 3.00 

kΩ/m2 were obtained. 

There are no date for commercial products contain carbon nanotubes accessible 

in the textile field. There are though some scientific reports and these might give an 

purpose about future applications in the practical field of smart textiles  

As the carbon nanotubes allow the easy functionalization on their sidewall and in 

the inside area, many drugs can easily be disposed on them, thus giving them the 

property as targets in drug delivery systems. The great physical and chemical properties 

of carbon nanotubes produce a variety of application potential, some derived as an 

extension of traditional carbon fiber applications, but many are new possibilities, based 

on the novel electronic and mechanical behavior of carbon nanotubes. It needs to be 

said that the excitation in this field arises due to the versatility of this material and the 

possibility to predict properties based on its well-defined perfect crystal lattice. Carbon 

nanotubes really bridge the gap among the molecular sphere and the macroscopic 

world. With the prospect of gene therapy, carcinoma treatments, and innovative new 

answers for life-threatening diseases on the horizon, the science of nanomedicine has 
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become an ever-growing field that has an improbable potential to get round barriers. 

The properties and characteristics of CNTs are still being researched strongly and 

scientists have barely begun to tap the potential of these structures. Single and multi- 

walled carbon nanotubes have already vindicated to serve as safer and more effective 

alternatives to previous drug transfer methods. They can pass via membranes, carrying 

therapeutic drugs, vaccines, and nucleic acids deep into the cell to purposes previously 

unreachable. They also serve as ideal non-toxic vehicles which, in some cases, increase 

the solubility of the drug attached, resulting in greater efficacy and safety.  

Thus, it was considered the basic trend of the development of research in the field 

of carbon nanotubes. Oblates have been shown the main practical applications of 

carbon nanotubes, including materials science and the development of new materials, 

energy, including energy storage systems, medicine, biotechnology, development of 

sensors and others. 

A large number of practical applications of carbon nanotubes due to their best 

indicators of physical and chemical characteristics and properties. The unique 

properties of this class of carbon nanomaterial makes indispensable for a number of 

practical applications. Of particular interest is the use of carbon nanotubes in the textile 

industry for fabrics with improved strength, electrical conductivity, and others. From a 

wide variety of methods for producing carbon nanotubes maximum interest and the 

prospect of a method for chemical vapor deposition and its various modifications. The 

choice of a method of synthesizing carbon nanotubes due to the required end product 

parameters: the number of layers, the diameter and length of the nanotubes, defects, 

cleanliness, etc. Also an important factor is the final price of the product, so the choice 

of method is based on the correlation of "price-quality". 

An important aspect of the process of synthesizing carbon nanotubes to provide a 

new type of efficient and inexpensive catalytic systems providing the desired quality 

of the final product. 

 

1.9 Objectives and tasks of the present research 

Researches in the field of nanotechnology and nanomaterials are the most relevant 

areas of modern science. The manipulation by substance at atomic and molecular level 

gives the opportunity to researchers to create the absolutely new materials with unique 

physical and chemical properties. The development of nanotechnology field helped to 

address key issues in material science, electronics and technology in general. Among 

wide range of nanomaterials the carbon nanomaterial class has a special status and due 

to discovery of fullerenes and carbon nanotubes the mentioned class has a number of 

unique electrical, physical, mechanical and optical properties. The interest of scientists 

were fixed on unique properties of carbon nanotubes such as optical, electrophysical, 

thermophysical, mechanical and others and it differs from the properties of bulk 

materials. Thanks to its unique properties the carbon nanotubes are of great interest to 

both basic researches and wide range of practical applications. Carbon nanotubes due 

to their unique physico-chemical properties are called as «materials of the future». 

Studies of producing and practical application of carbon nanotubes are core direction 

of science, as evidenced by the large number of publications on this subject, both in 
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local and foreign publications. The producing of composite materials based on carbon 

nanotubes is one of the main application fields. The CNTs in sizeable quantities could 

be produced using various methods: electrolysis, arc discharge, laser ablation, sono-

chemical of hydrothermal synthesis, chemical vapor deposition (hot filament, water 

assisted, and oxygen assisted, microwave plasma, radio-frequency, thermal, plasma 

enchanted). 

For a number of practical applications it is necessary the creation of thin films 

from carbon nanotubes, including application in electronics, alternative energy 

sources, energy storage devices, biotechnology, microelectronics, textile, and others 

fields. The search of new decisions that connected with carbon nanotube synthesis and 

producing of thin films on their basis is very relevant task.  

Since the discovery of carbon nanotubes research mechanisms and modeling of 

nucleation and growth process of carbon nanotubes is the actual direction of 

nanoscience. One of interest object in nanoworld is vertically-aligned “forest” from 

carbon nanotubes. Nanotubes can also be obtained in immediate proximity so that the 

van der Waals force is reason them to align and grow upward into a structure like 

“forest” of carbon nanotubes. The great physical and chemical properties of carbon 

nanotubes produce a variety of application potential, some derived as an extension of 

traditional carbon fiber applications, but many are new possibilities, based on the novel 

electronic and mechanical behavior of carbon nanotubes. Due to the carbon nanotubes 

in the present new classes of composite materials with new and unique properties were 

obtained. Modification of the initial matrix by carbon nanotubes improves the 

mechanical properties, electrical conductivity, chemical stability, etc. It needs to be 

said that the excitation in this field arises due to the versatility of this material and the 

possibility to predict properties based on its well-defined perfect crystal lattice. Carbon 

nanotubes really bridge the gap among the molecular sphere and the macroscopic 

world. With the prospect of gene therapy, carcinoma treatments, and innovative new 

answers for life-threatening diseases on the horizon, the science of nanomedicine has 

become an ever-growing field that has an improbable potential to get round barriers. 

The properties and characteristics of CNTs are still being researched strongly and 

scientists have barely begun to tap the potential of these structures. 

The main provisions for the defense of the thesis: 

1. Different modifications of chemical vapor deposition method for production of 

carbon nanotubes films at the surface of different materials with catalyst particles that 

obtained with the help of solution combustion method and electronic spattering were 

tested. 

2. The regularity of carbon nanotube structure was determined, depending on the 

nature and morphology of the catalyst.  

3. The method for production of flexible heating elements based on glass cloth 

with coating from carbon nanotubes. 

4. Carbon nanotube films and composite materials were obtained on the basis of 

solar water heating collectors. It was established experimentally that the coating based 

on vertically-aligned carbon nanotubes have maximum light absorption efficiency.  
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5. Process for producing of hybrid supercapacitor electrodes based on carbon 

nanotubes films and nanoparticles Ni(OH)2 were tested. The correlation of hybrid 

electrode material based on carbon nanotube films with coating from nanoparticles 

Ni(OH)2 is precipitated by electrophoretic method was determined. It was found that 

the maximum factor of gravimetric capacitance is observed when using pulsed 

electrodeposition. 
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2 METHODIC OF EXPERIMENT 

 

2.1 Synthesis of catalysts of metal oxide nanoparticles by solution combustion 

method  

The basis of the synthesis of ultrafine metal oxide particles contains an exothermic 

process of liquid-phase interaction system components, including fuel and oxidation 

agent. General formula that describing the exothermic chemical reaction using metal 

nitrate as oxidant, glycine as fuel, can be represented as follows: 

     

Mν(NO3)ν   + (5/9νφ)CH2NH2COOH + 5/4νF(φ)O2  →  M
νOν/2↓ + (10/9νφ)СO2↑ + 

25/18φH2O↑ + ν(5φ + 9/18)N2↑ 
 

where М – is the metal; 

 ν – is the valent of metal; 

 φ – is the ratio of fuel and oxidant. 

F(φ)=(φ–1) at φ≥1 and F(φ)=0 at φ<1. In case φ>1 for oxidation it is required the 

atmospheric oxygen; φ = 1 the atmospheric oxygen is not necessary.  

Nitrates of related metals were used as starting reagents. For obtaining of cobalt 

or nickel oxides cobalt nitrate (Co(NO3)2∙6H2O) or nickel nitrate (Ni(NO3)2∙6H2O), 

glycine (C2H5NO2) as fuel and nitric acid were used (glycine-nitrate synthesis). As the 

oxidizing agent in this case act nitrate-ions present in the solution. The reagents were 

completely dissolved in distilled water in a heat-resistant glass, and then evaporated to 

a volume of 5 - 7 ml. After evaporation, the reaction mixture was heated to 260 °C after 

which autoignition of solution was observed. Auto-ignition temperature has been 

selected on the basis of the decomposition temperature of glycine, where the 

decomposition of glycine with increased temperature up to 1200 ⁰С is occurred. At this 

temperature, an instantaneous ignition of the mixture is occurred and the final product 

is deposited directly on the walls of glass. The reaction product is an ultrafine black 

powder. A schematic illustration of the process of obtaining cobalt oxide nanoparticles 

by solution combustion method is shown in figure 9 [104]. 

 

 
 

Figure 9 – Scheme of obtaining cobalt oxide nanoparticles by solution  

combustion method [104] 
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To determine the ratio influence of oxidant and fuel on dispersion of final product 

some studies were conducted at various oxidant-fuel ratio – 1:1; 1:1,5 with adding 

nitric acid. 

 

2.2 The method of obtaining of nickel nanoparticles by pyrolysis method 

As the initial material for the production of nickel nanoparticles used nickel nitrate 

(Ni(NO3)2·6H2O), and glycine (CH2NH2COOH) as a reducing agent. As the solvent 

distilled water was used. The ashless filter was impregnated by resulting solution (2 

ml) then was dried at room temperature (figure 10). After completion of the drying 

process, the filters were processed by pyrolysis process at a temperature of 770 °C for 

20 minutes in argon atmosphere (Ar), flow rate was 160 cm3/min. 

 

 
 

Figure 10 – Scheme of producing nickel nanoparticles by pyrolysis method 

 

Obtained nickel nanoparticles were studied by various physical and chemical 

methods of analysis. 

2.3 Obtaining of zeolite-based catalyst for carbon nanotubes synthesis by 

solution combustion method 

For preparation of catalysts the synthetic zeolite (80 % is silicon oxides) with 

apparent density of about 0.9187 g/cm3 was used. The zeolite has a structure of thin 

scaly plates. Previously, the zeolite was heated at a temperature of 1000 °С for the 

removing of volatile compounds, and in synthesis process of CNT the zeolite leave 

unchanged its composition and structure. For preparation of zeolite-based catalyst, a 

pure zeolite in amounts of 1 g was introduced in aqueous solution of cobaltous nitrate 

or ferrous chloride as well as glycine in stoichiometric ratio. After that, the sample was 

dried for 30 minutes in air at 100 °C. Then the catalyst was placed in a furnace where 

it was heated for 1 hour at a temperature of 500 - 600 °C. The high temperature initiates 

the self-propagating surface thermosynthesis, the result of which is the formation 

ultradispersed particles of cobalt oxide (Co3O4) or iron oxide (Fe2O3). 
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2.4 Synthesis of carbon nanotubes on particles shungit by chemical vapor 

deposition 

For effective of carbon nanotubes synthesis need to have a detailed structure of 

the initial catalytic metal particles having a size less than 50 nm. For this aim, shungite 

was used. Shungite is a black, lustrous, non-crystalline mineraloid consisting of more 

than 98 wt. % carbon. Porous structures of shungite were saturated with metal salts and 

then pyrolysis under an inert atmosphere was carried out. The presence of carbon in 

the porous structure of the matrix is a reducing environment that enables to recover 

metal salts to metal particles of nanoscale size. The obtaining nanoparticles of nickel 

on the surface of the particles of shungite are active centers of growth of carbon 

nanotubes.Synthesis of carbon nanotubes was carried out in the following sequence. 

Pre-prepared catalyst based on shungite. Shungite saturated by alcoholic solutions of 

metal salts in a special container (boat 5 cm and width 1 cm) previously placed in an 

oven and heated for 30 minutes at a temperature of 100 °C. Next, the dried samples 

were placed in an oven and heated under argon at 400 °C for 1 hour (figure 11). 

Samples were placed in a quartz tube, which at both ends tightly closed by metal plugs. 

The heating rate was 25 °C/min. At 400 °C, in the presence of carbon the reduction 

process of metal oxides to pure metallic nickel nanoparticles took place. 

 

    
                          а                                                                   b 

 

1 – current transformer; 2 – reactor; 3 – gas source; 4 – quartz tube; 5 – boat with 

a catalytic powder; 6 – ventilation tube 

 

Figure 11 – General view and the scheme the pyrolysis furnace: photo of furnace 

with a quartz tube (a); scheme of reactor for the synthesis of CNT (b) [105] 

 

The resulting metal nanoparticles subsequently used as a catalyst for growing 

CNT by the pyrolysis of the hydrocarbon fuel. Synthesis of CNTs was carried out in 

the following sequence. Samples of porous material with metal nanoparticles were 

placed in a quartz tube placed in furnace. Sealing of the quartz tube o through 

technological holes in the pipe which fed propane and argon. Propane was fed in an 
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amount of 80-100 cm3/min, and argon in an amount of 250 cm3/min. Pyrolysis of 

propane was carried out  at a temperature of 800 °C. This temperature is necessary and 

sufficient for the decomposition of propane [105].  

The same conditions for synthesis of carbon nanotubes on the cobalt oxide and 

nickel nanoparticles was used. 

