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Used abbreviations 

AC Amorphous carbon 

BET Brunauer-Emmett-Teller method 

CCVD Catalytic chemical vapor deposition 

CNF Carbon nanofiber 

CNT Carbon nanotube 

CNT-AW �³�$�I�W�H�U���Z�D�V�K�H�G�´���F�D�U�E�R�Q���Q�D�Q�R�W�X�E�H�V 

CNT-BW �³�%�H�I�R�U�H���Z�D�V�K�H�G�´���F�D�U�E�R�Q���Q�D�Q�R�W�X�E�H�V 

CNT-NW �³�1�R�W���Z�D�V�K�H�G�´���F�D�U�E�R�Q���Q�D�Q�R�W�X�E�H�V 

CO2 Carbon dioxide 

CVD Chemical vapor deposition 

CVI Chemical vapor infiltration 

dTG Differential thermogravimetry 

DMA Dynamic Mechanical Analysis 

DWCNT Double-walled carbon nanotube 

ED Electron diffraction 

EDS Energy dispersive X-ray spectroscopy 

FA Furfuryl alcohol 

FMWCNT Functionalized multiwalled carbon nanotubes 

FWHM Full width at half maximum 

GC Gas chromatography 

H2 Hydrogen 

HDP Homogenous Deposition Precipitation 

HF Hydrogen fluoride 

HNO3 Nitric acid 

H2O2 Hydrogen peroxide 

HPLC High performance liquid chromatography 

ICDD-PDF International Center for Diffraction Data - Powder Diffraction File 

IUPAC International Union of Pure and Applied Chemistry 

KMnO4 Potassium permanganate 

MC Mesoporous Carbon 

MnO2 Manganese dioxide 

MWCNT Multiwalled carbon nanotubes 
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NH3 Ammonia 

NH4OH Ammonium hydroxide 

PTFE Polytetrafluoroethylene 

PVA Polyvinyl alcohol 

SBET Specific surface area 

SEC Size exclusion chromatography 

SEM Scanning electron microscopy 

SWCNT Single-walled carbon nanotube 

TEM Transmission electron microscopy 

TG Thermogravimetry 

TEOS Tetraethyl orthosilicate 

TOF Turnover frequency 

Vpore Specific pore volume 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffractometry 
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1. Introduction  

Nowadays is a world where new technologies are introduced almost daily, most of 

which are in need of energy. To mediate the ever growing energy requirements, new 

standards are introduced to catalyze the production of devices with higher energy efficiency. 

One way that has been followed for a couple of decades to increase energy efficiency is 

miniaturization, which is now solely driven by nanotechnology. Nanotechnology 

incorporates all research and processes that deal with matter in the range of 1 to 100 nm. 

Since materials exhibit different characteristics in this size range than in the bulk phase, 

much effort has been put into developing different kinds of materials for different uses. Not 

only proposed uses exist, but nanomaterials are already found their way into everyday life, 

like computers, data storage devices, antiseptics, composite materials, self-cleaning surfaces, 

automobiles, industry processes, etc. 

The use of nanostructures is not new in human history, as there is historical evidence 

that 4th century Roman glassblowers made glass containing nanoparticles. Also, the widely 

acclaimed Damascus swords are known to contain nanomaterials as well. These use cases 

�K�R�Z�H�Y�H�U���Z�H�U�H���Q�R�W���G�H�O�L�E�H�U�D�W�H�����R�Q�O�\���D�I�W�H�U���5�L�F�K�D�U�G���3�����)�H�\�Q�P�D�Q�¶�V���K�L�V�W�R�U�L�F�D�O���V�S�H�H�F�K���W�L�W�O�H�G���³There 

�L�V���3�O�H�Q�W�\���R�I���5�R�R�P���D�W���W�K�H���%�R�W�W�R�P�´ held in 1959 started a real move towards nanomaterials and 

nanotechnology. In the following decades a number of leaps were made towards this through 

�,�%�0�� �D�Q�G�� �%�H�O�O�� �/�D�E�V�¶�� �T�X�D�Q�W�X�P�� �Z�H�O�O���� �7�D�Q�L�J�X�F�K�L�¶�V�� �³�Q�D�Q�R�W�H�F�K�Q�R�O�R�J�\�´�� �W�H�U�P���� �%�L�Q�Q�L�Q�J�� �D�Q�G��

�5�R�K�U�H�U�¶�V�� �V�F�D�Q�Q�L�Q�J�� �W�X�Q�Q�H�O�L�Q�J�� �P�L�F�U�R�V�F�R�S�H���� �I�X�O�O�H�U�H�Q�H�V���� �F�D�U�E�R�Q�� �Q�D�Q�R�W�X�E�H�V���� �J�U�D�S�K�H�Q�H�� �D�Q�G�� �Z�H�O�O��

beyond. 

Nanostructures are usually categorized by the number of dimensions which fit into the 

nano size range. If all dimensions fit into this size range then these materials are 0D or zero 

dimensional (quantum dots, nano clusters); if only two dimensions fit then they are 1D or one 

dimensional (nanotubes, nanowires, nanorods); if only one dimension fits then they are 2D or 

three dimensional (nanofilms); and if no dimensions fit the nano size range but the materials 

building up the structure are of any previous category, then they are 3D or three dimensional 

nanostructures. Such 3D nanostructures are carbon nanotube Bucky papers, aerogels or 

foams for example. 
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2. Literature background  

2.1. A brief history and application of carbon materials 

Carbon materials have been used for millennia by mankind because of their high 

versatility. The earliest uses of charcoal started as early as 8000 years BC, which mainly 

consisted of burning the material for metal production. Later, in 3750 BC charcoal was 

employed for the reduction of copper, manufacturing of bronze and adsorption of odorous 

vapors, and for various medical purposes, like mediating food poisoning cases, cleaning 

wounds, etc. At 5th century BC carbons were applied for drinking water purification, taste 

and odor removal and disease prevention [1,2,3,4]. 

Large scale usage however did not start until the 18th century, where the advantageous 

properties of charcoal was started to be understood by a wider range of the public thanks to 

the work of Scheele for treatment of gases in 1773 and Lowitz for decolorification of 

contaminated tartaric acid solutions in 1786. This latter property was then extensively used in 

the sugar industry for decolorization of raw sugar syrups. In 1822 Bussy developed the first 

activated carbon production procedure consisting of both thermal and chemical processes by 

heating blood with potash. 

