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Halonen, Niina, Synthesis and applications of macroscopic well-aligned multi-
walled carbon nanotube films. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology, Department of
Electrical Engineering
Acta Univ. Oul. C 467, 2013
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The main objectives of this thesis are to synthesize macroscopic well-aligned multi-walled carbon
nanotube films and, based on their electrical conductivity, porosity and structural uniformity,
highlight potential applications for further development.

In this thesis, catalytic chemical vapour deposition from ferrocene-xylene precursors is
optimized to grow high quality films of long, aligned multi-walled carbon nanotubes on
lithographically patterned templates in high (~800ºC) temperatures. The impacts of reaction time,
temperature and precursor concentration on MWCNT film quality (film thickness, purity, density
and nanotube diameter distribution) are studied. Because of the excellent control of growth
selectivity and film thickness inherent to the method, several interesting applications, including
solar cell and capacitor electrodes, contact brushes, coolers, particulate filters and catalyst
membranes, have been developed for nanotube films in collaboration between Finnish and
international research groups over the past few years. In this thesis, advanced capacitor electrodes
with improved charge storage and efficient particulate filters are discussed in closer detail.

As the high temperatures used for growing high quality carbon nanotubes often cause
complications in cases where nanotubes need to be directly integrated with other materials,
experiments were also conducted with the aim of making the growth temperature as low as
possible. After testing several catalyst and precursor combinations, cobalt nanoparticles deposited
on silica surfaces were found to form carbon nanotubes from vaporized cyclopentene oxide
precursor already at 470°C.

The results show that catalytic chemical vapour deposition is a feasible and versatile method
that can be combined with photolithography to produce multi-walled carbon nanotube films with
desired footprint area and thickness on various substrates. The demonstrated new applications and
technical solutions are expected to contribute to further development leading to competitive
practical devices based on carbon nanotubes.

Keywords: catalytic chemical vapour deposition, gas permeability, low temperature
synthesis of CNTs, multi-walled carbon nanotubes, particulate filtering, patterned
electrodes, supercapacitors





Halonen, Niina, Makroskooppisten, yhdensuuntaisista moniseinämäisistä hiili-
nanoputkista koostuvien kalvojen synteesi ja sovellutukset. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta, Sähkötekniikan osasto
Acta Univ. Oul. C 467, 2013
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tämän väitöstyön päätavoitteina ovat makroskooppisten, yhdensuuntaisista moniseinämäisistä
hiilinanoputkista koostuvien kalvojen valmistaminen ja sovellutusten esittäminen perustuen kal-
vojen sähkönjohtavuuteen, huokoisuuten ja rakenteelliseen yhdenmukaisuuteen. 

Katalyyttis-kemiallinen höyryfaasikasvatusmenetelmä on optimoitu korkealaatuisten, yhden-
suuntaisista, pitkistä moniseinämäisistä hiilinanoputkista koostuvien kalvojen tuottamiseen kor-
keissa lämpötiloissa (~800ºC) fotolitografialla kuvioiduille kasvualustoille käyttäen ferroseeni/
ksyleeni-lähtöainetta. Reaktioajan, lämpötilan ja lähtöainepitoisuuden vaikutusta nanoputkikal-
von laatuun on tutkittu tarkastelemalla kalvon paksuutta, puhtautta, tiheyttä ja nanoputkien läpi-
mittajakaumaa. Erinomaisen kasvuselektiivisyyden ja kalvon paksuuden kontrolloimisen ansios-
ta nanoputkikalvoja voidaan räätälöidä useisiin mielenkiintoisiin sovellutuksiin (esim. aurinko-
kennot ja kondensaattorin elektrodit, hiiliharjat, jäähdyttimet, partikkelisuodattimet ja katalyytti-
kalvot), joita olemme kehittäneet viime vuosina yhdessä suomalaisten ja kansainvälisten tutki-
musryhmien kanssa. Tässä väitöstyössä on tarkasteltu lähemmin uudentyyppisiä kondensaattori-
elektrodeja, joilla on parantunut sähkövarauksen varastointikyky, sekä tehokkaita partikkelisuo-
dattimia.

Hiilinanoputkien kasvattaminen korkeissa lämpötiloissa aiheuttaa usein ongelmia integroita-
essa nanoputkia toisiin materiaaleihin. Tästä johtuen tutkimuksessa pyrittiin saamaan nanoputki-
en kasvatuslämpötila mahdollisimman alhaiseksi testaamalla useita lähtöaine-katalyytti-kombi-
naatioita, joista koboltti-nanopartikkelit piidioksidin päällä ja syklopenteenioksidi lähtöaineena
muodostivat hiilinanoputkia jo 470°C:ssa.

Tulosten perusteella katalyyttis-kemiallinen höyryfaasikasvatusmenetelmä yhdistettynä foto-
litografiaan on hyvin monipuolinen tapa tuottaa moniseinämäisiä hiilinanoputkia halutulla kuvi-
olla ja kalvonpaksuudella erilaisille substraateille. Tässä väitöstyössä demonstroitujen uusien
sovellutusten ja teknisten ratkaisujen odotetaan johtavan uusiin, hiilinanoputkiin perustuviin kil-
pailukykyisiin käytännön laitteisiin.

Asiasanat: hiilinanoputkien synteesi matalissa lämpötiloissa, kaasunläpäisevyys,
katalyyttis-kemiallinen höyryfaasikasvatus, kuvioidut elektrodit, moniseinämäiset
hiilinanoputket, partikkelisuodatus, superkondensaattorit
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3-D Three-dimensional 

γ-Fe Gamma-phase iron, austenite 

Δp Pressure drop 

η Energy efficiency 

λ Wavelength 

µ Intrinsic permeability 

νdrift Drift velocity 
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Objective and outline of thesis 

The main objectives of this thesis are to study the synthesis of macroscopic, well-

aligned multi-walled carbon nanotube films and to demonstrate applications for 

their practical use.  

The first section of the thesis consists of a brief overview of carbon 

nanotubes, highlighting the key relations between their structure and physical 

properties (Chapter 1). This is followed by a summary of applications that employ 

the properties of carbon nanotubes, presented in order to illustrate their functional 

versatility. The final part of Chapter 1 introduces the three most relevant methods 

that are used to grow carbon nanotube films and powders today.  

Chapter 2, based on Paper I, lists and discusses the results of multi-walled 

carbon nanotubes grown using the catalytic chemical vapour deposition method 

on patterned Si/SiO2 templates from ferrocene-xylene precursors. Optimized 

growth conditions that allow the production of long, well aligned, high-quality 

carbon nanotubes are established. The growth mechanism deduced from the 

experimental findings supports earlier models, suggesting vapour-liquid-solid 

growth and associated bulk diffusion of carbon in the catalyst metal.  

In Chapter 3, particulate filters based on three-dimensional carbon nanotube 

membranes synthesized on microstructured Si/SiO2 templates are described. 

Relations between film structure, gas permeability and airborne particulate 

retention are discussed (Paper II).  

Based on Paper III, micro-patterned, aligned carbon nanotube films grown on 

Inconel steel alloy and on SiO2 surfaces are studied with special focus on their 

potential usage in electrode applications in Chapter 4. The electrical properties of 

the films are evaluated, and advanced supercapacitor structures with micro-

patterned electrodes are presented. 

In Chapter 5, formation of carbon nanotubes in low temperatures is studied 

by testing various precursors and catalyst nanoparticles for activity in catalytic 

chemical vapour deposition. Cobalt nanoparticle catalyst and cyclopentene oxide 

precursor are found to produce carbon nanotubes at 470°C (Paper IV). The 

reduced growth temperature is most likely due to the presence of a reactive epoxy 

bond in the precursor molecule, supporting the importance of initial precursor 

cracking step as concluded previously in Paper I.  

In Chapter 6, the final section, the main findings of the thesis are 

summarized, the results examined and conclusions drawn with an outlook for 

further studies. 
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1 Introduction to carbon nanotubes 

Multi-walled carbon nanotubes were introduced to the scientific community in 

1991, when Iijima identified and reported their structure (Iijima 1991). Two years 

later, single-wall carbon nanotubes (SWCNTs) were synthesized (Iijima & 

Ichihashi 1993). During the past two decades, great effort has been invested in 

studying the properties, different synthesizing methods and potential applications 

of CNTs. The reasons why nanoscience researchers are so interested of this 

allotropic form of carbon are simple: carbon nanotubes have certain unique 

mechanical and electrical properties, carbon is one of the most abundant elements 

in the world and the production of CNTs is – generally speaking – relatively 

inexpensive. This makes the upscaling of CNT production to an industrial level 

highly appealing. However, even though known biological systems are based on 

carbon chemistry, the question of the biocompatibility of CNTs remains open and 

needs further study. Regardless of their considerable potential, the major 

commercial breakthrough of carbon nanotube technology has also not occurred 

yet, highlighting the challenge of integrating novel materials into existing 

technologies – not to mention the establishing of completely new ones. 

1.1 Structure and properties  

Carbon nanotubes are a family of carbon allotropes. Their cylindrical structure 

resembles a ‘rolled-up’ hexagonal honeycomb lattice of a single or several layers. 

Each nanotube can be defined using the chiral vector  

 = + ≡ ( , ),  (1) 

which connects two crystallographically equivalent sites on the hexagonal lattice 

(a1 and a2 are the unit vectors and n and m are integers) (Saito et al. 1992) (Fig. 

1).  
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Fig. 1. 2-D honeycomb lattice of carbon (graphene) showing the chiral vector Ch and 

the unit vectors a1 and a2. (modified from Saito et al. 1992). 

The circumference of the nanotube is the absolute value of the chiral vector 

 | | = √ + + ,  (2) 

where 

 =	√3 = 2.46	Å  (3) 

is the length of the unit vector and aC-C = 1.421 Å is the bond length between two 

carbon atoms. Accordingly, the diameter of a carbon nanotube of chirality (n,m) 

can be expressed as 

 = √ = | |
.  (4) 

The chiral angle θ, which is the angle between Ch and the zigzag direction, can be 

expressed as 

 = 	 √ .  (5) 

For m = 0, the graphene sheet is rolled-up as ‘zigzag’ CNT, and for n = m the 

nanotube has ‘armchair’ chirality, otherwise the structure is called ‘chiral’ 

(Dresselhaus et al. 1995). The diameter of single-wall carbon nanotubes is 

typically ~1–2 nm. 

Multi-walled carbon nanotubes (MWCNTs) consist of more layers of rolled 

graphene sheets with a spacing of ~3.44 Å (Saito et al. 1993) similar to graphite. 

The diameter of MWCNTs is typically in the range of 1–50 nm (Seetharamappa 

et al. 2006). 
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The aspect ratio (proportion of length and diameter) of CNTs is the highest 

among the 1-dimensional nanomaterials, where the values are typically between 

103 and 106. In extreme cases, the length of an SWCNT may be up to 18.5 cm. 

With a corresponding diameter of ~1 nm (Wang et al. 2009), the aspect ratio 

is >108.  

