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Pitkänen, Olli, On-device synthesis of customized carbon nanotube structures. 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering
Acta Univ. Oul. C 710, 2019
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Carbon nanotubes (CNTs) are known for their excellent mechanical, electrical and thermal
properties, that have fostered a vast number of applications during the last two decades, from
composites, electrodes and nanoelectonics components, to sensors and biological scaffolds. Direct
integration of CNTs into devices is not straightforward, as high growth temperatures (above 600
°C) challenge the chemical and thermal stability of substrates, catalysts and other nearby materials
or components. However, by decreasing growth temperature and/or working out protocols that
take into account the thermal stability of the materials involved, it is possible to create several new
types of architectures and devices with functionalities not shown before.

In this work, we show that, with selection of the appropriate substrate, diffusion barrier and
catalyst materials, direct growth of functional CNT films and their micropatterns may be achieved,
not only on Si chips, but also on other atypical surfaces, using chemical vapor deposition. This
thesis explores low-temperature CNT synthesis over bi- and trimetallic catalysts, and investigates
the effect of diffusion barrier layers on the electrical properties of substrate-to-CNT contacts. On
one hand, the lowest achieved CNT synthesis temperature (400 °C) is compatible with most
silicon technologies, thus enabling direct integration of CNTs with materials and devices with low
thermal budgets. On the other hand, the results of diffusion barrier studies helped us in designing
and demonstrating on-chip micropatterned CNT structures for super and pseudocapacitor
electrodes. In addition, we also show a method for maskless growth of CNT micropatterns using
laser-treated steel and superalloy surfaces, whose surface diffusion properties change as a result
of barrier-type metal oxide formation. Furthermore, we present CNT growth on carbon materials
and demonstrate entirely carbon-based hierarchical composites for electromagnetic interference
shielding applications, exhibiting outstanding absorption-based shielding performance.

The results presented in this thesis are expected to contribute to a further expansion of CNT-
based technologies, in particular with potential for future advances in high-frequency devices
(arrays, amplifiers and shielding materials), energy materials (electrodes and scaffolds), as well as
in nanoelectromechanical systems (sensors and actuators).

Keywords: carbon nanotubes, chemical vapor deposition, CNT synthesis,
electromagnetic interference shielding, low-temperature synthesis, supercapacitors





Pitkänen, Olli, Integroitujen hiilinanoputkirakenteiden sovelluskohtainen 
synteesi. 
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Acta Univ. Oul. C 710, 2019
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Tiivistelmä

Hiilinanoputket tunnetaan niiden erinomaisista mekaanisista, sähköisistä ja termisistä ominai-
suuksista, joita on hyödynnetty lukuisissa sovelluksissa viimeisen kahden vuosikymmenen aika-
na alkaen komposiiteista, elektrodeista, nanoelektroniikkakomponenteista ja sensoreista aina
biologisiin tukirakenteisiin. Nanoputkien synteesi suoraan laitteessa ei ole suoraviivaista, sillä
korkeat, yli 600 °C synteesilämpötilat asettavat haasteita substraatin, katalyytin sekä muiden
lähellä olevien materiaalien ja komponenttien kemialliselle ja termiselle vakaudelle. Alentamalla
synteesilämpötilaa ja/tai kehittämällä termisen vakauden huomioivia menetelmiä on mahdollista
luoda uudenlaisia arkkitehtuureja ja sovelluksia ennennäkemättömillä ominaisuuksilla.

Tässä työssä osoitetaan, että sopivan substraatin, diffuusiosuojan ja katalyyttimateriaalin
valitsemalla funktionaalisten hiilinanoputkien synteesi on mahdollista piin lisäksi myös muille,
epätavallisille pinnoille käyttäen kemiallista kaasufaasipinnoitusta. Väitöstyössä käsitellään hii-
linanoputkien matalan lämpötilan synteesiä hyödyntäen kaksi- ja kolmimetallisia katalyyttejä
sekä tutkitaan diffuusiosuojakerroksen sähköistä vaikutusta substraatin ja hiilinanoputkien väli-
seen kontaktiin. Alin saavutettu synteesilämpötila (400 °C) on yhteensopiva useimpien piitekno-
logioiden kanssa, mikä mahdollistaa nanoputkien suoran integroinnin matalaa lämpötilaa edel-
lyttäville materiaaleille. Työssä tutkitun diffuusiosuojakerroksen kehitys mahdollisti myös piisi-
run päälle toteutettujen hiilinanoputkipohjaisten super- ja pseudokondensaattorielektrodien
demonstroinnin. Lisäksi työssä esitetään menetelmä, jossa laserkäsittelemällä teräs- ja super-
metalliseospinta, jonka avulla mikrokuvioitu hiilinanoputkien kasvu ilman litografiaprosessia on
mahdollista.

Viimeisenä työssä esitetään hiilinanoputkien synteesi suoraan toiselle hiilimateriaalille ja
demonstroidaan täysin hiilipohjainen, hierarkkinen komposiittimateriaali erinomaisella absorpti-
oon perustuvalla suojauskyvyllä sähkömagneettisiin häiriösuojaussovelluksiin.

Väitöstyössä esitettyjen tulosten odotetaan osaltaan edistävän hiilinanoputkipohjaisten tekno-
logioiden kehitystä erityisesti korkean taajuuden laitteissa, energiamateriaaleissa sekä nano-
sähkömekaanisissa järjestelmissä.

Asiasanat: hiilinanoputket, kemiallinen kaasufaasikasvatus, matalan lämpötilan
synteesi, superkondensaattorit, sähkömagneettinen häiriösuojaus
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AFM Atomic force microscopy 
Al Aluminum 
Al2O3 Aluminum oxide, alumina 
Ar Argon 
at.% Atomic percent 
C2H2 Acetylene 
Ch Chiral vector 
CNT Carbon nanotube 
CNF Carbon nanofiber 
Co Cobalt 
Cr Chromium 
CV Cyclic voltammetry 
CVD Chemical vapor deposition 
DWCNT Double-walled carbon nanotube 
EIS Electrochemical impedance spectroscopy 
EDX Energy dispersive X-ray spectroscopy 
EMI Electromagnetic interference 
Fe Iron 
FESEM Field emission scanning electron microscopy 
FIB Focused ion beam 
FWCNT Few-walled carbon nanotube 
H2 Hydrogen 
HFECVD Hot filament-enhanced chemical vapor deposition 
KMnO4 Potassium permanganate 
KOH Potassium hydroxide 
Mn Manganese 
MnOX Manganese oxides 
Mo Molybdenum 
MWCNT Multi-walled carbon nanotube 
N2 Nitrogen 
Na2SO4 Sodium sulfate 
Nd:YVO4 Neodium-doped yttrium orthovanadate 
NH3 Ammonia 
Ni Nickel 
PECVD Plasma-enhanced chemical vapor deposition 
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Pt Platinum 
PVD Physical vapor deposition 
sccm Standard cubic centimeter per minute 
SE Shielding effectiveness 
SEA Absorption shielding effectiveness 
SER Reflection shielding effectiveness  
SET Total shielding effectiveness 
SSE Specific shielding effectiveness 
Si Silicon 
SiO2 Silicon dioxide, silica 
SWCNT Single-walled carbon nanotube 
TEM Transmission electron microscopy 
Ti Titanium 
VLS Vapor-liquid-solid 
wt.% Weight percent 
WACVD Water-assisted chemical vapor deposition 
XPS X-ray photoelectron spectroscopy 
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1 Introduction 
Carbon nanotubes (CNTs), among fullerenes and graphene (the other two recently 
invented carbon allotropes), have been widely explored during the past few decades, 
due to their extremely useful mechanical and electrical properties. The first known 
report concerning CNTs was by Soviet scientists in 1952 [1, 2]. Unfortunately, 
these findings did not reach the wider scientific community, probably due to the 
language barrier and the Iron Curtain, and it took until 1991 before multi-walled 
carbon nanotubes (MWCNTs) were reported by Iijma [3], which was soon followed 
by the discovery of single-walled carbon nanotubes (SWCNTs) [4]. Although new 
materials are regularly discovered, when the outstanding and fascinating properties 
of CNTs were recognized [5, 6] it marked the beginning of an unprecedented 
research boom that has continued to this day. 

Despite the growing interest in graphene, the amount of applied research on 
CNTs has been continuously growing (Fig. 1), and they have been reported with 
respect to numerous application, from composites utilizing their excellent 
mechanical strength and flexibility [7], to more sophisticated applications, such as 
energy storage [8], gas sensing [9], field emission [10], thermal management [11], 
electrical components [12-14], solar cells [15], and electromagnetic interference 
shielding [16].  

In order to fully utilize them in applications, direct integration of CNTs within 
devices is important, as it allows better exploitation of their electrical, thermal, and 
mechanical properties, even at larger scales [17]. Chemical vapor deposition (CVD) 
is the only known synthesis method that allows CNTs to be grown directly on 
substrates while providing well defined patterned structures. However, the 
synthesis of CNTs directly on functional surfaces by CVD is still hindered by 
limitations of the synthesis process, such as temperature and catalyst diffusion into 
the substrate. 
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Fig. 1. Number of publications in Thomson Reuters Web of Knowledge found using 
keywords “carbon nanotubes” AND “applications”. The search was performed on 
14.03.2019. 

1.1 Structure and properties of carbon nanotubes 

CNTs are a special type of carbon nanofiber (CNF). While CNFs consist of 
numerous stacked sp2-hybridized graphitic layers, CNTs may be visualized as 
sheets of covalently bonded atoms (also known as graphene), rolled up in a tubular 
structure, ideally capped with a hemi-spherical (fullerene type) carbon layer.  

CNTs are extremely diverse. Depending on the number of graphene layers that 
constitute the nanotube walls, CNTs can be classified as either single- or multi-
walled carbon nanotubes (Fig. 2). Typical CNT diameters range from 1 nm 
(SWCNTs) to several tens of nanometers (MWCNTs), while lengths may span from 
a few nanometers up to several centimeters [18].  
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Fig. 2. Schematic illustration of single-walled and multi-walled carbon nanotube. 

The electronic properties of single-walled carbon nanotubes depend on their chiral 
vector in the hexagonal carbon lattice (i.e. how the graphene sheet is folded around 
the tube). Statistically, one third of SWCNTs are metallic, and two thirds are 
semiconducting. The chiral vector Ch on the hexagonal lattice is defined as: 

 = + ≡ ( , ), (1) 

where ā1 and ā2 are the unit vector and n and m are integers [19]. Based on Ch, three 
different chirality categories may be defined (Fig. 3). When m = n, the carbon atoms 
follow an armchair pattern around the circumference of the nanotube, hence the 
name armchair. When m = 0, the pattern resembles a zigzag structure, and thus the 
name is zigzag. In other cases, nanotubes may be called chiral [20]. Armchair type 
nanotubes show metallic conductivity, due to the overlapping of valence and 
conduction bands at the Fermi level. Zigzag and chiral nanotubes can be either 
metallic or semiconducting, depending on their structure [21, 22]. In general, CNTs 
are metallic when equation (2) holds: 

 − = 3 , (2) 

where l is an integer [20]. Zigzag CNTs are metallic when n is a multiple of three. 
Other CNTs are p-type semiconductors, due to surface doping with oxygen, with 
decreasing band gap as the diameter increases. The band gap of a semiconducting 
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nanotube having diameter of ~1 nm is typically on the scale of 1 eV. CNTs with a 
large diameter can therefore be considered metallic at room temperature. 

