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ABSTRACT 

Carbon nanotubes (CNTs) an unique 1-dimensional sp2 carbon structure have attracted 

significant scientific interest in the last decades due to their outstanding and unique transport, 

electrical, mechanical and thermal properties. These nanostructures have been envisaged for a 

broad range of applications. Nevertheless, their applicability for potential applications are 

strongly dependent on their physical and chemical properties. Therefore, new nanofabrication 

approaches that allow the production of CNTs with precisely engineered properties (i.e. 

dimension, surface chemistry, chemical composition, etc.) could enable and spread the 

applicability of these carbon-based nanostructures across more relevant applications. In this 

context, this thesis aims at developing advanced fabrication methodologies to produce CNTs-

based composites with precisely engineered dimensions and properties for addressing gap in 

knowledge about molecular transport inside CNTs structures and specific problems related to 

molecular separation and advanced photocatalysts for environmental and energy applications. 

CNTs composites were produced by growing vertically aligned multi-walled carbon nanotubes 

(MWCNTs) inside nanoporous anodic alumina membranes (NAAMs) and titania nanotubes 

(TNTs), produced by anodisation of aluminium and titanium substrates, respectively, through 

a catalyst-free chemical vapour deposition (CVD) approach. 

It was demonstrated that the dimensional features of CNTs-NAAMs composite membranes can 

be precisely engineered by the anodisation conditions and electrolyte used to produce the host 

templates and the deposition time during the CVD process. Thermal annealing and wet and dry 

oxidation processes were explored as means of controlling the surface chemistry of the inner 

walls of CNTs. Both dimensional features and surface chemistry were observed to have 

significant impacts on the molecular transport and selectivity properties of CNTs-NAAMs 
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composite membranes assessed by analysing the transport of two models molecules with 

different hydrophilic-hydrophobic and charge properties.  

Electrochemical impedance spectroscopy (EIS) investigations on CNTs-NAAMs composite 

membranes featuring different chemistry (i.e. as-produced and modified with charged oxygen 

species) revealed that their electrochemical properties can be readily tuned by controlling their 

surface chemistry, which is critical to understand the properties of these composite membranes 

for desalination applications. 

Furthermore, a new strategy aiming to modify the inner wall surfaces of CNTs-NAAMs 

composite membranes by doping their structure with nitrogen was developed. The crucial role 

of the precursor source C/N ratio in the formation of N-doped CNTs has been revealed. 

Characterisations of the structure of N-doped CNTs composite membranes and liberated tubes 

indicate that this nanofabrication method enables the chemical modification of CNTs without 

obstruction or morphological changes. The chemical composition analysis showed a 

dependency of nitrogen doping levels on the precursor source. The tunability and enhancement 

in the transport performance and chemical selectivity properties of CNTs-NAAMs after 

nitrogen doping have been established for the first time.  

Finally, a composite platform for photocatalytic applications based on CNTs-TNTs has been 

developed. Investigations on their photocatalytic properties evaluated via the degradation of an 

organic model molecule revealed that CNTs induces a synergistic effect on the photocatalytic 

activity of TNTs, enhancing it up to one order of magnitude as compared to bare TNTs.  

The results and investigations presented in this thesis advance the knowledge in designing 

CNTs and CNTs-based composite membranes with different physical and chemical properties 

in a precise manner for transport and photocatalysis applications. These results are envisaged 

valuable contribution towards advancing the existing knowledge in the field of CNTs composite 
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membranes and carbon materials in general and boosting the applicability of these systems 

across multiple disciplines and industrial applications.   
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PREFACE 

This thesis is submitted as a ‘thesis by publication’ in accordance with “Specifications for 

Thesis 2013” of The University of Adelaide. The outcomes of 3.5 years PhD research are 9 

peer-reviewed journal articles [8 published and 1 submitted]. Furthermore the PhD research 

was also presented at 3 national conferences. Five research chapters included in this thesis were 

published (4) and submitted (1) as research articles in highly ranked journals in the field. A 

complete list of publications is provided in the following pages. 
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CHAPTER 1: Introduction 

1.1. Discovery, Structure and Properties of Carbon Nanotubes 

Carbon nanotubes (CNTs) are a 1-D structure with tubular morphology and an allotrope of 

carbon composed of sp2 covalently bonded carbon atoms arranged in hexagonal patterned sheet. 

The CNT sheet, or graphene sheet, is seamlessly rolled up to provide a hollow cylindrical structure, 

which can be microns in length and nanometres in diameter. This feature distinguishes CNTs from 

other carbon-based nanostructures, such as fullerenes and graphene. Based on the number of 

graphene sheets, CNTs can be classified into two different categories; i) single-walled carbon 

nanotubes (SWCNTs) consisting of one layer of graphene with typical diameters ranging from 1 

– 2 nm, and ii) multi-walled carbon nanotubes (MWCNTs) consisting of two or more layers of 

graphene grown concentrically to the centre of the nanotubes with typical diameters ranging from 

3 – 30 nm (Figure 1.1) [1-4]. The differing dimensions of these two types of CNTs result in 

significantly different properties.  

The earliest studies that report on the tubular nature of some nano-sized carbon filaments 

were reported as early as 1952 by Radushkevich and Lukyanovich [5, 6]. However, the scientific 

community has credited Sumio Iijima with the discovery of MWCNTs, reported in his paper in 

Nature in 1991 [7]. In this study, Iijima described the structure of CNTs and provided empirical 

evidence of their existence to bring CNTs to the awareness of the scientific community. The 

technique used by Iijima was essentially based on the arc discharge method to produce fullerenes. 

However, Iijima found a by-product at the cathode, which on subsequent transmission electron 

microscopy (TEM) analysis, was found to be multi-walled carbon nanotubes (MWCNTs) with a 

diameter ranging from 4 - 30 nm and up to 1 µm in length. This work became a base for subsequent 

studies in the field of CNT technology. It is worthwhile to note that early reports on SWCNTs 
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were published in 1993 in two papers published independently in Nature, one by Iijima and 

Ichihashi [8] and the other by Bethune et al. [9].  

 

Figure 1.1. Schematic diagrams of single and multi-walled carbon nanotubes. (a) Single-walled 

carbon nanotube (SWCNT); and (b) multi-walled carbon nanotubes (MWCNTs). (Source [4]). 

Structurally, CNTs can be classified into three different types as a function of 

conformational arrangement of hexagonal units to the tube axis, where rolled graphene sheet is 

defined by the so-called chiral vector of CNTs: Ch = na1 + ma2 (Figure 1.2), where the integers 

(n, m) are the number of steps along the unit vectors (a1 and a2) of the hexagonal lattice. The three 

types of CNTs structures can be identified using the indices n and m [10, 11]: 

i) If n = m, the nanotubes are termed Armchair 

ii) If m = 0, the nanotubes are termed Zigzag 

iii) Otherwise, the nanotubes are termed Chiral  

Schematic representations of these three identified chiralities of CNTs are presented in Figure 1.2. 
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Figure 1.2. Schematic diagram showing how a hexagonal sheet of graphite is ‘rolled’ to form a 

carbon nanotube (left) and the three different chiralities of CNTs (right) (Source [10, 11]). 

The outstanding and unique properties of CNTs, including transport, electrical, mechanical and 

thermal properties, offer enormous potential for practical applications [12]. Examples include, but 

are not limited to, field emission, anode for lithium ion batteries, capacitor and chemical sensors, 

electrodes, tips for scanning probe microscopies, water desalination, gas pervaporation, 

nanofiltration of biological mixtures, transdermal drug delivery and energy storage applications 

[13-20]. The geometric features (i.e. diameter and length) of CNTs are considered as determining 

parameters of their chemical and physical properties. Therefore, control of these CNTs features is 

of critical importance for advancing CNTs performance and properties in the above-mentioned 

applications. 

1.2. Fabrication of Carbon Nanotubes  

Several techniques are used to produce CNTs [21]. Arc discharge, laser ablation and chemical 

vapour deposition are the most common techniques used to produce a broad variety of CNTs. 

These methods use different energy sources (electric field, heat and high intensity light) to 

decompose carbon sources and form CNTs. These methods are described in the following sections. 
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1.2.1. Arc Discharge Methods 

CNTs have been produced in different ways to achieve high yields and a high degree of purity. 

Iijima pioneered a fabrication method for MWCNTs via arc discharge method using graphite 

electrode carbon sources [7]. The process involves running an electric arc between two graphite 

electrodes in inert atmosphere to generate high temperature (˃ 3000°C) and vapourise 

carbonaceous material. The resultant soot on the cathode was shown to be a low yield of MWCNTs 

accompanied with a high yield of fullerenes. To control yield and purity of MWCNTs, 

experimental conditions, such as current density, inert gas pressure and stability of the plasma 

formed between electrodes, need to be optimised [22, 23]. To produce SWCNTs a metal catalyst, 

such as cobalt, must be involved in the process [8]. However, CNTs produced by this method are 

accompanied with amorphous carbon and small defect concentrations. Therefore, a post-

purification step is mandatory to obtain pure CNTs. Moreover, this technique is relatively 

expensive and its ability to produce CNTs is limited to gram-scale quantities. A schematic diagram 

of the process and SEM of CNTs produced using this method are shown in Figure 1.3a and b. 

1.2.2. Laser Ablation Methods 

Laser ablation uses high intensity light (i.e. laser) as an energy source to decompose a carbon 

source to form CNTs. Smalley’s group reported, for the first time, production of CNTs using this 

method [24]. These researchers produced SWCNTs using a laser beam to vapourise a mixture of 

graphite rod (carbon source) and transition metal catalysts in inert atmosphere at 1200°C. The 

vapourised carbon atoms condense as SWCNTs and are collected at the end of process. This 

method can produce MWCNTs in the absence of a catalyst and presence of pure graphite. The 

ultimate product of the laser ablation method is tangled CNTs with a considerable amount of by-

products, similar to the arc discharge method. Therefore, time-consuming purification procedures 
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are required. A schematic diagram of the process and SEM of CNTs produced using this method 

are shown in Figure 1.3c and d. 

It is important to point out that the aforementioned techniques have inherent drawbacks to produce 

pure CNTs with hollow, uniform and controlled geometric features (i.e. dimension and shape). 

Such features are required for CNTs to mimic natural protein channels and to pass into membrane 

systems for mass transport [25]. 

1.2.3. Chemical Vapour Deposition Methods 

Currently, chemical vapour deposition (CVD) is the most commonly utilised CNT production 

method. This process involves passing a flow of carbon precursor over a metal catalyst to provide 

nucleation sites for CNT growth at temperatures typically ranging from 500 – 900°C in inert 

atmosphere at controlled pressure (Figure 1.3e). Catalyst materials, Fe, Ni or Co, are deposited on 

a substrate of silica, alumina or copper. Different parameters, such as catalyst, carbon source, inert 

gas flow rate, temperature and time, play a key role in determining the properties of the resulting 

product. Production of MWCNTs and SWCNTs using CVD methods were first reported by Endo 

et al. and Dai et al. in 1993 and 1996, respectively [26, 27]. In contrast to the two aforementioned 

methods (i.e. arc discharge and laser ablation), CVD processes are flexible, cost-competitive and 

industrially scalable. Moreover, this fabrication method allows control of CNT geometric features, 

although this can be significantly affected by small differences in catalyst particle size.  

Despite the advantages of CVD methods for the production of CNTs as compared to other 

methods, CNTs structures obtained by these methods have characteristics that are unsuitable for 

some applications, such as transport, filtration and separation processes. Examples of these 

characteristics are internal closures (Figure 1.3f) and residues of metal catalyst particles (Figure 

1.3f) which exist even after post-purification treatments. While these chemical contaminations 

make the resulting CNTs potentially toxic for humans and the environment [28], geometric defects 
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present in the structure of resulting CNTs can obstruct or completely block the flow inside CNTs, 

preventing their application in the above-mentioned applications. 

Other CVD-based nanofabrication approaches make it possible to avoid the intrinsic limitations 

discussed above, enabling production of CNTs with optimal chemical and geometric features for 

flowing-based applications (i.e. controlled geometries, uniform, straight and hollow cylindrical 

geometric features). These techniques are based on the use of nanoporous templates, such as 

nanoporous anodic alumina (NAA) and titania nanotubes (TNTs), taking advantage of their 

catalytic role for deposition of carbon from different carbon sources [29, 30]. 
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Figure 1.3. Schematic diagram of different methods of CNTs fabrication. (a) Arc discharge; (c) 

laser ablation; and (e) chemical vapour deposition. (b, d and f). Corresponding SEM and TEM 

images showing the morphology of CNTs produced using these methods (Source [31-34]). 
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1.3. Template-Assisted Approach 

Template synthesis is a technology widely used to synthesise nanostructures due to its ability to 

control morphology of these structures. In this approach, nanoporous or macroporous membranes 

or films are produced first by different approaches to serve as templates for synthesising 

nanostructures with controlled dimensions through deposition of different materials inside the 

templates [35-37]. Once the nanostructure material is synthesised, the template can remain to 

produce composite nanostructures or selectively removed to produce free-standing nanostructures. 

Electrochemical anodic oxidation (or anodisation) is a simple and self-driven process for 

modifying surfaces by creating nanoporous oxide films over the surface of some valve metals to 

obtain either porous or tubular structures, depending on the type of the metal, electrolyte and 

applied potential [38-41]. The formation of self-organised nanostructures by the electrochemical 

anodisation process has been reported for various materials including Al and Ti [29, 30, 38, 42, 

43]. Among available template materials, nanoporous anodic alumina (NAA) and titania 

nanotubes (TNTs) prepared by the self-ordering electrochemical anodisation process are 

considered outstanding host templates for production of nanostructures used for broad applications 

[44-48]. This is due to the uniform, well-defined and ordered nanoporous/nanotubular structures 

that these templates provide and the capability of engineering their geometric features with 

precision by an industrially scalable and cost-competitive process. 

1.3.1. Nanoporous Anodic Alumina Template 

Electrochemical anodisation of aluminium is a century old, industrially scalable and cost-

competitive process used in the metal finishing industry to create an oxide film over an aluminium 

surface (i.e. alumina) that was initially developed by Bengough and Stuart to protect aluminium 

from corrosion [49]. With the help of electron microscopy in the 1950s, the nanoporous structure 

of the alumina layer produced by this electrochemical anodisation process was revealed. Since 
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then, research has explored the different parameters involved in the anodisation process of 

aluminium (i.e. applied potential, time, temperature, electrolyte, etc.) to obtain a uniform and well-

ordered structure of NAA and understand the physical and chemical properties of NAA. Among 

these research efforts, introduction of the two-step anodisation approach, reported in 1995 by 

Masuda and Fukuda, is considered the most important breakthrough in electrochemical 

anodisation of aluminium technology. This two-step approach results in controlling the 

dimensional features of NAA by means of anodisation parameters [29]. The first anodisation step 

forms a thick oxide layer on the aluminium surface with irregular size distribution of nanopores 

due to repulsive forces and resulting mechanical stress between neighbouring pores. This layer is 

selectively removed to obtain hexagonally organised pits on the aluminium surface. The second 

anodisation step typically results in formation of an oxide layer with a uniform hexagonal close-

packed cell arrangement with central cylindrical nanopores from top to bottom featuring a regular 

size distribution (Figures 1.4b). Furthermore, pore bottoms can be opened by removing the oxide 

barrier layer [50, 51]. This fabrication process is facile, relatively cost effective and can be scalable 

industrially. The geometric features of NAA, including pore diameter (dp), pore length (Lp) and 

interpore distance (dint), can be finely controlled by anodisation conditions. NAA with various pore 

diameters ranging from 15 to 250 nm can be obtained by controlling anodisation potential and the 

electrolyte used. Pore length can be controlled by anodisation time and interpore distance can be 

controlled using different electrolytes and anodisation voltages. These geometric features of NAAs 

are schematically described in Figure 1.4a [52-54]. 

