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Zusammenfassung 

 

Bor-dotierte (B-MWCNT) und Phosphor-dotierte (P-MWCNT) Kohlenstoffnanoröhren 

wurde mittels chemischer Gasphasenabscheidungstechnik erfolgreich hergestellt. Durch die 

Verwendung unterschiedlicher Kohlenstoffquellen und Dotierungsmitteln zeigen die  

Phosphor- und Bor-dotierten MWCNTs unterschiedliche Strukturen. Dabei treten neben 

vertikal ausgerichteten, hohlen vertikal ausgerichteten, Y-förmige auch horizontal 

orientierte Nanoröhren auf. Die dotierten MWCNTs wurden unter Verwendung von Raman-

Spektroskopie,Rasterelektronenmikroskopie,Transmissionselektronenmikroskopie (in 

Kombination mit Elektronenenergieverlustspektroskopie) und Röntgen-Photoelektron 

Spektroskopie umfassend charakterisiert. Neben der physikalischen Charakterisierung 

wurden sowohl die  B-MWCNTs als auch die P-MWCNTs elektrochemisch untersucht, indem 

als Modellredoxsystem [Fe(CN)6]3−/4− in KCl Lösung angewendet wurde. Die hergestellten 

Elektroden wurden dann für das biologisch relevante Dopamin/Dopaminchinone Redox-

System (in Phosphatpufferlösung, pH=7) angewendet. Hierfür wurden sowohl die Zyklische 

Voltametrie als auch die Elektrochemische Impedanz Spektroskopie verwendet. Im 

Folgenden wurden die Effekte der Oberflächen-funktionalisierung mit Goldnanopartikeln 

(AuNP), Oxidation mit Piranha Lösung und Säurebehandlung mit HCl auf die 

elektrochemischen Eigenschaften von B-MWCNTs und P-MWCNTs studiert.  Auch hier 

wurde sowohl das Modellesystem [Fe(CN)6]3−/4− als auch der Anwendungsfall mit dem 

Dopamin/Dopaminchinone Redoxsystem betrachtet. Die Ergebnisse zeigen, dass das 

elektrochemische Verhalten von  B-MWCNTs und P-MWCNTs stark durch die 

Nanoröhrenstruktur und Konfiguration (einzelne Nanoröhren oder Cluster- Nanoröhren), 

sowie durch die Anwesenheit  von amorphen Kohlenstoffstrukturen auf der 

Nanoröhrenoberfläche beeinflusst wird.   Y-förmige B-MWCNTs zeigen einen schnelleren 

Elektronentransfer im Vergleich zu vertikal ausgerichteten dotierten B-MWCNTs und P-

MWCNTs welche teilweise mit amorphen Kohlenstoffstrukturen bedeckt sind.  Die Kinetik 

für den Elektronentransfer auf Y-förmige B-MWCNTs und P-MWCNTs mit Kohlenstoff auf 

der Oberfläche lässt sich durch den Einsatz von AuNP weiter verstärken. 
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Abstract 

 

The catalytic chemical vapor deposition method was applied for the synthesis of B-MWCNTs 

and P-MWCNTs. P-MWCNTs and B-MWCNTs with different structures, namely vertically 

aligned, hollow vertically aligned, Y-shaped and horizontally oriented nanotubes were 

produced by using different doping and carbon source materials. The B-MWCNTs and P-

MWCNTs were characterized using Raman spectroscopy, scanning electron microscopy, 

transmission electron microscopy in combination with electron energy loss spectroscopy 

and X-ray photo electron spectroscopy.  The B-MWCNTs and P-MWCNTs were 

electrochemically studied by using either [Fe(CN)6]3−/4− redox system in KCl solution or 

dopamine/dopamine quinone redox system in phosphate buffer solution (pH=7) by means 

of cyclic voltammetry and electrochemical impedance spectroscopy.  The effects of surface 

functionalisation with AuNPs, oxidation with piranha solution, and acid treatment with HCl 

on the electrochemical response of B-MWCNTs and P-MWCNTs towards [Fe(CN)6]3−/4−  and 

dopamine/dopamine quinone were also studied. The results demonstrated that the 

electrochemical behaviour of B-MWCNTs and P-MWCNTs is strongly influenced by the 

nanotubes structure and configuration (sole nanotube or cluster nanotubes) as well as by 

the presence of reaction by-product on the nanotube surface such as carbon cluster and 

onion-like carbon.   Y-shaped B-MWCNTs show faster electron transfer compared to either 

vertically aligned B-MWCNTs or P-MWCNTs with nanographitic carbon cluster. The kinetic 

for electron transfer on Y-shaped B-MWCNTs and  P-MWCNTs with nanographitic carbon 

cluster enhances upon AuNPs functionalisation. 
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Abbreviations 

 

BA Boric acid 

B-MWCNTs Boron doped multi-walled carbon nanotubes  

CV Cyclic Voltammetry 

CVD Chemical vapor deposition 

DOPA Dopamine 

EDX Energy-dispersive X-ray spectroscopy 

EELS Electron energy loss spectroscopy 

EIS Electrochemical impedance spectroscopy 

FeCp2 Ferrocene 

FWHM Full width half maximum 

HOPG Highly oriented pyrolytic graphite 

MWCNTs Multi-walled carbon nanotubes 

P-MWCNTs Phosphorus doped multiwalled carbon nanotubes  

SEM Scanning electron microscopy 

SWCNTs Single walled carbon nanotubes 

TEB Triethyl borate 

TEM Transmission electron microscopy 

TPP Triphenyl phosphine 

XPS X-ray photoelectron spectroscopy 

UV-VIS Ultraviolet–visible 
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Introduction and motivation 

Carbon is one of the most widely used materials in electrochemistry and utilised across a 

wide range of applications starting from metals production, energy storage, energy 

conversion to electroanalysis. Carbon-based electrodes are available in a wide range of 

electrode sizes from submicron electrodes to electrodes with areas in square meters [1]. 

Carbon has relatively inert electrochemistry, low background current, and rich surface 

chemistry. It can be prepared with different functionalities and affinities to increase its 

sensitivity and selectivity [2].   

In electroanalysis, carbon-based electrodes allow for the scanning of more negative potential 

than platinum or gold and have a large anodic potential window [2]. Performance 

improvement and better utilisation of carbons in electrochemical applications are needed to 

achieve more reliable measurement in detection limit, increased sensitivity, and improved 

selectivity of the electrode in an electrochemical sensor.  

Carbon has an electron configuration of 1s2 2s2 2p2. Carbon has the ability to form many 

allotropes. Carbon allotropes are available in various crystallographic structures, ranging 

from a simple graphite-like structure to a complex structure. Graphite, graphene, diamond, 

fullerene, and carbon nanotubes are the well-known allotropes of carbon [3]. Each carbon 

allotrope shows different physical and chemical properties. The difference among these 

carbon allotropes is the relative density of the edge and basal planes of the surface which 

influences the electrochemical reactivity on the electrode surface [4].  

 
Because of the various types of chemical bonding in their lattice network, the surface 

chemistry of carbon materials is significantly more complex than metals [2]. Since the kinetic 

and chemical reactivity of electrodes is an interfacial surface reaction, the structure an the 

electrochemical and physicochemical properties of the carbon surface are obviously 

important. 

Carbon nanotubes (CNTs) are part of the fullerene family of carbon allotropes. A single 

walled carbon nanotube (SWCNT) can be viewed as a sheet of graphene rolled into a 
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cylinder, whereas multi-walled carbon nanotubes (MWCNTs) are multiple concentric 

cylinders of rolled up graphene, separated by nearly the same distance as the interlayer 

spacing of graphite (0.34 nm) [5]. MWCNTs exist in several morphological variations 

depending on the production parameter. MWCNTs can be formed as a hollow tube, 

herringbone, or as a bamboo-like structure. 

Carbon nanotubes are attractive because of their structures and electrochemical properties. 

The super hydrophobic properties of MWCNTs minimise the fouling of the electrode surface 

[6]. MWCNTs have remarkable properties to mediate fast electron-transfer kinetics for a 

wide range of electroactive species [7]. They also have high conductivity and a high aspect 

ratio, which help them to form a network of high sensitivity conductive tubes.  

The conductivity of CNTs and graphene is related to their sp2 hybridisation and density of 

states. In sp2 hybridisation of CNTs and graphene, only three of the four valence electrons of 

a carbon atom are used in a sigma bond. It is possible for the other electrons in the p orbital 

to overlap with other p orbitals from their neighbour and move freely within the localised п 

orbitals. CNTs and graphene show good conductivity in the planar direction. Compared to 

CNTs, diamond has a face center cubic  structure with sp3 hybridisation. Having a very large 

5.5 eV energy gap, diamond demonstrates low conductivity and high resistivity [8]. Due to 

their poor electrical conductivity, most diamonds are rarely used as electrode material. 

Boron, nitrogen, and phosphorus are usually used for the doping to increase the conductivity 

of diamond [9]. 

Although CNTs have relatively inert electrochemistry, studies revealed that the electronic 

properties of CNTs are sensitive to surface adsorption of various molecules [10]. These 

important properties form the basis of most electrochemical sensors based on chemo 

resistance and conductometry in electroanalysis. MWCNTs exhibit a higher adsorption 

capacity than SWCNT. High orientation MWCNTs have high electron transfer and specific 

capacitance than SWCNT [11].  

Because of their capability to form various hybridisation sp, sp2 and sp3, carbon atoms in the 

MWCNTs structure are able to arrange themselves into a variety of different polygons, not 

just hexagons to form different structures. The theoretical calculation of a non-hexagonal 
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structure in an atomic carbon network permits the formation of a dangling bond and 

generates a vacancy in the CNTs structure [12]. Theoretical simulations show that defects, 

associated with dangling bonds, should enhance the reactivity of CNTs sidewall [13].  

The forces that govern the adsorption of molecules to CNTs are strongly influenced by the 

structure of the carbon atoms in the lattice network, the surface functional groups, and the 

structure of adsorbates. The interactions between the CNTs surface-adsorbate that control 

adsorption precipitation mechanism include electrostatic, hydrophobic effects, dipole-

dipole interactions, induced dipoles, and covalent bonds [14]. Adsorption of molecule and 

nanoparticle can dramatically influence the reactivity and electrocatalytic activity of CNTs 

electrode [15]. 

CNTs are anisotropic material, which implies different properties in different directions. The 

side walls of an MWCNTs structure can be compared to the graphite basal plane of highly 

oriented pyrolytic graphite (HOPG) and the open end corresponds to the edge plane (HOPG). 

MWCNTs and HOPG are different in geometric shapes. MWCNTs are even more sensitive to 

adsorbate than HOPG surface [16]. The electrical conductivity of the carbon nanotube is 

anisotropic [17]. CNTs have the highest aspects ratio edge/basal plane, compared to graphite 

and amorphous carbon. The upper part of CNTs relate to the edge plane of HOPG, whereas 

the tube walls have been linked with the basal plane HOPG [18]. The observed reactivity of 

CNTs is strongly influenced by defect density in basal plane and edge planes. The defect 

density of CNTs can be modified by doping and radiation [19]. 

In a simple structural consideration, it has been suggested that CNTs can be regarded as 

having the perfect hexagonal carbon network. Substitutions of carbon atoms in the 

hexagonal network will generate some defects in the hexagonal network. The presence of 

defects in the hexagonal network of CNTs affects the materials properties such as the 

electronic structure, optical absorption, chemical reactivity, as well as mechanical properties 

[16]. 

MWCNTs are structurally equivalent to multiple sheets of graphene rolled into a tube. 

Conduction in MWCNTs occurs via the delocalised π-electron system. Since phosphorus has 

five valence electrons, boron has three valence electrons, and carbon has four valence 
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electrons, the substitution of carbon atoms in the honeycomb lattice of an MWCNT by 

phosphorus and boron atoms will, in general, change the local hybridisation of sp2 bond of 

MWCNTs. Dopant atoms modify the local electronic structure sp2 bond carbon materials and 

change the basal plane structure of MWCNTs. The substitution of an atom in different size 

into the basal plane of the carbon nanotube will damage the perfect hexagonal carbon 

structure in sp2 conjugated graphene sheets, mediate vacancy, and produce Stone-Wales 

defects [20]. 

The aspects of nanotube production, structure, defects, and the additional of electron 

mediators have to be considered to obtain a better relationship among the CNTs structure, 

the production parameter, and their electrochemical properties. 

The overall objective of the present works includes the production of P-MWCNTs and B-

MWCNTs, their electron microscopic, their Raman spectroscopic, and their electrochemical 

properties. Electrochemical characterisation by means of cyclic voltammetry and 

electrochemical impedance spectroscopic was done in order to study the interplaying 

relationship between the sidewall structure, defect, nanoparticle, sidewall-end tube 

functionalisation and the electrochemical properties of MWCNTs. 
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Chapter 1 

Literature review 

 

1.1. Carbon nanotubes 

Carbon nanotubes are cylindrical molecules of carbon with a diameter of 1-100 nm. The 

electrochemistry of carbon nanotube represents one of the most interesting researches in 

carbon material. CNTs based electrodes exhibit higher sensitivities, lower limits of detection, 

and faster electron transfer kinetics compared to traditional electrodes [21]. 

The key feature of CNTs electrochemical reactivity is the curvature of the graphene sheet in 

the nanotubes. The uniform distribution of electron clouds around the C-C backbone in 

graphite is transformed into an asymmetric distribution, both inside and outside the 

cylindrical sheet in CNTs. When the electron clouds are distorted, a rich π-electron 

conjugation is formed outside the tube, resulting to higher surface activity of carbon 

nanotubes [22]. The hetero atom doping of MWCNTs has become an interesting subject of 

study, since it leads to power full controllability chemical properties of MWCNTs [23]. 

Consequently, there is a great interest for developing new synthesis methods for the 

production of new types of doped MWCNTs with different chemical properties. In this 

chapter, the structure, the effect of production parameters, and the electrochemical 

properties of CNTs are discussed.  

1.1.1. Structure 

A CNTs can be seen as cylinder isomers of large fullerene which is a planar-hexagonal 

arrangement of carbon atoms distributed in a honeycomb lattice. Structurally, CNTs can be 

classified into two basic forms, namely SWCNTs and MWCNTs. SWCNTs can be considered 

as the seamless wrapping of a single layer of graphene, whereas MWCNTs are the seamless 

wrapping of several concentric tubes of graphitic layers  

CNTs and graphite are constructed from the same basic units, hexagons of sp2-hybridised 

carbon atoms. The main difference of graphite and CNTs is the character of the C-C bonding. 

Due to the curvature of CNTs, the physicochemical C-C bonding of CNTs is pyramidalised, 

whereas C-C bonding of graphite is un-pyramidalised. Curvature in the nanotube introduces 
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misalignment of p-orbitals within the graphene sheet. The distortion of the electron cloud 

generated by the curvature yields a rich π-electron conjugation outside the tube and 

improves the electrochemical properties of CNTs. 

A SWCNT can be assumed as a rolled up  sheet of graphene at a certain chiral angle with 

respect to a plane perpendicular to the tube's long axis. The tube chirality of SWCNT 

represents the atomic structure of nanotubes. The tube chirality can be defined by a chiral 

vector that is determined by the relation R = na1+ma2, where n and m are integers and  a1 

and a2 are the unit cell vectors of the two-dimensional lattice of graphene sheets. When m is 

equal to 0, the nanotubes are called zigzag nanotubes, and when n is equal to m, the 

nanotubes are called armchair nanotubes and when m is not equal to n, the nanotubes are 

called chiral (Figure 1.1) [24]. 

 

Figure 1.1 Vector notation for different chirality structure [24]. 

MWCNTs consist multiple rolls of concentric graphene sheets. Each graphitic shell has a 

specific chirality index. The structural defects and the random distribution of chirality of 

each concentric graphitic shell make the MWCNTs properties different from SWCNTs. The 

structure of MWCNTs can be described in the various models: Swiss roll, Russian doll, and 

mix between Russian doll and Swiss roll. In the Russian doll model, sheets of rolled graphene 

are arranged in a concentric cylinder. In the Swiss roll model, a sheet of graphene is rolled, 

resembling a spiral or a parchment (Figure 1.2) [25–27]. 
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Figure 1.2 Layer model of MWCNTs [25,27]. 

1.1.2. General description of CNTs defects  

The defect in CNTs is strongly related to the defect in a graphene sheet. Defect-free carbon 

nanotubes are an idealisation. Defect-free carbon nanotubes exhibit a perfection of 

periodical crystal structure, the carbon atom positions arrange on repeating fixed distances. 

Thermodynamically, it is almost impossible to obtain zero defect density even in its highly 

pure crystalline system. The atom vibrations still occur even at zero temperature. The higher 

the temperature, the more the increase in the amplitude of its atomic vibration. CNTs defects 

can be distinguished into the following dimension:  

1. 0D zero dimension or point defect: vacancy, interstitial, impurities, re-hybridisation, 

Stone-Wales defect. 

2. 1D linear defects: dislocation, edge, screw. 

3. 2D surface defect: grain boundaries. 

4. 3D bulk defect: voids, cracks. 

Defects in CNTs can be intrinsic or extrinsic. Extrinsic defects are the perturbation of the 

crystalline order of CNTs with the presence of foreign atoms. Intrinsic defects refer to 

crystalline perturbation without foreign atoms. The intrinsic defect is created when an atom 

is missing from their ordinary position and form a vacancy related defect [28]. 
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Figure 1.3 Vacancy interactions in CNTs [28]. 

The single vacancy is the simplest form of defect in CNTs. Missing an atom in a hexagonal 

network of the basal plane of CNTs is a source of a single vacancy. The coalescence of two 

single atom vacancies can create a double vacancy defects (Figure 1.3). The removal of more 

than two atoms produces more complex defect configurations. Vacancy can be produced by 

post synthesis of CNTs through high energy electron or neutron radiation. The presence of 

foreign atoms with different valences can also introduce a vacancy in a carbon hexagonal 

network. Vacancy can also originate from the interaction of some dangling bonds. Vacancy 

can be obtained by the interaction of some pentagonal structures in the hexagonal network 

of carbon nanotubes. It was reported that the higher defects concentration in the wall 

structure and at the end of the MWCNTs exhibited the higher reactivity toward thermal 

oxidation [29].  

An interstitial defect in CNTs occurs when a small radius atom sits in an interstitial hole in a 

carbon lattice. The interstice  of a small atom in the centre of a carbon hexagon requires a 

prohibitively high energy. The energetically favoured position of the intercalation is between 

two carbon atom bonds or in a bridge configuration. The presence of vacancies facilitates 

interstitial small atoms such as hydrogen in the CNTs hexagonal network [30].  

There are many possible interactions between impurities and CNTs, such as chemisorption, 

physical adsorption, and substitutional impurities. The interaction between impurities and 

CNTs is strongly affected by the bonding between the impurities and the hexagonal network 

of CNTs. Van der Waals interaction is the main cause of physical adsorption. Chemisorption 
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involves covalent bonding between the impurities and the hexagonal network of CNTs. 

Chemical bindings are generated on the surface of CNTs. Impurities in the form of a foreign 

atom can be introduced into the CNTs lattice network through substitutional doping. In this 

case, the doping atom replaces a carbon atom in their lattice position. Due to their ability to 

form stable covalent bonding, boron, phosphorus, and nitrogen are very promising for CNTs 

doping. Owing to the different electron valences, it is possible to create p-type CNTs and n-

type CNTs by boron, phosphorus and nitrogen doping. In general, impurities in the hexagonal 

structure lead to the introduction of additional electronic states around the Fermi level and 

change the electronic structure of CNTs.  

Because of its electron configuration, carbon has the flexibility to form different types of 

hybridisation (sp, sp2, and sp3). The carbon atoms in the graphene sheet of CNTs condense 

in a honeycomb lattice due to their sp2 hybridisation. The substitution of the carbon atom in 

a hexagonal structures with a foreign atom perturbates its sp2 hybridisation. The change 

from sp2 to sp3 hybridisation can be induced by the formation of a pentagon or a heptagon 

in a hexagonal network of carbon nanotubes [31]. 

 

Figure 1.4 Re-arrangement of the Stone-Wales defect [32].  

The presence of a geometrical size other than hexagons such as pentagon and heptagon can 

be seen as a local defect [31]. A single pentagon or heptagon can be considered as having a 

topological defect. In a graphene sheet, four hexagons can be transformed into two 

pentagons and two heptagons (Figure 1.4) [32]. The 5-7-7-5 configuration is known in the 

literature as the Stone-Wales defect [33]. The 5-7-7-5 configuration modifies topological 

indices (n,m) along the SWCNT. The introduction of the 5-7-7-5 defect is represented by the 

change of helicity of the SWCNT structure. The helicity change of SWCNT will affect the 

change in the electronic structure of the SWCNT[16].  
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Figure 1.5 Dislocation in a).Basal plane and b).Edge plane of CNTs [34].  