Fig. 3. Lattice of carbon nanotube as a graphene sheet, showing chiral vectors for 
different SWCNT types, and schematic drawings of the corresponding nanotubes. 

In the case of MWCNTs (including their smaller specific cases of double walled 
(DWCNTs) and few-walled carbon nanotubes (FWCNTs), it should be noted that 
the orbitals of delocalized electrons (π-orbitals) do not overlap between adjacent 
carbon layers. Accordingly, a tunneling barrier exists, and thus electrical transport 
occurs mainly along the outermost carbon layer (and somewhat along the layer 
underneath) [23]. Therefore, MWCNTs may be considered to be metallic, due to 
the large diameter of the outer graphene shell (in which the eventual transport takes 
place). Structural deformation can, however, modify their band structure and thus 
change their behavior into semiconducting [24].  

Furthermore, because of the ideal crystal structure that has no dangling bonds 
on the surface (i.e. unbroken symmetry) and the free π-orbitals, the electron waves 
can propagate several micrometers without scattering [25]. As a result of the 
weakly scattering lattice, both electron and phonon transport in carbon nanotubes 
is ballistic over large distances, giving rise to extremely high current-carrying 
capability (~109 A/cm2) and thermal conductivity (> 1 000 W·m-1·K-1) [26]. 

The covalent graphitic sp2 carbon–carbon bond is the strongest chemical bond 
occurring in nature [27]. Due to this, defect-free CNTs can have extremely high 
tensile strength (~60 GPa) [28] and Young’s modulus (~1 TPa) [29], being among 
the highest values ever reported. In addition to these excellent characteristics, the 
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light weight and large surface area of CNTs make these materials truly fascinating 
and extraordinary. 

1.2 Synthesis of carbon nanotubes 

There are three principal methods for carbon nanotube synthesis, including: (i) arc 
discharge; (ii) laser ablation; and (iii) chemical vapor deposition. While early CNT 
research was based on the first two methods, production and research has been 
shifted over the years almost entirely to CVD.  

CNTs were first described in detail in terms of their structure in 1991 by Iijima, 
when he was producing fullerenes using the arc discharge method, and found 
tubular structures in the synthesized product. In the arc discharge setup, a pair of 
graphite electrodes are placed in a chamber filled with inert gas at low pressure. An 
electrical potential is then set between the electrodes, resulting in an arc discharge, 
and subsequent evaporation of the carbon anode. Once the plasma thermalizes, the 
evaporated carbon recrystallizes into carbon nanotubes, fullerenes and soot form. 
In laser ablation, the basic operation principle remains the same, with the only 
difference being that the graphite target (doped with Fe, Ni or Co) is evaporated 
(ablated) using a pulsed laser beam. While both of these methods can produce high 
quality carbon nanotubes (the extremely high plasma temperatures favor effective 
crystallization), the end product is always in a powder form, requiring collection 
and purification for later use [30]. 

In CNT synthesis, CVD is a group of methods in which CNTs are grown on 
catalyst metal nanoparticles from carbon-based gases or vapors acting as a carbon 
source. The usual temperature at which growth occurs is around 600–1 200 °C, 
required to decompose (crack) the carbon source either in the gas phase or on the 
catalyst. The as-formed carbon atoms are dissolved by the catalyst and then 
precipitate, thus growing crystalline carbon on the catalyst particle. While thermal 
CVD can be considered to be the basic process, there are numerous variations of 
CVD growth of CNTs:  

– Plasma-enhanced CVD (PECVD), in which the precursor cracking process is 
enhanced by ionization of gases, thus enabling lower growth temperatures. 

– Hot filament-enhanced CVD (HFECVD), where the process gasses are pre-
heated before reaching the target surface, thus enabling lower substrate 
temperatures. The filament may also act as a source for catalyst clusters. 
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– Water-assisted CVD (WACVD), used for prolonging the lifetime of the catalyst 
particles as the water vapor at high temperatures acts as a weak oxidizing agent 
to enable synthesis of longer CNTs. The process is based on a removal of any 
soot from the catalyst via gasification (water-gas shift reaction), thus avoiding 
early deactivation of the surface.  

CVD process requires a stable and chemically inactive substrate to support CNT 
growth at synthesis temperatures. In order to prevent the substrate from forming 
catalytically inactive compounds with the catalyst material at growth temperatures, 
an inactive diffusion barrier buffer layer (typically SiO2 [31-33] or Al/Al2O3 [34, 
35]) must be applied between the two. Due to the facile and robust SiO2 on Si 
templates, which can be patterned using standard CMOS processes, CVD synthesis 
of CNTs has long been applying such substrates.  

The most common catalysts used in the CVD process are transition metals, 
such as Fe, Co and Ni, having high carbon solubility at typical CNT synthesis 
temperatures. The vapor-liquid-solid (VLS) model is commonly used to explain the 
growth mechanism of CNTs from vapor-phase precursors on the catalyst [36-38]. 
In the VLS model, the organic precursor (typically hydrocarbons or alcohols) is 
first decomposed and the carbon species are dissolved by the catalyst until 
saturation point is reached. Any local change in temperature or pressure may cause 
crystalline carbon to precipitate on the catalyst surface, which at some point begins 
to protrude from the catalyst. Changes to catalyst shape also result in carbon 
precipitation, since the solubility of carbon is also a function of surface curvature. 
As the process continues and more and more carbon continuously dissolves, 
diffuses and precipitates, a nanotube emerges from the catalyst particle. The 
catalyst particle itself should be in metallic rather than in oxide form, in order for 
it to catalytically activate CNT growth [38]. Furthermore, as the size of the particle 
directly affects the diameter of the growing nanotube [39, 40], the diameter of the 
catalyst should be small, otherwise growth of nanofibers, or lack of growth will 
occur. In addition, the interaction between the catalyst particle and surface 
determines the growth type. With strong interaction, the catalyst remains in contact 
with the surface, resulting in base growth, whereas in the case of weak interaction, 
it detaches from the surface and the growth occurs at the tip of the CNT (tip growth) 
[30] (Fig 4). 
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Fig. 4. Schematic drawing of CNT growth by CVD, considering various catalyst size and 
surface interaction effects. 

There are several ways to apply the catalyst on the surface. One approach is to 
impregnate the substrate with precursors of the catalysts, such as acetates, 
acetylacetonates or nitrates. The precursor is then decomposed into catalytic metal 
particles before the actual CNT synthesis process. In vapor-phase catalyst delivery, 
the catalyst precursor is dissolved into a liquid carbon source, such as alcohols and 
hydrocarbons, which are then vaporized and delivered into the reaction chamber 
within a carrier gas. The catalyst precursor then decomposes and lands everywhere 
in the chamber alongside the target substrate, forming catalytic nanoparticles. In 
pre-deposited catalyst, a thin layer (typically 1–5 nm) of the catalyst metal is 
deposited on the substrate, usually by physical vapor deposition (PVD, i.e. thermal 
evaporation, electron beam evaporation or sputtering). The layer is then annealed 
in reducing gas atmosphere before the CNT growth, in order to reduce the naturally 
(in air) oxidized catalyst, and to form catalytically active small islands and clusters. 

All of the deposition methods have their own advantages and disadvantages. 
The catalyst precursors are easy to apply on 3D-surfaces or even in porous materials, 
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by dissolving their precursors in solvents and then impregnating on or in the growth 
substrate. On the other hand, patterned CNT growth by either vapor-phase catalyst 
delivery or pre-deposited catalyst is straightforward using photolithographically 
defined templates. In the case of vapor-phase catalyst delivery, the diffusion barrier 
layer is patterned (e.g. SiO2 on Si template) on which then the catalyst particles 
remain active during growth by diffusion of the disabled catalyst into the substrate, 
whereas the rest of the uncoated substrate surface poisons the catalyst particles (e.g. 
metals form their corresponding silicides on Si) [32, 33]. Using this approach, total 
control over areal selectivity of CNT growth may sometimes be problematic, as the 
surface areas meant to poison the catalyst can be saturated by the metal, and upon 
prolonged synthesis, some active catalyst can eventually form on the surface, which 
then becomes active to support CNT growth. With pre-deposited catalyst this is not 
an issue, as the catalyst material is deposited only on the pattern-defined area, and 
thus other parts of the surface are not influenced, even for longer synthesis periods. 
One other notable advantage of pre-deposited catalysts is better control over CNT 
diameters, by simply varying the deposited catalyst layer thickness. Thicker/thinner 
catalyst layers lead to larger/smaller catalyst islands after annealing, and thus result 
in CNTs having larger/smaller diameters to emerge, respectively [40]. 

1.3 Objectives and outline of the thesis 

The objectives of this thesis are to study direct synthesis of carbon nanotubes using 
non-conventional substrates and conditions, study and characterize the achieved 
CNT structures, and discuss and demonstrate reasonable applications, in order to 
promote integration of CNTs into newer applications and devices. 

The materials and experimental details are presented in Chapter 2, including 
synthesis and characterization techniques, as well as performance assessment 
methods for the demonstrated electrochemical capacitor and electromagnetic 
interference (EMI) shielding applications.  

Chapter 3 discusses bi- and trimetallic catalyst combinations for achieving 
CNT growth at low synthesis temperatures (Paper I). In Chapter 4, various methods 
to synthesize CNTs on metal substrates are investigated. The effect of aluminum 
layer on the growth of aligned CNT forests on conductive metal surfaces, and their 
electrical properties are studied (Paper II). This is followed by applications, which 
demonstrate super- and pseudocapacitor devices (Papers II–III). A new method for 
growing micropatterned carbon nanotube structures on metal substrates without 
using lithography and separate catalyst deposition is also shown (Paper IV). In 
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Chapter 5, carbon nanotubes and nanofibers synthesized on a carbon foam scaffold 
are explored and demonstrated in electromagnetic interference shielding 
applications (Paper V). Lastly, in Chapter 6 the findings of this work are 
summarized, and conclusions are drawn, in order to promote future research in the 
field. 
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2 Materials and methods 

2.1 Substrate and catalyst preparation 

In the low temperature synthesis experiments (Paper I), 15 nm of aluminum, and 
various combinations of Co Ni and Fe catalyst films (with a combined thickness of 
2 nm) were deposited by physical vapor deposition (thermal evaporation, electron 
beam evaporation and sputtering) on silicon substrates. Standard photolithography 
was used to define patterns. The same technique was also used to make an on-chip 
supercapacitor structure, in which Ti (10 nm) was first deposited as an adhesion 
layer on Si/SiO2 substrate for the metal current collector (200 nm of Pt or Mo), 
followed by 10 nm Al buffer and ~1.1 nm Fe catalyst (Paper III). PVD deposition 
was also used to deposit different layer thicknesses of Al (2 nm, 5 nm, 10 nm and 
20 nm) and 1 nm of Fe catalyst on various substrates (alumina, brass, copper 
Inconel® 600, silicon and stainless steel) for the study in Paper II.  