Industrial scale of powdered activated carbon production began in the very beginning 

of the 20th century when von Ostreijko obtained two patents for chemical and thermal 

�D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �F�D�U�E�R�Q�� �L�Q�� ���������� �D�Q�G�� ������������ �U�H�V�S�H�F�W�L�Y�H�O�\���� �%�\�� �X�W�L�O�L�]�L�Q�J�� �W�K�H�� �S�D�W�H�Q�W�V���� �³�(�S�R�Q�L�W�´���� �D��

carbon material activated with steam and carbon dioxide entered the market in 1909. 

Chemical activation of sawdust with zinc chloride started on industrial scale at 1914. 

The development of granular activated carbon was mainly driven by the events of 

World War 1, where poisonous gases were used against soldiers in the battlefields. In order 

to counter such attacks, gas masks were issued, where granular activated carbon was used to 

adsorb poisonous gases. Later, activated carbon was used in water and waste water treatment, 

solvent recovery, air purification and other industrial processes [5,6]. 

Another carbon allotrope, graphite, has also found very early usage in human history as 

early as 4th millennium BC for pottery decoration [7]. In early 16th century graphite was used 

for marking sheep in England, and later that century a special soft type of graphite from 

Borrowdale found military use, where graphite was used as a refractory material to line 

molds for cannonballs. This allowed the production of rounder, smoother balls which could 

be fired farther. In 1795 Nicolas-�-�D�F�T�X�H�V�� �&�R�Q�W�p invented the pencil, where graphite is still 
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used to this day. In the past century graphite also found use in batteries, steel making, brake 

linings, lubricants, electronics, rubber industry and a lot of other areas [8]. 

Prior to the 19th century diamond was used only for decoration and in some cases for 

engraving tools, but the increased availability since then allowed diamond to be used for a 

wide variety of things. Some notable applications include machinery manufacturing (saws, 

grinding wheels, boring, finishing, etc.), mineral exploration (drilling heads), ceramics and 

stone shaping, construction (concrete testing, masonry drilling), transportation (groove 

motorway concrete, bevel glass of vehicle window), electronics (slicing silicon wafers), 

materials science (high pressure environments, material hardness testing), optics (finishing 

surfaces) and a lot others [9]. 

Since their discovery a few decades ago, synthetic carbon allotropes like fullerenes, 

carbon nanotubes and graphene have been extensively studied because of their unique 

structure and properties. Many applications were envisioned for these materials, such as 

catalyst support, adsorbents, supercapacitor, field emission source, heat sink, hydrogen 

storage, water treatment, solar cells, electronics, medicine, actuators, batteries, etc. Despite 

the many potential usages, only a handful of these were realized. Carbon nanotubes for 

example are used as tips for atomic force microscopes, in tissue engineering for scaffolding 

for bone growth and as composite material for bicycles or wind turbines. Fullerenes are said 

to be close to be used as contrast agent for MRI or CT, or as drug or gene delivery material 

[10], while graphene is likely to be used in optical electronics (OLED, touchscreens) because 

of being highly transparent and conductive. 

It can be concluded thus, that although carbon materials found use in early stages of 

human history dating as back as several thousand years BC, the exploitation of its real 

potential is still ahead of us. 

 

2.2. Mesoporous carbon 

2.2.1. Introduction to mesoporous carbons 

Mesoporous carbon materials could generally be categorized as a special type of 

activated carbon, as both materials are built up almost entirely of carbon (other elements are 

also present due to functional groups), and both can be made of many different organic 

precursors with a high temperature carbonization process in an inert atmosphere. Also, both 

materials are usually amorphous in nature, but graphitic types are also possible in special 

cases. Furthermore, both materials exhibit exceptionally high specific surface areas, which 

make them suitable for a wide range of uses. The main difference between the two materials 
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is the size of pores. While mesoporous materials usually exhibit narrow pore size 

distributions not exceeding the limits of the mesopore size range (2 to 50 nm), activated 

carbon materials exhibit wide pore size distributions, where the pore size can be anywhere 

�E�H�W�Z�H�H�Q���W�K�H���Q�P���D�Q�G�����P���U�D�Q�J�H�� This wide pore size distribution is due to the fact that in most 

cases such materials are made of organic precursors without any well-defined micro- and 

nanopore structure, like wood, coconut shell, bone, corn cob, apricot stone, pulp mill 

residues, waste tires, etc. Also, when these materials are carbonized, the pore and structure 

formation is not restricted by any material. Mesoporous carbons on the other hand are built 

on template materials with well-defined pore structures, which are finally inherited by the 

carbon material after the carbonization of the organic precursor. These both allow the tuning 

of the material for special use cases, and also enhances the physical properties of the product. 

Perhaps these factors were the main reasons why an immense amount of research was done 

in the field of mesoporous carbon production and modification. 

 

2.2.2. Synthesis of mesoporous carbons 

Several methods have been developed for the synthesis of mesoporous structures. 

Probably the most notable nowadays is the template method which was developed in the 

early 1980s [11,12]. This method utilizes basic steps that did not drastically change over 

�W�L�P�H�����W�K�X�V���S�U�R�Y�L�Q�J���W�K�H���P�H�W�K�R�G�¶�V���Y�L�D�E�L�O�L�W�\�����7�K�H���E�D�V�L�F���V�W�H�S�V���D�U�H���D�V���I�R�O�O�R�Z����the preparation of a 

template with controlled pore structure, impregnation of the template with some organic 

material, carbonization of the organics, and finally the removal of the template. These simple 

steps are still followed to this day, only the implementation of these steps changed. The 

simplicity of the method also allows the synthesis of both ordered and disordered pore 

structures, depending on the template, which both were extensively studied. The template 

method can also be categorized by the type of template used. If pre-synthesized organic or 

inorganic templates are used where no interactions take place between template and 

precursor it is called a hard template method. In this method the general structure of the 

resulting carbon is determined by the template only. The soft template method on the other 

hand relies on interactions between template and precursors. The templates are usually self-

assembled organics, where molecules are organized by hydrophobic/hydrophilic interactions, 

hydrogen bonding, ion pairing, etc. The general structure of the resulting carbon is governed 

by solvents, mixing ratios and temperatures in this case. Only the hard template methods will 

be discussed because of their relevance in this work. 
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Hard template methods can be utilized for the production of both ordered and 

disordered mesoporous structures. Disordered mesoporous structures can be synthesized 

through different approaches, which utilize copolymerization [13], anionic alumina [14,15], 

polymer beads [16], silica aerogels or xerogels [17,18,19] or silica spheres. Copolymerisation 

techniques are good when controllable pore size is needed as the ratio of precursors (TEOS 

and furfuryl alcohol for example) usually defines the resulting porosity of the carbon. 

