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Abstract 

Carbon nanotubes (CNTs) have been considered as an outstanding nanomaterial, envisaged 

for developing a new generation of membranes for advanced molecular separation as a result 

of their unique transport properties and ability to mimic biological protein channels. 

Nevertheless, the excellent physical and chemical properties of CNTs make this material 

attractive for other potential applications. For example, free-standing or liberated CNTs are 

nanostructures with excellent properties to develop smart nanocarriers for targeted and 

localized drug delivery. Before these applications become feasible, however, the fabrication 

process of CNTs must be entirely understood in order to produce nanostructures with totally 

controlled dimensions and properties.  So far, some approaches have been used to synthesise 

CNTs, the most representative of which are arc discharge, laser ablation and catalytic 

chemical vapor deposition (C-CVD). However, these fabrication methods present many 

fundamental disadvantages (e.g. expensive equipment, high temperature of synthesis, use of 

toxic and hazardous materials, impurities/contaminations, etc.). Therefore, the physical and 

chemical properties of the resulting CNTs rely both on fabrication method and manufacturer, 

thus preventing the production of standardized CNTs.  

 

In this scenario, this thesis puts forward a catalyst-free CVD approach for fabricating CNTs 

with totally controlled properties (e.g. geometry, shape, chemical composition, surface 

chemistry, etc.) by using nanoporous templates with well-defined chemistry and geometry. As 

a result of its simplicity, versatility, scalability and cost-competitive fabrication process, this 

approach is envisaged for producing CNTs featuring standardized properties, which are 

required for a broad range of applications (e.g. separations, drug delivery, etc.). To develop 

this CVD approach, the optimal conditions for the fabrication of catalyst-free CNTs were 

determined by varying such parameters as temperature, reaction path length, absence or 
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presence of catalyst, type of nanoporous template (i.e. nanoporous anodic alumina (NAA) or 

titania nanotubes (TNTs)) and type of carbon source. The most relevant aspects of this study 

were: 

 

1 – Carbon Source: Two unconventional carbon sources were explored: namely, a mixed 

solution of toluene and ethanol and non-degradable grocery plastic bags. 

 

2 – Nanoporous Template: To understand the mechanism of this catalyst-free CVD approach 

using nanoporous templates, a set of experiments comparing the growth of CNTs inside NAA 

and TNTs were performed. This made it possible to understand the role of the nanoporous 

template in the growth of CNTs as well as to establish of the mechanism of growth of CNTs 

inside these nanoporous templates. 

 

3 – Geometry and Shape: CNTs with different geometries and shapes (e.g. periodically 

modulated diameters) were fabricated by using NAA templates featuring different geometries 

and shapes. This confirmed the capability of the proposed CVD approach to synthesise CNTs 

with desired shapes and geometries, offering new opportunities to develop innovative 

nanostructures for emerging applications. 

 

4 – Chemical Composition: The presence of heteroatoms has a direct impact over the 

synthesis of CNTs. To throw light on this question, the effect of such heteroatoms as nitrogen 

(N), sulfur (S), phosphorus (P) and co-doped sulfur/phosphorus (S/P) on the quality of the 

resulting CNTs was investigated. 

 

5 – Surface Chemistry Functionalization: Chemical modification of the inner surface of CNTs 

was achieved through gas-phase and solvent-free functionalization with different functional 
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compounds (i.e. 1-octadecylamine (ODA), 1,8-diaminooctane (DO) and polyethyleneimine 

(PEI)). 

 

6 – Applications: Finally, CNT membranes and free-standing CNTs obtained by the above-

mentioned CVD approach were used in two significant applications: 

  Sophisticated separation nanodevices (separation): To demonstrate the capability of 

these membranes to selectively tune molecular transport as a function of the interaction 

between molecules and inner surface of CNTs, the transport performance of these 

membranes was analyzed when transporting several dye molecules with positive, 

negative and neutral charge.  

 Smart nano-carriers for delivering chemotherapeutic drugs (drug delivery): Free standing 

CNTs with hydrophilic core were used as nanocontainers for delivering anti-cancer drug. 

These CNTs were loaded with doxorubicin (Dox) and its external surface was 

chemically functionalized with a biodegradable polymer (chitosan) by anchoring its 

polymeric chains to functional groups on the external surface of CNTs.  

The presented results are expected to be the starting point of the development of new 

nanodevices based on innovative CNTs featuring totally controlled properties (i.e. 

standardized product), which could be used in a broad range of research fields and 

commercial applications. 
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closed pores before pore opening. f) Bottom surface after pore opening.  