A dislocation in a graphene structure refers to tilt boundaries and it is separated by two 

domains of different lattice orientations. A Dislocation-like defect can be induced by the 

presence of multiple defects such as topological defect, pentagon, heptagon, and vacancies. 

Dislocation occurs in basal plane and edge plane of CNTs (Figure 1.5) [34]. The tubular 

structure of CNTs is limited by hemispherical caps at the end of the cylinder. The 

hemispherical caps resemble a half of fullerene. The hemispherical carbon caps contain some 

rings of pentagons and hexagons (Figure 1.6). Each nanotube diameter has a specific cap 

arrangement. The structure of a hemispherical cap determines the chirality of CNTs [35].  

 

Figure 1.6 Pentagon and hexagon in nanotubes caps [35]. 

All dimensional defects in CNTs may influence the three-dimensional geometric structure of 

CNTs by causing bending, diameter changing, various types of edge plane stacking, and 

branch structure formation [36,37]. For instance, the coiled and the Y-shaped structure 

correspond with the presence of pentagon-heptagon in CNTs structure [38]. 

1.1.3. Production of CNTs by catalytic chemical vapor deposition 

Chemical vapor deposition (CVD) is quite a promising method for producing MWCNTs. CVD 

allows the synthesis of MWCNTs at lower temperatures, as compared to arc discharge and 

laser ablation. CVD appears to be very promising because MWCNTs can be synthesized with 

an economically viable process in a large-scale yield based process. However, it was reported 

that MWCNTs synthesized by arc discharge and laser ablation show better crystallinity than 
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CVD synthesis [39]. The production of MWCNTs using arc furnace and laser ablation 

methods includes the condensation of the carbon atoms produced by source evaporation. 

The working temperature of arc discharge and laser ablation is similar to the melting point 

of graphite about 3000-4000°C, while, the synthesis temperature used in CVD is around 500-

1200°C, lower than laser ablation and arc discharge [40,41]. 

 

CVD offers high efficiency and effectivity of MWCNTs fabrication. It also enables the use of 

various substrates and allows for the MWCNTs growth in various forms such as powder, thin 

film or thick film. In addition, CVD offers a better control of the growth parameters in order 

to synthesize the desired architecture of nanotubes on a patterned substrate. Synthesizing 

CNT through CVD allows to produce MWCTs in various geometric surfaces. 

 

CVD process can be divided into a several steps series. The first is a transport of carbon 

source and catalyst mixture to the reaction zone, the second is a surface diffusion process 

and film formation, and the third is a desorption of the reactant and reaction by-products 

followed by transport into a bulk gas phase (Figure 1.7) [42]. The transport process involves 

reactant evaporation, transport via convection, and a pyrolysis of the reactant. The surface 

reaction process involves the adsorption of the reactant species on the substrate surface 

sites by surface migration, followed by catalysed surface chemical reaction between the 

reactant species. The CNT growth mechanism includes the pyrolysis of the carbon source 

over the nanoparticles surface, diffusion of carbon into nanoparticle catalyst, and the 

precipitation of solid carbon due to saturation in the catalyst nanoparticle. 

 

During the MWCNTs synthesis in a CVD reactor, the precursor gas, intermediates (molecules, 

radicals), and final products (carbon, hydrogen and another by-product) always coexist. The 

interrelationships between controllable experiments and film properties in a CVD system 

are extremely complex. For the MWCNTs synthesis, many parameters, such as different 

types of carbon sources, catalyst, feeding rate, gas flow behaviour, gas carrier, gas 

composition, temperature, and deposition time can be controlled.  
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Figure 1.7 The main process in catalytical chemical vapor deposition [42].  

The composition of catalyst, the temperature, and  the type of carbon source material are the 

key points to control the CNTs synthesis. The catalyst composition and the type of carbon 

source material were varied in the CVD method. The lower the content of catalyst applied, 

the higher the content of amorphous carbon is observed; a higher content of catalyst applied 

results to greater quantity of residual metal nanoparticle. Amorphous carbon may appear as 

a product of un-catalysed pyrolysis of carbon sources, in which catalyst deactivation by 

amorphous carbon was reported. Catalyst deactivation leads to a decrease in the yield of 

CNTs [43].  

 

The molecular structure of a carbon source has detrimental effects on the structure and 

characteristics of MWCNTs. For instance, in CVD experiments using C2H2 and C60 carbon 

precursors, it was found that C2H2 leads exclusively to the growth of CNTs, and in the catalyst 

particle size range between 25 and 500 nm. In contrast, nanotube formation from C60 

appears only if the particle sizes are sufficiently small with an optimum condition between 

20 and 30 nm [44]. The CVD of some hydrocarbons (methane, hexane, cyclohexane, benzene, 

naphthalene, and anthracene) over MgO-supported Fe catalyst show that the chemical 

structure of hydrocarbon sources related to the morphology of CNTs deposits [45]. It was 

reported that molecules with a linear structure such as methane, ethylene, acetylene, 

generally produce straight hollow CNTs [39]. On the other hand, the pyrolytic of cyclic 

hydrocarbons such as benzene, xylene, and cyclohexane, produces relatively 

curved/hunched CNTs with the tube walls often bridged inside [39]. It was also observed 

that an unsaturated hydrocarbon has a higher yield and higher deposition rate than 
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saturated gas. Saturated carbon gasses tend to produce a high graphitised filament with 

fewer walls, compared to unsaturated gas [46]. It was reported that saturated hydrocarbons 

are favoured for SWCNT growth and unsaturated hydrocarbons for MWCNTs growth [46]. 

In some cases, the morphology of MWCNTs is not affected by carbon sources when a specific 

catalyst is used [46,47]. 

 

Ethanol is one of the most interesting carbon sources to produce CNTs by CVD. Since most 

of the metallocene catalyst can be dissolved in ethanol. In addition, for the production of 

CNTs, ethanol can dissolve a wide range of organic material with different functional groups 

for doping sources. Ethanol-based CVD enables the synthesis of various morphologies of 

CNTs, including random networks, vertically aligned arrays, and horizontally aligned arrays 

[48,49].  

 

In situ, mass spectroscopic analysis of alcohol during CVD shows that without a catalyst, at 

both 800°C and 1000°C, ethanol is decomposed into C2H4, C2H3, C2H2, and C2H respectively. 

Hydrogen and water are the other byproducts of ethanol pyrolysis. In the presence of Co/Mo 

catalyst, it was reported that at 600°C, ethanol pyrolysis is very active, while at 800°C, almost 

the entire ethanol group is decomposed [50].  

 

A CVD study with isotope labeled ethanol by 13CH3-13CH2-OH, 12CH3-12CH2-OH, 12CH3-13CH2-

OH, 13CH3-12CH2-OH shows that a carbon atom in ethanol does not contribute equally to the 

formation of single-walled carbon nanotubes. The second carbon atom was found to be 

incorporated into the SWCNT product more preferentially (up to 85%) than the first carbon. 

[51]. 

Some reports have mentioned the high yield production of CNTs with ethanol as a carbon 

source using various catalysts Fe, Co, Ni, Fe-Co, Fe-Ni, Fe-Mo, ferrocene, and Alumina [48,49]. 

Higher catalyst concentration in an ethanol solution leads to an increase of diameter of CNTs. 

The comparison of different aliphatic alcohol (methanol, ethanol, propanol, and butanol ) in 

the synthesis of CNTs by CVD shows that the average diameter of CNTs varies inversely with 

the number of carbon atoms [52]. CVD investigation with saturated ferrocene catalyst in 
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methanol, ethanol, propanol, butanol, pentanol, hexanol, heptanol, and decanol between 

800-850 °C, shows that the length of the carbon chain in aliphatic alcohol molecules affected 

the product’s crystallinity.  

The pyrolysis of C1-C3 alcohol yields a product with heterogeneous morphology. The product 

from methanol, ethanol, and propanol contains CNT and carbon amorphous. The pyrolysis 

of C4-C5 aliphatic alcohol yields a product with more homogeneous CNT than a CNT product 

of C1-C3 aliphatic alcohol. More curved CNTs with greater and large diameters can be 

obtained with the decomposition of C6-C10 aliphatic alcohol [53]. The comparative CVD study 

of alcohol and ketones using ethanol, acetone, isopropanol, and 2-butanone in a catalyst 

mixture of Mn and Co, impregnated in zeolite powder at 600 °C, shows that isopropanol and 

2-butanone resulted in higher carbon impurities than acetone and ethanol [54]. 

It was reported that the morphological characteristics of CNTs produced by ethanol 

decomposition differ significantly from the xylene and acetylene decomposition. The 

addition of a small amount of ethanol to ethylene/hydrogen in CNTs synthesis using 

Fe/Al2O3 catalyst reduces the number of CNT walls without changing the outer diameter, 

increases the catalyst lifetime, and enhances the rate of carbon conversion [55]. The addition 

of alcohol to a ferrocene-xylene mixture up to a volume ratio of around 1:0,1 

(xylene/alcohol) increases the average length of synthesized MWCNTs. After this optimal 

concentration, the increase of the alcohol content results to stronger oxidative atmosphere 

that hinders the MWCNTs growth [56]. 

The parametric study of SWCNT growth by ethanol decomposition in the presence of 

ferrocene catalyst indicates that the parameters such as temperature, heat transfer and 

substrate position in the furnace affect the morphology, the diameter and the crystallinity of 

nanotubes [57]. 

High purity SWCNTs can be formed by applying a high hydrogen flow. The high-temperature 

CNT synthesis studies around (1000-1200°C) using ferrocene/thiophene along with 

methanol, ethanol, isopropanol, and hexanol in the hydrogen-argon atmosphere show that 

methanol in hydrogen cannot produce any carbon product, while ethanol, isopropanol, and 

hexanol can produce SWCNT with amorphous carbon [58]. 
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A catalyst plays an important role in MWCNTs synthesis.  To produce MWCNTs, metal 

nanoparticles are commonly used to catalyse hydrocarbon pyrolysis at a lower temperature 

[59]. Nanoparticles have a high surface to volume ratio; whose properties are potential to 

provide a surface effect over bulk material. A catalyst nanoparticle has significantly 

depressed melting point and larger carbon solubility than a bulk catalyst [60].  

 

A catalyst acts as an active surface in the MWCNTs growth. The nanoparticle of transition 

metals is considered as the most effective catalyst in the CVD synthesis of MWCNTs. The 

suitability of the nanoparticle of transitions metals as MWCNTs catalyst is strongly affected 

by some factors such as catalytic activity for the pyrolysis of the volatile organic compound, 

an ability to form meta stable carbides, and the ability of carbon to diffuse through and over 

metallic nanoparticle [61]. The active site, catalytic site and catalytic activity of the catalyst 

depend on the interaction among the catalyst, substrate, reactant, and temperature. Liquid 

nanoparticles have higher carbon solubility than solid. Thermodynamically, carbon 

solubility in a catalyst depends on the material of the nanoparticle, temperature, the radius 

of the nanoparticle and surface tension [59]. Carbon solubility in a catalyst affects the CNTs 

nucleation and growth in several ways, such as increasing the carbon available site for 

growth, creating a concentration gradient as the driving force to accelerate CNT diffusion 

and influencing the growth of CNT cups [62].  

  

Iron, cobalt, and nickel are the most commonly used catalysts for CNTs fabrication [63]. The 

solubility of carbon at high temperature, the high carbon diffusion rate in those metals, and 

the adhesion between the carbon and the catalyst are the main reason for the selection of 

the transition metals catalyst [39]. Furthermore, the phase stability and high melting point 

of these transition metals offer a wide range of synthesis temperature for various precursors.  

 

It was also reported that some organo metallocene, such as ferrocene, cobaltocene, and 

nickelocene show good catalytic activity for CNTs growth [64,65]. Ferrocene in high 

concentration has been widely used as a precursor for CNT filled ferromagnetic material 

[66]. A range of other metals (Cu, Pt, Pd, Mn, Mo, Cr, Au, Mg, Al) can be used as a catalyst for 

SWCNT growth on a quartz substrate [67]. However, the limitation of a noble metal being 
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used to catalyse CNTs is low carbon solubility that effectively dissolves carbon when the 

particle size is very small (5 nm)[68]. Fe-Mo, Fe-Co, Co-Mo alloys have been used as catalysts 

for CNTs growth in previous studies [69–71]. Intermetallic alloy catalysts, Mo, and Co were 

used to increase the Fe sintering temperature. Due to chemical and thermal stability during 

synthesis, ceramic oxide nanoparticles like SiO2, MgO, Al2O3 either in crystalline or 

amorphous states, are the most commonly used catalyst support for CNTs synthesis [59].  

 

CNTs diameter represents one of the most interesting issues in CNTs synthesis. It was 

reported that the size of the catalyst determines the diameter and the type of CNT [72]. 

Investigation of growth condition by an iron nanoparticle shows that an iron nanoparticle 

with an average diameter of 3 nm, 9 nm and 13 nm yielded CNTs with wall diameters of 3 

nm, 7 nm and 12 nm, respectively. A large diameter iron nanoparticle produces MWCNTs 

with two or three layer whereas a small diameter iron nanoparticle produces SWCNTs [73].  

 

The reaction temperature is related to the kinetic and thermodynamic formation of CNTs. It 

has been reported that a high-temperature reaction CVD (900-1200 °C) yields SWCNT 

whereas a low-temperature reaction (500-900°C) favours MWCNTs growth [41]. The main 

effects of increasing the reaction temperature are the phase change of the catalyst, the 

increase in the catalyst particle size due to the sintering process, the formation of a by-

product of carbon source pyrolysis, and the increase in the complexity of the carbon source 

vapor. Temperature has multiple effects of increasing both, the diffusion coefficient and 

solubility of carbon, in the metallic nanoparticle. All of those processes will be affected by 

the diameter of the carbon nanotube and the yield of synthesis. The higher CNTs synthesis 

temperature is preferred due to fewer defects and better crystallisation; however, the too 

high temperature is not favored because of some disadvantages such as formation of 

amorphous carbon and catalyst deactivation [61]. The phase transformation of the catalyst, 

the solid-state reaction between the catalyst and the substrate, and the solid-state reaction 

between the catalyst and the support lead to a growth rate reduction of CNTs because of the 

decreasing of catalyst surface area. The mechanisms of solid catalyst deactivation include 

poisoning, fouling, thermal degradation, vapor compound formation and/or leaching, 
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accompanied by transport from the catalyst surface or particle, vapor-solid and/or solid–

solid reactions, and attrition/crushing [43].  

 

The feeding rate of carbon sources influences the synthesis duration of MWCNTs. A low 

feeding rate results in a low concentration of carbon source decomposition whereas a high 

feeding rate  leads to a higher concentration of hydrocarbon decomposition. The length 

distribution of CNTs was influenced by the duration of the catalytic growth of a nanotube 

[74]. The carbon feeding rate and catalyst concentration can be used to control single- or 

multi-walled carbon nanotubes growth. Any excess carbon feeding rate induces disorder in 

the CNT structure [75]. Additionally, the laminar flow and turbulence flow of carbon source 

in gas phase affect the morphology of CNTs. The laminar and turbulence flows can be 

estimated by Reynold numbers [76].  

 

Hydrogen prevents the poisoning of the catalyst surface by carbon deposition; hydrogen acts 

as an oxidising agent when it reacts with metals to form a hydride. Without a catalyst’s 

presence, that was reported that hydrogen inhibits carbon deposition and the inhibition of 

carbon deposition is very sensitive as to the carbon/hydrogen ratio [77]. The studies of 

hydrogen concentration on CNTs morphology indicate that high concentration of hydrogen 

from the high conversion of methane causes the quick reduction and sintering of the iron 

catalyst and inhibits the nucleation of DWCNTs [78]. Hydrogen works as a reactive gas than 

an inert gas in carbon nanotube synthesis. 

 

The substrate is also an important factor in the CNTs synthesis. A requirement for a substrate 

is thermal and chemical stability under synthesis condition. A physical and chemical 

interaction occurs between the catalyst, the substrate and the carbon source. The interaction 

mechanism includes Van der Waals forces, chemisorption, Physisorption, formation of an 

intermetallic compound by solid state reaction, or sintering. As reported in CNTs synthesis 

by alcohol catalytic chemical vapor deposition (ACCVD) on the conductive glass, porous 

alumina, nickel and quartz using iron and cobalt catalyst, the substrate plays an important 

role to determine the end of CNTs product.  Successful growth of CNTs can be achieved on 

conducting glass, nickel plates, and porous alumina substrates. CNTs grown on conducting 
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glass are MWCNTs. CNTs grown on nickel plates and porous alumina are SWCNTs. SWCNTs 

grown on nickel substrate have a higher diameter than those grown on porous alumina [79]. 

 

The formation of carbon filaments from acetylene decomposition on nickel catalyst was used 

as the basis of vapor liquid solid (VLS)  growth model of carbon fibers [80,81]. This model 

was introduced in1972 [82]. In 1995, the VLS model was applied by Saito to explain the 

growth process of single-walled carbon nanotubes in arc discharge [83].  

In the VLS mechanism, a gas, containing carbon sources, adsorbs and decomposes on the 

surface of the catalyst nanoparticle. Carbon, hydrogen and other molecules are formed as a 

decomposition product of carbon sources. The decomposed carbon diffuses within the 

nanoparticle to form a liquid metal carbide particle. Carbon saturation in nanoparticle occurs 

when the diffusion level of carbon reaches the solubility limit. Once carbon levels in the 

nanoparticle supersaturate, the carbon nanotube begins to grow. Depending on the diffusion 

process, the saturated carbon precipitate growth is often described as the tip growth or the 

base growth (Figure 1.8). In a tip growth model, the saturated carbon precipitate at the rear 

side of the nanoparticle grows to form a carbon filament in the base growth model, while the 

CNTs precipitate grows up with the catalyst nanoparticle rooted in the base [25]. The 

temperature and concentration gradient is the main driving force of the VLS mechanism [84].  

 

Figure 1.8 Tip growth and base growth model in vapor liquid solid [84]. 
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The SWCNT growth mechanism cannot be directly transformed into MWCNTs, because of 

the simultaneous nucleation and growth of several carbon walls for MWCNT. The lifting of 

MWCNTs cups must be followed by the formation of additional walls and cups of MWCNTs. 

The carbon diffusion mechanism in the catalyst is very important to determine the growth 

of MWCNTs. In the nanoparticle, carbon diffusion is not only on the surface but also in the 

sub surface (bulk diffusion) and in the outer of few atomic layer catalysts. The formation of 

inner walls by bulk diffusion of the carbon in the catalyst is possible in the MWCNTs growth 

by VLS mechanism [80]. 

In a VLS mechanism, the catalyst in a liquid droplet is the core of the whole reaction in the 

CNTs synthesis. The morphology of CNTs is related to carbon diffusion in the catalyst 

nanoparticle. The process of carbon diffusion in the catalyst is reflected on the CNTs 

structure. Catalyst diameter size corresponds to the diameter of the CNTs. The crystalline 

orientation of cataslyst determines the chirality of the CNTs. The geometric feature of the 

catalyst depends on the activity of the catalyst surface such as dissociation mechanism, and 

the method of surface carbon diffusion. Surface diffusion corresponds with the hollow 

structure of the CNTS. In hollow CNTs, surface diffusion is preferable instead of bulk 

diffusion [85]. Herringbone structure is related to the diffusion in a facet geometric catalyst 

[86]. In a bamboo structure, bulk diffusion is responsible for carbon accumulation in the 

catalyst surface. [87]. Details of the comparison of the growth mechanism of hollow, 

herringbone, and bamboo structures can be seen in Figure 1.9. 

 

Figure 1.9 Morphology and growth mechanism of MWCNTs [85–87].  
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1.1.4. Doping of CNTs with boron and phosphorus.  

The doping of CNTs  can be endohedral, exohedral, and substitutional. In endohedral doping, 

the doping materials are encaged inside the CNTs structure. Exohedral doping of CNTs 

involves the intercalation of a small atom or molecule into available empty space of the 

nanotubes arrangement. Substitutional doping defines that one or several foreign atoms 

substitute the carbon atoms within the hexagonal network of the lattice structure of a CNT. 

In the sp2 network of CNTs, it is possible to introduce some impurities as doping by replacing 

some  carbon atoms with other elements that roughly have an atomic radius close to 

carbon’s. It was reported that nitrogen and sulphur doping change the tubule morphology of 

CNT [88,89].  

Theoretical studies show that the presence of foreign atoms generates structural 

reorganisation due to the presence of pentagon and heptagon within the sp2 hybridised 

carbon lattice [90].  A boron atom contains one electron less than a carbon atom. Boron can 

be introduced into CNTs to manipulate their physical and chemical properties. Boron acts as 

p-type doping in CNTs. Since boron has a larger atomic radius than carbon, the presence of 

boron will result in a change in the hexagonal lattice network of CNTs. The distribution of 

boron inside carbon network determines the geometrical structure of the carbon nanotubes 

(Figure 1.10) [91].  