Anionic alumina templates are suitable for the synthesis of both carbon nanotubes and 

amorphous carbon nanopipes. The use of polymer beads may be advantageous because it 

may eliminate the need for a dissolution step common for other template methods, as 

polymers thermally decompose while the precursor undergoes carbonization. Aluminosilicate 

gel templates were used to create mesoporous carbon foams with uniform pore size and 

opening windows. Xerogels can yield extremely high specific surface areas up to 2190 m2/g, 

but it is important to remember that it is hard to control the final pore structure of the carbon, 

as the gels are usually prone to shrinkage at elevated temperatures where the carbonization 

happens. 

 
Figure 2.1. Mesocellular carbon foam templated from silica gel [19] 

 

Colloidal silica particles were also investigated as templates, as they are probably the 

simplest option for reproducible carbon synthesis. Silica particles are thermally stable, easy 

to synthesize and cheap. Commercial silica nanoparticle sols are also available like Ludox�Š 

SM-30 or Ludox�Š HS-40 which are good candidates for such experiments, as carbons 

templated by these materials give carbon structures with very high SBET (1512 m2/g) and 

Vpore (3.6 cm3/g) values [20]. The changing of precursor/silica ratio also allows a control over 

the resulting SBET (653-1228 m2/g) and Vpore (1.21-5.46 cm3/g) values [21]. Mesoporous 

carbons synthesized on silica spheres usually have spherical pores interconnected with 
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smaller diameter interconnections, which are usually formed where the template particles 

come together. It is also possible to widen these interconnecting pores with sintering prior to 

impregnation, which will result in better connection between pores [22]. By choosing the 

proper silica spheres, bimodal mesoporous structures are also possible to create. Relatively 

larger, several tens of nanometers in diameter spheres are usually result in bimodal pore 

structure [23]. The first set of pores comes from the space liberated of nanoparticles, and the 

second from the space left between the spheres which were not filled with the precursor 

completely prior to carbonization. The bimodal distribution can also be achieved by using 

mixtures of ordered and colloidal silica spheres [24]. Since silica sphere templates exhibit 

high thermal stability, they are also suitable to be used in a relatively high temperature 

method, the well-known CVD method [25]. In this method there is no preliminary deposition 

of a precursor onto the surface of the template, but instead the precursor is thermally 

decomposed prior to deposition and only pure carbon meets the surface of the template. 

 
Figure 2.2. A) TEM and B) FESEM images of self-supported carbon nanowire array [ 29] 

 

The first self-supported highly ordered mesoporous carbon was synthesized in 1999 on 

an MCM-48 aluminosilicate hard template [26]. Sucrose was impregnated in combination 

with sulfuric acid as carbon source, where the acid catalyzed the carbonization. The resulting 

material exhibited and average pore size of 3 nm with a unit cell size of 9 nm, specific 

surface area of 1380 m2/g and a maximal total pore volume of 1.1 cm3/g. Interestingly, the 

carbon material was not a true replica of the original template, as the cubic structures of the 

template and resulting material were different [27]. Studies have also shown that 

interconnected three-dimensional porous structures are necessary for the successful synthesis 

of ordered mesoporous carbons, as the hexagonally arranged one-dimensional cylindrical 

pores of MCM-41 for example did not yield positive results [28]. If  the interconnectedness to 
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the pores were restored in MCM-41, ultrathin carbon nanowire arrays could be synthesized 

[29]. The synthesis of ordered mesoporous carbons with bimodal pore size is also possible 

[30]. In this case porous nanoparticles were utilized as templates, where the smaller pores 

(2.3 nm) came from the inner pores of nanoparticles, while the larger ones (25 nm) from the 

interparticle spaces. 

Different carbon sources were also used to synthesize mesoporous carbon materials, 

like sucrose [26], propylene [31], acetylene [32], acetonitrile [33], styrene [34], furfuryl 

alcohol [24], etc. While choosing the right carbon source, it must be remembered that the 

molecular structure of the carbon precursor can also affect the pore structure of the resulting 

material under certain synthesis conditions. While carbon precursors with loose molecular 

structures resulted in mesoporous structures complemented with micropores, fused aromatic 

precursors resulted in carbons with high mechanical strength and smaller specific surface 

area [35,36,37]. 

 

2.2.3. Modification  of mesoporous carbons 

As most other carbon materials, mesoporous carbon structures can also be tuned for 

specific uses by modifying the physical and/or chemical characteristics. The physical 

characteristics such as specific surface area and total pore volume can be altered by several 

techniques. Probably the most basic approach is the heat treatment of material at elevated 

temperatures. It must be noted though, that while heat treatment usually has beneficial effects 

on both specific surface area and total pore volume, it also alters the surface chemistry, as 

acidic functional groups are thermally not that stable [38,39]. This explains why heat treated 

carbons acquire basic characteristics. The additional usage of methane and steam during heat 

treatments was found to alter the hydrogen and oxygen content of the resulting material. 

Steam treated samples contained half as much hydrogen then methane treated ones, while 

steam treated samples contained slightly higher amount of oxygen [40]. Apart from various 

heat treatment techniques, ozonation was also found to increase the specific surface area of 

carbons, as the reaction of ozone with the carbon structure enlarged existing pores and 

created new ones [41]. An increased amount of oxygen containing functional groups was also 

detected. 

Amorphous carbon surfaces usually contain surface functional groups which can give 

the surface acidic, basic or neutral characteristics. It must be noted though, that even if no 

treatments were done, carbon materials still contain functional groups which are the result of 

the carbon structure itself. Amorphous carbon can be represented by randomly aligned small 
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graphitic planes which are interconnected by aliphatic bindings groups. Heteroatoms are also 

bound to the periphery of graphitic planes which can assume the character of functional 

groups if found on the surface. These surface functionalities can either be modified or new 

functional groups can also be created. The overall surface characteristics can be altered by 

acidic, basic chemical treatments and/or with impregnation. 