While SWCNTs tend to bundle along their long axis forming hexagonal, 

closely packed rope forms, in powder form MWCNTs form haystacks. The small 

diameter and low density of carbon nanotubes results in lightweight porous 

structures with large specific surface areas. For SWCNTs, the specific surface 

area is typically higher than 1000 m2/g. With MWCNTs, this figure is usually 

between 50 and 200 m2/g depending on the number of walls (Peigney et al. 2001).  

Electrical properties 

Single-wall carbon nanotubes are either metallic or semiconducting depending on 

the chirality and diameter of the CNT. The condition for the (n,m) nanotube to be 

metallic is 

 2 + = 3 ,  (6) 

where q is an integer. Accordingly, 1/3 of the nanotubes are metallic and 2/3 are 

semiconducting, providing that chiral vector distribution is uniform (Saito et al. 

1992). It is very interesting to note that all armchair CNTs are metallic (viz.  

n = m). Because of the effects of doping on defects and surface-adsorbed oxygen, 

semiconducting SWCNTs behave like p-type semiconductors with the band gap 

decreasing as the diameter increases. Consequently, nanotubes with large 

diameters behave as metallic conductors (Martel et al. 1998). It is also interesting 

to note that in multi-walled carbon nanotubes only the outer shell participates in 

electrical conduction (Frank et al. 1998) and electrons can move between adjacent 

shells only by tunneling. In addition, and unlike in ordinary metals, electron 

waves can propagate in the lattice over relatively long distances (up to 1 µm or 

so) without scattering, a consequence of the quasi 1-D structure. Because of 

ballistic carrier transport like this, carbon nanotubes may carry a considerable 

current density, more than 109 A/cm2 (Wei et al. 2001). 
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Mechanical properties 

The hexagonal honeycomb graphene lattice in the walls of CNTs consist of sp2-

hybridized carbon–carbon bonds, which are the strongest chemical bonds 

occurring in nature when free from defects (Jorio et al. (eds) 2008). Young’s 

modulus, defined by the ratio of stress to strain, is used for describing the elastic 

behaviour of a material. For a thin isotropic rod, Young’s modulus is 

 = = , (7) 

where δl is length difference caused by the force F on original length l0 and cross-

sectional area A0. On the atomic scale, Young’s modulus is directly related to the 

nature of the chemical bonding, which in turn defines the cohesion of the solid. In 

CNTs, Young’s modulus is related to the sp2 carbon-carbon bond strength, and the 

modulus decreases as the disorder (i.e. number of defects) on CNT walls 

increases (Salvetat et al. 1999). Because of the small size of the CNTs, direct 

measurement of Young’s modulus by means of tensile tests is very challenging. 

Salvetat et al. (1999) determined the mechanical properties of individual and 

bundled SWCNTs in a very elegant experiment: the nanotubes were placed on a 

porous surface of highly polished anodic aluminium oxide membranes (like a 

bridge over a valley) and were bent from the top using an atomic force 

microscope (AFM). Since the force, geometry and deformation can be measured 

simultaneously, Young’s modulus could be determined with high precision (~1 

TPa) by applying a simple bending of a beam model. Tensile strength, often 

called ultimate tensile strength, is the measure of maximum stress that a material 

can withstand before necking begins. In practice, this means that the material is 

pulled to the point where the cross-section starts to diminish and finally the 

material breaks down. An AFM was used again for this measurement (Yu et al. 

2000) by attaching both SWCNT and MWCNT from their tips and pulling. The 

results indicated tensile strength of 63 GPa for MWCNT – the highest figure 

measured for any material, including various steel grades and Kevlar® (Table 1). 
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Table 1. Comparison of mechanical properties of different materials. 

Material Young’s modulus (TPa) Tensile strength (GPa) 

SWCNT 1.25a 13–52b 

MWCNT 0.27 – 0.95c 11–63c 

Kevlar 0.060d 3.6d 

High tensile steel 0.210d 1.3d 

a Krishnan et al. 1998, b Yu et al. 2000, c Yu et al. 2000, d Jorio et al. (eds) 2008. 

Thermal properties 

The strong sp2 bonds of seamless, defect-free graphene walls of CNTs make the 

nanotube structure rigid and self-supporting. On the basis of ballistic electron 

transport characteristics, rigidity, defect-free structure and the absence of coupling 

to soft phonon modes of the embedding medium, it can be predicted that CNTs 

have excellent thermal conductivity. According to theoretical calculations based 

on molecular dynamics simulations, thermal conductivity of 6600 W/mK at room 

temperature has been estimated for isolated (10,10) SWCNTs (Berber et al. 2000) 

along the tube axis. Thermal conductivity of 3500 W/mK (at room temperature) 

was measured experimentally for individual, metallic SWCNT (Pop et al. 2006) 

and >3000 W/mK (at room temperature) for a single MWCNTs (Kim et al. 2001). 

Thermal conductivity perpendicular to the tube axis was 1.64 W/mK and 1.52 

W/mK for SWCNT and MWCNT films respectively (Sinha et al. 2005). 

Accordingly, CNTs and their aligned films are anisotropic thermal conductors. 

1.2 Selected applications  

From a practical point of view, the interesting properties of CNTs include features 

such as high anisotropic thermal and electrical conductivity, high current carrying 

capability, high mechanical strength, flexibility, rigidity, high aspect ratio, low 

mass density, large specific surface area and chemical inertness. The coexistence 

of so many attractive attributes make CNTs a truly fascinating and versatile 

material – as also demonstrated by dozens of applications aiming to exploit these 

qualities (Table 2).  
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Table 2. Selected applications of carbon nanotubes. 

Application CNT property utilized in 

application 

Performance and/or special 

feature 

Reference 

FET  p-type semiconductor Small size Martel et al. 1998 

Field emitters Small size, electrical 

conductivity 

Low threshold voltage, good 

stability 

Saito et al. 2000 

AFM tips Small size, mechanical 

strength 

High resolution, high 

durability 

Hafner et al. 2001 

Gas ionizing sensor Small size, electrical 

conductivity 

Miniaturized, safe, low 

power consumption 

Modi et al. 2003 

Electromech. 

oscillator 

Small size, rigidity, electrical 

conductivity 

Tunability, potential NEMS 

device 

Sazonova et al. 

2004 

Microscopic brush Small size, mechanical strength, 

electrical conductivity 

Chemical and physical 

‘cleaning’ 

Cao, et al. 2005 

Super-compressible 

spring 

Flexibility High compressive strength 

and recovery rate 

Cao, et al. 2005 

Field emitter, gas 

sensor, strain gauge  

Electrical conductivity, 

mechanical strength 

Flexible film that remains 

conductive under high strain 

Jung et al. 2006 

Tunable particle filters Mechanical strength, spring-

like behaviour 

Fluid flux through CNT filter 

can be adjusted 

Li et al. 2006 

Flexible energy 

storage devices 

High specific surface area, 

electrical conductivity 

Flexibility, super-capacitors Pushparaj et al. 

2007 

Chip cooling High thermal conductivity, low 

density 

Cooling performance similar 

to copper 

Kordas et al. 2007 

Gecko tape Small size, high specific 

surface area 

Adheres well to a variety of 

surfaces 

Ge et al. 2007 

Easy to clean surface Small size, high specific 

surface area 

Hydrophobic, self-cleaning 

‘lotus’ surface 

Sethi et al. 2008 

Dye solar cell counter 

electrodes 

Electrical conductivity, high 

specific surface, stability 

Inexpensive, platinum-free 

option 

Aitola et al. 2011 

Rotating/sliding 

electrical contact 

Electrical conductivity, spring-

like behaviour 

Low-noise electrical contact 

on moving surfaces 

Toth et al. 2009 

Regardless of the unique properties and the applications demonstrated over the 

twenty years of the CNT era, major commercial breakthrough (besides composite 

reinforcement) is still pending. The production of CNTs has increased rapidly 

during the past few years (Nanowerk 2011), but the bottlenecks of CNT 

commercialization are cost, quality fluctuation, inability to produce SWCNTs 

selectively and difficulties in cost-effective large-scale manipulation of CNTs into 

ordered structures for macroscopic applications. But is two decades really a long 

time for commercialization? In 1995, Eager & King wrote in Technology Review 
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that the typical interval between invention of new materials and their commercial 

utilisation is approximately 20 years. In their view, this interval is too long for the 

following reasons: (i) the profit expectation (to pay off the 20 years of 

investments) becomes unrealistically high, making the technology not appealing 

to investors, (ii) after 20 years, patent protection will already be expiring, which 

limits the profitability of the new material and (iii) life cycles of products are 

becoming shorter and shorter, making the time available for making profit also 

shorter. In 1995, Eager & King attributed the delay between invention and 

commercialization to lack of communication; designers of products simply do not 

know how to utilize the full potential of the new materials. On the other hand, 

materials engineers often focus on one specific property, ignoring important 

secondary requirements, such as ease of fabrication and upscaling and cost 

efficiency. In order to utilise the full potential of the new materials, researchers 

therefore should be aware of the design requirements and, correspondingly, 

product designers need to modify their designs to fully employ the advantages of 

the new materials.  

1.3 Synthesis methods  

Three principal methods for producing carbon nanotubes are: (i) arc discharge, 

(ii) laser ablation and (iii) chemical vapour deposition with its many variations. 

Arc discharge and laser ablation produce CNTs as powders, whereas chemical 

vapour deposition (CVD) is used to produce well-aligned CNT films. In the 

following, the three CNT growth methods are described in closer detail. 

Arc discharge 

Arc discharge was originally used for producing fullerenes. In 1991, Iijima 

performed a closer study of the carbonaceous soot deposited on the cathode, and 

also found cylindrical fullerenes, i.e. carbon nanotubes, in the deposit. An arc 

discharge reactor consists of a chamber filled with helium at a pressure of 0.5 

atmospheres and a pair of graphitic electrodes connected to a voltage supply (10–

30 V). Correct adjustment of the position of the biased electrodes results in an arc 

discharge with a current of ~100 A in the gas. This arcing results in an 

evaporation of the graphitic anode and, as the carbonaceous material cools down, 

it precipitates in the forms of nanotubes, fullerenes and soot, either on the cathode 

or on a special collector. When pure graphite electrodes are used, the carbon 
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nanotube product is multi-walled (Ebbesen & Ajayan 1992). If the anode is doped 

with nickel, cobalt, iron, etc. the product also contains single-wall CNTs (Bethune 

et al. 1993, Iijima & Ichihashi 1993). The advantages of the arc discharge method 

are selectivity between SWCNT/MWCNT production as well as high nanotube 

crystallinity, quality and yield. The drawback of the method is the resulting 

randomly oriented powder with significant amounts of carbonaceous side 

products that require subsequent purification (Ando et al. 2004). 