In a typical anodisation process, aluminium foil is connected to the anode and platinum, or another 

conducting material, is connected to the cathode of a direct current (DC) power supply and both 

are immersed in an aqueous acid electrolyte solution (Figures 1.4c) [55]. The most commonly 

used acid electrolyte solutions utilised to grow NAA are sulphuric acid (H2SO4), oxalic acid 

(H2C2O4) and phosphoric acid (H3PO4) [29, 42, 43]. 
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Figure 1.4. Schematic illustration showing (a) the geometric features of NAA (i.e. pore diameter, 

pore length and interpore distance), (b) top and cross sectional view SEM images of a typical NAA 

structure produced by electrochemical anodisation of Al in acid-based electrolyte (scales bar = 400 

nm and 250 nm, respectively), and (c) schematic illustration of the basic electrochemical 

anodisation setup used to produce NAA. (Source [52]). 

The formation mechanism of NAA is based on two competing and continuous processes: the 

oxidation of metal at the metal/oxide interface and oxide dissolution at the oxide/electrolyte 

interface [39]. These processes can be expressed by the following redox equations: 

i) Formation of alumina (aluminium/alumina interface – anode) 
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-

322 6e(aq)6H (s)OAlO(l)H32Al(s)    (1.1) 

ii) Dissolution of alumina (alumina/electrolyte interface – anode) 

)(3)(2(aq)6H(s)OAl 2

3

32 lOHaqAl    (1.2) 

iii) Diffusion of aluminium cations (within oxide barrier layer – anode) 

-3 6e)(Al22Al(s)   aq  (1.3) 

iv) Hydrogen evolution (electrolyte/cathode interface – cathode) 

)(36e(aq)6H 2

- gH  (1.4) 

Due to unique physical, mechanical and chemical properties, NAAs have been used for production 

of one and two dimensional nanostructure materials (i.e. nanowires, nanorods, and nanotubes) 

using different approaches [44-48]. In addition to uniform, well-ordered structure and controllable 

dimensional features, the NAA surface can be easily functionalised using different approaches. 

Hydroxyl groups present at the NAA surface can be easily functionalised either by physical/gas-

phase techniques or chemical methods [40, 56] to obtain NAAs with selective surface chemistry 

for specific applications. 

The fabrication of nanomaterials using NAA as a template, reported for the first time by Martin et 

al., allowed synthesis of various nanomaterials including polymers, metals and semiconductors 

[35, 36, 57-59]. This development facilitated the formation of nanomaterials using a template-

direct approach which has attracted considerable interest from several research groups.  

Many research groups have made extraordinary contributions to the synthesis of CNTs using 

nanoporous anodic alumina as templates. The earliest report was that of Kyotani et al. in 1995 [37, 

60]. This group pioneered preparation of CNTs with different dimensions (i.e. pore diameters and 
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lengths) by carbonisation of propylene (as a gaseous carbon source) at 800°C using two different 

types of NAA template (i.e. commercial and home-made) (Figure 1.5). This study demonstrated 

the capability of template-assisted catalyst-free CVD to produce highly ordered arrays of CNTs 

structures with controllable dimensional features by replicating template dimensions. 

Subsequently, other groups synthesised such aligned CNTs structures using NAA as a template 

[34, 61-68]. 

 

Figure 1.5. Schematic of the CNTs fabrication process by template-assisted free-catalyst CVD 

process using NAA as a template. (Source [60]). 

In most reported studies, CNTs growth was promoted by use of a metal catalyst, in which the metal 

catalyst nanoparticle (commonly Co, Ni or Fe) is first electrochemically deposited at the bottom 

of alumina pores (Figure 1.6) [34, 62-68]. Then, the catalyst undergoes the activation process by 

exposure to a hydrogen stream at elevated temperature. The growth of CNTs is significantly 

affected by small differences in catalyst particle size. Moreover, impurities in resulting CNTs 

negatively impact CNTs performance for some applications. Some examples are blocked 

nanotubes, which hinder transport (i.e. flow) inside CNTs, while catalytic contaminations are 
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potentially toxic for humans and the environment, preventing the use of these nanostructures for 

drug delivery and biomedical applications [28]. 

 

Figure 1.6. Schematic of the CNTs fabrication process by template-assisted catalyst CVD process 

using NAA as a template (Source [66]). (a) NAA template, (b) catalyst (Ni) is electrochemically 

deposited at the bottom of pores and (c) CNTs grown along the inner wall of NAA template. 

Generally, aligned arrays of CNTs structures prepared using a NAA template have gained interest 

as a promising nanomaterial in different applications. For example, controllable dimension 

features and uniformity of these structures make it possible to develop field emitter devices [69, 

70]. In electronic applications, arrays of CNTs-NAAs have been used as nanocapacitors [71] and 

for electrochemical energy storage and production [72]. They have also been used for developing 

sensors due to their unique electromechanical properties [73]. 

1.3.2. Titania Nanotubes Template 

Fabrication of anodic titanium oxide structures was reported for the first time in 1999 by Zwilling 

et al. [74, 75]. In their study, chromic acid and a small amount of hydrofluoric acid were used to 

form titania nanotubes (TNTs) with limited tube length and a low degree of ordering. The 

observation of this structure was limited to the presence of hydrofluoric acid in the electrolyte 

mixture. After that report, formation of nanotubular structures in titania has attracted considerable 
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interest from several research groups. Similar to anodisation of aluminium, significant research 

effort has focused on the anodisation process of titanium to understand the role of different 

anodisation parameters (i.e. applied potential, time, electrolyte composition, pH, etc.) and their 

influence on resulting structures [38, 76-78]. Typically, TNTs are produced by anodisation of 

titanium in fluoride-based electrolytes. This is a simple, straightforward, inexpensive, self-driven 

and scalable process. The basic set-up for the self-ordering process, based on electrochemical 

anodisation of titanium, is shown in Figure 1.7a. In a typical anodisation process using titanium 

metal, titanium foil is connected to the anode and platinum, or another conducting material, is 

connected to the cathode of a direct current (DC) power supply and both are immersed in an 

aqueous electrolyte.  

The formation mechanism of anodic titanium oxide is the same as that of anodic aluminium oxide, 

which is based on two competing and continuous processes: oxidation of metal at the oxide/metal 

interface and oxide dissolution at the oxide/electrolyte interface. The growth of oxide takes place 

at the titanium surface as a result of the interaction of titanium with O2
− or OH− anions. At the 

anode, titanium (Ti) is oxidised to Ti4+ cations under high voltage. Ti4+ cations migrate from the 

oxide/metal interface to the electrolyte/oxide interface and then into the solution by an electric 

field [79, 80]. This field assists dissolution of the oxide at the electrolyte/oxide interface and 

migration towards the metal oxide interface [81]. These processes can be expressed by the 

following redox equations: 

-

22 4e4H TiOOH2Ti              (1.5) 

  Tisolv Ti 4

solv

4                (1.6)                                                                                                              

2

- 2H4e4H               (1.7) 

OH2]TiF[4H6FTiO 2

2

6

-

2             (1.8) 

  2

6

-4 ]TiF[6FTi              (1.9) 
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The typical morphology of TNT layers formed by the self-organised anodisation process in 

fluorine containing electrolytes (i.e. vertical arrays of cylindrical nanopores open at top and closed 

at the bottom) are shown in Figure 1.7b and c [82]. Structural features of TNTs, including tube 

diameter, length and inter-tube distance, can be precisely controlled through anodisation 

conditions (i.e. applied potential, anodisation time and electrolyte water content, respectively) 

[83]. These controllable structural features are key advantages of TNTs for use as a template for 

production of tubular nanostructures, including CNTs, with precisely engineered dimensional 

features by deposition of the desired material within TNT pores.  

 

Figure 1.7. (a) Schematic illustration of the basic electrochemical anodisation setup used to 

produce TNTs; (b) fabrication process of vertically aligned arrays of TNTs on Ti substrate; and 

(c) top and cross sectional view SEM images of typical TNT structure produced by electrochemical 

anodisation of Ti in fluoride-based electrolyte (Source [82]). 

A literature survey revealed limited reports on CNTs synthesis using TNTs as templates via the 

CVD process [84-87]. Eswaramoorthi and Hwang reported on the fabrication of CNTs using a 

catalyst-free CVD process with anodic titanium oxide as a template [84, 85]. The template was 

obtained by anodisation of pure titanium in a mixture of 1M H2SO4 and 0.5% HF used as 
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electrolyte at a constant potential of 40 V for 72 h. CNTs were formed by the CVD process using 

acetylene as carbon source. However, CNTs overgrew the template surface, therefore an 

appropriate purification process was needed to obtain CNTs-based composite material with 

accessible tube surfaces suitable for many applications. A particular application is to increase 

photocatalytic activity where reactants (i.e. light and targeted molecules) diffuse inside the tubular 

structure of CNTs-TNTs composite material.  

Hesabi et al. and Mishre et al. reported on fabrication of CNTs-TNTs composites using a catalyst-

based CVD process with ferrocene and cobalt as catalysts, respectively [86, 87]. These metal 

catalyst nanoparticles are first electrochemically deposited at the bottom of TNTs, then CNTs are 

formed during the CVD process through diffusion of C species along the catalyst particle (Figure 

1.8). The main obstacle of using catalyst-based CVD methods for production of CNTs structures, 

besides several other disadvantages of catalyst-based CVD previously mentioned, is that residues 

of metal catalyst particles exist after post-purification treatments making the resulting CNTs 

potentially toxic to humans and the environment [28]. Therefore, this disadvantage could prevent 

the use of these CNTs-TNTs composites in environmental applications, such as photocatalysis. 

 

Figure 1.8. Schematic of CNTs fabrication by template-assisted catalyst CVD process using TNTs 

as a template (Source [86]). 
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The formation mechanism of CNTs produced by template-directed methods using a catalyst-free 

CVD process is not yet completely understood. Some research effort has been directed to 

addressing this knowledge gap since the first reports about fabrication of this type of CNTs 

structures in 1995. These efforts take into account the catalytic role of template material and 

subsequent thermal decomposition [88, 89]. However, more investigations are needed considering 

other possible aspects, including template nature and structural features, carbon source and so on. 

1.4. Modification of Carbon Nanotubes  

Pure CNTs are hydrophobic and chemically inert by nature as they are based on sp2 carbon 

bonding. The nature of C – C bonds in CNT structure is responsible for these properties. 

Modification of CNT properties is a key factor to advancing performance for a wide range of 

applications [90]. Generally, two main routes are identified for surface functionalisation of CNTs: 

covalent and non-covalent functionalisation. Each route has advantages and disadvantages. 

Covalent functionalisation can be divided into two strategies, namely, direct covalent sidewall 

functionalisation and defect functionalisation. The former involves change in hybridisation of 

carbon in CNTs from sp2 to sp3 resulting in disruption of the π electron system in CNTs, while the 

latter takes advantage of chemical transformation of defect sites present in the structure of CNTs. 

Figure 1.9 summarises these two strategies of covalent surface functionalisation of CNTs [91] 

which is recognised as an effective method for solubilisation or stable dispersion of CNTs, even 

though it often generates defects on CNT structure. Moreover, the ability to control the location of 

functionalisation is advantageous over non-covalent functionalisation.  
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Figure 1.9. Summary of two strategies for covalent surface functionalisation of CNTs. (a) Direct 

functionalisation; and (b) defect functionalisation (Source [91]). 

The non-covalent functionalisation strategy involves simple procedures to modify CNTs while 

retaining their structural properties. The CNTs can be non-covalently functionalised using various 

approaches including absorption of small aromatic molecules, surfactants and polymer grafting 

methods [92-94]. 

Oxidation is a common surface modification technique. Initially, oxidising acid, such as 

concentrated nitric acid or a mixture of nitric and sulphuric acid, was used for end-cap opening, 

filling and shortening CNTs [95, 96]. The oxidation process results in imparting oxygen-

containing functional groups (e.g. -COOH, -OH, -C=O) into the CNT surface using strong 

oxidising agents including nitric acid (HNO3) [97, 98], sulphuric acid (H2SO4) [99], sulphuric 

acid/hydrogen peroxide (piranha) [100, 101], ozone (O3) [102] and perchloric acid (HClO4) [103]. 

These oxidising agents have also been used to remove amorphous carbon and residual catalyst 

particles from CNTs structures. It is important to note that processes using harsh acids generally 
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alter surface features by generating defects on the graphitic structure of CNTs and result in 

destruction of CNTs sidewalls and breaking of CNTs [100, 101] leading to significant changes in 

CNTs performance for different applications. Note that these processes take place in the outer wall 

surfaces of CNTs. Modification of CNTs inner wall surfaces is discussed less in the literature 

because to modify CNTs inner surfaces the tubes tips need to be open and outer surfaces need to 

be protected. These requirements are not attainable by conventional methods used to prepare 

CNTs, however, templated-assisted methods make it possible to enable selective modification of 

CNTs inner surfaces while keeping outer surfaces intact [104]. For aligned CNTs structures, where 

alignment is a favourable configuration for CNTs to advance performance in many applications, 

care should be taken to not affect structural integrity during oxidation treatment. Oxidation can be 

further used to covalently attach molecules (e.g. alkyl groups, polymers, etc.) to CNTs [105-107].  

Doping with foreign atoms (heteroatoms) is another avenue that aims to modify CNTs chemical 

structure, thus altering CNTs properties, and different experimental protocols have been examined 

including endohedral, intercalation and substitutional doping (Figure 1.10) [108]. In endohedral 

doping, the atoms or molecules are encapsulated in the CNTs hollow core, while in intercalation 

doping they are intercalated between the CNTs outer shells. Substitutional doping differs from the 

previous two approaches in that dopant atoms substitute C atoms in the graphitic lattice commonly 

resulting in generation of defects in CNTs structure as a result of the difference in atomic sizes. 

This process leads to rearrangement of C atoms in the graphitic network. 
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Figure 1.10. Schematic of the different protocols for modifying CNTs structure. (a) Pristine 

SWCNT; (b) substitutional; (c) intercalation; and (d) endohedral doping (Source [108]). 

Among the different dopants including phosphorus (P), boron (B) and sulphur S, nitrogen (N) 

doping of CNTs has attracted much attention especially in electronic applications. As nitrogen has 

close atomic size to that of carbon (i.e. nitrogen contains one additional electron compared to 

carbon), nitrogen-doped CNTs structures may exhibit novel electronic and catalytic properties 

[109]. Nitrogen doping of CNTs has been explored for tuning and enhancing a set of CNTs 

properties, such as physical, chemical and catalytic activity properties [110-112]. 

Many studies have reported on CNTs doping with nitrogen [113-119], with most studies 

examining catalyst-based CVD processes using ferrocene as a metal catalyst. Besides the inherent 

drawbacks of catalyst-based CVD mentioned earlier, using metal catalysts to produce nitrogen 

doped CNTs structures always result in CNTs with periodic interlinked structures inside the 

nanotubes (i.e. a bamboo-like structure) (Figure 1.11) due to interaction between catalyst metal 

particles and CN species (i.e. difference in diffusion of CN species along the catalyst particle 

between bulk and surface) [120-122]. Moreover, significant changes in CNTs dimensions as a 
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result of incorporation of nitrogen atoms have been observed [113, 114]. These drawbacks have 

diminished the use of nitrogen doped CNTs structures in many applications, particularly molecular 

transport through their hollow tubular structures. 

 

Figure 1.11. TEM images of CNTs structures produced by the catalyst-based CVD process using 

melamine as a precursor showing the characteristic bamboo-like structure with different nitrogen 

content of (a) 0%; (b) 1.5%; (c) 3.1%; (d) 5.4%; (e) 8% and (f) 8.4% (Source [115]). 

A facile route to dope CNTs structure remains challenging, particularly for CNTs membranes with 

selective dopant atoms that do not affect geometric features.  
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1.5. Carbon Nanotubes Composite Membranes 

1.5.1. Membrane Definition  

Membrane can generally be defined as a semi-permeable barrier that prevents contact between two 

phases which can selectively control transport of chemical species through the membrane [123]. 

Based on structure, membranes can be classified as either porous or dense. Porous membranes can 

have a symmetric structure where pores are the same size, or asymmetric structure where pores 

are of different sizes [124]. Pore size is the distance between opposite walls of the pore. According 

to the International Union of Pure and Applied Chemistry (IUPAC), porous materials can be 

divided into three different ranges based on pore size, microporous < 2 nm, mesoporous 2-50 nm 

and macroporous > 50 nm [125]. For membrane-based separation technology, utilising dense 

membranes is limited due to low permeability in comparison to porous membranes [126]. Based 

on membrane pore size and separated species size, membrane systems can be classified into four 

types: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) 

[127]. 