Acidic treatments mainly aim at the increase of acidic surface functional groups on the 

surface. Such acidic groups are carboxyl, carbonyl, hydroxyl, lactone, quinone and 

carboxylic anhydrate, which are created when the carbon surface is exposed to oxidizing 

media like nitric acid, hydrogen peroxide, etc. Such groups are also created when oxygen or 

ozone is used at elevated temperatures [42,41]. Acidic sites are usually beneficial for the 

uptake of metallic ions due to chelating and complex forming mechanisms. It must be noted 

though, that while acidic treatment increases the amount of functionalities however, the 

textural characteristics of the carbon usually suffer some kind of degradation, like decrease in 

SBET [43,44]. This decrease is usually attributed to the destruction of porous structure and 

pore blockage (mainly microporous) caused by severe acid treatment. Other methods have 

also been studied in order to increase the amount of functionalities without decreasing 

porosity. One such promising method is treatment with oxygen plasma. The plasma did not 

affect microporosity, while acidic groups were also formed, thus proving the viability of the 

method [45]. This was explained by a hypothesis, which states that plasma does not enter 

into the internal structure of the carbon because of the high reactivity of mono-oxygen 

radicals, thus only the surface is affected and the general structure remains mostly intact [46]. 

Basic treatments are most commonly used to tune AC materials for organics uptake. 

One study suggests that NaOH treatment increases organics uptake, because the OH- ion 

reacts with existing surface functional groups, causing a major increase in phenolic groups 

[47]. These groups in turn change surface hydrophobicity to favor organic uptake. Ammonia 

treatment at high temperatures also indicate good results for organic adsorption [48,49,50]. It 

must be noted though, that while basic treatment increases organics adsorption, the uptake of 

metal ions severely decrease because of the reaction of the reduction of chelating groups on 

the surface. 

Impregnation or coating of AC was also studied, where impregnation means the fine 

distribution of various chemicals on the surface. The main reasons for impregnation are to 

optimize existing properties of the material, promote synergism between impregnating agent 

and carbon to increase adsorption capacity, and to distribute an agent on a large surface to 

make it more accessible for reactions. Impregnation with tetrabutyl ammonium for example 
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can increase metal uptakes several times [51]. Impregnation with metals also showed 

increased uptakes for certain species, such as arsenic or fluoride [52,53]. 

 

2.3. Carbon nanotubes 

2.3.1. Various forms of carbon nanotubes 

Carbon nanotube (CNT) is a special, artificial allotrope of carbon, which exhibits 

special graphite like structure made up of individual coiled graphene sheets that form 

cylindrical structure with diameters less than a 100 nm and lengths up to several millimeters. 

Extreme cases of nanotube length ranging from 0.5 m to the diameter of a phenyl group have 

also been reported, where the longest nanotube exhibited a length-to-diameter ratio of up to 

132,000,000:1 [54]. The shortest possible carbon nanotube is in fact the organic compound 

cycloparaphenylene �R�U�� �³�F�D�U�E�R�Q�� �Q�D�Q�R�K�R�R�S�´ (Fig. 2.3) which was has been successfully 

synthesized in 2008 [55]. 

 
Figure 2.3: The structure of cycloparaphenylene, the shortest possible carbon nanotube 

 

Carbon nanotubes can be classified in different ways depending on the number of 

walls, chirality or helicity, and wall type. According to the number of walls, single-walled, 

double-walled and multi-walled carbon nanotubes can be distinguished (Fig 2.4). This means 

that single-walled nanotubes for example have only a single layer of coiled graphitic layer or 

in other words the thickness of the wall is a single atom wide. Double-walled CNTs have to 

graphitic layers, while multi-walled almost any number above, depending on the synthesis 

conditions. The distance between the individual graphene walls is usually ~0.34 nm. 
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Figure 2.4. Single-walled and multi-walled carbon nanotube structures 

 

Since graphene sheets can be rolled up in different ways, a simple method based on 

indices has been proposed to describe nanotubes [56]. According to this nomenclature, CNTs 

can be classified into two major families, the armchair and zigzag families, whose names are 

based on the aspect of the rolled graphene edge at the end of the tube. Both zigzag and 

armchair nanotubes are achiral, whereas other tubes are chiral. To understand this difference, 

the concept of helicity vector (Ch) must be explained (Fig 2.5). Ch is a vector equal to OA, 

where O is an arbitrary atom selected in a C6 ring of the graphene plane, and A is an 

equivalent carbon atom selected in another ring. OA can be decomposed into two vectors that 

are parallel to the graphene lattice vectors a and b. By counting equivalent carbon atoms 

crossed by the vectors in each adjacent C6 ring, we get the indices n and m, which are in this 

case 4 and 1, respectively. All nanotubes a�U�H���F�R�Q�V�L�G�H�U�H�G���F�K�L�U�D�O���Z�K�H�U�H���Q���• �P���•���������D�Q�G���D�F�K�L�U�D�O��

where m = 0 (zigzag) and n = m (armchair). 

 
Figure 2.5. The helicity vector of CNTs 

 

Multi -walled carbon nanotubes with several wall types have been synthesized in the 

past decades (Fig 2.6). Probably the most well-known is the �³�K�R�O�O�R�Z��tube�´�� �I�R�U�P that was 
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�U�H�S�R�U�W�H�G���L�Q���,�L�M�L�P�D�¶�V���Z�H�O�O���N�Q�R�Z�Q���D�U�W�L�F�O�H, where the axis of the graphene plane is parallel to the 

tube axis [57]. Herringbone structures are also possible, where graphene planes are at angle 

with the tube axis, forming hollow, stacked cone shaped graphene sheets [58]. This form also 

exists without a hollow structure, but those materials are classified as carbon nanofibers 

(CNF). A transitional structure between the two aforementioned ones is the bamboo form, 

where the nanotube is periodically closed by a complete cone along the length of the tube 

forming compartments inside [59]. 

 
Figure 2.6. Various forms of multi-walled carbon nanotubes. A structurally closely related type of carbon 

nanofiber (CNF) is also shown. 
 
 
2.3.2.Preparation of carbon nanotubes 

There are four common methods to synthesize carbon nanotubes: Electric arc plasma, 

pulsed laser vaporization, catalytic chemical vapor deposition (CCVD) and the template-

based methods. The first two methods are less frequently used nowadays, as CCVD can be 

used for the preparation of both high quantity and/or quality nanotubes thanks to the relative 

simplicity and high customizability of the method. 