Laser ablation 

Laser ablation or pulsed laser vaporization is a convenient method for producing 

single-wall carbon nanotubes. The main components of the process are a 

windowed quartz tube holding a graphite target doped with Fe, Ni and/or Co. The 

quartz tube is placed in a furnace and connected to an argon gas line and a water-

cooled SWCNT trap. The graphite is fired with a YAG or CO2 laser to vaporize 

the surface of the graphite in inert Ar gas (pressure typically ~500 Torr). The 

flowing Ar transfers the vaporized carbon onto the collector (or trap). As the 

carbonaceous material cools down, it precipitates into single-walled carbon 

nanotubes (Thess et al. 1996, Bandow et al. 1998). The advantages of this method 

are the high-quality of the SWCNT product (annealing at high process 

temperature decreases defects), the ability to control nanotube diameter 

distribution (by modifying temperature, catalytic metals and Ar flow rate) and the 

possibility for closer inspection of growth dynamics. Disadvantages are the 

powder-form product and limited scalability for mass production (Ando et al. 

2004). 

Chemical vapour deposition  

Chemical vapour deposition (CVD) is a family of different methods with the 

common denominator of the use of catalyst metal nanoparticles and carbonaceous 

vapours or gases. More specifically, growth is based on the decomposition of 

hydrocarbon (or alcohol) precursors in the presence of a catalyst metal. Usually 

the energy required for the decomposition of the carbon precursors is provided by 

the high temperature (600–1200°C, thermal CVD) or by ionization and 

subsequent acceleration and collision with other particles in an electric field 

(plasma-enhanced CVD) (Ando et al. 2004).  
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A commonly accepted model for CNT formation using the CVD method is 

the vapour-liquid-solid mechanism similar to the model used for illustrating the 

formation of silicon whiskers in the presence of catalyst particles, such as gold 

(Wagner & Ellis 1964). In this model, small particles of catalyst metal 

(nanoparticle catalyst) are deposited on a substrate. As the process temperature is 

reached (> 500°C), the catalyst particle becomes liquefied (the liquid). The 

carbonaceous precursor gas (the vapour) is decomposed in the gas phase (or on 

the surface of the catalyst), and carbon diffuses into the catalyst. As 

supersaturation is reached and the solubility of carbon due to any external 

stimulus is decreased, a single crystal (the solid) starts to precipitate on the 

catalyst. 

Depending on the interaction between the catalyst nanoparticle and the 

substrate, growth occurs either at the base or in the tip of the nanotube. In base/tip 

growth the interaction is strong/weak and the catalyst stays at the root/tip of the 

growing nanotube (Ando et al. 2004). 

Transition metals, such as Fe, Ni, Co and Mo, are commonly used as catalysts 

of CNT growth in CVD methods. According to the corresponding phase 

diagrams, carbon has a considerable solubility in these metals at high 

temperatures, leading to solid-solid solutions from which carbon may precipitate 

if the metal is saturated with it and the solubility is decreased due to 

temperature/pressure fluctuations or changes in the surface curvature of the 

catalysts.  

The catalyst may be applied in a solid form, such as ferrocene, cobaltocene or 

nickelocene, which are dissolved in the carbon source (such as xylene or 

benzene), vaporized in a heater column or within the reactor, and then carried to 

the reaction chamber by an inert carrier gas. In the hot zone of the reactor, the 

metal precursor decomposes, forming nanoparticles which then ‘rain’ over the 

template and everywhere within the reactive zone of the reactor (Sen et al. 1996). 

Another approach for applying the catalyst is to impregnate the growth template, 

such as zeolite, alumina or silica, with acetates, acetylacetonates or nitrates of the 

catalyst metal (Mukhopadhyay et al. 1999, Nagaraju et al. 2002). The catalyst 

may, alternatively, be deposited by thermal or electron beam evaporation or by 

sputtering of thin metal films, which are then typically annealed to form small 

clusters on the surface. The size of the resulting catalyst is dependent on original 

film thickness and wetting properties of the substrate with the metal. The final 

catalyst size is the primary factor that determines the diameter of the synthesized 

CNTs (Chhowalla et al. 2001). 



28 

In the case of a floating Fe catalyst (applied using vaporization and 

decomposition of ferrocene), CNTs can be grown selectively on SiO2/Si growth 

substrates. More precisely, CNTs grow only on SiO2 layer, not on Si. This is 

advantageous because SiO2 can be patterned on Si as required using 

photolithography and wet chemical etching, and the resulting CNT film follows 

the etched SiO2 pattern (Wei et al. 2002). This selectivity is based on the chemical 

reaction between Fe and Si; the catalyst is deposited on SiO2 as γ-Fe, which is 

catalytically active. On Si surface, iron reacts with the silicon and forms 

catalytically inactive FeSi2 or Fe2SiO4 phases (Jung et al. 2003). 

CVD, and especially thermal CVD, is a very versatile method because the 

carbon precursors can be applied in solid, liquid or gaseous form, and the catalyst 

can be either floating or pre-deposited. In PECVD, gaseous hydrocarbon 

precursors are usually the only option, and the catalyst has to be pre-deposited on 

the growth template prior to the nanotube synthesis. Camphor or naphthalene, 

both easily sublimated solid sources of carbon, may be applied. Ethanol, 

methanol, xylene and benzene are typical liquid carbon sources that are vaporized 

in a heater column or in a cooler zone of the reactor before conducting the vapour 

into the hot reaction zone. For gas phase precursors, methane, ethylene and 

acetylene are the most popular choices of sources of carbon. 

When considering CVD it is also important to mention the high-pressure 

carbon monoxide (HiPCO) process, in which CO gas is mixed with Fe(CO)5, and 

the mixture is conducted into the reaction chamber at a pressure of 30–50 atm. In 

high temperatures Fe(CO)5 decomposes into Fe nanoparticles, which catalyses the 

disproportionation reaction of CO and deposits carbon nanotubes over the Fe 

catalyst (Bronikowski et al. 2001) as CO + CO → CO2 + CSWCNT. 

In conclusion, the CVD method has considerable advantages over most of the 

other processes because it is highly versatile, scalable, and can be used to produce 

highly aligned films – albeit at a slightly inferior quality compared to arc 

discharge and laser ablation. 
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2 Controlled synthesis using chemical vapour 
deposition 

In this chapter, the catalytic chemical vapour deposition method used for growing 

multi-walled carbon nanotubes is described in closer detail and the impact of 

reaction time, growth temperature and catalyst precursor concentration on multi-

walled carbon nanotube film thickness, purity and density are described. The 

growth mechanism and the factors that limit growth are illustrated using an 

Arrhenius plot, and the role of activation energies and the diffusion of the 

precursor gas inside the growing CNT forest and are considered. The chapter 

concludes with finite element simulations of gas flow and temperature inside the 

horizontal tube furnace to gain further insight to growth dynamics. These results 

were originally presented in Paper I. 

2.1 Background 

Commercial utilisation of CNTs depends on the ability to grow them in a 

controlled manner. In addition to application of individual nanotubes, 

mechanically robust, well-aligned CNT forests are also objects of interest. 

Because predefined growth templates can be used for growing CNTs by CCVD 

(Wei et al. 2002, Jung et al. 2003), the method is a suitable choice for producing 

well-aligned films with arbitrary footprint area and shape. The parameters that 

influence the growth rate are temperature, reaction time, carrier gas flow rate, 

precursor and catalyst materials, catalyst concentration, precursor feeding rate and 

the growth template.  

The parameters selected for our study of controlled MWCNT growth process 

using the CCVD method are reaction time, temperature and catalyst precursor 

concentration. CNT film thickness (i.e. nanotube length), diameter distribution, 

film density and amount of graphitized carbon in the film are also analysed (Paper 

I). 

2.2 The catalytic chemical vapour deposition system 

The process setup consists of a horizontal quartz tube placed in a furnace, a 

precursor feeding line with a heated evaporation column, a precursor pump and 

an exhaust gas line with gas bubbler and vacuum pump (Fig. 2).  
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Fig. 2. Photograph of a catalytic chemical vapour deposition reactor. Tube length is 

1200 mm, and the inner diameter of the tube is 50 mm. The precursor solution is fed 

into the evaporation column heated to ~185°C (vertical container wrapped in 

aluminium foil), from where the vapours are conducted to the reactor using Ar or Ar/H2 

gas. In a modified setup, the evaporator column is eliminated and precursor solution 

is injected directly into the quartz tube at a point where the temperature is ~185°C. 

The growth templates used in the study were Si/SiO2 chips with SiO2 footprint 

area of 1×1 cm2 and thickness of 1000 µm. Prior to application the chips were 

cleaned with acetone, immersed in ethanol-HF solution (4:1) for 10 seconds and 

flushed with ethanol to remove any organic residue and native oxide from silicon. 

After drying with pressurized N2, the chips were weighted and inserted into the 

tube furnace in two rectangular alumina boats. The first boat was inserted 100 

mm deep in the furnace (position 1), and the second boat was inserted to 120 mm 

(position 2). The tube was sealed, vacuum was established and the tube was 

flushed twice with argon to remove any oxygen. After the pressure inside the tube 

had settled to ambient room pressure, the Ar carrier gas flow was set to 40 

mL/min and the furnace was heated to 770°C. Pre-feeding was conducted by 

pumping 1 mL of xylene-ferrocene (20 g/L) precursor into the vaporization 

column heated to 185°C. The vaporized precursor was then inserted to the furnace 

using Ar carrier gas, and the feed rate of the precursor solution was set to 0.1 

mL/min. Reaction was stopped by turning off precursor feeding. After the end of 

precursor feeding, tube temperature was maintained at 770°C for 10 minutes, 

after which the tube was flushed with Ar. Reactor sealing was maintained until 

temperature had decreased to 300°C. 

To remove amorphous carbon from the MWCNT film, post-annealing was 

performed in a box furnace in ambient air at 480°C for 2 hours. All samples were 

weighted before growth, after growth and after annealing to define their CNT 

content (Paper I). 
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2.3 The effect of reaction time 

To study the effect of reaction time (10, 20, 30, 40, 60, 90, 120 and 360 minutes) 

on the nanotube growth process the other parameters were maintained constant: 

temperature was 770°C, precursor solution 20 g/L of ferrocene in xylene, 

precursor feeding rate 0.1 mL/min and argon carrier gas flow rate 40 mL/min.  

Significant CNT film growth starts after 10 minutes. This initial delay is 

caused by the drift of the precursor from the evaporator to the reaction zone of the 

tube furnace and the decomposition of ferrocene to produce Fe catalyst 

nanoparticles on the SiO2 surface. Once reaction conditions have stabilised, 

uniform, well-aligned film grows selectively on the SiO2 surface. The uniformity 

of the films was verified using FESEM, XRD and optical microscopy 

measurements (Fig. 3) (Paper I). 
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Fig. 3. (a) Field-emission scanning electron microscopy (FESEM) image of highly 

aligned multi-walled carbon nanotubes (60 minutes at 770°C, reactor pressure 760 

Torr, carrier gas (Ar) flow rate 40 mL/min, precursor 20 g/L ferrocene in xylene with a 

feeding rate of 0.1 mL/min). Inset: MWCNT film detached from the template (side view). 