 

2.5 Synthesis of catalysts nanoparticles on glass cloth by solution combustion 

method 

It must be considered the nature of transition metal when choosing the catalyst. In 

series of transition metals from Ti to Ni, the bonding force М-С with filled electrons 

of d-level is rising [106].  The formation of strong bindings such as Ti, V, Cr with 

carbon is determine their low catalytic activity. For the synthesis of carbon nanotubes 

are the most useful compounds of transition metals – Fe, Ni и Co. For the synthesis of 

carbon nanotubes the compounds of transition metals such as Fe, Ni and Co are most 

common. These metals are used either in pure form or in the form of compounds - salts, 

oxides and complex compounds. When developing a catalyst system, in most cases 

consisting of matrix and active phase, a number of factors should be considered such 

as process efficiency and process repeatability of catalyst system, economic 

profitability and environmental safety of the process. In thesis work the major emphasis 

was on producing of metal oxide nanoparticles for the synthesis of carbon nanotubes. 

The study of different methods for producing of metal oxide nanoparticles allowed to 

decide on the solution combustion method (SC), which is one of type of self-

propagating high temperature synthesis (SHS). The choice of this method for 

producing of metal oxide nanoparticles is conditioned by simplicity of technological 

execution, speed, efficiency, and availability to produce nanoparticles with different 

composition and dispersion.   

This method helps to obtain the catalyst in powder form - during the process in 

aqueous medium, or to synthesize the nanoparticles directly at the surface of specified 

material (the matrix) - by impregnation or wetting the matrix material with solutions 

of primary components. The principle of method consists in reaction behavior with the 

formation of metal oxide as final product, also the metal salts such as (mostly nitrates, 

chlorides or acetates) used as initial reagents, they mixed with organic compounds 

(glycine, citric acid, urea, ascorbic acid, etc.), the mixing is carried out at the molecular 

level, by solution preparation of primary components.  

The obtained mixture is subjected to high temperature, after it has reached a 

certain temperature, the spontaneous ignition process of a system is occurred. In 

general terms an interaction reaction of primary components is occurred in accordance 

with the reaction described earlier, using metal nitrate.  

It should be noted that metal salt serve as oxidation material, but the organic 

compound (for example, glycine) serve as a fuel.   

The fiberglass (brand ST-11) was used as a basis for catalyst system (figure 12). 

This type of glass cloth comprises 98-99 % of SiO2, surface density is 300 g/m2, 

thickness is 0,35-0,4 mm and it is resistant to continuous exploitation at a temperature 

of 1000 - 1200 °C without changing of its structure; the volume reduction at heat 
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treatment does not exceed 3 wt. %, it is resistant to strong acids and alkalies, and 

environmentally safe.  

 

 
 

Figure 12 – Photograph of glass cloth 

  

For preparing of impregnating solutions and application of catalysts at the surface 

of fiberglass there were used cobalt nitrate salts (Co(NO3)3·6H2O) or ferrous chloride 

(FeCl3·6H2O) and glycine (C2H5NO2), without further purification, distilled water was 

used as the solvent. 

The concentration of active component at the surface of fiberglass was 3 % by 

weight. For preparation of catalysts, the fiberglass sample with the size of 5 cm2 was 

washed with ethyl alcohol 5 ml, and then dried at 100 °C in a muffle furnace. After 

that, on the basis of initial sample mass the fiberglass was impregnated with calculated 

amount of aqueous solutions of cobaltous nitrate salts or ferrous chloride and glycine. 

The use of nitrates and metal chlorides is because that the nitrates are highly soluble in 

water and at the same time play a part of an oxidant, also it should be noted that the 

temperature of 500-600 °C is sufficient for initiation of exothermal reaction flow and 

glycine decomposition is occurring with temperature increase up to 1200 °C, as a result 

of reaction behavior at the surface of fiberglass there are formed ultrafine particles of 

metal oxide. Figure 13 shows the sequence of producing steps of catalyst based on 

fiberglass [107]. 

 

 
 

Figure 13 – The sequence of synthesis stages of metal oxide nanoparticles at 

fiberglass by solution combustion method [107] 
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C2H5NO2 – is a glycine and in this case acts as fuel.  Resulting gaseous products 

in the form of CO2, N2 and H2O play the part of dispersing agents and prevent the 

clumping of catalyst in the form of metal oxides. Heat treatment in air provides 

additional oxygen molecules that required for the formation of metal oxide. The 

resulting metal oxide nanoparticles (cobalt, iron) are the catalysts for carbon nanotubes 

and nanofibers growth at the surface of fiberglass.    

 

2.6 Synthesis of carbon nanotubes on glass cloth by chemical vapor-

deposition method 

Synthesis of carbon nanotubes was carried out in a tubular reactor consisting of 

flow type  with one heating zone and quartz tubes. Figure 14 shows a setup for the 

synthesis of carbon nanotubes by chemical vapor deposition method from propane-

butane mixture. The reactor is made of quartz tube, is closed on two sides by special 

plugs for leak tightness. The reactor was placed to the tube-type furnace with a 

temperature controller with peak heating up to 1100 °C. The furnace provides uniform 

heating of entire inner cavity of quartz tube. The gas mixture that is used for synthesis 

of carbon nanotubes is composed of argon and propane-butane mixture. When the 

catalyst was placed to the reactor, the quartz tube was purged with argon. Upon 

reaching the desired temperature in reactor the propane-butane mixture was supplied. 

On completing of synthesis time, the supply of propane-butane mixture is ceased. 

Before the rector reached a room temperature, the argon was supplied to the reactor. 

Gas flow rate: Ar –150 cm3/min, C3H8 – C4H10 – 150 cm3/min. The synthesis 

temperature was - 770-780 °C, the synthesis time was - 20 minutes. Gas flow rate and 

synthesis temperature were determined experimentally and they are sufficient and 

necessary for the synthesis of carbon nanotubes on catalyst. Increased time of synthesis 

more than 20 minutes leads to the formation of amorphous phase of carbon, and 

degradation of carbon nanotubes properties [108].  

 

 
 

1 - current transformer; 2 - reactor; 3 - quartz tube; 4 - a metal tube for exhaust 

gas; 5 - silicon substrate with a catalytic coating; 6 - caps; 7 - ventilation tube 

   

Figure  14 – Schematic diagram of a setup for thermocatalytic synthesis of carbon 

nanotubes by pyrolysis of propane-butane mixture 
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Temperatures and synthesis conditions were obtained experimentally and are 

necessary and sufficient for synthesis of carbon nanotubes. 

 

2.7 Synthesis of vertically-aligned carbon nanotubes “forest” by chemical 

vapor deposition 

Synthesis of vertically-aligned carbon nanotubes “forest” was carried out at 

NanoTech Institute, University of Texas, Dallas (USA) under the authority of Professor 

A.A.  Zakhidov. The synthesis of “forest” stretching carbon nanotube was carried out 

on silicon catalytic substrates. Preparation of catalyst on the basis of silicon substrates 

was carried out by vacuum evaporation of iron layer with thickness of 3 nm. For 

synthesis of CNT the starting silicon wafer was cut into slices with required area of  2 

– 4 cm2. The picture of general view of initial catalytic silicon wafer with deposited 

iron layer and prepared samples for the synthesis are shown in figure 15. The synthesis 

of CNT was carried out on a setup for chemical vapor deposition, the picture of general 

view is shown in figure 16.  

The setup consists of the furnace with three heating zones, tubular flow quartz 

reactor and software. The gas flow rate was set and controlled by a computer, which 

was connected to the system.   

 

   
                         

Figure 15 –The picture of general view of silicon wafer with deposited iron layer as 

well as wafers samples for the synthesis   

 

  
                        а                                                                 b 

 

a) photo installation for the synthesis of CNTs; b) photo the general form of the 

CNT synthesis control system 

 

Figure 16 – The picture of general view of setup for CNT synthesis by chemical 

vapor deposition method 
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The catalytic substrate was placed to the quartz reactor. After that, the quartz 

reactor encapsulated and atmospheric air was pumped out by argon gases. Then, the 

system was feed by helium. The Synthesis was performed at atmospheric pressure in a 

helium environment. Excessive pressure in the system was escaping through the oil 

seal. The acetylene was used for CNT synthesis. At a temperature of 400 °C the 

acetylene react easily with polymerization and condensation, but at a temperature 

above 700 - 800 °C the acetylene is decomposes forming carbon and hydrogen. The 

inert gas – helium was used as transport and buffer gas. The flow rate of helium affects 

on concentration of thermal decomposition products, as well as their stay period in 

reaction zone, and of course on heat-mass exchange in system. The main role of buffer 

gas, in this case is helium consists in stabilization of active radicals that formed during 

decomposition of initial carbonaceous component. 

The amorphous carbon is a "death center" for active radicals during its deposition 

on reactor’s walls it leads to the competition between synthesis process of carbon 

nanotubes and recombination of active species on aggregative amorphous carbon. It 

has been found that the addition of hydrogen to the system leads to minimal formation 

of amorphous carbon in the product. In addition, the hydrogen is restored the oxidized 

catalyst particles to pure metals, and this is ensuring the maximum yield of carbon 

nanotube. 

Based on the above, it was found experimentally that the optimal conditions for 

CNT synthesis by chemical vapor deposition method are the following parameters: 

acetylene flow is – 19,5 cm3/min, helium flow rate is - 650 cm3/min, hydrogen flow 

rate is - 150 cm3/min, the temperature of the synthesis is - 730-750 °C, the synthesis 

time is - 10 minutes. 

 

2.8 Solar water heating collectors with absorbing coating based on carbon 

nanotubes and their composites    
Carbon nanotubes were investigated for absorption capacity of solar radiation.  

For this, the CNTs samples were mixed with a silicate adhesive (Na2O∙SiO2), which is 

acted as binder material and applied by even layer at the surface of the inner tube of 

solar collector model. The synthesized by vapor deposition method vertically-aligned 

CNT “forest” coated to the glass tubes with different numbers of layers and examined 

for absorption efficiency of solar radiation. The photographs of creation of CNT films 

during winding onto glass tube, and general view of tubes with different number of 

wound layers of carbon nanotubes are shown in figure 17.  

For realization of experimental study, according effectiveness of solar energy 

absorption by obtained samples of carbon nanotubes the design development was 

carried out and prototype of solar collector was created. Model of solar collector is 

shown in figure 18 and consists from two glass tubes. The tube with absorbing material 

is coated on the surface, is placed inside large tube and sealed. This is eliminated the 

convective losses of heating during the experiment. This model is a small copy of the 

commercial solar collector and allows the test trials to evaluate the absorption capacity 

of different coatings. 
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                            а                               b              c                    d              e 

 

a) photo of formation of thin film from vertically-aligned CNT “forest”;                   

b) 10 layers CNT, length of coating Н=5 сm; c) 12 layers CNT, length of coating Н=5 

сm; d) 14 layers CNT, length of coating Н=5 сm; e) 10 layers CNT, length of coating 

Н=7 сm 

 

Figure 17 – Photographs of creation of CNT films during winding onto glass tube, 

and general view of tubes with different number of wound layers of CNTs  

 

     
                                a                                                      b 

 

a) the appearance of solar collector model in disassembled state; the appearance 

of solar collector model in part collected state 

 

Figure 18 – Photo of general view of solar collector model 

 

Models of collector with different coatings were placed to the device and by half 

of the diameter they were placed to the insulating material as shown in figure 19. 

 

 
 

Figure 19 – Photo of solar collector model, is placed to the device with  

heat-insulating material and measuring equipment 
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The distilled water was poured into the inner tube in the amount of 25 cm3. The 

tube was closed by rubber cup where through a chrome-aluminum thermocouple is 

passed. The thermocouple reached the middle of height of coated surface and does not 

contact with the tube wall. Investigations were carried out by comparing the absorption 

capacity of pure tube and coated with absorption material. The experiment was carried 

out on the street at sunny day at stable isolation of solar radiation. The intensity of solar 

radiation (W/m2) was measured with device like PL-110SM (Solar Radiation 

Measuring Instrument) also the illuminance (lx)  was measured by luxmeter «TKA-

LUX» with conversion to the intensity of solar radiation (W/m2). Photos of devices are 

shown in figure 19. To convert the solar radiation table 4 was used. 

 

Table 4 – The ratio between the illuminance (lx) and intensity (W/m2) of solar radiation 

 

Illuminance (lx) Intensity (W/m2) Illuminance (lx) Intensity (W/m2) 

1000 24 30000 350.7 

2000 47 40000 454.6 

3000 69 50000 551.9 

4000 90.1 60000 642.8 

5000 110.2 70000 727.1 

10000 196.2 80000 805.5 

15000 258 90000 876.3 

20000 295.8 100000 941.1 

25000 313.1   

 

The surface with the length of 10 cm was coated with an absorbent coating and 

was opened to solar radiation. The lower and upper parts of glass tube, uncoated with 

test material to avoid heat losses were closed with insulating material and closed by 

screens, as shown in figure 18. The absorption capacity of solar radiation by solar 

collector model is coated with experimental material was assessed for 30 minutes, 

based on heating temperature of distilled water in a volume of 25 cm3 is pouring into 

the inner tube. Measurements of water temperature and solar radiation intensity were 

performed every 2 minutes [109]. The water temperature was measured by chrome-

aluminum thermocouple with digital measuring device (figure 18). 

 

2.9 Estimation of efficiency of heat absorption of solar radiation by carbon 

nanotube films   
The surface with the height of 10 cm was coated with an absorbent coating and 

was opened to solar radiation. The lower and upper parts of the glass tube, were 

uncoated by absorbing coating based on CNT, to avoid heat losses is further covered 

with insulating material and closed by screens, as shown in figure 23. 

The absorption capacity of solar radiation by solar collector model is coated with 

experimental material was assessed for 30 minutes, based on temperature heating of 
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distilled water in a volume of 25 cm3 is placed into the inner tube. Measurements of 

water temperature and solar radiation intensity were performed every 2 minutes. The 

water temperature is measured by chrome-aluminum thermocouple with digital 

measuring device (figure 65). 