When investigating maskless micropatterned CNT synthesis on metal 
substrates (Paper IV), Inconel® 600 (Ni 72%, Cr 16%, Fe 8% alloy) and AISI 304ss 
stainless steel (Fe ~70%, Cr ~20%, Ni ~10%) were treated with pulsed lasers at 
average powers of 1.3–3.2 W (Siemens Microbeam 3200, 3ω Nd:YVO4, λ=355 nm, 
τ~20 ns, ~20 μm focal spot diameter; and LPKF ProtoLaser U3, Nd:YVO4, λ=355 
nm, τ~20 ns, ~20 μm focal spot diameter). Laser pulse repetition rates of 20–100 
kHz were used.  

In CNT/CNF synthesis on carbon foam substrate (Paper V), the carbon foam 
was first pyrolyzed from a commercial melamine foam (BASF, Basotect® W) in a 
4” quartz tube furnace in nitrogen atmosphere (150 mL/min flow). The furnace was 
heated at a rate of 15 °C/min to 300 °C, after which the rate was lowered to 2 °C/min 
to continue heating to the pyrolyzation temperature (800 °C). When it was reached, 
the temperature was kept for 60 min. After pyrolysis, the foams were cut into 
smaller pieces and soaked in a Ni catalyst precursor solution (~5.7 mL nickel (II) 
acetylacetonate (Sigma-Aldrich 283657) at 0.8 g/L in acetone. After impregnation, 
the samples were dried at 70 °C for 2 h. Ni precursor loading in the carbon foams 
varied between 13–24 wt.%.  
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2.2 Carbon nanotube synthesis 

All CNT syntheses experiments were performed using a cold wall CVD reactor, 
equipped with 2” size graphite heater (Aixtron, Black Magic, UK) except the 
CNT/CNF growth on the carbon foams. For this latter, a home-built reactor with a 
2” horizontal quartz tube was used to facilitate water-assisted CVD (Paper V). In 
low temperature CNT synthesis (Paper I) NH3, H2 or N2 was used as carrier (250 
sccm) and C2H2 as a precursor gas (flow rate of 50 sccm) at process temperatures 
from 400 °C to 600 °C. The catalyst coated substrates were first annealed at the 
process temperature for 10 min in the carrier gas, then C2H2 was introduced into 
the chamber to start the CNT growth (growth for 10 min at 10 mbar chamber 
pressure). In the study assessing the effect of Al layer on growth (Paper II) the 
templates were first annealed at 700 °C for 5 min in H2 (700 sccm) after which the 
temperature was lowered to 660 °C and C2H2 (50 sccm) was introduced for a 10 
min growth period while keeping the chamber pressure at 50 mbar. 

For the growth of CNT based on-chip capacitor current collectors (Paper III) a 
rapid heating method was used. The chamber was filled to a pressure of 500 mbar 
with the process gases H2, N2 and C2H2 (gas flows rates of 700 sccm, 500 sccm, 
and 10 sccm, respectively). The substrates were then rapidly heated to 670 °C 
keeping the gas flows and chamber pressure constant for 1 min. The same process 
was used as one of the methods in maskless micropatterned CNT growth on metal 
substrates research (Paper IV). In this latter experiment, the samples were first 
heated to 550 °C or 600 °C and annealed in NH3 flow (250 sccm, 10 mbar) for 10 
min. The chamber was then evacuated and filled back to 10 mbar pressure with N2 
250 sccm. After the process pressure was stabilized, C2H2 (25 sccm) was introduced 
to the chamber for 10 min to enable the CNT synthesis.  

As mentioned earlier, the CNTs/CNFs on carbon foam (Paper V) were 
synthetized with water assisted CVD in 2” quartz tube furnace at 770 °C. The 
furnace was heated in 500 ml/min Ar flow and as the target temperature was 
reached, the Ar flow was switched for 15% H2/Ar (2 000 ml/min) to reduce the 
catalyst precursor (for 6 min). After the reduction step, C2H2 (80 ml/min) and Ar 
(70 ml/min) were let into the chamber through a water bubbler (30 min synthesis 
period). 
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2.3 Materials characterization 

Several characterization methods were used to analyze the synthesized CNT 
structures and the used substrates to understand their structural, chemical and other 
properties (CNT film microstructure and size distribution, crystal structure, 
chemical compositions, etc.). These properties directly influence the performance 
of CNT structures in applications. The methods and devices used are listed in Table 
1. The cross-section sample of the metal substrate-CNT interface was prepared 
using Focused Ion Beam (FIB, FEI Helios DualBeam).  

The activation energies of CNT growth in low temperature synthesis was 
calculated using Arrhenius equation (3): 

 = / , (3) 

where k is rate constant of the chemical reaction, A is the pre-exponential factor, Ea 
is the activation energy, R is the gas constant and T is the temperature. The 
Arrhenius equation can be written as equation (4) for linear fitting to determine the 
activation energy Ea from the slope: 

 ln = ∙ + ln . (4) 

Table 1. Analytical methods used in characterization. 

Method  Device Analysis 

Atomic force microscopy (AFM)  Veeco Dimension 3100 Substrate surface topology 

Energy dispersive X-ray 

spectroscopy (EDX) 
 Oxford Instruments X-max 80 (FESEM)

Jeol EX-24261M1G5T (TEM) 

Elemental composition and 

mapping 

Field emission scanning electron 

microscopy (FESEM) 
 Zeiss Ultra plus (20 mV - 30 kV) Materials microstructure 

Transmission electron 

microscopy (TEM) 
 LEO 912 Omega, 120 kV 

JEOL JEM-2200FS, 200 kV 

CNT and catalyst 

nanostructure 

Raman spectroscopy  Horiba Jobin-Yvon LabRAM HR800 

UV-vis μ-Raman, λ=488 nm 

Thermo Scientific DXR2xi, λ = 532 nm 

Materials crystal structure 

X-ray photoelectron 

spectroscopy (XPS) 
 Thermo Scientific Escalab 250 XI, 

1486.6 eV 

Materials composition and 

elemental oxidation states 

2.4 Electrical, mechanical and electrochemical measurements 

The effect of Al layer thickness on the substrate-CNT interface resistance was 
calculated from 2-probe measurements performed using a semiconductor device 
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parameter analyzer (Agilent B1500A), and a probe station using supplied current 
from -5 to 5 mA. The combined mechanical and electrical measurement setup, used 
in the assessment of the piezoresistive properties of hierarchical carbon structures, 
comprised a weighing scale (Precisa LS 620M) connected to a computer (force 
measurement), and a computer-controlled vertical translation stage (controlled 
deformation of foams). The electrical resistance of the samples (placed between 
two copper plates) was assessed by measuring the current through the foams, while 
sourcing a constant 5 V (Keithley 2636A SourceMeter). 

The performance of the assembled stacked and planar types of super- and 
pseudocapacitors (Fig. 5) were assessed using electrochemical measurements 
(potentiostat-galvanostat, Princeton Applied Research VersaSTAT 3). For the 
stacked supercapacitor electrodes, the CNTs were grown directly on metal 
substrates (Inconel® 600, copper, stainless steel and brass). In the suparcapacitor 
assembly, these electrodes were stacked, but separated by filter paper (Whatman 1, 
Cat. No. 1001-047), and wetted with aqueous KOH (6 mol/L) and isopropanol at a 
4:1 volume ratio, acting as electrolyte. For the planar super- and pseudocapacitors, 
vertically aligned CNTs were grown on an interdigital current collector structure 
(Pt or Mo) on Si chips, with a gap between the electrodes (100 µm line width, 50 
µm spacing, one electrode area of 8.56 mm2 and total device area of 23.9 mm2, 
including the spacing). Pseudocapacitors were obtained by depositing MnOX 
particles on the aligned CNTs of supercapacitors. The chips were first soaked in 
acetone, in order to properly wet the entire surface, and to allow proper permeation 
of the liquid into the nanotube forests. After 30 min, the chips were flushed with 
deionized water and placed in 10 mL solution of 0.1 M KMnO4 (Sigma-Aldrich) 
for 30 min at 70 °C, to speed up the decomposition of KMnO4 to MnOX. Finally, 
the samples were rinsed again with water and wetted with aqueous 1 M Na2SO4 
electrolyte and 5 mM Triton X-100 surfactant. The purpose of the isopropanol and 
Triton X-100 was to improve the surface wetting properties of the aqueous 
electrolytes. 



31 

Fig. 5. Schematic drawing of a) stacked and b) planar electrodes for super- and 
pseudocapacitors. 

The performance of the capacitors was assessed by cyclic voltammetry (CV), 
charge-discharge and electrochemical impedance spectroscopy (EIS) 
measurements. The capacitance of the stacked configuration was calculated from 
the CV measurements normalized by mass using equation (5): 

 = ( )/ ∙∆ ∙ , (5) 

where I(V) is the charging current averaged over four cycles, dV/dt is the sweep 
rate, ΔU is the used voltage range between V1 and V2, and m is the mass of one 
electrode. In the case of planar on-chip capacitors, the capacitance was normalized 
to the area as: 

 = ( )/ ∙∆ ∙ , (6) 

where A is the whole area of the capacitor, including the spacing between the 
electrodes. The capacitance was also calculated from the charge-discharge 
measurements using equation (7): 

 = ∆ /∆ ∙ , (7) 

where I is the applied current, ΔV is the voltage window, Δt is the discharge time, 
and A is the area of the capacitor. The energy density Ed values were calculated as: 

 = , (8) 

where C is the calculated capacitance from charge-discharge measurements, V is 
the used voltage range, and A is the area of the device. The corresponding power 
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density is calculated by simple division by the discharge time Δt, according to 
equation (9): 

 = ∆ , (9) 

In EIS measurements, the imaginary part of the capacitance versus frequency CA’’(f) 
corresponds to the energy losses in the capacitor: 

 ′′( ) = ( )| ( )| ∙  , (10) 

where f is the frequency, Z’ is the real part of the impedance, |Z(f)| is the absolute 
value of the impedance, and A is the area of the capacitor. The relaxation time 
constant τ0 (i.e. the minimum time to discharge the stored energy in the capacitor) 
can be derived from the response frequency f0 of the maximum imaginary 
capacitance CA’’, using equation (11): 

 τ = , (11) 

The frequency response of capacitance was estimated with equation (12): 

 ( ) = − ( )∙ , (12) 

where Z’’ is the imaginary part of the impedance. 

2.5 Electromagnetic interference shielding measurements 

The electromagnetic interference shielding performance of the carbon and 
composite foams was assessed using an Agilent 8517B S-Parameter test set with 
rectangular Keysight WR60 waveguide, and a sample holder with dimensions of 
10.67 × 4.3 × 5 mm. The scattering parameters (S11 and S21) were measured at K-
band frequency range (18–26.5 GHz) at room temperature (23 °C). The scattering 
parameter measurements were calibrated with a standard two-port method in 
forward and reverse directions.  