1.5.2. Fabrication of Vertically Aligned Carbon Nanotubes Membranes 

Two structural configurations have been identified for CNTs-based composite membranes:  

i) Membranes with randomly distributed bundles of CNTs. 

ii) Membranes with vertically aligned arrays of CNTs. 

The formation of vertically aligned carbon nanotube membranes is of particular interest as this 

configuration endows the resulting membrane systems with better performance over membranes 

composed of randomly distributed bundles of CNTs [128, 129]. Alignment of CNTs can be 

obtained prior to, during or after composite fabrication. Hinds’ group at the University of Kentucky 

[130] reported on fabrication of CNTs membranes with vertically aligned arrays of CNTs. Their 
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approach involved the catalyst-based CVD process using ferrocene to prepare CNTs. To maintain 

alignment, the space between CNTs was filled using a polymer (50 weight-percent solution of 

polystyrene and toluene) (Figure 1.12). The plasma oxidation process was used to remove excess 

polymer from the top surface and to open CNTs tips forming CNTs membranes. However, this 

approach is complex and the ultimate membrane structure is obtained after several days.  

 

Figure 1.12. Schematic of the fabrication process of aligned CNTs membranes by embedding 

CNTs in a polymer matrix (Source [130]). 

Another approach proposed by Holt and co-workers [131], was also based on the catalyst-based 

CVD process. The process starts with selective deposition of a thin layer of iron catalyst (~ 5-10 

nm) by electron beam evaporation on Si substrate. This step is followed by many steps to prepare 

CNTs embedded in a silicon nitride matrix (Figure 1.13). The ultimate membrane structure is 

again obtained after several days. 
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Figure 1.13. Schematic of the multi-step fabrication process of aligned CNTs membrane by 

embedding CNTs in silicon nitride matrix (Source [131]). 

Along with the complex and time consuming processes of the abovementioned techniques to 

prepare aligned CNTs membranes, other inherent drawbacks should be pointed out. For example, 

these techniques are dependent on using a metal catalyst and, as previously mentioned, catalyst 

CVD processes have several disadvantages. Moreover, these methods require the use of expensive 

laboratory facilities that limit production of these membranes to the laboratory scale.  

These drawbacks can be addressed by using a catalyst-free CVD process utilising nanoporous 

anodic alumina membranes (NAAMs) and titania nanotubes (TNTs) as templates to prepare CNTs 

membranes with vertically aligned arrays of CNTs. Schneider et al. reported on the formation of 

composite structures consisting of CNTs grown inside commercial NAAMs by a catalyst-free 

CVD process using propylene as a gaseous carbon source [88]. However, a by-product was found 

at the composite top surface recognised by SEM to be ca. 20 µm amorphous carbon layer (Figure 

1.14). This layer blocks the pore entrance of the composite resulting in inaccessible CNTs 
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channels. Therefore, an appropriate purification process to remove this layer must be applied to 

obtain CNTs-based composite membranes with desirable features for many applications (e.g. 

transport, catalyst and separation, etc.). 

 

Figure 1.14. SEM images of CNTs-based composite membrane. (a) Top view and (b) side view 

showing coverage of the membrane surface with a thick amorphous carbon layer (Source [88]).  

Recently, Sarno et al. fabricated CNTs inside commercial NAAMs by a catalyst-free CVD process 

using different hydrocarbons (acetylene, propylene, ethylene and methane) as gaseous carbon 

sources [132]. Despite the use of different gaseous carbon sources, including propylene as used in 

the Schneider et al. study, the disinclining of the SEM analysis of the composite membrane top 

surface did not allow to determine whether the carbon by-product was formed or not. Note that 

branching cylindrical pores is a characteristic feature of commercial NAAMs, therefore using them 

as a template results in branched CNTs structures. 
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A significant challenge remains to develop and characterise CNTs membranes with favourable 

characteristics for transport investigations, namely uniform and vertically aligned arrays of CNTs, 

controlled geometric and surface chemistry features, accessible tubes with no catalyst particles or 

internal closures.  

1.6. Carbon Nanotubes as Molecular Transport Channels 

The earliest study reporting on the capability of CNTs inner core use as nanochannel containers, 

demonstrated by Ajayan and Ijima in 1993 [133], focused on the influence of annealing in liquid 

lead on structural features of CNTs and subsequent filling with molten material through capillary 

action (i.e. a one-step process). In the same year, their group reported on opening of CNTs using 

gas oxidation reaction and its impact on filling (a two-step process) [134]. These researchers 

concluded that filling open CNTs with inorganic materials is more difficult than the one-step filling 

process. 

Dujardin et al. studied wetting and capillarity of MWCNTs (2-20 nm) and SWCNTs (1.4 - 2.4 

nm) in two separate publications. These authors found that liquids with a surface tension of less 

than 180 mN/m (e.g. water and organic solvents) in the range of 130-190 mN/m can wet MWCNTs 

and SWCNTs, respectively [135, 136].  

Several molecular dynamic simulations and experimental studies have successfully demonstrated 

the outstanding transport properties and chemical selectivity of CNTs for a broad range of gases 

and molecules [128, 137-141]. Hummer et al. reported on water transport through CNTs based on 

molecular dynamic simulations [142] and suggested that the process of flowing water molecules 

through hydrophobic CNTs channels leads to H-bond formation between water molecules along 

the nanotube axis. These bonds, and weak interaction between water molecules and the smooth 

hydrophobic graphitic walls, facilitate extraordinary flow of water molecules. Sholl and Johnson 

[138, 143] reported on transport of light gases (e.g. H2 and CH4) through CNTs based on molecular 
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dynamic simulations. They found that transport rates in CNTs are orders of magnitude faster than 

in crystalline microporous zeolites and ascribed this finding to the smooth graphitic walls of CNTs 

and lack of friction at the interface between the hydrophobic graphitic walls of CNTs and gas 

molecules. However, note that these authors only considered defect-free nanotubes in their 

calculations. 

Experimentally, Majumder et al. reported on the liquid (e.g. water, ethanol, hexane, etc.) flow 

through CNTs membranes prepared, using the method proposed by Hinds’ group as previously 

mentioned, with 7 nm pore diameter [137]. These researchers found that liquid flow through CNTs 

membranes is four to five orders of magnitude faster than predicted by conventional fluid flow 

theory (Table 1.1). Holt et al. [128] compared the transport properties of DWCNTs membranes, 

prepared using the previously mentioned method, to commercial polycarbonate membranes and 

found that permeability of gas and water in DWCNTs membranes is higher than that of 

polycarbonate membranes and comparable to flow rates obtained through calculations of 

molecular dynamic simulations (Table 1.2). 

Table 1.1. Flow of different solvents through CNTs membranes with 7 nm pore diameter (Source 

[137]). 
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Table 1.2. Comparisons of experimental air flow rates observed for several CNTs membranes with 

Knudsen model predictions, and of experimental water flow rates with continuum flow model 

predictions (Source [128]). 

 

 

The aforementioned findings of fast liquid transport through CNTs raises a question regarding the 

interaction between the CNTs inner wall surface and transported molecules. Therefore, 

understanding transport properties at the nanoscale is a significant challenge. In this thesis, 

particular attention is paid to understanding the transport properties of CNTs with diameters in the 

range of 15-150 nm where a knowledge gap remains. Furthermore, as interfacial properties 

regulate transport through CNTs membranes, one of the concepts on which this thesis is based, 

changes in regard to charge of transported molecules, CNTs dimensional features and inner surface 

chemistry in a controlled manner will have important implications for selectivity properties and 

transport performance. 
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1.7. Carbon Nanotubes as Coupling Material for Photocatalysis 

Applications 

This part of the thesis presents the second application of CNTs as a coupling material for 

photocatalysis applications. 

I.7.1. Introductory Background 

The advanced oxidation process (AOP) is a promising method to reduce water pollution and 

address water shortage problems [144, 145]. The photochemical advanced oxidation process for 

water treatment has been successfully commercialised in recent years. In 1972, Fujishima and 

Honda reported on photocatalytic decomposition of water on titanium dioxide electrodes for the 

first time, and since then photocatalysis has been successfully used for degradation of a broad 

variety of contaminants [146]. Photocatalysis is a simple process in which light of appropriate 

energy is used to activate a catalyst, usually a semiconductor, to generate an electron-hole pair and 

allowing redox reactions to take place. Photocatalysis based on nano‐catalysts has been 

successfully demonstrated for degradation of multiple contaminants based on the fact that specific 

surface area plays a key role in the photocatalysis process. Consequently, using a nano‐catalyst 

with high specific surface area leads to more adsorption sites for photocatalytic reactions making 

the process more efficient and effective [147]. 

Among various semiconductors, nanosized titanium dioxides (TiO2) have attracted considerable 

attention as an effective photocatalyst due to unique properties, including large specific surface 

area, chemical stability, non-toxicity, high photocatalytic activity and low cost. TiO2 has different 

crystalline structures and the most common polymorphs are rutile, anatase and brookite. Rutile is 

the most stable form of TiO2, while anatase is the most active form that can be transformed into 

rutile by heating in the range of 400 to 1200 °C. The anatase TiO2 structure provides high 

photocatalytic activity due to higher surface area and higher degree of hydroxylation of anatase in 
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comparison to other crystallographic phases. It has a large band gap (about 3.2 eV) which can be 

excited by UV light with wavelengths less than 388 nm [148]. 

Photocatalysis processes mainly rely on formation of reactive species, such as hydroxyl radicals 

(•OH). The hydroxyl radical is a powerful oxidant with the highest thermodynamic oxidation 

potential of common chemical species (~ 2.8 V) [149]. The photocatalysis process begins with 

absorption of a photon with energy equal or higher than the band gap energy (Eg) of TiO2 [3.2 eV 

(anatase) or 3.0 eV (rutile)]. This leads to transition of the electron from the valance band (VB) to 

the conduction band (CB) creating a hole with a positive charge in the valance band (Eq. 1.10). 

This step is followed by many steps (Eq. 1.11-1.14) to form hydroxyl radicals that can decompose 

organic pollutants to carbon dioxide (CO2) and water (H2O) (Eq. 1.15) [149] (Figure 1.15).  

 

Figure 1.15. TiO2 photocatalysis process in the presence of a water pollutant (P) [150]. 

Electron-hole pairs can rapidly recombine on the TiO2 surface before redox reactions take place, 

thus decreasing efficiency of the TiO2 catalyst. 

-

cbvb2 ehhTiO             (1.10) 

OHHOHh ads2vb             (1.11) 
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Different approaches have been used in attempts to increase the efficiency of a TiO2 photocatalyst 

by absorbing solar energy and minimising or eliminating rapid recombination of the electron-hole 

pair, including doping TiO2 with non-metal elements (nitrogen, sulphur and carbon) [151-154] and 

chemically modified n-TiO2 [155, 156]. Another approach explored enhancement of TiO2 

photocatalytic efficiency by fabricating nanocomposites that combine TiO2 with other materials, 

such as Ag [157], Pt [158], SiO2, ZrO2 [159] and Cu2O [160]. Among the aforementioned 

composites, coupling TiO2 with CNTs has recently attracted much attention due to the potential to 

overcome the intrinsic limitations of TiO2. Therefore, this type of composite material is discussed 

in more detail below.  

1.7.2. Carbon Nanotubes and Titania Composite 

Due to the exceptional properties of CNTs, including electrical properties, high aspect ratio, high 

adsorption capacity, and chemical and thermal stability, they have been demonstrated as 

outstanding coupling materials to overcome the limitations of TiO2 catalysts [161, 162]. The 

CNTs/TiO2 composite has been used in different applications, such as solar cells, photo-catalysis 

and lithium storage [163-165]. 

To date, several studies have demonstrated that CNTs-TiO2 composites prepared via a sol–gel 

approach can be a means of enhancing photocatalytic efficiency of TiO2 [166-169]. However, this 

approach has intrinsic limitations, such as the difficulty of preparing uniform composites, which 

limit the positive impact of coupling these two materials. Another limitation is that most of TiO2-
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based composites explored were powder forms of TiO2 which have less photocatalytic activity 

than nanotubular TiO2 structures [170, 171]. Therefore, development of CNTs-TNTs composite 

materials with precisely designed and engineered physical and chemical features is of critical 

importance for improving the photocatalytic properties of TiO2. Recently, Qu X et al. reported on 

a preparation method to produce a uniform composite structure of CNTs-TNTs using anodic 

aluminium oxide (AAO) membranes as templates to grow TNTs [172]. Although this method 

results in arrays of CNTs-TNTs with controlled geometry, the preparation of highly ordered AAO 

templates by a two-step anodisation process is time-consuming. In that respect, the direct 

utilisation of TNTs grown by anodising titanium substrates, as mentioned earlier, is considered a 

more facile approach to synthesise CNTs-TNTs composite structures with controlled geometry, 

taking advantage of a catalyst-free CVD approach. The nanotubular geometry of such 

photocatalyst is desired for providing a short carrier diffusion path in the nanotube wall and straight 

diffusion path for reactants [83, 170]. 

1.8. Challenges for CNTs-Based Composites for Molecular Transport 

and Photocatalysis Applications  

The use of CNTs-based composite systems as conduits for molecular transport and catalysts, in 

combination with TiO2 for photocatalysis applications, require CNTs to have precisely controlled 

physical and chemical properties to address the problems and intrinsic limitations of existing 

materials and achieve optimal performance for specific applications. Examples of the problems 

that need to be addressed are difficulty in controlling geometric features, contamination and 

incorporation of impurities into CNTs structure from catalyst particles and carbon precursors, 

presence of amorphous carbon structure on the membrane surface after deposition, internal 

closures, and selective modification of CNTs structures. Consequently, more extensive research is 

required to identify nanofabrication methods for advanced CNTs membranes with precisely 

controlled transport and chemical selectivity for electrophoretic and potential-based separation of 



CHAPTER 1: Introduction  

34 
 

molecules, and to enhance the photocatalytic properties of TNTs for engineering advanced CNTs-

TNTs electrodes for photocatalytic applications. Some of key challenges are:  

1. Fabrication of CNTs composite membranes with controllable dimensional features and 

surface chemistry. 

2. Selective modification of CNTs inner wall surface of composite membranes to achieve 

optimal performance in transport applications. 

3. Understanding the transport of ions/molecules through CNTs membranes under different 

driving forces, such as concentration gradient and electrical field. 

4. Fabrication of a uniform composite material of CNTs inside nanotubular structure of TNTs 

to obtain full advantages of using nanotubular geometry for photocatalysis. 

1.9. Objectives 

The broad objective of this thesis was to develop a CNT composite membrane/material with 

favourable characteristics for molecular transport and photocatalysis applications based on the 

catalyst-free CVD process using NAAMs and TNTs as templates. The specific objectives/aims of 

this thesis are: 

1. To demonstrate fabrication of CNTs composite membranes with controllable dimensions (i.e. 

pore diameter and length) and surface chemistry by: 

 Fabricating CNTs composite membranes by growing vertically aligned MWCNTs inside 

NAAMs through a catalyst-free CVD approach. 

 Controlling CNTs dimensions via deposition time during the CVD process and length of 

NAAMs. 

 Controlling surface chemistry of CNTs inner walls via thermal annealing and wet and dry 

oxidation processes. 



CHAPTER 1: Introduction  

35 
 

 Exploring the influence of CNTs dimensions and surface chemistry on transport and 

selectivity properties. 

2. To demonstrate fabrication of CNTs composite membranes with controllable dimensions using 

different types of NAAMs templates by:  

 Fabricating CNTs composite membranes by growing vertically aligned MWCNTs inside 

different types of NAAMs through a catalyst-free CVD approach. 

 Exploring the influence of NAAM template types on structural and chemical properties of 

the resulting CNTs.  

 Explaining the formation mechanism of CNTs inside NAAMs of distinct chemical 

composition.  

 Analysing the effect of the NAAM template on transport properties of the resulting 

composite membranes. 

3. To explore the effect of selective chemical modification of the inner surface of CNTs 

composite membranes on electrochemical properties by:  

 Modifying the inner wall surface of CNTs membranes through a wet oxidation process 

using hydrogen peroxide. 

 Demonstrating how surface chemistry inside CNTs can influence ionic conductivity and 

electrochemical properties of CNTs-NAAMs composite membranes using different 

electrolyte concentrations. 