(b) X-ray diffraction (XRD, Cu Kα) pattern of a similar film post-annealed in air at 480°C 

for 4 hours. The low intensity reflection of the otherwise very intensive C(002) plane 

compared to planes C(10) and C(11) is a clear sign of the high degree of alignment 

(Paper I, reprinted with permission from The Journal of Physical Chemistry C. 

Copyright (2008) American Chemical Society). 

Diameters of the nanotubes analysed using transmission electron microscopy 

were typically between 10 and 90 nm. For growth time of 60 minutes, the 

diameters follow log-normal distribution peaking at ~25 nm, but when growth 

time was extended to 120 minutes the diameter distribution follows bimodality 

showing another peak at ~70 nm. Increased density is also observed as reaction 

time increases. The reason for the diameter widening with longer reaction times 

might be the coarsening of the catalyst particles, which occurs for two reasons: (i) 
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continuous catalyst precursor feeding leading to continuous metal nanoparticle 

growth and (ii) surface diffusion of Fe on SiO2 surface causing agglomeration and 

coalescence. In very long experiments (6 hours), the nanotubes were covered by a 

40–60 nm layer of carbonaceous material containing grains of Fe nanoparticles 

(Fig. 4) (Paper I). 
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Fig. 4. Transmission electron microscopy images of CNTs grown for (a) 1 hour (b) 2 

hours and (c) 6 hours. The TEM image in upper inset shows CNTs partially coated with 

amorphous carbon. The lower inset shows a selected area electron diffraction pattern 

of the coated nanotube. (d) Nanotube diameter distribution in films grown for 1 and 2 

hours. (e) Film thickness and mass after post-annealing (inset) vs. growth time plots. 

(f) Post-annealed film density and graphitized content (inset) vs. growth time plots 

(Paper I, reprinted with permission from The Journal of Physical Chemistry C. 

Copyright (2008) American Chemical Society). 

The film thickness plot has a square-root-shaped curve as the rate of growth 

gradually decreases. This suggests diffusion-limited growth similar to growth of 

oxide on various metals and semiconductors (Dimitrijev & Harrison 1996, Pap et 

al. 2004). The Deal-Grove diffusion-limited growth model corrected with an 

initial delay can be expressed as 
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 ℎ + ℎ = ( − ),  (8) 

where h is thickness, t is growth time, τ0 is the initial delay, B is the parabolic rate 

constant related to diffusion-limited growth and B/A is reaction rate at the catalyst 

surface (Zhong et al. 2007). The equation fits well to the CNT thickness vs. 

growth time plot, Fig. 4(e) (Paper I). 

To estimate the role of diffusion on CNT growth, we also have to consider the 

mean free path of colliding precursor gas molecules in the reactor conditions. The 

mean free path is 

 	√ ,  (9) 

where kB is Boltzmann’s constant, T is temperature, p is pressure and d is distance 

between the centers of colliding gas molecules (Atkins 1997).  

In a simplified scheme, collisions in this system are between Ar-Ar, Ar-

xylene and xylene-xylene molecules with the estimated d values of 3.4 Å, 5.2 Å 

and 6.9 Å. The reaction conditions were T = 1043 K, p = 100 kPa, Ar flow of 40 

mL/min and xylene flow of 0.1 mL/min. The weighted average ‹d› is therefore 

approximately 4.4 Å for collision cross-section, resulting in an average mean free 

path of λ ≈170 nm. In reality, the reactant gas undergoes thermal cracking in high 

temperature, making the actual molecule size smaller and the mean free path 

longer than 170 nm. If we compare this to the typical intertubular distance in the 

CNT forest, approximately 100 nm, we can conclude that the growth of the CNT 

film is limited by the diffusion of reactants in the porous nanotube film that has 

already formed. 

It should be noted that diffusion of the precursor gas is not necessarily the 

only factor limiting the growth. If the growth temperature is low enough to set the 

growth process into kinetic control (reaction path is towards lower activation 

energy) of carbon dissolution and diffusion inside the catalyst, there might be 

sufficient amount of reactants in the proximity of the catalyst despite the limited 

diffusion of the gaseous species inside the CNT forest. Moreover, the decay of the 

CNT growth rate is not only due to diffusion limitations; it is highly likely that the 

catalyst deactivates gradually especially in the case of long growth times. This 

might be caused by agglomeration of the catalyst into bigger, inactive particles or 

poisoning of the catalyst by carbonaceous deposition (Cui et al. 2003, Li et al. 

2007). Catalyst lifetime and growth time can be increased by introducing a small 

amount of water or oxygen into the reactor, resulting in longer CNTs. The water 

acts as source of oxygen for oxidizing the carbon precipitation from the catalyst 
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into CO, which then leaves the surface in gaseous form (Hata et al. 2004, 

Yoshihara et al. 2007). 

2.4 The effect of catalyst precursor concentration 

The constant parameters used in studying the effect of ferrocene concentration in 

xylene (5, 10, 20 and 40 g/L) on CNT growth were temperature 770°C, time 60 

min, Ar flow 40 mL/min and precursor feeding rate 0.1 mL/min. With the 5 g/L 

solution, the growth rate, CNT film density and amount of graphitized carbon 

remained low. In the other end of the scale, at 40 g/L, the growth rate and film 

density again decreased slightly, and the amount of defects increased. Thus the 

optimum concentration for ferrocene is between 10 and 20 g/L. The diameter 

distribution follows log-normal statistics in all cases, and was fairly independent 

of ferrocene concentration (Fig. 5) (Paper I). 
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Fig. 5. Impact of precursor concentration on CNT film growth at precursor feeding rate 

of 0.1 mL/min (pre-feeding of 1 mL at t = 0 was applied for each experiment), growth 

time 60 min, temperature 770°C and carrier Ar flow rate 40 mL/min. (a) Film thickness, 

density and graphite content vs. ferrocene concentration. (b) TEM images of CNTs 

grown using 10 and 40 g/L precursors. (c) CNT diameter distribution for 10, 20 and 40 

g/L precursors (Paper I, reprinted with permission from The Journal of Physical 

Chemistry C. Copyright (2008) American Chemical Society). 

As a carbon nanotube grows, it simultaneously consumes the catalyst particle by 

in-taking it as a capsulated rod inside the core of the nanotube (Kordas et al. 

2007). If the supply of additive catalyst material to compensate for material 

consumed is too slow due to low ferrocene concentration, CNT growth is slow or 

may stop entirely. The density of the catalyst deposited on the growth template 

may be low due to low concentration, resulting in a CNT film of low density. On 

the other hand, if catalyst deposition is too rapid, oversized inactive catalyst 

clusters may form and prevent CNT growth (Dupuis 2005). 

2.5 The effect of temperature 

To further examine the growth mechanism, synthesis temperatures were varied 

between 740 and 830°C (other parameters being 60 minutes growth time, 20 g/L 

ferrocene in xylene, feeding rate of 0.1 mL/min and carrier gas flow rate of 40 
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mL/min). The active zone inside the reactor where the CNT growth occurs is very 

sensitive to furnace temperature and is found at a depth of approximately 90–130 

mm from the edge of the heated zone. The active zone moves outwards from the 

heated zone as temperature increases and, correspondingly, moves inwards as 

temperature decreases. The active zone is defined by the location where ferrocene 

decomposes and forms iron catalyst nanoparticles through nucleation and growth. 

According to computed fluid simulations at temperatures exceeding 700°C, 

decomposition of ferrocene takes place within a few centimetres after entry to the 

heated zone of the furnace (Kuwana & Saito 2005). As the reaction zone moved 

outwards or inwards due to changes in temperature, optimum position was 

determined separately for each growth temperature (Paper I). 

(a) Growth temperature (oC)

740 770 800 830

C
N

T
 fi

lm
 th

ic
kn

es
s 

(μ
m

)

0

400

800

1200

1600

2000

Growth temp. (oC)
740 785 830

m
an

ne
al

ed
/m

gr
ow

n

0.6

0.8

1.0

Growth temp. (oC)
740 785 830

C
N

T
 fi

lm
 d

en
si

ty
 (
g/
cm

3 )

0.0

0.2

0.4

 (b) 1000/T (1/K)

0.90 0.92 0.94 0.96 0.98 1.00

ln
(C

N
T

 fi
lm

 th
ic

kn
es

s/
μ m

)

4.8

5.5

6.2

6.9

7.6

Ea,762-830 oC = 164 ± 12 kJ/mol 

Ea,740-770 oC = 405 ± 61 kJ/mol 

o Experimental data 
― Arrhenius fit 762-830 oC  
― Arrhenius fit 740-770 oC  

  

Fig. 6. Temperature dependence of CNT film growth. (a) Film thickness and graphitized 

content (inset) vs. growth temperature, (b) Arrhenius plot of CNT growth (Paper I, 

reprinted with permission from The Journal of Physical Chemistry C. Copyright (2008) 

American Chemical Society). 

As shown in Fig. 6, the CNT growth rate shows significant dependence on 

temperature. At low temperatures (<765°C) the rate is low and the amount of 

amorphous carbon is high (see insets in Figure 6(a)). This dependence on 

temperature implies strong kinetic control (the reaction pathway favours the route 

where the product has lower activation energy versus the product which is more 

thermodynamically stable). The Arrhenius equation defines the dependence of 

rate constant k of the chemical reaction on temperature and activation energy as 

 ln = ln −	 ⁄ ,  (10) 

where A is the frequency or pre-exponential factor, Ea is the activation energy and 

R = 8.314 J·mol-1·K-1 (Atkins 1997). According to the Arrhenius plot in Fig. 6(b), 

two regimes with different activation energies were found: the first in the range of 
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740–770°C with activation energy of 405±61 kJ/mol, and the second in the range 

of 762–830°C with activation energy of 164±12 kJ/mol (Paper I). The activation 

energy in the lower temperature regime corresponds to thermal cracking of 

hydrocarbons. In the case of xylene, decomposition starts with C-C scission 

between benzyl and methyl groups (Ea ~ 301–343 kJ/mol) followed by C-H 

cleavage in methyl groups (Ea ~ 318–330 kJ/mol), producing benzyl, methyl, 

methylbenzyl and hydrogen radicals (Burr &Strong 1964, Errede & DeMaria 

1962, Szwarc 1948, Schaefgen 1955). These radicals react further until stable 

species (methyl and ethyl) and finally soot are formed. As these initialization 

reactions are the stages with highest energy requirements, they are also the steps 

that limit the growth rate at low temperatures. 

In higher temperatures (762–830°C) the CNT growth rate increases. CNT 

content peaks at 770–800°C, and film density shows a tendency to decrease. The 

decrease in CNT content and density in the highest temperatures may be caused 

by rapid xylene decomposition followed by precipitation of carbonaceous species 

on the nanotubes that have already formed.  

According to the VLS model of carbon nanotube growth, we may assume 

carbonaceous species to adsorb on the surface of the catalyst and decompose into 

carbon and other species. Carbon diffuses inside the catalyst, and the other 

species either leave the catalyst surface or remain there, gradually poisoning the 

catalyst (Helveg et al. 2004, Ajayan 2004, Bhushan (Eds.) 2004). The diffusing 

carbon forms a supersaturated solution with the catalyst and, due to thermal 

instability, the carbon precipitates out in the form of an emerging graphene tubes. 

