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I. Introduction

Carbon nanotubes (CNTs) and nanofibres (CNFs) belong to
materials that attract the keenest attention of scientists and
technologists all over the world (e.g., see Refs 1 ± 10).

In recent summarising publications,11 ± 16 the methods of
preparation of these materials are divided into two main groups,
where the first group includes the graphite sublimation followed
by desublimation and the second group comprises hydrocarbon
pyrolysis and decomposition of carbon oxides (monoxide and
suboxides). The other methods such as electrolysis, chemical
reduction of certain organic derivatives with alkali and alkaline-
earthmetals, chlorination ofmetal carbides or thermal exfoliation
play far less important roles.

Two current trends in the development of synthetic methods
and the application of carbon nanotubes and nanofibres are
observed. One of them reflects the increasing interest in pyrolytic
methods of CNT or CNF preparation, while the second concerns
revision of the role and significance of single-walled CNTs
(SWCNTs).

Indeed, pyrolytic methods do not require such high temper-
atures as sublimation, are amenable to scaleup and easier to
control, provide means for the effective organisation of continu-
ous processes and are more diversified and versatile. As regards
the number of versions, these methods far surpass the electro-arc
and laser-oven sublimation of graphite. A potential advantage of
certain pyrolytic methods is that in addition to CNTs they allow
one to produce hydrogen free of CO, which is very important for

the development of hydrogen energetics 17 and chemical synthe-
ses.18

Initially, the potential of pyrolytic methods was believed to be
restricted to the synthesis of multi-walled CNTs (MWCNTs);
however, it is already clear that this is wrong and these methods
can be applied for the SWCNT production. Dai et al.19 (1996),{

were the first to demonstrate the possibility of the SWCNT
synthesis by the catalytic pyrolysis of hydrocarbons, while the
conditions for the synthesis of high-quality SWCNTs were found
as early as in 1998.23, 24

The second trend reflects the fact that the opinion that
SWCNTs have higher properties than MWCNTs has been
shaken. Indeed, double-walled CNTs (DWCNTs) were the first
to be appreciated as promising industrial materials.25, 26 Partic-
ularly, DWCNTs were shown to surpass SWCNTs in mechanical
properties.27 In addition, DWCNTs exhibit the higher thermal
stability, thermal and electric conductivity as compared with
SWCNTs.28 SWCNTs start coalescing at *1200 8C, whereas
DWCNTs coalesce above 2000 8C. DWCNT-based nanopaper
exhibits higher characteristics than a paper made of SWCNTs.29

The inevitable topological defects typical of all CNTs have a
weaker effect on the DWCNT properties as compared with
SWCNTs. Covalent addition of chemical groups to the surface
drastically changes the electronic properties of SWCNTs and in
certain cases makes their functionalisation (and, hence, their
solubilisation and the possibility of using aqueous colloid solu-
tions of SWCNT for purification, production of composites, etc.)
extremely unwanted. In the DWCNT case, the groups are added
to the external wall and have virtually no effect on the electronic
properties of the internal wall.

Next, a concept of `thinMWCNTs' (from here on; denoted as
t-MWCNTs) has been formulated. These tubes gradually came to
occupy a special place among other filamentous carbon nano-
materials. Tubes with diameters not exceeding 10 nm are classi-
fied as t-MWCNTs,30 ± 34 although certain authors place the upper
limit of diameters at 5 nm. Tubes that contain from 2 to 8 ± 10
walls fall into this category.

Incidentally, the first industrial production of CNTs organ-
ised by `Hyperion Catalysis' (USA) in the mid-1980s was based on
the hydrocarbon pyrolysis and allowed the production of
t-MWCNTs with diameters of 8 ± 10 nm. Later, other countries
have also organised the pilot production of CNTs and CNFs by
pyrolysis. In 2004, a pilot-line production of carbon nanotubes
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was organised in Tambov based on the works from the
D I Mendeleev University of Chemical Technology of Russia.

Certain versions of pyrolytic methods of the CNT synthesis
resemble those of chemical vapour deposition (CVD) which are
widely used in the production of coatings of pyrolytic graphite,
diamond and diamond-like carbon and are characterised by
certain versatility. Indeed, they have their drawbacks, particu-
larly, those associated with the necessity of strict control over the
synthetic conditions aimed at the production of pure and uniform
CNTs.