 

Figure 1.10 Boron doping arrangement and the geometrical structure of B-SWCNT [91]. 
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Theoretical studies predict that if boron replaces some carbon atoms in the graphene sheets 

of CNTs, the sp2 hybridisation of the hexagonal network is perturbated and local defects are 

formed. The substitution of a carbon atom with boron may initiate the formation of the 

pentagon in graphene sheet of CNTs [92]. The interactions of some pentagons in graphene 

sheets of CNTs induce the formation of the Stone-Wales defect and vacancies. The chirality, 

topology, diameter, and defect structure are strongly related to their electronic properties 

[93].  

CNTs doping can be performed via two processes, either by post-synthesis or directly during 

synthesis. Doping in post synthesis method can be prepared by a solid-state reaction or by 

gas to the solid reaction. In solid-state reaction, doping diffuses into MWCNTs structure in 

the high temperature and replaces a hexagonal network of the carbon nanotube. The 

limitation of a solid-state reaction is inhomogeneous of the doping surface, a higher than 

1000°C reaction temperature, and the formation of by-products from unreacted doping 

precursor. A 15% substation level of a carbon atom by boron can be achieved by solid-state 

reaction [94]. 

 B-CNTs can be produced by solid-state reaction of CNT with boron oxide in an argon 

atmosphere at 1100°C. Boron improves the degree of carbonisation of CNTs [95]. MWCNTs 

are stable up to 3000°C in an argon atmosphere. At 2200°C, the solid-state reaction between 

boron oxide and the MWCNTs does not affect the nanotexture of the MWCNTs [96]. As 

compared to boron oxide, boron shows different behaviour in solid-state reaction at high 

temperature. It was reported that boron induced the transformation of MWCNTs to rod-like 

graphitic carbon at 1800°C [97]. 

 

CVD allows the doping of synthesized CNTs at a lower temperature than solid state reaction. 

In CVD, it was reported that the variation in the boron concentration in B-MWCNTs leads to 

MWCNTs with different morphologies [98]. The advantage of direct doping by CVD is that all 

the CNTs are uniformly doped. Diborane, boric acid, triisopropyl borate, boron trifluoride, 

and magnesium boride can be used as doping sources for the synthesis of B-doped CNTs [99–

103]. Depending on the expected results, the synthesis of B-doped CNTs by CVD can be 

performed in a wide range of temperatures between 700-1200°C. It was reported that 
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increasing the amount of boric acid in the ferrocene-xylene mixture in CVD deteriorates the 

crystallinity of CNTs [100].  

 

Phosphorus atoms have one more extra valence electron than carbon atoms. P-CNTs exhibit 

p-type doping with an extra electron as a current carrier. Due to its larger atomic size 

compared to carbon, boron, and nitrogen, phosphorus may be  more difficult to substitute 

into a hexagonal carbon lattice network. However, experimentally, it was demonstrated that 

phosphorus can effectively work as a dopant in CNTs, either as a single substitutional dopant 

or as a co-dopant with nitrogen [104,105]. Compared to carbon-carbon bonding, 

phosphorus-carbon bonding may exist in different bonding configurations in CNTs because 

the length of C-P is longer than C-C. The typical length of bond C-C is about 1.41 A, while the 

length of C-P bond is about 1.8 and 1.79 A. On the other hand, the phosphorus atoms have 

42.9% greater atomic radius than carbon. The presence of phosphorus in carbon nanotubes 

produces a geometric strain of carbon nanotubes [106]. A suggested model of P-SCWNT 

structure can be seen in Figure 1.11. The excess of lattice strain by structure deformation 

creates a local defect and increases the reactivity of the CNTs [107].  

 

Figure 1.11 The structure of P-SWCNT due to longer P-C bond [106]. 

Triphenyl phosphine and phosphoric acid are typically used for the synthesis of P-CNTs. It 

was reported that the presence of phosphorus in MWCNTs decreases the length of the tube 

as compared to the un-doped tubes grown under the same conditions [104]. In the synthesis 

P-MWCNTs by decomposition of toluene in the presence of ferrocene catalyst, the increase 

of triphenyl phosphine concentration decreases the crystallinity of MWCNTs. The 

incorporation of phosphorus into the graphitic sheets and the formation of iron phosphide 

contribute to the loss of the crystallinity of CNTs [104]. P-MWCNTs can be produced by Fe/Ni 

catalyst, deposited on anodic alumina membrane containing phosphorus using 
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methane/hydrogen carbon precursors. P-MWCNTs structure containing a nanoparticle 

surrounded graphitic shell was reported  [108].  Thermal decomposition in a high vacuum 

CVD can be used for producing P-SWCNTs. With this method, the thermal decomposition of 

trimethyl phosphiphe, in the presence of an iron based catalyst, takes place at 900°C in a high 

vacuum condition [109]. Endohedral doping of phosphorus in SWCNTs can be obtained by 

means of vapor diffusion. SWCNTs and red phosphorus were reacted in a vacuum quartz 

tube at 440°C for 24 hours [110].  

1.1.5. Purification of MWCNTs 

Various types of hydrocarbons can be produced as the by-products of CNTs synthesis. The 

main impurities in CNTs synthesis are graphite, amorphous carbon, metal catalyst, fullerene, 

and polyaromatic hydrocarbons. The purification of CNTs can be divided into three main 

purification techniques, namely chemical purification, physical purification, and a 

combination of chemical and physical purification. Chemical purification can be performed 

by gas-phase oxidation or liquid phase purification. The limitation of gas oxidation is that the 

metal nanoparticle cannot be removed, and further acid treatments are needed.  

Due to their chemical reactivity, fullerene and polyaromatic hydrocarbon can be eliminated 

by treatment with an organic solvent. Acid treatment can be used to remove the metal 

catalyst. Amorphous carbon exhibits higher reactivity than graphite because of the more 

dangling bond. A high defect density allows the amorphous carbon to be removed by 

oxidation. A metal catalyst encapsulated by hydrocarbon cannot be dissolved in acid. The 

purity of CNTs does not only depend on the purification methods but also on the type of 

CNTs, morphology, structure, impurity size, particle size, curvature and crystallinity of the 

CNTs [111]. 

The CNTs purification results in a change of surface area, modification of active surface area, 

introduction of additional functional group and enhancement of defect density [112]. The 

most commonly used acids for CNTs purification are HCl, H2SO4, and HNO3 that help 

selectively eliminate amorphous carbon and iron nanoparticles. However, HNO3 has mild 

oxidation ability. The limitation of HNO3 is not only on oxidized impurities but also on the 

CNTs. Kinetically, the efficiency of metal nanoparticle dissolution and CNTs oxidation 
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strongly depends on the metal content, oxidation time, CNTs structure and temperature. HCl 

selectively removes amorphous carbon and metal catalyst. There is no significant effect of 

HCl on the CNTs structure except for the removal of the amorphous carbon and metal 

catalyst [113]. The surfactant can be used for nanotube purification. This method allowed 

nanotubes to flocculate, leaving the nanoparticle in suspension [114]. 

1.1.6. MWCNTs functionalisation via oxidation and nano particle decoration 

Oxidation is a simple method to purify CNTs and introduce oxygenated functional groups on 

CNTs such as hydroxyl, carbonyl, and carboxyl. The most commonly used oxidants for 

oxidation of CNTs are HNO3, and mixtures of HNO3-H2SO4, H2O2-H2SO4, KMnO4 -H2SO4, and 

H2O2-HCl. End-tube functionalisation and defects can be achieved by CNTs oxidation. The 

yield functionalisation of CNTs with acid oxidation depends on the type of acid, 

concentration, time, and temperature of reflux. CNTs functional groups generate 

electrostatic stabilisation and enhance CNTs solubility in water or polar solvent. CNTs 

functional groups can be used for starting the anchoring of nanotubes for further 

functionalisation. On the other hand, HNO3 can be used to open nanotube caps. CNTs, with a 

high density of oxygen-containing groups, can be produced via oxidation with hot 

concentrated HNO3. Concentrated HNO3 at room temperature demonstrates poor kinetic 

reaction for groups functionalisation of CNTs. 

A binary mixture of H2O2-H2SO4 (piranha) can be used to modify the CNTs structure under 

specific conditions. Piranha works effectively at high temperature to attack the existing 

damage site, generating vacancies in the sidewall, consuming the oxidised vacancies and 

decreasing the length of CNTs. The reaction between piranha and CNTs at low temperature 

minimises carbon loss and side wall damage [115]. It is possible to cut a CNT into a small 

fragment and decorate it with oxygenated functional groups. The combination of 

fluorination and piranha can be used in order to cut CNTs at a specific location and oxidize 

the CNTs. The process involves the introduction of sidewall damage by fluorination and the 

cutting side wall damage by piranha solution. This method allows the production of CNTs in 

short segments [116]. 
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CNTs with higher defects show a higher activity towards redox system. Because of this, it is 

reasonable to increase the disorder in the CNTs structure. Liquid phase oxidative 

functionalisation permits to remove the amorphous carbon and metal impurities, 

simultaneously decorating the CNTs 

Various nanoparticles that exist as a by-product of CNTs, including the carbon nanoparticle, 

a catalyst, and a graphite or an amorphous carbon can be formed by CVD. Metal or molecule 

clusters of a nanoparticle can be introduced to enhance the surface properties of CNTs, which 

is then either noncovalent or covalently bound to the CNT surface. The interaction between 

a nanoparticle and a CNT does not only exist at the defect’s site but also in a perfect hexagonal 

site. The electronegativity, the size of nanoparticle or cluster and the interaction between 

the impurity and lattice influence the physical properties of CNTs. CNTs-nano particle hybrid 

structure could be very sensitive to surrounding molecular species and photon illumination. 

The nano particle acts as a catalyst and the CNTs as transducer and catalyst support because 

of the high surface area, stability, and their unique mechanical properties [117].  

  

1.2. Electrochemistry of carbon nanotube 

The electrochemical properties of CNTs are greatly dependent on the structure and 

electronic properties, the interfacial surface structure, and the surface chemistry of CNTs. 

Those features determine the electrode kinetic and potential limits, background current, and 

interaction with molecules on electrode interfaces. 

CNTs have a more complex π conjugated surface, as compared to graphene. Graphene has a 

planar aromatic structure with a flat π conjugated surface whereas, in CNTs, π conjugated 

surface of graphene sheets rolled up into a concentric cylinder. The bending of graphene 

sheet in a three-dimensional structure of CNTs generates strain in the carbon framework 

and produces a non-planar π conjugated surface. Curvature-induced sp2 pyramidalisation of 

the carbon atom and the misalignment of π conjugated surface are responsible for the CNT’s 

reactivity [118]. The difference in chemical properties between the CNT’s sidewall and the 

CNT’s cups is determined by the nanotube curvature. The cup of CNTs resembles the half of 

a fullerene structure. Due to the higher curvature, the cups of CNTs contain more reactive 
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carbon atoms than the side wall [119]. The pyramidalisation angles (Ɵp) are charaterised by 

the angle between the π orbital and σ bonds, minus 90°[118]. (Ɵp) describes the reactivity of 

carbon allotropes. For comparison, graphene has (Ɵp) which equals 0° whereas C60 has 11.6° 

[120]. Theoretical calculation of SWCNT(n,n) pyramidalisation angles for n=3 to n=10, (Ɵp) 

vary between 11° and 2° [118]. 

In the open cups of CNTs structure, the tip of CNTs structure is attributed to the edges plane 

of the HOPG, and the tube walls are linked to the basal plane of the HOPG. Experimentally, it 

was reported in HOPG that the basal plane exhibits a slower electron transport kinetic than 

the edge plane. For instances in [Fe(CN)6] 3-/4- redox system, the heterogeneous electron 

transfer rate constant of basal plane HOPG is smaller than 10-6 cm/s whereas the edge plane 

HOPG is around 0.06-0.10 cm/s [121]. 

1.2.1. Density of states and charge transfer of CNTs 

CNTs have a varied density of state (DOS) which depend on chirality and tube diameter 

[122,123]. DOS is related to the number of states per interval energy at each energy level 

that is available to be occupied. DOS can be calculated from the band structure according to 

the following equation: 

 𝐷𝑂𝑆 =
𝑑𝑁 

𝑑𝐸
=

𝑑𝑁 

𝑑𝑘

𝑑𝑘

𝑑𝐸
 (1.1) 

   

Where N is the number of states, E the energy and k a wave vector. 

In an electrochemical reaction, the electrochemical potential  is equivalent to the Fermi level 

in the DOS of a redox system: 

 𝜇𝑒,𝑟𝑒𝑑𝑜𝑥 = 𝐸𝑓,𝑟𝑒𝑑𝑜𝑥 (1.2) 

   

The DOS distribution of CNTs is strongly dependent on carbon structure. The change of DOS, 

due to the presence of structural defect, is related to the change of electrochemical potential  

and bond reactivity. Thermodynamically, the electrochemical potential in simple redox 

reaction is given by: 
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 𝜇𝑒,𝑟𝑒𝑑𝑜𝑥 = 𝜇𝑒,𝑟𝑒𝑑𝑜𝑥
𝜊 + 𝑘𝑇 𝑙𝑛

𝐶𝑜𝑥

𝐶𝑟𝑒𝑑
 (1.3) 

 

Where 𝜇𝑒,𝑟𝑒𝑑𝑜𝑥 , 𝐶𝑜𝑥 and 𝐶𝑟𝑒𝑑 are the electrochemical potential of electron in the redox 

system, and the concentration of oxidation and reduction species in the solution, 

respectively.  

Theoretical studies of P-SWCNT by the first principle based density functional theory show 

that the difference of concentrations and positions of phosphorus impurity in CNTs exhibits 

different effects on the electronic structure of CNTs [124]. Both electronic transport and DOS 

of B-SWCNT are affected by the distribution of boron doping in SWCNT structure [125]. 

The kinetics of electrochemical reaction in CNTs electrodes is strongly affected by the 

density of state of CNTs and solution. A suggested model of heterogeneous electron transfer 

by  Gerischer-Marcus was used to explain the heterogeneous electron transfer kinetics in 

CNTs and electrolyte [126]. The Gerischer-Marcus model assumes non-adiabatic electron 

transfer across the electrode/electrolyte interface. In this model, electron transfer is 

considered to be based on the overlap between the electronic states of the electrode and 

those of the reactants in the solution. The main approach is that, in order to be in equilibrium, 

the electrochemical potential of the solution and the Fermi level of the electrode must be the 

same. The energies and numbers of available electrons (donors) and holes (acceptors) in the 

electrode are also considered in heterogeneous electron transport by this model. Figure 1.12 

illustrates the electron transfer from the solution to an empty state of SWCNT to achieve an 

equilibrium if  the Fermi level in the solution is higher than that of the electrode [127]. 
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Figure 1.12 The Gerischer-Marcus model of electron transfer in SWCNT and solution [127]. 

 

In the Gerischer-Marcus model, the heterogeneous rate constant for reduction and oxidation 

is given by the following relations: 

 𝑘𝑓 = 𝜗 ∫ 𝜀𝑟𝑒𝑑(𝐸)𝑊0(𝜆, 𝐸)𝑓(𝐸)𝜌(𝐸)𝑑𝐸
~

−~

 (1.4) 

 

 𝑘𝑓 = 𝜗 ∫ 𝜀𝑜𝑥(𝐸)𝑊𝑟(𝜆, 𝐸)(1 − 𝑓(𝐸))𝜌(𝐸)𝑑𝐸
~

−~

 (1.5) 

Where 𝜀𝑟𝑒𝑑(𝐸) and 𝜀𝑜𝑥(𝐸) are proportionality factors, W(𝜆, 𝐸)  probability density function, 

𝑓(𝐸)  probability that a state of energy exists, and 𝜌(𝐸)  the density of state.  

 

Since  MWCNTs consist of multiple SWCNT structures and nanotubes, and DOS is highly 

sensitive about the diameter and chirality, different values can be observed in a 

heterogeneous electron transfer. 

 

1.2.2. Defects site, CNTs reactivity, and sensitivity 

It is almost impossible to produce defect-free CNTs. Various inherent defects can be formed 

during a CNTs synthesis, which includes local impurities from an encapsulated catalyst 

inside the CNT’s structure, sidewall defects, such as the Stone-Wales defect, vacancies, and 

sp3 re-hybridisation. Defects play an important role in the electrochemical properties of 

CNTs. For instance, sidewall defects reduce the conductivity of the CNTs because of back 
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resonant scattering, the presence of sp3 and many functional groups increases the resistivity 

of CNTs, and the presence of basal plane defects increase the chemical reactivity of the CNTs.  

The sensitivity of MWCNTs is related to their conductivity. Since MWCNTs consist of several 

graphene sheets, the conductivity of MWCNTs involves inter shell and intra shell resistivity 

of each rolled graphene sheet [128].  

The increase of defect density changes the DOS and chemical potential of CNTs electrodes. 

One dimensional defect in CNTs is commonly observed at the end of the tube. At the end tube 

structure of CNTs, varied bond orderings and bonding configurations can occur. End tube 

structure of CNTs can be half fullerene cups and open cups. Various edge defect 

configurations can occur in the graphene structure in open cups, as it can be seen in Figure 

1.13 [30]. Configuration with the fewest dangling bond is the most unreactive one. 

 

 

Figure 1.13 Various edge plane configuration defects [30]. 

The dangling bond at the end of the tube can be modified with various atoms or compounded 

to obtain a new local bond geometry, in which various new edge plane configurations can 

occur [30]. Sidewall defects work as an active site for redox sensing since such defects are 

more chemically reactive  compared to pristine sites. Vacancies in the sidewall are sensitive 

for molecular adsorption. The presence of adsorbates contributes significantly to the 

electrochemical activity of CNTs.  An adsorbate facilitates the electron transfer between the 

core of a redox reaction and the CNT based electrode and allows the detection of 

electrochemical reaction on the electrode surface. Depending on its type, the presence of 

adsorbate on an electrode surface can enhance the electrocatalytic activity of the electrode 

or block the active site of the chemical reaction.  
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The partially blocked electrode dramatically changes the electrode performances. The 

electrode performance in the partially blocked electrode is strongly influenced by unit block 

geometry and by the size distribution of the blocking unit [121,129]. The decrease of peak 

current is one of the indications of a partially blocked electrode [121]. Theoretical simulation 

shows that the distribution nanoparticle in a heterogeneous surface influences the 

voltammetry signal, as can be seen in Figure 1.14.  

 

Figure 1.14 Voltammetry signal in various distributions of a nanoparticle in a partially 
blocked electrode [121].  

1.2.3. The role of nanoparticle in CNTs reaction kinetics 

In electroanalysis, nanoparticles play a specific role in each electrochemical reaction. Various 

kinds of nanoparticles such as metal and  ceramic nanoparticles have been used in 

electrochemical sensors. Nanoparticles have several basic functions in a carbon modified 

electrode, including the immobilization of biomolecules, electrocatalyst, and increase in the 

electron transport between the electrode surface and reactant [130]. 

The integration of  the CNTs and nanoparticles may lead to the combination of the different 

properties of the different material into a new feature of the hybrid material [131]. In 

nanoparticle modified CNTs, CNTs act as an active surface where nanoparticles are adsorbed. 

Nanoparticles can be adsorbed naked on the CNTs surface by a weak intermolecular 

interaction force or linked by covalent bonding. The presence of the nanoparticle on the 

CNTs surface modifies the microenvironment on the outer graphene sheet of the CNTs. The 
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catalytic activity of the nanoparticle modified CNTs is attributed to the distribution of the 

nanoparticle on the CNTs electrode surface [121].  

A nanoparticle exhibits different Butler-Volmer kinetics, compared to CNTs. The 

introduction of the nanoparticle can enhance the electro catalytic activity of some specific 

electrochemical reaction or decrease the electrochemical activity due to the formation of the 

partially blocked electrode or its surface area reduction. A nanoparticle modified CNT may 

be considered as a heterogeneous electrode. It is comprised of two or more types of spatial 

zones with different Butler Volmer type electrode kinetics (Figure 1.15) [121]. 

 

Figure 1.15 Heterogeneous electrode with different Butler-Volmer kinetics [121]. 

The presence of the nanoparticle on the CNT’s surface leads to a convergent diffusion rather 

than a linear diffusion. A higher rate mass transport is allowed. Due to the increased mass 

transfer over potential, the signal of voltammetry can be modified. The Electrocatalytic 

activity of the nanoparticle leads to decrease of the reaction overpotential, leading thus to a 

faster kinetic of the electrochemical reaction [132].   

 

Due to their strong sp2 bonding and since  they possess a stable hexagonal network structure, 

CNTs have poor chemical reactivity, thus hindering the formation of a covalent bond with 

most molecules. CNTs functionalisation with gold nanoparticle enhances their chemical 

reactivity toward specific biomolecules. Gold nanoparticle can be used to facilitate 

chemisorption of various functional groups through thiol mediation. Biomolecule can be 

attached on a nanoparticle surface. Gold possesses high oxidation potential and high 

conductivity. Hence, gold nanoparticle can be used to enhance the electron transfer between 

a biomolecule and the CNTs electrode in a certain system. It was reported that the 
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modification of CNTs with gold nanoparticle leads to diminishing of overpotentials, increase 

of the peak current, and enhancement of the sensitivity and selectivity [132]. 