 Understanding transport mechanisms of ions and molecules inside CNTs under an 

electrical field. 

4. To selectively dope the structure of CNTs composite membranes with nitrogen atoms by:  
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 Fabricating N-doped CNTs composite membranes by growing vertically aligned N-doped 

MWCNTs inside NAAMs through a catalyst-free CVD approach. 

 Determining the role of C/N ratio of carbon and nitrogen precursors in the formation and 

nitrogen content of N-doped CNTs-NAAMs using different precursor mixtures containing 

carbon and nitrogen at different ratios. 

 Assessing transport performance and chemical selectivity of the resulting composite 

membranes (i.e. undoped and N-doped CNTs-NAAMs composite membranes). 

5. To demonstrate the catalyst-free synthetic process of CNTs-TNTs composites by: 

 Fabricating CNTs composite material by growing vertically aligned MWCNTs inside 

TNTs through a catalyst-free CVD approach. 

 Explaining the formation mechanism of CNTs inside arrays of TNTs.  

 Evaluating photocatalytic properties of prepared CNTs-TNTs composites. 

1.10. Thesis Structure 

Chapter 1 provides a description of the thesis topic and its significance. Emphasis is placed on 

providing background information regarding fabrication and modification techniques of CNTs 

structures and other advances in the field of CNTs composite membranes and materials. 

Chapter 2 provides details on materials and methods including NAAMs, TNTs and CNTs 

fabrication, and various investigations to evaluate applicability of CNTs composites for transport 

and photocatalytic applications. This chapter also briefly defines structural and chemical 

characterisation techniques used throughout this thesis. 

Chapter 3 describes the fabrication of CNTs composite membranes with controllable nanotube 

dimensions (inner diameter and length) and surface chemistry produced by a template-assisted 

catalyst-free CVD process using NAAMs as a template and explores their influence on the 

transport properties and chemical based transport selectivity. 
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Chapter 4 discusses fabrication of CNTs composite membranes with controllable dimensions 

using different types of NAAM templates with a specific focus on exploring the influence of 

NAAM template type on structural and chemical properties of resulting CNTs composite 

membranes. The formation mechanism of CNTs inside NAAMs of distinct chemical composition 

is also explored and explained. Additionally, the effect of the NAAM template on transport 

properties of the resulting composite membranes is analysed.  

Chapter 5 explores how surface conduction and electrochemical properties of CNTs composite 

membranes produced by a template-assisted catalyst-free CVD process using NAAMs as a 

template can be readily tuned by chemical modification of the inner surface using a simple 

oxidation process.  

Chapter 6 reports on finely and selectively doping the structure of CNTs composite membranes 

with nitrogen. This chapter also describes the role of C/N ratio of carbon and nitrogen precursors 

in the formation and nitrogen content of N-doped CNTs-NAAMs which was determined using 

different mixtures of precursors. Furthermore, molecular transport and chemical selectivity 

properties of N-doped CNTs-NAAMs with different doping levels are assessed. 

Chapter 7 presents the fabrication of CNTs inside TNTs templates by a catalyst-free CVD 

approach as composite platforms for photocatalytic applications. Furthermore, the formation 

mechanism of CNTs inside TNTs without using metal catalysts is explored and explained.  

Chapter 8 summarises results of the investigations conducted in this thesis and provides a 

perspective for future research directions. 
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CHAPTER 2: Experimental Methods 

2.1. Introduction and Objectives 

A primary requirement for CNTs-based composite for advanced transport and photocatalytic 

activity properties is to develop and optimise scalable fabrication approach in a cost-competitive 

and time-effective manner to prepare reproducible vertically aligned arrays of CNTs with desired 

structural and chemical characteristics. Key platforms for this fabrication are NAAMs and TNTs 

templates prepared by electrochemical anodisation followed by catalyst-free CVD process to grow 

CNTs and making CNTs composites for molecular transport and photocatalysis applications. 

Therefore, this chapter emphasises on basic experimental aspects of this thesis to define the 

fabrication approaches and structural designing of NAAMs and TNTs template and optimising 

procedures for catalyst-free CVD growth of CNTs composites, followed by development of 

required characterisation set-ups for testing transport and catalytic properties. It also briefly 

defines the structural and chemical characterisation techniques used throughout this thesis. 

2.2. Materials and Chemicals 

All materials and chemicals, unless otherwise stated, used in the course of all experiments were 

purchased from Sigma-Aldrich (Australia) and used as received. High purity deionised (DI) water 

(resistivity 18.2 M Ω cm) from a Milli-Q water purification system was used to prepare all the 

solutions used in this PhD study. 

2.3. Synthesis of Nanoporous Anodic Alumina Membranes (NAAMs) 

Templates 

Although alumina membranes are commercially available, designing and engineering NAAMs 

have been demonstrated to overcome the defects of commercial NAAMs, including irregular 



CHAPTER 2: Experimental Methods 

59 
 

distribution of pores as a result their branching at membrane’s surface or along the pores. Tow-

step electrochemical anodisation is the most common methodology utilised to synthesis self-

ordered and vertically aligned nanopores structure of NAAMs with different dimensions [1-3].  

The electrochemical anodisation setup for NAAMs fabrication consists of 4 main components: 

aluminium (Al) foil (serves as anode), platinum (Pt) wire (serves as cathode), appropriate 

electrolyte (acid aqueous solution serves as transporting medium) and power supply (Agilent 

N5724) (serves as a provider of driving force required to grow pores on Al substrate) (Figure 2.1). 

In the course of the anodisation process, high purity aluminium (Al) foils (thickness 0.32 mm, 

purity 99.999 %, Goodfellow Cambridge Ltd, UK) are cut to circular chips with a diameter of 1.5 

cm and cleaned under sonication in ethanol and water for 10 min, separately. Then, they are 

brought into contact with a copper (Cu) back-plate in a custom made anodisation holder that 

permits only a circular area of the Al metal with diameter of 1 cm to be exposed to the electrolyte 

solution. For electrical connection, the Cu plate was connected to the power supply by an 

insulating-covered copper wire. The anodisation holder and the Pt wire are partially immersed in 

a magnetically stirred electrolyte solution in a double jacket beaker cooled to the wanted 

temperature using a cooling path.  

 

Figure 2.1. Schematic diagram of a basic electrochemical cell for anodising aluminium and 

titanium substrates. 
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NAAMs were prepared by a two-step electrochemical anodisation process. Prior to the first 

anodisation step, the Al chips were electro-polished in a mixture of HClO4 and C2H6O 1:4 (v:v) at 

20 V and 5 °C for 3 min and then dried under nitrogen stream. The electro-polished Al substrates 

were anodised in different acid electrolytes of H2SO4, H2C2O4 and H3PO4. The first anodisation 

step was performed for 20 h and the resulting oxide layer was selectively removed in a mixture of 

H3PO4 (0.4 M) and H2CrO7 (0.2 M) at 70 °C for 3 h in order to patter the surface of aluminium 

with hexagonally organised pits. The second anodisation step was carried out for different times, 

to obtain NAAMs with desired pore lengths, and different applied potential to obtain different pore 

diameters. The anodisation conditions (anodisation voltages, acid electrolyte concentrations and 

temperatures) used to produce the different types of NAAMs for this PhD study and the structural 

characteristics of the resulting NAAMs are summarised in Table 2.1 (Chapter 3, 4, 5 and 6).  

After anodisation process, the remaining aluminium substrate was removed in a saturated solution 

of HCl and CuCl2 followed by chemical opening of the oxide barrier layer at the bottom tips of 

nanopores in 5 wt % H3PO4 at 35 °C under current control to have a precise control over the pore 

opening and avoid undesired pore widening [4, 5]. 

Table 2.1. Anodisation conditions for fabricating the different types of NAAMs and the structural 

characteristics of the resulting NAAMs. 

Acid Type Concentration 

(M) 

Voltage 

(V) 

Temperature 

(°C) 

Pore Diameter 

(nm) 

Pore Length 

(μm) 

H2SO4 0.3 25 5 ± 1 25 ± 5 (30,60, 90) ± 2 

H2C2O4 0.3 40 5 ± 1 40 ± 5 60 ± 2 

H3PO4 0.1 195 2 ± 1 150 ± 5 60 ± 2 
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2.4. Synthesis of Titania Nanotubes (TNTs) Templates 

Electrochemical anodisation is the most common methodology utilised to synthesis self-ordered 

TNTs with different dimensions suitable for many applications, and represents a straightforward, 

inexpensive, self-driven and scalable technology [6]. To synthesis TNTs, electrochemical 

anodisation setup similar to that of NAAMs fabrication is used with the exception of the use of 

titanium (Ti) foils (thickness 0.25 mm, purity 99.7 %) which serves as anode here to grow TNTs 

(Figure 2.1) and the use of ethylene glycol with 0.3% (w/v) NH4F and 3% (v/v) water as 

anodisation electrolyte. Two-step electrochemical anodisation process was performed to synthesis 

TNTs. Prior to the first anodisation step, the Ti foils are cut into small pieces of 1.5 × 1.5 cm and 

polished mechanically using abrasive paper and cleaned under sonication in acetone and ethanol 

for 10 min, separately. The first anodisation step was performed at 80 V for 2 h at 25 °C and the 

resulting oxide layer was removed mechanically by sonicating in methanol. The second 

anodisation step was performed at 80 V for 1 h using the above-mentioned electrolyte to obtain 

nanotube with diameters and lengths of 100 ± 10 nm and 50 ± 2 μm, respectively (used in Chapter 

7). 

2.5. Synthesis of CNTs-NAAMs and CNTs-TNTs Composites 

CNTs were fabricated using a catalyst-free CVD approach previously described [7]. Briefly, 

vertically aligned multiwalled CNTs (MWCNTs) were grown inside the pores of the two different 

templates of NAAMs and TNTs by a catalyst-free CVD process. A schematic illustrations of the 

fabrication process of CNTs-NAAMs and CNTs-TNTs composite used in this PhD study are 

shown in Figures 2.2 and 2.3, respectively. 
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Figure 2.2. Schematic representation of the fabrication process of NAAMs and CNTs-NAAMs 

composite membrane. 

 

Figure 2.3. Schematic representation of the fabrication process of TNTs and CNTs-TNTs 

composite. 



CHAPTER 2: Experimental Methods 

63 
 

The CVD process was carried out in a CVD system consisting of a two-stage furnace (1 in Figure 

2.4) equipped with a cylindrical quartz tube (2 in Figure 2.4) (Brother Furnace Co., LTD, China), 

in which the electrochemically prepared NAAMs and TNTs were placed. The cylindrical quartz 

tube is connected from the CVD input side to the particle generator (i.e. nebuliser) (Sonaer® 

Ultrasonic 241PG and 241PGT Particle Generator, USA) (3 in Figure 2.4) using custom gas 

outlets fittings (4 in Figure 2.4). The gas inlet of the particle generator is connected to the argon 

cylinder (5 in Figure 2.4) through gas flow controller (6 in Figure 2.4). On the CVD output side, 

the cylindrical quartz tube is connected to the cold trap (7 in Figure 2.4) through Purosil hose (8 

in Figure 2.4) for transferring exhaust gases produced during the CVD process. To efficiently and 

safely seal the system, stainless steel male and female flanges supported by metallic and non-

metallic viton O-rings (9 in Figure 2.4) are used to both sides (i.e. CVD inlet and outlet). 

 

Figure 2.4. Detailed photograph of the complete functioning CVD setup used to fabricate CNTs-

NAAMs and CNTs-TNTs composites. (1) Two-stage furnace; (2) cylindrical quartz tube; (3) 

nebuliser; (4) gas outlets fittings; (5) argon cylinder; (6) gas flow controller; (7) cold trap; (8) 

Purosil hose and (9) stainless steel male and female flanges supported by metallic and non-metallic 

viton O-rings.   
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In the course of the CVD process, the CVD reactor temperature was increased up to 850 °C under 

argon (Ar) flow, which was used as a carrier gas at flow rate of 1 dm3 min-1. Once the deposition 

temperature was reached, the carbon precursor was introduced in the CVD reactor as ultrafine 

particle aerosols by a particle generator. Different precursors were explored in order to fabricate 

CNTs composites with different chemistries: namely, (i) a mixture of toluene and ethanol (1:1) 

(v:v) (used in Chapter 3, 4, 5, 6 and 7), (ii) N,N-dimethylformamide (DMF), (iii) a mixture of 

toluene, ethanol and DMF (1:1:1) (v:v:v), (iv) pyridine, and (v) a mixture of toluene, ethanol and 

pyridine (1:1:1) (v:v:v) (used in Chapter 6). Different deposition times were performed in order 

to investigate the influence of deposition time on the wall thickness of the resulting CNTs 

exploring and explaining their formation mechanism inside the pores of NAAMs (described in 

Chapter 3 and 4) and TNTs (described in Chapter 7) without of using metal catalysts. After 

CVD process, the furnace was turned off and Ar was continuously flowed to cool the CVD reactor 

down to room temperature. 

Initial CVD processes, performed by placing NAAMs on ceramic crucible boat used as a sample 

holder and increasing the reactor temperature rapidly up to 850 °C, resulted in bending and 

cracking CNTs-NAAMs composites (Figures 2.5a and 2.5b, respectively). This was avoided by 

placing NAAMs in a custom quartz boat and increasing the temperature from 25 °C to 850 °C at 

a rate of 4 °C min-1 (Figure 2.5c). 
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Figure 2.5. Digital photographs of bent (a); cracked (b); and (c) flat CNTs-NAAMs. 

2.6. Transport Studies of CNTs-NAAMs Composite Membranes  

Concentration-driven transport through the CNTs-NAAMs composite membrane was measured 

in an experimental set-up detailed in Figure 2.6. Briefly, the membrane was assembled in a H-

tube permeation cell consists of two half of cells (i.e. feed and permeate cells). The feed cell was 

filled with a 3 mL of 10 mM of dye solution and the permeate cell was filled with the same level 

of water to avoid a pressure driven transportation. The CNTs-NAAMs composite membrane was 

placed between these two halves, which sealed by two polydimethylsiloxane (PDMS) slides to 

prevent leakage, with an exposed area of 0.0314 cm2. Two models molecules with different 

hydrophilic-hydrophobic and charge properties (Rose Bengal (RosB)2- and Tris (2,20-bipyridyl) 

dichlororuthenium (II) hexahydrate (Ru(BPY)3)
2+, respectively were used for transport studies. 

Their diffusion through the membrane was continuously monitored in real-time by measuring the 

absorbance in the permeate cell using a UV–Visible fibre optic spectrophotometer (USB4000 

Ocean Optics, USA). A software package from Ocean Optics (SpectraSuit) is used for acquiring 
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data from the spectrometer in wavelength range of 400 - 1000 nm. In all transport experiments 

performed throughout this thesis, dye’s initial concentration in the feed cell was kept constant. 

Concentrations of (RosB)2- and (Ru(BPY)3)
2+ were detected at their maximum absorbance of 552 

and 452 nm, respectively, and then fitted to a calibration curve obtained by measuring absorbance 

of known concentrations of each dye (Figure 2.7). A linear plot of the concentration vs time was 

obtained, and the slope of the plot per unit area of the membrane described the diffusional flux of 

a particular dye through the membrane. All transport experiments were repeated at least three times 

and statistically treated. To investigate the effect of the adsorption of transported dye molecules 

onto the CNTs membrane surface upon the overall transport rates, different control experiments 

were conducted. This includes: determining the transport rate of a particular dye molecule through 

a specific CNTs membrane with the use of dry membrane, membrane soaked in the solvent 

(deionised water) for 1-2 hour, and the use of the same membrane many times while performing 

washing treatment (rinse with ethanol and deionised water and dry in air for 24 hours) after each 

time. The effect of the adsorption of dye molecules onto the surface of CNTs membranes on the 

flow rate of dye through these membranes was found to be negligible in all cases, indicating the 

very low amount of adsorbed dye molecules onto the membrane surface, which is not influencing 

its transport rate.  

 

Figure 2.6. Schematic illustration of the permeation cell used for transport measurements of 

CNTs-NAAMs composite membranes.  
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Figure 2.7. Calibration curve of (a) (RosB)2- absorbance (at 552 nm) and (b) (Ru(BPY)3)
2+ 

absorbance (at 452 nm). 