The amount of heat energy Qв, which is absorbed by the water in solar collector 

model for the 30 minutes of the experiment was determined by the formula: 

 

Qw = cw∙Mw∙ (Тf – Тi), kJ,                                                (2) 

 

where cw – heat capacity of the water, kJ/(kg∙K);  

Mw - the amount of heated water, kg;  

  Тi,Тf - initial and final water temperatures, K. 

The amount of heating power is Qg, which is absorbed by the glass of inner tube 

of collector for 30 minutes of experiment it was determined by the formula: 

 

Qg = cg∙Mg∙(Тi – Тf), kJ,                                                  (3) 

 

where cg – heat capacity of glass, kJ/(kg∙K);  

  Mg – the mass of glass tube, kg;  

  Тi, Тf – initial and final temperatures of glass tube, equal water temperature, К.  

The total amount of heating, absorbed by coating for 30 minutes of experiment 

was equal to:  

 

∑Q = Qw + Qg, kJ.                                                       (4) 

 

Calculation of specific value of heat absorption per unit area of investigated 

coating for 30 minutes of experiment is calculated as: 

 

q = ∑Q/S, kJ/см2,                                                      (5) 

 

where S = π∙dg∙Hg/2 – is heat receptive area of studied material, is assumed equal to 

half of the total area of the inner tube of collector because it recessed at half of diameter 

in insulating material, сm2: 

  dg - is coated diameter of the inner tube with coating, cm;  

  Hg – the height of coated tube with tested material the heat receptive area of 

tested material, is assumed equal to half of the total area of the inner tube of collector, 

because it recessed at half of diameter in insulating material, cm2:  

  dc – the diameter of inner tube with coating, cm;  

  Hg – the coating height  of  tube with tested material, cm. 

The effectiveness factor is η of heat absorption of tested surface was calculated 

using the following formula:  

 

η = q/qmax∙100, %,                                                  (6) 
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where qmax – the maximum possible value of specific heat absorption within 30 minutes 

of experiment, which is taken according the table 5 on the average value of solar 

radiation intensity values is measured by the instrument every 2 minutes for 30 minutes 

during the experiment. 

It was experimentally found that during experiment time more than 30 minutes, 

the given model of solar collector stops working, because the heat losses become 

almost equal to the amount of absorbed heat and the gradient of temperature increase 

of water is significantly reduced. 

In this case, for effective measurement of heat absorption during experiment time 

over 30 minutes, it is necessary to carry out the removal of heat from the model of solar 

collector. However, in our case, 30 minutes of experiment is quite sufficient to assess 

the relative absorbtion capacity of the material. 

 

Table 5 – The maximum value of the specific heat absorption over the time period 

 

Intensity, 

W/m² 

The amount of solar radiation for a period of time, J/cm² 

1 

minute 

5 

minutes 

10 

minutes 

20 

minutes 

30 

minutes 

40 

minutes 

50 

minutes 

60 

minutes 

500 3 15 30 60 90 120 150 180 

550 3.3 16.5 33 66 99 132 165 198 

600 3.6 18 36 72 108 144 180 216 

650 3.9 19.5 39 78 117 156 195 234 

700 4.2 21 42 84 126 168 210 252 

750 4.5 22.5 45 90 135 180 225 270 

800 4.8 24 48 96 144 192 240 288 

850 5.1 25.5 51 102 153 204 255 306 

900 5.4 27 54 108 162 216 270 324 

950 5.7 28.5 57 114 171 228 285 342 

1000 6 30 60 120 180 240 300 360 

 

During experimental investigation of heat absorption coefficient efficiency it has 

also been found that its value depends on the maximum value of solar radiation 

intensity as well as the outside air temperature. With an increasing of solar radiation 

intensity the value, even for the same coating is increased, which practically does not 

allow to make a comparative assessment of different coatings. Therefore, it was 

proposed to enter the specific heat absorption coefficient for the comparative 

evaluation of the efficiency of the heat absorption of various coatings is obtained by 

the coefficient ratio of efficiency of heat absorption to the maximum possible value for 

the specific heat absorption time period, according to the formula: 

  

ηspec = η/qmax.                                                            (7) 
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Calculation according this formula is confirmed the correctness of the 

assumptions made, and obtained values of specific efficiency allows to make a 

comparative assessment of the heat absorption of various coatings, regardless of solar 

radiation intensity. 

It was found that at a more low temperature of outside air, due to increase of heat 

loss due to large gradient of the temperature between the walls of solar collector and 

the temperature of outside air, even for one tested material, the absorption efficiency is 

reduced. Therefore, at comparative evaluation of heat absorption efficiency by various 

materials the experiments tried to make during one day. 

 

2.10 Synthesis of carbon nanotubes by chemical vapor deposition with a 

fluidized bed reactor 

Experiments concerning carbon nanotubes producing and hybrid electrodes for 

Pseudocapacitors were carried out at the laboratory of prof. S. Noda (Waseda 

University, Japan, Tokyo). As a basis for catalyst, there were used SiO2 particles of 

spherical shape with a diameter of 200 μm. Spherical SiO2 particles are exposed to 

deposition of 5 layers Al – 15 nm and Fe – 1 nm. The deposition is carried out by 

similar method of fluidized bed, for this, the spherical SiO2 particles are immersed into 

a reactor which is connected via tubing to a vacuum furnace, which is filled with 

aluminiumisopropoxide (C9H21O3Al) with decomposition temperature of 130 °C. After 

reaching the desired temperature, the gases that released during decomposition of 

aluminium are captured by nitrogen and purged through spherical SiO2 particles that 

loaded into the reactor. After deposition of aluminum layer the system was purged with 

oxygen, after that the iron was deposited in the similar way using the decomposition of 

iron pentacarbonyl (Fe(CO)5),  which decomposes at 160-200 °C. After decomposition 

of iron layer with the thickness 1 nm, the system was purged with an oxygen and 

nitrogen for decomposition of carbon which is formed at the surface of SiO2-spheres, 

during decomposition of iron pentacarbonyl. 

The modified chemical vapor deposition method with fluidized bed of catalysts 

was used for the synthesis of carbon nanotubes. Figure 20 shows a picture of setup for 

the synthesis of carbon nanotubes by chemical vapor deposition method with fluidized 

bed of catalyst. All steps were performed by gas flow modulation at a fixed set 

temperature of 745 °C in a single fluidized-bed reactor. 

The setup consists of tubular reactor, quartz pipe is connected to the metal tube, 

through which the gases are fed to the system, and the preliminary mixed gaseous 

mixture is used for the synthesis. At the output the quartz tube is connected with 

collector that providing the collection of carbon nanotubes is attached to the exhausting 

system to provide the removal of exhaust gases. For the synthesis of carbon nanotubes 

the following process parameters were used. The synthesis temperature is 800 ° C, 

synthesis time is - 10 minutes. Gas flow rate: N2 – 1 620 ml/min, C2H4 – 250 ml/min, 

H2 – 147 ml/min, CO2 – 85 ml/min. This gas flow rate allows to maintain the process 

of continuous synthesis of carbon nanotubes due to fluidized-bed of catalyst. So, after 

10 minutes of main synthesis the separation process is carried out, purging the system 

with inert gas for separation of synthesized at the surface of catalysts the carbon 
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nanotubes that are accumulated in the reservoir. On competing of separation process, 

the synthesis is carried out again, until the catalyst is decaying.  

 

 
 

a) the bed with pristine beads before CVD; b) the bead bed after CVD; c) the bead 

bed after carbon nanotubes separation; d) CNTs collected in a 0.5 L container in one 

cycle; e) the picture of CVD setup with fluidized bed of catalyst for producing of 

carbon nanotubes  

 

Figure 20 – Photos of the fluidized-bed reactor taken by stopping the gas flow and 

interrupting the cycle at each step of the semi continuous operation [110] 

 

2.11 Creation of electrodes from carbon nanotube films with deposited of 

Ni(OH)2 nanoparticles  
To obtain the films from carbon nanotubes the initial carbon nanotubes in the form 

of powder with the mass of 4 or 8 mg (depending on the desired thickness of the film) 

was dispersed in ethanol (80 ml) with additional treatment in an ultrasonic bath for 10 

min. Figure 21 shows the photographs of dispersed CNT before and after ultrasonic 

treatment.  

 

        
 

Figure 21 – The photographs of dispersed CNT before and after ultrasonic treatment 
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As can be seen the ultrasonic treatment provides the separation of carbon 

nanotubes, which are in the synthesis process forms a series of “CNT bundles” but the 

ultrasonic treatment breaks them. To obtain the CNT films the filtering method was 

used, which lies in vacuum filtering of obtained suspension, the resulting film is 

separated from the filter and then dried in a vacuum furnace at 200 °C for 2 hours. 

After that, the thickness of CNT film was measured (figure 22). 

 

        
       a b 

 

a) photo of CNT film; b) device for measurement of film thickness 

 

Figure 22 – Photograph of CNT films and setup «MonotaR» measurement of 

thickness film  

 

This technique for obtaining of CNT films has several advantages, because in this 

process there is not the necessary to use a binder as carbon nanotubes, having a one-

dimensional structure (fibers), intertwined together at filtering forming a structure 

which is similar to molded fabrics, where the adhesion is effected due to interweaving 

of thinnest fibers of the material. The thickness of the CNT films averaged 38-45 μm. 

The square was cut from CNT film in area of 1 cm2, which was used as the basis for 

deposition of nickel hydroxide nanoparticles.  

 For deposition of Ni(OH)2 nanoparticles at the surface of CNT film there were 

used two different types of deposition: sol-gel method and electrochemical deposition. 

Figure 23 shows a schematic diagram of Ni(OH)2 nanoparticles deposition  on the 

surface of CNT’s film by sol-gel deposition method, or the so-called “dipping method”. 

The deposition process consists from alternating dipping of CNT film with 40 

microns thickness in 0.1 M NiCl2 solution and 0.1 M NaOH solution, as a result of 

reaction proceeds is formation Ni(OH)2: 

 

NiCl2 + 2NaOH → Ni(OH)2↓ + 2NaCl. 
 

As a result of synthesis Ni(OH)2 is precipitated on the surface of the CNT film.  

Impregnation process (or dipping) was carried out on average 20 times. In these 
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experiments, the CNT-paper with thickness around 40 μm and porosity 82-85 % was 

used. 

 

.   

 

Figure 23 – Scheme of dipping method 

 

The deposition process is in alternative immersion of CNT film with thickness of 

20 microns, the solution NiCl2 and 0.1 NaOH, resulting in formation reaction Ni(OH)2, 

which is deposited at the surface of CNT film, the wetting process (or dipping) was 

carried out average 20 times. In these experiments, were used CNT-paper with 

thickness around 40 μm and porosity 82-85 %.   

The method of electrochemical deposition of nickel hydroxide with CNT film was 

also applied. For this purpose the CNT films that were prepared with analogical 

methodology and described in Section 2.11 were used. The particles Ni(OH)2 at the 

surface of CNT films were deposited in three-electrode cell for this the  CNT film was 

immersed to aqueous solution of  0,1 M Ni(NO3)2, at the same time the CNT film 

served as working electrode and but the graphite plate counter electrode, Ag/AgCl 

silver chloride electrode - reference electrode (figure 24).  

 

 
 

Figure 24 – Three-electrode cell for electrodeposition Ni(OH)2 for CNT film 

Graphite plate 

CNT film 

Ag/AgCl electrode 
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Electrodeposition was carried out in accordance with three different conditions: 

CPED – constant potential electrode position, CCED – constant current electrode 

position, PED – pulsed electrode position.   

 

2.12 Physical-chemical investigation methods 

2.12.1 Scanning electron microscopy 

To determine the surface structure and morphology of the produced nanoparticles 

of metal oxides and carbon nanotubes used scanning electron microscope of the brand 

Quanta 200i 3D (FEI, USA) with an accelerating voltage of 30 kV (open type National 

Nanotechnology Laboratory of Al-Farabi Kazakh National University, Almaty, 

Kazakhstan). For investigations of the structure of carbon nanotubes on fiber glass used 

a scanning electron microscope Zeiss-LEO Model 1530 Variable Pressure Field Effect 

SEM (UT Dallas, Richardson, USA). The investigated samples were deposited on 

silicon plates or copper films with adhesive surface. 

 

2.12.2 X-ray spectral analysis 

To investigation of obtained materials used DRON-3M multi-purpose X-ray 

diffractometer with a management and recording system based on IBM PC, in a digital 

form using copper radiation. This method was used to study the precise determination 

of the lattice parameters of crystalline substances and carrying out qualitative and 

quantitative phase analysis of the resulted substances and the determination of 

amorphous of the samples. For the study of the samples used in the following shooting 

settings: X-ray tube voltage to 30 kV, tube current of 30 mA, step motion of the 

goniometer 0,05 ° 2θ, while measuring the intensity of the point - to 1.0. The rotational 

speed of the sample in the own plane - 60 rev/min. Processing of radiographs to 

determine the angular position and intensity of the reflection carried out by «Fpeak» 

program. During the phase analysis used «PCPDFWIN» program with from PDF-2 

diffractometric database. The obtained spectra were identified using JCPDS X-ray 

database. 

 

2.12.3 Transmission electron microscopy  

For the study the internal structure of the carbon nanotubes have been studied with 

a transmission electron microscope JEM-1011 brand (JEOL, Japan) in the Kazakhstan-

Japan Innovation Center at the Kazakh National Agrarian University. The microscope 

equipped with digital camera Morada (Olympus, Japan). Obtained through the 

synthesis samples (10 mg) was added to the vial with hexane or ethanol and 1 drop of 

the gotten slurry was applied on a copper mesh with a collodion cover. The synthesized 

products were deposited on the slurry substrate before the secondary decanting. The 

morphology and size of particles was measured with a resolution of 5 nm at an 

accelerating voltage of 100 kV.  