In this process the step with the highest energy requirement is the diffusion of 

carbon through the catalyst metal. The bulk diffusion activation energy of carbon 

in bcc Fe is 71–83 kJ/mol, in fcc Fe 87 kJ/mol and in fcc Fe supersaturated with 

carbon 202 kJ/mol (Jiang & Carter 2003). If the CNT growth reaction is 

presumed to be zero-order, i.e. carbon is available in constant concentration, then 

the activation energy of carbon diffusion must be between 71–202 kJ/mol, and 

has been defined as 125±13 kJ/mol by Lee et al. (2002). Accordingly, the 

activation energy of 164±12 kJ/mol measured between 762 and 830°C indicates 

that diffusion of carbon through the catalyst nanoparticle is the key factor limiting 

the growth (Paper I). 
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2.6 Gas flow and temperature simulations 

To gain clearer insight of the carbon nanotube growth process, the gas flow 

conditions were simulated using finite element computational fluid dynamics. The 

model boundaries included the gas flow in the inlet and the outlet of the quartz 

tube and reactor temperature measured in several locations with a thermocouple. 

Local thermodynamic effects were not considered, and flow of gas was simplified 

to argon instead of precursor vapour/carrier gas mixture. 

Three distinct flow regions were found: (i) the inlet section of the quartz tube 

prior to the heated zone. The precursor vapour (~200°C) enters the quartz tube at 

a relatively fast flow rate, but since the temperature of the tube is lower (~100°C), 

the vapour cools down, sinks to the bottom of the tube and continues moving 

towards the heated zone by drifting. As the drifting vapour approaches the heated 

zone, it heats up again within the few centimetres of the drift and moves upwards 

because of buoyancy. Thus the majority of the vapour flows backwards, and only 

a small fraction of it enters the heated zone. (ii) In the heated zone (the inside of 

the furnace) the flow is laminar with speed of ~2 mm/s. (iii) The third region is 

the outlet part of the quartz tube, which shows similar circular flow as the inlet 

section (Paper I). 
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(a)  

 

(b)  

Fig. 7. Finite element modelling of (a) temperature fields inside the reactor and (b) 

precursor flow fields in the proximity of the sample holder boat with different preset 

temperatures (770°C and 830°C) and carrier flow rates (30 mL/min and 100 mL/min). 

The heated volume is highlighted with the dotted lines (Paper I, reprinted with 

permission from The Journal of Physical Chemistry C. Copyright (2008) American 

Chemical Society). 

Our calculations of the temperature fields indicated that the temperature maps 

were fairly independent of gas flow rate and that the temperature in and around 

the sample holder boats is uniform and equals the preset reactor temperature (Fig. 

7(a)). The flow in the proximity of the sample boat was also found to be 

independent of the preset gas flow rate (simulated with gas flow of 40 mL/min 

and 100 mL/min) and showed very slow laminar flow, < 0.4 mm/s (Fig. 7(b)) 

(Paper I).  

Drift and diffusion times were calculated to estimate the role of drift and 

diffusion on CNT growth. Because of the laminar flow, the drift only has a 

horizontal component with values of νdrift ~0.22 and 0.32 mm/s for gas flow rates 

of 40 and 100 mL/min. This was measured in center of the boat at a height of 1 

mm from its bottom. As the length of the CNT growth region is 10 mm, the drift 

time for flow occurring above it is τdrift = 10 mm / νdrift~ 30–40 s. Diffusion takes 
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place vertically from the top of the growing CNT film to the bottom, and 

diffusion length is 1 mm. Diffusion time is defined by 

  = (4 )⁄ ,  (11) 

where λ is diffusion length and D is diffusivity according to the Stokes-Einstein 

equation 

 = (6 )⁄ ,  (12) 

where k is Boltzmann’s constant, T = 1043 K, η is the viscosity of the fluid 

(4.5·10-5 Pa s) and r is the radius of the spherical particle (1.7·10-10 m). 

Accordingly, the diffusion constant is ~10-7 m2/s. The estimated diffusion time τdiff 

~ 2.5 s is at least an order of magnitude smaller than the drift time. Precursor 

transport is thereby controlled by diffusion rather than drift.  

As the CNT growth rate was found to be independent of precursor flow in the 

simulations and experiments conducted, the flow regions are sensitive to 

temperature changes. When reaction temperature is increased, the region (ii) 

shifts from the heated zone towards the inlet. This is also consistent with the 

experimental finding that optimum CNT growth position depends on temperature 

(Paper I). 
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3 Carbon nanotube membranes on three-
dimensional scaffolds  

In this chapter, background information on the use of nanomaterials in 

macroscopic three-dimensional arrangements is given, micromachining 

procedures of 3-dimensional growth templates and conformal growing method of 

aligned carbon nanotubes are described, and the gas permeability of the 3-D 

MWCNT structure is studied as the function of growth time. Filtering efficiency 

of submicron-sized particulates is also demonstrated. These results were 

originally presented in Paper II. 

3.1 Background 

There are numerous interesting nanomaterials in the world, but from the point of 

view of industrial application of nanotechnology the bottleneck limiting the 

utilisation of the full potential of these materials is the challenge in organizing 

them into macroscopic systems without compromising their unique intrinsic 

properties. On the other hand, nanomaterial assemblies have shown superior 

performance when used as catalysts and in filtering applications (Gellman & 

Shukla 2009, Ahn et al. 2006). Since CCVD is a feasible method for growing 

patterned CNT films on templates (as demonstrated earlier on planar surfaces in 

Paper I and other sources), we can expect to have three-dimensional structures if 

the templates are also three-dimensional. In order to study and verify this, 

microstructured 3-dimensional Si/SiO2 growth templates were generated using 

laser cutting of Si followed by thermal surface oxidation (Paper II).  

3.2 Three-dimensional template fabrication 

A frequency-tripled Nd:YVO4 pulsed laser (wavelength 355 nm, pulse duration 

20 ns, focal spot size ~15 µm, repetition rate 20 kHz, average power 3.2 W, scan 

rate 50 mm/s) was used to cut 4” silicon wafers with thickness of 500 µm into 

small discs with a diameter of 8.5 mm. Cylindrical holes with a diameter of 500 

µm were drilled through the discs in a hexagonal pattern with a center-to-center 

distance of 1 mm. The microstructured silicon discs were cleaned in KOH 

solution (1 M, room temperature, ~3 minutes) to remove the Si debris that was 

formed during the laser processing. The cleaned discs were oxidized in air at 

1000°C for 12 hours to generate a thin conformal SiO2 diffusion barrier layer over 
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the entire three-dimensional structure to make it suitable for growing carbon 

nanotubes using CCVD (Paper II). 

3.3 Multi-walled CNT growth on three-dimensional templates 

The catalytic chemical vapour deposition procedure is similar to the method 

described above in Chapter 2.2. For pre-feeding, 2 mL of xylene-ferrocene 

solution was applied followed by a period of normal growth with continuous 

precursor feeding for 0, 20, 30 and 40 minutes. Aligned MWCNTs grew over the 

entire surface of the three-dimensional template perpendicular to the surface. On 

the upper and lower facets of the template discs the films were similar to those 

synthesized on the planar templates; inside the drilled cylindrical through-holes, 

however, the nanotubes were not exactly parallel but pointed towards the center 

line of the cylindrical via (Fig. 8) (Paper II).  

 

Fig. 8. MWCNT scaffolds grown on three-dimensional Si/SiO2 as membrane-type 

structures. (a) Photograph of a heap of membranes. (b), (c) angled FESEM images of a 

scaffold. 

As the growth time was increased, the holes were gradually filled, and after 30 

minutes of growth no macroscopic or microscopic pinholes could be observed. 

Growth times longer than 30 minutes caused the growing nanotubes inside the 

holes to bend parallel to the cylinder wall (Fig. 9) (Paper II). 

 

Fig. 9. MWCNT growth evolution as function of time on the three-dimensional 

templates. (a) Pre-feeding only, (b) 20 min, (c) 30 min and (d) 40 min growth times. 
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3.4 Gas permeability and particulate filtering 

The nanotube membranes grown on micromachined templates were mounted in a 

silicone rubber tube, which provided good sealing along the perimeter of the 

discs. The flow rate of argon gas through the CNT membrane was measured using 

different flow meters ranging between 5 mL/min and 10 L/min. The pressure drop 

on the membrane was measured using a regulator gauge (AGA, R40/A1 Gb, 

range from 30 kPa up to 200 kPa), a piezo transducer (HPS series 902, range from 

2 kPa to 30 kPa) and a manometer (range from 0.01 kPa to 2 kPa) (Paper II).  

The gas permeability of the CNT membrane was estimated on the basis of 

pressure drop on membrane as a function of gas flow rate at output (Fig. 10). The 

gas permeability of the CNT membrane showed significant dependence on CNT 

length, structure and the density on the scaffold. For shorter growth times and 

shorter CNTs, the membrane enabled a high gas flow rate through the membrane 

pinholes, and only small pressure difference could be applied across the 

membrane. In the case of the membranes grown for 40 minutes, the pressure 

difference was already significant, and gas flow was almost blocked (Paper II). 

The intrinsic permeability of the membrane can be estimated by applying Darcy’s 

law for fluid flow through porous media, where a constant pressure gradient in the 

membranes is assumed on the basis of formula 

 = ∆ 	 		 ⇔ = 	 		 ,  (13) 

where Q is the gas flow rate, Δp is the pressure drop on the membrane, A is the 

total cross section of gas flow (16.7·10-6 m2), η is the dynamic viscosity of the 

fluid (Ar, 2·10-5 Pa s) and L and µ are the thickness (5·10-4 m) and the intrinsic 

permeability of the membrane respectively.  
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Fig. 10. Gas pressure drop on different membranes as a function of flow rate (Paper II, 

reprinted with permission from ACS Nano. Copyright (2010) American Chemical 

Society). 

Samples with short growth time showed the highest permeability due to the 

strong flow through the microscopic channels that are only partially blocked by 

the nanotubes (Table 3) (Paper II). The permeability values of the other samples – 

produced using longer synthesis times – show reasonable agreement with 

measurements performed on other porous carbonaceous media (Biloe & Mauran 

2003) of densities similar to our nanotube films (Paper I) (~150-200 kg·m-3 

measured for non-compressed planar aligned films). The intrinsic gas 

permeability of highly porous graphite matrices with densities between ρ = 20–

200 kgm-3, for instance, was found to be in the range from 10−12 to 10−15 m2 

(Cooper et al. 2003). Similar results (from 2.5·10−14 to 10−15 m2) were obtained 

for compressed exfoliated graphite (ρ = 100–190 kgm-3 (Celzard et al. 2005)). 

The very large ~50-fold drop of the permeability for samples with 40-minute 

growth compared to 30-minute growth is explained by the limited percolation of 

the pores through the membrane (Celzard et al. 2005). 

Table 3. Intrinsic permeabilities of CNT membranes measured in Ar flow at 23°C 

(Paper II, reprinted with permission from ACS Nano. Copyright (2010) American 

Chemical Society). 