Electrically-driven transport through the CNTs-NAAMs composite membrane was measured 

using the same experimental set-up shown in Figure 2.6. However, the two half of cells were filled 

with 3 mL of NaCl aqueous electrolyte solution and two gold electrodes electrochemical 

impedance spectroscopy (EIS) were used here, in which one electrode was immersed in one half 

cell, serving as working and counter electrode. Impedance data were obtained over a frequency 
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range from 1 Hz to 1 MHz using various concentrations of NaCl electrolyte (i.e. 1, 2, 5, 10, 50 and 

100 μM). The modelling of the experimental system was done using EvolCRT software 

(developed by Department of Chemistry, Wuhan University, China). 

2.7. Photodegradation Study of CNTs-TNTs Composite 

The photocatalytic activity of TNTs and CNTs-TNTs composites were assessed via the 

photodegradation of rhodamine B molecules in aqueous solution in a photoreactor using a 1000 

W mercury-xenon Hg (Xe) lamp. Briefly, the sample of TNTs or CNTs-TNTs with a diameter of 

1 cm (8-10 mg) was placed in a low form beaker, which has a magnetic stirrer at the bottom, of 10 

ml of rhodamine B aqueous solution with an initial concentration (C0) of 1.6 mg/L and irradiated 

vertically from the top using the Hg (Xe) lamp with a distance of 6 cm. This type of lamp has 

spectral distribution that includes a continuous spectrum from the ultraviolet to infrared spectrum. 

Prior to the irradiation process, the reaction solution was continuously stirred in dark for 1 h in 

order to reach adsorption/desorption equilibrium. At predetermined time intervals, the absorbance 

of the solution at its maximum (i.e. abs = 554 nm) was measured using UV–vis spectroscopy 

(Cary 60) to analyse the concentration of rhodamine B (Ct) and thus calculate the degradation 

efficiency through the equation:  

Degradation efficiency (%) 100  ]C / )C-[(C 0t0           (2.1) 

where C0 is the initial concentration of rhodamine B and Ct is the rhodamine B concentration at 

time t (min).  

As a control, the degradation of rhodamine B solution in the absence of either the catalyst (TNTs 

or CNTs-TNTs) or the Hg (Xe) light was assessed. For this, two control measurements were 

performed and monitored by UV–vis spectroscopy, first rhodamine B solution was irradiated in 

the absence of the catalyst and second, the catalyst’s sample was immersed in the rhodamine B 
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aqueous solution in the absence of the light. In both cases, no significant decreases in the 

rhodamine B concentration was observed confirming the importance of both reactants (i.e. catalyst 

and light) to catalyses the degradation of rhodamine B. 

2.8. Structural and Chemical Characterisations  

During the course of this PhD study, different characterisation techniques were used for the 

structural and chemical characterisations of the different prepared nanostructures and these 

techniques are briefly discussed in the following subsections. 

2.8.1. Scanning Electron Microscopy (SEM) 

Scanning electron microscope (SEM) is a type of electron microscope that uses a beam of electrons 

to image the sample surface. It operates on the same principle as the optical microscopes, however; 

it uses electrons instead of light because of their short wavelength to improve the image resolution. 

In principle, the electron gun (source of electrons) generates electron beam that passes through 

condenser lenses to shrink the beam diameter which then focused by the objective lens into a spot. 

The final focused spot with a few nanometre diameters is scanned across the sample surface with 

the resulting signals providing information about the sample's surface morphology. SEM requires 

conducting samples since it uses electrons for imaging [8-10].  

The structural characterisation of the prepared NAAMs, TNTs, CNTs-NAAMs composite 

membranes, CNTs-TNTs composites and liberated CNTs was performed using a field emission 

gun scanning electron microscope (FEG-SEM, Quanta 450). For SEM imaging, samples were 

coated with 5 nm thick platinum layer. 
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2.8.2. Energy Dispersive X-ray Spectroscopy (EDX) 

Energy dispersive X-ray spectroscopy (EDX) uses a beam of electrons to produce elements 

distribution spectra. It operates on the same principle as the SEM microscopy, however; it uses X-

ray electrons to determine the elemental composition of the sample. In principle, high energy X-

ray beam interacts with electrons in discrete energy levels. Outer shell electron (high-energy) fills 

the resultant hole from the exciting inner shell electron (low-energy) and thus characteristic X-

rays are produced based on the difference in energy levels of the electrons between inner and outer 

shells. These produced X-rays are used to determine the elemental composition of the sample [11]. 

The elemental composition of the as-produced and oxidised CNTs-NAAMs composite membranes 

was determined using EDAX TEAM EDS with SDD Detector.  

2.8.3. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is another type of electron microscope that images the 

sample based on the interaction between electrons and the sample. The difference between the 

SEM and TEM is that, in the case of SEM, electrons can be reflected from the sample 

(backscattered) or released as secondary electrons that can be collected to form the image. In 

contrast, electrons in the TEM penetrate a thin sample and then focused by objective lenses in 

order to form the image. Therefore, the TEM requires a thin sample (less than 200 nm) to ensure 

that a reasonable proportion of the incident electrons will contribute to the formation of the final 

image [10]. 

The internal structure of CNTs and their wall thicknesses were assessed using a transmission 

electron microscopy (Philips CM 200 TEM). The templates (NAAMs or TNTs) were selectively 

dissolved in a 5 wt % HF solution to obtain liberated CNTs, which were washed with deionised 

water and ethanol. One drop of the solution was placed on a TEM copper grid and dried before 

characterisation. 
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2.8.4. X-ray Photoelectron Spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for chemical analysis 

(ESCA), is one of the surface analytical techniques that attack the sample with photons, electrons 

or ions in order to excite the emission of photons, electrons or ions. XPS uses X-ray (photon) to 

emit electrons from inner-shell orbitals and get information by measuring the energy spectrum of 

photo-emitted electrons. XPS has been used for the characterisation of CNTs membranes giving 

valuable information about their elemental composition [12] and chemical bonds [13]. 

The quantitative and qualitative information about the chemical composition of different CNTs-

NAAMs composite membranes, CNTs-TNTs composites and liberated CNTs was obtained by X-

ray photoelectron spectroscopy (XPS Kratos Axis Ultra) using the Al Kα (1486.7 eV) 

monochromatic line. 

2.8.5. Raman Spectroscopy  

Raman spectroscopy is another surface analytical technique that widely used for the identification 

of vibrational modes in a system. This is attained by exposing the sample’s surface to a 

monochromatic light, usually intense laser light, and measuring the intensity of the scattered light 

as a function of frequency. For CNTs, typical Raman profile consists of a G-band peak at 1582 

cm-1, attributed to graphitic or highly ordered CNTs sidewalls and a D-band peak at 1350 cm-1, 

attributed to the amorphous or disordered sp3 network of carbon atoms. The ratio between these 

two bands and their positions provide information about the structural changes of CNTs induced 

by modifications (i.e. oxidation, doping, etc.) [14]. 

The graphitic structure of the prepared CNTs inside different templates and structural changes of 

CNTs induced by different modification processes were investigated by Raman spectroscopy 

(Horiba LabRAM HR Evolution Raman microprobe spectrometer). Raman spectra were obtained 

using a He–Ne laser of 532 nm as an excitation source. 
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2.8.6. X-ray Diffraction Spectroscopy (XRD) 

X-ray diffraction (XRD) is a non-destructive technique that has been widely used to determine the 

crystallinity of the nanostructures. In XRD, a collimated beam of X-rays with a particular 

wavelength is directed towards the sample and then diffracted by the crystalline phases in the 

sample according to Bragg's law: 

𝜆 = 2 𝑑 sin 𝜃              (2.2) 

where λ is the X-ray wavelength, d is the spacing between atomic planes in the crystalline phase, 

θ is the Bragg angle. This diffraction pattern is used to identify the sample's crystalline phases by 

comparing it with standard reference patterns since every pure substance has a unique XRD pattern 

(like a fingerprint) [9, 15]. 

The different phases of TiO2 were determined using powder X-ray diffraction (XRD, Rigaku 

MiniFlex 600). XRD measurements were carried out at room temperature using X-ray 

diffractometer operating with diffracted beam graphite monochromators (Cu Kα with λ = 0.15406 

nm) at 40 kV and 15 mA. The scan was recorded over an angular range of 20º to 80º (2θ) with a 

step counting at 0.02º and collection time of 2 seconds. 

2.8.7. UV-Visible Spectroscopy  

UV-Visible spectroscopy is one of the most commonly analytical techniques used due to its 

simplicity, speed and accuracy. It is used to investigate the absorption of different substances 

giving qualitative and quantitative information about the structure of the molecule. The principle 

of this technique is simply by passing a beam of light with radiation energy (hν) through a 

substance or a solution, the molecular orbital electrons will absorb the energy at a particular 

wavelength and get excited to the higher energy level. The degree of absorption at different 

wavelengths will be recorded giving a plot of absorbance (A) vs wavelength (λ) [16].  
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The amount of rhodamine B degraded by the photocatalyst (TNTs or CNTs-TNTs) was monitored 

by UV-Visible spectroscopy (Cary 50). 
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ABSTRACT  

This work presents the synthesis of carbon nanotubes-nanoporous anodic alumina membranes 

(CNTs-NAAMs) composite membranes by a template-assisted catalyst-free chemical vapor 

deposition (CVD) approach using a mixture of toluene and ethanol as a carbon precursor. NAAMs 

templates were prepared by electrochemical anodization of aluminum substrates in different acid 

electrolytes containing sulfuric, oxalic and phosphoric acid to discern their influence on the CNTs 

growth. The deposition time during CVD process was modified in order to determine the formation 

mechanism of CNTs inside the pores of NAAMs without using metal catalysts. The structural 

features, chemical composition and graphitic structures of the resulting CNTs-NAAMs composites 

were characterized by different techniques in order to provide a comprehensive understanding of 

the effect of the template on the formation of these carbon-based nanostructures. CNTs-NAAMs 

with a range of inner pore diameters of 15-180 nm were obtained. Our results reveal that the 

electrolyte type used to prepare NAAMs and the deposition time during CVD process have a direct 

impact on the structural, chemical and graphitic structure features of CNTs-NAAMs composites. 

The molecular transport properties of CNTs-NAAMs composite membranes featuring different 

geometries and chemical compositions were evaluated via the diffusion process of Rose Bengal, 

dye model molecules. The obtained results show that the diffusional flux of the dye molecules was 

controlled by tuning the inner pore diameter of CNTs deposited inside NAAMs and the smaller 

the diameter of the nanotubes the faster the transport of dye molecules is. Our results provide 

insights into the fabrication of different CNTs composite membranes, establishing the influence 

of three common types of NAAMs templates on the properties of the resulting CNTs composite 

membranes. Our study enables the precise engineering of advanced CNTs composite membranes 

with controlled physical and chemical properties suitable for specific applications.  

KEYWORDS: carbon nanotube, nanoporous anodic alumina membranes, electrochemical 

anodization, chemical vapor deposition, molecular transport 
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1. INTRODUCTION 

For decades, carbon-based nanomaterials (e.g. carbon nanotubes, graphene, fullerene, etc.) 

have attracted the broad interest of the materials science community due to their extremely light 

nature and versatility. The properties of carbon-based nanomaterials are strongly dependent on the 

local bonding of the constituting carbon atoms and can be broadly modified. Therefore, 

nanofabrication approaches enabling the production of carbon-based nanomaterials with 

exquisitely controlled properties are envisaged as a means of boosting and spreading the 

applicability of these nanomaterials.  

Among the different forms of carbon nanomaterials, carbon nanotubes (CNTs), since their 

discovery1, have captured the attention of materials scientists due to their exceptional and unique 

transport, electrical, mechanical and thermal properties, which have spread the applicability of the 

different forms of CNTs across a broad range of applications and disciplines, such as solar cells, 

electronics, biosensing, energy storage, drug delivery, catalysis and molecular separations.2-4 The 

geometric features (i.e. diameter and length) and chemical composition of CNTs are envisioned as 

the most determining parameters in establishing their physical and chemical properties. Therefore, 

to control these features of CNTs is of critical importance for advancing their properties and 

spreading their use towards more relevant applications. Among the different forms of CNTs, 

CNTs-based membranes are particularly interesting due to their potential application in water 

desalination, chemical separation, drug delivery, sensing and energy storage.5-7 So far, several 

types of CNTs membranes have been developed and explored as advanced membranes for the 

above-mentioned applications.5-8 

The formation of vertically aligned arrays of CNTs is of particular interest for achieving 

better performances over membranes composed of randomly distributed bundles of CNTs. 

Template-based synthesis approaches offer a unique route to prepare CNTs membranes with 

vertically aligned arrays of CNTs. Among the available templates, usually based on silicon nitride 
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and polymer matrices9-10, nanoporous anodic alumina membranes (NAAMs) produced by 

electrochemical anodization of aluminum substrates in acid electrolytes have been demonstrated 

as outstanding host templates for the production of CNTs membranes due to their physical, 

mechanical and chemical properties.11-15 These inorganic membranes overcome the inherent 

limitations of silicon nitride and polymer templates such as the dependency on the use of metal 

catalyst and the expensive, complex and time consuming processes. The nanopores’s geometric 

features of NAAMs templates can be precisely engineered by means of the fabrication parameters 

during anodization.16-17 Kyotani’s group pioneered the use of NAAMs as host templates for the 

preparation CNTs membranes featuring vertically aligned cylindrical nanotubes taking advantage 

of a catalyst-free chemical vapor deposition (CVD) approach.14, 18 NAAMs enable the formation 

of well-defined CNTs-based membranes with finely designed and engineered physical and 

chemical properties, which in turn makes it possible to improve and tune the performance of the 

resulting membranes for many applications.19  

Furthermore, it is worthwhile noting that Kyotani’s approach made it possible to overcome 

the limitations of traditional fabrication methods used to produce CNTs membranes by catalyst-

based CVD processes using Co, Fe and Ni as metal catalysts (e.g. difficulty of controlling the 

geometric features of CNTs structure, incorporation of impurities into the structure of CNTs 

ending up with a partial or complete occlusion of the inner hollow structure of CNTs).20-24 So far, 

many studies have used Kyotani’s approach to produce CNTs-NAAMs composite membranes for 

different applications.25-26 It is thought that the alumina template plays a critical role as a catalyst 

in the formation and growth of CNTs inside NAAMs templates. Nevertheless, a systematic study 

revealing the effect of the alumina template on the resulting properties of the CNTs produced in 

NAAMs is yet to come and the catalytic role of alumina in this process still remains unclear. It is 

generally accepted that the growth mechanism of CNTs inside NAAMs by catalyst-free CVD is 

divided into five stages, including i) pyrolysis of the carbon precursor in the source, ii) carbon 
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dissociation along the deposition zone, iii) transfer of carbon atoms from the source to the NAAM 

template, iv) carbon nucleation and deposition onto the inner surface of NAAM and v) formation 

of multi-walled CNTs. Note that NAAMs produced by electrochemical oxidation of aluminum 

substrates using different acid electrolyte solutions feature different chemical composition. The 

chemical structure of NAAMs presents an onion-like structure composed of two layers, with an 

outer layer close to the central pore composed of aluminium oxide (Al2O3) contaminated with 

impurities, which are incorporated into the NAA structure from the acid electrolyte during the 

anodization process and an inner layer far from the central nanopore, which is basically composed 

of pure Al2O3.
27-30 To discern the catalytic effect of the NAAMs in the formation of CNTs could 

open up new opportunities to develop CNTs with advanced chemical and physical properties, 

which is of critical importance for spreading the applicability of this unique carbon-based 

nanomaterial across different applications. Recently, we demonstrated that the transport and 

selectivity properties of composite membranes based on CNTs and NAAMs produced using oxalic 

acid electrolyte solution, can be finely tuned by engineering the dimensional features of CNTs and 

the surface chemistry of their inner surface by post-oxidation treatment.19 

In this study, we discern the effect of the NAAM templates on the physical and chemical 

properties of CNTs grown inside NAAMs produced with different acid electrolytes by template-

assisted catalyst-free CVD approach (Figure 1). For the first time, this study aims at: (i) 

demonstrating the fabrication of CNTs composite membranes with controllable dimensions (pore 

diameters and length) using different types of NAAMs templates, (ii) exploring the influence of 

the type of NAAMs templates on the structural and chemical properties of the resulting CNTs, (iii)  

explaining the formation mechanism of CNTs inside NAAMs of distinct chemical composition, 

and (iv) analyzing the effect of the NAAM template on the transport properties of the resulting 

composite membranes. Our study provides new insights into the fabrication of different CNTs 

composite membranes, establishing the influence of three common types of NAAMs templates on 
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the properties of the resulting CNTs composite membranes, which is of critical importance for 

designing CNTs-NAAMs composite membrane with precisely engineered properties for advanced 

applications. 