Figure 3.4. SEM images of CNTs synthetized inside the pores of NAAMs. a) Cross-sectional 

image of prepared CNTs/NAA composite membrane showing CNTs inside NAA pores. b) A 

cross-sectional image of closed NAA pores with inset showing scheme of closed pores. c) 

CNTs structure inside the pores obtained from fractured membranes with inset showing CNTs 

after partial removal of oxide. d-e) High resolution images of CNTs inside the pores showing 

that CNTs have identical shape as the porous structure. 

Figure 3.5. CNTs grown inside NAA templates by catalyst-based and catalyst-free CVD 

approaches. a-b) Overgrowth of CNTs on the top of NAATs caused by catalytic reaction on 

the NAA surface. c) Overgrowth of CNTs caused by ferrocene catalytic reaction from the 

pores. d) TEM image of CNTs prepared after liberation of nanotubes from template showing 

two different types of CNTs (1) iron catalyst induced growth on surface and (2) CNTs grown 

inside pores. e) High resolution TEM image of catalyst growth CNTs. f) High resolution TEM 

image of CNTs grown inside NAA pores.  

Figure 3.6. CNTs/NAA composite membranes prepared by catalyst-free carbon precursor 

(toluene/ethanol). a) Cross-sectional SEM image of the whole membrane. b) SEM image from 

the top surface showing that the growth of CNTs is terminated on the top without overgrowth 

with a high resolution image in the inset. c) TEM image of liberated CNTs grown inside NAA 

pores. 

Figure 3.7. Top surface of CNTs/NAA composite prepared by catalyst-free carbon precursor 

(toluene/ethanol) at different temperatures. a) 650 
0
C. b) 750 

0
C. c) 850 

0
C. 

Figure 3.8. EDX analysis of CNTs synthesised in NAAMs with catalyst carbon precursor 
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(ferrocene/toluene) taken from a) the top of the NAAMs surface and b) the inside of NAAMs 

pores. 

Figure 3.9. CNTs fabrication inside TNTs. a) SEM cross-section image with self-ordered 

TNTs. b) Cross-section SEM image with CNTs inside TNTs. c) TEM image of CNTs 

liberated from TNTs by chemical etching. d) Magnified TEM image of individual CNTs. 

Figure 3.10: Surface morphology of free-standing CNTs produced inside NAA and TNTs as 

templates. a) CNTs produced by the proposed CVD method using NAA template for 15 min 

of deposition time. b) TEM image of a CNTs produced by the proposed CVD method using 

NAA template for 45 min of deposition time. c) CNTs produced by the proposed CVD 

method using TNTs template for 15 min of deposition time. d) TEM image of a CNT 

produced by the proposed CVD method using TNTs template for 45 min of deposition time 

(Scale bars 50 nm). 

Figure 3.11. Overview of the experimental procedure for investigating the catalytic role of 

the graphitic layers of the CNTs in the growth of multiple graphitic layers 

Figure 3.12. TEM images of liberated CNTs fabricated at different CVD times and 

conditions. a) TEM image of CNTs after dissolution of NAAMs. b) TEM image of liberated 

CNTs after CVD deposition for 45 min. c) TEM image of a CNT produced by the proposed 

CVD for 45 min inside NAAMs featuring rough surface as indication of increasing of the 

wall thickness. 

Figure 3.13. High resolution XPS spectra of wide-range and C 1s scan spectrum of catalyst-

free CNTs from NAA and TNTs templates and catalyst-based CNTs. a) Wide-range survey 

spectrum of CNTs produced inside NAA template. b) High resolution XPS spectra of C 1s 

spectrum of catalyst-free CNTs liberated from NAA templates. c) Wide-range survey 

spectrum of CNTs produced inside TNTs template. d) High resolution XPS spectra of C 1s 

spectrum of catalyst-free CNTs liberated from TNTs. e) Wide-range survey spectrum of 
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CNTs produced by catalyst-based CVD process. f) High resolution XPS spectra of C 1s 

spectrum of catalyst based CVD liberated CNTs. 

Figure 3.14. Raman spectra of catalyst-free and catalyst-based CNTs. a) Raman spectra of 

catalyst-free CNTs liberated from NAA. b) Raman spectra of catalyst-free CNTs liberated 

from TNTs. c) Raman spectra of catalyst-based CNTs liberated from NAA. 