Membrane Growth time Q/Δp (m3/s Pa) µ (m2) 

1 Pre-feeding (3.1 ±1.1)⋅10-8 (1.88 ±1.68)⋅10-11 

2 20 min (1.7 ±0.1)⋅10-8 (9.9 ±0.78)⋅10-12 

3 30 min (9.3 ±0.3)⋅10-10 (5.58 ±0.18)⋅10-13 

4 40 min (2.0 ±0.1)⋅10-11 (1.20 ±0.06)⋅10-14 
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To demonstrate particulate retention of the nanotube filters, ambient office air 

with flow rate of 30 mL/min was conducted through a CNT membrane (40 min 

growth) sealed inside a silicone tube. A sheet of household HEPA air filter (Ideale, 

class H10) with thickness of ~200 µm mounted inside a silicone tube was used as 

reference material. The concentration of particles with diameters of 0.3–2 µm in 

outlet gas was monitored using a handheld Lighthouse 3016 IAQ airborne laser 

particle counter (Fig. 11). 

Fig. 11. Concentration of particulates with a diameter of 0.3–2 µm in office air before 

and after filtering through the CNT membrane grown for 40 min and a sheet of 

commercial household HEPA filter of ~200 µm thickness (Paper II, reprinted with 

permission from ACS Nano. Copyright (2010) American Chemical Society). 

The CNT membrane with lowest gas permeability also showed higher than 99% 

filtering efficiency for particles of sub-micrometer diameter, a result considerably 

better than the result achieved by the conventional HEPA filter. The sub-micron 

filtering efficiency is attributed to high density of nanotubes and nanometre-scale 

pore structure (Paper II). 
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4 Carbon nanotubes as electrode applications 
in supercapacitors 

In this chapter, micropatterned carbon nanotube films grown on quartz and 

Inconel substrates are evaluated in terms of their applicability as electrodes used 

in electric double layer capacitor applications. Specific capacitance and energy 

efficiency are determined and compared to non-patterned electrodes. These results 

were originally presented in Paper III. 

4.1 Background 

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, are 

charge storage devices used in applications that require short or pulsed electrical 

power delivery, in contrast to batteries, which are capable of supplying electrical 

power for longer periods of time but with lower transfer rates. Traditional 

capacitors used in everyday applications cannot store high amounts of energy 

without sacrificing small volume and/or weight. Because of the recent spread of 

autonomous and/or portable electrical equipment and the continuous development 

of electric transportation vehicles, however, there is a need for efficient miniature, 

high-capacity buffers to temporarily store electrical energy. Rechargeable 

batteries and supercapacitors – currently the most practical solutions to this 

problem – have, for this reason, been under intensive development during the past 

decade.  

The basic structure of a supercapacitor consists of two electrodes with an 

insulating but porous separator between them impregnated with a liquid, gel or 

polymer electrolyte. The electrodes are made of highly porous and electrically 

conductive materials with high specific surface area to allow efficient charge 

accumulation at the electrode-electrolyte interface without sterical hindrance. 

When the device is charged, counter-ions drift from the bulk of the electrolyte to 

the electrodes forming electric double-layers (Burke 2000). The amount of charge 

(ions) localized in the double layers increases with electrode area and typically 

decreases with the effective size of ions in the electrolyte. Since the amount of 

stored energy is also a function of charging voltage, the electrolyte is expected to 

remain stable over a broad electrochemical window. The most frequently applied 

electrolytes today are aqueous alkaline solutions (LiOH, KOH), but ionic liquids 

and ion-conducting polymers are also used in some applications. 
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As carbon nanotubes are electrically conductive, flexible and have high 

aspect ratio and specific surface area, they are potentially very useful as 

electrodes of dye solar cells (Aitola et al. 2011, Suzuki et al. 2003, Hino et al. 

2006, Ramasamy et al. 2008, Trancik et al. 2008, Lee et al. 2009) and in 

supercapacitors (Chen et al. 2004, Talapatra et al. 2006, Gao et al. 2008, Simon & 

Gogotsi 2008). Due to the ability to use direct synthesis on conductive substrate, 

scalability, high yield, purity and accurate control of nanotube dimensions resulting 

in well-defined structure and geometry, the CCVD method combined with 

photolithography is a very convenient choice for the production of CNT-based 

electrodes (Pitkänen et al. 2013, Huang & Dai 2002, Chatzikomis et al. 2012, 

Saito et al. 2012, Mukhopadhyay et al. 1999, Wei et al. 2003). In electrical 

applications, contact resistance of the substrate-CNT interface (Lim et al. 2009, 

Toth et al. 2009, Saito et al. 2012), mechanical robustness, integrity (Toth et al. 

2009, Lee et al. 2012) and charging/discharging behaviour of the devices (Chen et 

al. 2004, Talapatra et al. 2006, Gao et al. 2008, Simon & Gogotsi 2008) are also 

among the key parameters to be considered.  

In earlier reports of unpatterned MWCNT forests grown on Inconel 

(Talapatra et al. 2006), Inconel/Al (Gao et al. 2008) and Cu (Atthipalli et al. 

2011), the specific capacitances were in the range of ~20–80 F/g. Electrodes 

grown on insulating substrates, however, might also be interesting from the point 

of view of integration and packaging of electrical devices, although they can be 

expected to have high contact resistance and low specific capacitance. In that 

particular scenario, the challenge would be in the electrical interfacing between 

the insulating substrate and the conductive electrode material.  

4.2 Production and characterization of carbon nanotube electrodes 

Nickel-chromium-iron alloy foils, marketed under the trade name Inconel® 600 

(thickness 75 µm, composition Ni 72%, Cr 16% and Fe 8% from Goodfellow), 

were selected as the conductive substrate, and double-side polished single crystal 

quartz wafers (thickness of 500 µm, obtained from Silicon Quest Int. Inc.) were 

used as non-conducting substrates, principally because growing of MWCNTs has 

been tested previously on both materials. To achieve selective MWCNT growth, a 

thin, ~50 nm Ti film was deposited on both substrate types using RF sputtering 

(210 W, deposition rate ∼1 Å/s) and micro-patterned using a lift-off procedure 

(photoresist LOR2A, Microchem Corp., and AZ1512HS, Microchemicals GmbH) 

resulting in a Ti hardmask grid. The produced wafers and foils were then laser-cut 



49 

to smaller pieces of 20x16 mm2. The grid structure itself had 100x100 µm2 

openings with 50 µm spacing over a total area of 14x6 mm2 on each patterned 

sample. 

Prior to the nanotube growth process the substrates were cleaned using 

acetone in ultrasonic bath and then set in a horizontal tube reactor which was 

pumped down to ~1 Torr and heated up to 770°C. The Ar carrier gas flow rate 

was set to 40 mL/min, and the ferrocene-xylene precursor (20 g ferrocene in 1000 

mL xylene) was conducted into the reactor at a rate of 0.1 mL/min (using the 

procedure described in Paper I). The reaction times were 4, 6, 8, 10 and 12 

minutes for the quartz and 10, 15 and 17 minutes for the Inconel samples. 

The quality of the films and the selectivity of MWCNT growth were 

evaluated using field-emission scanning electron microscopy (FESEM, Zeiss 

Ultra Plus), transmission electron microscopy (EFTEM, Leo 912 Omega) and 

Raman spectroscopy (Horiba Jobin-Yvon LabRAM HR800 UV-vis μ-Raman at  

λ = 488 nm). Film thickness, which reflects the approximate length of the CNTs, 

was determined using electron and optical micrographs (the optical micrographs 

were acquired using an Olympus BX51 instrument) (Paper III). 

4.3 The quality of the carbon nanotube films  

Raman and TEM analyses of the synthesized carbon nanotube films reveal well-

graphitized, multi-walled nanotubes on both substrate types (Fig. 12). The 

relatively high Raman intensities of the in-plane sp2 carbon vibrations (at ~1586 

cm-1) compared to the intensities caused by sp3-hybridized carbon (at ~1360 cm-1) 

indicate low defect densities in the lattice. TEM micrographs of the samples show 

hollow tubular structures that are relatively straight on the quartz substrate and 

slightly curved on Inconel. The distribution of the nanotube diameters was in the 

range of ~20 and ~100 nm (Paper III). 
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Fig. 12. TEM images of MWCNTs grown on (a) quartz and (b) Inconel. The length of the 

scale bar shown in the insets is 100 nm. (c) Raman spectrum of MWCNT films on 

quartz and Inconel. Please note that the peaks at ~2080 and 2130 cm-1 are artefacts 

caused by stray light in the laboratory (Paper III, reprinted with permission from 

Chemical Physics Letters. Copyright (2013) Elsevier). 

The different alignment of the nanotube films grown on the very smooth polished 

quartz and on the rough Inconel surfaces is understandable as the surface 

roughness of the substrates has a considerable effect on the alignment of the 

nanotubes (Kordas et al. 2005). The nanotubes grown on Inconel are relatively 

curly and tangled, which explains the lower thickness of these films compared to 

nanotubes grown on quartz substrates under similar conditions (Fig. 13). The 

dissolution and diffusion of the iron catalyst into the metal substrate may also 

influence the CNT growth rate – unlike with quartz, which is typically used as a 

diffusion barrier (Wei et al. 2002, Wei et al. 2003, Jung et al. 2003). The 

selectivity of the nanotubes grown using a Ti hardmask is excellent and prevents 

CNT growth on titanium. This is due to the catalyst's poisoning effect of titanium, 

in which Fe may diffuse very efficiently at 770°C forming intermetallic 

compounds and solid solutions of Fe and Ti (Horibe et al. 2005, Okamoto 1996, 

Perez et al. 2002, Nakamichi et al. 2005). Titanium is a convenient and practical 

choice as hardmask material as it is relatively inexpensive, commonly used as an 

adhesion promoter and has high corrosion resistance – an important factor in 

applications where corrosive electrolytes are used (Titanium Metals Corporation 

2013). 
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Fig. 13. FESEM images of MWCNT arrays (a) on Inconel with 15 min growth time and 

(b) on quartz with 12 min growth time. Selective growth was achieved by using a 

titanium hardmask with thickness of 50 nm. Plot (c) is the MWCNT film thickness as a 

function of growth time on the two different substrates (Paper III, reprinted with 

permission from Chemical Physics Letters. Copyright (2013) Elsevier). 

4.4 Total series resistance of the electrodes 

In order to estimate the total series resistance of the MWCNT-Inconel and 

MWCNT-quartz electrodes, a sandwiched structure was created by placing a 

blank Inconel sheet on top of the MWCNT film and pressing the structure with a 

probe needle using an average force of ~50 mN. The compressive force of the 

probe needle was measured by probing the sandwich on a laboratory balance and 

measuring the mass change caused by the compression. The contact resistance 

between the growth substrates and the probe needle was evaluated by measuring 

resistance versus conductor length on narrow (2 mm) substrate pieces using a 

Keithley 2636A System SourceMeter driven by LabView code. The measured 

probe contact resistance values were 0.7 Ω, 0.6 Ω and 210 Ω for the Inconel, 

Inconel-Ti and quartz-Ti substrates respectively.  