The total shielding effectiveness SET is a sum of reflection SER and absorption 
SEA. These can be calculated by using the measured scattering-parameters (S11 and 
S21) by using equations (13) and (14): 

 SE (dB) = 10log ( | | ), (13) 

 SE (dB) = 10log ( | || | ), (14) 
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The specific shielding effectiveness (SSE) is the SE divided by the material density 
(m/V), whereas SSE/t is also normalized using the thickness (t) of the material, as 
shown in equations (15) and (16): 

 SSE (dB cm g ) = = ∙ , (15) 

 SSE/t (dB cm g ) = = ∙ . (16) 
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3 Low temperature growth of carbon 
nanotubes with bi- and trimetallic catalyst 

Since their discovery, there has been great interest in directly integrating CNTs into 
silicon components and packages [11, 41]. CVD is the only route that enables large-
scale and area-selective growth of CNTs directly on a substrate. However, as earlier 
explained, CVD requires synthesis temperatures typically well above 600 °C in 
order to produce well graphitized and aligned CNT films [31-33, 41-45]. As the 
maximum allowed temperatures in silicon fabrication technologies typically do not 
exceed 450 °C, to avoid damage, this has been a major obstacle for CNT integration 
into silicon device technologies. In order to achieve low synthesis temperature, 
several CVD approaches have been reported, such as PECVD [46-54] and 
HFECVD [55, 56]. Different catalyst combinations such as Al-Fe-Al on Si/SiO2 
[57], Ti-Co on Si [58], and Co-Fe and Ni-Co-Fe on Al2O3 [59] have also been found 
to be catalytically active and able to grow CNTs at lower temperatures. This chapter, 
based on research in Paper I, discusses low-temperature CNT synthesis with bi- 
and trimetallic catalyst combinations in more detail. 

3.1 Catalyst layer and low-temperature synthesis 

Catalyst compositions of cobalt, iron and nickel with different deposition sequences 
(compositions of Co-Fe, Fe-Co, Ni-Co-Fe and Fe-Ni-Co) were tested in this 
research. These compositions were close to those previously reported by our 
research group [59] (and were chosen because each metal is known to have 
excellent activity to grow CNTs). Here however, the catalyst films were applied on 
planar surfaces by PVD. This enabled area-selective synthesis of aligned CNT films, 
which was not possible in the previous research, in which chemically synthesized 
catalyst particles were used. A thin layer (15 nm) of aluminum was first RF-
sputtered on Si wafers and then left to oxidize in air for 24 h, to function as a 
diffusion barrier. After this, a catalyst layer with a total thickness of ~2 nm (~1 nm 
of each catalyst metal in bimetallic and ~0.67 nm of each metal in trimetallic 
catalyst compositions) was deposited on the substrate (Fig. 6).  
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Fig. 6. Compositions of the deposited catalysts. 

An annealing step is typically required to activate the catalyst layer, as this causes 
the metal films to break and agglomerate into small catalyst particles of different 
size and morphology, depending on the temperature and gas atmosphere. In 
previous reports, when being annealed in N2 as compared to reducing gases, single 
metal catalyst films deposited on SiO2 (without Al or Al2O3 diffusion barrier) 
substrate have been reported to form larger catalyst particles [60, 61]. Here, the 
opposite behavior was observed when Al/Al2O3 layer was applied, as ammonia 
appears to have stronger effect on the surface roughness (Fig. 7). This is likely due 
to the different wetting and redox behaviors of the oxidized and reduced forms of 
catalyst nanoparticles on Al/Al2O3 surfaces [62]. Annealing in NH3 results in (at 
least partial) reduction of the deposited catalyst film, that has been oxidized when 
exposed to ambient air. N2, on the other hand, is an inert gas, thus leading to 
different behavior between the interactions of the oxidized or reduced catalyst 
species [63].  

The carrier gas and catalyst composition have significant effects on CNT 
growth. While bimetallic cobalt-iron catalyst (Co-Fe and Fe-Co) films were found 
to grow CNTs in N2 carrier, starting already from 400 °C, trimetallic nickel-cobalt-
iron catalyst combinations (Ni-Co-Fe and Fe-Ni-Co) worked more optimally in 
NH3 buffer, and produced aligned CNT films at 450 °C and above (Fig. 8), using 
C2H2 as the carbon source. Synthesis using H2 as buffer also produced CNTs at 
450 °C, but the nanotubes grew in sparser networks, compared to those obtained in 
NH3, and were much larger in diameter. No significant difference was observed 
among the samples having catalyst metals deposited in different sequences. 
Accordingly, it is likely that the catalyst metals formed alloys during the annealing 
step (Fig. 6) and the variances between the CNTs growths between the same alloys 
is likely due to the inaccuracies when depositing these very thin layers of metals. 
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Fig. 7. AFM images of the surface topologies after annealing in N2 and NH3 at 450 °C. 
Each frame measures 1 × 1 µm. (Reprinted by permission from Paper I © 2013 Springer 
Nature) 

Fig. 8. FESEM images from 20° tilted angle and cross-section of CNT growth on 
bimetallic catalyst grown at 400 °C, using N2 as the carrier gas, and trimetallic catalyst 
grown at 450 °C using NH3 as the carrier gas. (Reprinted by permission from Paper I © 
2013 Springer Nature)  

TEM analysis (Fig. 9 a), confirmed the presence of amorphous carbon beside the 
CNTs, which was also visible by SEM. The diameter of the nanotubes varied 
considerably, from ~6–50 nm (mean ~20 nm), with catalyst particles encapsulated 
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in their tips, indicating that growth occurred via the tip-growth mechanism. Most 
of the smaller nanotubes appeared curly, while those with larger diameter were 
straight and well graphitized, which was confirmed by their Raman spectra (Fig. 9 
b). Lower magnification SEM images (Fig. 8) showed that, in most cases, an 
amorphous carbon matrix was elevated from the substrate by the grown nanotubes. 
This was supported by TEM, and also by the rather shallow valley between the D 
and G peaks in Raman spectra, due to their large concentration of amorphous 
carbon. It is, however, worth mentioning that the amorphous carbon layer became 
fragmented at higher synthesis temperatures and was non-existent at 550 °C while 
also improving the quality of the CNTs but still not reaching the same thickness of 
the CNT forest synthetized with single-metal catalyst. However, similar bi-metallic 
catalyst has also been reported to produce long aligned CNTs at high temperatures 
using WACVD [64]. As the catalyst was deposited by PVD, area-selective growth 
of CNTs can be accomplished by lithographically-defined catalyst films (Fig. 10). 

Fig. 9. a) TEM images of CNTs grown using Co-Fe catalyst at 400 °C, and Ni-Co-Fe 
catalyst at 450 °C; and b) corresponding Raman spectra of the samples. (Reprinted by 
permission from Paper I © 2013 Springer Nature) 



39 

Fig. 10. a) FESEM image of a patterned Ni-Co-Fe catalyst template and b) the edge of a 
CNT carpet grown (at 450 °C in NH3) at the border of a catalyst pattern. (Reprinted by 
permission from Paper I © 2013 Springer Nature) 

CNT growth rate increases exponentially with increasing synthesis temperature, 
between 400–600 °C. The growth process activation energy required for each 
catalyst system was calculated based on temperature-dependent CNT length data, 
using Arrhenius plots (Fig. 11). The calculated activation energies were apparently 
different, but low (135±24, 121±24, 43±8 and 93±23 kJ/mol for Co-Fe, Fe-Co, Ni-
Co-Fe and Fe-Ni-Co catalyst compositions respectively), suggesting that the 
cracking of the hydrocarbon in the gas phase is not the rate-limiting factor, as 
complete thermal decomposition to carbon atoms is not expected below 500 °C due 
to the high amount of energy to brake the carbon-carbon bonds. Instead, 
polymerization through radicals, such as vinyls and propargyls, has previously been 
proposed for acetylene [65-67]. Since the removal of hydrogen atoms by vinyl 
radicals is an endothermic process (~85 kJ/mol), polymerization through radicals 
(due to the breaking of the weaker π-bonds in the C≡C bond) is favored over 
formation of entirely carbonaceous species [65]. Therefore, the low growth 
temperatures—as well as the activation energies—suggest that the cracking and 
dehydrogenation of the carbon source species are entirely heterogeneous processes 
that take place on the bi- and trimetallic catalyst by the carbon diffusing on the 
surface of the catalyst nanoparticles followed by the growth of graphitized carbon 
(CNTs).  
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Fig. 11. Arrhenius plots of the vertically aligned CNT films measured after 10 min 
synthesis time. Inset shows the corresponding nanotube length versus temperature 
curves. Note: the data point labelled by a filled, inverted triangle corresponds to the 
thickness value measured for a tangled nanotube network (i.e. the actual CNT length 
was higher, but could not be determined). (Reprinted by permission from Paper I © 2013 
Springer Nature) 

Though the VLS model explains reasonably well the growth on a monometallic 
catalyst, the model becomes more complex when there are two or more different 
catalyst metals in the same system, because metals and their alloys have different 
carbon solubility, catalytic and redox characteristics. The relatively low growth 
rates can be explained by the extremely low solubility and diffusivity of carbon in 
Fe, Co, and Ni at the applied synthesis temperatures. For example, the solubility 
values at 500 °C are 0.02 wt.% for Ni [68], and 0.001 wt.% for both Co [69] and 
Fe [70]. The strong exponential temperature dependence of the growth can be 
explained by both the thermally activated catalytic decomposition of precursor, and 
the carbon diffusion behavior in/on the catalyst particles [71, 72].  

Acetylene is not expected to reduce iron oxide at the low temperatures used in 
these experiments [73], in contrast to cobalt [74] and nickel oxides [73]. However, 
it is clear from these experiments that the Fe-Co catalyst was efficient at growing 
nanotubes, while monometallic nanoparticles showed no significant activity, 
suggesting that the interactions between different metals play key roles in the 
process. Adding nickel to the iron/cobalt composition changed the behavior even 
further. In processes with only nitrogen and acetylene, the trimetallic catalyst was 
not as efficient as the bimetallic. When NH3 was introduced to the reactant stream, 
the synthesis performance usually improved at low temperatures [75, 76], but the 
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overall outcome was still not as high as with the bimetallic above 500 °C. A possible 
explanation of this behavior may be the competition between the precipitation rate 
of carbon from the catalyst (in both amorphous and crystalline forms), and the 
carbon etching by NH3. Indeed, it was later found that the most efficient way to 
grow CNTs in N2/C2H2 at low temperatures is by reducing the bimetallic catalyst 
with NH3 before the synthesis step [77-79]. In summary, the CNT growth is limited 
by several events that depend on the temperature: (i) cracking the carbon source on 
the catalyst, (ii) diffusion and solubility of carbon in the catalyst (iii) formation of 
amorphous carbon on the catalyst surface (which can eventually terminate the 
growth) and (iv) gasification of carbons (both amorphous and crystalline) by the 
presence of NH3. 
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4 CNT synthesis on metal substrates 
Due to the direct electrical contact between the nanotubes and the substrate, 
growing nanotube forests on metal substrates has been found to be extremely useful 
for electrical applications. Because of the direct metal-to-CNT contact, this can 
potentially be applied in electrochemical sensors [80], electromechanical contacts 
and switches [12], as well as in applications for energy conversion [81], energy 
storage [82] and thermal management [11]. However, in most cases the synthesis 
process requires a buffer layer to prevent the active catalyst particles from diffusing 
into the metal substrate. Some aluminum [83] and iron-nickel-chromium-based 
alloys [84-88], as well as bulk aluminum [89-91] templates, have been reported to 
be suitable supports for catalysts in CNT synthesis, which is likely due to 
superficial oxides on the metal/alloy surface inhibiting the rapid diffusion of the 
added catalyst nanoparticles.  