 

1.3. Electrochemistry of dopamine  

Dopamine or 3,4-dihydroxy phenethylamine is a catecholamine neurotransmitter that plays 

several important roles in the human body (Figure 1.16). In the central nervous system, the 

primary function of dopamine is a local chemical messenger that is released by neurons to 

send signals to another nerve cell. Dopamine is commonly used to treat  low blood pressure 

and a slow heart rate, which may be caused by heart attack, surgery, heart failure, trauma, 

and other serious medical conditions. The hemodynamic effects of a dopamine injection on 

the human body are dose-dependent. A low-dose of dopamine (0.5 to 3 µg/kg/min), leads to 

the activation of dopamine-specific receptors in the renal system, increasing the urine output 

and renal blood flow. An intermediate dose of dopamine (3 to 7.5 ug/kg/min), results in 

stimulated b-receptors in the heart, thereby increasing the cardiac output, heart rate, and 

cardiac contractility. A high-dose of dopamine (>7.5 ug/kg/min), can stimulate the α 

receptor and may increase the risk of tachyarrhythmia. The dopamine reference range in 

human plasma in the age range of 3-15 years is <60 pg/mL [133].  

NH2OH

OH  

Figure 1.16 Dopamine structure. 

Dopamine can be detected with electroanalytical methods, since its oxidation potential of 

dopamine, (+0.2 V Vs Ag/AgCl) lies within the potential limits for carbon nanotubes [134]. 

Dopamine oxidation to dopamine o-quinone in CNTs involves a two-electron transfer 

mechanism. A dopamine quinone molecule can undergo an intermolecular addition, which 

results in a cyclization reaction, generating leucodopaminechrome. Leucodopaminechrome 

can be further oxidized via another two electrons transfer to dopaminochrome. However, it 

was reported that the dopaminochrome can be further oxidised to indolic-o-quinone to 

generate the film insoluble melanin polymer, which fouls and poisons the electrode [135].  
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It was reported that the dopamine oxidation to dopamine o-quinone on CNTs is reversible 

in cyclic voltammetry [136]. The heterogeneous electron transfer between the electrode and 

the catecholamine is strongly affected by adsorption of the catecholamine on the electrode 

surface [137]. The 𝜋 electron in the benzene ring of dopamine interacts with the 𝜋 electron 

in the hexagonal network of CNTs, making the electron transfer feasible [138]. Hydroxyl and 

amine groups of dopamine interact with MWCNTs-COOH via hydrogen bonding.  
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Chapter 2  

Experimental Section. 

 

2.1. Synthesis of B-MWCNTs and P-MWCNTs  

CVD is a chemical process that widely used to produce large-area, high-quality, and uniform 

MWCNTs film with controllable thickness. The CVD based synthesis of a carbon nanotube is 

a thermal dehydrogenation reaction, whereby a catalyst is used to decrease the reaction 

temperature to decompose a gaseous hydrocarbon into carbon, hydrogen, and other 

molecules.  The B-MWCNTs and P-MWCNTs were synthesized by means of chemical vapor 

deposition technique onto oxidized porous silicon wafer using ferrocene as a catalyst.  The 

scheme of the CVD apparatus and experimental details concerning the pyrolysis technique 

are shown in Figure 2.1 [139]. 

 

Figure 2.1 A schematic representation of direct liquid injection catalytic chemical vapor 
deposition 

2.1.1. Ethanol based catalytic chemical vapor deposition for the production of 

MWCNTs 

The synthesis of pristine MWCNTs was performed in a quartz tube (25 mm in diameter and 

1 m long) placed inside an electric tube furnace. The Si/SiO2  wafers with a geometrical area 

of 1.0 cm2 were arranged in the middle of the quartz tube. The furnace temperature was 

setup to 850°C in argon gas atmosphere. A solution of ferrocene (1.0 wt %) in ethyl alcohol 

was introduced into the reactor through a syringe with a flow rate of 0.17 mL min−1. The 

reaction time was fixed at about 30 min, and thus, a total volume of 5 mL of ethyl 

alcohol/ferrocene binary mixture was introduced into the reactor for the synthesis of the 



P a g e  | 35 

 

MWCNTs. The furnace was cooled down to room temperature for 90 minutes in an argon 

atmosphere. The MWCNTs films on silicon/silicon oxide wafers were collected from the 

quartz tube. 

 

2.1.2. Ethanol based catalytic chemical vapor deposition for the production of B-

MWCNTs 

The synthesis of B-MWCNTs onto Si/SiO2  substrate (1 cm2) was performed by alcohol 

catalytical chemical vapor deposition. Ethanol was used as a carbon source, and ferrocene 

was used as a catalyst. In order to study the effects of doping sources material on the 

nanotubes growth process, two different boron sources materials namely boric acid and 

triethyl borate (TEB) were used as the doping sources. For B-doped MWCNTs synthesis, 

boric acid (1.0wt %) dissolved in absolute ethyl alcohol containing ferrocene (1.0wt %) as 

well as triethyl borate dissolved in absolute ethyl alcohol containing ferrocene (1.0wt %) 

were used.  

The B-MWCNTs synthesis was carried out at 850°C in an argon atmosphere. For the growth 

process, 5.0 ml of ternary mixtures were sprayed into a furnace at a temperature of 850°C 

through a syringe with controlled flow rate (0.17 mL min−1). The synthesis duration time 

was kept constant for 30 minutes. The cooling time was set up for 90 minutes in an argon 

atmosphere.  

The fabricated B-MWCNTs films were treated with hydrochloric acid (15wt %) for about 2 

min, washed with distilled water, and dried at room temperature to remove the boron oxide 

and the residues of iron catalyst nanoparticles from carbon nanotubes. In order to introduce 

some hydroxyl and carbonyl functional group in B-MWCNTs, the unpurified B-MWCNTs 

films were treated with a mixture of concentrated sulfuric acid and 30% hydrogen peroxide 

solution at a ratio of 3:1 (piranha solution) for about 2 minutes, washed with distilled water 

and dried at room temperature. 

The photochemical segmented flow technique was used to produce a 12.5 nm colloidal gold 

nanoparticle [140,141]. The B-MWCNTs/AuNPs films were produced according to following 

procedure: The B-MWCNTs films were immersed in sodium citrate aqueous solution (2.5 
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mM) for 10 minutes. Thereafter, the treated B-MWCNTs films were dried for 10 minutes at 

room temperature. The AuNPs colloidal solution was dropped onto the treated B-MWCNTs 

films using a micro-pipette. The B-MWCNTs/AuNPs films were dried at room temperature 

for 24 hours and then washed with distilled water. 

2.1.3. Propanone based catalytic chemical vapor deposition for the production of B-

MWCNTs 

In order to produce the B-MCWNTs, a boron doping mixture of triethyl borate, propanone 

and ferrocene were used as boron doping material, carbon material, and catalyst, 

respectively. The synthesis was carried out by means of chemical vapor deposition 

technique. In order to study, the effects of doping sources concentration on the nanotubes 

growth process. The composition of triethyl borate was varied in the range of 0.5-3.0 wt %. 

The mass of ferrocene was fixed at 2.0wt %. The ternary mixture of solution was introduced 

into the quartz tube at 850°C via a syringe with a flow rate of 0.17 mL/min. After 17 minutes, 

the sprayed process was stopped, the substrate was cooled down up to room temperature 

in an argon atmosphere within 90 minutes and the produced samples were collected from 

the quartz tube. 

 

2.1.4. Ethanol based catalytic chemical vapor deposition for the production of P-

MWCNTs 

P-MWCNTs were produced by means of catalytic chemicals vapor deposition onto 

silicon/silicon oxide substrate. Ethanol was used as a carbon source, ferrocene as a catalyst 

and triphenyl phosphine (TPP) as a phosphorus source for the doping material. The 

fabrication of the P-doped MWCNTs was performed in a horizontal quartz tube (25 mm in 

diameter and 1 m long) reactor placed inside an electric horizontal tube furnace. The 

concentration of TPP and ferrocene was fixed at 1 wt %. A ternary mixture of the spray 

solution was introduced into the furnace at the temperature of 850°C through a syringe with 

a flow rate of 0.17 mL/min. The growth processing time was kept constant at 30 min, and a 

total 5 ml volume of ternary compounds was sprayed into the furnace for the P-doped 

MWCNTs production. To eliminate the residual iron catalyst and other reaction by-products, 

the P-MWCNTs films were treated with hydrochloric acid (15 wt %) for about 2 min, washed 
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with distilled water, and dried at room temperature. The hydroxyl and carbonyl functional 

group were introduced to P-MWCNTs via treatment with the mixture of concentrated 

sulfuric acid and 30% hydrogen peroxide solution at a ratio of 3:1 for about 2 minutes. 

 

In order to study the effect of gold nanoparticles modification on P-MWCNTs on the 

electrochemical properties of P-MWCNTs, colloidal gold nanoparticles (AuNPs) possessing a 

diameter of 12.5 nm were synthesized using a photochemical segmented flow technique 

[140,141]. The P-MWCNTs/AuNPs films were prepared according to the following 

procedure: The P-MWCNTs films were dipped in sodium citrate aqueous solution (2.5 mM) 

for 10 minutes. The treated P-MWCNTs films were dried for 10 minutes at room 

temperature. The AuNPs colloidal solution was dropped onto the treated P-MWCNTs films 

using a micro-pipette and dried at room temperature for 24 hours. The P-MWCNTs/AuNPs 

films were then washed by with distilled water and dried in the air for ~24 h. 

2.1.5. Cyclohexane based catalytic chemical vapor deposition for the production of P-

MWCNTs 

The synthesis of P-MWCNTs onto silicon/silicon oxide wafer was performed by means of 

catalytic chemical vapor deposition via thermal pyrolysis of cyclohexane in the presence of 

triphenyl phosphine (phosphorus source material) and ferrocene catalyst. The composition 

ratio of triphenyl phosphine/ferrocene was varied in order to investigate the effect of 

composition on the structure and electrochemical properties of MWCNTs. The composition 

of triphenyl phosphine and ferrocene ternary mixture were varied in the range of 0.5-2.0 wt 

%. The mass percent of ferrocene was fixed at 2.0 wt %. The ternary mixture solution was 

sprayed into a furnace at 900°C through a syringe with flow rate 0.17 mL/min; the growth 

reaction time was kept constant at 17 min, and a total 3 ml volume of a ternary compound 

was sprayed into the furnace for the production of P-MWCNTs. The furnace was cooled up 

to room temperature in an argon atmosphere within 90 minutes and, afterward, the 

MWCNTs films on silicon/silicon oxide wafers were collected from the quartz tube. 
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2.2. Characterisation 

2.2.1. Scanning electron microscopy 

Scanning electron microscopy (SEM) is an important tool to evaluate the characteristics of 

CNTs [142]. SEM imaging was used to visualise the overall morphology and topography of 

MWCNTs, and to quantify the degree of purity of the MWCNTs, as well as the dimensions of 

the tubule. SEM provides comprehensive information about the type of MWCNTs, the 

width/diameter, the nanotube geometry, and the characteristic of impurity. The morphology 

of the various unmodified and modified MWCNTs were characterized using a scanning 

electron microscopy (a Zeiss ultra scanning electron microscope equipped with Oxford 

instruments EDX detector). 

 

2.2.2. Transmission electron microscopy 

Transmission Electron Microscopy (TEM) is an image acquisition technique, in which a beam 

of high-energy electrons (80-400 keV) is focused by electromagnetic lenses onto a thin 

specimen causing an enlarged image on a fluorescent screen or a CCD camera. Contrary to 

light microscopy, the TEM works based on the electrons diffraction and not by absorption, 

whereas the intensity of the electron beam is influenced by the density and thickness of the 

sample. TEM has greater resolution than SEM and thus TEM was used to visualise the 

number of walls of the nanotube, defects, tube orientation, impurities, the size of carbon 

impurities and the nanoparticle [142]. The morphology of various produced MWCNTs were 

examined using a transmission electron microscopy (FEI Titan operating at 300 kV, images 

acquired using TEM and elemental analysis acquired using STEM). 

 

2.2.3. Raman spectroscopy 

Raman spectroscopy was used to obtain information about the defect and to distinguish the 

presence of MWCNTs relative to other carbon allotropes. Since MWCNTs are comprised of 

multiple SWCNTs the Raman scattering of MWCNTs is an ensemble of various nanotube 

diameters ranging from small to very large [143].  

The monochromatic light interacts with a molecule in some fashion; it can be reflected, 

absorbed or scattered in some manner. When monochromatic radiation is incident upon 
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a molecule, the light scattering occurs in all directions and may change its polarisation along 

with its wavelength. The scattering process can be the Rayleigh scatter and the Stokes and 

the anti-Stokes Raman scatter. The elastic scattering without a change of frequency is called 

Rayleigh scattering whereas inelastic scattering from a change in the frequency of the light 

is called Raman scattering. Depending upon the vibrational state of the molecule and 

structure of the molecule, Raman shifted photons of light can be of either higher or lower 

frequency. The inelastic scattering frequency is used to construct a Raman spectrum. By 

measuring the light scattering intensity as a function of the light scattering frequency, the 

downshift information about the geometrical structure of a material can be obtained. 

The G band, D band, and G’ band represent the characteristics of a sp2 carbon bond. The G 

band (around 1600 cm-1) is attributed to the tangential vibration of graphitic carbon in 

graphite. The G band comes from the atom displacements along the CNT axis analogous to 

the in-plane atom displacement of graphene. The D band (around 1300-1400 cm-1) 

corresponds to the presence of amorphous carbon and resonance effects in sp2 carbon. The 

D band is related to bond vibrations that are produced in the radial stretching/contracting 

of the hexagonal structure of CNTs. Its peak is a parameter of the degree of disorder in CNTs 

[144]. The D band intensity increases with the increase of a number of defects (pentagon-

heptagon, vacancy, impurities). The G’ band (around 2700 cm-1) is caused by phonon 

scattering around the K point of the Brillion zone. The G’ band is very sensitive to defect 

density. The ratio of the D band and the G band peak or the G’ band and D band peak can be 

used to assess the defect of MWCNTs [145]. The influence of defect on bond vibration can be 

observed by monitoring the peak position, width, height and the intensity of the Raman 

spectra.  

Raman spectra of various B-MWCNTs and P-MWCNTs films were studied using a microprobe 

spectrometer (Renishow, Gloucestershire, UK) coupled with a Leica confocal microscope. 

Laser excitation light of the length of 488 nm (2.54 eV) and power of about 20 mW were 

used. The laser spot diameter was about 1 μm. The main Raman feature of sp2-carbon 

materials was fitted by using Lorentzian curves. 
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2.2.4. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was used to understand the binding state of the 

heteroatoms on the carbon surface. XPS gives some information about the electronic 

structure, the composition of a sample and detailed information about the chemical 

bonding environment of an atom.  

In  XPS, the sample was irradiated by monochromatic X-ray. When the sample is struck by x-

ray radiation, electrons with specific kinetic energy are ejected from the sample and detected 

in a hemispherical electron analyser. The yielding spectrum contains a series of 

photoelectron peaks of each specific core energy level of the different sample atoms. The 

binding energy ( 𝐸𝐵 ) can be directly calculated from the kinetic energy of the photoelectrons 

by this following equation: 

 𝐸𝐵 =  ℏ𝜔 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠 − 𝐸Φ (2.1) 

 

where 𝐸Φ is a work function. Photoelectron peaks in each energy level correspond to the 

nature of chemical bonding of atoms. The XPS was used to charaterise this chemical bonding. 

 

In this research work, the chemical composition and boron in MWCNTs structure were 

charaterised by X-ray photoelectron spectroscopy (XPS) measurements in normal emission 

using an ultra-high vacuum (UHV) system equipped with a Physical Electronics 10-610 X-

ray source in combination with an Omicron XM1000 monochromator for the generation of 

Al Kα radiation (1486.7 eV). A 7 channel lEA125 hemispherical electron analyser was used 

as a detector. The detailed experimental condition has been already reported in the 

previously published article [146].  

 

2.2.5. Cyclic voltammetry  

Cyclic voltammetry was used to study the influence of the synthesis conditions of the B-

MWCNTs and P-MWCNTs on electrode kinetics and the sensitivity toward studied redox 

system. During cyclic voltammetry, the electrode potential is applied linearly versus time in 

a triangular cyclical waveform at a constant scan rate.  
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A three-electrodes system was used to investigate the electrochemical properties of B-

MWCNTs and P-MWCNTs. The system consisted of B-MWCNTs or P-MWCNTs working 

electrode, platinum plate counter electrode, and Ag/AgCl (saturated KCl) reference 

electrode. The electrochemical properties of the B-MWCNT and P-MWCNT films were 

determined by means of a cyclic voltammetry technique using the standard redox system 

[Fe(CN)6]3−/4− in an aqueous KCl solution (1.0 M). For electrode sensitivity and kinetics 

characterisation, [Fe(CN)6]3−/4 in the concentration range of 0.1-1 mM was measured. The 

solution was prepared directly in an electrochemical cell with progressive addition of 

appropriate volume of stock solution in a 1.0 M KCl aqueous solution.  

 

It is well known that the kinetics of redox system on CNTs can be significantly influenced by 

their surface properties such as functional groups or defects. The heterogeneous electron 

transfer rate constant is determined by cyclic voltammetry and impedance spectroscopy by 

using the [Fe(CN)6]3−/4− standard redox system. The main reason of [Fe(CN)6]3−/4− being used 

as the standard system is because this redox couple undergoes one electron transfer process, 

exhibits reversible behaviour, and is sensitive to an electrode surface. The reversible 

reaction of [Fe(CN)6]3−/4− can be shown with the following equation: 

[Fe(CN)6]3− + e ⇌ [Fe(CN)6]4− 

The heterogeneous electron transfer rate constant at macro electrodes is generally 

calculated by the Nicholson equation [147] based on the peak separation between oxidation 

and reduction peak in a voltammogram of cyclic voltammetry. 

  

The heterogeneous electron transfer rate constant ks was estimated by the Nicholson 

equation [147] using the expression: 

 

 

 

𝜓 =
𝛾 𝑘𝑠

(𝑎𝜋𝐷𝑜)
1
2

 

 

(2.2) 
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Where, 

 𝑎 =
𝑛𝐹𝑣

𝑅𝑇
 (2.3) 

 𝛾 = (
𝐷𝑜

𝐷𝑟
)1/2 (2.4) 

 𝜓 =
𝛾 𝑘𝑠

(
𝑛𝐹𝜐
𝑅𝑇 𝜋𝐷𝑜)1/2

 (2.5) 

 𝑘𝑠 =
𝜓(𝜋𝐷𝑜

𝑛𝐹𝜐
𝑅𝑇 )1/2

(
𝐷𝑜

𝐷𝑟
)1/2

 (2.6) 

 

In the equation proposed by the Nicholson, 𝜓 is a kinetic parameter, that is calculated as a 

function of the anodic and cathodic peak separation (ΔEp), D0 and Dr the diffusion coefficient 

of the electroactive species; n  the number of electrons transferred, F  the Faradays Constant, 

ν  the potential scan rate, R  the gas constant, and T  the temperature. 

 

The Randles-Sevcik equation was used to determine the slope of linear variation of anodic 

and cathodic peak current with concentration and thus to estimates the sensitivity and the 

limit detection of B-MWCNTs and P-MWCNTs. The Randles-Sevcik equation is expressed by: 

 𝑖𝑝 = 268600 𝑛3/2𝐴 𝐷𝑂
1/2𝑣1/2𝐶 (2.7) 

Where Ip is the oxidation peak current, A  the electroactive area, 𝐷𝑂   the number of electrons 

transferred, v  the potential scan rate and C  the concentration of the redox species in bulk 

solution.  

 

2.2.6. Impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique that 

measures the variation impedance of an electrochemical system as a function of frequency. 

Impedance is a representation of the electrochemical process on surface in an electrode. 

Impedance is a ratio between the AC voltage and the AC current signal that shows the ability 

of a circuit to resist the flow of electrical current and is represented by an impedance 

complex number. EIS measures the current response to small amplitude AC voltage 
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perturbation by varying its frequency. An expression analogous to Ohm’s law is used to 

determine the electrochemical impedance, as follows: 

 𝑍 =
𝑉(𝑡)

𝐼(𝑡)
=

𝑉𝑜 cos(𝜔𝑡)

𝐼𝑂cos (𝜔𝑡 − 𝜙)
= 𝑍𝑜

cos(𝜔𝑡)

cos (𝜔𝑡 − 𝜙)
  

(2.8) 

 

 𝑍 =
𝑉(𝑡)

𝐼(𝑡)
= 𝑍𝑜𝑒𝑗𝜙 = 𝑍𝑜(𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙)  (2.9) 

Where Z is impedance, t the time, ω the radial frequency (radian/s), and 𝜙 the phase shift. 