 

2.12.4 Raman spectroscopy 

The received  Raman scattering spectra’s from samples of carbon nanotubes, was 

are captured using a spectrometer NT-MDT NTegra Spectra at laser wavelength λ = 

http://en.belstu.by/research/centre-for-physical-and-chemical-investigation-methods.html
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473 and 633 nm, in the open type National Nanotechnology Laboratory of the al-Farabi 

Kazakh National University.  

 

2.12.5 The method of small-angle X-ray scattering 

Small-angle x-ray scattering was used to study the nanosize catalyst particles. 

Analysis of SAXS curves was carried out by Hecus S3-MICRO diffractometer (Cu-C-

radiation filter). As a scattering coordinates use the value modulus of the scattering 

vector q=4·π·sin Θ ∕λ, where 2Θ - scattering angle, λ – wave length of used radiation 

(λ = 1,54 A, 2Θ = 0,008 ÷ 8). The scattering intensity was recorded in the range of q 

from 0.006 to 0.6 Å-1; q is linearly related with correlation L2/q. The small-angle 

curves of glycerol and several samples of nanoparticles in glycerol gotten by SAXS for 

obtaining the distribution size (histogram radius sphere) in spherical approximation of 

nanoparticles. 
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3 EXPERIMENTAL RESULTS AND THEIR DISCUSSION 

 

3.1 Carbon nanotubes on cobalt oxide nanoparticles obtained by solution 

combustion synthesis 

For the synthesis of cobalt or nickel oxides nanoparticles, the method of solution 

combustion was used, procedure for the preparation of which is described in section 

2.1. The essence method is to prepare an aqueous solution containing glycine and 

cobalt or nickel nitrate, followed by evaporation of the solution to 5-7 ml, after which 

the temperature was increased to 230-240 °C at which self-ignition process take place 

to form ultrafine metal oxide powder. 

The obtained samples of cobalt oxide nanoparticles have been studied by various 

physical and chemical methods of investigation. 

X-ray analysis to establish the structure and composition of the obtained cobalt 

oxide was carried out. Figure 25 shows diffractiogramm for the ultradispersed particles 

of cobalt oxide. 

 

 
                                      a                                                                 b   

 

a) XRD patterns for cobalt oxide; b) XRD patterns for nickel oxide 

 

Figure 25 – The XRD patterns of ultradispersed particles of metal oxides, obtained by 

solution combustion synthesis 

 

As seen from the diffraction pattern obtained in the synthesis of cobalt oxide 

nanoparticles have the formula Co3O4, according to the reaction: 

 

3Co(NO3)2⋅6H2O + 6C2H5NO2 + 6.5O2 → Co3O4 + 12CO2↑ + 6N2↑+ 33H2O↑. 

 

For nickel oxide nanoparticles synthesis reaction has the view: 

 

Ni(NO3)2⋅6H2O + 2C2H5NO2 + 2O2 → NiO + 4CO2↑ + 2N2↑+ 11H2O↑. 

 

To determine the effect of addition of nitric acid, experiments without the addition 

and with the addition of nitric acid in the initial mixture were carried out. The resulting 
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samples were examined by small angle X-ray scattering. The glycerol was used as a 

template. Small-angle curves for glycerol and the nanoparticles of Co3O4 (φ=1, without 

the addition of nitric acid) and Co3O4 (φ=1, with the addition of nitric acid) (figure 26, 

27). For determine the distribution of nanoparticles in size (on histogram is radius of 

the sphere) in the spherical approximation, the contribution of small-angle scattering 

of glycerol has been deducted from the curve.  

 

  
a b 

 

a) Co3O4 nanoparticles obtained without addition of nitric acid; b) Co3O4 

nanoparticles obtained with addition of nitric acid 

 

Figure 26 – Small-angle curves of glycerol and Co3O4 nanoparticles 

 

 
 

Figure 27 – The size distribution of Co3O4 nanoparticles obtained without 

added nitric acid 

 

As seen from the graph of distribution of Co3O4 nanoparticles obtained without 

added nitric acid (figure 28) the bulk of particle has diameters 6-9 nm, there are also 

particles with diameters of 24-50 nm. 
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Figure 28 – The size distribution of Co3O4 nanoparticles in spherical approximation 

with added nitric acid 

 

As seen from the graph of distribution of Co3O4 nanoparticles obtained with 

added nitric acid (figure 28) the bulk of particle has diameters 8-10 nm. In this example, 

all of the nanoparticles have a diameter of 16 nm and no particles of greater diameter. 

Obtained results showed that the addition of nitric acid allows obtaining more dispersed 

particles. In the case adding nitric acid formed nanoparticles with a small distribution 

of from 4 to 16 nm. Thus, nanoparticles, produced without the addition of nitric acid 

have a greater distribution from 4 to 56 nm. Further experiments for obtaining 

nanoparticles of cobalt oxides carried out with the addition of the nitric acid, since in 

this case the nanoparticles have higher dispersion. 

Cobalt oxide nanoparticles, obtained at various ratios of the fuel and oxidant were 

investigated by a scanning and transmission electron microscopy. On the figure 29 is 

shown scanning and transmission electron microscope images of Co3O4 at the 

stoichiometric ratio of fuel and oxidizer (φ = 1).  

 

   
                  a                               b 

 

a) SEM image of Co3O4 nanoparticles; b) TEM image of Co3O4 nanoparticles  

 

Figure 29 – Microstructure of nanoparticles Co3O4 at the stoichiometric ratio  

of fuel and oxidizer (φ = 1)  
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On the figure 30 is shown SEM and TEM images of Co3O4 at the stoichiometric 

ratio of fuel and oxidizer (φ = 1.5). 

 

   
                        a                        b 

 

a) SEM image of Co3O4 nanoparticles; b) TEM image of Co3O4  nanoparticles 

 

Figure 30 – Microstructure of nanoparticles Co3O4 at the ratio of fuel  

and oxidizer (φ = 1.5) 

 

As seen from the obtained pictures of scanning and transmission electron 

microscopes for particles of cobalt oxide at a stoichiometric ratio of fuel and oxidizer 

φ = 1, the particle size range from 23 nm to 60 nm, also agglomerates with size more 

than 500 nm  are present. For particles of cobalt oxide at a ratio φ = 1.5 particle size 

ranges from 20 to 65 nm, without big agglomerates. A comparison of the two samples 

on the basis of SEM and TEM images, illustrates the positive effect of the addition of 

fuel above the stoichiometric ratio. Reaction between fuel and oxidant results in 

decomposition of the starting components to form gaseous products that lead to further 

dispersion of the final product [111]. Nickel oxide nanoparticles obtained at various 

ratios of the fuel and oxidant were investigate by a scanning and transmission electron 

microscopy (figure 31, 32). 

 

    
                                          a                                                  b 

 

a) SEM images of NiO; b) TEM images of NiO 

 

Figure 31 – Images of electrode microscopy of ultrafine particles of NiO at a 

stoichiometric ratio of fuel and oxidizer (φ = 1) 
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                                      a                                                      b 

 

a) SEM images of NiO; b) TEM images of NiO 

 

Figure 32 – Images of electrode microscopy of ultrafine particles of NiO at a 

stoichiometric ratio of fuel and oxidizer (φ = 1.5) 

 

As seen from the images obtained by scanning and transmission electron 

microscopes for particles of nickel oxide at a stoichiometric ratio of fuel and oxidizer 

φ = 1, the particle size range from 80 nm to 140 microns, and are present in a large 

number of agglomerates. For particles of cobalt oxide at a ratio φ = 1,5 particle size 

ranges from 46 nm to 350 microns. A comparison of the two samples on the basis of 

SEM and TEM images, illustrates the positive effect of the addition of fuel above the 

stoichiometric ratio. Reaction between fuel and oxidant results in decomposition of the 

starting components to form gaseous products that lead to further dispersion of the final 

product. However, in the case of the synthesis of nickel oxide nanoparticles with 

increasing content of glycine in the feed increases the upper limit of the particle size in 

comparison with a stoichiometric ratio. Presumably, adding to the initial mixture of 

fuel above stoichiometric increases the total energy content of the system is enhanced 

resulting in a final product sintering process to form larger particles. 

As stated earlier, the synthesis of carbon nanotubes was carried out by chemical 

vapor deposition in a flow reactor at atmospheric pressure. The essence of the process 

consists in decomposing the carbon-source gas, in this case a propane-butane mixture 

at high temperatures and reacting the decomposition products from the catalyst 

particles, resulting in the formation of one-dimensional carbon nanostructure - 

nanotubes and nanofibers. Thus, the structure and morphology of the final product are 

influenced synthesis conditions, the morphology and dimensions of the catalyst 

particles, the nature and composition of the gases. For the synthesis of argon and 

propane-butane mixture were used. Selection of propane-butane mixture due to 

availability and low cost, as we have developed carbon nanotubes synthesis technology 

should be accessible and affordable, and technology must be commercially 

implemented without the use of expensive equipment and materials. Argon is an inert 

gas and in this case, acts as a buffer gas and transport. It is believed that the inert gas 

concentration of the products affects the thermal decomposition during their stay in the 
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reaction zone, and affects the heat and mass transfer. The role of the buffer gas is 

stabilization the active radicals obtained by decomposition of the initial carbon-

containing compound. 

On the figure 33 are photos of cobalt oxide nanoparticles before and after the 

synthesis of CNTs. The weight of cobalt nanoparticles before synthesis was 0.079 g, 

after synthesis weight of cobalt oxide nanoparticles with carbon nanotubes was 

0.2578 g. 

 

 
                           а                                                                 b 

 

a) Co3O4 nanoparticles before synthesis; b) CNTs on Co3O4 after synthesis 

 

Figure 33 – Photos of cobalt oxide nanoparticles before and after the synthesis of 

carbon nanotubes  

 

Carbon nanotubes obtained on the catalysts, which are nanoparticles of cobalt 

oxide obtained by solution combustion synthesis were investigated by transmission 

electron microscope for determine the structure and morphology of the obtained one-

dimensional nanomaterials. 

Figure 34 show TEM images of carbon nanotubes grown on Co3O4 nanoparticles 

at different magnifications. 

 

   
 

  
 

Figure 34 – TEM images of carbon nanotubes on Co3O4 nanoparticles 
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As seen from the TEM images on cobalt oxide nanoparticles 29-38 nm diameters 

carbon nanotubes were obtained. In a small amount amorphous carbon is present. The 

obtained carbon nanotubes were investigated by Raman spectroscopy. This method of 

physico-chemical investigation is a multipurpose and informative method for 

investigation the properties of carbon nanomaterials, particularly carbon nanotubes. 

The position and intensity of the D and G peaks, and their ratio gives information about 

the structure of the nanotubes - single or multi-walled nanotubes, and the presence of 

defects in the structure of nanotubes. Figure 35 shows the Raman spectrum of carbon 

nanotubes grown on Co3O4 nanoparticles. 

 

 
 

Figure 35 – Raman-spectra of carbon nanotubes grown on Co3O4 nanoparticles 

obtained by solution combustion method 

 

As seen from the Raman spectrum for the carbon nanotubes grown on Co3O4 the 

spectrum contains two major peaks D-peak, so-called peak «defective Raman zone» at 

a wavelength of 1355 cm-1 and respectively G-peak characteristic oscillations sp2 C-C 

bonds in the graphite plane at 1572 cm-1, 2D peak, which is the overtone of D-peak at 

the value 2711 cm-1. The presence of D-peak in the Raman spectrum indicates the 

presence of specific defects in the nanotubes. These defects may be caused by 

imperfections nanotube lattice and the presence of impurities. The ratio of G and D 

bands helps to say what is the intensity of the various defects [112]. The ratio of the 

intensities of D and G of the peak provides information about the defects of carbon 

nanotube, a lower ratio indicates of less imperfection of carbon nanotubes. For this 

sample CNT on Co3O4 the ratio of peak intensities ID/IG is 0.67. Externally, the Raman 

defective peak of  D-zone in graphite and nanotubes are similar. The difference is the 

width at half height. The spectrum of D-zone of multi-walled carbon nanotubes (δν≈80-

90 cm-1), on 2 times wider than a similar spectrum of graphite D-zone (δν≈32-35 cm-

1). In this case, the carbon nanotube sample width at half height of the D-peak is δν = 

52-75 cm-1. 

 Studies have shown that the solution combustion method shown high efficiency 

in the synthesis of cobalt oxide nanoparticles. Thus experiments with different 

variations of the initial mixture: the ratio of oxidant and fuel, the addition to the initial 

mixture of nitric acid was made. The results of small-angle X-ray scattering and 
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transmission electron microscopy showed, than best results for the synthesis conditions 

at the fuel and oxidant ratio is 1.5 (excess fuel) with the addition of nitric acid were 

obtained.  For these conditions, the size of the cobalt oxide particles was around 16 

nm. The obtained cobalt oxide nanoparticles were used as a catalyst during synthesis 

of carbon nanotubes by chemical vapor deposition by decomposition of propane-

butane mixture. According to the results of transmission electron microscopy and 

Raman spectroscopy, it can be concluded that the carbon nanotubes have a diameter 

on the Co3O4 nanoparticles have a multilayer structure with the presence of defects in 

the structure of the tube. 