Figure 3.15. Schematic diagram showing the fabrication process of CNTs-NAAMs and 

liberated CNTs by the proposed catalyst-free CVD process using non-degradable plastic bags 

as a carbon source. a) As-produced NAAM prepared by electrochemical anodization of Al 

chips. b) Prepared CNTs/NAAM with CNTs embedded in the alumina matrix after the CVD 

process. c) Liberated CNTs after dissolution of the alumina matrix by wet chemical etching as 

an outcome for other applications. 

Figure 3.16. Digital photography of a commercial LLDPE plastic bag. 

Figure 3.17. Set of SEM images of as-produced NAAMs and CNTs-NAAMs fabricated by 

CVD synthesis from commercially available non-degradable plastic bags. a) NAAM template 

top view (scale bar = 500 nm). b) Detail of CNTs embedded in a NAAM template (scale bar = 

100 nm). c) NAAM template cross-section view (scale bar = 25 µm). d) CNTs-NAAM cross-

section view (scale bar = 25 µm). e-f) Magnified views of white squares shown in (c) and (d), 

respectively (scale bars = 250 nm and 2 µm, respectively). g-h) Digital photographs of a 

NAAM before and after CVD of CNTs, respectively (scale bar = 0.5 cm). 

Figure 3.18. EDX analysis of non-annealed CNTs-NAAMs. 

Figure 3.19. Set of comparative SEM images of CNTs-NAAMs fabricated at different CVD 

times by the proposed catalyst-free CVD process using non-degradable plastic bags as a 

carbon source. a) 30 min (scale bar = 100 nm – wall thickness = 4 ± 2 nm). b) 60 min (scale 

bar = 100 nm – wall thickness = 9 ± 3 nm). 

Figure 3.20. Set of SEM and TEM images of CNTs fabricated at different CVD times. a) 

SEM image of CNTs after dissolution of NAAM (i.e. liberated CNTs). b) TEM image of a 
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CNT produced by the proposed CVD for 30 min (scale bar = 10 nm) and c) 60 min (scale bars 

= 20 nm). 

Figure 3.21.  Raman spectrum of liberated CNTs prepared from plastic bags. 

 

Chapter 4 

Figure  4.1. Scheme of fabrication of NAA template and carbon nanotubes with and without 

periodically shaped pore structures using cyclic and normal anodization. 

Figure 4.2.  NAA prepared by electrochemical anodization of Al foils in oxalic electrolyte 

under mild anodization conditions and CNTs/NAA composites prepared by catalyst-free 

carbon precursor (toluene/ethanol). a) SEM image of the surface of NAA pores before CNTs 

deposition. b) CNTs structure inside NAA pores. c) Liberated CNTs after removal of NAA 

template. d) HRTEM image of liberated CNTs grown inside NAA pores. 

Figure 4.3.  NAA prepared by electrochemical anodization of Al foils in oxalic electrolyte 

under hard anodization conditions and CNTs/NAA composites prepared by catalyst-free 

carbon precursor (toluene/ethanol). a) SEM image of the surface of NAA pores before CNTs 

deposition. b) CNTs structure inside NAA pores. c) Liberated CNTs after removal of NAA 

template. d) HRTEM image of liberated CNTs grown inside NAA pores. 

Figure 4.4. Commercial NAA membrane and CNTs/NAAMs composites prepared by 

catalyst-free carbon precursor (toluene/ethanol). a) SEM image of the surface of pores before 

CNTs deposition. b)  CNTs structure inside NAA pores. c) Liberated CNTs after removal of 

NAA template. d) HRTEM image of liberated CNTs grown inside pores of a commercial 

NAA template. 

Figure 4.5. NAA prepared by electrochemical anodization of Al foil in sulfuric acid 

electrolyte and CNTs/NAA composite prepared by catalyst-free carbon precursor 

(toluene/ethanol). a) SEM image of the surface of pores before CNTs deposition. b) CNTs 



xxii 

 

structure inside pores. c) Liberated CNTs after removal of NAA template. d) HRTEM image 

of liberated CNTs grown inside NAA pores. 

Figure 4.6. SEM images of CNTs/NAA composites with different lengths produced in oxalic 

acid. a) 1 μm. b) 10 μm. c) 30 μm. d) 40 μm. e) 50 μm. f) 60 μm. 

Figure 4.7. SEM images of CNTs/NAA composites with different lengths produced in 

sulphuric acid. a) 50 μm. b) 60 μm. c) 80 μm. d) 110 μm. 