The impedance complex system can be expressed as a combination of real impedance and 

imaginary impedance using the expression: 

 Z= 𝑍𝑟𝑒𝑎𝑙 + 𝑗𝑍𝑖𝑚𝑎𝑔𝑖𝑛𝑒𝑟  (2.10) 

The real and imaginary impedance describes the Ohmic and capacitive nature of the 

electrochemical system respectively. The phase angle is defined as follows: 

 𝜙 = 𝑡𝑎𝑛−1 (
−𝑍𝑖𝑚𝑎𝑔𝑖𝑛𝑒𝑟

𝑍𝑟𝑒𝑎𝑙
) (2.11) 

EIS was used to charaterise the electrochemical properties of the CNTs electrolyte interface. 

To give a snapshot of the various kinetics processes in CNTs, an equivalent electrical circuit 

is used as a macro model to represent the electrode process in the electrochemical system. 

EIS identifies the mechanism of the electrochemical process of CNTs electrode by monitoring 

the phase and impedance characteristics of the system simultaneously over a wide range of 

frequency. A Randles equivalent electrical circuit with Warburg impedance was used to 

describe polarisation controlled by combination kinetic and diffusion process in electrode 

electrolyte interface (Figure (2.2)) [148]. 

 

Figure 2.2 Randles circuit with Warburg Impedance, Mixed Kinetic and Charge-Transfer 
Control equivalent circuit 

 

The equivalent circuit in Figure (2.2) can be modeled by:  
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Z = Rs +

1

1
(Rct + W)

+
1

(
1

jωCdl
)

 
(2.12) 

 

 

Z = Rs +
1

1
(Rct + W)

+ jωCdl

 

 

(2.13) 

Double layer impedance is defined by:  

 Zdl =
1

jωCdl
 (2.14) 

 

Warburg impedance representing the diffusion process can be defined as:  

 W =
σ

√ω
(1 − j) (2.15) 

 
 

𝝈 =
𝑹𝑻

𝒏𝟐𝑭𝟐𝑨√𝟐
(

𝟏

𝑪𝒐√𝑫𝒐

+
𝟏

𝑪𝒓√𝑫𝒐

) 
(2.16) 

 

The equivalent circuit in Figure (1.15) can be defined analytically in real impedance (Zreal) 

and imaginary impedance (Zimaginer) using this following equation: 

 𝑍𝑖𝑚𝑎𝑔𝑖𝑛𝑒𝑟 =

𝝎𝑪𝒅𝒍(𝑅𝑐𝑡 +
𝝈

√𝝎
)𝟐 +

𝝈

√𝝎
 (𝑪𝒅𝒍𝝈√𝝎 + 𝟏)

(𝑪𝒅𝒍𝝈√𝝎 + 𝟏)𝟐 + 𝝎𝟐𝑪𝒅𝒍
𝟐(𝑅𝑐𝑡 +

𝝈

√𝝎
)𝟐

 (2.17) 

 

The charge transfer resistance is connected directly to the electrode kinetics reaction by 

Butler-Volmer, through this following equation: 

 𝑹𝒄𝒕 =
𝑹𝑻

𝒏𝟐𝑭𝟐𝑨𝑲𝒔𝑪
 (2.18) 
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Chapter 3  

Results and discussion  

  

3.1. Raman spectroscopy of B-MWCNTs and P-MWCNTs 

To understand the relationship between the structure and defects of MWCNTs induced by 

phosphorus and boron doping, Raman spectroscopy was used to characterise the MWCNTs 

films. The Raman intensity ratio of D-bands and G-bands (ID/IG) was used to quantitatively 

describe the MWCNTs defects. The D-band at around 1300 cm-1 in the first-order Raman 

spectra of carbon nanotubes is induced by the first-order scattering process that involves a 

substitutional atom, vacancies, grain boundaries or other defects which lower the 

crystallinity symmetry of the quasi-infinite lattice [149].  

Defects concentration quantification, based on (ID/IG) ratio, relies on the assumption that the 

G band intensity is independent of defect concentration and interference-free with any other 

defects [150]. The G-band, at around 1600 cm-1, corresponds to the tangential mode 

vibration of the sp2 carbon atoms in the planar graphene sheets. The G-band-FWHM is 

strongly affected by d002 interlayer graphitic structure [151].  

The small intensity of D-peak, compared to G-peak, indicates a higher degree of C-C sp2 order. 

The high D peak intensity, compared to the G peak, indicates a lower degree of C-C sp2 order. 

The increase of ID/IG ratio indicates the increasing level of disorder in nanotube structure 

and the decreasing crystallinity level of the carbon structure [152].  

Molecular vibration properties of MWCNTs can be modified by the introduction of some 

dopants to their structure. The obtained  Raman spectra is strongly dependent on the type 

of doping material [153]. The Raman spectra comparison of B-MWCNT from boric acid, B-

MWCNTs from triethyl borate and P-MWCNTs from triphenyl phosphine are shown in Figure 

3.1 and Table 3.1. 
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Figure 3. 1 The comparison of Raman spectra of a).B-MWCNTs (Boric acid), b).B-MWCNTs 
(Triethyl borate), c).P-MWCNT (Triphenyl phosphine) 

The comparison of ID/IG ratios of B-MWCNTs (boric acid), B-MWCNTs (triethyl borate) and 

P-MWCNTs (triphenyl phosphine) displayed in Table 3.1 exhibit that the defect density of 

MWCNTs is strongly influenced by the type of doping precursors. B-MWCNTs from boric acid 

shows the highest defect density. Boric acid shows stronger influence on the increasing 

defects density than triphenyl phosphine.  Comparison of ID/IG ratio confirms that the 

disorder level and crystallinity of nanotubes can be modified with different doping 

precursors.  

 

Table 3.1 The intensity ratio of D and G bands (ID/IG) for B-MWCNTs and P-MWCNTs from 
different doping precursors 

Material Carbon 

precursor 

Catalyst Doping 

precursor 

ID/IG 

B-MWCNT Ethanol FeCp2 Boric acid 1 wt % 0.97 

B-MWCNTs Ethanol FeCp2 Triethyl borate 1 wt % 0.51 

P-MWCNTs Ethanol FeCp2 Triphenyl phosphine 1 wt % 0.52 

 

Various polyaromatic hydrocarbons and residual catalysts can be existed as by-products 

during B-MWCNTs synthesis. HCl is not an oxidation agent, and thus treatment with HCl can 

be used to remove a metal catalyst and polyaromatic hydrocarbon on the nanotubes surface 

[154]. To modify the B-MWCNTs, B-MWCNTs were treated with a mixture of concentrated 

H2SO4 and 30% H2O2 (3:1). Those cases lead to an increase in the structural disorder of B-
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MWCNTs due to the formation of defects on the nanotube’s surface. Raman spectroscopy 

was used to quantify the effects of HCl treatment and oxidative functionalisation on the 

change defect density of B-MWCNTs. A comparison of Raman spectra recorded for  B-

MWCNTs, B-MWCNTs with HCl treatment and B-MWCNTs with oxidative functionalisation 

by piranha solution can be seen in Figure 3.2 and Table 3.2 

   

Figure 3.2 The comparison of Raman spectra of a).B-MWCNTs (triethyl borate 1 wt %), b).B-
MWCNTs (triethyl borate 1 wt %)/HCl, c).B-MWCNTs (Triethyl borate 1 wt %)/Piranha 

The comparison of ID/IG ratio of B-MWCNTs before and after HCl treatment and the oxidative 

functionalisation indicates that the disorder level of B-MWCNTs increase after the oxidative 

functionalisation and HCl treatment. HCl treatment and oxidative functionalisation 

decreases the crystallinity level of B-MWCNTs and increase the defect density.  

Table 3.2 The intensity ratio of D and G bands (ID/IG) for B-MWCNTs before and after HCl 
treatment and oxidative functionalisation. 

Material Carbon 

precursors 

Catalyst Doping 

Precursors 

ID/IG 

B-MWCNTs Ethanol FeCp2 TEB 1 wt % 0.51 

B-MWCNTs/HCl Ethanol FeCp2 TEB 1 wt % 1.13 

B-MWCNTs/Piranha Ethanol FeCp2 TEB 1 wt % 0.96 

 

The high intensity of D-band, as well as high ID/IG ratio in B-MWCNTs with oxidative 

functionalisation, is probably caused by the presence of hydroxyl and carboxyl functional 

groups on nanotube surfaces. 
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Raman spectra is highly sensitive to structural imperfection, such as the finite size of 

crystallite, lattice defect, and the edges of the graphitic layer [155]. To study the effect of the 

defect density, activated by the increasing of dopant concentration on Raman spectra, the B-

MWCNTs were grown by CVD at 850°C using propanone with 2.0wt % of FeCp2, and TEB as 

boron precursor, at different concentration. The B-MWCNTs charaterisations were 

performed by Raman spectroscopy. Figure 3.3 shows the Raman spectra of different 

compositions of triethyl borate concentration in B-MWCNTs from propanone carbon feed 

stock. The ID/IG ratios are summarized in Table 3.3  

 
 

 

Figure 3. 3 The comparison of Raman spectra of a).B-MWCNTs (TEB 0.5 wt %), b).B-
MWCNTs (TEB 2 wt %) c).B-MWCNTs (TEB 3 wt %). 

The ID/IG ratios from 0.89 to 1.00 as the increase of TEB concentration indicated an 

increasing disorder level of nanotubes, decreasing the nanotubes crystallinity. The increase 

of ID/IG value demonstrates high degree of defects in the B-MWCNTs structure. The 

quantitative analysis of Raman spectra (Table 3.2 and Table 3.3) shows that the  ID/IG ratio 

of propanone based B-MWCNTs is higher than ethanol based B-MWCNTs.  The results 

confirmed that the defect density in the B-MWCNTs was strongly affected by the type carbon 

precursors and the catalyst/doping ratio. 
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Table 3.3 Intensity ratio of D and G bands (ID/IG) for B-MWCNTs with different doping 
concentrations. 

Material Carbon 

precursor 

Catalyst 

FeCp2 (wt %) 

Doping 

TEB (wt %) 

ID/IG 

B-MWCNTs Propanone 2 0.5 0.89 

B-MWCNTs Propanone 2 2 1.00 

B-MWCNTs Propanone 2 3 0.96 

 

To study the effect of the catalyst/doping ratio in the P-MWCNTs synthesis on defects 

density, the P-MWCNTs were grown by CVD at 900°C using cyclohexane at different 

FeCp2/TPP concentrations. The Raman intensity ratio ID/IG of D and G bands was used to 

quantify the change in defect density. The relationship between doping/catalyst ratio in P-

MWCNTs and the Raman spectra is shown in Figure 3.4 and Table 3.4. The D, G, G’ bands 

represent the characteristics of the P-MWCNTs. 

 

Figure 3.4 Raman spectra of P-MWCNTs composite films a).FeCp2/TPP (5:2 wt %), b). 
FeCp2/TPP (2:2 wt %) c).FeCp2/TPP (2:1wt %). 

The ID/IG ratio of the Raman spectra of the P-MWCNTs shows that the increasing of the 

catalyst concentration from 2% to 5% does not significantly influence the increase of the 

defect density of P-MWCNTs.  
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Table 3.4 The intensity ratio of D and G-bands (ID/IG) for P-MWCNTs with different 

catalyst/doping concentrations. 

Material Carbon 

precursors 

Catalyst 

FeCp2 (wt %) 

Doping 

TPP (wt %) 

ID/IG 

P-MWCNTs Cyclohexane 5 2 0.66 

P-MWCNTs Cyclohexane 2 2 0.66 

P-MWCNTs Cyclohexane 2 1 0.53 

 

Raman spectra reveals that P-MWCNTs with FeCp2/TPP (2:1 wt %) exhibits higher (ID/IG) as 

compared to P-MWCNTs with FeCp2/TPP (2:2 wt %). This result indicates that P-MWCNTs 

with FeCp2/TPP (2:1 wt %) show lower crystallinity and higher defect density compared to 

P-MWCNTs with FeCp2/TPP (2:2 wt %). The excess of TPP relative to FeCp2 suppress the 

MWCNTs growth and does not cause the higher concentration of phosphorus in sp2 bonded 

MWCNTs [156]. It was reported that in a P-MWCNTs synthesis using ferrocene-triphenyl 

phosphine, Fe2P, Fe3P, and Fe3C can be produced as reaction by-product [105].  

3.2 Boron doped MWCNTs.  

3.2.1. Electrochemical characteristics of B-MWCNTs  

Low magnification SEM images, shown in Figure 3.5, revealed that CNTs with different 

morphologies grow on Si/SiO2 substrate from two different sources of doping (boric acid 

and triethyl borate) in ferrocene and ethanol catalyst carbon precursors mixture. The SEM 

shows that the B-MWCNT is clean from amorphous carbon. Tiny nanotubes, homogenously 

distributed on silicon-silicon oxide wafer surface, were observed. 
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Figure 3.5 SEM micrographs of B-MWCNTs using two different doping precursors 
 a).boric acid (1.0 wt %), b).triethyl borate (1.0 wt %). 

A different source of boron doping material in a ternary mixture of doping,catalyst and 

carbon feedstock  showed different behaviors towards B-MWCNTs synthesis. In the presence 

of ferrocene catalyst, vertically aligned B-MWCNTs can be produced by the decomposition 

of ethyl alcohol and boric acid (Figure 3.5a) whereas Y-shaped B-MWCNTs can be 

synthesized by decomposition of ethyl alcohol and triethyl borate (Figure 3.5b). In Y-shaped 

structure, it was found that the nanotube branch had a smaller diameter than the rod. Since 

the reactivity of CNTs is sensitive to the diameter and the nanotube curvature, the different 

diameter value may lead to the formation of a new heterogeneous electrochemical system in 

the CNTs. The Y-shaped structure in the nanotube branch indicates the presence of a non-

hexagonal shape in the CNTs structure. The structural model of Y-shaped CNTs can be seen 

in Figure 3.6. The folded carbon ring and non-hexagonal carbon structure appear in a Y-

shaped CNTs structure [157,158]. 

 
 

Figure 3.6 The structural models of asymmetric Y-shaped CNTs non-hexagonal carbon rings 
highlighted in black [157,158] 
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TEM analysis (Figures 3.7a and 3.7b) show that the end tube caps curvature of B-MWCNTs 

is related to the type of doping sources. Triethyl borate doping shows higher end tube 

curvature than boric acid in B-MWCNTs.  

  
Figure 3.7 TEM micrographs of B-MWCNTs using two different doping precursors  
a).boric acid (1wt %), b).triethyl borate (1wt %)  

Energy loss near the edge structure (ELNES) in the EELS spectrum in the scanning TEM mode 

was used to provide information on the boron existence in the Y-shaped B-MWCNTs 

structure (Figure 3.8). The nanotubes gave edge characteristic in EELS related to K-shell 

ionisation 1s п* and 1s σ* of boron at 195.6 eV and 202.2 eV, respectively. The 1s п* peak 

indicates that boron is substituted with carbon in the sp2 carbon nanotubes network. A high 

boron dopant can be found in the upper cups of the MWCNTs. 

 

Figure 3.8 EELS spectrum of Y-shaped B-MWCNTs caps 

The electron energy loss spectroscopy (EELS) spectra analysis of B-MWCNTs clearly 

indicates the presence of boron in the samples along with carbon, oxygen, and iron in both 

a) b) 
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B-MWCNTs sample. It is well known that boric acid displays good solubility in concentrated 

HCl. The SEM images taken for HCl treated B-MWCNTs films confirm that after treatment 

with hydrochloric acid the upper parts of carbon nanotubes are completely eliminated, and 

that fairly empty (unfilled) carbon nanotubes are formed (Figures 3.9a and 3.9b).   

 

  
Figure 3.9 SEM micrographs of a).B-MWCNTs (BA 1.0wt %)/HCl, b).B-MWCNT (TEB 1.0wt 
%)/HCl 

TEM analysis of HCl treated B-MWCNTs films confirms that the source of boron doping not 

only affects the B-MWCNTs morphology and B-MWCNTs upper parts structure, but also the 

properties of the inner structure of MWCNTs (Figure 3.10a). Hollow B-MWCNTs can be 

produced by HCl treatment of B-MWCNTs (BA 1.0 wt %), whereas bamboo-like B-MWCNTs 

with open caps structure can be synthesized by HCl treatment of B-MWCNTs (TEB 1.0 wt %) 

(Figure 3.10b). 

  
Figure 3. 10 TEM micrographs of a).B-MWCNTs (BA 1.0 wt %)/HCl, b).B-MWCNTs (TEB 1.0 
wt %)/HCl 

XPS is one of the surface characterisation techniques that is used to provide feature 

information on the nature of the functional groups, composition, and chemical bonding on 

a) b) 
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the nanotubes surface. Figure 3.11 displays the XPS spectra of the B-MWCNTs and B-

MWCNTs/HCl. Boron, iron, oxygen, carbon, and silicon were detected in the MWCNTs films. 

Assuming a film with homogenous element distribution, the film composition was 

determined by an XPS quantitative analysis. Table 3.5 shows the elemental composition (%) 

of the B-MWCNT and B-MWCNTs/HCl on silicon/silicon oxide wafers, estimated by XPS. 

Table 3.5 Elemental composition analysis of B-MWCNTs and B-MWCNTs/HCl (H3BO3 

doping source) by XPS. 

Sample Fe O C B Si 
B-MWCNTs 1.8 13.9 74.9 6.9 2.4 
B-MWCNTs/HCl <0.1 2.0 96.9 0.3 0.8 

 

The XPS spectra reveals that boron and iron are incorporated into the B-MWCNTs film, both 

are in their oxidised form (iron oxide and boron oxide) with a Fe2P3/2 and B1s binding energy 

of 711.4 eV, and 192.2 eV, respectively. The O1s spectrum at 523.3 and 531.1 eV, reflecting 

the different oxide phases of iron, boron, and silicon in the B-MWCNTs films. After the HCl 

treatment of the B-MWCNTs films, it was found that the amount of iron, boron, and silicon 

were reduced. The HCl-treated B-MWCNTs show a significant decrease in the oxygen amount 

on the nanotube surface as compared to the untreated B-MWCNTs. The excess amounts of 

oxygen corresponding to boron and iron were removed from the B-MWCNTs sample using 

HCl treatment.  

The C1 signal with maximum intensity at 284.3 eV is typical for the sp2 peak of MWCNTs 

[154,159]. There is no indication for the hydrogen-rich carbon molecules, residual graphite-

like structure and carbon functional group that exist in B-MWCNTs and B-MWCNTs/HCl 

films. The three peaks of B1s at 192.2 eV, 189.5 eV, and 186.7 eV indicate the B-C in different 

stoichiometry in the sp2 carbon network. The XPS spectra show that boron can be 

incorporated into MWCNTs structure by a CVD synthesis.  
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Figure 3.11 XPS measurement spectra (transmission-corrected) as well as C1s, B1s 
(enhanced by a factor of 20 for the HCl-treated sample), O1s and Fe2p detail spectra of B-
MWCNTs and B-MWCNTs/HCl composite films on Si/SiO2 substrates [160].  

The oxidation of B-MWCNTs can be an effective process to decorate the graphitic surface 

with oxygen-filled contained groups, mainly carboxyl, and hydroxyl. The presence of oxygen-

contained groups in MWCNTs leads to a change in the double layer characteristics of carbon 

nanotubes.  

  
Figure 3.12 SEM micrographs of B-MWCNTs oxidation with piranha solution  
a). Vertically aligned B-MWCNTs, b). Y-shaped B-MWCNTs. 

Figure 3.12 shows the oxidation of vertically aligned B-MWCNTs and Y-shaped B-MWCNTs 

with piranha solution. SEM was used to observe the morphological changes on the B-
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MWCNTs. The changes in the B-MWCNTs morphologies were detected in the vertically 

aligned B-MWCNTs structure and Y-shaped B-MWCNTs. From the Figure 3.10, it can be seen 

that the treatment of vertically aligned B-MWCNTs with piranha solution eliminates the 

upper parts structure of B-MWCNTs. Meanwhile, piranha treated Y-shaped B-MWCNTs film 

eliminates the nanotube branch in the B-MWCNTs. 

 

Figure 3.13 Y-shaped B-MWCNTs decorated with gold nanoparticle 

Representative SEM images of Y-shaped B-MWCNTs decorated with gold nanoparticle is 

shown in Figure 3.13. The SEM micrographs, taken for B-MWCNTs modified gold 

nanoparticle, reveal that the gold nanoparticles are dispersed onto the B-MWCNT’s surface. 

An agglomeration of gold nanoparticles can be seen in the Y-shaped B-MWCNTS branch. SEM 

micrographs exhibit that the morphology of Y-shaped B-MWCNTs changes slightly after 

being coated by gold nanoparticle.  