Several reviews were devoted to the pyrolytic methods (e.g.,
see the recently published reviews 35 ± 42); a survey that summarises
studies on the plasma-enhanced pyrolysis has appeared.16 How-
ever, the majority of these reviews did not dwell into the synthesis
of thin CNTs (one exception is a paper 37 entirely devoted to
SWCNTs) and did not include the most of recent data. The
present review summarises studies devoted to the synthesis of
thin CNTs, which were carried out in the past 4 ± 5 years. The
attention is focused on bimetallic catalysts. For the first time, an
attempt is undertaken to generalise the data on the kinetics of
CNT formation. Certain potentials of pyrolytic techniques are
demonstrated by the example of MWCNT synthesis.

II. Versions of catalytic pyrolysis

Pyrolysis is the transformation of organic substances on heating,
which can proceed via many routes to ultimately yield elemental
carbon. The process is carried out under different conditions,
namely, the temperature of the process may vary from nearly
ambient to above 1000 8C, while the pressure may be both below
and above the atmospheric pressure. Solid (polyethylene, etc.) and
liquid (supercritical toluene) substances and also aqueous and
non-aqueous solutions undergo the pyrolysis to evolve carbon.
Pyrolysis of gases and vapours is very close to the CVD processes
(although it may differ from such processes 43), while the pyrolysis
of aqueous solutions resembles the hydrothermal synthesis.

The CNT synthesis under hydrothermal conditions involves
the introduction of organic precursors (polyethylene, ethylene
glycol, etc.) andmetal catalysts 44, 45 into the system. The process is
carried out at 700 ± 800 8C and a pressure of 60 ± 100 MPa. It was
employed for the production of only MWCNTs with the number
of walls from 5 to 100 and more. The inner diameter of such
MWCNT was 20 ± 1300 nm.

MWCNTs were also synthesised by the pyrolysis of a ferro-
cene solution in toluene under supercritical conditions at 600 8C
and a pressure of *12.4 MPa (MWCNTs or CNFs were
obtained).46, 47 Resistive heating of the Si substrate covered with
a thin Fe film up to 500 ± 1000 8C in certain organic solvents
(methanol, ethanol) also yielded CNTs.48 Pyrolysis of organic
substances in a gel matrix can be carried out at surprisingly low
temperatures (300 8C).49 The catalytic pyrolysis of liquid hydro-
carbons under the conditions of supersonically induced cavitation
stands somewhat apart from the above methods. This synthesis
was first carried out to produceCNTs in 1999 as the pyrolysis of o-
dichlorobenzene in the presence of ZnCl2. Its new version was
described recently.50, 51

Themethods of catalytic pyrolysis of gases are divided into the
following two groups according to the way of catalyst loading:

Ð pyrolysis with a supported catalyst;
Ð pyrolysis with a `volatile' catalyst.
Based on this, two groups of processes performed under

different condition are distinguished. In both cases, to minimise
the non-catalytic decomposition of gaseous monoatomic and
heteroatomic hydrocarbons, their pyrolysis is recommended to
be carried out at a reduced total pressure in the system and a low
partial pressure of the main reagent.

SWCNTs can also be prepared by the pyrolysis without a
catalyst.52, 53

III. Pyrolysis with supported catalysts

1. Versions and specific features of processes
Pyrolysis on a supported catalyst has several versions and offers
the widest opportunities. The pyrolysis with powder catalysts and
the pyrolysis on smooth (flat) or relief (patterned) substrates can
be assigned to its major versions.

The general possibilities may include the production of long
CNTs, CNTs of a given diameter, CNTs of definite shapes, doped
CNTs, CNTs with the diameter- and length-varying compositions
and CNT-containing composites.

On smooth or patterned substrates, it is possible to prepare
CNTs oriented in a definite way or various structures formed by
CNTs, where oriented CNTs or their structures can occupy
relatively wide areas.

The simplest and most frequently applied method is the
pyrolysis with powder catalysts. The overwhelming majority of
CNT syntheses were carried out in set-ups that represented a
heated horizontal reactor in the central zone of which a combus-
tion boat with a weighed portion of the catalyst was placed. The
starting hydrocarbons were fed into the reactor. Upon the end of
the process, the boat contents were taken out and the CNTs
formed were washed from the catalyst remainders with acids and
other reagents.