Briefly both, arc and laser methods use graphite electrodes to produce CNTs. The 

anode or target, respectively, is atomized in high temperatures in a form of plasma reaching 

several thousand degrees Celsius. These methods usually generate both multi-walled and 

single-walled nanotubes depending on the setup. The growth mechanism for forming 

SWCNTs is described as a mechanism involving the atomization of the electrode at the high 

temperatures generated either by the arc or laser, where the atoms then move out from the hot 

zone forming liquid droplets with a size of several tens of nanometers, which contain both 

carbon species and metal catalyst. These droplets then cool down as they move out further 

resulting in the decrease of carbon solubility in the metal, which causes carbon to be expelled 

to the surface of the catalyst where SWCNTs start to grow radially [60]. This type of CNT 

growth produces nanotubes with relatively narrow diameter distribution centered at 1.38 nm 

and high impurity content. Fullerenes, catalyst particles, amorphous carbon, polyaromatic 
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carbon soot, carbon shells are all found, thus the removal of this many types of impurities can 

be a challenge. Purification of nanotubes is described in the following section. 

The difference between the two methods is the applied form of energy input. The arc 

discharge method utilizes an electric arc in a controlled environment with low pressure and 

inert atmosphere. During the process, the anode is consumed thus maintaining a constant 

distance between the electrodes is of paramount importance. This basic setup has been 

modified in different ways to produce different amounts or types of products by simply 

exchanging the catalysts (if any) and carbon source in most cases. 

 
Figure 2.7. Rotating electrode setup for CNT production [61] 

 

To simply produce a larger amount of MWCNTs, rotating pure graphite electrodes 

were used in 500 torr He atmosphere. Both hollow tube and herringbone tubes were observed 

as product [61]. By modifying the graphite electrode with metallic particles (1 at% Y, 4.2 

at% Ni), a high amount of SWCNTs were produced. It must be mentioned though, that large 

quantities of rubbery soot, web-like structures, and other deposits were also observed [62]. If 

Ho/Ni catalyst was used, web- and collar-like assemblies of SWCNT ribbons with lengths up 

to 10-20 cm were observed. The CNTs exhibiting diameters in the range of 1.30-1.64 nm 

formed bundles with diameters of 30-60 nm [63]. It can be seen, that Ni plays an essential 

role in SWCNT synthesis, however the addition of rare-earth elements can have a strong 

influence on the resulting product as well. The addition of other materials has also been 

studied, where the addition of sulphur either in the form of FeS or elemental S resulted in the 

formation of DWCNTs [64,65,66]. Sulphur can also lead to the formation of filled CNTs, or 

increase MWCNT diameter when PVA/Fe is used as catalyst [67].  

Apart from the basic inert atmosphere environment, others have also been tested for the 

arc discharge method. When liquid nitrogen was tested as medium, the procedure could yield 

both MWCNTs [68] or SWCNTs [69]. Deionized water was also tested and was compared to 

liquid nitrogen as medium. It has been found that the quality of produced CNTs greatly 

depended on the applied voltage in liquid nitrogen, and could only obtain good quality 
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nanotubes in specific parts of the sample, while water medium yielded better results. It was 

concluded, that despite the very low temperature of the nitrogen, it does not provide a good 

thermal exchange because of the violent evaporation, thus water provides a more efficient 

cooling. [70]. To provide even better cooling, NaCl solution was also tested to produce 

nanotubes [71]. 

 
Figure 2.8. Laser ablation CNT synthesis setup [72] 

 

The laser ablation method was first demonstrated in the middle of 90s, which utilized 

the same apparatus used for the production of fullerenes, metallofullerenes and MWCNTs 

[72]. The laser beam was scanned across the target surface in a high temperature 

environment to maintain a smooth surface and the resulting soot was swept out by flowing 

argon gas and was collected on a water cooled copper plate. This method was then modified 

by many other researchers to study the effect of the type of metal catalyst and ratio 

[73,74,75], gas type and pressure [76,77,78], furnace temperature [79,80,81] and laser 

parameters [82,83,84]. As a general summary of those findings it can be concluded, that the 

highest yield of CNTs can be produced with a Ni/Y catalyst, where the amount of Ni is 

higher than that of Y. Ni/Co catalyst with equal metal ratio was also found to be suitable. Gas 

pressures below 100 Torr did not yield significant amounts of nanotubes. The type of inert 

gas was also found to be important, as while CNTs grew in Ar or N2 atmosphere, no growth 

was observed in He. The yield and quality of nanotubes also differed if laser was operated in 

continuous or pulse mode. Higher laser intensity and higher furnace temperature was found 

to form generally larger nanotubes. 

As mentioned, CCVD is probably the most widely used synthesis method for CNTs, 

nowadays, which can also be used for the production of boron nitride nanotubes, a close 

sibling of carbon nanotubes [85]. The method itself can be traced back to the 1950s at least, 

where a Russian team reported the synthesis of graphitic hollow structures on iron catalyst 

using carbon monoxide as carbon source [86]. In 1976 another team reported the synthesis of 

hollow graphitic structures by pyrolysing benzene [87]. After the well-known publication of 

Iijima [88], the reintroduction of CVD based CNT synthesis followed shortly [89]. 
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Figure 2.9.A) Photographic B) SEM and C) TEM image of boron nitride nanotubes (BNNT) [90] 

 
The success behind the CVD method can most probably found in its general simplicity, 

as for a successful synthesis one basically needs only a carbon source, a metal catalyst, a tube 

or dome with controlled atmosphere and high enough temperatures. This simplicity also 

holds great possibilities for a wide range of variation, as it is clearly demonstrated by the 

sheer number of CVD procedures found in literature. Some of the most notable types besides 

�W�K�H�� �³�V�L�P�S�O�H�´�� �&�9�' are the microwave plasma-enhanced CVD [91], filament assisted CVD 

[92], water assisted [93] CVD, alcohol CVD [94], etc. There are some common parameters 

though, that remain fairly constant in all CVD types, like the gases used for producing inert 

atmosphere. Almost exclusively nitrogen, argon or helium is used for that purpose [95]. The 

type of carbon source most commonly used also shows rather small variations, as mostly 

light hydrocarbons, (ethylene, acetylene, methane) [96,97,98,99], some aromatics (xylene, 

benzene, toluene) [100,101,102], alcohols (ethanol, 2-propanol) [103,104,105,106] are used. 