 

3.2 Synthesis and study of carbon nanotubes on the nickel nanoparticles 

obtained by pyrolysis method 

As described in section 2.4 for nickel nanoparticles used ashless filter which is 

impregnated with an aqueous solution of nickel nitrate (Ni(NO3)2·6H2O) and glycine 

(CH2NH2COOH). After completion of the drying process, the filters were soaked in a 

pyrolysis process in an argon atmosphere. Inert environment is necessary to process 

the pyrolysis of nickel nitrate was decomposed to form nickel nanoparticles. The high 

specific surface of a filter consisting of cellulose, promotes formation of particles with 

a high dispersion, wherein each pore of the filter plays the role of "nanoreactor" 

limiting the scope of the reaction area. Figure 36 shows SEM and TEM images of 

nickel particles obtained from carbonization ashless filter impregnated with a nickel 

nitrate solution. The concentration of nickel nitrate was 10 % by weight. 

 

       
                                            a                                            b 

    
                                            c                                              d 

 

a, b) SEM images of Ni nanoparticles; c, d) TEM images of Ni nanoparticles 

 

Figure 36 – Images of electrode microscopy of ultrafine particles of nickel obtained 

by pyrolysis of ashless filter impregnated an aqueous solution of nickel nitrate 



62 

 

Figure 37 shows TEM images of carbon nanotubes obtained on nickel particles 

obtained from carbonization ashless filter impregnated with a nickel nitrate solution. 

 

   
 

Figure 37 – TEM images of carbon nanotubes growth on the nickel nanoparticles 

obtained by pyrolysis of ashless filter impregnated an aqueous solution  

of nickel nitrate 

 

As seen from obtained TEM images resulting multi-walled carbon nanotubes have 

diameter in the range from 40 to 73 nm, the thickness of wall is 9 – 23 nm. In the 

sample the large amount of amorphous carbon are present. Low efficiency of nickel 

nanoparticles due to the fact that on the surface of particles formed during the pyrolysis 

of the carbon film that passivates the surface of the particles, thereby reducing the 

catalytic activity of nickel nanoparticles, obtained by pyrolysis of ashless filter. 

 

3.3 Synthesis and study of carbon nanotubes on the surface of the zeolite 

In this study we used a sample of synthetic zeolite. To establish the structure of 

the zeolite particles and the phase structure was studied by the scanning electron 

microscope and X-ray analysis was performed (figure 38). 

 

   
                    a                                       b                                               c 

 

a, b) SEM images of pure zeolite; c) XRD diffractogram of pure zeolite 

 

Figure 38 – The microstructure of the pure zeolite 

 

The base phase of zeolite is SiO2 (80 %) and small part of illite is 

KAl2(Si3Al)O10(OH)2.The concentration of the active components of zeolite was 

KAl2(Si3Al)O10(OH)2

SiO2
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3 wt. %. For preparation of zeolite-based catalyst, a pure zeolite in amounts of 1 g was 

introduced in aqueous solution of cobaltous nitrate or ferrous chloride as well as 

glycine in stoichiometric ratio. After that the sample was dried for 30 minutes in air at 

100 °C. Then the catalyst was placed in a furnace where it was heated for 1 hour at a 

temperature of 500 - 600 °C. The high temperature initiates the self-propagating 

surface thermosynthesis, the result of which is the formation of cobalt oxide (Co3O4) 

or iron oxide (Fe2O3) and ultradisperse particles. 

XRD analysis of obtained metals showed that cobaltous oxide has the following 

formula Co3O4 and the ferrous oxide - Fe2O3. The chemical vapor deposition apparatus 

was used for synthesis of carbon nanotubes. Gas flow is - 650 cm3/min, H2 - 150 

cm3/min, C2H2 – 19.5 cm3/min. The synthesis temperature is 710 °C, the synthesis time 

is – 20 minutes. 

The obtained carbon nanotubes are grown on zeolite-based catalysts  and were 

investigated by scanning (Quanta 3D 200i, FEI) and transmission electron microscopes 

(JEOL JEM-1011) as well as  Raman spectrometer (Solver Spectrum, NT-MDT). 

Figure 39 shows the SEM and TEM images of carbon nanotubes are grown on zeolite 

with Co3O4 [113].  

 

   
    a                            b 

 

a) SEM image of CNT on zeolite-based catalysts with Со3O4; b) TEM image of 

CNT on zeolite-based catalysts with Со3O4 

 

Figure 39 – The results of electron microscopy of CNTs on zeolite-based  

catalysts with Со3O4 

 

According to TEM images, it can be seen that multi-walled carbon nanotubes have 

a diameter of about 11 nm. Most nanotubes have an open end (the arrows on TEM 

images shows the open ends of the nanotubes); the absence of catalyst nanoparticles at 

the ends of nanotubes indicates on introduction of «base-growth model» where the 

interaction of the catalyst nanoparticles and substrate (here the zeolite particles) is 

strong. The rising carbon nanotube is unable to rend off the catalyst nanoparticle from 

substrate, and therefore the crystallization of carbon nanotube is occurred on top of 

metal particles.  
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Figure 40 shows the Raman spectrum of carbon nanotubes on zeolite-based 

catalysts with Со3O4. 

 

 
 

Figure 40 – Raman spectrum of carbon nanotubes on zeolite-based  

catalysts with Со3O4 

 

The Raman spectrum of multi-walled nanotubes have two main maxima: at wave-

length of 1300 - 1360 cm-1 (D-band) – is the «defective Raman zone» is conditioned 

by dispersion of nanostructured defects  of carbon nanotubes, as well as                                

at ~ 1580 cm-1 (G-band) is characterized by  vibrations of  sp2 carbon-to-carbon bonds. 

Peak G is caused oscillations of the C-atoms along and perpendicular the nanotube 

axis. The presence of these peaks is a result of the longitudinal oscillations of graphite 

layers. The ratio of the peak intensities ID/IG corresponds to a ratio of defect structures 

(sp3 configuration of carbon) in the graphite-like structures (sp2 configuration of 

carbon) in carbon nanotubes. For the sample of CNT the ratio of peak intensities is 

ID/IG is 0.80.  

Figure 41 shows the SEM and TEM images of carbon nanotubes are grown on 

zeolite with Fe2O3.  

 

  
                      a                   b 

 

a) SEM image of CNT on zeolite-based catalysts with Fe2O3; TEM image of CNT 

on zeolite-based catalysts with Fe2O3 

 

Figure 41 – The results of electron microscopy of CNTs on zeolite-based  

catalysts with Fe2O3  

2D 
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With the help of TEM images, it can be seen that multiwall carbon nanotubes have 

a diameters of about 7 and 21 nm respectively; also the image clearly shows the platelet 

shape of zeolite particles. As seen from the picture, the catalyst particles are at the top 

of MWCNTs and some catalyst particles are fixed at certain length of the nanotube. 

The fact that this is a top but not the basis of carbon nanotubes indicates a «cap» on the 

upper part of catalysts particles. This case illustrates the «tip-growth model», where 

the interaction of the catalyst and substrate is weak. The hydrocarbon is decomposed 

on the upper surface of catalyst particles and carbon nanotube crystallizes in place of 

coalescence of particles of catalysts and substrate, after that the catalysts particle is 

rend off from substrate, and further crystallization of carbon nanotube leads to 

migration of catalyst particles to upward. Until the top part of the metal particles is 

open for access and decomposition of hydrocarbon, the concentration gradient in the 

metal particle enables to diffuse the carbon and therefore provides a further growth of 

the carbon nanotube. Availability of a «cap» on top of the catalyst indicates a cessation 

of growth and deactivation of the catalyst particles. Figure 42 shows the Raman 

spectrum of carbon nanotubes on zeolite-based catalysts with Fe2O3. 

 

 
 

Figure 42 – Raman spectrum of carbon nanotubes on zeolite-based  

catalysts with Fe2O3 

 

The spectrum of this sample has the following peaks, peak D at a wave-length has 

1360 cm-1, G maximum has 1580 cm-1. For this sample of CNT the ratio of peak 

intensity is ID/IG is 0.64. This ratio indicates at low defectiveness of obtained carbon 

nanotubes. Raman defectiveness of D-peak in graphite and nanotubes is similar. The 

difference is the width at half height (FWHM – full width at half maximum – standard 

expression).The spectrum of D-band of multiwall carbon nanotubes (δν = 80-90 cm-1) 

is 2 times wider than a similar spectrum of D-band of graphite (δν = 32-35 cm-1).For 

MWNTs a sample is synthesized on zeolite with Fe2O3, have a half value width of D-

band is δν = 58-60 cm-1.  

The results of investigation have shown the effectiveness of zeolite-based 

catalysts during synthesis of carbon nanotubes with the help of chemical vapor 
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deposition method. The self-propagating surface thermosynthesis method promotes the 

producing of metal oxides particles on zeolite. Carbon nanotubes were synthesized on 

zeolite-based catalysts and were investigated by transmission and scanning electron 

microscopy as well as Raman spectroscopy. For the catalyst on zeolite-Co3O4 the 

carbon nanotubes have a diameter of 11 nm. For the catalyst on zeolite-Fe2O3 the 

carbon nanotubes have diameters from 7 to 21 nm. Raman spectrum indicates a low 

defectiveness of obtained carbon nanotubes. Obtained results are confirmed the 

perceptiveness of zeolite-based catalysts for synthesis of carbon nanotubes by CVD.  

 

3.4 Synthesis and study of carbon nanotubes on the surface of shungit 

Carbon nanotubes obtained in the pyrolysis process of propane-butane mixture 

onto a catalytic system based on shungite were examined for Raman spectrometer and 

a transmission electron microscope. Results for CNT synthesis at shungit and their 

identification are shown in figure 43. The spectrum is a fairly typical spectrum of multi-

walled carbon nanotubes. The narrow peaks D and G with the position of wavelength 

at 1355 and 1566 cm-1 and pronounced 2D peak indicates a sufficiently low content of 

amorphous phase in the sample. 

 

 
                                                                   а 

    
                                      b                                                               c     

  

a) Raman spectrum of CNT; b) TEM image of CNT; c) SEM image of CNT 

 

Figure 43 – Identification of CNTs obtained by pyrolysis on shungite with a         

nickel salt 
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The resulting composite materials based on CNTs on ultrafine particles of cobalt 

oxide or shungit particles subsequently tested for absorption of sunlight. For this 

purpose was created a model of the solar collector and the method of assessing the 

efficiency of the absorption of solar energy by material that is given in chapter 2.8. 

 

3.5 Physico-chemical properties of vertically-aligned carbon nanotubes 

“forest” 

In the catalytic synthesis process of carbon nanotubes on the surface of substrate 

a vertically-aligned "forest" of CNT are formed. Photo of catalytic plate after chemical 

vapor deposition of carbon nanotubes "forest" is shown in Figure 44. 

 

 
 

Figure 44 – Photos of a silicon wafer with a vertically-aligned “forest”  

of carbon nanotubes 

  

Obtained samples of vertically-aligned CNT "forest" were examined for Raman 

spectroscopy (figure 45) and scanning electron microscope (figure 46).  

 

 
 

Figure 45 – Raman spectra of vertically-aligned “forest” of CNTs  

 

As seen from the Raman spectrum for the vertically-aligned “forest” of carbon 

nanotubes grown on silicon substrate the spectrum contains two major peaks D-peak, 

at a wavelength of 1378 cm-1 and respectively G-peak at the value 1600 cm-1. The ratio 

of the intensities of D and G of the peak provides information about the defects of 

carbon nanotube, a lower ratio indicates of less imperfection of carbon nanotubes. In 

this case ID/IG = 0.92. 
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                            а                                                            b 

 
                                                          c 

 

Figure 46 – SEM images vertically-aligned “forest” of CNTs  

at different magnification 

 

The highness of the synthesized vertically-aligned “forest” of CNT is an average 

of 300 - 350 microns. Analysis of images obtained by scanning electron microscope 

showed that the diameter of carbon nanotubes ranges from 18 to 30 nanometers                       

(figure 41). 

The obtained film from vertically-aligned “forest” of carbon nanotubes was 

applied on model of solar collector for further tested of absorption of the solar radiation. 

For this purpose, a model of the solar collector was created and the method of assessing 

the effectiveness of the absorption of solar energy received by the material was 

developed, that is given in chapter 4.1. 

 

3.6 Physico-chemical properties of carbon nanotubes films onto glass cloth-

based catalyst obtained by solution combustion method 

Obtaining of metal oxide nanoparticles on glass cloth is one of the directions of 

scientific investigation of the Institute of Combustion Problems. A detailed description 

of the synthesis procedure and the results of physico-chemical investigations of cobalt 

nanoparticles on glass cloth presented in the papers [114, 115]. 

For the synthesis of cobalt and iron oxides nanoparticles at the surface of glass 

cloth there were used solution combustion method. The summary of the method is in 

preparation of water solution that contains cobalt nitrate or iron chloride and glycine, 

the impregnation of glass cloth by this solution is occurred with following drying and 
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heat treatment at a temperature of 500 °C. At a given temperature, the exothermal 

reaction is occurred at the surface of fiberglass, resulting in metal oxide nanoparticles 

that formed in accordance with reactions that described previously. This method is one 

of modification of solution combustion method. 

Fiberglass with metal oxide nanoparticles have been studied by various physical 

and chemical investigation methods. Figure 47 presents the optical microscope images 

of catalysts of fiberglass with cobalt oxide (figure 47 a, b) and glass cloth with iron 

oxide (figure 47 c, d) [116]. 

 

    
a b 

     
c d 

a, b) glass cloth with particles of cobalt oxide; c, d) glass cloth with iron oxide 

particles 

 

Figure 47 – Pictures of the optical microscope on glass cloth catalysts [116] 

 

As it can be seen from optical microscope images, as the result of reaction 

behavior at the surface of fiberglass there are occurred metal oxide particles, evenly 

distributed over whole surface of fiberglass. As stated previously, the interacting 

process of metal nitrate and glycine is an exothermic reaction with local temperature 

increase up to 1200 °C and formation of metal oxide particles. Due to the high 

temperature, because of reaction behavior, the melting of near-surface layer of 
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fiberglass is occurred, resulting in adhesion of fiberglass surface and catalyst 

nanoparticles, in this case the cobalt or iron oxides. 