 

 

Figure 1. Schematic representation of the fabrication process of CNTs-NAAMs composite and CNTs. (a) Al foil used 

as substrate to prepare NAAMs; (b) NAAMs prepared by electrochemical anodization using different electrolyte 

solutions; (c) prepared CNTs-NAAMs composite with CNTs embedded in NAAMs after the CVD process; and (d) 

liberated CNTs after dissolution of NAAMs by wet chemical etching (this step is performed to characterize the CNTs 

structures). 
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2. EXPERIMENTAL SECTION 

2.1. Materials 

High purity aluminum (Al) foils (thickness 0.32 mm and purity 99.999%) were obtained from 

Goodfellow Cambridge Ltd, UK. Sulphuric acid (H2SO4), oxalic acid (H2C2O4), phosphoric acid 

(H3PO4), chromium trioxide (CrO3), copper chloride (CuCl2), hydrochloric acid (HCl), ethanol 

99.7% (C2H6O), toluene 99.8% (C7H8), hydrofluoric acid (HF) and Rose Bengal (C20H4Cl4I4O5 – 

(RosB)) were purchased from Sigma Aldrich (Australia) and used as received. High purity 

deionized (DI) water (resistivity 18.2 M Ω cm) from a Milli-Q water purification system was used 

to prepare all the solutions used in this study. 

 

2.2. Fabrication of NAAMs by anodization of Al substrates in different acid electrolytes 

Nanoporous anodic alumina membranes (NAAMs) with hexagonal pore arrangements were 

prepared by two-step electrochemical anodization of aluminum substrates in different acid 

electrolytes containing sulfuric, oxalic and phosphoric acid following a previously reported 

method.11, 31-32 Briefly, Al chips (1.5 cm in diameter) were first cleaned under sonication in ethanol 

and water for 10 min followed by electro-polishing in a mixture of HClO4 and C2H6O 1:4 (v:v) at 

20 V for 3 min and then dried under a nitrogen stream. The electro-polished Al substrates were 

anodized in different acid electrolytes (i.e. 0.3 M H2SO4, 0.3 M H2C2O4 and 0.1 M H3PO4) in a 

two-electrode electrochemical reactor equipped with temperature controller. The corresponding 

anodization voltages, acid electrolyte concentrations and temperatures used to produce the 

different types of NAAMs used in our study are shown in Table 1. The first anodization step was 

performed for 20 h and the resulting oxide layer was selectively removed in a mixture of H3PO4 

(0.4 M) and H2CrO7 (0.2 M) at 70 °C for 3 h in order to patter the surface of aluminum with 

hexagonally organized pits. The second anodization step was carried out for 10, 19 and 19 h for 

NAAMs prepared with H2SO4 (denoted by NAAMs-Su), H2C2O4 (denoted by NAAMs-Ox) and 
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H3PO4 (denoted by NAAMs-Ph), respectively to specifically obtain NAAMs with pore lengths of 

60 ± 2 µm, and different pore diameters (Table 1). After anodization, the remaining aluminum 

substrate was removed in a saturated solution of HCl and CuCl2 followed by chemical opening of 

the oxide barrier layer at the bottom tips of nanopores in 5 wt % H3PO4 at 35 °C under current 

control to have a precise control over the pore opening and avoid undesired pore widening.33-34  

 

2.3. Fabrication of CNTs-NAAMs composite membranes 

CNTs were fabricated using a catalyst-free CVD approach previously described.15, 19 Briefly, 

vertically aligned multi-walled CNTs (MWCNTs) were grown inside NAAMs by CVD process 

using a mixture of toluene and ethanol 1:1 (v:v) as a carbon precursor (Figure 1). This process 

was carried out in a CVD system consisting of a two-stage furnace equipped with a cylindrical 

quartz tube (Brother Furnace Co., LTD, China). The electrochemically prepared NAAMs were 

sandwiched between two quartz plates and placed in the deposition zone of the CVD reactor. The 

reactor temperature was increased up to 850 °C at a rate of 4 °C min-1 under argon (Ar) flow, 

which was used as a carrier inert gas at flow rate of 1 dm3 min-1. Next, the mixture of toluene and 

ethanol was introduced into the CVD reactor by a particle generator (i.e. nebulizer). Note that 

NAAMs prepared in different acid solutions were placed in the CVD reactor at the same time in 

order to obtain more comparable results. Different deposition times of 30, 90 and 180 min were 

performed in order to investigate the formation mechanism of CNTs inside NAAMs templates. 

For this purpose, we used NAAMs-Su featuring nanopore’s diameter of 25 ± 5 nm and length of 

60 ± 2 µm.  

 

2.4. Structural and chemical composition characterizations  

The structural characterization of the different CNTs-NAAMs composites and liberated CNTs was 

performed using a field emission gun scanning electron microscope (FEG-SEM, Quanta 450). 
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Transmission electron microscopy (Philips CM 200 TEM) was used to assess the internal structure 

of CNTs. NAAMs were selectively dissolved in a 5 wt % HF solution to obtain liberated CNTs, 

which were thoroughly washed with deionized water and ethanol prior to analysis. A drop of the 

solution containing liberated CNTs was placed on a TEM copper grid and dried before 

characterization. The chemical composition of the different CNTs-NAAMs composites and 

liberated CNTs was analyzed by X-ray photoelectron spectroscopy (XPS Kratos Axis Ultra) using 

the Al Kα (1486.7 eV) monochromatic line. Raman spectroscopy (Horiba LabRAM HR Evolution 

Raman microprobe spectrometer) was used to characterize the graphitic structure of the prepared 

CNTs-NAAMs composites and CNTs. Raman spectra were obtained using a He–Ne laser of 532 

nm as an excitation source.  

 

2.5. Molecular transport assessment 

The transport properties of the different CNTs-NAAMs composites were assessed by analyzing 

the diffusion of hydrophilic dye molecule (Rose Bengal, (RosB)) through the CNTs grown in these 

membranes. The transport experiments were carried out in a H-tube permeation cell (consist of 

feed and permeate cells), in which 3 mL of 10 mM of RosB solution was added to the feed cell 

and the same level of water was added to the permeate cell. CNTs-NAAMs were placed between 

the feed and permeate cells with an exposed area of 0.0314 cm2. The diffusion of dye molecules 

was continuously monitored in real-time by measuring the absorbance in the permeate cell using 

a UV–Visible fiber optic spectrophotometer (USB4000 Ocean Optics). Note that the concentration 

of RosB was detected at its maximum absorbance (i.e. λ abs = 552 nm), and subsequently fitted to 

a calibration curve obtained by measuring absorbance of known concentrations. All transport 

experiments were repeated three times and statistically treated. 
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3. RESULTS AND DISCUSSION  

3.1. Structural and chemical characterization of NAAMs template 

Figure 2 displays a set of SEM images of NAAMs produced through two-step electrochemical 

anodization process of aluminum substrates in different acid electrolytes. Figures 2a, 2d and 2g 

show representative top view SEM images of the structure of NAAM-Su, NAAM-Ox and NAAM-

Ph, respectively. These images reveal that all the NAAMs produced in this study feature a 

hexagonal arrangement of nanopores with diameter of 25 ± 5 nm, 40 ± 5 nm and 150 ± 5 nm, 

respectively, due to the self-organization conditions used during the fabrication process. A bottom 

view SEM images of NAAMs are shown in Figures 2b, 2e and 2h confirming that the pore bottom 

tips are opened after pore opening process, producing membranes featuring a through-hole 

nanoporous structure. The pore length of the different types of NAAMs used in this study was set 

to 60 ± 2 μm (Figures 2c, 2f and 2i). Note that a precise control over the pore dimensions of 

NAAMs can be attained by controlling the anodization conditions (i.e. anodization voltage and 

time and pore widening treatment). To gain insight into the structural changes occurring in the 

different NAAMs templates after the CVD process, NAAM-Su, NAAM-Ox and NAAM-Ph were 

annealed under the same temperature and ambient conditions used in the CVD process in order to 

mimic the conditions applied during CNTs fabrication. SEM images of the top surface of annealed 

NAAMs are displayed in Figure S1 – Supporting Information. These images reveal an 

increment in the pore diameter of NAAMs after annealing process. The pore diameters of the 

annealed NAAM-Su, NAAM-Ox and NAAM-Ph were found to be 40 ± 5 nm, 60 ± 5 nm and 190 

± 5 nm, respectively. This enlargement of pore diameter is associated with the loss of water content 

and reorganization of alumina in the NAAMs to form a different crystallographic phase during the 

CVD process (i.e. performed at 850 °C).35-36 The chemical composition of annealed NAAMs was 

analyzed by energy-dispersive X-ray spectroscopy (EDX). EDX spectrum for NAAMs samples 

displayed typical peaks for aluminum (K = 1.486 keV) and oxygen (K = 0.523 keV), together with 
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the presence of sulphur (K = 2.307 keV), carbon (K = 0.277 keV) and phosphorus (K = 2.013 keV) 

for NAAM-Su, NAAM-Ox and NAAM-Ph, respectively (Figure S1 – Supporting Information). 

The structural and chemical characteristics of the typical NAAMs produced by the two-step 

anodization process in different acid electrolytes are summarized in Table 1. This result 

demonstrates the different chemical nature of these templates, which is a result of the acid 

electrolyte used during the anodization process. 

 

Figure 2. Set of comparative SEM images of NAAMs templates prepared in different electrolyte solutions. (a) Top 

view SEM image of NAAM-Su (scale bar = 1 μm); (b) its bottom view (scale bar = 1 μm); (c) its cross section (scale 

bar = 30 μm); (d) top view of NAAM-Ox (scale bar = 1 μm); (e) its bottom view (scale bar = 1 μm); (f) its cross 

section (scale bar = 30 μm); (g) top view of NAAM-Ph (scale bar = 1 μm); (h) its bottom view (scale bar = 1 μm) and 

(i) its cross section (scale bar = 30 μm).  
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Table 1. Anodization conditions for fabricating the different types of NAAMs and the structural 

and chemical characteristics of the resulting NAAMs. 

 

Acid Type Concentration 

(M) 

Voltage 

(V) 

Temperature 

(°C) 

Pore Diameter 

(nm) 

Pore Length 

(μm) 

EDX 

Weight Percentage (%) 

Al O S C P 

H2SO4 0.3 25 5 ± 1 25 ± 5  60 ± 2 56.6 38.2 5.2 
_ _ 

H2C2O4 0.3 40 5 ± 1 40 ± 5 60 ± 2 65.6 33.3 
_ 

1.1 
_ 

H3PO4 0.1 195 2 ± 1 150 ± 5 60 ± 2 57.4 37.3 
_ _ 

5.3 

 

3.2. Structural and chemical characterization of CNTs-NAAMs composite and liberated 

CNTs 

Figure 3 displays a set of SEM and TEM images of the CNTs-NAAMs composites and CNTs (i.e. 

liberated tubes). Figures 3a, 3d and 3g show representative top view SEM images of the CNTs 

grown inside the nanopores of NAAM-Su, NAAM-Ox and NAAM-Ph, respectively, by catalyst-

free CVD process for 30 min of deposition using a mixture of toluene and ethanol as a carbon 

source. These images reveal that the CNTs were embedded inside the different NAAMs templates, 

replicating with precision the geometric features of the template. The length of CNTs-NAAMs 

was controlled via the anodization time of NAAMs (i.e. 2nd anodization step) and set to 60 ± 2 μm 

(Figure S2 – Supporting Information). However, it is worthwhile to stress that there is a broad 

flexibility to prepare CNTs-NAAMs composite with different lengths using NAAMs featuring 

different nanopore lengths. CNTs were liberated by selective dissolution of the NAAMs templates 

(Figure S3 – Supporting Information) and collected for characterization by high resolution TEM 

images to determine their diameters (Figures 3b, 3e and 3h). It was found that CNTs grown inside 

NAAM-Su, NAAM-Ox and NAAM-Ph featured an average inner nanotube diameter of 32 ± 5 
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nm, 50 ± 5 nm and 180 ± 5 nm, respectively. The corresponding CNTs wall thickness were found 

to be 4 ± 2 nm, 5 ± 2 nm and 5 ± 2 nm, respectively. These results also reveal that the resulting 

composite membranes and CNTs obtained from different NAAMs have clean surface and uniform 

and hollow cylindrical structure, which are not attainable by other CVD synthesis approaches, in 

which amorphous carbon is created on the membrane surface and bamboo-like structures and 

metal catalyst nanoparticles residue are observed.23, 25, 37 Such geometric and morphological 

defects will prevent the applicability of these membranes in a broad range of applications. In 

particular, applications in which their processes rely on the structural and chemical properties of 

the membranes (e.g. water desalination, chemical separation, drug delivery, electrodes, catalysts, 

etc.). A selected area electron diffraction (SAED) analysis was conducted to gain a deeper insight 

into the graphitic structure of the CNTs grown inside different NAAMs. The SAED pattern of 

CNTs grown inside the nanopores of NAAM-Su, NAAM-Ox and NAAM-Ph are presented in 

Figures 3c, 3f and 3i, respectively, revealing low graphitic features of these CNTs as a result of 

the absence of the metal catalyst, which is in good agreement with previous reports.38 CNTs grown 

inside NAAM-Ox exhibited slightly better graphitic structure than that of others, as indicated by 

the presence of small arcs corresponds to the 002 diffraction, which denote some orientation of the 

002 planes in the CNTs. To gain insight into the quantitative and qualitative elemental composition 

and surface chemistry of the inner and outer surfaces of CNTs grown inside nanopores of different 

NAAMs, the different CNTs-NAAMs composite membranes and liberated tubes were analyzed 

by XPS. The XPS survey spectra of the different CNTs-NAAMs composite membranes (shown 

as insets in Figure 4) show the presence of C, O and Al in the chemical structure of these composite 

membranes. The exclusive presence of these elements provides an idea about both the elemental 

composition and the high level of purity of these membranes produced by our catalyst-free CVD 

process. Here, we analyzed the C 1s spectra of the different composite membranes and liberated 

tubes in order to discern the chemical composition of the inner and outer surfaces of CNTs 
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structures. Figures 4a, 4c and 4e show the high resolution C 1s spectra of CNTs-NAAM-Su, 

CNTs-NAAM-Ox and CNTs-NAAM-Ph composite membranes, respectively. These spectra are 

deconvoluted into five peaks that are located at binding energies of 284.6 ± 0.2 eV, 285.7 ± 0.3 

eV, 287.6 ± 0.2 eV, 289.6 ± 0.2 eV and 291.6 ± 0.3 eV, which are associated with sp2 bonds of 

graphitic carbon, sp3 network of carbon atoms, C=O (ketone/aldehyde), O=C–O (carboxyl/ester) 

groups, and π-π* transition of carbon atoms, respectively.39-40 CNTs-NAAM-Su and CNTs-

NAAM-Ox showed almost the same hydrophobic surface chemistry (Table 2). In contrast, CNTs-

NAAM-Ph showed more hydrophilic surface chemistry, as indicated by the decline in the sp2 

carbon peak (284.6 eV) and the increase of the sp3 hybridized structure (285.7 eV) (Table 2). The 

intensity of the peaks in C 1s and the elemental composition of the different CNTs-NAAMs 

composite membranes are summarized in Table 2. The high resolution C 1s spectra of liberated 

CNTs obtained by selective dissolution of the NAAM-Su, NAAM-Ox and NAAM-Ph are 

presented in Figure S4 – Supporting Information. These spectra show almost the same chemical 

composition as that of the corresponding CNTs-NAAMs composites, which is indicated by the 

same peaks positions (i.e. 284.6 ± 0.3 eV, 285.7 ± 0.2 eV, 287.6 ± 0.2 eV, 289.6 ± 0.2 eV and 

291.6 ± 0.2 eV). The intensity of the peaks in C 1s and the elemental composition of liberated 

CNTs are summarized in Table S1.  