Other types of carbon sources were also tested, like polyacrylonitrile [107,108,109] or 

polypyrrole [110,111,112] that proved to be effective carbon sources, but the use of polymers 

cannot be considered widespread. 
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An impressive amount of studies dealt with the effect of catalyst types on the quality 

and/or quantity of the CNT products. MWCNTs were grown on iron [113,114,115,116], 

cobalt [117,118,119] and nickel [120,121,122] while SWCNT production is also possible on 

iron [123,124,125,126] cobalt [127,128,129] and seldom on nickel [130]. Alloys of these 

metals are usually found to be more effective catalysts than standalone metals 

[131,132,133,134]. As it is clearly seen, transition metals are the most commonly used 

catalysts but some other metals were also studied for nanotube growth, like palladium [135]. 

The primary role of other metals though seems to be being a cocatalyst, which if used alone, 

does not show any activity from the perspective of CNT growth. Probably the most important 

cocatalyst is molybdenum which was added to both iron and cobalt [136,137,138,139,140]. 

Platinum, palladium and chromium were also tested as cocatalysts in conjunction with 

cobalt-nickel in order to lower the synthesis temperature to 773-823 K [141]. The necessity 

of such metals for this purpose however is questionable, as pure iron-cobalt or iron-cobalt-

nickel catalysts supported on aluminum are known to produce CNTs at temperatures as low 

as 673-723 K [142]. 

 
Figure 2.10. Large diameter CNT synthesized by sonochemical/hydrothermal method [144] 

 

Alternative methods for nanotube production also exist, like the 

sonochemical/hydrothermal technique that has also been used to synthesize CNTs apart from 

other carbonaceous nanostructures, like nanorods, nanowires, nanobelts or nano-onions. This 

process mainly yields nanotubes with relatively large inner diameters [143,144]. Another 

alternative method is the production of nanotubes through electrolysis, which was proposed 

relatively shortly after other commonly used methods [145,146]. In this method the alkali or 

alkaline-earth metals are electroextracted from their chloride salts by putting and melting 

these salts (LiCl, LiBr KCl, NaCl) in a graphite crucible which also serves as anode. Another 

graphite electrode (cathode) is immersed into the molten salt to close the circuit. Metals are 



 22 

said to play and important role in some radical reactions with the help of electrical potential 

at the graphite surface of the cathode, where the graphite is consumed to form nanotubes. 

 

2.3.3. Purification of carbon nanotubes 

Several methods have been developed for nanotube purification, mostly because most 

current synthesis methods do not provide clean nanotubes, instead different type of 

impurities are also formed as byproducts. Purification methods can be divided according to 

their nature: chemical purification, physical purification and multi-step purification. 

Chemical purification can happen in both wet and dry conditions. Wet conditions 

usually refer to oxidation in strong acid solutions, while the dry conditions usually refer to 

controlled etching in air or oxygen. Both approaches rely on the fact that amorphous carbon, 

carbon fragments, organics are generally more prone to oxidation then the graphitic structure 

of CNTs. It must be noted though, that such oxidation methods usually do not leave 

nanotubes intact, the tips of nanotubes for example are also affected in most cases. 

For wet methods probably the most common agents used are mineral acids, as they are 

relatively cheap, easy to handle and no complicated procedures are necessary 

[147,148,149,150,151]. It is important to understand, that while refluxing CNTs in 

concentrated acid for long periods of time indeed remove most impurities, nanotubes 

themselves are also likely to be damaged. Refluxing in low concentration acids for shorter 

times on the other hand usually do not remove all impurities, thus finding the proper balance 

is crucial. 

Oxidants other than mineral acids have also been studied for purification 

[152,153,154,155]. Such oxidants include potassium permanganate, hydrogen peroxide or 

metal cations of sufficiently high oxidation potential for example, but such methods are in 

many cases not used alone, as additional steps are required for the removal of solid leftovers, 

such as MnO2 after KMnO4 oxidation. In such cases agents not leaving byproducts behind 

are more preferable. 

An interesting method using alkali has been established for the simultaneous 

purification and opening of nanotubes [156,157]. Sodium hydroxide was physically mixed 

with MWCNTs at a ratio of 3:1, which was followed by a heat treatment at 973 K. This 

method seemed to remove catalyst metal particles, amorphous carbon and catalyst support 

but did not damage the sidewalls of nanotubes. 

Microwave-assisted purification of CNTs in acid solutions have also appeared in recent 

years [158,159,160,161]. It exploits the fact that concentrated acid was found to rapidly 
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absorb microwaves, allowing a quick dissolving of metal particles without the damaging of 

tubes. Hydrogen peroxide was also tested with the microwave-assisted technique, and it was 

found that H2O2 exhibited a higher oxidizing power towards amorphous carbon and metal 

particles than HNO3 over a range of temperatures, indicating that H2O2 is a more preferable 

purification agent in this case [162]. 

Purification of CNTs can also be conducted in gas phase, where dry or wet air, carbon 

dioxide, hydrogen or ammonia are commonly used. Thermal oxidation in air at moderate 

temperatures is effective at removing carbonaceous impurities as the presence of oxygen may 

result in breaking of CNT walls and weakening of the binding between entangled CNTs. As a 

result, amorphous content can be etched away from the walls [163,164]. It is important to 

choose the annealing temperature well, so that the vast majority of nanotubes are not etched 

away along with the impurities. Studies have found that amorphous content generally starts 

to decompose at 753 K, thus temperatures much higher than this will easily result in the 

decomposition of nanotubes as well [165]. 

Other gases have also been used to purify CNTs, like carbon dioxide, hydrogen or 

ammonia. CO2 was found to be suitable for the selective removal of disordered carbon 

�F�R�P�L�Q�J�� �I�U�R�P�� �W�K�H�� �Q�D�Q�R�W�X�E�H�� �W�L�S�V�¶�� �G�H�V�W�U�X�F�W�L�R�Q�� �>166]. High temperature H2 can be used to 

remove both amorphous carbon and carbon coating on metal catalyst particles [167], and 

NH3 was used as a safer alternative to hydrogen [168]. 