The large-scale pyrolysis with powder catalysts was performed
in reactors of the following three types: reactors with stirred
(mobile), suspended, and filter beds.54 Horizontal vibroreactors
used in the synthesis of carbon nanofibres pertain to the first-type
reactors.55, 56 Rotating tube reactors 38, 57 and screw-conveyer
type reactors were also used. Suspended-bed reactors include
vertical reactors 58 and reactors with fluidised beds.11 The latter
are most popular. They are intended to be used in the preparation
of SWCNTs in the CoMoCAT (formed from the words Co ±Mo-
catalyst) processes 43, 59, 60 and also in the pyrolysis of C2H2,61

C2H4 ±H2 mixtures 62 and CH4.63

Long (several mm or cm) CNTs and their bundles were
prepared.64 ± 74 Such tubes can be used later in the CNT `cloning'
(the growth of SWCNTs with identical geometry and structure),75

for example, in a cycle shown in Fig. 1. For this purpose, an array
of open-end SWCNTs was synthesised, then, the catalyst particles
were deposited on their ends and the pyrolysis was repeated. The
scheme of `cloning' may be more complicated. Thus the catalyst
particles were attached to shortened and functionalised SWCNTs
in solution, whichwas followed by the deposition of tubes onto the
substrate. The process resembles the epitaxial growth of single
crystals.75

Carbon nanotubes of equal lengths are used most often for
growing arrays of identically oriented tubes (`forest') on smooth
substrates. The use of calibrated catalyst particles allows one to
synthesise CNTs of definite diameters. In this way, SWCNTs with
diameters of 1.45� 0.50 nm (Refs 76 and 77) and 1.3� 0.4 nm

Hydrocarbon Monotype
SWCNT
(*500 kg day71)

Seeded growth
500<T<700 8C

`Inner loop' processing

S
W
C
N
T
s
+

ca
ta
ly
st

Bulk
output

Seed preparation
(*0.5 kg day71):
cutting SWCNTs,
preparation of the
catalyst, functionalisa-
tion, attachment, docking

Figure 1. Block diagram of commercial production of SWCNTs of a

definite diameter and desired morphology (chirality);

[http://www.hydrogen.energy.gov/pdfs/review05/stp_37_smalley.pdf].

2 E G Rakov



(Ref. 78) and also t-MWCNTs with diameters of 4 ± 6 nm were
prepared.79 The use of the MSM-41 molecular sieves made it
possible to control the SWCNT diameter within 0.5 ± 0.8 nm with
an accuracy of 0.05 nm.80 ± 82 By varying the concentrations of
added thiophene in the CH4 pyrolysis it is possible to control the
SWCNT diameter within 0.88 ± 1.18 nm.83 The chemical treat-
ment of zeolites allowed varying the diameter of the void in their
crystal structure thus changing the size of catalyst particles
incorporated into this void and the diameter of resulting
t-MWCNTs.84WhenMWCNTs are synthesised on flat substrates
with deposited catalysts, it is possible to regulate the diameter of
tubes and their density on the substrate by varying the intensity of
the catalytic film pretreatment in the NH3 plasma.85 Morphology
and diameters of CNTs can be changed as a result of changes in
the catalyst composition, for instance, by the addition of Co to the
Ni/Al2O3 catalyst.86

Pyrolyses on flat and patterned substrates have their pecular-
ities, making possible the preparation of oriented CNTs and CNT
structures. The oriented CNT packing is possible in the cases of
pyrolysis in electric field (the majority of papers describe the
MWCNT preparation) 2, 87 ± 96 and magnetic-field orientation
of catalyst particles,97 as well as in a directed gas
stream 66, 69 ± 71, 98 ± 100 and at a definite position of the substrate
with respect to the gravity vector.101

The growth of oriented CNT was observed 2 in electric fields
with the strength of *1 V mm71. Somewhat weaker fields
(0.4 V mm71) were used in the formation of SWCNT bridges as
long as 25 mm between the electrodes.91 The induced dipole
moment was *106 D for *1 mm-long CNTs in a field of
1 V mm71.