To further investigate the graphitic features of CNTs prepared by catalyst-free CVD approach 

inside different NAAMs templates, Raman spectroscopy analysis was conducted. Figures 4b, 4d 

and 4f present the Raman spectra of CNTs-NAAM-Su, CNTs-NAAM-Ox and CNTs-NAAM-Ph, 

respectively. All composite membranes showed the characteristic Raman profile of CNTs (i.e. 

partially overlapped D and G band peaks) with a G-band peak at 1585 cm-1, which is attributed to 

graphitic or highly ordered CNTs sidewalls and a D-band peak at 1340 cm-1, which is attributed 

to the amorphous or disordered sp3 network of carbon atoms.41 The broader D-band with higher 

relative intensity compared to that of G-band indicates the poor graphitic feature of CNTs in these 
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composite membranes, which is in good agreement with our TEM, SAED and XPS analyses. 

However, it is worth noting that catalyst-free CNTs can be graphitized by post-heat treatment at 

higher temperatures, if required.42 

 

Figure 3. Set of comparative top view SEM images of prepared CNTs-NAAMs composite membranes and TEM 

images with SAED patterns of liberated CNTs produced through catalyst-free CVD process for 30 min using different 

NAAMs templates. (a, b and c) CNTs-NAAM, CNT and SAED pattern of CNT obtained from NAAM-Su (scale bar 

= 1 μm and 50 nm); (d, e and f) CNTs-NAAM, CNT and SAED pattern of CNT obtained from NAAM-Ox (scale bar 

= 1 μm and 50 nm) and (g, h and i) CNTs-NAAM, CNT and SAED pattern of CNT obtained from NAAM-Ph (scale 

bar = 1 μm and 50 nm).  
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Figure 4. XPS and Raman analysis of prepared CNTs-NAAMs composite membranes produced through catalyst-free 

CVD process using different NAAMs templates. (a and b) XPS high resolution C 1s spectra (inset: survey spectrum) 

and Raman spectra of CNTs-NAAM-Su; (c and d) XPS high resolution C 1s spectra (inset: survey spectrum) and 

Raman spectra of CNTs-NAAM-Ox and (e and f) XPS high resolution C 1s spectra (inset: survey spectrum) and 

Raman spectra of CNTs-NAAM-Ph. 
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Table 2. Summary of elemental composition and high‐resolution C 1s spectra of different CNTs-

NAAMs composite membranes prepared through catalyst-free CVD process.  

 

 Sample CNTs-NAAMs  CNTs-NAAMs CNTs-NAAMs 

 
Template used NAAMs in H2SO4 NAAMs in H2C2O4 NAAMs in H3PO4 

 Peak assignment Intensity (%) 

C  - 80.56 88.08 84.83 

O  - 11.11 7.17 7.23 

Al - 7.30 4.51 6.81 

C1s C=C 84.64 88.50 64.98 

C–C  3.56 2.50 22.52 

C=O  4.43 3.23 5.97 

O=C–O 3.74 3.32 4.76 

π-π* 3.63 2.45 1.77 

 

3.3. Controlling CNTs diameters and graphitic structure by CVD process 

As mentioned previously, the diameter and length of CNTs were controlled by the anodization 

voltage and time used to produce NAAMs. Another approach that can be readily used to achieve 

fine control over the CNTs diameters is the deposition time during the CVD process.19 In this 

study, NAAMs-Su with 25 nm pore diameters were used to reveal the catalytic role of alumina in 

the formation of CNTs inside NAAMs. Three deposition times (i.e. 30 min, 90 min and 180 min) 

were used to determine the influence of the CVD deposition time on the structural and chemical 

features of CNTs-NAAMs and CNTs. Figures 3a, 5a, and 5d show the SEM images of the top 

surface of CNTs-NAAMs prepared by deposition times of 30 min, 90 min and 180 min, 

respectively. These images reveal that the inner diameter of CNTs-NAAMs decreased 

significantly with the deposition time. The corresponding TEM images of liberated CNTs are 
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presented in Figures 3b, 5b, and 5e, confirming the increase in the CNTs wall thickness as a result 

of increasing the deposition time. The wall thickness of CNTs prepared by deposition times of 30 

min, 90 min and 180 min were found to be 4 ± 2 nm, 8 ± 2 nm and 15 ± 2 nm, respectively, 

confirming a linear relationship with a growth rate of 0.1 nm min−1. The corresponding CNTs 

inner diameters were found to be 32 ± 5 nm, 27 ± 5 nm and 15 ± 5 nm, respectively. It was also 

observed that the outer diameter of CNTs-NAAMs was slightly increased with the deposition time 

from 30 min to 180 min, which could be attributed to the continuous loss of water content and 

crystallographic structure arrangement of alumina in the NAAMs. The lowest inner pore diameter 

of CNTs presented in this work was 15 ± 5 nm, however, this could be extended to lower diameters 

to cc 5 nm by increasing the deposition time. These results are similar to those of CNTs obtained 

under the same experimental conditions (i.e. carbon precursor, flowing rate and temperature) using 

NAAMs-Ox19, while it is different from those of CNTs obtained using TNTs as template.43 This 

clearly indicates that the growth mechanism of CNTs prepared via free-catalyst CVD processes in 

different NAAMs is based on both the catalytic role of alumina and the hydrocarbon thermal 

decomposition.25-26, 44 In this process, the catalytic role of alumina is critical at the beginning of 

the CVD process, in which a few layers of the carbon are deposited onto the inner walls of 

NAAMs. Note that, the same wall thickness of CNTs grown inside the different NAAMs (~5 nm) 

by fixed deposition time CVD process (i.e. 30 min) indicates that the catalytic role of alumina to 

grow CNTs is the same in the different NAAMs used in this study although the chemical 

composition of the resulting CNTs is different, as revealed by XPS analysis (Figure 4 and Table 

2). However, the catalytic role of alumina is neutralized after the deposition of a few layers of 

carbon, as these block the nucleation centers for the formation of carbon. After that, the process is 

based on the hydrocarbon thermal decomposition and subsequent deposition of carbon, which in 

turn generates multiple layers of carbon as the deposition time increases. As a result, the CNTs 

feature a multi-walled carbon structure with concentric layers of carbon growing from the inner 
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surface of the nanopores to their center. It is worth noting that the growth rate of CNTs presented 

here using NAAMs-Su (i.e. 0.1 nm min−1) is almost half of that obtained in previous studies (0.2 

nm min−1), where NAAMs-Ox were used as templates.19 We infer that this phenomenon could be 

due to the small pore diameter of NAAMs template used in this study (i.e. 25 nm), which affects 

the flowing of the precursor inside the template pores and decreases the growth rate of CNTs.  

 

Figure 5. Set of comparative top view SEM images of prepared CNTs-NAAMs-Su composite membranes and TEM 

images with SAED patterns of liberated CNTs produced through different deposition time of catalyst-free CVD 

process. (a, b and c) CNTs-NAAM, CNT and SAED pattern of CNT prepared by deposition time of 90 min (scale bar 

= 1 μm and 50 nm) and (d, e and f) CNTs-NAAM, CNT and SAED pattern for CNTs prepared by deposition time of 

180 min (scale bar = 1 μm and 50 nm). 

 

Furthermore, we found that the graphitic structure of multi-layered CNTs was improved as a result 

of the increasing deposition time from 30 to 180 min, which is proved by selected area electron 

diffraction (SAED) analysis of the CNTs prepared by different deposition times (Figures 3c, 5c, 
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and 5f). As the deposition time increases, the presence of the pair of small arcs corresponding to 

the 002 diffraction become more pronounced, indicating an improvement of the orientation of the 

002 planes in the CNTs structure. Further evidence for the aforementioned improvement could be 

found in the Raman spectroscopy analysis of CNTs prepared at different deposition times (i.e. 30 

min, 90 min and 180 min), as shown in Figures 6a, 6b, and 6c, respectively. This analysis shows 

an increment of the G-band peak, attributed to graphitic or highly ordered CNTs sidewalls, with 

the deposition time. These results confirm that a precise control of CNTs diameter in CNTs-

NAAMs composite can be obtained by either using NAAMs with different pore diameters 

prepared by different electrolyte solutions and different anodization voltages or by extending the 

CVD deposition time. Moreover, an increment of the CVD deposition time is shown to have a 

significant impact on the graphitic structure of multi-layered CNTs. Consequently, our catalyst-

free CVD approach is demonstrated to be a very versatile fabrication approach to produce CNTs-

NAAMs composite membranes with desired structural and chemical features, which can be 

precisely engineered by means of the aforementioned fabrication parameters.  
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Figure 6. Raman spectra of CNTs produced through different deposition time of catalyst-free CVD process using 

NAAMs-Su templates. (a) Raman spectrum of CNTs prepared by deposition time of 30 min; (b) Raman spectrum of 

CNTs prepared by deposition time of 90 min and (c) Raman spectrum of CNTs prepared by deposition time of 180 

min. 
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3.4. Molecular transport study of CNTs-NAAMs composite membranes 

Finally, as a proof-of-concept of applicability, the transport properties of the prepared CNTs-

NAAMs composites were explored by a series of permeation experiments using RosB as a model 

dye molecule in a H-tube permeation setup. Figure 7a shows representative plots of the transport 

of RosB across CNTs-NAAMs composite membranes prepared through our catalyst-free CVD 

process using different NAAMs (i.e. NAAM-Su, NAAM-Ox and NAAM-Ph). The diffusional flux 

of RosB molecules through these membranes was found to be 3.22 ± 0.09 nmol min-1 cm-2 for 

CNTs-NAAM-Su, 1.49 ± 0.13 nmol min-1 cm-2 for CNTs-NAAM-Ox, and 0.30 ± 0.06 nmol min-

1 cm-2 for CNTs-NAAM-Ph. The RosB transport across the CNTs composite membranes is 

determined by the Fick’s first law of diffusion (Equation 1), which is indicated by the straight line 

of the transport graphs displayed in Figure 7: 

𝐽 =  −𝐷
𝑑𝐶

𝑑𝑥
     (1) 

where, J is diffusion flux, D is the diffusion coefficient, dC is the change in concentration across 

a distance dx in one dimension (i.e. concentration gradient).45 

This result reveals that the diffusional flux rates increased by one order of magnitude (i.e. a factor 

of 10) for CNTs-NAAM-Su over CNTs-NAAM-Ph. The low fluxing rate of the latter composite 

membrane is due to their large inner pore diameter (i.e. 180 ± 5 nm, as proved by TEM result 

(Figure 3h). In contrast, the CNTs-NAAM-Su composite membrane features smaller inner pore 

diameter (i.e. 32 ± 5 nm), resulting in more interactions between the CNTs wall and the transported 

molecules. This significant result reveals that the smaller the pore diameter of CNTs in CNTs-

NAAMs the faster the transport of the hydrophilic dye molecules along the nanotubes. An 

important aspect that distinguishes our applied synthetic method (i.e. templated-assisted catalyst-

free CVD process using simple carbon precursor as toluene and ethanol) from traditional methods 

used to produce CNTs-based membranes is that it allows the fabrication of CNTs-NAAMs with 

precise structure of the pore wall and without occlusions of the inner hollow structure of the CNTs. 
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This results in an enhancement of the interaction between CNTs surface and the transported 

molecules, which is dominant at nanoscale regime. Considering that all the parameters that could 

play a role in the overall transport of dye molecules through CNTs-NAAMs including transported 

molecule’s size, charge, shape, solubility and the initial concentration were kept constant, the 

obtained result can only be associated to the influence of the geometric features (i.e. inner pore 

diameter) of the composite membrane. It is worth noting that CNTs-NAAMs-Ph composite 

membranes have a hydrophilic character, as proved by XPS analysis (Figure 4), which is expected 

to enhance the transport of the hydrophilic dye molecules. However, the obtained results confirm 

that the geometric features of the membrane is the most determining parameter in establishing the 

performance of the resulting membranes. Motivated by these results and in order to further verify 

this hypothesis, we analyzed the transport of RosB molecules through CNTs-NAAMs featuring 

lower inner diameters of 27 and 15 nm, which were prepared by CVD deposition times of 90 and 

180 min, respectively (Figure 7b). To decrease the inner pore diameter of CNTs-NAAMs led to 

a significant increment of the diffusional flux of RosB molecules. The diffusional flux through 

CNTs membrane with an inner diameter of 15 nm was found to be 8.80 ± 0.12 nmol min-1 cm-2, 

which is two fold higher than that obtained through CNTs membrane with an inner diameter of 32 

nm and three order of magnitude higher than that obtained through CNTs-NAAM-Ph with an inner 

diameter of 180 nm. This result reveals that to reduce the inner pore diameter of CNTs by CVD 

process (i.e. deposition time) is an effective way of increasing the number of interactions between 

transported molecules and the inner wall of CNTs in order to enhance the overall transport 

performance through these membranes.  
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Figure 7. Molecular transport study of RosB through different CNTs-NAAMs composite membranes prepared 

through catalyst-free CVD process using different NAAMs templates and different deposition times. (a) Diffusion of 

RosB through CNTs-NAAM-Su, CNTs-NAAM-Ox and CNTs-NAAM-Ph featuring various inner pore diameters of 

32, 50 and 180 nm, respectively and (b) diffusion of RosB through CNTs-NAAM-Su prepared by different deposition 

times featuring various inner pore diameters of 32, 27 and 15 nm. 

 

4. CONCLUSION 

To summarize, in this study we have demonstrated the fabrication of CNTs composite membranes 

based on NAAMs prepared using different electrolyte solution by means of a catalyst-free CVD 

approach, where a mixture of toluene and ethanol is used as a carbon source. The presented results 
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show that the structural and chemical features of the resulting CNTs-NAAMs composite 

membranes are influenced by the type of NAAMs used as a template. The deposition time during 

CVD process has been demonstrated as an effective means of controlling the inner diameter of 

CNTs-NAAMs, which also has a significant impact on the graphitic structure of the resulting 

multi-layered CNTs. XPS analysis confirmed the hydrophilic nature of CNTs-NAAMs-Ph 

composite membranes, over the hydrophobic character of CNTs-NAAMs-Su and CNTs-NAAMs-

Ox composite membranes. The catalytic role of NAAMs in the formation of CNTs inside these 

nanoporous templates has been discerned and our results establish that this is directly related with 

the chemical composition of the host template. Furthermore, as a proof-of-concept, we have 

studied the influence of the geometry and chemical composition of the resulting CNTs-NAAMs 

composites on the transport performance for the diffusion of RosB molecules. The obtained results 

have demonstrated that a significant enhancement in the transport performance of the CNTs-

NAAMs composite membranes can be achieved by tuning the inner diameter of the nanotubes. 

Our study provides new insights and understanding about how to design CNTs-NAAMs composite 

membranes with precisely engineered structural and chemical properties for advancing their 

performances in different applications.  
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1. Structural and chemical characterization of annealed NAAMs templates  

 

Figure S1. Top view SEM images and EDX analysis of annealed NAAMs templates prepared in different electrolyte 

solutions and. (a) SEM image of annealed NAAM-Su; (b) SEM image of annealed NAAM-Ox and (c) SEM image of 

annealed NAAM-Ph; (d) EDX spectrum of NAAM-Su; (e) EDX spectrum of NAAM-Ox; and (f) EDX spectrum of 

NAAM-Ph. 

2. Structural and chemical characterization of CNTs-NAAMs composite and liberated CNTs 

 

Figure S2. Cross sectional SEM images of different CNTs-NAAMs. (a) CNTs-NAAM-Su (scale bar = 30 µm), (b) 

CNTs-NAAM-Ox (scale bar = 30 µm) and (c) CNTs-NAAM-Ph (scale bar = 30 µm) (higher bright area is the 

membrane’s top surface). 
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Figure S3. Top view SEM images of liberated CNTs. (a) CNTs prepared by NAAM-Su (scale bar = 2 µm), (b) CNTs 

prepared by NAAM-Ox (scale bar = 2 µm) and (c) CNTs prepared by NAAM-Ph (scale bar = 2µm). 
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Figure S4. XPS analysis of liberated CNTs produced through catalyst-free CVD process using different NAAMs 

templates. (a) High resolution C 1s spectra of CNTs prepared by NAAM-Su; (b) high resolution C 1s spectra of CNTs 

prepared by NAAM-Ox and (c) high resolution C 1s spectra of CNTs prepared by NAAM-Ph. 
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Table S1. Summary of elemental composition and high‐resolution C 1s spectra of different CNTs prepared through 

catalyst-free CVD process using different NAAMs templates.  