Figure 4.8. SEM and TEM images of CNTs grown by catalyst-based CVD method. a) Cross-

sectional SEM image of NAA revealing the growth of CNTs. b) TEM images showing 

liberated CNTs with irregular structure. c-f) Details of Fe nanoparticles embedded inside 

CNTs with different shapes blocking channels.  

Figure 4.9. High resolution SEM images of CNTs prepared at different carbon deposition 

periods by CVD in NAA templates fabricated under hard anodization condition (scale bar = 

100 nm). 

Figure 4.10. SEM and TEM images of CNTs prepared in mild anodized NAA templates 

under different carbon deposition periods. a-c) Deposition time 15 min. b-d) Deposition time 

75 min. 

Figure 4.11. SEM images of CNTs prepared in mild anodized NAA templates for 75min 

under a) discontinuous and b) continuous deposition processes. 

Figure 4.12. SEM images of CNTs prepared in mild anodized NAA templates for 15 min 

under two different temperatures. a) 850 °C. b) 1000 °C. 

Figure 4. 13. NAA templates with pore diameter modulations. a-c) Cross-sectional SEM 

images of NAA templates showing two different patterns of pore shapes with long and short 

pore segment. 

Figure 4.14. CNTs grown inside NAA featuring modulated pore diameter. a) SEM image 

showing CNTs structures inside the NAA pores. d) Cross-sectional image of CNTs with 

periodically shaped structures from the bottom of NAA in case of closed pores. c) Details of 
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CNTs structures obtained from fractured CNTs/NAA composite. d-e) CNTs inside NAA 

nanopores after partial removal of oxide showing periodically shaped CNTs outside pores.  

Figure 4.15. CNTs with periodically shaped morphology with a) long, b) middle and c) short 

segments prepared using shaped NAA template. Inset in b) shows the shape of pore and 

corresponding CNTs structure. d) Liberated CNTs with shaped structure and closed bottom 

after removal of NAA template. e-f) TEM image of CNTs. 

Figure 4.16. Set of cross-sectional images of CNTs with periodically shaped morphology 

prepared using different NAA templates with a-b) very long (2 µm), c-d) middle (1 µm) and 

e-f) very short segments (150 nm). 

Figure 4.17. CNTs with shaped morphology, which combines: flat, short and long periodic 

segments in one NAA templates. The scheme of CNTs structure is presented at the center. 

Figure 4.18.TEM image of liberated CNTs with shaped structure and closed bottom after 

removal the NAA template prepared in sulfuric acid electrolyte. 

Chapter 5 

Figure 5.1. Schematic diagram showing the fabrication of doped CNTs/NAA composites 

Figure 5.2. SEM images of doped CNTs synthetised inside NAATs. a) Undoped CNTs (0-

CNTs). b) Sulphur doped CNTs (S-CNTs) synthesised form Ph2S2 for 30 min. c) Phosphorous 

CNTs (P-CNTs) synthesised form TPP for 30 min. d) Cross-sectional image of prepared P-

CNT/NAATs composite showing CNTs inside pores with identical length to the template 

thickness from TPP for 30min. e) Magnified view of P-CNT/NAATs structure.  

Figure 5.3. SEM images and EDXS analysis of free-standing doped CNTs after liberation of 

nanotubes from NAA template. a) Undoped CNTs (0-CNTs). b) Phosphorous doped. c) 

Sulphur doped CNTs. d) Sulphur doped CNTs. e) Sulphur/phosphorus doped CNTs (1:1). 
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Figure 5.4. TEM images of doped CNTs after liberation from template showing different 

walls thicknesses. a) 0-CNTs. b) P-CNTs. c) S-CNTs (Ph2S2 100%). d) S-CNTs (Ph2S2 50%). 

e) P/S-CNTs (1:1). 

Chapter 6 

Figure 6.1. Schematic of fabrication CNT/NAA composites by CVD growth of carbon 

nanotubes by chemical attachment of long-chain aliphatic amines to the inner surface of 

pristine CNTs: octadecylamine (ODA), 1,8-diaminooctane (DO) and  branched 

polyethylenimine (PEI). 

Figure 6.2. SEM images of a) 0-CNTs. b) Magnified view of 0-CNTs. c) DO-CNTs. d) 

Magnified view of DO-CNTs 

Figure 6.3. Low and high resolution TEM images of a-b) 0-CNTs. c-d) PEI-CNTs. e-f) DO-

CNTs. 