The elemental analysis for glass cloth with cobalt oxide (figure 48 a) and iron 

oxide (figure 48 b) nanoparticles was made. 

 

   
а b 

 

a) EXAD spectra fiberglass with cobalt oxide nanoparticles; b) EXAD spectra 

fiberglass with iron oxide nanoparticles 

 

Figure 48 – Elemental analysis glass cloth with metal oxide nanoparticles obtaining 

by solution combustion method 

 

For determination of structure and composition of metal oxides at fiberglass the 

X-ray diffraction analysis was carried out. Also, the synthesis of cobalt oxide was 

presented in the form of Co3O4.      

Figure 49 shows the X-ray diffraction pattern for fiberglass with iron oxide 

nanoparticles at the surface. 

 

 
 

Figure 49 – XRD pattern of fiberglass with Fe2O3 nanoparticles 
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As is seen from X-ray diffraction pattern for this sample, as the result of synthesis 

at the surface of fiberglass there are formed iron oxide particles having the Fe2O3 

formula. The combustion reaction yielded the Co3O4 and Fe2O3 particles with 30–100 

nm are immobilized at the surface of fiberglass [117].  

The fiberglass based catalysts with active component in the form of metal oxide 

nanoparticles - the cobalt and iron were used for the synthesis of carbon nanotubes by 

chemical vapor deposition method, is based on decomposition of carbon containing  

gaseous compound at high temperature. The glass cloth (the mass is 3-5 %) with metal 

oxide nanoparticles was used for the synthesis. 

For the synthesis the argon and propane-butane mixture was used. The choice of 

propane-butane mixture is conditioned by availability and low cost, because the 

technology developed by us should be accessible and affordable, and the technology 

must be commercially implemented without implementation of expensive equipment 

and materials. Argon is an inert gas and in this case, acts as a buffer and transport gas. 

It is widely believed that the inert gas influences on concentration of thermal 

decomposition products during their stay in reaction zone, and also affects on heat and 

mass transfer. The role of buffer gas is in stabilization of active radicals that formed 

during decomposition of initial carbon containing  compound.  

Carbon nanotubes at glass cloth with cobalt and iron oxides nanoparticles  have 

been investigated using scanning electron microscope to determine the structure and 

morphology of obtained one-dimensional nanomaterials at the surface of  glass cloth 

as a result of synthesis. 

Figure 50 shows SEM images of carbon nanotubes grown at the surface of class 

cloth with Со3O4 at different magnifications. 

 

  
 

Figure 50 – SEM images of carbon nanotubes grown at the surface of fiberglass with 

Со3O4 at different magnifications 

 

As can be seen from obtained images at the surface of glass cloth with Со3O4  the 

ultrafine particles of cobalt oxide are formed in large quantities, they are active centers 

of carbon nanotubes growth. The resulting one-dimensional carbon nanomaterials have 
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good adhesion with fiberglass surface due to strong adhesion of catalyst particles with 

near-surface layer of fiberglass, the CNT when intertwined together forms a solid film 

at the surface of fiberglass (figure 51). 

 

 
 

Figure 51 – Schematic illustration of metal oxide nanoparticles formation at the 

surface of fiberglass and carbon nanotubes growth 

 

Figure 52 shows the TEM images of carbon nanotubes grown at the surface of 

glass cloth with Со3O4 at different magnifications.   

 

  
 

Figure 52 – TEM images of carbon nanotubes grown on glass cloth with Co3O4 

 

As can be seen from the TEM images, the produced nanotubes have a diameter of 

23-25 nm and more intertwined together, forming a three-dimensional disordered 

structure. 

The obtained carbon nanotubes were investigated by Raman spectroscopy. This 

method of physico-chemical investigation is a multipurpose and informative method 

for investigation of carbon nanomaterials properties, in particular carbon nanotubes. 

The position and intensity of the D and G peaks, and their ratio gives information about 

the structure of nanotubes - single or multi-walled nanotubes, and the presence of 
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defects in the structure of nanotubes. Figure 53 shows the Raman spectrum of carbon 

nanotubes grown on glass cloth with Co3O4 nanoparticles. 

 

 
 

Figure 53 – Raman-spectra of carbon nanotubes grown on glass cloth  

with Co3O4 nanoparticles 

 

As seen from the Raman spectrum for the carbon nanotubes grown on glass cloth 

Co3O4 the spectrum contains two major peaks D-peak, so-called peak «defective 

Raman zone» at a wavelength of 1355 cm-1 and respectively G-peak characteristic 

oscillations sp2 C-C bonds in the graphite plane at 1572 cm-1, 2D peak, which is the 

overtone of D-peak at the value 2711cm-1. The ratio of the intensities of D and G of the 

peak provides information about the defects of carbon nanotube, a lower ratio indicates 

of less imperfection of carbon nanotubes [118]. For this sample CNT on Co3O4 the 

ratio of peak intensities ID/IG is 0.67. Externally, the Raman defective peak of D-zone 

in graphite and nanotubes are similar. The difference is the width at half height.. 

Figures 54 and 55 shows TEM and SEM images of carbon nanotubes grown on 

glass cloth with Fe2O3 nanoparticles at different magnifications. 

At the surface of fiberglass with с Fe2O3 the ultrafine particles of iron oxide are 

formed in large quantities, they are active centers of carbon nanotubes growth.  

 

    
 

Figure 54 – TEM images of carbon nanotubes grown at the surface of glass cloth with 

Fe2O3 at different magnifications  
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Figure 55 – SEM images of carbon nanotubes grown at the surface of glass cloth with 

Fe2O3 at different magnifications 

 

As seen from the TEM images as the result of synthesis the carbon nanotube 

patterns with diameters 15-17 nm were obtained. Also in the sample there is contained 

a small amount of amorphous phase of carbon. For spiral nanotubes the diameter is 

about 14 nm. 

Here considered a possible model of spiral nanotubes growth is described in [119], 

where the authors suggest that the formation of spirals is due to the difference in 

deposition rate of carbon at various edges of nanoparticle catalysts (figure 56 a). The 

obtained spiral multiwall nanotubes was believed to have grown catalytically with 

crystal based on the «anisotropy of carbon deposition» theory. The spiral structure of 

nanotubes is constructed by periodically inclusion of pentagonal and heptagonal carbon 

rings into the hexagonal network of the graphene sheet along the tube axis (figure 56 b). 

Figure 57 shows the Raman spectrum of carbon nanotubes grown on glass cloth 

with Fe2О3 nanoparticles. As seen from the Raman spectrum for the carbon nanotubes 

grown on glass cloth with Fe2О3 the spectrum contains two major peaks: D-peak at a 

wavelength of 1300-1360 cm-1 and respectively G-peak at 1580 cm-1. The ratio of the 

intensities of D and G of the peak provides information about the defects of carbon 

nanotube, a lower ratio indicates of less imperfection of carbon nanotubes. For this 

sample CNT on Fe2О3 the ratio of peak intensities ID/IG is 0.78.    
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a b 

a) model of formation of spiral carbon nanotubes; b) molecular model of coiled 

carbon nanotube with pentagonal and heptagonal carbon rings  

 

Figure 56 – Model of formation of spiral carbon nanotubes [119] 

 

 
 

Figure 57 – Raman-spectra of carbon nanotubes grown on glass cloth with Fe2О3 

nanoparticles 

 

Thus, from the results of Raman spectroscopy it can be concluded that the carbon 

nanotubes are synthesized at glass cloth with Со3О4 have more ordered and less defect 

structure in comparison with carbon nanotubes that synthesized at fiberglass with 

Fe2О3 because for glass cloth sample with Fe2О3 the ratio ID/IG is 0.78 greater than for 

fiberglass sample with Со3О4, for which the ratio of peak intensities ID/IG is 0.67.  

Further studies were carried out with a sample on the basis of fiberglass with Со3О4, 

because the given sample showed more stable characteristics, but the synthesized 

carbon nanotubes have less defects and better structure in comparison with class cloth 
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sample with Fe2О3. All further studies and experiments related to glass cloth with 

Со3О4, and synthesized carbon nanotubes at it surface.   

Studies have shown the effectiveness of solution combustion method for 

obtaining of transition metal oxides (cobalt, iron) to the surface of the glass cloth. These 

metal oxide nanoparticles have shown a good catalytic activity during the synthesis 

process of carbon nanotubes by chemical vapor deposition method from propane-

butane mixture. The physical and chemical investigation methods such as (Raman, 

SEM, TEM) showed that the best samples of carbon nanotubes have been obtained 

when using cobalt oxide as active component of catalyst, where the diameter of carbon 

nanotubes was 23-25 nm, but for carbon nanotubes on glass cloth with iron oxide the 

diameter was 15-17 nm. Also in this sample a small amount of amorphous phase of 

carbon is contained. Their thermal and chemical resistance is important characteristic 

for catalysts of this type. The catalysts of this class are simple and easy to use, have a 

long service life, and their production does not require much effort and cost. These 

factors determine the perspective of practical application of glass cloth for the 

production of carbon nanotubes. On the basis of glass cloth with coating from carbon 

nanotubes the prototype of flexible heating element has been made, the results of these 

studies are presented in chapter 4.2. 

  

3.7 Development of electrodes from carbon nanotube films with deposited 

Ni(OH)2  for high capacity pseudocapacitors  

Energy storage systems are the most rapidly developing areas in nanotechnology 

field. With the development and achieving of nanotechnology and new nanomaterials 

there is related the opportunities of new methods for generation and storage of energy 

with sharp expansion of operating parameters range. Among the various nanomaterials 

and due to filling of electron shells of the atom becomes clear that carbon nanomaterials 

have taken one of the leading places among the promising nanomaterials.  

This chapter represents the research results on production of carbon nanotubes by 

fluidized bed of catalyst method, and their use as a basis for the producing of hybrid 

electrodes of pseudocapacitors with high capacity. If the batteries and accumulators are 

well studied objects and thoroughly described in the literature, but the supercapacitors 

are relatively new and intensely studied materials.  

In section 2.10 the synthesis methodology of carbon nanotubes by chemical vapor 

deposition method with fluidized bed of catalyst was described. The synthesized 

carbon nanotubes in this method, have a diameter of 6.5-8 nm, the length is 200-400 

microns, the purity of obtained product is 99% by weight, with specific surface of 400-

440 m2/g. Detailed study of carbon nanotubes by CVD method with fluidized bed of 

catalyst are shown in work [120]. The carbon nanotube films in this method were 

obtained by filtration method, where the CNTs are intertwined together, forming a 

structure that similar to molded fabric in which the adhesion is carried out by 

interweaving of superfine fibers of the  material. The distinguishing feature of this 

method is in absence of necessity of binding substance, which simplifies the 

technology and reduces energy consumption. The thickness of CNT films in this case, 

averaged 38-45 μm. From obtained film was cut the square with an area of 1 cm2, which 
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was used as the basis for deposition of nickel hydroxide nanoparticles. Precipitation of 

nickel hydroxide was carried out by two different methods: a sol-gel method and 

electrochemical deposition method. 

 

3.7.1 Sol-gel method of deposition of nickel hydroxide on carbon nanotubes films    

The hybrid electrode material on the basis of carbon nanotubes film with 

deposition Ni(OH)2 by sol-gel technology method has been described in detail in 

chapter 2.11. The electrochemical properties of this electrode material were 

investigated using three-electrode cells on potentiostat VMP3 (Bio-Logic, Grenoble, 

France). In this experiment, and in all subsequent experiments for manufacture of 

counter-electrode, the mixture from activated carbon (brand YP-80F, 5-20 μm 

diameter, 1900-2200 m2/g, Kuraray Chemical Co., Osaka, Japan) and carbon nanotube 

in a ratio of AC: CNT = 9: 1 was used, which as described previously was dispersed in 

ethanol, with following ultrasonic treatment, filtration and vacuum drying at 200 °C. 

As reference electrode used silver chloride electrode (Ag/AgCl), electrolyte – 3 M 

water solution of KOH (figure 58). 

 

  
 

Figure 58 – Study the electrochemical properties of the electrode material with the 

use of three-electrode cell 
 

The specific capacitance of electrode materials was calculated from CV plots 

using the equation: 

 

𝐶 =
𝑞

𝑣
=

1

𝑣

∫ 𝑖(𝐸)𝑑𝐸
𝐸2
𝐸1

𝐸2−𝐸1
                                               (8) 

where C – capacitance; 

  q – electric charge;  

  v – the scan rate; 

  E – voltage; 

  i – current.  

The mass of CNT and Ni(OH)2 was used in the capacitance calculation.  
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Table 6 shows integrated date for producing material based on sol-gel deposition 

technology Ni(OH)2. 

 

Table 6 – Integrated date for producing material based on sol-gel deposition technology 

Ni(OH)2 

 

C 

(NiCl2), 

M 

C 

(NaOH), 

M 

Number of 

dipping 

procedure 

S(CNT), 

cm2 

mbefore 

(CNT), 

mg 

mafter 

(CNT+ 

Ni(OH)2), 

mg 

∆m 

(Ni(OH)2), 

mg 

0.05 0.05 20 2 0.877 1.422 0.545 

0.1 0.1 20 2 0.865 2.969 2.104 

 

Figure 59 a shows the cyclic voltammogram and figure 59 b shows a plot of 

specific capacity at different scan rate for the electrode material based on a CNT with 

Ni(OH)2 deposited by sol-gel method for 0.1 M solutions of nickel chloride and sodium 

hydroxide. Figure 60 a shows the cyclic voltammogram and figure 60 b shows a plot 

of specific capacity at different scan rate for the electrode material based on a CNT 

with Ni(OH)2 deposited by sol-gel method for 0.05 M solutions of nickel chloride and 

sodium hydroxide. 