The most perfect packing of CNTs on a substrate in electric
field requires the optimisation of the electrode shape and the
elimination of van der Waals interactions between the tubes.
Periodic changes in the electrode position and in the direction of
the constant electric field during the CNT growth allow one to
change the CNT morphology, viz., form bended and zigzag
tubes.102 ± 104 For CNTs to continue their growth upon a change
in the electrode position, the carbon capping that passivates the
catalyst particles should be etched away.

A method of SWCNT orientation (aligning), which involved
the deposition of Al2O3 islets, has been developed.93, 105 In this
process, the tubes grow perpendicular to the boundary due to the
appearance of a space charge. The deposition of a local thin SiO2

coating on the catalyst film allowed CNTs aligned along the
silicon substrate to be grown.106

Orientation under the effect of the gas flowmade it possible to
form networks of crossed SWCNTs (in a two-step process) 66, 69 as
well as more complex structures based on 1-cm long tubes.70 The
best results were achieved at rapid heating of the substrate. Here, a
`kite' mechanism was assumed to operate, i.e., the temperatures of
the substrate and the gas increased at different rates, which gave
rise to upward convection flows. It is these flows that lift up the
ends of growing SWCNTs from the substrate.71

CNT deposition on silicon, quartz or sapphire single-crystal
substrates can also be accompanied by the CNT orientation,
which resembled the epitaxial orientation. The growth of oriented
SWCNTs coordinated with the surface orientation of silicon
single crystals was first observed by Su et al. 107 (later, analogous
studies were performed with sapphire 108 ± 112). It was shown that
when ferritin clusters were used as the catalyst and sapphire served
as the substrate, the formed SWCNTdeposits were ordered on the
A and R faces of sapphire and disordered on its M and C faces.
Such behaviour was attributed to the different packing of Al
atoms on different faces. Sapphire is widely employed as the
substrate material in microelectronics; hence, the further develop-
ment of studies in this direction can lead to the appearance of a
new integral circuit technology.

The oriented deposition of CNTs also occurs along atomic
steps of vicinal faces of a-Al2O3 .108, 113 The directed growth of

SWCNTs was also observed on the Y-cut of a quartz single
crystal.114

As compared with the CNT deposition on flat or powder
substrates, the method of growing of arrays of oriented CNTs in
Al2O3 matrices with cylindrical pores arranged perpendicularly to
the external surface was used less often. The vast majority of
studies that employed this method were aimed at the MWCNT
preparation.115 ± 118 Mesoporous silicates were used for the same
purposes.119, 120 On the other hand, the use of AlPO4 single
crystals,121 ± 126 molecular sieves MSM-41 (Refs 80 ± 82 and
127 ± 129) and ordered films of mesoporous SiO2 (Ref. 130)
made it possible to prepare SWCNTs. Zeolites (see Section III.5)
and porous silicon served as the matrices in the SWCNT growth.
In Al2O3 matrices with crossed pores, branched CNTs were
synthesised.131

The method of preparation of a CNT `forest' described by
Dai 2 is more popular. Catalyst particles of the given size and
density were deposited onto inert substrates thus providing the
tube growth in only one direction. This allowed SWCNTs to be
grown on different substrates in the pyrolysis of ethanol, 131 ± 135

methane,136 ethylene 67 and mixtures of different gases.
The use of photolithography, methods of substrate profiling

or other methods in the deposition of patterns of catalyst particles
on substrates made it possible to grow `columns', `towers', `rods',
`tubes' and other CNT structures aligned perpendicularly to the
surface. The growth of individual SWCNTs on the patterns
formed by photolithographic or microprinting techniques is very
promising.12, 23, 130, 136

The preparation of structures of the `power-line' type, namely,
submicron Si or SiO2 columns with CNT-connected vertices was a
remarkable achievement.2, 12, 136 ± 141 To synthesise such struc-
tures, catalyst particles were preliminarily deposited on column
vertices. The formation of `wires' was explained by swaying of the
growing CNTs.

Patterned growth of CNTs on 100 (Refs 142 ± 144) and
150 mm Si wafers [http://www.elecdesign.com/Articles/
Index.Cfm?AD=1&ArticleID=2462] was documented.