The total series resistances of Inconel and quartz electrodes showed different 

trends as a function of synthesis times of very different magnitudes. The current-

voltage characteristics of each measured sample showed ohmic behaviour, but the 

total electrode resistance of the MWCNT-quartz structures (in the kΩ range) 

decreased as the nanotube film thickness increased. For the MWCNT-Inconel 

electrodes the total resistance was quite low (in the range of ∼20 Ω) and appeared 

to be independent of film thickness (Fig. 14) (Paper III).  
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Fig. 14. I-V curves of patterned (a) MWCNT-Inconel electrodes (growing time 15 min, 

∼60 µm) and (b) MWCNT-quartz (12 min, ∼110 µm) electrodes. (c) Total resistance of 

the electrodes as a function of growing time. Inset in figure (a) shows a schematic 

drawing of measurement setup with the upper probe coming to contact with a blank 

Inconel sheet and the lower probe coming to contact with the Ti hardmask on quartz 

or Inconel (Paper III, reprinted with permission from Chemical Physics Letters. 

Copyright (2013) Elsevier). 

On a general level, resistance was expected to increase as the length of 

conduction path increased. Here the total series resistance values show unusual 

dependency on the MWCNT length, which is clearly related to the contacts 

between the nanotubes and the substrates, and to some extent to the entanglement 

and percolation of the nanotubes themselves as there are three different kinds of 

electrical contact areas between the nanotubes and metals. (i) On quartz, the 

conduction path is formed by the titanium grid and the nanotubes positioned on 

the very edge of the growth area, i.e. the opening to the quartz, leaving the 

effective contact area relatively small. (ii) On Inconel, the electrical contact is 

also formed by the titanium grid (as in the case of quartz) but also by the bottom 

of the MWCNT array as it grows directly on the metal surface. The considerably 

low resistance values measured for Inconel samples indicate that the conduction 

path formed by the bottom of the MWCNT array plays the main role in 

conduction. (iii) The top electrode or counter electrode contact is similar for both 

quartz and Inconel (blank Inconel placed on the top of the CNTs) and should 

therefore have no influence on the result, or at least is not expected to cause any 

difference between the different samples.  

In the case of MWCNT-quartz electrodes a probable cause for the decrease of 

total resistance with longer growing times is the increasing density of the 

nanotube forests. Densely populated films with nanotubes have higher probability 

for nanotube-nanotube and nanotube-Ti contacts leading to better conduction. As 

the Inconel-MWCNT electrodes showed low total resistance independently of 
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film thickness, this suggests excellent formation of contact with the metal 

substrate at the root of the nanotubes. The expected increase of total resistance 

with increasing MWCNT length (as reflected by growth time) is, in practice, 

compensated for by the better entanglement of the nanotubes and denser CNT 

films resulting in more percolation paths between the nanotubes and the metal 

substrate and, on the other hand, between the nanotubes and the counter-electrode 

on top. 

As the probe contact resistance values (0.7 Ω, 0.6 Ω and 210 Ω for the 

Inconel, Inconel-Ti and quartz-Ti substrates respectively) are subtracted from the 

total resistance, it can be estimated that the nanotube-to-substrate contact 

resistances are >500 Ω on quartz electrode and <10 Ω on Inconel electrode. The 

Inconel value is more than an order of magnitude smaller than values previously 

reported (Talapatra et al. 2006) (Paper III). 

4.5 Electrical double layer capacitors  

Electrical double layer capacitors (EDLCs) were created using MWCNT-Inconel 

electrodes (patterned and unpatterned MWCNT films) and MWCNT-quartz 

electrodes by applying a bulk MWCNT forest grown on Inconel as the counter-

electrode and three layers of filter papers (Whatman 1, Cat No 1001-047) as 

spacers. A mixture of aqueous KOH (6 mol/L) and isopropyl alcohol (volume 

ratio of 4:1) was used as the electrolyte. The role of isopropanol was to improve 

the wetting of the nanotube electrodes. Finally, the cell was fixed with a clamp. 

To determine the capacitance, cyclic voltammetry measurements were carried out 

with voltage sweep rates of 0.05, 0.1, 0.25, 0.5 and 1.0 V/s using a potentiostat 

(Princeton Applied Research VersaSTAT 3). Transient current measurements were 

performed by connecting a 3 Ω resistor in series with the EDLC and powering the 

device by using a signal generator (Agilent 33120A) while measuring the 

potential drop on the resistor with an oscilloscope (Tektronix TPS 2024B).  

As the mass of the electrode and the voltage sweep rate are known, the mass 

specific capacitance can be determined simply by measuring the current using 

linear voltage sweeps: 

 =	 ( ⁄ ),  (14) 

where I is the charging or discharging current, m is the mass of the working 

electrode and dV/dt is the voltage sweep rate.  
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The EDLCs made of MWCNT-quartz electrodes showed poor charging 

capacity as the shape of the curve was far from the ideal rectangular shape (Fig. 

15), and therefore cannot be considered proper capacitors. The poor charging 

capacity of the MWCNT-quartz EDLC is a direct consequence of its high contact 

resistance. In general, power loss during charge/discharge is obtained from 

 = 	,  (15) 

where I is the current across the Rc equivalent series resistance, i.e. the sum of 

resistances caused by the electrical contacts, the electrodes and the electrolyte. As 

the total series resistance of the electrodes was high (in the kΩ range), the 

associated power loss was also expected to be high. As the only effective area of 

contact between the conductive metal (Ti hardmask) and the nanotubes is at the 

edge of the MWCNT pillars, this does not allow sufficient polarization to 

influence the drift of ions (i.e. charge carriers) in the electrolyte (Paper III). 

 

Fig. 15. Cyclic voltammetry curves of EDLC devices at different voltage sweep rates. 

The test electrodes (lower electrodes) are micropatterned MWCNT films grown on 

quartz (left panel) and Inconel substrates (right panel). The (upper) counter electrodes 

are unpatterned bulk MWCNT films grown on Inconel. The electrolyte is a 4:1 mixture 

of KOH (6 mol/L) and isopropyl alcohol (Please note: a number of invalid data points 

caused by the acquisition software are masked.) (Paper III, reprinted with permission 

from Chemical Physics Letters. Copyright (2013) Elsevier). 

Due to the good nanotube-metal contact along the entire footprint of the CNT 

patterns, the MWCNT-Inconel EDLCs had rectangular CV curves similar to ideal 

capacitors (Talapatra et al. 2006, Gao et al. 2008, Atthipalli et al. 2011, Du et al. 

2005) (Fig. 15). The capacitance values were calculated from the data points at 

200 mV (where the curves were the most constant) by dividing the current with 

the corresponding voltage sweep rate. To obtain the specific capacitance, the mass 

of the MWCNT film on Inconel substrate was estimated from the geometry and 

density of the CNT films. In Paper I and in Chapter 2.3, MWCNT film (grown on 
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SiO2) density was measured as ∼0.1 mg/mm3 for samples grown for short time 

periods. Assuming the surface filling factor, which is 44% according to the layout 

of the hardmask on Inconel, the mass of the films was calculated as 0.44 × 0.1 

mg/mm3 × 14 mm × 6 mm × thickness (mm). For the sample grown on Inconel 

(CNT film thickness of 58 µm) the specific capacitance is therefore 16.6±4.2 F/g, 

close to the value reported earlier for bulk nanotube films on Inconel (Talapatra et 

al. 2006, Atthipalli et al. 2011).  

Similar EDLC devices with either array-patterned or bulk, unpatterned 

nanotube forests were compared to evaluate the impact of patterning on the 

effective capacitance, energy and power values (Fig. 16). Rather unexpectedly, 

the specific capacitance of patterned electrodes was higher (29.2±6.1 F/g) than 

the specific capacitance of unpatterned electrodes (9.8±3.3 F/g). This may be 

caused by a too strong Coulomb repulsion of the counter-ions in the electrolyte 

inhibiting the formation of an ideal double-layer charge at the electrolyte-

electrode interface. The corresponding power density in the capacitor with the 

patterned electrodes was also higher (16.3 kW/kg versus 5.1 kW/kg) (Paper III). 
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Fig. 16. Cyclic voltammetry curves of Inconel-CNT capacitor structures with 

unpatterned and patterned electrodes at different charge/discharge rates (left panels) 

and transient current slopes measured for the devices (right panels). The insets show 

exponential decay curve fitted for I(t) data together with the corresponding schematic 

circuit diagram of the setup. (Paper III, reprinted with permission from Chemical 

Physics Letters. Copyright (2013) Elsevier). 

Both patterned and unpatterned EDLC devices can be modelled as series of RC 

circuits. As the devices are charged using constant voltages, a high initial current 

starts to flow and gradually decreases as the capacitor is charged. To measure the 

actual charging current with sufficient temporal resolution, a 3 Ω resistor was 

connected to series with the EDLC and the voltage drop on the resistor was 

measured using an oscilloscope while feeding the circuit with rectangular voltage 

pulses of U=±500 mV at a frequency of 1 Hz. Based on the measured initial 

current values I0 (from Ohm’s law  

 = − 3,  (16) 

where U is the voltage), the Rc resistive series component was estimated to be 

approximately 30.3 Ω for the patterned and approximately 26.4 Ω for the 

unpatterned devices. The RC time constants, which are associated with the 

capacitance values of the electrodes (3.4±0.3 mF for the patterned and 4.8±0.7 
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mF for the unpatterned devices) calculated from the CV measurements, were 112 

ms and 140 ms respectively. This is consistent with the results obtained from the 

parameters of the exponential decay curve fittings on the transient current slopes, 

106 ms and 153 ms respectively (inset plots in Fig. 16) (Paper III). 

Energy efficiency (η) is one of the most important figures when describing 

the performance of a capacitor. It can be defined as the ratio of stored energy in 

the device (Ecapacitor) relative to the total energy input (Ecapacitor+EJoule) when the 

capacitor is charged, i.e. 

 = +⁄ . (17) 

The energy stored in the capacitor of capacitance C is 

 = 0.5	   (18) 

when charged to voltage U. The loss of energy (EJoule) is caused by the Joule 

heating of the series resistance Rc of the capacitor  

 = ( ) .  (19) 

As a result of the measurements described above, the energy efficiency of the 

EDLC device based on the unpatterned electrode was ~47%, whereas the EDLC 

device based on the patterned electrode produced ~55% energy efficiency figures. 

This difference in energy efficiency is consistent with the observed series 

resistance and capacitance of both device types (Paper III).  
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5 Low-temperature growth of carbon 
nanotubes  

In this chapter, the need for low-temperature CNT growth applications is 

described along with the limitations of and progress made in the field of low-

temperature synthesis. Testing of different catalyst-precursor combinations to 

achieve CNT synthesis at temperatures below 500°C using CVD and precursors 

including oxygen containing precursor compunds such as methanol, cyclopentene 

oxide, tetrahydrofuran and xylene-methanol mixture is described. The catalysts 

used in the experiment are Co, Ni and Fe as monometallic nanoparticles deposited 

in dispersions. These results were originally presented in Paper IV. 