Figure 60 shows the CV curves of the carbon nanotubes-Ni(OH)2 hybrid electrode 

at difference scan rate (from 0.0 to 0.5 mV/s). The CV curves have two intensive peaks. 

First peak is anodic (positive current density) during the oxidizing reaction of Ni2+ to 

Ni3+, and the second peak is cathodic (negative current density) during inverse process. 

For a given electrode material on cyclic voltammogram the peak is similar for a 

pseuocapacitor is not observed is illustrating the flow of reversible chemical process:  

 

Ni(OH)2 + OH–↔NiOOH + e– 

 

    
                           a                                                        b 

  a) CV plot; b) scan-rate study (0.0 – 0.5 V/s) 

 

Figure 59 – Electrochemical characterization of hybrid electrodes (CNT-Ni(OH)2 by 

dipping method in 0.1 M solutions) using a three-electrode setup in 3 M KOH 
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a 

 
b 

 

a) CV plot (a); b) scan-rate study (0.0 – 0.5 V/s) 

 

Figure 60 – Electrochemical characterization of hybrid electrodes (CNT-Ni(OH)2 by 

dipping method in 0.05 M solutions, using a three-electrode setup in 3 M KOH 

 

Figure 61 shows the photo and SEM images of the electrode surface after dipping-

deposition in 0.05 M solutions.  

 

     

a b c 

 

a) photo CNT-based electrode with Ni(OH)2; b, c) SEM images of surface CNT-

based electrode with Ni(OH)2  

 

Figure 61 – Identification of morphology of CNT-based electrode with Ni(OH)2 by 

dipping deposition in 0.05 M solutions 

 

As can be seen from SEM images when using this method, the main part of 

Ni(OH)2 is deposited mainly at the surface of film, but the sizes of deposited particles 

exceeds nanometer sizes. It is clearly visible that the prevailing part of Ni(OH)2 is 

deposited directly at the surface of CNT-paper and only small part was introduced 

directly into the structure of CNT-paper.  Additionally, the deposited  Ni(OH)2 forms 

the film at the surface of electrode, which is block the inner surface of electrode, and 

as a consequence, with an increasing scan rate from 5 mV/s up to 100 mV/s the specific 

capacity is extremely decreased from 131 F/g to 12 F/g for 0.05 M  solution. In the 

case of using 0.1 M solution, the maximum capacity was 57 F/g at 5 mV/s scan rate 

and falls almost to 1 at 100 mV/s. 
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3.7.2 Electrochemical deposition of nickel hydroxide on carbon nanotube films    

The sol-gel method for deposition of nickel hydroxide on the surface of nanotube 

films showed the inefficiency of this method for production of hybrid electrodes.   

As was described in chapter 2.11 the electrodeposition was carried out at three 

different conditions: CPED – constant potential electrode position, CCED – constant 

current electrode position, PED – pulsed electro deposition. Electrodeposition was 

carried out at a constant voltage value -0.6; -0.8; -1.0 V relatively of reference 

electrode. data of electrodeposition conditions at constant voltage and gravimetric 

capacity data are given in Table 7. 

 

Table 7 – The data of electrodeposition conditions at constant voltage and gravimetric 

capacity data 
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Scan rate, mV/s 

5 10 30 50 80 100 

gravimetric capacitance, F/g 

-0,6 5 2 1,706 1,845 0,139 123,6 68,5 52,5 48,5 45,7 43,8 

-0,6 10 2,5 2,049 2,458 0,409 134,9 114,7 96,1 86,7 77,5 72,8 

-0,8 5 2 1,752 3,241 1,489 91,1 39,4 14,2 9,3 7,1 6,2 

-1,0 5 2,5 2,070 5,811 3,741 52,6 36,0 29,3 26,6 23,9 22,5 

 

Figure 62 presents the cyclic plots and dependence diagrams of specific capacity 

from scan rate for electrode material, is obtained in the electrodeposition condition at 

a constant voltage of -0.6 V and deposition time of 5 minutes (figure 62 a, b) and 

deposition time of 10 min (figure 63 a, b).  

 

   
                                 а                                                                b 

a) CV curves; b) graph of the gravimetric capacity at difference scan rate                  

(5 – 100 mV/s) 

 

Figure 62 – Electrochemical characteristics of hybrid electrodes (CNT-Ni(OH)2) 

obtained by CP electrodeposition, 5 min 
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a                                                                  b 

 

a) CV curves; b) graph of the gravimetric capacity at difference scan rate                  

(5 – 100 mV/s) 

 

Figure 63 – Electrochemical characteristics of hybrid electrodes (CNT-Ni(OH)2) 

obtained by CP electrodeposition, 10 min 

 

As can be seen from table data and evidence of gravimetric capacity of electrode 

materials for electrodeposition at constant voltage -0.6 V and deposition time 10 

minutes shows the best gravimetric capacity, due to better deposition Ni(OH)2 in inner 

structure of CNT films. For electrode material at CP - electrodeposition during 10 min, 

the gravimetric capacity was from 135 up to 73 F/g at scan rate from 5 to 100 mV/s, 

respectively. 

Electrodes obtaining by constant potential at -0.6 V, 10 min of electrodeposition 

processes was investigate by scanning electron microscope (figure 64).  

 

    
                                             a                                            b        

    
                                              c                                          d 

a, b) structure of surface of electrode; c, d) structure of cross section of electrode 

 

Figure 64 – SEM images of electrodes obtaining by CPED -0.6 V, 10 min 
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As can be seen from SEM images for electrodes obtained by constant potential 

electrodeposition, the main part of Ni(OH)2 is deposited mainly at the surface of film, 

forming the bid ensemble of particles. It is clearly visible that the prevailing part of 

Ni(OH)2 is deposited directly at the surface of CNT-paper and only small part was 

introduced directly into the structure of CNT-paper.   

Investigations of electrodeposition process Ni(OH)2 under conditions of constant 

current were carried out in 1 M solution of nickel nitrate at amperage of -5 mA, 

relatively of reference electrode and deposition time of 10 minutes. Figure 65 a shows 

a CV curves and dependence diagram of gravimetric capacity from scan rate (figure 

65 b) for this electrode material is obtained under electrodeposition at constant current. 

 

  
                                  a                                                                   b 

 

a) CV plot; b) graph of the gravimetric capacity at difference scan rate                                

(5 – 100 mV/s) 

 

Figure 65 – Electrochemical characteristics of hybrid electrodes (CNT-Ni(OH)2) 

obtained by electrodeposition at constant current (-5 mА,10 min) 

 

As can be seen from obtained data, under electrodeposition conditions, at   

constant current -5 mA and deposition time of 10 minutes, the gravimetric capacitance 

was ranged from 224 to 108 F/g and at scan rate from 5 to 100 mV/s, respectively. 

Investigations of pulsed electrodeposition process Ni(OH)2 were conducted in 

three-electrode cell in 50 ml of 1 M water solution of  Ni(NO3)2 with the addition of 5 

ml NaOH, the square-wave pulses of potential given to the working electrode (carbon 

nanotube-film), so the low limit of cathode potential with respect to the reference 

electrode was - 0.5 V, but the upper limit was – 1 V (the potentials are given relatively 

to the reference electrode Ag/AgCl). The deposition time was 0.5 seconds, the rest time 

was 10 seconds. Figure 66 a shows a cyclic voltammogram and dependence diagram 

of gravimetric capacity from scan rate (figure 66 b) for this electrode material is 

obtained under the condition of pulse electrodeposition.  

As can be seen from obtained data, under conditions of pulsed electrodeposition 

the gravimetric capacitance ranged from 340.2 to 130.4 F/g at scan rate from 5 to 100 

mV/s, respectively. Reducing the gravimetric capacitance with increasing scan rate 

explains the “penetration effect”. At high scan rates, the penetration of the electrolyte 

is difficult and less available part of the specific surface [121]. 
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                                 a                                                             b 

 

a) CV plot; b) graph of the gravimetric capacity at difference scan rate                                

(5 – 100 mV/s) 

 

Figure 66 – Electrochemical characteristics of hybrid electrodes (CNT-Ni(OH)2) 

obtained by pulsed electrodeposition 

 

Figure 67 presents the SEM images and EDAX analysis of electrode material 

based on carbon nanotubes with coating Ni(OH)2, is obtained by pulsed deposition.  

 

   
                 a                            b 

   
                   c                             d 

a, b) SEM images of surface of CNT-Ni(OH) electrode material obtained by PED; 

c) SEM images of cross-section of CNT-Ni(OH)2 electrode material obtained by PED; 

d) EDAX spectrum 

 

Figure 67 – Identification CNT-based electrode with Ni(OH)2 obtained by PED 
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As can be seen from SEM images (figure 60) at the surface of carbon nanotubes 

the film from Ni(OH)2 was formed, it has a good adhesion with the matrix, whereby 

the electrode has an increased stability and resistance to degradation during the 

behavior of reversible electrochemical reactions.  

To improve the gravimetric capacity indicators the further studies on deposition 

of nickel hydroxide to the surface of carbon nanotubes film were made. Researches  of 

pulsed electrodeposition process of Ni(OH)2 in a three-electrode cell (Hg/HgO) in 50 

ml of 1 М water solution Ni(NO3)2 with an addition of 5 ml NaOH, to the working 

electrode (CNT-film) were conducted fed rectangular potential pulses during the value 

of current with respect to reference electrode -60 mA. The deposition time was 0.5 

seconds, the dwell time of 10 seconds. The number of deposition processes is 100. 

Figure 68 a shows a cyclic voltammogram and specific capacity graph of velocity of 

the surplus (figure 68 b) for the electrode material prepared under the condition of pulse 

electrodeposition. 

 

 
а 

 
b 

 

a) CV plot; b) graph of the gravimetric capacity at difference scan rate                        

(5 – 100 mV/s) 

 

Figure 68 – Electrochemical characteristics of hybrid electrodes (CNT-Ni(OH)2) 

obtained by pulsed electrodeposition (-60 mA)  
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As can be seen from obtained data under conditions of pulsed electrodeposition 

at -60 mA the gravimetric capacitance ranged from 843,7 to 594,4 F/g at allocation rate 

from 5 to 100 mV/s, respectively. 

Studies of pulsed electrodeposition process of Ni(OH)2 in a three-electrode cell in 

50 ml of 1 M water solution of Ni(NO3)2 with an addition of 5 ml NaOH, to the working 

electrode (CNT film) given square-wave pulses at a current value of force relatively to 

the electrode comparison -120 mA. The deposition time was 0.5 seconds, the drest time 

was 10 seconds. The number of deposition processes was 100. Figure 69 shows the 

cyclic voltammogram and dependence diagram of specific capacity from allocation 

rate (figure 69 b) for given electrode material is obtained prepared under the condition 

of pulse electrodeposition. 

 

 
а 

 
b 

 

a) CV plot; b) graph of the gravimetric capacity at difference scan rate                          

(5 – 100 mV/s) 

 

Figure 69 – Electrochemical characteristics of hybrid electrodes (CNT-Ni(OH)2) 

obtained by pulsed electrodeposition (-120 mA) 
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As can be seen from obtained data under conditions of pulsed electrodeposition (-

120 mA) the gravimetric capacitance ranged from 953.5 to 418.9 F/g at scan rate from 

5 to 100 mV/s, respectively. Obtained results illustrate that when allocation rate is 

increasing the value of gravimetric capacitance is extremely decrease, this 

phenomenon is explained by the fact that the main part of nickel hydroxide is deposited 

at the surface of carbon nanotube film, wherein the inner structure of electrode 

comprises an insignificant amount of nickel hydroxide. During the pulsed deposition, 

process the diffusion of ions nickel Ni2+ to the inner structure of carbon nanotube films 

is limiting step of deposition.  

Thus, based on research results the hybrid electrodes based on carbon nanotube 

films with deposition N (OH)2 were obtained. For deposition of Ni(OH)2 particles sol-

gel method and electrodeposition method at following deposition parameters: 

continuous voltage, direct current, pulsed deposition. For sol-gel method, the 

maximum capacity was between 131 - 12 F/g at scan rate from 5 to 100 mV/s, using 

0.05 M of nickel nitrate solution during deposition. For electrodeposition process under 

constant potential the best results were obtained under following conditions: -0,6 V, 

the deposition time is 10 min, for given sample the gravimetric capacity was from 135 

to 73 F/g at scan rate from 5 to 100 mV/s. The studies of electrodeposition process 

Ni(OH)2 under conditions of constant current showed the results of gravimetric 

capacitance from 224 to 108 F/g at scan rate from 5 to 100 mV/s, respectively. 

Experiments with pulsed electrodeposition showed the best results where the 

gravimetric capacitance for electrode material ranged from 953.5 to 418.9 F/g at 

allocation from 5 to 100 mV/s, respectively. 

Preliminary studies according charge/discharge cycles have shown that the 

electrode material on the basis of carbon nanotubes with Ni(OH)2–coating, is obtained 

by pulsed deposition is withstand more than 8000 charge-discharge cycles with a 

maximum loss of efficiency of less than 10 %. 
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4 PRACTICAL APPLICATION OF CARBON NANOTUBES BASED 

MATERIALS IN ELECTRO-ENERGY SYSTEMS 

 

4.1 Solar water heating collectors with absorbent coating based on carbon 

nanotubes and their composites    

Carbon nanotubes are synthesized by CVD method, at cobalt oxide nanoparticles 

(chapter 3.1) and at shungite (chapter 3.4) were examined for the absorption capacity 

of solar radiation. For this, the resulting material was mixed with a silicate adhesive 

(Na2O∙SiO2), which was as binding material and applied evenly to the surface of inner 

tube of solar collector model. Vertically-aligned CNT “forest” were synthesized by 

CVD method and coated to glass tubes with different numbers of layers and after that 

were examined for absorption efficiency of solar radiation. 