CNT synthesis on Inconel® 600 (alloy of Ni, Cr and Fe) is typically done via 
vapor-phase catalyst delivery. While it is a well-established method, it lacks 
flexibility over the control of catalyst particle size, which in turn directly correlates 
with the CNT diameter, and thus the number the graphitic layers in their walls. On 
the other hand, direct CNT growth on bulk aluminum is limited by the melting point 
of aluminum (655–660 °C).  

In this chapter, two methods for synthesizing carbon nanotubes directly on 
metal substrates are discussed in the context of their possible applications. First, by 
simply applying a thin layer of aluminum as a diffusion barrier on metal surfaces, 
it is possible to grow aligned CNT forests with good electrical contacts (Paper II). 
This approach is then applied in constructing CNT based super and pseudocapacitor 
devices (Papers II and III). In the last section of this chapter, a lithography-free 
method for micropatterned CNT synthesis on steel and super alloys is demonstrated 
(Paper IV). 

4.1 The effect of aluminum buffer layer 

Though aluminum has been reported as a buffer layer to grow vertically aligned 
CNTs on bulk Inconel® 600 substrate [92, 93], other common metals and alloys—
such as steel, copper and brass—have not been fully investigated, and the electrical 
properties of the substrate-buffer-catalyst-CNT interface has not been thoroughly 
studied and is discussed in this section (Paper II). 
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Aluminum layers of 2, 5, 10 or 20 nm, with a subsequent Fe catalyst layer of 1 
nm, were deposited on alumina, brass, Inconel® 600, silicon and steel substrates. 
After synthesis, CNTs were found on all substrates, although the thickness and the 
homogeneity of the nanotube films were greatly dependent on the substrate type 
and thickness of the Al layer (Fig. 12, Table 2). 

With 2 nm Al layer, only alumina substrates supported vertically aligned CNT 
growth. When a 5 nm Al buffer layer was applied, the nanotube films were still 
non-uniform on most substrates. However, the nanotube density was already high 
enough to support vertically aligned CNT forests on Inconel® 600, silicon, and steel 
templates. When thicker buffer layers (10 and 20 nm) were applied, the grown 
nanotube films on all types of substrates were well-aligned and homogeneous. 
Forest thickness versus buffer layer thickness plots showed that the highest CNT 
forests were achieved with a 10 nm Al layer, closely followed by some cases with 
a 20 nm layer. 

 

Fig. 12. a) CNT forest thickness as a function of Al buffer thicknesses on different types 
of substrates; and b) SEM images of CNT forests grown on Inconel 600, using different 
Al layer thicknesses. (Reprinted by permission from Paper II © 2015 Springer Nature) 

Table 2. Measured CNT forest thickness with different Al layer thicknesses (Reprinted 
by permission from Paper II © 2015 Springer Nature) 

Substrate  Alumina (µm) Brass (µm) Copper (µm) Inconel (µm) Silicon (µm) Steel (µm) 

2 nm Al layer 47 ± 13 No growth No growth Entangled Entangled Entangled 

5 nm Al layer 155 ± 122 102 ± 96 No growth 69 ± 73 234 ± 75 46 ± 75 

10 nm Al layer 312 ± 37 252 ± 21 284 ± 26 239 ± 23 291 ± 76 65 ± 55 

20 nm Al layer 218 ± 33 245 ± 33 203 ± 41 204 ± 39 240 ± 59 73 ± 58 
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Occurrence of an optimal thickness indicates that there are at least two factors 
influencing catalyst stability. With thin Al layers, the main issue is the limited 
stability of the iron catalyst, caused by its tendency to diffuse to the substrate at the 
process temperatures. On the other hand, too thick a layer of Al can bury or simply 
dissolve the Fe catalyst and deactivate it. Though the aluminum surface goes 
through a natural oxidation when exposed to the ambient room atmosphere after 
PVD deposition, some parts of the metal film at the substrate-aluminum interface 
remain in metallic state. As the diffusion of metallic Al is more favored in metals 
than in oxides, the metallic part of the Al layer can easily diffuse into Cu [94], Fe 
[95, 96] and Ni [95] at 700 °C, forming solid compounds with the substrates [97]. 
This naturally reduces the effective buffer layer thickness, and may explain the 
rather high variations in CNT forest thicknesses, especially for thinner Al layers.  

Annealing causes the aluminum layer to agglomerate with the iron catalyst on 
it [34, 35]. This phenomenon was observed on Inconel® 600 substrates using AFM 
surface roughness analysis (Fig. 13 a), showing a trend of decreasing surface 
roughness with thicker Al buffer layers, due to the formation of islands of varying 
sizes. As the aluminum agglomerated the 2 and 5 nm Al buffer layers were too thin 
to sufficiently cover the substrate, and thus the catalyst agglomerated into larger 
islands, resulting in relatively high surface roughness. When applying thicker Al 
layers (10 or 20 nm), the agglomerated islands began to overlap, in turn decreasing 
the surface roughness (Fig. 13 b). However, the due to their smaller size compared 
to the Al layer, Fe catalyst islands could not be distinguished from the Al buffer in 
the AFM images. 

Fig. 13. a) AFM images of the surface topology of Inconel® 600, with different Al layers 
after annealing. Measured surface roughnesses (RMS) are shown in parentheses. Each 
frame has a size of 1 × 1 µm, and the scale bar for the height spans to 40 nm. b) 
Illustration of aluminum buffer layer agglomeration during annealing. (Reprinted by 
permission from Paper II © 2015 Springer Nature) 
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When grown on 5, 10 and 20 nm Al buffers on Inconel® 600, the majority of CNTs 
were few-walled, and approximately 7 nm in diameter (Fig. 14 a), considerably 
smaller than those synthesized with the vapor-phase catalyst delivery approach [84, 
87-89]. The bimodal size distribution of CNTs grown on 2 nm Al layer indicates 
that 2 nm of Al is not thick enough to fully support the 1 nm of Fe catalyst, causing 
the Fe to partially agglomerate into larger islands, which is also supported by the 
AFM observations. No catalyst particles were found in the tip of the CNTs, 
indicating that growth occurred via the base growth mechanism. From the CNT 
size distribution data (Fig. 14 b), a tendency was observed for thicker Al layers to 
contribute to the agglomeration of smaller catalyst particles, resulting in smaller 
CNTs. 

High D to G band intensity ratios in Raman spectra (Fig. 15 a) indicated high 
a concentration of defects (sp3 hybridized carbon) within the CNT lattice. As the 
ratio increased with Al layer thickness, this suggested that the substrate–catalyst 
interaction caused the high defect concentration, rather than the synthesis 
temperature. This was also supported by the deep valley between the D and G peaks, 
indicating a highly crystalline lattice, and low amounts of amorphous carbon. 

The total electrical resistance measured between the substrate and the contact 
at the top of the CNT films (Fig. 15 b) showed an increasing trend with increasing 
Al layer thickness. This indicated that the oxide layer on the top of the substrate 
became more continuous, and formed a less conductive electrical barrier (most 
likely a tunneling type). In case of thinner Al layers, the growing nanotubes were 
able to make a short circuit by contacting the substrate via catalyst particles, or by 
growing sideways between Al buffer layer islands (Fig. 13). The resistances 
observed, however, were very low (below 10 Ω), and similar to those previously 
measured for CNTs grown on Inconel® 600 (~10 Ω) using floating catalyst delivery, 
instead of an Al buffer layer [87]. This indicated that the use of an Al buffer layer 
between the catalyst and the conductive substrate offers a simple and versatile 
method for achieving CNT-based electrodes with direct contacts. 
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Fig. 14. a) TEM images of CNTs grown on Inconel 600 with 2, 5, 10 and 20 nm Al buffer 
layer and 1 nm Fe catalyst. b) Diameter distribution and lognormal fitting curves for 
CNTs grown on Inconel 600 with 2, 5, 10 and 20 nm Al and 1 nm Fe catalyst having 
geometric means and standard deviations of 10.3±4.0, 7.1±1.6, 6.6±1.0 and 6.6±1.6 nm 
respectively. (Reprinted by permission from Paper II © 2015 Springer Nature) 
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Fig. 15. a) Raman spectra of CNTs grown on Inconel® 600 with different Al barrier 
thickness. b) Two-probe resistance of the corresponding Inconel-Al-CNT structures. 
Inset shows a schematic drawing of measurement setup. (Reprinted by permission from 
Paper II © 2015 Springer Nature) 

4.2 Super- and pseudocapacitors 

Because of their low density, large surface area, and excellent electrical transport 
properties, carbon-based nanostructures are ideal choices for electrode materials in 
supercapacitors [84, 87]. Seamless direct growth of CNTs on conductive substrates 
offers a significant advantage, due to the direct electrical contact of each nanotube 
with the substrate. 

Among energy storage devices, the fast charge and discharge capabilities of 
supercapacitors and pseudocapacitors make them ideal for devices requiring both 
high energy and power performance. In supercapacitors, energy is stored between 
the double layer capacitance of the electrolyte ions and the electrode surface. This 
means that higher electrode surface areas have higher capacities to store energy, 
making CNTs strong candidate electrode materials.  

Supercapacitors allow rapid energy storage and delivery compared to batteries, 
and are more cost-effective. Moreover, with simple modifications of their carbon 
surfaces, e.g. attaching electrochemically active moieties—such as various phases 
of spinels (M2+M3+

2O4) [98-100], ZnO [101], RuO2·nH2O [102], Ni(OH)2 [103] 
and MnO2 [104]—on the carbon material, an order of magnitude increase in 
capacitance [105-107] can be achieved by utilizing the reversible faradaic 
reduction/oxidation behavior of the added material.  