 

Cyclic voltammetry and impedance spectroscopy were used to investigate the 

electrochemical characteristics of the vertically aligned B-MWCNTs and the Y-shaped B-

MWCNTs. The electrochemical properties of the vertically aligned B-MWCNTs and the Y-

shaped B-MWCNTs were characterised by using the standard redox system [Fe(CN)6]3−/4− in 

aqueous KCl solution (1.0 M) in the concentration range of 0.1-1 mM. The CVs recorded for 

these electrodes are presented in Figures 3.14a. and 3.14b.  
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Figure 3.14 CVs recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) at scan rate 0.02 V s-1   
on a).vertically aligned B-MWCNTs b).Y-shaped B-MWCNTs films (vs Ag/AgCl). 

Figure 3.14a shows the voltammetric response at three different electrodes (vertically 

aligned B-MWCNTs, vertically aligned B-MWCNTs after HCl treatment, and vertically aligned 

B-MWCNTs after oxidation functionalisation). The treated B-MWCNTs electrodes show a 

slight shift in the peak separation (ΔEp) below the untreated vertically aligned B-MWCNTs. 

The same behavior was observed for the Y-shaped B-MWCNTs (Figure 3.14b). The variation 

in ΔEp illustrates the variability of the electrode structure.  

 

The peak to peak potential separation is related to the heterogeneous electron transfer 

constant. The heterogeneous electron transfer constants (Ks) of vertically aligned B-

MWCNTs and Y-shaped B-MWCNTs was estimated through  peak potential separation (ΔEp) 

via the Nicholson equation [147]. The peak separation and Ks value for the vertically aligned 

B-MWCNTs and Y-shaped B-MWCNTs electrodes toward [Fe(CN)6]3−/4− redox system are 

summarized in Table 3.6. 
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Table 3.6 The estimated ΔEp and Ks parameters for B-MWCNTs. 

Films ΔEp /(V) Ks /(cm s-1) 

Vertically aligned B-MWCNTs 0.143 5.6 x 10-4 

Vertically aligned B-MWCNTs /HCl 0.114 8.9 x 10-4 

Vertically aligned B-MWCNTs/Piranha 0.132 6.5 x 10-4 

Y-shaped B-MWCNTs 0.136 6.1 x 10-4 

Y-shaped B-MWCNTs/HCl 0.132 6.5 x 10-4 

Y-shaped B-MWCNTs/Piranha 0.131 6.6 x 10-4 

Y-shaped B-MWCNTs/ AuNPs 0.123 7.4 x10-4 

 

The electrodes kinetics of B-MWCNTs toward [Fe(CN)6]3−/4− redox system is strongly 

influenced by the type of B-MWCNTs, end tube structure, surface chemistry of B-MWCNTs 

and defect density. The HCl treatment of B-MWCNTs relates to a modification of the upper 

parts nanotube structure, an increase of the amount of dangling bond and the defect density 

in B-MWCNTs structure due to boron dissolution. 

Oxidative functionalisation of B-MWCNTs with piranha solution incorporates several 

chemical functional groups on the electrode surface such as hydroxyl, carbonyl, and carboxyl 

groups. Oxidation makes MWCNTs more hydrophilic [161]. The decrease of ΔEp in B-

MWCNTs after oxidation indicates the barrier for interfacial  electron transfer is decreased 

after oxidative functionalisation.  

AuNPs deposition on B-MWCNTs electrode decreases the oxidation and reduction peak 

separation of [Fe(CN)6]3−/4 redox system. The results indicate that the presence of AuNPs 

improves the electrocatalytical properties of the B-MWCNTs electrodes. 

CVs recorded for [Fe(CN)6]3−/4− (1.0 M KCl) standard redox system on vertically aligned B- 

MWCNTs and Y-shaped B-MWCNT films at the scan rate of 0.02 V s−1 showing the effect of 

variation of concentration of the redox system in the concentration range of ( 0.1-1 mM ) are 

displayed in Figure 3.15a, Figure 3.15c, Figure 3.15e, Figure 3.16a, and Figure 3.16c, Figure 

3.16e, Figure 3.16g, respectively. The change of anodic current response of the vertically 

aligned B-MWCNTs and the Y-shaped B-MWCNTs film with the variation of concentration of 
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[Fe(CN)6]3−/4− is presented graphically in Figure 3.15b, Figure 3.15d, Figure 3.15f, Figure 

3.16b and Figure 3.16d, Figure 3.16f, Figure 3.16h, respectively. From the linear 

concentration-current calibration curve, the detection limit and sensitivity values of the Y-

shaped B-MWCNTs and the vertically aligned B-MWCNTs were estimated. Sensitivity is 

defined as the response of the curve slope or the response/dose [162]. The detection limit is 

the lowest amount of the analyte in a sample that can be detected. Based on the signal-to-

noise approach, the limit of detection can be expressed as: 

 limit of detection = 3 σ/m  (3.1) 

Where 𝜎 is the standard error and m is the slope of calibration line [163]. The detection limit 

and sensitivity of Y-shaped B-MWCNTs and vertically aligned B-MWCNTs are summarized 

in Table 3.7.  
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Figure 3.15 CVs and calibration curves for 0.1-1 mM [Fe(CN)6]3−/4− (1.0 M KCl) at scan rate 
of 0.02 V s-1  on a,b).vertically aligned B-MWCNTs c,d).vertically aligned B MWCNTs/HCl 
e,f).vertically aligned B-MWCNTs/piranha (vs Ag/AgCl). 

The results presented in Table 3.7 shows that the HCl treatment and the oxidative 

functionalisation of vertically aligned B-MWCNTs slightly change the sensitivity of the 

vertically aligned B-MWCNTs toward [Fe(CN)6]3−/4 redox system. The slightly changes in the 

sensitivity of vertically aligned B-MWCNTs after the HCl treatment and oxidative 

functionalisation can be related to the increase of active surface area due to the formation of 

the hollow tube structure.  
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Figure 3.16 CVs and calibration curves for 0.1-1 mM [Fe(CN)6]3−/4− (1.0 M KCl) at scan rate 
of 0.02 V s-1  on a,b).Y-shaped B MWCNTs, c,d)Y-shaped B MWCNTs/HCl, e,f).Y-shaped B -
MWCNTs/piranha, g,h).Y-shaped B MWCNTs+ AuNPs (vs Ag/AgCl).  

The agglomeration of gold nanoparticle on the Y-shaped B-MWCNTs surface and the 

structural damage of Y-shaped B-MWCNTs after oxidative functionalisation leads to a 

slightly changes the sensitivity of Y-shaped B-MWCNTs. Y-shaped B-MWCNTs decorated 

with AuNPs showed the highest detection limit toward the [Fe(CN)6]3−/4 redox system 
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compared HCl treated and oxidative functionalisation of Y-shaped B-MWCNTs. The Y-shaped 

B-MWCNTs/AuNPs demonstrated better noise/sensitivity ratio than the Y-shaped B-

MWCNTs/HCl and the Y-shaped B-MWCNTs/piranha. The lowering of limit detection of the 

Y-shaped B-MWCNTs and the vertically aligned B-MWCNTs towards the [Fe(CN)6]3−/4 redox 

system was comparable with pillar and horizontal MWCNTs but higher than carbon paste 

modified electrodes [164–166]. 

Table 3.7 Electrochemical sensing parameters computed using vertically aligned B-
MWCNTs and Y-shaped B-MWCNTs. 

Films Sensitivity/  

(A mM-1 cm-2) 

LOD/(µM) 

Vertically aligned B-MWCNTs 99.6 64.2 

Vertically aligned B-MWCNTs /HCl 104.3 79.4 

Vertically aligned B-MWCNTs/Piranha 101.9 69.0 

Y-shaped B-MWCNTs 106.3 63.4 

Y-shaped B-MWCNTs/HCl 104.3 78.2 

Y-shaped B-MWCNTs/Piranha 101.9 61.9 

Y-shaped B-MWCNTs/ AuNPs 100 49.9 

Pillar MWCNTs a  51 

Horizontal MWCNTs b  78 

CP/BMPyBF4 c  100 

CP/PEG d  100 

a Pillar MWCNTs [164] 
b Horizontal MWCNTs [164] 
c 1-butyl-4-methylpyridium tetrafluoro Borate Modified Carbon Paste Electrode [165] 
d Polyethylene glycol Modified Carbon Paste Electrode [166] 

EIS can reveal information regarding the process occurring and the electrochemical 

characteristics of an electrochemical system, including double layer capacitance, charge 

transfer resistance, solution resistance and diffusion impedance In EIS, the electrochemical 

parameters are measured as a function of applied perturbation frequency [167].  

In order to understand the electrochemical properties of B-MWCNTs electrode, impedance 

spectroscopy was carried out for the vertically aligned B-MWCNTs and the Y-shaped B-
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MWCNTs, before and after the acid treatment and oxidative functionalisation. Figure 3.17 

and Figure 3.18 display the impedance plots in the frequency range from 0.1 Hz to 100 KHz 

at B-MWCNTs electrode in the presence of 0.5 mM [Fe(CN)6]3−/4- in 1.0 M KCl. The EIS results 

in Figure 3.17 and Figure 3.18 were simulated by using the Randles equivalent circuit. 

Electrochemical parameters were estimated based on nonlinear curve fitting methods, using 

Thales and MEISP Kumho 3.0 software package [168]. The  Rct results in Figures 3.17 and 

3.18 are summarized in Table 3.8.  

100 200 300 400 500 600 700

0

50

100

150

200

250

300

350

-Z
im

a
g

in
e

r/

Zreal/

0.29KHz

1.77 Hz

a)
0.1 Hz

100KHz

2.08KHz

 

100 200 300 400 500 600 700

0

50

100

150

200

250

300

350

-Z
im

a
g

in
e

r/


Zreal/

0.29KHz

1.77 Hz

b)
0.1 Hz

100KHz

2.08KHz

 

50 100 150 200 250 300 350 400 450 500

0

50

100

150

200

250

-Z
im

a
g

in
e

r/


Zreal/Ohm

100KHz

0.1Hz

172 Hz

1.2 KHz

c)

 

Figure 3.17 EIS recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) on a). vertically aligned B -
MWCNTs, b). vertically aligned B-MWCNTs/HCl, c). vertically aligned B-MWCNTs/piranha. 

In Nyquist plots, the diameter of a semicircle in high-frequency represents the electron 

transfer resistance (Rct). The general relation between Rct and the reaction kinetic by Butler 

Volmer is given by: 
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𝑅𝑐𝑡 =
𝑅𝑇

𝑛𝐹𝐼𝑜
 

(3.2) 

Where Io represents the exchange current of the reaction [169]. The relationship between 

the exchange current and the heterogenous electron transfer is given by the equation: 

 𝐼0 = 𝑛𝐹𝐴𝑘𝑠𝐶. (3.3) 

The analysis of Figure 3.17 in Table 3.8 shows that the Rct of the vertically aligned B-MWCNTs 

decreases with oxidative functionalisation and HCl treatment. A decrease in Rct is evident of 

the change in electrodes kinetics. This result is in agreement with the CV measurements 

demonstrating that faster electrodes kinetics can be produced by opening the upper parts of 

nano tubes caps and by increasing the defect density through oxidative functionalisation. 
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Figure 3.18 EIS recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) on a).Y-shaped B-MWCNTs, 

b).Y-shaped B-MWCNTs/HCl, c).Y-shaped B-MWCNTs/piranha d).Y-shaped B MWCNTs+ 

AuNPs. 
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The Nyquist diagram of [Fe(CN)6]3−/4− at different Y-shaped B-MWCNTs electrodes in Figure 

3.18 shows that the Rct of Y-shaped B-MWCNTs decreases after the oxidative 

functionalisation and surface modification with AuNPs. The change of Rct value was a strong 

proof that Y-shaped B MWCNTs have a significant impact on their kinetic after surface 

functionalisation by oxidation and gold nanoparticle. The modification of the Y-shaped B-

MWCNTs with oxidation and gold nanoparticle had significantly enhanced the activity of 

electrode surface.  

Table 3.8 Estimated EIS parameters for vertically aligned B-MWCNTs and Y-shaped B-
MWCNTs. 

Films Rct /(Ω cm-2) Cdl /(µF) 

Vertically aligned B-MWCNTs 92.1 1.56 

Vertically aligned B-MWCNTs /HCl 34.1 1.51 

Vertically aligned B-MWCNTs/Piranha 48.5 3.6 

Y-shaped B-MWCNTs 27.2 6.2 

Y-shaped B-MWCNTs/HCl 21.9 4.4 

Y-shaped B-MWCNTs/Piranha 17.0 21.7 

Y-shaped B-MWCNTs/ AuNPs 16.0 3.2 

 

Oxidative functionalisation increases the Cdl value of vertically aligned B-MWCNTs and Y-

shaped B-MWCNTs. The increasing of the Cdl is due to the surface charge effects and the 

change of the hydrophobic surface to hydrophylic of B-MWCNTs. It is well known that the Cdl 

value is affected by many variables such as electrode potential, temperature, ionic 

concentration, oxide layer, roughness and impurity adsorption [170]. 

3.2.2. The effects of carbon source on electrochemical characteristics of B-MWCNTs.  

Figure 3.19 shows the SEM micrographs of B-MWCNTs film from two different carbon 

precursors, fabricated by the decomposition of ethanol and propanone in the presence of 

ferrocene catalyst and triethyl borate doping sources material. The SEM micrographs show 

that B-MWCNTs produced from propanone contained many carbon cluster on the nanotube 

surface, whereas, B-MWCNTs produced from ethanol are quite clean from carbon nano 
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cluster of other carbon structures. An asymmetric nanotube branched with Y-shaped 

structure was observed in B-MWCNTs from ethanol-ferrocene-triethyl borate ternary 

mixture. 

  
 

Figure 3.19 SEM of B-MWCNT produced from a).ethanol, b).propanone 

The TEM investigations showed that the caps structure and surface morphology of B-

MWCNTs were sensitive to carbon sources (Figure 3.20a and 3.20b). B-MWCNTs from 

ethanol have a hemispherical cap, whereas, B-MWCNTs from propanone have a relatively 

flatter cap. Propanone produces B-MWCNTs with heterogenous surfaces. The TEM images in 

Figure 3.20b confirms the presence of heterogeneous carbon cluster in the B-MWCNTs 

surface produced from propanone. Ethanol produces more homogenous B-MWCNTs surface 

than propanone.  

 
 

  

Figure 3.20 TEM of B-MWCNT produced from a).ethanol, b).propanone 

Figure 3.21 shows the cyclic voltammograms of 0.5 mM [Fe(CN)6]3−/4 in (1.0 M KCl) at 

different B-MWCNTs films. It was observed that B-MWCNTs electrodes with carbon cluster 

a) b) 
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have lower ΔEp (0.112 V) than Y-shaped B-MWCNTs (0.136 V). This finding clearly indicates 

a strong influence of synthesis methods to the electrochemical properties of B-MWCNTs. The 

corresponding variation of electrode kinetic was also observed. The Ks value of Y-shaped B-

MWCNTs is about 6.1 x 10-4 cm s-1, whereas the Ks value of B-MWCNTs with nano graphitic 

cluster is about 9.2 x 10-4 cm s-1. It was reported that amorphous carbon impurities play an 

active role in redox process of carbon nanotubes. Amorphous carbon black decreases the ΔEp 

and increases the heterogenous electron transfer [171]. 
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Figure 3.21 CVs recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) at scan rate 0.02 V s-1  on B-
MWCNTs synthesis from different carbon source (ethanol and propanone) (vs Ag/AgCl).  

The EIS measurement of the various structures of B-MWCNTs electrodes provides 

information regarding the electrochemical reaction on an electrode surface and is required 

in order to study the effect of the impurities and nanotube structure on the electrochemical 

properties of carbon electrodes. Figure 3.22 displays the impedance plots in frequency range 

of  0.1 Hz-100 KHz at the B-MWCNTs electrode in the presence of 0.5 mM [Fe(CN)6]3−/4 in 1.0 

M KCl. 
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Figure 3.22 EIS recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) on B-MWCNTs synthesis 
from different carbon sources a).ethanol, b).propanone.  

Considering the case of interfacial electrochemical reactions in presence of semi-infinite 

linear diffusion of electroactive particle to flat electrodes, the Randles equivalent circuit was 

used to fit the Y- shaped B-MWCNTs electrodes impedance. The contribution of the cluster 

of nanoparticle was calculated in the impedance curve fitting for B-MWCNTs with nano 

graphitic carbon [172,173]. Small particle and porous electrodes show low-frequency arc 

characteristics in an impedance spectroscopy [172]. A high-impedance frequency is needed 

for a small value capacitance double layer characterization. Table 3.9 summarizes the 

electrochemical properties of electrodes that were obtained from the fitting process. 

Table 3.9 The comparison of electrochemical properties for B-MWCNTs from different 
carbon sources. 

Films ΔEp/(V) Ks/ 

(cm s-1) 

Rct/ 

(Ω cm-2) 

Sensitivity/ 

(A mM-1 cm-2) 

LOD/ 

(µM) 

B-MWCNTs (ethanol) 0.136 6.1 x 10-4 27.2 106.3 63.9 

B-MWCNTs (Propanone) 0.112 9.2 x 10-4 19.4 102.3 110.7 

 

As shown in Table 3.9, it can be seen that B-MWCNTs with carbon cluster show lower charge 

transfer resistance than Y-shaped B-MWCNTs. The electrode kinetic of B-MWCNTs 

containing nano graphitic carbon is faster than that of Y-shaped B-MWCNTs. However, Y-

shaped B-MWCNTs have a better detection limit than B-MWCNTs which contain nano 

graphitic carbon. 
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3.2.3. The effects of doping concentration on electrochemical characteristics of B-

MWCNTs.  

Figure 3.23 shows SEM micrographs of the effects of various triethyl borate concentrations 

(0.5-3.0 wt %) in B-MWCNTs film synthesis from ferrocene-propanone, a catalyst-carbon 

precursors mixture. The main advantage of this composition production method lies on the 

possibility of introducing high boron doping concentration to the B-MWCNTs structure. 

Triethyl borate shows very good solubility in a propanone-ferrocene mixture.  

  
 
 

  
Figure 3.23 SEM images of a).MWCNTs, b).B-MWCNT (TEB 1 wt %), c).B-MWCNT (TEB 2 

wt % ), d).B-MWCNT (TEB 3 wt %). 

 

The SEM investigation showed that the presence of triethyl borate leads to decrease the 

length of MWCNTs. An increase of doping source concentration would, therefore, increase 

the inclusion on B-MWCNTs surface. The TEM image in Figure 3.24 showing the morphology 

of B-MWCNTs exhibits that an inhomogeneous graphitic nanoparticle is distributed along B-

MWCNTs surfaces. 

a) b) 

c) d) 
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Figure 3.24 TEM images of B-MWCNT (TEB 2wt %) 

In order to investigate the effect of concentration of doping material in B-MWCNTs synthesis 

on their electrochemical response, the electrochemical behaviour of 0.1- 1 mM [Fe(CN)6]3−/4−  

in 1.0 M KCl at the B-MWCNTs electrode was examined by cyclic voltammetry (Figure 3.25a, 

3.25c, 3.25e). The calibration curves are shown in Figures 3.25b, 3.25d, and 3.25f. The 

electrochemical sensing parameters estimated using B-MWCNTs electrodes are summarised 

in Table 3.10. 
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Figure 3.25 CVs and calibration curves recorded for 0.1-1 mM [Fe(CN)6]3−/4− (1.0 M KCl) at 
scan rate of 0.02 V s-1  on a,b).B-MWCNT (0.5% TEB), c,d).B-MWCNT (2% TEB), e,f).B-
MWCNT (3% TEB) (vs Ag/AgCl). 
 

Compared to B-MWCNTs with 0.5 wt % and 3.0 wt % TEB, B-MWCNTs with 2 wt % TEB 

shows the lowest peak-to-peak separation (ΔEp = 0.115 V). A large peak separation of B-

MWCNTs electrodes (ΔEp > 300 mV) indicates a high resistance and slow reaction kinetics 

on these particular electrodes. The different shapes of the cyclic voltammogram represent 

the different characteristics of linear diffusion domain on the electrode surface [174]. The 

detection limit of B-MWCNTs was slightly changed with the variation of doping 

concentration (0.5-3.0 wt % TEB). The variation of doping concentration (0.5-3.0 wt % TEB) 

in B-MWCNTs synthesis from propanone-ferrocene mixture does not significantly affect the 

sensitivity of B-MWCNTs electrodes. The variation of doping concentration (0.5-3.0 wt % 

TEB) in B-MWCNTs synthesis significantly affects the kinetic of electron transfer and the 

diffusion process in on electrode surface. 
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Table 3.10 The comparison of electrochemical properties for B-MWCNTs with different 
doping source concentrations (0.5-3.0% TEB) 

Films ΔEp/(V) Sensitivity/ 

(A mM-1cm-2) 

LOD/(µM) 

B-MWCNTs, FeCp2/TEB (2:0.5) 0.302 102.6 103.5 

B-MWCNTs, FeCp2/TEB (2:2) 0.115 102.3 110.7 

B-MWCNTs, FeCp2/TEB (2:3) 0.298 102.1 92.1 

   

The effects of the doping concentration in B-MWCNTs synthesis on the electron transport 

features were investigated with 0.5 mM [Fe(CN)6]3−/4−  in 1.0 M KCl using EIS in the frequency 

range of 0.1 Hz-100 KHz. Figure 3.26 displays the Nyquist plots of impedance spectroscopy 

for different B-MWCNTs electrodes. A diffusion in the porous electrode with the particle in 

different sizes was considered in the fitting process [173]. The electrochemical properties of 

B-MWCNTs electrodes extracted from fitting process are summarized in Table 3.11 
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Figure 3.26 EIS recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) on a).B-MWCNT (0.5% 
TEB), b).B-MWCNT (2% TEB) c).B-MWCNT (3% TEB).  