For realization of pilot study concerning effectiveness of solar energy absorption 

the design development was made and prototype of solar collector was made. The tube 

with absorbing material at the surface was placed inside the larger tube and sealed. This 

is eliminated the convective loss of heat during the experiment. The prototype of solar 

collector is coated with experimental material, its adsorbed a solar radiation during 30 

minutes according heating temperature of distilled water in a volume of 25 cm3 is 

placed into the inner tube. Measurements of water temperature and solar radiation were 

performed every 2 minutes. The water temperature is measured by chrome-aluminum 

thermocouple and digital measuring device. 

It was experimentally found that during experiment time more than 30 minutes, 

the mentioned prototype of solar collector stops working, because the heat losses 

become almost equal to the amount of absorbed heat and gradient of temperature 

increase of the water is significantly reduced.  

In this case, for effective measurement of heat absorption during experiment time 

over 30 minutes, it is necessary to carry out the removal of heat from solar collector 

prototype. But, in our case, 30 minutes is quite sufficient for the experiment to assess 

the relative absorbency of the material. 

During experimental investigation of efficient factor of heat absorption it has also 

been found that its value depends on the maximum value of solar radiation intensity as 

well as the outside air temperature. With increasing of solar radiation intensity its value 

even for the same coating is increased and this is practically does not allow to make a 

comparative assessment of different coatings. It was accordingly proposed that for 

comparative evaluation of heat absorption efficiency of various coatings to enter the 

specific heat absorption coefficient is obtained by the ration of coefficient efficiency 

to the maximum possible value of specific heat absorption over the time. 

It was found that at lower outside air temperature, due to the increased heat loss 

because of big temperature gradient between the walls of solar collector and outside 

air temperature, even for one tested material, the absorption efficiency is reduced. 

Therefore, at comparative evaluation of heat absorption efficiency by various materials 

the experiments tried to spend in one day. 

Evaluation findings of effectiveness for heat absorption of solar radiation by 

different materials based on carbon nanotubes, as well as the type and method of 
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preparation are given in chapter 2.8, are presented in Table 8 [122].    

 

Table 8 – Effectiveness of heat absorption of solar radiation by different materials 

based on carbon nanotubes 

 

Type of coating Without 

coating 

CNT at 

Со3О4 

(SC) 

CNT (10 

layers, Н=7 

сm) 

CNT (12 

layers, Н=5 

сm) 

CNT (14 

layers, Н=5 

сm) 

Heat absorption of 

coating, q, J/cm2 

72,92 86,58 146,22 153,53 148,26 

Maximum heat 

absorption, qmax, 

J/cm2 

155,33 161,77 161,91 168,21 161,38 

Efficiency, η, % 46,95 53,52 90,31 91,27 91,87 

Specific efficiency, 

ηsp∙10-2 

30,23 33,08 55,78 54,26 56,93 

 

On the basis of obtained results, shown in table 8, it was found that among 

presented composite materials with carbon nanotubes, the most absorbent capacity has 

the coatings from vertically-aligned “forest” of carbon nanotubes, the effectiveness of 

this coating is 56,93∙10-2 in comparison with a sample without coating (pure tube) the 

specific effectiveness of which is 30,23∙10-2 (table 8). As can be seen from the table the 

increasing of layer volume in the range of 10 to 14 has a little effect on absorption 

efficiency of solar radiation and entirely sufficient is coating from 10 layers of carbon 

nanotubes [123].  

On the basis of analysis results according to assessment of heat absorption 

capacity of solar radiation by carbon nanotubes that were obtained by vapor deposition 

method it is possible to make the following conclusions.  

Based on analysis of obtained results, it was found that the among presented 

composite materials with carbon nanotubes that obtained at various matrices,  the 

greatest absorbent capacity has coating from vertically-aligned "forest" of carbon 

nanotubes, the specific effectiveness of this coating is 56,93∙10-2  in comparison with a 

sample without coating (pure tube) the specific effectiveness of which is 30,23∙10-2. 

Based on the results of the research were obtained conclusion to grant a patent for 

utility model “An absorbing material for the absorber of the solar collector” [124]. 

 

4.2 Electroconductive heating textile based on glass cloth with coating from 

carbon nanotubes   
4.2.1 Volt-ampere characteristic of conductive heating textile based on glass cloth 

with coating from carbon nanotubes   

In chapter 3.6 of dissertation the results of carbon nanotubes synthesis at glass 

cloth are presented, also the best results were obtained for fiberglass with nanoparticles 

Co3O4 which is subsequently used to create a flexible heating element.  
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For establishment of electrically conductive properties of obtained material the 

resistance and current-voltage characteristic were measured. Pure fiberglass is dielectic 

and does not conduct the electric current. For the sample of fiberglass with Со3О4 with 

an area of 4,95 cm2 the resistance was  R = 1,7 Ω, and respectively the electrical 

resistance is equal to  Rsp = 0,3636 Ω/cm2.  Figure 70 shows the diagram of volt-ampere 

characteristic for this sample. 

 

 
 

Figure 70 – The current-voltage characteristics of glass cloth with carbon nanotubes 

on Co3O4 with surface area of 4,95 cm2 

 

One of the most important properties of electroconducting textile is uniformity 

and stability of resistance factors and conductivity it depends on area and size of 

electrically conductive material. For this purpose, the sample with large area which is 

24 cm2 for this sample the resistance was made and current-voltage characteristics were 

measured (figure 71).  

 

 
 

Figure 71 – The current-voltage characteristics of glass cloth with carbon nanotubes 

on Co3O4 with surface area of 24 cm2 
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Based on the position and direction of the curve in the graph, this sample has 

semiconducting properties. Regardless of the size the sample has a stable resistance 

performance, so the dispersion in the readings of the sample area does not exceed 3%. 

For this sample the temperature change depending on the applied current was 

examined. Figure 72 shows the change of temperature of glass cloth sample with CNTs 

on Со3О4 with an area of about 5 cm2 

 

 
 

Figure 72 – Graph temperature changes of glass cloth with CNTs  

on Co3O4 (S=5 cm2) 

 

As can be seen from the graph at current strength of 1.25 A, the sample is heated 

to 100 °C, an increasing of  applied current strength to 3.25 A is caused to temperature 

increase up to 380 °C. A further increase in current strength leads to the fuming of the 

sample because at high temperature the oxidation of carbon nanotubes begins by 

oxygen air. 

Figure 73 shows the change of fiberglass temperature with CNTs on Со3О4 with 

an area of 24 cm2.  

 

 
 

Figure 73 – Graph temperature changes of glass cloth with CNTs  

on Co3O4 (S=24 cm2) 
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As can be seen from the graph, the obtained material has good conductive 

properties, and shows good Joule heating. 

For producing of soldier model with heated jacket based on electroconductive 

smart-textile with coating on the basis of carbon nanotubes was made. The electrodes 

of metal wires with diameter 1 mm were connected to power source - batteries.  

 

4.2.2 Approbation of properties of flexible heating element 

On the basis of obtained electroconductive smart textiles, the heated jacket for 

model of soldier has been made. For this purpose, the fiberglass sample with carbon 

nanotubes coating with an area of 24 cm2 was equipped by two electrodes from copper 

wire and connected to the power source - the battery. For aesthetic appearance and 

shape the jacket from heat resistance material was sewn. Figure 74 shows the pictures 

of the soldier model with jacket based on conductive smart textile.  

 

      
 

Figure 74 – Photos of soldier model with a jacket based on glass cloth with  

carbon nanotubes coating 

 

After manufacture of the model the approbation for heating effect at lower 

temperatures was made which is behavior modeling of obtained material under critical 

conditions. For this purpose, the sample was cooled to a temperature of 0 ⁰C, at the 

same time the jacket is not connected to a power source, but after cooling the sample 

was connected to a power source. The sample temperature was measured by chrome-

aluminum thermocouple with a digital temperature measurement sensor. Figure 75 

shows the photographs of the model and dynamics of temperature change of the jacket 

before connecting of the jacket to a power source [125]. 
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Figure 75 – Photos of model and dynamics of jacket temperature changes before the 

connection and after connection to the power source 

 

Figure 75 shows that at connecting the jacket based on glass cloth with CNT to 

the power supply, the temperature is increased smoothly from 0 to 28 ⁰C, 36 and 45 ⁰C 

respectively. In this case, our goal is the preparation of heated jacket for clothing and 

outfit of people who are in critical to human body temperature conditions - soldiers, 

climbers, athletes, etc. The temperature of the heating jacket must be comfortable for 

the body and should not exceed a certain threshold. The obtained results showed that 

by varying the power supply it is possible to change the maximum heating temperature. 

In our case, the maximum temperature was 45 ⁰C, which is sufficient for keeping of 

normal functioning of human body at low and negative ambient temperatures. High 

conductivity and thermal stability of the CNT-structures allows to provide high current 

carrying capacity. Thus, CNT-composite materials are perspective materials to creating 

a new type of electro-energy systems. 
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The advantages of proposed technology for production of intellectual textile are: 

1 High productivity. 

2 Energy conservation. 

3 Environmental safety. 

The advantages of the products: 

1 Last service life. 

2 Low cost. 

3 High effectiveness and competitiveness  

Safety for people and environment  

The results have showed that the obtained material has good semiconducting 

properties and good Joule heating. Thus, these data confirmed the possibility of 

producing of flexible heating element based on obtained material. The obtained 

material is conductive smart textile material. On the basis of obtained smart-textile the 

jacket for solder model was made. After fabrication of model the approbation of 

obtained material regarding heating effect at lower temperatures was made, and this is 

behavior modeling of obtained material under critical conditions. When the model on 

the basis of fiberglass with CNT was connected to power supply the temperature is 

increased slowly from 0 to 28 ⁰С, 36 ⁰С and 45 ⁰С respectively. The obtained results 

showed that by varying the power supply it is possible to change the maximum heating 

temperature. In our case, the maximum temperature was 45 ⁰C, which is more 

sufficient to maintain the normal functioning of human body under low and negative 

ambient temperatures conditions.  

As the result of research a simple and inexpensive technology for producing of 

electrically conductive fabric has been developed. This smart textile can be used as a 

basis for the manufacture of flexible heating elements and their products. Based on the 

results of the research were obtained conclusion to grant a patent for utility model 

“Method for producing an electrically conductive fabric” [126]. 
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CONCLUSION  

 

In this thesis, the processes of synthesis of carbon nanotubes by chemical vapor 

deposition and its various modifications were examined. Optimal parameters and 

conditions formation of carbon nanotubes on different catalysts was defined, 

depending on the task and field of application. It has been found that the combustion 

method can be applied not only to obtain a metal oxide powder, but also for the 

application of metal oxide nanoparticles on various surfaces such as glass fiber, the 

particles of zeolite and shungite. Thus it is possible to obtain a “core-shell” system, 

wherein the shell at different particles can act a carbon nanotube film, that during the 

synthesis are intertwined to form a film on the material surface. From the obtained 

carbon nanotubes composite materials were formed, which have been applied in 

electro-enegry systems. New catalysts, obtained by the solution combustion have been 

developed. These type catalysts shown to be effective in the synthesis of carbon 

nanotubes. The resulting carbon nanotubes were investigated by physical and chemical 

methods of investigations, such as scanning electron microscope, transmission electron 

microscope, Raman-spectroscopy, allowing the identification nanotubes and 

comprehensively investigate their physico-chemical properties.  

1. It was shown the efficiency of solution combustion method for obtaining of 

cobalt and iron oxides nanoparticles, both in powder form, and for applying it to the 

surface of various materials such as (glass cloth, zeolites, shungite). These catalyst 

systems showed their effectiveness during the chemical vapor deposition synthesis 

process of carbon nanotubes. 

2. The correlation of composition and structure of metal oxide nanoparticles at the 

surface of glass cloth with morphology of obtained carbon nanotubes is determined, it 

was experimentally found that when using iron oxide nanoparticles the spiral carbon 

nanotubes are formed. It was established that the using of solution combustion method 

for obtaining of metal oxides nanoparticles, which are catalysts in synthesis process of 

carbon nanotubes, it allows to synthesize the carbon nanotube films using various 

macroscopic objects, providing a good adhesion with the surface of an object that is 

not achievable at mechanical mixing of different materials and carbon nanotubes. 

3. An application efficiency of films that were produced like “forest” carbon 

nanotubes as absorbent coating of solar water heating collectors. The most absorbing 

ability has a “forest” carbon nanotubes coating, the specific effectiveness of this 

coating is 56.93∙10-2 in comparison with the sample without coating (pure tube) the 

specific effectiveness of which is 30.23∙10-2. 

4. The manufacturing method of flexible heating element based on glass cloth 

with the coating from carbon nanotubes was developed. This type of electrically 

conductive textile has shown a good Joule heating, and this factor makes it promising 

for a number of applications.  

5.  A new type of hybrid electrode material based on carbon nanotubes and 

Ni(OH)2 as electrode material of supercapacitor was obtained. The correlation of 

deposition method of nickel hydroxide to the carbon nanotube films was made is 

obtained by chemical vapor deposition method with fluidized bed reactor. It is shown 
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that the best results of gravimetric capacity has the material is based on carbon 

nanotube film with Ni(OH)2, is deposited by pulsed electrodeposition method. 

Experiments with pulsed electrodeposition showed the best results, the gravimetric 

capacity for this electrode material ranged from 953.5 to 418.9 F/g surplus at allocation 

speed from 5 to 100 mV/s, respectively.   
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