5.1 Background 

In order to exploit the unique properties of carbon nanotubes, a method for 

integrating them with existing materials and technologies is required. Growing 

CNTs directly on the desired substrate would be a practical and cost-effective 

method, but the relatively high temperature required (> 600°C) limits solutions 

based on direct growth. In case of semiconductors and IC chips, for example, the 

absolute maximum temperature is 450°C. Beyond this temperature the aluminium 

contacts and junctions start spiking and destroy the chip. Exposing doped 

semiconductors to high temperatures may also result in the loss of the intrinsic 

semiconductor properties gained by doping (Blatt 1992). Polymers, common and 

important elements in modern material science and plastics, are also highly 

appealing substrates for growing CNTs, but unfortunately the maximum 

temperature of most polymers is below 200°C, with the exception of polymers 

based on polyimide (Kapton®) and polybenzimidazole (Hozole®), which can 

withstand temperatures up to 400°C. 

The typical temperature range for the thermal or plasma-enhanced CVD 

method is between 600 and 1200°C (Mukhopadhyay et al. 1999, Wei et al. 2002, 

Jung et al. 2003, Meng et al. 2005, Mizuno et al. 2005, Radhakrishnan et al. 

2009, Jiang et al. 2006a, Jiang et al. 2006b, Paper I). This is essentially the same 

as the temperatures used in thermal CVD. However, several research groups have 

recently demonstrated that CNT or CNF growth using PECVD may occur in 

temperatures between 120 and 450°C using Ni (Hofmann et al. 2004, Hofmann et 

al. 2003, Lee et al. 2003, Kang et al. 2001, Chang et al. 2008, Chiodarelli et al. 

2011, Dubosc et al. 2007), Fe or Fe-Mo as the catalyst (Bae et al. 2005) and 
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Ni0.67-Fe0.33 catalyst (Chiang et al. 2008). Precursors used in these PECVD 

experiments are mainly acetylene or methane with hydrogen or ammonia used as 

the reductive gas. For thermal CVD, Cantoro et al. (2006) have achieved SWCNT 

growth at 350°C with an Al-Fe catalyst using acetylene-ammonia precursor, while 

Tsai et al. (2009) have succeeded in producing MWCNTs at 450°C using Co-Ti 

as the catalyst and acetylene as the precursor.  

PECVD is a convenient choice for low temperature growth as it is presumed 

that the formation of plasma from the precursor gas cracks the gas into reactive 

ions and free radicals, thus removing the need to use high temperature to achieve 

it. The drawbacks of the PECVD method are the application of ion bombardment 

of plasma, which risks damaging the substrate due to the heat-forming kinetic 

impact. Reductive gases, such as H2 or NH3, are also typically introduced together 

with the precursor gas during the growth process, and this may produce an 

etching process that competes with the CNT growth process and consumes the 

catalyst particles. It should also be mentioned here that determining the actual 

temperature of the growth substrate is challenging. In PECVD equipment a 

thermocouple is typically used to measure the temperature, but this leads to 

questions of how well the thermocouple is in contact with the surface being 

measured and what is the actual temperature on the surface where CNT formation 

takes place. 

Thermal CVD might be considered a ‘gentle’ method compared to PECVD, 

but when trying to achieve low-temperature growth the challenge is to find a 

catalyst-precursor combination that works at low temperatures (produces CNTs). 

One approach is to choose a precursor that decomposes at a low temperature. 

Such behaviour can be expected from organic molecules with strained cyclic 

structures, such as rings of five atoms or less. It is also beneficial if small amounts 

of oxygen are introduced to the growth system to clean the catalyst using 

oxidation of carbonaceous species to carbon monoxide, which leaves the catalyst 

surface in a gaseous form (Hata et al. 2004, Futaba et al. 2005). Finally, as 

demonstrated by several research groups, bimetallic catalyst combinations may 

produce higher CNT growth rates than monometallic catalysts (Nagaraju et al. 

2002, Kukovecz et al. 2000, Cassell et al. 1999). Pitkänen et al. (2013) used a 

low-pressure chemical vapour deposition (LPCVD) method with bi-metallic Fe-

Co catalyst and acetylene precursor for producing CNTs at 400˚C. 

In the following study of low temperature growth of CNTs using thermal 

CVD, oxygen containing heteroatomic precursors such as cyclopentene oxide, 

tetrahydrofuran, methanol and xylene-methanol mixture, as well as the 
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conventional hydrocarbon xylene, were used as the source of carbon in the 

presence of Co, Fe and Ni catalyst nanoparticles drop-cast on silica (Paper IV). 

The advantage of drop-casting nanoparticles is the possibility to perform it also 

by means of inkjet printing, enabling patterned CNT growth controlled using pre-

defined catalyst deposition. 

5.2 Precursors and catalyst nanoparticles  

Cobalt and iron nanoparticles as well as nickel supported by Al2O3 with average 

particle size of 25–28 nm were dispersed in xylene (1 mg/mL) using ultrasonic 

bath and immediately drop-cast on Si/SiO2 chips. After the xylene had evaporated 

to ambient air, the chips were placed in a tube furnace. The tube was sealed, 

evacuated, flushed twice with Ar/H2 (85% / 15%) carrier gas and heated to 470°C. 

Carrier gas flow was set to 40 mL/min, and the precursor was fed to the reactor 

from the evaporation column with a feed rate of 0.1 mL/min. Cyclopentene oxide, 

tetrahydrofuran, methanol, xylene and xylene-methanol (volume ratio 1:3) were 

used as the precursor with a feeding rate of 0.1 mL/min. Growth time was 40 

minutes in each experiment (Paper IV). 

5.3 Low temperature carbon nanotube growth  

Of all combinations of cyclopentene oxide, tetrahydrofuran, methanol, xylene-

methanol and xylene precursors and Co, Fe and Ni/Al2O3 catalyst nanoparticles, 

the combination of Co and cyclopentene oxide produced clearly visible black 

deposits at 470°C, while other combinations did not produce any CNT growth. 

The black deposits were analysed using electron microscopy, Raman 

spectroscopy and X-ray photoelectron spectroscopy (Fig. 17) (Paper IV). 
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Fig. 17. (a) Field-emission scanning electron microscopy, (b) transmission and (c, d) 

high-resolution transmission electron microscopy images of the deposits grown on 

Co catalyst at 470°C from cyclopentene oxide. (e) Raman and (f) X-ray photoelectron 

spectra of the nanotubes (Paper IV, reprinted with permission from physica status 

solidi (b). Copyright (2011) WILEY-VCH Verlag GmgH & Co. KGaA). 

FESEM analysis (Fig. 17(a)) shows the black deposits consist of tangled tubular 

formations with thickness of less than 1 µm. TEM and HRTEM images (Fig. 17 

(b)-(d)) reveal graphitized structures with high amount of defects and amorphous 

deposits. The Raman spectrum shown in Fig. 17 (e) shows the typical D-band of 

sp3 hybridized carbon at 1344 cm-1 and G-band of sp2 carbon at 1605 cm-1. The 

carbon content in the surface of the sample is ~99 at.% and the majority of the 

deposit is graphitic carbon on the basis of the asymmetric C 1s peak in the XPS 

spectrum (Fig. 17 (f)), typical for sp2 hybridized carbon. The traces of oxygen 

(~1.0 at.%) that were found are mainly from oxygen-containing functional groups 

(Phaner-Gourtobe et al. 1994) on the nanotube surface and residuals of Co(OH)O 

from the catalyst (Paper IV). 

According to the generally accepted view of carbon nanotube formation, and 

as discussed in Chapter 2.5, the carbon precursor has to decompose to atomic 

carbon or into small clusters of carbon before it is adsorbed or dissolved into the 

catalyst nanoparticle. In the cracking of hydrocarbons, the first step requires the 

highest amount of energy. Since the covalent bonds in hydrocarbons are very 

energetic (C-C bond energy ~350 kJ/mol and C-H bond ~410 kJ/mol) (Atkins 

1997), the cracking usually requires high temperatures, but once the first cleavage 
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step has taken place and radicals are produced, decomposition of the molecule 

should follow (Xiao et al. 1997). Cyclopentene oxide has a low-energy C-O 

epoxy bond (~280 kJ/mol, Glockler 1958). The compound is therefore expected 

to form radicals and to decompose at lower temperatures than saturated or 

aromatic hydrocarbons. In methanol, the weakest bond is the C-OH (385 kJ/mol, 

Lide 1991), which explains why the xylene-methanol solution did not work with a 

Co catalyst at low temperatures (470°C) (Paper IV). 

In addition to the relatively easy bond scission of oxygenates, and as 

described above, small amounts of oxygen in the growth system improve CNT 

growth as it cleans the catalyst surface by oxidizing carbonaceous deposits (coke) 

to CO and CO2, thus ensuring higher levels of catalytic activity for longer periods 

of time (Hata et al. 2004, Futaba et al. 2005). 
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6 Summary and conclusions 

Aligned carbon nanotube films are versatile materials with a unique combination 

of properties: anisotropic electrical and thermal conduction, outstanding 

mechanical strength combined with flexibility, light weight, high specific surface 

area and integrability with other materials to form nanocomposites or thermal, 

electrical and mechanical connections with the macroscopic world.  

Over the course of the present work, synthesis of macroscopic, well-aligned 

multi-walled carbon nanotube films with well-defined thickness on various types 

of substrates was achieved. Area-selective planar growth templates and three-

dimensional structures were created using optical photolithography and laser-

assisted microstructuring to allow highly controlled nanotube synthesis for 

research purposes, but are also applicable for the development of devices where 

nanotube films are utilised. Novel particulate filters were demonstrated, and have 

already been developed further into catalyst membranes for heterogeneous 

catalytic chemical synthesis (Paper II and Sapi 2012). Advanced electrode 

structures for supercapacitor applications were also synthesized. The 

micropatterned electrodes showed improved specific charge storage capacity and 

power compared to similar devices based on unpatterned electrodes. The results 

are expected to be applicable to other materials (single-wall CNTs and graphene) 

and applications, such as batteries.  

In addition to optimization and mechanistic studies of high temperature CNT 

synthesis, different combinations of precursors and catalyst nanoparticles were 

tested with the aim of producing nanotubes in moderate temperatures with the 

ultimate goal of achieving growth at 500˚C or below. After testing several 

potentially reactive carbon precursors, cyclopentene oxide was established as a 

suitable carbon source that can decompose forming CNTs already at 470˚C on a 

Co catalyst, opening avenues for further study to pursue low-temperature 

nanotube synthesis (Paper IV, Pitkänen 2013). 

The results presented in this dissertation show that catalytic chemical vapour 

deposition is a viable and versatile method that can be combined with 

photolithography and laser processing to produce multi-walled carbon nanotube 

films tailored for specific applications. The achievements summarized in the 

thesis are expected to contribute to further developments in the field and lead to 

novel, innovative and improved practical applications based on carbon nanotubes. 
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