There are also physical methods to purify carbon nanotubes, of which the most 

prominent ones are filtration, ultrasonication and chromatography. Although filtration is an 

easy a cheap solution, it has disadvantages, as the method is known to leave some amorphous 

content on the nanotube surfaces. It was also found, that this method is not well usable for 

low quality soot generated by arc discharge for example [169,170,171]. Sonication is an 

effective process for the removal of amorphous impurities, but sonicated nanotubes are also 

known to have a high concentration of defects. The outer graphitic layers were also found to 

be stripped off, leading to the thinning of nanotubes. Solvents were also found to alter the 

extent at which nanotubes get damaged mostly because of the difference in energy transfer 

capabilities of the different liquids [172,173]. High performance liquid chromatography 

(HPLC) [174] and size exclusion chromatography (SEC) [175,176] were also proposed for 

cleaning nanotubes. 

 

2.3.4. Modification of carbon nanotubes 
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Carbon nanotubes are inherently inert chemically, which makes them unsuitable for 

most applications. This was probably the main driving force behind the many attempts made 

to modify CNTs, which modifications open up a wide range of possibilities for CNT 

application. There are several types of modifications available depending on the goal of the 

method. Nanotubes can be functionalized for attaching sidewall functional groups; doped for 

inserting nonisoelectronic atoms into the carbon structure (other doping types also exist); 

decorated with various nanoparticles, organic compounds; and filled with atoms, molecules, 

nanoparticles, nanowires. 

 
Figure 2.11. Atomic structure and isosurface for the electron density distribution for the top valence 

band below the Fermi level. A) C6H6 adsorbed (9,0) SWNT. B) C6H12 adsorbed (9,0) SWNT. Coupling of 
�W�K�H���Œ���H�O�H�F�W�U�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���P�R�O�H�F�X�O�H���D�Q�G���W�K�H���6�:�1�7���F�D�Q���E�H���V�H�H�Q���L�Q���W�K�H���F�D�V�H���R�I���E�H�Q�]�H�Q�H���D�G�V�R�U�S�W�L�R�Q���>177] 

 
Functionalization itself means, that the foreign component introduced does not form a 

separate phase, instead it is attached chemically or otherwise to the CNTs. It is not 

irreversible, defunctionalization can happen either chemically or physically. There are two 

basic categories of functionalization: noncovalent and covalent. Noncovalent 

functionalization mainly utilizes physisorption and subsequent organization of different 

substances on the surface of nanotubes [177]. It includes hydro�S�K�R�E�L�F�����Œ-�Œ���V�Wacking, Van der 

Waals and electrostatic interactions. Noncovalent functionalization has several uses, like the 

sorption of octadecylamine on SWCNTs for example, which allows the separation of 

semiconducting nanotubes from metallic ones [178]. Attaching various proteins, like 

cytochrome c, glucose oxidase, bovine serum albumin and many others [179,180,181] is also 

possible. Other biomolecules were also found to attach to CNT surfaces well, which could be 

used to separate CNTs into fractions according to their electronic structures, diameters or 

helicity [182,183,184,185]. 

Covalent functionalization itself can be divided to first generation and second 

generation functionalization. First generation functionalization mainly consists of attaching 
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relatively simple functional groups to the surface by means of e.g. oxidation, halogenation 

thiolation, etc., while second generation functionalization utilizes well understood reaction 

routes to modify existing functional groups and attach a wide spectrum of organics, 

biomolecules and other materials. 

Probably the most widely used first generation functionalization is the oxidation of 

nanotubes. Oxidation can happen in liquid or gas phase with various agents. The first method 

to oxidize nanotubes in gas phase was conducted in air at elevated temperatures above 973 K, 

where caps and outer layers of nanotubes were found to be oxidized away [186]. A better, 

more controllable approach could be utilizing nitric acid vapor as a simple way to introduce 

oxygen containing groups to nanotube [187]. Photo-assisted oxidation of CNTs has also been 

investigated using oxygen [188,189]. Gas phase oxidations have an advantage of being able 

to omit filtration, washing and drying steps. The liquid phase oxidation however shows much 

greater acceptance, as it seems to be more variable allowing far greater control over the 

product. For this purpose different oxidizing agents, like HNO3, H2SO4, piranha 

(H2SO4/H2O2 mixture), H2O2 NH4OH/H2O2, HCl and others have investigated 

[190,191,192,193,194]. It has been found that nitric acid oxidation usually resulted in a high 

amount of oxygen containing functional groups, while piranha oxidation was found to 

usually attack existing damage sites, which led to shortened nanotubes. The usage of H2O2 

without H2SO4 was efficient at oxidizing nanotubes without damaging their skeleton. HCl 

usually does not yield notable amount of functional groups, thus it is better suited for 

purification of nanotubes. 

Second generation functionalization mainly uses long-established chemical reaction 

routes to modify functional groups already attached to the surface of nanotubes though first 

generation functionalization. Fluorinated nanotubes for example can be further modified by 

reacting with magnesium bromide or alkyllithium precursors to generate sidewall-alkylated 

nanotubes [195] or with organic peroxides like lauroyl peroxide or benzoyl peroxide to 

produce undecyl or phenyl sidewall functionalized nanotubes [196]. The carboxylic group of 

oxidized CNTs can be used to create amino functional groups via the Hofmann 

rearrangement or Curtis rearrangement [197]. Carboxylic groups have also been subjected to 

silanization to attach silane groups containing epoxy end-groups, which was intended to 

increase the compatibility of CNTs with a polymer matrix [198]. The attachment of 

biomolecules have also been reported via second generation functionalization, where 

carboxyl groups are first converted into acyl chloride via reduction with thionyl or oxalyl 

chloride, then porcine pancreases lipase, amino lipase or lysine are attached via amidation of 
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the previously formed acyl chloride [199,200]. The production of polypeptide-grafted CNTs 

is also possible by using amine-functionalized nanotubes [201]. As it is clearly seen, the 

attachment of a wide variety of molecules is only limited by the functional groups initially 

attached to the surface of CNTs and the type of reaction used. Since reactions with carboxyl 

groups and other simple molecules are well understood within organic chemistry, the 

possibilities for attaching a wide variety of organics and biomolecules to CNT surfaces are 

almost limitless. 