The pyrolytic method of CNT preparation can be employed in
the formation of two- and three-dimensional structures.145 ± 147

A procedure of preparation of `pellets' from CNTs aligned in
parallel and transplantation them onto any substrate chosen has
been developed (Fig. 2).148

The catalytic pyrolysis allows, in principle, a process similar to
the chemical deposition with infiltration to be carried out.
Particularly, attempts were undertaken to prepare carbon ±
carbon composites built of carbon fibres and CNTs.149
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Figure 2. Sequence of operations in the preparation and packing of

`pellets' with CNTs (nanopelleting processes).

(1) Etching trenches, (2) filling trenches with the catalyst, (3) CNT growth,

(4) spin casting 42 an epoxy polymer, (5) planarising and polishing the

outer layer to create isolated pellets with uniform-length CNTs, (6) with-

drawal of pellets, (7) transplantation of pellets onto a new substrate,

(8) etching in the O2 plasma to remove the polymer.
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In the pyrolytic synthesis, the yield of particular CNT types
(SWCNTs or DWCNTs) can reach 90%±95% (e.g., see
Ref. 150). However, the realisation of the above-described `clon-
ing' of tubes would be the most remarkable achievement.75

Tube doping (with nitrogen, boron, etc.) was employed, as a
rule, only in the production of MWCNTs or carbon nano-
fibres,151, 152 although examples are known where
SWCNTs 52, 153, 154 and even DWCNTs 155 were doped with nitro-
gen.

The synthesis of CNTs with a composition varying along their
lengths or diameters was achieved by changing the growth
conditions, particularly, the starting gas composition. Thus
CNTs covered with one or several concentric coatings with
different compositions were grown.

Pyrolytic methods for the preparation of composites of a
ceramic matrix filled with CNTs were actively developed in
France.156 ± 166 The CNT synthesis was carried out on solid oxide
solutions or spinels. In the course of their reduction, solid
solutions and compounds based on Al2O3 or MgO with formulas
of Mg17xMxO (M=Co, Ni) or Mg17xMxAl2O4 (M=Fe, Co,
Ni; x� 1� evolved Fe, Co orNi nanoparticles which served as the
catalysts of the CNT growth. Mixtures of SWCNTs with
t-MWCNTs,167, 168 SWCNTs with DWCNTs,169, 170

DWCNTs,159, 160, 171 and also DWCNTs with triple-walled
CNTs 172 were prepared from the CH4 ±H2 gas mixture with
appropriately chosen concentrations of Fe, Co or Ni (x values).
Oxides CaO, Cr2O3 , La2O3, etc. can also serve as the matrices.

The catalytic pyrolysis of the CH4 ±H2 mixture also allowed
the formation of a composite film containing MgO and
SWCNTs.173 A composite containing long CNTs, Fe and ZrC
was prepared by the pyrolysis of hydrocarbons on a Zr ±Fe
film.174 A composite of SWCNTs and nanocrystalline Al was
obtained.175

Actually, any process of hydrocarbon pyrolysis or CO decom-
position on powder catalysts can be modified to produce compo-
sites.

2. Methods of enhancement of pyrolytic processes
Several methods of enhancement of catalytic pyrolysis were
described, namely, thermal, plasma, hot-filament, and laser
enhancement.

There are two versions of thermal enhancement, viz., heating
of the substrate (either directly or through the reactor walls) and
heating of gaseous hydrocarbons by their partial combustion. In
the second version, which is used very rarely, the substrate covered
with catalyst is placed into a certain zone of flame. Heating of the
substrate was used more often. As a rule, the heating is performed
through the reactor walls; however, resistive heating of the
substrate was described (the use of Joule heat) in which the reactor
walls remain cold 176, 177 and also heating of the substrate using
high-frequency current.178, 179 To decrease the temperature of the
process 180 and the velocity of the gas flow,181 reduced pressure
was used. Thus the pyrolysis of pure C2H4 at a pressure of 100 Pa
made it possible to build SWCNT and t-MWCNT bridges
between the electrodes of nitrided Ta.182