The EIS results reveal that the charge transfer resistance of B-MWCNTs differs significantly 

depending on the boron source concentration. The difference in the low-frequency arc 

characteristics of B-MWCNTs indicates the specific diffusion process for each electrode. 

Double layer capacitance decreases with the increase of triethyl borate concentration. The 

capacitance of carbon nanotube reflects its active surface area. The capacitance also 

increases with the increase of its surface area.  

Table 3.11 Impedance data obtained for B-MWCNTs with different boron precursors 
concentration. 

Films Rct/(Ω cm-2) Cdl /(µF) 

B-MWCNTs, FeCp2/TEB (2:0.5) 99.9 5.8 

B-MWCNTs, FeCp2/TEB (2:2) 19.4 2.1 

B-MWCNTs, FeCp2/TEB (2:3) 125.7 0.08 

 

3.3. Phosphorus doped MWCNTs  

3.3.1. Electrochemical characteristics of P-MWCNTs.  

Typical SEM micrographs of P-MWCNTs produced  by the decomposition of ethanol and 

triphenyl phosphine in the presence of ferrocene catalyst (triphenyl phosphine/ferrocene 

1:1) are shown in Figure 3.27a. HCl treated P-MWCNTs are displayed in Figure 3.27b. The 

SEM micrographs taken for P-MWCNTs reveals that sole long nanotube and carbon clusters 
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are grown on Si/SiO2 substrate. The HCl treatment of P-MWCNTs films removes some part 

of the carbon cluster on the P-MWCNTs surface. 

  

Figure 3.27 SEM images of a). P-MWCNTs, b). P-MWCNTs + HCl 

Figure 3.28 shows the oxidation of P-MWCNTs from the ethanol carbon source with 

sulphuric acid/hydrogen peroxide mixture (piranha). The SEM micrograph reveals that the 

nanotube structure in P-MWCNTs was completely eliminated after the oxidation process. A 

dense carbon film was observed on Si/SiO2 substrate. 

  

Figure 3.28 SEM images of P-MWCNTs a).Piranha oxidation, b).Decorated with AuNPs 

Figure 3.28 b shows SEM micrographs of P-MWCNTs decorated with gold nanoparticles. The 

SEM images reveal that the gold nanoparticles were distributed homogenously onto the 

surface of P-MWCNTs so that no agglomeration of the nanoparticle occurs. The nanoparticle 

can be recognised as the small bright dots on the P-MWCNTs surfaces. 
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Figure 3.29 CVs recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) at the scan rate of 0.02 V s-1  
on different P-MWCNTs electrodes (vs Ag/AgCl). 

Figure 3.29 shows the cyclic voltammograms obtained over a range of 0 to 0.7 V for P-

MWCNTs with HCl treatment, oxidative functionalisation with sulfuric acid/hydrogen 

peroxide mixture, and nanoparticle functionalisation with gold. A summary of the cyclic 

voltammetry data obtained for [Fe(CN)6]3−/4−  on P-MWCNTs before as well as after their 

treatment and  functionalization are presented in Table 3.12.  

The results show that an acid treatment with HCl and nanoparticle functionalisation with 

gold, significantly decreases the ΔEp of P-MWCNTs, whereas oxidative functionalisation 

leads to increase the ΔEp of P-MWCNTs. Corresponding to the SEM data, the above results 

illustrate that the ΔEp of P- MWCNTs is highly sensitive to surface structure. It can be seen 

that the surface functionalisation of P-MWCNTs with AuNPs shows the lowest ΔEp (0.126 V).  

According to the theory, ΔEp directly corresponds with the heterogenous electron transfer 

kinetics. A smaller ΔEp indicates higher heterogenous electron transfer kinetics [147]. P-

MWCNTs modified with AuNPs demonstrate faster kinetics toward the [Fe(CN)6]3−/4− redox 

system than the oxidative functionalisation of P-MWCNTs and HCl treatment of P-MWCNTs. 

The decrease of ΔEp observed for the surface treated P-MWCNTs electrodes with HCl and 

AuNPs indicates electrocatalytic effects due to the increase of surface chemistry area 
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available to electroactive species. The increase of the ΔEp of P-MWCNTs after oxidation with 

the piranha solution is connected to the damage of the nanotube structure on the P-MWCNTs 

films. The damage of the nanotube structure on the P-MWCNTs film leads to a decrease in 

the electrode active surface area. A higher current-concentration response in the cyclic 

voltammetry of P-MWCNTs after oxidation corresponds with the formation of dense film P-

MWCNTs after oxidation. 

CVs recorded for 0.1-1mM [Fe(CN)6]3−/4− (1.0 M KCl) standard redox system at P-MWCNTS, 

P-MWCNTs/HCl, P-MWCNTs/piranha, P-MWCNTs/AuNPs are shown in Figure 3.30 a, Figure 

3.30c, Figure 3.30d, and Figure 3.30f, respectively. The calibration curves in Figure 3.30 b, 

Figure 3.30d, Figure 3.30e, and Figure 3.30 g show the linear relationship between the 

current and concentration and following the Randles-Sevcik equation. The sensing 

parameters estimated for [Fe(CN)6]3−/4− on P-MWCNTs electrodes in Figure 3.30 are 

summarised in Table 3.10. 
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Figure 3.30 CVs and calibration curves recorded for 0.1-1 mM [Fe(CN)6]3−/4− (1.0 M KCl) at 
scan rate of 0.02 V s-1  on a,b).P-MWCNTs/HCl, c,d).P-MWCNTs/piranha e,f).P-MWCNTs+ 
AuNPs (vs Ag/AgCl). 

 

Surface treatment of P-MWCNTs with HCl and modification with AuNPs does not 

significantly change the sensitivity of P-MWCNTs. The oxidative functionalisation only 

slightly increases the sensitivity of P-MWCNTs. The increase of P-MWCNTs sensitivity after 

oxidative functionalisation can be explained by the reduction of the film porosity and the 

dense film formation as it can be seen from SEM micrographs as shown in Figure 3.28a. An 

increase in the film conductivity increases the current-concentration response of the 

electrodes. 

As shown in Table 3.12, it can be clearly seen that acid treatment with HCl, the oxidative 

functionalisation with sulfuric acid/hydrogen peroxide mixture, and the gold nanoparticle 
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functionalisation slightly changes the detection limit of P-MWCNTs. Thus P-MWCNTs, 

modified with AuNPs, demonstrated a better detection ability than either HCl treated of P-

MWCNTs or oxidative functionalisation of P-MWCNTS. The results indicate that P-MWCNTs 

modified with AuNPs have the lowest noise/sensitivity ratio compared to other electrodes.  

Table 3.12 CV parameters obtained for P-MWCNTs and surface modified P-MWCNTs. 

Films ΔEp/(V) Ks/(cm s-1) Sensitivity/ 

(A mM-1 cm-2) 

LOD/(µM) 

P-MWCNTs  0.199 
 

2.7 x 10-4 101.9 50.2 

P-MWCNTs/HCl  0.135 6.2 x 10-4 102.0 59.8 

P-MWCNTs/Piranha 0.203 2.6 x 10-4 104.1 66.2 

P-MWCNTs/ AuNPs  0.126 7.1 x 10-4 101.9 44.8 

 

The EIS measurements were performed in order to obtain charge transfer resistance and 

capacitance double layer value for P-MWCNTs and surface modified P-MWCNTs. The 

impedance spectra were recorded with 0.5 mM [Fe(CN)6]3−/4− in 1.0 M KCl in the range of 0.1 

Hz-100 KHz frequency range. The impedance spectra of the P-MWCNTs and the surface 

modified P-MWCNTs are displayed in Figure 3.31 as Nyquist plots. The complex plane of 

Nyquist plots consists of semi circles at high to medium frequencies and straight lines at low 

frequencies, representing the kinetic and diffusion process in the electrode, respectively. To 

analyses these experimental results, the Randles equivalent circuit was used to fit the 

impedance spectra. Table 3.13 displays the estimated EIS parameters obtained for P-

MWCNTs and the surface modified P-MWCNTs.  
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Figure 3.31 EIS recorded for 0.5 mM [Fe(CN)6]3−/4−(1.0 M KCl) On a).P-MWCNTs  
 b).P-MWCNTs/HCl c).P-MWCNTs/piranha d).P-MWCNTs+ AuNPs. 

The EIS spectra of all the P-MWCNTs electrodes show a different shape  in high and low 

frequencies. The impedance spectroscopy analysis of P-MWCNTs revealed that the acid 

treatment with HCl, oxidative functionalisation with sulfuric acid/hydrogen peroxide 

mixture, and the gold nanoparticle functionalisation lead to significantly decreased of charge 

transfer resistance of P-MWCNTs. Thus, these experimental results reveal that the kinetic of 

P-MWCNTs is predominantly influenced by the morphology and  surface chemistry within 

the material structure.  The oxidative functionalisation of P-MWCNTs and the 

functionalisation of the P-MWCNTs with gold nanoparticle increase the Cdl of P-MWCNTs. 

The variation of Cdl value is connected with the change of the surface chemistry of nanotubes 

and the variation of the active surface area of the electrode.  
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Table 3.13 Estimated EIS parameters for P-MWCNTs and surface modified P-MWCNTs 

Films Rct/(Ω cm-2) Cdl /(µF) 

P-MWCNTs  155.3 3.3 

P-MWCNTs/HCl  69.6 1.4 

P-MWCNTs/Piranha 21.5 8.1 

P-MWCNTs/ AuNPs  32.9 8.1 

 

3.3.2. The effects of carbon sources on electrochemical characteristics of P-MWCNTs.  

Typical SEM micrographs of P-MWCNTs produced by decomposition of cyclohexane or 

ethanol carbon sources with doping/catalyst ratio (triphenyl phosphine/ferrocene 1:1) are 

shown in Figure 3.32. The SEM micrographs of P-MWCNTs display that the P-MWCNTs from 

ethanol have a smaller diameter and are longer than the P-MWCNTs from cyclohexane. An 

agglomeration of carbon inclusions was found in all P-MWCNTs structures. 

  
Figure 3.32 SEM images of P-MWCNTs from different carbon sources a).Cyclohexane, 
b).Ethanol 

The TEM investigation reveals that onion-like carbon (OLC) is grown on Si/SiO2 substrate as 

a reaction by-product of cyclohexane and triphenyl phosphine in the presence of ferrocene 

catalyst (Figure 3.33). The OLC consists of spherical structure that includes an iron closed 

carbon shell. Iron nanoparticles are encapsulated inside the OLC structure. The OLC possess 

smaller size, compared to P-MWCNTs. The OLC  structure covers all kinds of concentric shells 

from nested fullerene to small polyhedral structure (<100 nm) [175].  
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Figure 3.33 TEM images of onion-like carbon on P-MWCNTs surface. 

To investigate the influence of carbon sources on the electrochemistry of P-MWCNTs, Cyclic 

voltammetry and electrochemical impedance spectroscopy were used to charaterise the P-

MWCNTs electrode. Cyclic voltammetry responses of 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) at P-

MWCNTs produced from different carbon sources are shown in Figure 3.34 
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Figure 3.34 CVs recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) at a scan rate of 0.02 V s-1   on 
P-MWCNTs synthesis from different carbon sources (ethanol and cyclohexane) (vs Ag/AgCl).  

The ΔEp apparent of P-MWCNTs film fabricated by ethanol decomposition  is very close to 

the ΔEp of P-MWCNTs film fabricated by cyclohexane decomposition. It can be seen that the 

ΔEp of P-MWCNTs electrodes from ethanol is 0.199 V, whereas the ΔEp of P- MWCNTs 

electrodes from cyclohexane is 0.182 V. The electrode kinetic of P-MWCNTs from 

cyclohexane was slightly faster than that of the P-MWCNTs from ethanol. These results 

illustrate the interdependence of the electrode kinetic and  the electrode structure in P-
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MWCNTs. Nanotubes diameter, nanotubes agglomeration and the presence of onion-like 

carbon contribute to the variation of the ΔEp of P- MWCNTs.  

The impedance feature of the P-MWCNTs from ethanol and cyclohexane carbon sources at 

0.5 mM [Fe(CN)6]3−/4−   in  1.0 M KCl were investigated by using EIS in the range of 0.1 Hz -

100 KHz and is shown in Figure 3.35. The estimated of EIS parameters are presented in Table 

3.14.  
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Figure 3.35 EIS recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) standard redox system at 
0.02 V s-1 on P-MWCNTs from different carbon sources a).P-MWCNTs produced from 
ethanol b). P-MWCNTs produced from cyclohexane. 

The quantitative analysis result of Fig 3.35. shows that the charge transfer resistance of the 

P-MWCNTs/EtOH is higher than of the P-MWCNTs/ CyH. The charge transfer resistance 

values agree with the cyclic voltammetry results, indicating that the P-MWCNTs/ CyH has 

faster electrodes kinetic compared to the P-MWCNTs/EtOH.  
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Table 3. 14 Estimated EIS and CV parameters for P-MWCNTs from ethanol and cyclohexane 
carbon sources 

Films ΔEp/(V) Ks/(cm s-1) Rct/ 

(Ω cm-2) 

Cdl/ 

(µF) 

Sensitivity/ 

(A mM-1 cm-2) 

LOD/ 

(µM) 

P-MWCNTs 

(Ethanol) 

0.199 2.7 x 10-4 155.3 3.3 101.9 50.2 

P-MWCNTs 

(Cyclohexane) 

0.182 3.3 x 10-4 134.8 1.0 102.0 68.6 

 

 

3.3.3. The effects of Doping/catalyst ratio on the electrochemical characteristics of P-

MWCNTs.  

SEM and TEM micrographs of various fabricated P-MWCNTs are presented in Figure 3.36 

and 3.37 respectively. P-MWCNTs were grown on Si/SiO2 substrate with cyclohexane and 

triphenyl phosphine pyrolysis in the presence of ferrocene catalyst by catalytic chemical 

vapor deposition. Both TEM and SEM images displayed that the P-MWCNTs structure was 

strongly affected by catalyst/doping ratio. In high catalyst/doping ratio sole and long carbon 

nanotubes can be clearly recognised, whereas, in a low catalyst/doping ratio, a large number 

of nanotubes clusters can be detected.  

 

The TEM revealed onion-like carbon structures that are recognised as the by-products of 

nanotubes synthesis. Encapsulated iron nanoparticles can be seen both in the CNTs structure 

   

Figure 3.36 SEM images of P-MWCNTs a). FeCp2/TPP (5:2 wt %), b). FeCp2/TPP (2:1 wt %), 
c). FeCp2/TPP (2:2 wt %). 
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and the onion-like carbons. This implies that iron may play an important role in the 

formation of both the OLC and the P-MWCNTs. It can be concluded that the higher the 

catalyst/TPP ratio, the longer the P-MWCNTs structure. Triphenyl phosphine/ferocenne in 

a high ratio, inhibits the growth of P-MWCNT. The formation of onion-like carbon is 

preferred than P-MWCNTs in the high ratio of Triphenyl phosphine/ferocenne. 

To investigates the influence of catalyst doping/doping ratio on electrochemical properties 

of P-MWCNTS, the electrochemical behaviour of 0.1- 1 mM [Fe(CN)6]3−/4−   in  1.0 M KCl on 

  

  
  

  

  

  
Figure 3.37 TEM images of P-MWCNTs a,b). FeCp2/TPP (5:2 wt % %), c,d). FeCp2/TPP (2:1 
wt %), e,f ). FeCp2/TPP (2:2 wt %). 

a)

) 
b) 

c) d) 

e) f) 
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the P-MWCNTS film was examined by means of cyclic voltammetry. The effects of catalyst 

doping/doping ratio on CVs of P-MWCNTs are shown in Figure 3.38. The extracted CV 

parameters are reported in Table 3.15. 
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Figure 3.38 CVs recorded for 0.5mM [Fe(CN)6]3−/4− (1.0 M KCl) at scan rate of 0.02 V s-1 on 
P-MWCNTs with different catalyst/doping ratio a). FeCp2/TPP (5:2 wt %), b). FeCp2/TPP 
(2:2 wt %), c). FeCp2/TPP (2:1 wt %) (vs Ag/AgCl). 

It can be seen that the P-MWCNTs with FeCp2/TPP (5:2 wt %) has a lower ΔEp than the P-

MWCNTs with FeCp2/TPP (2:2 wt %) and P-MWCNTs with FeCp2/TPP (2:1 wt %). The slight 

difference in the ΔEp value was observed on the P-MWCNTs with FeCp2/TPP (2:2 wt %) and 

the P-MWCNTs with FeCp2/TPP (2:1 wt %). The heterogenous electron transport (Ks) 

deduced for P-MWCNTs, was estimated by using the Nicholson equation[147]. The estimated 

Ks value of P-MWCNTs shows that the cluster of P-MWCNTs has lower electrodes kinetics 

compared to sole P-MWCNTs. The lower electrodes kinetics reflect low global coverage of 

edge plane sites [176]. The high current-concentration response of cluster P-MWCNTs is due 

to the low porosity and high density of the P-MWCNTs film. Similar results can be observed 

for P-MWCNTs produced from ethanol carbon precursor after piranha oxidation.   
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Figure 3.39 CVs and calibration curves recorded for 0.1-1 mM [Fe(CN)6]3−/4− (1.0 M KCl) at 
scan rate of 0.02 V s-1   on P-MWCNTs with different doping/catalyst ratio a,b). FeCp2/TPP 
(5:2 wt %), c,d ). FeCp2/TPP (2:2 wt %), e,f). FeCp2/TPP (2:1 wt %) (vs Ag/AgCl). 

Figures 3.39a, 3.39c, 3.39f, and 3.39b, 3.39d, and 3.39f show the cyclic voltammetry curves 

and the calibration curves of the P-MWCNTs with various FeCp2/TPP ratio, respectively. 

Based on the signal-to-noise approach, from the linear concentration-current dependence 
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curve, the detection limit and sensitivity values of P-MWCNTs with various FeCp2/TPP were 

estimated [163].  The detection limit and sensitivity values estimated for the P-MWCNTs are 

summarized in Table 3.15. 

The quantitative analysis of Figure 3.39 shows that the difference in the catalyst/doping 

ratio slightly affects the detection limit of P-MWCNTs toward [Fe(CN)6]3−/4−. The variation of 

catalyst/doping ratio (5:2, 2:2, 2:1wt %) in the P-MWCNTs does not significantly affect the 

sensitivity of the P-MWCNTs.  

The electrochemical behavior of the redox system [Fe(CN)6]3−/4- on the P-MWCNTs films 

with different catalyst doping ratios was investigated by means of the EIS technique. Figure 

3.40 displays the impedance plots recorded in 0.1 Hz-100 KHz frequency range at the P-

MWCNTs electrode in the presence of 0.5 mM [Fe(CN)6]3−/4- in1.0 M KCl. The Randles 

equivalent circuit was used to interpret the experimental impedance spectra. The semicircle 

in high to medium frequency region of the Nyquist plot is connected to a kinetic of electrodes 

and the straight line at low frequency represents the diffusion process in the electrodes. The 

difference in the shape of the P-MWCNTs in high-frequency impedance is due to the variation 

of the kinetics of P-MWCNTs electrodes. 
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Figure 3.40 EIS recorded for 0.5 mM [Fe(CN)6]3−/4− (1.0 M KCl) on P-MWCNTs with different 
doping/catalyst ratio a). FeCp2/TPP (5:2 wt %), b). FeCp2/TPP (2:2 wt %),  
c). FeCp2/TPP (2:1 wt %) 

P-MWCNTs with (5:2 wt %) FeCp2/TPP exhibited a depressed semicircle with very small 

diameter in the high-frequency region and a straight line in the low-frequency region. The 

semicircle in high frequency was explained by means of the high ionic conductivity at the 

electrode/electrolyte interface [177]. The P-MWCNTs with (5:2 wt %) FeCp2/TPP catalyst 

doping ratio shows lower charge transfer resistance than the P-MWCNTs with (2:2 wt %) 

FeCp2/TPP and the P-MWCNTs with (2:1 wt %) FeCp2/TPP. The results indicate that the P-

MWCNTs with a long tubular structure exhibit faster electrodes kinetics compared to the P-

MWCNTs clusters. 

 

Table 3. 15 Estimated EIS and CV parameters for P-MWCNTs from various catalyst/doping 
ratios. 