 

 Sample CNTs  CNTs CNTs 

 
Template used NAAMs in H2SO4 NAAMs in H2C2O4 NAAMs in H3PO4 

 Peak assignment Intensity (%) 

C  - 92.49 90.98 89.58 

O  - 3.81 6.40 7.01 

C1s C=C 86.88 85.43 75.22 

C–C  4.74 4.97 9.01 

C=O  3.60 4.55 9.11 

O=C–O 3.14 3.55 3.90 

π-π* 1.64 1.50 2.76 
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1.  Structural Characterization of Undoped and N-doped CNTs-NAAMs using SEM 

CNTs were grown inside NAAMs by template synthesis using a catalyst-free CVD approach in a 

CVD system consisting of a two-stage furnace equipped with a cylindrical quartz tube. A 

schematic illustration of the CVD setup used in our study is shown in Fig. S1a. The transport 

performance and chemical selectivity of the undoped and N-doped CNTs-NAAMs composite 

membranes are assessed by studying the transport of two model molecules with different 

hydrophilic-hydrophobic character using a H-tube permeation setup consisting of two half cells 

(i.e. feed and permeate cells). A schematic illustration of the molecular transport setup used in our 

study is shown in Fig. S1b. The length of undoped and N-doped CNTs-NAAMs were fixed to 50 

± 2 µm by adjusting the anodization time of NAAMs. Cross-sectional SEM images of the undoped 

and N-doped CNTs-NAAMs prepared by using precursors of P1, P3, P4 and P5 are presented in 

Figs. S2a, S2b, S2c and S2d, respectively. It shows CNTs protruding out of NAAM pores across 

all NAAM structure confirming that undoped and N-doped CNTs were grown inside the entire 

length of NAAMs. Fig. S3 shows SEM images of undoped and N-doped CNTs liberated by 

selective dissolution of NAAMs templates revealing the integrity and uniformity of these tubes.  
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Fig. S1 Schematic representation of the CVD and the molecular transport setups. (a) Scheme 

illustrating the different parts of the CVD setup used to fabricate CNTs; and (b) scheme illustrating 

the molecular transport setup. 
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Fig. S2 Cross sectional SEM images of different CNTs-NAAMs. (a) Undoped CNTs-NAAMs, (b) 

N-doped CNTs-NAAMs prepared by P3, (c) N-doped CNTs-NAAMs prepared by P4 and (d) N-

doped CNTs-NAAMs prepared by P5 (higher bright area is the membrane’s top surface). 
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Fig. S3 Top view SEM images of liberated CNTs. (a) Undoped CNTs, (b) N-doped CNTs prepared 

by P3, (c) N-doped CNTs prepared by P4 and (d) N-doped CNTs prepared by P5. 
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2. Chemical Characterization of Undoped and N-doped CNTs using XPS 

 

Fig. S4 C 1s and N 1s core-level spectra of undoped and N-doped CNTs. (a)  C 1s of undoped 

CNTs (inset: survey spectrum); (b) C 1s of N-doped CNTs prepared by P3 (inset: survey 

spectrum); (c) N 1s of N-doped CNTs; (d) C 1s of N-doped CNTs prepared by P4 (inset: survey 

spectrum); (e) N 1s of N-doped CNTs; (f) C 1s of N-doped CNTs prepared by P5 (inset: survey 

spectrum) and (g) N 1s of N-doped CNTs.   
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Table S1. Summary of elemental composition and high‐resolution C 1s and N 1s spectra of 

undoped and N-doped CNTs prepared through catalyst-free CVD process using different 

precursors.  

 

 
Sample 

Undoped CNTs N-doped CNTs N-doped CNTs N-doped CNTs 

Precursor 

Toluene:EtOH 

P1 

Toluene:EtOH:DMF 

P3 

Pyridine 

P4 

Toluene:EtOH:Pyridine 

P5 

 
Peak 

assignment 

Intensity (%) 

C  - 90.98 90.07 86.80 91.10 

O  - 6.40 5.52 4.92 3.95 

N  - _ 1.75 6.26 2.64 

C 1s C=C 85.43 79.96 66.79 78.60 

C–C / C-N 4.97 9.11 21.04 10.11 

C=O / C-N 4.55 4.94 5.15 4.48 

O=C–O 3.55 3.51 4.22 3.62 

π-π* 1.50 2.48 2.80 3.19 

N1s C-N _ 13.05 22.86 22.71 

C=N _ 86.95 77.14 77.29 
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CHAPTER 8: Conclusions and Future Work 

8.1. Conclusions 

This thesis advances the knowledge and understanding about the fabrication of CNTs-based 

composites with precisely engineered dimensions and properties by means of a template-assisted 

catalyst-free CVD approach. Two types of templates (NAAMs and TNTs) were used to develop 

CNTs-based composites and different carbon precursors and deposition conditions were explored 

as precise means of controlling the physical and chemical properties of these systems. The 

knowledge generated from this thesis will make it possible to design advanced membranes 

composed of vertically aligned arrays of CNTs grown inside the pores of NAAMs with a range of 

inner pore diameters of 15-180 nm and lengths of 30-90 µm. Moreover, this thesis demonstrates 

that the molecular transport and chemical selectivity of these composite membranes can be 

precisely engineered by manipulating the physical and chemical properties of CVD-grown CNTs 

using different approaches. The third major contribution of this thesis is the development of 

advanced photocatalysts, composed of vertically aligned arrays of CNTs grown inside the 

nanotubular structure of TNTs, which can find broad applicability for environmental and energy 

applications. The following subsections summarise the conclusions drawn from the different 

studies and investigations carried out in the course of this PhD thesis, which have been described 

in detail throughout the previous sections. 

8.1.1. Carbon Nanotube-Nanoporous Anodic Alumina Composite Membranes 

with Controllable Inner Diameters and Surface Chemistry: Influence on 

Molecular Transport and Chemical Selectivity 

This chapter reported the fabrication of CNTs-NAAMs composite membranes with controllable 

nanotube dimensions and surface chemistry and explores their influence on the transport properties 
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and chemical-based transport selectivity. The following points summarise the conclusions drawn 

from this study: 

1. By means of a catalyst-free CVD approach using a mixture of toluene and ethanol as a carbon 

source, vertically aligned MWCNTs were grown inside the pores of NAAMs prepared through 

a two-step electrochemical anodisation process. By controlling the anodisation time on 

NAAMs and the deposition time during CVD process, the dimensions of CNTs-NAAMs can 

be precisely engineered. 

2. The morphological and structural investigations revealed that the resulting composite 

membranes and CNTs have clean surface and straight, uniform and hollow cylindrical 

structure, which are not attainable by other CVD synthesis approaches. 

3. The thermal annealing and wet and dry oxidation processes (hydrogen peroxide and plasma 

treatments) were used to control the surface chemistry of inner walls of CNTs. The 

modification of the surface chemistry of CNTs-NAAMs from hydrophobic to hydrophilic 

surface was successfully confirmed by XPS analysis showing that as-produced and oxidised 

CNTs-NAAMs have concentrations of oxygen-containing functional groups that are 

significantly different.  

4. The performed molecular transport studies using two model molecules with different 

hydrophilic-hydrophobic and charge properties ((RosB)2- and (Ru(BPY)3)
2+, respectively) 

with the same molecular size showed that the transport and chemical selectivity properties of 

CNTs-NAAMs can be controlled by controlling their dimensions (diameters and length) and 

surface chemistry. 
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8.1.2. Carbon Nanotubes-Nanoporous Anodic Alumina Composite 

Membranes: Influence of Template on Structural, Chemical and Transport 

Properties 

This chapter highlighted the fabrication of CNTs composite membranes based on NAAMs 

prepared using different electrolyte solutions by means of a catalyst-free CVD approach aiming to 

discern their influence on the CNTs growth. It also reports and explains the formation mechanism 

of CNTs inside the pores of NAAMs and their transport properties. The following points 

summarise the conclusions drawn from this study: 

1. By means of a catalyst-free CVD approach using a mixture of toluene and ethanol as a carbon 

source, vertically aligned MWCNTs were grown inside the pores of different NAAMs, 

prepared through electrochemical anodisation of aluminium substrates in different acid 

electrolytes containing sulfuric, oxalic and phosphoric acid, resulting in a composite 

membranes with a range of inner pore diameters of 15-180 nm.  

2. The deposition time during CVD process was modified in order to determine the formation 

mechanism of CNTs inside the pores of NAAMs without using metal catalysts, indicating a 

time dependent process as results of both the catalytic role of alumina and the hydrocarbon 

thermal decomposition.  

3. The structural and chemical investigations revealed that the electrolyte type used to prepare 

NAAMs and the deposition time during CVD process have a direct impact on the structural, 

chemical and graphitic structure features of CNTs-NAAMs composites.  

4. Furthermore, the influence of the geometry and chemical composition of the resulting CNTs-

NAAMs composites on the transport performance for the diffusion of RosB molecules was 

demonstrated. 

5. The results revealed that a significant enhancement in the transport performance of the CNTs-

NAAMs composite membranes can be achieved by tuning the inner diameter of the nanotubes. 
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8.1.3. Influence of Surface Chemistry on the Ionic Conductivity of Vertically 

Aligned Carbon Nanotube Composite Membranes 

To gain more knowledge on the influence of ion and molecular transport inside nanopores related 

to their potential applications for molecular separations, sensing, drug delivery and energy 

conversion, this chapter aimed at exploring the chemical modification of the inner surface of CNTs 

composite membranes prepared by a catalyst-free CVD process using NAAMs as templates and 

its influence on their conductivity and electrochemical properties. The following points summarise 

the conclusions drawn from this study: 

1. The selective chemical modification of the inner surface of CNTs with oxygen-containing 

functional groups was performed by simple oxidation treatment using hydrogen peroxide. 

2. Contact angle measurements, XPS and Raman analyses of CNTs-NAAMs composite 

membranes and liberated CNTs before and after oxidation treatment revealed a transition from 

hydrophobic to hydrophilic surface of CNTs-NAAMs and selective modification of the inner 

surface of CNTs, while maintaining the nanotube’s morphology.  

3. The performed electrochemical impedance spectroscopy characterisations using NaCl 

electrolyte solutions (1-100 μM) have demonstrated the substantial increase in impedance of 

oxidised CNTs-NAAMs over as-produced CNTs-NAAMs, revealing that the surface 

conduction and electrochemical properties of CNTs-NAAMs can be readily tuned by chemical 

modification of their inner surfaces.  

4. The analysis of the conductance of the CNTs-NAAMs composite membranes as a function of 

frequency revealed that the change in their conductivity after oxidising their inner surfaces 

follows a frequency-dependent mechanism. Moreover, the change in the concentration of 

electrolyte is shown to have a significant impact on the conductivity of the membrane. 
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8.1.4. Facile and Controllable Route for Nitrogen Doping of Carbon Nanotubes 

Composite Membranes by Catalyst-Free Chemical Vapour Deposition 

A facile approach to fabricate CNTs composite membranes doped with different level of nitrogen 

was established using catalyst-free CVD process and NAAMs as templates. N-doping of the inner 

and outer surfaces of CNTs was demonstrated, using specific selection of carbon and nitrogen 

precursors, which makes it possible to tailor their transport and chemical selectivity properties. 

The following points summarise the conclusions drawn from this study: 

1. By means of a catalyst-free CVD approach using different precursor mixtures containing 

carbon and nitrogen at different ratios, vertically aligned MWCNTs were grown inside the 

pores of NAAMs with different nitrogen content (3.35 to 6.92 %).  

2. The role of the C/N ratio in the precursor mixture during the formation of N-doped CNTs-

NAAMs has been explored revealing that a minimum 5:1 C/N ratio is required to obtain N-

doped CNTs structures. 

3. XPS and Raman analysis of undoped and N-doped CNTs-NAAMs composite membranes and 

liberated tubes revealed that N atoms were incorporated into the bulk structure of CNTs, 

without compromising their morphology, resulting in more hydrophilic surface chemistry and 

less graphitised structure as compared to undoped CNTs-NAAMs composite membranes.  

4. Finally, the molecular transport properties of N-doped CNTs-NAAMs with different level of 

doping were assessed by studying the diffusion of two model molecules with different 

hydrophilic-hydrophobic and charge properties ((RosB)2- and (Ru(BPY)3)
2+, respectively). 

The results revealed that the diffusional flux of a particular dye molecule was significantly 

affected by the nitrogen content of CNTs deposited inside NAAMs, confirming that the 

transport properties and chemical selectivity of CNTs-NAAMs composites can be controlled 

by nitrogen doping. 
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8.1.5. Synthesis of Carbon Nanotubes-Nanotubular Titania Composites by 

Catalyst-Free CVD Process: Insights into the Formation Mechanism and 

Photocatalytic Properties 

This chapter reported the fabrication of CNTs-TNTs composites using a catalyst-free CVD 

approach, where a mixture of toluene and ethanol is used as a carbon source.  It also reports and 

explains the formation mechanism of CNTs inside TNTs structures and their photocatalytic 

properties. The following points summarise the conclusions drawn from this study: 

1. By means of a catalyst-free CVD approach using a mixture of toluene and ethanol as a carbon 

source, vertically aligned MWCNTs were grown inside the nanotubular structure of TNTs 

prepared through a two-step electrochemical anodisation process. A precise control of the 

dimensions and the inter-tube distance of TNTs could be achieved by controlling the 

anodisation conditions (i.e. anodisation voltage and time) and the electrolyte water content, 

respectively. 

2. The formation mechanism of CNTs inside TNTs structures, explored and explained by means 

of the deposition time during CVD process, was found to be a time independent process as a 

results of the specific properties of titania surface. 

3. The photocatalytic properties of CNTs-TNTs composite were evaluated via the degradation of 

rhodamine B, an organic model molecule, in aqueous solution under mercury-xenon Hg (Xe) 

lamp irradiation monitored by UV–visible spectroscopy.  

4. The results demonstrated the substantial improvement in the photocatalytic performance of the 

CNTs-TNTs composite (one order of magnitude) over that of bare TNTs, due to coupling 

TNTs with CNTs improves charge carrier separation and extend the spectral response to the 

visible light region. 
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5. This study is a significant contribution to understand and develop advanced photocatalysts 

based on coupling TNTs with CNTs, which could result in advanced electrodes with cutting-

edge properties and performances for a broad range of catalytic applications. 

8.2. Future work 

The results and investigations presented in this thesis advance the knowledge in designing CNTs-

based composites with different physical and chemical properties in a precise manner for transport 

and photocatalysis applications. These results are envisaged as starting points towards advancing 

the existing knowledge in the field of CNTs composite membrane and materials and boosting the 

applicability of these systems across multiple disciplines and industrial applications. The following 

points outline possible future directions: 

1. Further investigations have to be directed towards optimisation of the mechanical properties 

of CNTs-NAAMs composite membranes to increase their strength and hence spread their 

applicability for pressure driven molecular separations. 

2. Designing novel CNTs composite membranes featuring asymmetric surface chemistry of their 

inner and outer wall surfaces by using different carbon precursors containing different 

heteroatoms (e.g. N, P, S, etc.) during the CVD process. This will result in incorporation of 

two different types of heteroatoms into the inner and outer wall surfaces of CNTs. This could 

spread the applicability of these tubes and composite membranes across a broad range of fields 

and applications (e.g. microelectronics, biomedical, etc.). 

3. Designing sophisticated separation nanodevices based on CNTs membranes to ascertain their 

capability for separation applications using micro-chip technology (e.g. all-in-one lab-on-a-

chip devices). 

4. Further improvements of developed photocatalyst (CNTs-TNTs composite) could be obtained 

by designing a membrane structure of CNTs-TNTs. Such structure could advance the 

photocatalyst efficiency by allowing direct and flow-through photocatalytic experiments. 