The pyrolysis activated by different types of gas discharges,
namely, arc, microwave, corona, glow, high-frequency (with
frequency from several kHz to several and even tens MHz) was
also carried out at reduced pressure.41 Two types of these
processes are distinguished, viz., in which the substrate is placed
either immediately into the flame discharge zone or outside of it
and it is the gases that are subjected to activation, while the
substrate has a relatively low temperature. An example of the use
of a plasma source at a distance from the substrate was
described.183 The elimination of the direct action of microwave
plasma on the substrate favours the increase in the CNT growth
rate.184

The plasma enhancement allows one to carry out syntheses at
low temperatures of the substrate. ThusMWCNTs were prepared
from CH4 with addition of small amounts of O2 under the action

of high-frequency plasma at the substrate temperature of
350 8C 185 and also from a CH4 ±H2 mixture under the action of
inductively coupled plasma at the substrate temperature of
200 8C.186 This can be associatedwith the fact that charged species
formed in plasma can change the mechanism of chemical reac-
tions.

Presumably, the advantages of plasma enhancement over
thermal enhancement are that the former allows the effective
decomposition of starting hydrocarbons and a strict control over
the concentration of reactive species; the drawbacks include the
somewhat higher disordering of the product structure.187

Plasma enhancement was used most often in the MWCNT
synthesis.16, 41, 188 ± 190 At the same time, the formation of
SWCNTs and t-MWCNTs was reported. The microwave dis-
charge plasma was used most extensively. Thus on a Fe catalyst,
SWCNTs and DWCNTs with the packing density of
*1012 ± 1013 cm72 were formed from a C2H2 ±NH3 mixture,191

t-MWCNTs with diameters of 3 ± 20 nm were prepared from a
CH4 ±CO2 mixture,192 SWCNTs or t-MWCNTs were obtained
from a CH4 ±H2 mixture [http://www.nsti.org/Nanotech2005/
Showabstract.html?absno=273] and MWCNTs were formed
from a CH4 ±NH3 ±H2 mixture.193 The MWCNT diameter was
regulated by varying the size of catalyst particles on the substrate.
This could be achieved, for example, by changing the thickness of
the deposited metal-catalyst film.189, 194 ± 197 A method of prepa-
ration of a SWCNT `forest' under the action of point-arc micro-
wave 198 or `diffusion' 199 ± 201 plasmas was described.

An interesting feature of SWCNTs formed in the CH4

pyrolysis activated by high-frequency discharge is the domination
of tubes with semiconductor characteristics.183, 202

For the first time, in the plasma generated at the electron
cyclotron resonance, SWCNTs or DWCNTs were grown directly
on silicon substrates, which were not preoxidised.203

The hot-filament activated pyrolysis, i.e., activated by an
incandescent tungsten wire heated with Joule heat up to
*2000 8C, is a purely laboratory method. This process is easily
organised (Fig. 3). Such activation can be accompanied by the
formation of plasma, provided a certain potential difference is
applied between the cathode and the tungsten wire, which allows
SWCNTs to be grown. The tubeswere deposited onto low-melting
substrates.79, 204 ± 206

Three types of laser activation are known. In the first method,
a directed laser beam locally heats one or another substrate area
(SWCNTs were obtained this way).207, 208 In the second method,
by employing an appropriate frequency of laser radiation, one can
selectively activate gases subjected to the pyrolysis or decomposi-
tion. Finally, laser beams can be used for heating of diathermic
gases by adding to them substances capable of selective absorption
of laser radiation.209

1

2

3

6

4
5

Figure 3. Illustration of CNT preparation in hot-filament activated

pyrolysis.

(1) Gas mixture inlet, (2) hot tungsten spiral wire, (3) catalyst, (4) cathode,

(5) substrate, (6) substrate heater.
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A specific feature of pyrolytic processes is that the CNT
growth is accompanied by incorporation of only active metal
particles 210 into CNT hollows, whereas the inert substrate (e.g.,
oxide, see Section III.5) remains outside the tubes. This is the
result of the effect of catalysts on the formation of tubes.