Films ΔEp/(V) Ks/ 

(cm s-1) 

Rct/  

(Ω cm-2) 

Sensitivity/ 

(A mM-1 cm-2) 

LOD/ 

(µM) 

P-MWCNTs, 

FeCp2/TPP (5:2) 

122 7.5x10-4 7.2 102.0 70.2 

P-MWCNTs, 

FeCp2/TPP (2:2) 

182 3.3x10-4 134.8 102.0 68.6 

P-MWCNTs, 

FeCp2/TPP (2:1) 

180 3.4x10-4 43.9 101.9 71.8 
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3.4. Electrochemical analysis of dopamine on B-MWCNTs and P-MWCNTs films 

B-MWCNTs and P-MWCNTs are low-dimensional materials with large surface volume ratio. 

These materials demonstrate a good ability to mediate electron transfer with an 

electroactive material when used as an electrode. Since the surface of B-MWCNTs and P-

MWCNTs contain great degree of defects in their basal plane and edge plane, it would be 

interesting to study the influence of production methods and surface modification on their 

electrochemical properties and analytical performance in biomolecule oxidation. Dopamine 

represents an important neurotransmitter that undergoes two electrons transport when 

oxidised into dopamine o-quinone (Figure 3.41). The cyclic voltammetry characteristic of 

dopamine is highly sensitive to the nature of carbon surfaces [178]. The oxidation of 

dopamine on CNTs can be investigated by means of cyclic voltammetry and impedance 

spectroscopy techniques [179].  

NH2OH

OH

NH2O

O

+ 2H+
2e-+

 

Figure 3.41 The oxidation of dopamine to dopamine quinone [136,180] 

 

3.4.1 Electrochemical characteristics of B-MWCNTs 

Cyclic voltammetry was used to study the electrochemistry of dopamine. Figure 3.40 shows 

the cyclic voltammogram of vertically aligned B-MWCNTs and Y-Shaped B-MWCNTs for 

0.25mM dopamine in PBS (pH=7). The extracted CV parameters in Figure 3.42 are presented 

in Table 3.16.  
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Figure 3.42 CVs recorded for 0.25 mM dopamine in PBS (pH=7) at scan rate of 0.02 V s-1  on 
a). vertically aligned B-MWCNTs, b).Y-shaped B-MWCNTs (vs Ag/AgCl). 

The difference in the cyclic voltammetry current background of B-MWCNTs is due to the 

difference in the surface roughness of the electrode [181]. As shown in Table 3.16, the cyclic 

voltammogram reveals that the HCl treatment and oxidative functionalisation of vertically 

aligned B-MWCNTs lead to a decrease of the ΔEp redox system. The ΔEp of Y shaped B-

MWCNTs does not significantly change after HCl treatment. The shift of ΔEp that appeared in 

vertically aligned B-MWCNTs indicates that the enhancement of the electro catalytic effects 

corresponds with the increase of the active surface to the electroactive species. A higher 

proportion of edge plane sites and oxygen functional group contributed to the 

electrocatalytic activity of electrode [174,182]. 

HCl treatment of B-MWCNTs leads to the elimination of boron filling, as it can be seen in the 

XPS data. The consequence of boron elimination is the increase of defect density in the 

nanotubes structure. The change of the ΔEp value of the vertically aligned B-MWCNTs and 

the Y-shaped B-MWCNTs after the HCl treatment illustrates the contribution of defect to the 

electrode kinetic toward dopamine/dopamine quinone redox system. 

 The decrease of ΔEp relates to the increase of heterogeneous electron transport. The 

increase of heterogenous electron transfer  of  vertically aligned B-MWCNTs and Y-Shaped 
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B-MWCNTs film after oxidative functionalisation is due to the formation of the hydrogen 

bonding between the dopamine and the hydroxyl functional group in the B-MWCNTs and 

better hydrophilic interaction between electrode and solution [183,184]. 

In order to investigate further the electrochemical properties of dopamine on vertically 

aligned B-MWCNTs and Y-Shaped B-MWCNTs, the dependence of the current response on 

the concentration of dopamine was considered by varying the concentration of the electro 

active compound. Figure 3.40 shows the CVs observed for the oxidation of dopamine (0.1- 

0.5 mM)  in PBS (pH=7) at various vertically aligned B-MWCNTs electrodes. The estimated 

CV parameters for dopamine on B-MWCNTs are presented in Table 3.16  

The cyclic voltammetry results (Figure 3.43) reveals the linear relationship between the 

current and dopamine concentration. It can be clearly seen that the acid treatment with HCl, 

the oxidative functionalisation with piranha solution, and the gold nanoparticle 

functionalisation slightly changes the detection limit and sensitivity of the vertically aligned 

B-MWCNTs toward dopamine/dopamine quinone redox system. The variation of sensitivity 

is due to the difference in structure of the vertically aligned B-MWCNTs that probably plays 

a significant role in the mechanism of  electrochemical oxidation of dopamine. 
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Figure 3.43 CVs and calibration curves obtained for dopamine 0.05-0.5 mM in PBS (pH=7) at 
scan rate of 0.02 V s-1   on a,b).vertically aligned B-MWCNTs, c,d).vertically aligned B-
MWCNTs/HCl, e,f). vertically aligned B-MWCNTs/piranha (vs Ag/AgCl).  

 

Figure 3.44 shows the electrochemical response of 0.1-0.5 mM dopamine in PBS (pH=7) at 

different Y-shaped B-MWCNTs electrodes. The calibration curve in Figure 3.42 displays the 

linear relationship between current and concentration that is shown by the Randles-Sevcik 

equation. The estimated CV parameters for various types of  B-MWCNTs are presented in 

Table 3.16 
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Figure 3.44 CVs and calibration curves obtained for dopamine 0.05-0.5 mM (vs Ag/AgCl) at 
scanrate of 0.02 V s-1   On a,b).Y-shaped B MWCNTs, c,d).Y-shaped B-MWCNTs/HCl, e,f) Y-
shaped B-MWCNTs/piranha, g,h).Y-shaped B MWCNTs/piranha/ AuNPs (vs Ag/AgCl). 

The quantitative analysis of Figure 3.44 in Table 3.16 shows that the sensitivity of the Y-

shaped B-MWCNTs slightly increased after their oxidation and HCl treatment. 

Functionalisation with AuNPs does not significantly influence the sensitivity of the Y-shaped 

B-MWCNTs. Functionalisation of the Y-shaped B-MWCNTs with AuNPs improve the 

electrocatalytic activity of the Y-shaped B-MWCNTs. The increase of the Y-shaped B-

MWCNTs sensitivity after oxidative functionalisation towards dopamine/dopamine o-

quinone redox system is due to the porosity reduction and the formation of a dense film after 

the damage of the Y-shaped structure.  A similar effect can be observed in the measurement 

of Y-shaped B-MWCNTs  before and after the oxidative functionalisation towards 

[Fe(CN)6]3−/4− redox system. A slight change in the detection limit of dopamine can be 

observed after the surface treatment of the Y-shaped B-MWCNTs with HCl, piranha solution 

as well as functionalisation with AuNPs. 
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Table 3.16 Estimated CV parameters for B-MWCNTs toward dopamine/dopamine quinone 
redox system 

Films ΔEp/(V) Ks/ (cm s-1) Sensitivity/ 

(A mM-1 cm-2) 

LOD/(µM) 

Vertically aligned B-

MWCNTs 

0.181 4.8x10-4 263.3 33.9 

Vertically aligned B-

MWCNTs /HCl 

0.077 4.5x10-3 260.7 48.1 

Vertically aligned  

B-MWCNTs/Piranha 

0.113 1.3x10-3 261.7 40.6 

Y-shaped B-MWCNTs 0.067 9.3x10-3 258.0 41.9 

Y-shaped B-MWCNTs/HCl 0.066 9.5x10-3 256.7 55.4 

Y-shaped B-

MWCNTs/Piranha 

0.077 4.5x10-3 263.0 46.7 

Y-shaped B-MWCNTs/ 

AuNPs 

  0.059 6.1x10-2 258.0 42.9 

 

3.3.2 Electrochemical characteristics of P-MWCNTs  

The electrochemistry of dopamine at P-MWCNTs electrode was investigated by means of 

cyclic voltammetry. Figure 3.45 shows a typical cyclic voltammogram recorded on the 

different P-MWCNTs electrodes in the presence of 0.25 mM dopamine in PBS solution 

(pH=7) with at the scan rate of 0.02 V s-1. The dopamine/dopamine quinone redox system 

sensing parameters, computed using different P-MWCNTs electrodes in Figure 3.45, are 

summarized in Table 3.17.  

The ΔEp value  of  P-MWCNTs toward dopamine/dopamine o-quinone redox system is  0.139 

V, Whereas the ΔEp value of the vertically aligned B-MWCNTs and Y-shaped B-MWCNTs is 

0.181 V and 0.067 V respectively. These results indicate that the kinetic of Y-shaped B-

MWCNTs is faster than that of vertically aligned B-MWCNTs and P-MWCNTs toward the 

dopamine/dopamine quinone redox system  
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The ΔEp value of dopamine redox system on P-MWCNTs decreased after the HCl treatment, 

the oxidative functionalisation by piranha solution and the functionalisation by AuNPs. The 

change of the ΔEp indicated a higher catalytical activity toward dopamine oxidation 

reduction  on P-MWCNTs electrode after surface treatment.  
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Figure 3.45 CVs recorded for 0.25 mM Dopamine in PBS (pH=7) at scan rate 0.02 V s-1   on 
different P-MWCNTs electrodes (vs Ag/AgCl) 

Figure 3.46 displays the cyclic voltammograms of  0.1-0.5 mM dopamine in PBS (pH=7) at P-

MWCNTs electrodes. Upon the addition of 0.05 mM, an enhancement of anodic peak current 

was observed. The oxidation peak currents were increased by increasing the dopamine 

concentration in the solution. The estimated CV parameters for the B-MWCNTs are 

presented in Table 3.17 

 



P a g e  | 97 

 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C
u

rr
e

n
t 
/ 
µ

A

Potential/V

C1

C8

20µA

a)

 
0.0001 0.0002 0.0003 0.0004 0.0005

30

40

50

60

70

C
u

rr
e

n
t 

d
e

n
s
it
y
/(

µ
A

c
m

-2
)

Concentration/M

b)

 

 

 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C
u

rr
e

n
t/
 µ

A

Potential/V

C1

C8

20µA

c)

 
0.0001 0.0002 0.0003 0.0004 0.0005

20

40

60

80

100

120

C
u

rr
e

n
t 
d

e
n

s
it
y
/(

µ
A

 c
m

-2
)

Concentration/M

 

 

d)

 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C
u
rr

e
n
t 

/µ
A

Potential/V

C1

C7

20µA

e)

 

0.0001 0.0002 0.0003 0.0004 0.0005

60

80

100

120

140

160

180

C
u

rr
e

n
t 

d
e

n
s
it
y
/(

µ
A

c
m

-2
)

Concentration/M

 

 

f)

 



P a g e  | 98 

 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

C
u

rr
e

n
t 

/µ
A

 

Potential/V

C1

C8

20µA

g)

 

0.0001 0.0002 0.0003 0.0004 0.0005

60

80

100

120

140

160

180

C
u

rr
e

n
t 

d
e

n
s
it
y
/(

µ
A

 c
m

-2
)

Concentration/M

h)

 

 

 

  
Figure 3.46 CVs and calibration curves recorded for 0.1-0.5 mM Dopamine in PBS (pH=7) at 
scan rate of 0.02 V s-1   on a,b).P-MWCNTs c,d).P-MWCNTs/HCl e,f).P-MWCNTs/piranha 
g,h) P-MWCNTs/piranha/ AuNPs (vs Ag/AgCl) 

 

The quantitative analysis of the cyclic voltammogram in Figure 3.46 reveals that the acid 

treatment with HCl, the oxidative functionalisation as well as the surface modification with 

gold P-MWCNTs slightly change the detection limit and the sensitivity of P-MWCNTs in the 

determination of dopamine.  

Table 3. 17 Estimated CV parameters for P-MWCNTs toward dopamine/dopamine quinone 
redox system 

Films ΔEp/(V) Ks/ 

(cm s-1) 

Sensitivity/ 

(A mM-1 cm-2) 

LOD/(µM) 

P-MWCNTs  0.139 8.3 x10-4 263.5 44.8 

P-MWCNTs/HCl  0.119 1.1 x10-3 267.2 45.3 

P-MWCNTs/Piranha 0.104 1.5 x10-3 265.6 50.9 

P-MWCNTs/ AuNPs  0.068 9.1x10-3 257.9 40.2 

 

The EIS experiments were carried out in order to obtain the charge transfer resistance for 

electrooxidation of dopamine on different B-MWCNTs and P-MWCNTs electrodes. Figure 

3.47 displays the impedance spectra over a 0.1 Hz – 100 KHz frequency range for 0.5 mM  

dopamine in PBS (pH=7) at different B-MWCNTs and P-MWCNTs electrodes. The impedance 
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spectra are presented in Nyquist plots, where a semicircle in a high to medium frequency 

indicates the frame of electron transfer whereas a straight line in a low frequency illustrates 

the diffusion on the electrode surfaces.  

A modified Randles equivalent circuit was used as a model to represent  the physical process 

taking place in the system [185]. The Rct results obtained from EIS spectra shown in Figures 

3.47 and 3.48 are summarized in Table 3.18. A very small semicircle at the high to medium 

frequency region corresponds to the interfacial electron transport resistance on the 

electrode surfaces. 

500 1000 1500 2000

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

 VA-B-MWCNTs

 VA-B-MWCNTs/HCl

 VA-B-MWCNTs/Piranha

-Z
im

a
g

in
e

r/


Zreal/

0.1 Hz

0.1 Hz

100KHz

 

 

100 KHz

100KHz

0.1 Hz

a)

 

0 200 400 600 800 1000 1200 1400

0

200

400

600

800

1000

 Y-shaped B-MWCNTs

 Y-shaped B-MWCNTs/HCl

 Y-shaped B-MWCNTs/piranha

 Y-shaped B-MWCNTs/AuNPs

-Z
im

a
g

in
e

r/


Zreal/

100 KHz

100 KHz

0.1 Hz

0.1Hz

 

 

b)

 

0 500 1000 1500 2000 2500

0

200

400

600

800

1000

1200

1400

1600

1800

 P-MWCNTs

 P-MWCNTs/HCl

 P-MWCNTs/piranha

 P-MWCNTs/AuNPs

-Z
im

a
g

in
e

r/


Zreal/

 

 

100 KHz

100 KHz

0.42Hz

0.1 Hz
0.1Hz

0.1 Hz

c)

 
  

Figure 3.47 Electrochemical impedance spectra of various different electrodes of a). 
Vertically aligned B-MWCNTS b).Y-shaped B-MWCNTS c).P-MWCNTs in 0.25 mM dopamine 
(PBS pH=7) in a frequency range from 0.1Hz to 100 KHz. 
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As shown in Table 3.18, the charge transfer resistance increases with the following order : 

vertically aligned B-MWCNTs > vertically aligned B-MWCNTs/HCl > vertically aligned B-

MWCNTs/piranha. The same electrochemical behavior was observed for the Y-shaped B-

MWCNTs, Y-shaped B-MWCNTs/HCl and Y-shaped B-MWCNTs/AuNps. Owing to higher 

defect density on surface, the vertically aligned B-MWCNTs and Y-shaped B-MWCNTs 

treated with HCl possess a better electron transfer compared to the untreated film. It is 

known that the defect sites of carbon nanotubes are highly sensitive to molecule adsorption 

[186,187]. Partial blockage of B-MWCNTs surface by dopamine molecule afected the charge 

transfer resistance of electrode because of the limited access electrode surface to the 

solution. Hence, the dynamic range of dopamine analysis is limited by the partially blocked 

electrode. EIS studies reveal that B-MWCNTs and P-MWCNTs exhibits similar trend with 

different charge transfer resistance value toward dopamine/dopamine o-quinone redox 

sytem after acid treatment, oxidation with piranha and functionalization with AuNPs. The 

charge transfer resistance of B-MWCNTs and P-MWCNTs is reduced after acid treatment, 

oxidation with piranha and functionalization with AuNPs. 

Table 3. 18 Estimated EIS parameters for B-MWCNTs and P-MWCNTs towards 
dopamine/dopamine quinone redox system 

Films Rct/(Ω cm -2) 

Vertically aligned B-MWCNTs 96.8 

Vertically aligned B-MWCNTs /HCl 60.3 

Vertically aligned B-MWCNTs/Piranha 74.6 

Y-shaped B-MWCNTs 43.1 

Y-shaped B-MWCNTs/HCl 25.4 

Y-shaped B-MWCNTs/Piranha 53.3 

Y-shaped B-MWCNTs/ AuNPs 24.6 

P-MWCNTs  51.6 

P-MWCNTs/HCl  34.5 

P-MWCNTs/Piranha 41.9 

P-MWCNTs/ AuNPs  45.6 
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Chapter 4 

 Summary 

 

The research work reports on fabrication of various B-MWCNTs and P-MWCNTs with 

different structure, namely vertically aligned, Y-shaped, cluster and horizontally oriented 

nanotubes on Si/SiO2 by means of chemical vapour deposition.  B-MWCNTs and P-MWCNTs 

were synthesized by using different doping and carbon sources materials. For the synthesis 

of the B-MWCNTs films, either ethanol or propanone was used as carbon sources,  boric acid 

or triethyl borate was used as doping sources materials, while ferrocene was used as catalyst. 

For the production of P-MWCNTs films, either ethanol or cyclohexane was used as carbon 

source material, triphenyl phosphine was used as doping source, while ferrocene was 

applied as catalyst. 

The B-MWCNTs and P-MWCNTs were characterized using scanning electron microscopy, 

transmission electron microscopy in conjunction with electron energy loss spectroscopy, X-

ray photo electron spectroscopy as well as by means of Raman spectroscopy. The 

electrochemical properties of the produced B-MWCNTs and P-MWCNTs were investigated 

by means of cyclic voltammetry and impedance spectroscopy. 

SEM analysis demonstrated that the structure and morphology of B-MWCNTs and P-

MWCNTs are strongly affected by the doping source materials. Decomposition of ethyl 

alcohol and boric acid produces vertically aligned  B-MWCNTs, decay  of ethyl alcohol and 

triethyl borate produces Y-shaped B-MWCNTs while decomposition of ethyl alcohol and 

triphenyl phosphine results to sole P-MWCNTs with  carbon nano cluster mixture. The 

difference in nanotube morphology was also observed for different carbon sources and 

catalyst/doping composition. Horizontally orientation B-MWCNTs with carbon nano cluster  

were produced with decomposition of propanone and  triethyl borate. Depending on 

catalyst/doping ratio, decomposition of cyclohexane and triphenyl phosphine results to sole 

and cluster of P-MWCNTs. 
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TEM images show that vertically aligned B-MWCNTs and Y-shaped B-MWCNTs  are free of 

nanographitic carbon cluster.  Onion-like carbon is recognized as by-product of P-MWCNTs 

synthesis.  

The effects of surface functionalisation with AuNPs, oxidation with piranha solution, and acid 

treatment with HCl on B-MWCNTs and P-MWCNTs were also studied. SEM and TEM analyses 

demonstrate  that upon acid treatment with HCl the upper parts of vertically aligned B-

MWCNTs and Y-shaped B-MWCNTs were eliminated. In addition, oxidation with piranha 

solution leads to elimination of the upper parts of vertically aligned B-MWCNTs and the 

nanotubes branch of Y-shaped B-MWCNTs 

Raman spectra analysis exhibits that degree of defect density of produced B-MWCNTs and 

P-MWCNTs appeared  to be different. The defect density of vertically aligned B-MWCNTs is 

higher than Y-shaped B-MWCNTs and P-MWCNTs cluster. The defect density of B-MWCNTs 

increases after acid treatments with HCl and oxidation with piranha solution. XPS analysis 

reveals that the amount of boron and iron of B-MWCNTs are drastically reduced after acid 

treatments with HCl. 

Electrochemistry studies reveal that electrochemical behaviour of B-MWCNTs and P-

MWCNTs toward [Fe(CN)6]3−/4− and dopamine/dopamine quinone redox system are 

strongly affected by  the nanotubes structure and configuration (sole nanotube or cluster 

nanotubes) as well as  the presence of reaction by-product on the nanotube surface such as 

carbon cluster and onion-like carbon.   Y-shaped B-MWCNTs are electrochemically faster 

toward [Fe(CN)6]3−/4− and dopamine/dopamine quinone redox system compared to 

vertically aligned B-MWCNTs and P-MWCNTs with nanographitic carbon cluster. The 

surface functionalisation of  vertically aligned B-MWCNTs and P-MWCNTs with AuNPs 

affects the electrochemical parameters of [Fe(CN)6]3−/4− and dopamine/dopamine quinone 

redox system. It was established that upon AuNPs functionalisation an improvement of the 

kinetics of the electron transfer occurs. 
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