Figure 6.4. Comparative XPS C1s spectra of a) DO-CNTs/NAA composite (inner surface) 

and b) DO-CNTs (outer surface) liberated from NAA template. Pristine CNTs (0-CNTs) were 

used as a control. 

Figure 6.5.  XPS survey scan spectrums of the 0-CNTs, PEI-CNTs, DO-CNTs and ODA-

CNTs as a function of the amount of N.  

Figure. 6.6. a-b)High resolution C 1s of 0-CNTs , and b-c) High resolution C 1s and N 1s of 

PEI-CNTs,  d-e and g-f) shows high resolution N 1s,C1s of DO-CNTs and ODA-CNTs 

respectively. 

Figure. 6.7.  FTIR spectra of CNTs+PEI, and CNTs+PEI+AcOH samples, in comparison 

with the spectrum of CNTs before the functionalization. 
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Chapter 7 

Figure 7.1. Schematic diagram of fabrication CNT/NAA composites by CVD growth of 

carbon nanotubes inside of NAA pores. 

Figure 7.2. U-tube permeation cell used to perform our study about ionic transport of dye 

molecules through CNTs-NAAMs. 

Figure 7.3. Calibration curves relating the absorbance value with the concentration of each 

dye in the permeate cell (absorbance was measured at wavelengths 553, 543 and 455 nm for 

(RosB)
2-

, (Ru(BPY)3)
3+

 and  RhoB, respectively). a) Calibration curves and linear fittings. b) 

Chemical structure of molecular dyes used in our diffusion studies. 

Figure 7.4. XPS analysis of liberated CNTs. a) XPS spectrum of non-annealed CNTs. b) XPS 

spectrum of annealed CNTs. 

Figure 7.5. TEM magnified views of liberated CNTs before and after annealing treatment. a) 

TEM magnified view of wall structure of non-annealed CNTs (scale bar = 5 nm). b) TEM 

magnified view of wall structure of annealed CNTs (scale bar = 5 nm).  

Figure 7.6. Molecular transport study through CNTs-NAAMs produced by the proposed 

CVD process. a) Diffusion of (RosB)
2-

 through as-produced NAAMs and CNTs-NAAMs. b) 

Diffusion of (RosB)
2-

, Ru(BPY)3)
3+

 and RhoB through CNTs-NAAMs. c) Diffusion of 

Ru(BPY)3)
3+

 through non-annealed and annealed CNTs-NAAMs. d) Diffusion of a mixture of 

RhoB and Ru(BPY)3)
3+

 through CNTs-NAAMs showing the potential of these membranes to 

perform selective separations of molecular mixtures. 

Chapter 8 

Figure 8.1. Schematic showing application of liberated CNTs for developing smart 

nanocarriers for localized drug release over cancer cells. 
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Figure 8.2. SEM images of CNTs or CNCs. a) without chitosan coating (high resolution 

image in inset, sale bar 1 µm) and b) with chitosan coating. 

Figure 8.3. Drug (Dox) release plots for uncoated and chitosan coated CNTs or CNCs in a 

buffer of pH 7.0 and at a temperature of 37 
0
C for different time periods. a) Burst release of 

360 min. b) Complete release including burst and sustained release for 9 days. 

Figure 8.4. Light micrograph of TXSA cancer cells treated with drug loaded CNCs, empty 

CNTs and Dox, in two different concentrations of 100 and 200 µL. The volume of the dosage 

in each case was maintained to 1mL in PBS. Measurements were taken after 24 h of 

incubation with the Dox-loaded CNTs/CNCs, empty CNTs and pure Dox. 

Figure 8.5. Light micrograph of TXSA cancer cells stained in crystal violet after 5 days of 

incubation with the Dox-loaded CNTs/CNCs, empty CNTs and pure Dox. 

Figure 8.6. Light micrograph of empty CNT treated human foreskin fibroblasts (HFF), 

stained in crystal violet after 5 days of incubation with the CNTs or CNCs. The two different 

concentration of dosage is compared with control. The dosage volume was maintained at 1 

mL in each case. 

Figure 8.7. Comparative cell viability analysis on the 5
th

 day. a) Drug loaded carbon 

nanocapsules (CNCs), empty carbon nanotubes (CNTs) and pure drug (Dox) when treated up 

on TXSA cancer cells; studied against control (treated with equal volume of PBS). b) Empty 

carbon nanotubes (CNTs) on human foreskin fibroblasts (HFF) as an attempt to study CNT 

mediated cytotoxicity, if any.  
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