3. Starting compounds
The set of starting compounds used in the production of SWCNTs
and t-MWCNTs is much more limited as compared with the
production of MWCNTs or CNFs. Among hydrocarbons,
methane is the most suitable for this purpose (Refs 23, 24, 27,
28, 83, 87, 92, 101, 105, 107, 114, 136, 141, 173, 185, 211 ± 254).
This hydrocarbon is thermally more stable as compared with
others; this is why its catalytic pyrolysis produces smaller amounts
of amorphous carbon impurities. Dilution with hydrogen, which
is themain gaseous product of pyrolysis, inhibits the non-catalytic
pyrolysis of methane even at relatively high tempera-
tures.74, 106, 142, 143, 156 ± 172, 186, 189, 199 ± 201, 233, 246, 255 ± 262 In the
plasma-enhanced CVD, the dilution with hydrogen is of vital
importance; here, mixtures containing as little as 2 vol.%±
6 vol.% CH4 (e.g., see Ref. 197) are often used. Dilution with
inert gases also has a positive effect. The introduction of small
amounts of C2H4 into the CH4 ±H2 mixture is a common
practice.88, 94, 109

In addition to methane, unsaturated hydrocarbons, particu-
larly, ethylene (Refs 67, 75, 176, 180, 182, 219, 240, 262 ± 270),
acetylene (Refs 61, 79, 84, 89, 182, 209, 215, 271 ± 299) and
propylene,300 were pyrolysed to form SWCNTs, DWCNTs and
t-MWCNTs. Mixtures of unsaturated hydrocarbons with meth-
ane 31, 64, 301 ± 304 and benzene 227, 305 were also used.

As regards the CNT yield and purity, cyclic hydrocarbons,
particularly, cyclohexane, naphthalene and anthracene, do not
surpass methane.305 This is also true for benzene.

Mixtures C2H2 ±NH3 proved to be efficient in the synthesis of
CNFs,41, 306 MWCNTs,41, 188, 283, 307, 308 t-MWCNTs 195, 196 and
SWCNTs 191 in plasma. The role of NH3 in the MWCNT
preparation consists of the maintenance of the active surface
state of catalytic particles due to the removal of amorphous
carbon,309 which accounts for the appearance of HCN is the
gas 308, 310 or the increase in the concentration of hydrogen
atoms.193 The synthesised CNTs contained up to 10 at.% of
nitrogen.188

The difference between the pyrolysis of C2H2 and the pyrolysis
of other hydrocarbons is that the former process is highly
exothermic. The catalytic synthesis of a CNT `forest' was carried
out using C2H2 molecular beams.294 In the initial stages, before
the thickness of the layer of products reached 50 mm, SWCNTs
with diameters of *1 nm were preferentially formed, which was
followed by the growth of SWCNTs with larger diameters and
DWCNTs.

In the last 3 ± 4 years, keen attention was paid to the use of
ethanol as the starting compound in the CNT synthesis. It was
assumed that OH radicals remove amorphous carbon admixtures
to yieldmuch purer SWCNTs as compared with cases where other
reagents were used. This line of research was actively explored by
Japanese scientists of the Maruyama group.132, 134, 135, 177, 311 ± 320

Analogous syntheses were carried out by other scientific
groups.66, 72, 75, 78, 178, 179, 321 ± 327 Low partial vapour pressures
(0.7 ± 1.4 kPa or 5 ± 10 Torr) and a temperature of 800 8C were
commonly used. Ethanol pyrolysis on a Fe ±Co/SiO2 catalyst
selectively produced DWCNTs.326

The introduction of OH radicals into the gas phase can also be
accomplished by the addition of O2 (Refs 185 and 187) or H2O
vapours.67 Presumably, the higher yields and formation rates of
MWCNTs in the CH4 pyrolysis on the oxide catalysts that were
not subjected to preliminary reduction as compared with reduced
catalysts were also attributed to the effect of H2O vapours evolved
in the oxide reduction during the pyrolysis.244

Single-walled CNTs were prepared from vapours of
methanol 323 and mixtures CH3OH+H2 and CH3OH+Ar.71

The rate of MWCNT formation frommethanol was substantially
lower as compared with ethanol.328 A synthesis of SWCNTs was
carried out from methanol and propan-2-ol in a set-up with a hot
filament.329 Low SWCNT yields were obtained from camphor 330

and its analogues, namely, camphorquinone, norcamphor, nor-
bornane, fenchone. These experiments did not reveal any benefi-
cial effect of oxygen on the yield and quality of tubes.331