The metal-CNT substrates achieved in the previous section were assembled as 
electrodes in stacked supercapacitor configurations. Cyclic voltammetry curves of 
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the assembled devices (Fig. 16) in aqueous KOH electrolytes had rectangular 
shapes, indicating good ion separation in the electrolyte, as well as excellent 
electrical contact between CNTs and the metal substrate. Specific gravimetric 
capacitances were measured to be 8.1 ± 0.6, 7.9 ± 0.4, and 10.0 ± 0.4 F/g for the 
CNTs grown on Inconel® 600, copper, and stainless steel, respectively, using 
scanning rates from 50 mV/s to 1 V/s. The measured capacitances were almost 
equivalent to those measured for CNTs grown directly on Inconel® 600 with vapor-
phase catalyst delivery [84, 87]. The CV curves of CNTs on copper substrates 
showed slight oxidation and reduction peaks in anodic (~0.4 V) and cathodic (~0.3 
V) sweeps. It is also worth mentioning that the CV curves of brass substrates were 
completely distorted by the redox reactions taking place on the Cu-Zn alloy (not 
shown here). 

Fig. 16. Mass normalized cyclic voltammetry curves of supercapacitors, consisting of 
CNT electrodes grown on Al barrier-coated metal surfaces, such as: a) Inconel 600; b) 
Cu; and c) stainless steel. In each case, the thickness of the Al layer on the metal surface 
was 10 nm. (Reprinted by permission from Paper II © 2015 Springer Nature) 

As the nanostructured carbon-based electrodes integrated on silicon chips have 
proven to be viable for on-chip energy storage [108-114], the earlier results of the 
Al buffer layer research suggested plausible solutions for on-chip super- and 
pseudocapacitors. Accordingly, on-chip structures were designed, in which aligned 
CNT forests were directly synthesized on micro-patterned interdigitated metal 
current collectors on silicon chips (Paper III).  

First, platinum and molybdenum thin film metallization layers were studied, in 
order to reveal their feasibility as conductive current collector layers under the Al 
diffusion barrier and Fe catalyst. While Mo exhibited slightly better CNT forest 
growth and adhesion, it was found to become oxidized by potassium permanganate 
during the manganese oxide deposition step, rendering Mo to be less suitable for 
this application. Pt, on the other hand, was found to be chemically and structurally 
stable, and in addition, is known to support soldering/bonding to electric circuits 
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for device integration. The schematic drawing in Fig. 17 a shows the planar CNT-
MnOX pseudocapacitor, having vertically aligned CNT interdigital electrodes 
directly grown on to the conductive metal layer and the attached MnOX 
nanoparticles on CNTs (while the supercapacitor is without the nanoparticles). In 
supercapacitors, the energy is stored in the double-layer interface between the 
CNTs and ions of the electrolyte (i.e. electrostatic); whereas in pseudocapacitors, it 
is also stored in the form of chemical energy owing to reversible redox reactions of 
MnOX particles attached on the CNT electrodes. Although it was possible to 
synthesize CNT forests with a thickness ≥ 500 μm, the outermost digits of the 
structure had an increasing tendency to bend, and short the capacitor structure 
(observed at thicknesses ≥ 300 μm). A CNT forest length of 200 µm was therefore 
selected for subsequent experimentation. Optical (Fig. 17 b) and FESEM (Fig. 17 
c and d) images showed well-aligned interdigitated CNT structures, with a digit 
width and spacing of 100 and 50 μm, respectively. 

Fig. 17. Structure of the planar on-chip super- and pseudocapacitors. a) Schematic of 
the interdigitated electrode structure and the structure of the current collector-CNT-
MnOX nanoparticle interface (Inset). b) Optical camera image of a synthesized CNT 
structure on a Si/SiO2 chip. c) FESEM image of a capacitor structure, showing 
interdigital electrodes of CNT forests. d) Cross-section FESEM image of the CNT forest 
digits and magnification image of the CNTs (Inset). (Under CC-BY Paper III © 2017 
Authors) 
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TEM analysis revealed that the MnOX particles, which varied in size from 2–8 nm 
and were attached to the CNTs, had low crystallinity (Fig. 18 a). The average 
oxidation number of Mn was 3.4, indicated by the 5.0 eV energy splitting of Mn 3s 
XPS doublet (Fig. 18 b), i.e. the manganese oxides consisted of a mixture of MnO2 
and Mn2O3 [115], although the 11.7 eV spin energy separation between Mn 2p3/2 

and Mn 2p1/2 suggested MnO2 [116, 117]. The Raman spectrum (Fig. 18 c) of the 
MnOX-decorated CNTs showed a high ID/IG peak ratio of 1.20, indicating a large 
amount of defects in the graphitic lattice of the CNTs [118], likely caused by their 
high growth rate (~200 μm/min), and interaction with the substrate. Furthermore, 
the broad peak from 570–650 cm-1 supported the low crystallinity of MnOX, as also 
observed by TEM, and suggests that several oxide phases present [119], with α-
MnO2 being the most dominant [120, 121].  

Fig. 18. Structure and chemical composition of the nanocomposite. a) High resolution 
TEM image of MnOX on the surface of a CNT. b) X-ray photoelectron spectra of the Mn 
3s and Mn 2p regions (inset). c) Raman spectrum of the CNT-MnOX composite. (Under 
CC-BY Paper III © 2017 Authors) 

The CV curves of the CNT capacitor (Fig. 19 a) had nearly ideal rectangular 
morphologies, and the measured capacitance varied slightly, depending on the 
scanning rate (specific capacitance ~2.6 mF/cm2). The capacitance of the CNT-
MnOX capacitors turned out to be more limited by the slower redox reactions of 
MnOX, compared to the double layer charge formation on the CNTs (Fig. 19 b). At 
a scan rate of 10 mV/s, capacitance was measured to be 8.8 mF, which resulted in 
a specific capacitance of 37 mF/cm2. This was lower at higher scan rates (Fig. 19 
c), which is a typical behavior of pseudocapacitive materials. Still, even at the 
highest scan rate (1 V/s), the capacitance was ~10 times higher than that of the CNT 
capacitor (24 vs. 2.5 mF/cm2). 

The capacitances were also calculated from charge-discharge measurements, 
which gave similar results (48 mF/cm2 at 0.2 mA/cm2) (Fig. 19 d and e). In the 
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performance retention tests conducted (Fig. 19 f), the CNT capacitors steadily 
retained 100% of their original capacitance, whereas the capacitance of CNT-MnOX 
increased to ~120% during the first 400 cycles, but then started to decay after 
~2 000 cycles, reaching ~60% of the original value after 5 000 cycles. This likely 
happened due to microstructural defects in the finger structure, or due to poor 
adhesion of MnOX particles on the CNT surface. It may be possible to improve this 
by depositing MnOX via electrochemical routes [114], in order to improve adhesion. 

Fig. 19.  a) Cyclic voltammetry curves of a CNT supercapacitor. b) Cyclic voltammetry 
curves of a CNT-MnOx pseudocapacitor. c) Corresponding calculated specific 
capacitances at different scanning rates. d) Charge-discharge curves of CNT and CNT-
MnOx, measured at 2.1 mA/cm2 current density. e) Charge-discharge curves of a CNT-
MnOx pseudocapacitor at different current densities. f) Retention of both types of 
capacitors over 5 000 cycles. (Under CC-BY Paper III © 2017 Authors) 

Electrochemical Impedance Spectroscopy (EIS) measurements were performed at 
a frequency range of 100 mHz to 100 kHz. Nyquist diagrams (Fig. 20 a) show that 
series resistance (RS) was 14 Ω for the CNT supercapacitor, and 17 Ω for the CNT-
MnOX pseudocapacitor, the majority of which was due to the resistance of the Pt 
thin film current collector. The semicircle plot was interpreted as being charge 
transfer resistance (RCT, 3 Ω for the supercapacitor, and 4 Ω for the 
pseudocapacitor). The imaginary part of the capacitance versus frequency C”(f) in 
Fig. 20 b correlated to the energy losses in the capacitor. The relaxation time 
constants τ0 (i.e. the minimum time to discharge the capacitor, reciprocal of the 
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response frequency f0) were 70 ms for the CNT capacitor, and 1.5 s for the CNT-
MnOX capacitor. The frequency response of capacitance shown in Fig. 20 c 
indicated that the supercapacitor is able to operate at frequencies of up to 120 Hz 
(at −3 dB point), whereas the pseudocapacitor is able to function ideally only in 
DC operation, as it is more dependent upon frequency, compared to the CNT 
supercapacitor. 

The energy and power densities obtained from the charge-discharge 
measurements indicated the operational range of both devices, as displayed in the 
Ragone plot in Fig. 20 d. The calculated maximum energy densities were 0.3 and 
6.7 µWh/cm2, whereas the maximum measured power densities were 81.8 and 51.0 
mW/cm2, for the CNT and CNT-MnOX capacitors, respectively.  

Fig. 20. a) Nyquist plots of impedance. The inset shows the high frequency region in 
more detail. b) Imaginary part of the capacitance and the time constants. c) Capacitance 
against frequency of both devices. d) Ragone plots of specific power and energy 
densities. e) Lighting of an LED with two on-chip capacitor devices mounted in hybrid 
ceramic-plastic packages. (Under CC-BY Paper III © 2017 Authors) 

When comparing the performance of these devices to the current state-of-the-art 
microsuper- and pseudocapacitor electrode materials (Table 3), it is evident that the 
development of electrode materials for super- and pseudocapacitors have taken 
major leaps forward during the last few years. The capacitances and energy 
densities in some of the latest reported microdevices are significantly higher 
especially for mesoporous electrode materials such as mesoporous graphenes [122, 
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123], Au/RuO2 electrodes [124] and ultra-high surface area carbon nanomaterials 
[125, 126]. However, two important notes shall be mentioned here. Firstly, 
increasing the size of a device will inevitably decrease the area and volume 
normalized densities of these quantities. Secondly, increasing capacitance and 
energy storage capabilities will decrease the power of the device. Both are due to 
the geometry dependence of charge transport (in the electrode material) and transfer 
between the electrolyte and surface. 

In order to demonstrate the applicability of the developed on-chip capacitors, 
they were utilized to power a regular light emitting diode (LED). The 
supercapacitor chips were first cased with 3D-printed plastic compartments, to 
accommodate the electrolyte. The chips were then wire-bonded to dual-in-line 
packages, in order to produce easy-to-mount devices. Two of the devices were then 
mounted on a test board, and connected in series, to increase the operational voltage 
range to 2 V, required to power the LED (Fig. 20 e). 
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Table 3. Performances of state-of-the-art microsuper- and pseudocapacitor devices.  

Electrode material  Electrolyte Potential 

window 

(V) 

Areal 

capacitance 

(mF/cm2) 

Volumetric 

capacitance 

(F/cm3) 

Energy 

density 

(µWh/cm2)

Power 

density 

(mW/cm2)

Ref. 