 

2.3.5. Carbon nanotubes in catalysis 

Carbon nanotubes have also been proposed to be used in the field of catalysis and much 

work has been done in this area. The reason researchers envisioned great possibilities for 

CNTs in this field is the resistance to acidic/basic media which allows use in harsh 

environments; high purity which helps avoiding self-poisoning; good thermal stability and 

conductivity that resist and limit catalyst damaging hot-spots; possibility to control the 

surface chemistry; specific metal-support interactions due to good electrical conductivity; 

and finally recoverability of supported metal catalysts by burning the carbonaceous support. 

MWCNTs are also said to be advantageous over many other support materials because of its 

inherent mesoporous structure, which allows better adsorption, diffusion and desorption of 

chemical species then found on supports with micropores. Also, the possibility to perform 

reactions in confined space has also been found an attractive option. Because of the 

aforementioned properties, carbon nanotubes have been studied to be used as support in 

many type of reactions, like hydrogenation, dehydrogenation, oxidation, ammonia synthesis, 

polymerization, hydrotreatment, etc. 

The support material holds great significance, as demonstrated by several 

hydrogenation studies, where different supports were compared. In a hydrogenation reaction 

of benzene, CNTs were generally found advantageous over other supports, as with an equal 

loading, the nanotube supported Pd catalysts were found to yield higher conversion then 

zeolite or AC supported ones [202]. Also, the study revealed that if diluted Pd salt solutions 

were used for the support impregnation, smaller particles were obtained. Another study 

compared pristine and oxidized nanotubes and AC as supports, where results showed that 

while all samples showed similar initial conversions despite AC having several times higher 

specific surface area, the AC based catalyst deactivated much faster than CNT based ones, 

which again proves why CNTs can be better supports. [203]. The study also revealed an 

increase in particle diameter on spent catalysts, which can be the result of nanoparticle 
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sintering during the activation process. In the hydrogenation of phenyl-acetylene CNT, AC 

and carbon black supported catalysts showed high conversions, but Pd/CNT showed the 

highest selectivity. The AC supported catalyst also showed agglomeration of particles [204]. 

It can thus be seen, that there are several examples where nanotube supported catalysts show 

better performance from the perspective of catalyst deactivation, particle agglomeration, 

particle loading and selectivity. These beneficial effects are said to come from geometric, 

textural and electronic effects as also stated �L�Q���D���F�R�P�S�D�U�D�W�L�Y�H���V�W�X�G�\���Z�K�H�U�H����-Al 2O3 and SiO2 

were compared with CNTs [205]. 

 
Figure 2.12. Ni nanoparticles on the inner side (left image) and outer side (right image) of carbon 

nanotube walls [207] 
 

Also, confinement effects within CNTs were also studied, as these are also thought to 

greatly contribute to better catalyst performance on CNT supports. While normal methods, 

like the wet impregnation method, usually deposits nanoparticles on both the inner and outer 

surface of nanotubes, several methods were developed for the selective incorporation of 

nanoparticles to the inner side of nanotubes. Some notable ones are the reduction of 

organometallic precursors in supercritical carbon dioxide [206] or using surface chemistry to 

attract and repel nanoparticles on the inner and outer side of nanotubes, respectively [209]. 

By suspending nanoparticles in aqueous or organic solvents, nanoparticles can be selectively 

deposited on either the outer or inner surface, respectively [207]. Catalytic tests were also 

performed on such nanotubes. The selective hydrogenation of cinnamaldehyde for example 

showed an improvement in C=O hydrogenation, rather than C=C hydrogenation when Pt 

particles were located inside larger diameter nanotubes rather than on the outside of smaller 

ones [208]. In another hydrogenation reaction of cinnamaldehyde Pt-Ru nanoparticles were 

confined inside nanotubes, which showed similar beneficial effects. They showed higher 

selectivity towards the formation of cinnamyl alcohol if compared with particles deposited on 

the outside of the walls [209]. Pd particles were also found to show beneficial effects when 
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supported on the inner nanotube walls. In a liquid phase reaction Pd particles showed better 

conversion then particles supported on other supports [202]. The beneficial effects of 

confinement on chemical reactions were also studied by theoretical studies [210,211,212]. It 

has been shown that chemical reactions can be influenced by confinement due to the reduced 

reaction volume which probably helps reactants collide more frequently as explained by the 

collision theory of chemical reactions. Also, the rate of reactions can be altered by several 

orders of magnitude within narrow ranges of pore sizes. When gas phase was compared to 

confined space, the endothermicity and reaction barrier were considerably reduced inside 

nanotubes. Also, the beneficial effect on selectivity in some reactions has been attributed to 

the absence of functional groups within the nanotubes. 

Adsorption-desorption is also of paramount importance on carbon nanotubes from a 

catalytic point of view, thus much effort was made to understand these processes 

[213,214,215,216,217]. Studies showed that hydrophobic, and �Œ-�Œ���L�Q�W�H�U�D�F�W�L�R�Q�V��are the most 

important factors that govern hydrocarbon adsorption onto carbon nanotubes. Hydrocarbons 

�F�R�Q�W�D�L�Q�L�Q�J���Œ���H�O�H�F�W�U�R�Q�V��were found to adsorb more readily onto carbon nanotubes than those 

without them. If nanotube surfaces were modified by functional groups, no relation was 

found between the adsorption of organics and the extent of functionalization. Electron donors 

such as PAHs were found to adsorb much stronger with the progress of functionalization, but 

electron acceptors such as nitroaromatics show an increase of adsorption only after mild 

oxidation. In an electrochemical experiment surface hydrogen was also found to be affected 

by functionalization. The accumulation of carboxylic groups by oxidation on carbon surfaces 

can increase surface conductivity by providing a mobile proton layer along the surface of 

carbon particles. This enhances the ability of spilled over hydrogen to diffuse to other 

supported metal nanoparticles more quickly, thus further lowering the inhibition effect of 

diffusion of reactants. It is unclear however if this effect is as strong in gaseous medium as in 

liquid medium. In a paper the adsorption of various C6 hydrocarbon rings were also studied 

on various mesoporous supports [218]. It has been found that the adsorption of the aromatics 

is sensitive to pressure changes on carbon nanotubes, which makes them suitable for 

hydrogenation reactions in more saturated feeds. 

 

2.4. Decorating carbon materials with metal nanoparticles 

Carbon materials can be decorated with metal nanoparticles through physical, chemical 

and electrochemical methods. Probably the most convenient method to deposit nanoparticles 

on carbon surfaces is during the synthesis of the carbon material itself. Nanoparticles such as 








































































































