Stacked electrode 

structures 

       

Laser scribed 

graphene  

BMIM-NTf2 4 5 14.3 11.2 164.4 [108] 

Laser scribed 

graphene-MnO2 

1M Na2SO4 0.9 882 1137 126 30 [123] 

Si nanowires- 

MnO2 

LiClO4-

PMPyrrBTA 

2.2 27 5.40 33 0.4 [127] 

Carbon 

nanowalls-RuO2 

H3PO4-

SIWA/PVA 

0.9 3101 207* 49 31 [128] 

Pt nanotubes -

RuO2 

0.5M H2SO4 1.35 801 40* - - [125] 

Reduced 

Graphene oxide 

H2SO4/PVA 1 580 - 40 20 [122] 

Interdigital electrode 

structures 

       

CNT 1 M Na2SO4 1 3.1 0.2 0.3 82 Paper III 

CNT-MnOX 1 M Na2SO4 1 37 1.8 6.7 51 Paper III 

CNT BMIM-BF4 0.5 0.43 0.05 0.08 - [112] 

CNT EMI-TFSI 3 0.43 0.09 0.5 10 [129] 

Onion-like 

carbon 

1 M Et4NBF4 3 0.91 1.3 1.4 177 [113] 

CNTs on 

graphene 

BMIM-BF4 3 3.9 1.9 4.84 92 [110] 

Graphene 1 M Na2SO4 1 4 1.6 0.2 9 [130] 

Activated carbon 1 M Et4NBF4 3 4.5 9 5 20 [113] 

Holey Graphene H2SO4/PVA 1 6.4 5.3 5.1 2.6 [131] 

Activated 

carbon-MnO2 

0.2 M K2SO4 1.5 30 30 10 4 [132] 

Activated carbon H3PO4/PVA 0.8 134 5.36 12 1.3 [126] 

Laser scribed 

graphene / MnO2 

1M Na2SO4 0.9 384 1137 66 30 [123] 

Porous Au/RuO2 H3PO4-

SIWA/PVA 

0.9 812 708 91 41.6 [124] 

1 Estimated from a 3-electrode setup measurement. 



56 

4.3 Maskless micropatterned CNT growth on metal substrates 

Earlier in this chapter, the effect of aluminum buffer layer was investigated, for 
successfully synthesizing CNTs on metal substrates. Here, an additive (maskless) 
method is presented, for growing micropatterned CNT structures directly on metal 
substrates, without using an additional catalyst, or lithography (Paper IV). This new 
method was based on local thermal treatment of the metal surface with focused 
laser pulses. The affected surface parts underwent partial oxidation during laser 
treatment in ambient air. Subsequently, these superficial oxides were partially 
reduced during the high-temperature CVD processes. As a consequence, due to the 
presence of both barrier-type oxide and catalytic metal phases, the laser illuminated 
areas facilitated highly active sites for CNT growth, without requiring addition of 
any catalyst before or during the growth. It is expected that the process may be 
improved with a smaller laser focal spot diameter, alongside with shorter exposure 
durations. The method itself can also be envisaged for patterned CNT growth on 
three-dimensional metal surfaces.  

Oxidation and subsequent reduction of steel and Inconel® 600 surfaces using 
various methods [133-140] has been reported to be an efficient way to create an 
active surface for the CNT growth process, without depositing an additional 
catalyst. While each of these methods modifies surface morphology and chemical 
composition in different ways, the common trait has been the formation of 
superficial diffusion barrier oxides and adjunct catalytic nanoparticles. This 
proposed process is similar to the above; however, due to the laser-assisted 
localized surface treatment, micropatterned CNT forests can be obtained on treated 
areas. 

FESEM images (Fig. 21 a–c) show that the laser processed regions of the metal 
surface underwent visible changes, including nanoscopic cracks in the melted and 
re-solidified surface, as well as nanostructured particles alongside. The bright 
contrast of the latter indicated electrostatic charging, suggesting that superficial 
oxide phases formed. These laser-treated surface areas also had significantly 
increased concentrations of oxygen, as measured by EDX (Fig. 22). The laser-
treated surfaces were then applied to synthesize CNTs using two different processes. 
In the first process, samples were first annealed in NH3 followed by CNT synthesis 
in N2/C2H2 atmosphere. In the second process, the metal samples went through a 
rapid heating CNT synthesis process in H2/N2/C2H2 atmosphere. The surface 
density of CNTs appeared higher on the substrates treated with higher laser powers 
in the studied parameter range (Fig. 21 d–f). The selectivity of growth on Inconel® 
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600 is illustrated in Fig. 21 g–j, which shows a bitmap raster pattern of an Albert 
Einstein portrait, where the dark pixels represent the laser-treated and subsequently 
CNT-populated regions. CNT growth on laser-processed AISI 304ss stainless steel 
substrate was also demonstrated, but the density of nanotubes was smaller than on 
Inconel (not shown here).  

Fig. 21. a–c) High-magnification SEM images of laser-processed Inconel® 600 surfaces 
processed using scanned pulsed laser beams at total average powers of: a) 1.3 W; b) 
2.1 W; and c) 3.2 W, using a 20 kHz pulse frequency. The inset panels show low-
magnification electron micrographs. Panels d–f) display CNT forests grown on 
corresponding laser-patterned areas. CNT synthesis was carried out at 550 °C via NH3 
annealing synthesis. g) Camera picture of a bitmap raster image (2 bit) of Albert Einstein 
patterned on the Inconel® 600 substrate. h) Synthesized CNTs on a similar pattern, as in 
the previous panel. Growth was carried out via the H2 based method at 670 °C. Panels i) 
and j) show the image pixels (50 × 50 mm) at various SEM magnifications. Inset in panel 
j) is a high-resolution image of CNT bundles in a single pixel. (Reprinted by permission 
from Paper IV © 2018 Elsevier) 
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Fig. 22. SEM image and corresponding EDX elemental maps of a laser-processed 
Inconel® 600 surface (total average laser power of 1.7 W). (Reprinted by permission from 
Paper IV © 2018 Elsevier) 

Multiple events take place in the laser-treated metal areas that eventually favor 
subsequent CNT growth. During the laser treatment, rapid heating, melting and re-
solidification of the alloys yielded fine nanostructured grains. In addition, 
superficial oxide layer formation took place, due to the very high surface 
temperatures (above 1 000 °C) localized in the laser-processed region (in the heat-
affected zone). Furthermore, as observed in XPS analysis (Fig. 23), the surface 
went through partial reduction in the CVD process, in the presence of highly 
reductive gases (H2 or NH3) at high temperatures (660 °C or 600 °C respectively), 
forming catalytically active metal particles in close contact with the residual oxides 
(the latter of which act as a support and diffusion barrier for the catalytic metal 
nanoparticles).  

In Ni 2p spectra (Fig. 23 a), the nearly exclusive metallic Ni 2p3/2 peak at 852.5 
eV after reduction in H2 was more dominant than that of NH3, highlighting a major 
difference between the two processes. The same tendency was also visible in Fe 3p 
spectra (Fig. 23 b), which showed a metallic iron peak at 52.9 eV. (Note that while 
Fe 2p spectra gave a stronger signal, it overlapped with Ni Auger peaks, and was 
therefore not the most suitable for the analysis of Inconel® 600.) In the Cr 2p 
spectrum (Fig. 23 c), while the reduction of CrO3 (578.9 eV) was the most evident, 
there were still clear CrO2 and Cr2O3 peaks after both types of reduction processes. 
Interestingly, the Cr metal peak (574.1 eV) appeared to be the strongest after the 
NH3 reduction, and notably, peaks for chromium nitrides could also be fitted [141]. 
This finding was supported by the N 1s spectra (Fig. 23 d) displaying CrN at 369.2 
eV and Cr2N at 396.7 eV, while the peak at 398.4 eV was likely due to interstitial 
N atoms [142]. 



59 

Fig. 23. XPS data and fitted peaks for: a) Ni 2p; b) Fe 3p; c) Cr 2p; and d) N 1s electrons 
of Inconel® 600 after laser treatment and subsequent annealing in NH3 or H2. The laser 
parameters were 2 100 mW power at 60 kHz pulse repetition, with 5 mm/s scanning 
speed. (Reprinted by permission from Paper IV © 2018 Elsevier) 

The findings of XPS were confirmed by STEM (scanning transmission electron 
microscopy) and EDX elemental mapping of the substrate-CNT interface 
synthesized via the NH3 process (Fig. 24 a). The elemental map showed that, while 
the surface layer is enriched with Cr, O and N (i.e. chromium oxides and nitrides), 
the nanosized catalyst particles at the bottom of the CNTs were composed of Ni 
and Fe, as a result of the reductive conditions occurring during CNT synthesis. The 
Ni and Fe alloy nanoparticles on top of the chromium oxides/nitrides acted as 
catalysts, which seemed to promote the base growth of CNTs (Fig. 24 b). As the 
synthesis took place on a solid metal template at elevated temperatures, the catalyst 
nanoparticles required stabilization, which was provided by the oxidized chromium 
that inhibited the diffusion of the catalyst alloys back into the bulk of the substrate. 
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Fig. 24. a) Dark-field STEM image and EDX elemental mapping (Cr, Ni, Fe, C, O and N) of 
the corresponding metal substrate-CNT interface. The CNTs were grown using the NH3 
process at 600 °C on Inconel® 600. b) Illustration of the substrate-CNT interface. 
(Reprinted by permission from Paper IV © 2018 Elsevier) 
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5 Carbon foam-CNT composites for 
electromagnetic interference shielding 

In the previous chapters, methods to directly synthesize CNTs at low temperatures, 
and directly on metal substrates were demonstrated. In this final chapter, based on 
paper V, a direct carbon nanotube/nanofiber synthesis on a microporous carbon 
network as a hierarchical carbon structure is presented. The introduced 
multifunctional material showed outstanding electromagnetic interference (EMI) 
shielding performance, which may be taken advantage of in a number of 
applications, including electronics, space/aeronautics, and even in defense.  

CNTs, when used as fillers in electrically conductive polymer composites [143-
146], have been widely reported to form EMI shielding materials. This is due to 
their reasonably high electrical conductivity, and high aspect ratio, both of which 
help in forming well-percolated conductive networks necessary for high-
performance EMI shielding. Other widely reported materials used as fillers include 
metal nanowires (typically Ag) [147-150], or flakes of two-dimensional materials, 
such as graphene [151-153] and reduced graphene oxide (rGO) [154-156], as well 
as transition metal carbides, nitrides, and carbonitrides (MXenes) [157-160]. 

In homogenous media, the attenuation of electromagnetic waves is generally 
dependent on the interaction of defects, dipoles, free carriers, and impurities, which 
then lead to ohmic losses, polarization scattering, and eventually, to the attenuation 
of electromagnetic waves. In materials with multiple phases, scattering at internal 
interfaces also accounts for losses that eventually promote absorption. According 
to this logic, a porous, lightweight, hierarchical, purely carbon structure may be 
expected to have excellent absorption-dominant shielding efficiency. Namely, the 
surface reflections of such porous structures should be small, and thus the waves 
should be able to attenuate in the medium after multiple internal reflections 
(scattering) on the cell-void (i.e. nanotube-air) interfaces, followed by absorption 
in the solid carbon materials. 

5.1 Structure and synthesis 

Due to its facile diffusion into transition metals, carbon has proven to be a 
challenging material to use to support CNT growth [161-163], though highly 
aligned CNTs have been achieved on carbon materials by applying a diffusion 
barrier, such as Si/SO2 [164, 165], Al/Al2O3 [166, 167] or Cr [168]. Although 
growth has been also demonstrated on various forms of carbons (e.g. graphene 
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[110], and amorphous carbon [77-79, 162]), synthesis with high CNT yield has 
been difficult to achieve on well-crystalline bulk carbon materials. Based on these 
earlier findings, the pyrolyzed melamine foams—which have been reported to have 
low crystallinity [169]—were expected to be suitable for supporting CNT growth. 

An industrial grade melamine foam was used in these experiments, which is 
first pyrolyzed at 800 °C in N2 gas flow, in order to obtain a carbon foam, which is 
then applied as a template for growing CNTs and nanofibers (Fig. 25), thus forming 
porous hierarchical carbon structures. During the pyrolyzation of the polymer foam, 
the structure shrank to ~10% of its original volume and mass, while retaining an 
open pore structure, with a density of ~10 mg/cm3. Nickel (II) acetylacetonate 
(precursor of the Ni catalyst) dissolved in acetone was used to impregnate the foams. 
After impregnation, the foams were placed into a tube furnace in 15% Ar/H2 
atmosphere at 770 °C, to decompose and reduce the catalyst precursor to form 
catalytically active metallic nickel nanoparticles. Finally, CNTs and nanofibers 
were synthetized by water-assisted chemical vapor deposition (WACVD) at 770 °C 
in the same tube furnace by adding acetylene (carbon source) to the gas flow.  

Fig. 25. Illustration of the preparation process of carbon-based nanocomposites. 
Schematic drawing, FESEM images, and digital camera images of melamine foam, 
carbon foam, and hierarchical nanocomposite (C foam @ CNTs/CNFs). (Under CC-BY 
Paper V © 2019 American Chemical Society) 
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5.2 Materials properties 

The achieved lightweight (Fig. 26 a) hierarchical foam structures had a mass 
density of 14–35 mg/cm3, depending on the amount of CNTs/CNFs in the parent 
carbon foam. The varying mass densities were due to the varying amount of catalyst 
precursor attached to the foam, which also affected the size of the nanotubes and 
nanofibers (viz. CNTs emerged from small catalyst particles, whereas larger 
clusters produced CNFs, as they were too large to grow tubular structures, only 
stacks of graphitic layers). However, the composite foams retained the excellent 
compressibility of the original carbon foam (Fig. 26 b).  
 

Fig. 26. a) Digital camera image of C-CNT/CNF foam composite (~50 mg) placed on an 
artificial feather; and b) compressed with tweezers. c) Raman spectra of carbon foam 
and C-CNT/CNF foam composites. d) EDX elemental compositions of carbon foam and 
C-CNT/CNF foam composites. e) Water droplet on the hydrophobic surface of a C-
CNT/CNF composite foam. (Under CC-BY Paper V © 2019 American Chemical Society) 

As previously reported [169], Raman spectra of carbon foams suggest that the 
materials consist mostly of amorphous carbon, due to poor ordering of the sp2- and 
sp3-hybridized carbons, whereas the nanotubes and the nanofibers in the composite 
appeared to be crystalline, with a large number of defects (Fig. 26 c), likely due to 
catalyst interaction with the substrate. EDX elemental analysis (Fig. 26 d) showed 
a high concentration of nitrogen within the carbon foam structure, with a small 
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amount of sodium, as reported previously (residues from the original melamine 
material) [169]. The carbon content significantly increased upon CNT/CNF growth, 
while only traces of Ni catalyst (<0.2 at.%) were found in the composite, suggesting 
that it would not play any significant role in EMI shielding. TEM images in Fig. 27 
showed that the CNTs were bamboo-shaped, with diameters varying from 10–50 
nm. The formation of bamboo structures was likely due to the poor stability of the 
catalyst on the carbonaceous surface of the substrate. The carbon nanofiber 
structures, on the other hand, consisted of stacked graphitic layers, with diameters 
of 40–200 nm. It should be also noted that no catalyst particles were found in the 
tips of the CNTs, indicating that they grew via the base growth mechanism. 

The composite foams showed the opposite wetting behavior (hydrophobic, 
with a contact angle of 125°) to the original carbon foam (hydrophilic) [169], due 
to the intrinsically hydrophobic nature of pristine CNTs and CNFs. Such 
hydrophobicity is advantageous for many applications, since it provides superior 
water-repellency, and thus durability and stability in wet conditions and 
environments (Fig. 26 e). 

Fig. 27. TEM images of: a) a CNT with bamboo structure; b) a CNF with solid graphite 
structure; and c) the tip of a bamboo-like CNT. (Under CC-BY Paper V © 2019 American 
Chemical Society) 

Both foam types were found to be highly and reversibly compressible up to ∼40% 
strain (Fig. 28) after the first compression cycle. More interestingly the foams 
showed substantial piezo-resistive behavior, with a resistance drop of almost three 
orders of magnitude at a compressive strain of 40%. The piezo-resistive behavior 
of the carbon foam was similar to other reported carbon foam structures [170, 171], 
and can be explained by local stress-induced changes in the disordered sp2–sp3 
carbon material [172, 173]. However, in the case of the nanocomposite foam, the 
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transport behavior was dominated by the rearrangement of the percolated 
nanotube/nanofiber network. 

Fig. 28. Stress-strain and piezo-resistive behaviors of the carbon foam in the: a) first; b) 
second; and c) third compression cycle. Panels d–f) display the same for the 14 mg/cm3, 
and g–i) for the 35 mg/cm3 composite, respectively. (Under CC-BY Paper V © 2019 
American Chemical Society) 

5.3 Electromagnetic interference shielding performance 

The EMI shielding performance was measured in the K-band (at 18–26.5 GHz), 
which is a particularly important frequency range for the upcoming 5G 
telecommunication networks. Compared to the original carbon foam, the 
hierarchical composite foams with different CNT/CNF loadings displayed superior 
EMI shielding characteristics (Fig. 29 a) when measured with 5 mm thickness, 
fulfilling the requirement for the minimum shielding effectiveness (20 dB). More 
importantly, the density-adjusted specific shielding effectiveness (SSE, 1 700–800 
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dB cm3 g-1) (Fig. 29 b) and the thickness-normalized values SSE/t calculated for 
the composites were outstanding (3 400–1 600 dB cm2 g-1). 

The reflection component of shielding effectiveness (SER) for the composite 
foams accounted for approximately 0.5 dB (Fig. 29 c) out of the total effectiveness 
(SET) of 20.5–25.5 dB (measured at 18 GHz for the different composites densities), 
which corresponds to ~11% electromagnetic energy loss by reflection, and ~88% 
due to absorption (SEA). The low surface reflection of waves was due to the close 
values of dielectric permittivities of both air and the highly porous composite. As 
the conductivity of the composite foams could be altered by compression, the same 
behavior was also seen in shielding effectiveness (Fig. 29 d), with a significant 
improvement in effectiveness (total loss from 16.4 to 21.6 dB at 19 GHz, with 
strains of 12.5–40.6%). Though the shielding effectiveness was enhanced by the 
applied strain, the specific effectiveness was nearly independent from the strain, 
due to the increased material density (Fig. 29 e). 

Fig. 29. a) Electromagnetic shielding effectiveness (SE) for carbon and composite 
foams with densities of 10–35 mg/cm3 at K-band frequencies; b) SE and specific SE 
(SSE) as a function of density; and c) the contribution of reflection (SER), absorption 
(SEA) losses to the total shielding (SET) for the carbon foam and hierarchical composite 
structures (densities of 14, 21, 28 and 35 mg/cm3). d) SE for the composite of 14 mg/cm3 
density at compressive strains between 12.5–40.6%, measured for the K-band 
frequencies; e) SE and SSE as a function of compressive strain (at 18 GHz). (Under CC-
BY Paper V © 2019 American Chemical Society) 
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According to these results, the composite foams provided a highly porous 
microstructure, in which the majority of electromagnetic energy penetrates and then 
gets attenuated in the solid phase by the contribution of ohmic losses and 
polarization. The absorption is a consequence of the multiple internal scattering on 
the pore-solid interfaces in the porous medium (Fig. 30), eventually leading to 
absorption of the electromagnetic waves, and conversion into heat. Such 
absorption-dominated shielding has great practical importance, since it eliminates 
the harmful effects of back-reflected energy to the emitting devices or to other 
components. 

 

Fig. 30. The proposed EMI shielding mechanisms of the composite foams. (Under CC-
BY Paper V © 2019 American Chemical Society) 
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6 Summary and conclusions 
The main objective of this thesis was to investigate the direct synthesis of CNT 
structures using novel substrates and conditions via CVD. The properties of the 
achieved CNT structures were characterized, and their feasibility for various 
applications, including super- and pseudocapacitors and EMI shielding composites, 
were discussed and demonstrated.  

Catalyst combinations of deposited iron, cobalt and nickel layers, and the CNT 
growth mechanism on these catalyst combinations were studied for low-
temperature CNT synthesis. The lowest achieved synthesis temperature (400 °C) 
was achieved using a Co-Fe catalyst, with acetylene as a carbon source. The 
calculated low activation energies in the CNT growth process suggested that 
acetylene decomposition occurred on the catalyst surface, followed by surface 
diffusion of carbon, prior to crystallization and growth of graphitized CNT 
structures. As each process step in this low-temperature CNT synthesis is 
compatible with the most common silicon technologies, direct integration of CNTs 
on silicon devices and other thermally-sensitive components is achievable.  

The approach to growing vertically aligned CNTs on conductive metals using 
Al buffer layer proved to produce good electrical contacts between the CNTs and 
the metal substrates. The structures were then applied in super- and 
pseudocapicitors on bulk metal sheets, as well as on lithographically-defined 
silicon chips. The scalable CMOS-compatible technology suggests that the chips 
may be implemented in various energy storage systems. Moreover, a method for 
producing maskless micropatterned CNT films on steel and superalloy substrates, 
without added catalyst, was also shown. Laser annealing and subsequent partial 
reduction of the surface in H2 or NH3 resulted in a unique surface, containing 
catalytically-active Fe and Ni nanoparticles, supported by diffusion barrier type Cr 
oxides and nitrides. Hence, selective growth of CNTs was achieved. 

In addition, highly conductive and low mass density networks of compressible 
and water-repellent hierarchical carbon nanocomposites were synthetized by 
growing CNTs and nanofibers on amorphous carbon foam structures. The 
composites proved to be excellent absorber media for electromagnetic waves in K-
band frequencies (18–26.5 GHz), important for 5G telecommunication. Owing to 
the piezo-resistive nature of the composites, their shielding effectiveness was found 
to be tunable via mechanical deformations.  

The presented results show a number of methods for direct on-device CNT 
synthesis using CVD. The proposed methods and demonstrated applications are 
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expected to pave the road towards further utilization of CNTs that will contribute 
to silicon integration, energy storage materials, nanoelectronics and 
nanoelectromechanical systems, and to high-frequency telecommunication 
hardware. 
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