A matrix synthesis of SWCNTs was carried out using tripro-
pylamine.121, 125, 332 A mixture of SWCNTs and MWCNTs was
isolated after the acetonitrile pyrolysis.333 The synthesis of CNTs
(with a fraction of t-MWCNTs) from associated gas was
described.236, 334

In recent years, the CNT synthesis by the thermal decom-
position of carbon monoxide was actively developed (Refs 19, 43,
59, 60, 68, 80 ± 82, 127 ± 129, 263, 335 ± 349). The equilibrium of
CO decomposition is such that the solid product yield decreases
with an increase in the temperature. This makes the choice of
conditions that suppress the formation of amorphous carbon
much easier. An increase in the pressure substantially increased
the yield of SWCNTs and made them more uniform in the
diameter.128 The addition of H2 was observed to have a positive
effect on the rate of CNT formation 69, 71, 335, 342 and, in the case of
Co/MgO catalysts, the tube diameter was observed to decrease
with the decrease in the Co concentration.342 Thismethod allowed
one to prepare both ordinary 339 ± 341 and long SWCNTs.344

A large-scale production of SWCNTs via the catalytic decom-
position of CO was proposed based on the aforementioned
CoMoCAT process (Fig. 4). The reaction is carried out at
700 ± 950 8C and a pressure of *0.5 MPa (5 atm). Stable oper-
ation of the set-up requires a low degree of CO decomposition in
the reaction zone; this is why the set-up provides the CO recycling
after the recovery of CO2 formed. It was shown that the lower the
temperature of the process the smaller the average diameter of
SWCNTs formed, i.e., the diameter approached 0.8 nm at 750 8C,
1.0 nm at 850 8C and 1.2 nm at 950 8C. The catalyst selectivity
with respect to SWCNTs (the SWCNT fraction in the total CNT
mass) was 80%±90%. The fraction of semiconductor CNTs in
the total amount of tubes was 57%.

4. Catalysts
Among individual metals, Fe, Co and Ni exhibit the highest
catalytic activity in the pyrolytic synthesis of CNTs. It is a wide
opinion that the characteristics of metal ± carbon systems are of
the prime importance for the catalytic activity of metals in the
pyrolysis.

4

5
3

6

7 2

1

Figure 4. A principal scheme of the CoMoCAT process.

(1) Catalyst load slot, (2) fresh CO feed line, (3) fluidised catalyst bed,

(4) outlet of reaction gases, (5) product output, (6) CO2 trap, (7) inlet of

recycled CO; [http://www.ou.edu/engineering/nanotube/comocat.html].
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In a review,41 the catalysts used in the preparation of various
filamentous carbon nanoparticles on substrates were tabulated
and the original literature references (more than 60) were cited;
however, only three of references are devoted to the synthesis of
SWCNTs. This is why the present survey shows a new list of
catalysts as applied to the synthesis of SWCNTs, DWCNTs and
t-MWCNTs.

The preparation of SWCNTs, DWCNTs and t-MWCNTs
involves most often the use of bimetallic catalysts, i.e., active
metals.350 They exhibit enhanced activity, selectivity and thermal
stability and are less susceptible to poisoning. Such catalysts allow
the diameter and purity of CNTs obtained to be controlled within
certain limits.

The major metal catalysts, namely, Fe, Co or Ni, are often
supplemented with molybdenum compounds (Tables 1 and 2).
Molybdenumas such, its oxides and certain other compounds also
exhibit catalytic properties in the pyrolysis of hydrocarbons and
the decomposition of CO; however, in the CNT synthesis, their

effect is either weak or they impair the morphology of the solid
products of the pyrolysis. In place of CNTs, non-tubular CNFs or
wide-diameter CNTs are often formed. At the same time, the use
of Mo as a promoting additive favours the decrease in the CNT
diameter, the increase in the total yield of solid products and the
decrease in the amount of admixed CNFs. Particularly, it is
assumed that the addition of Mo to the Co/MgO system gives
rise to small Co clusters that are formed due to the decomposition
of CoMoO4 and provide sites for the CNT growth.288

Table 1 shows examples of the use of binary powder catalysts
Co ±Mo on different substrates in the heat-activated pyrolytic
synthesis of SWCNTs, DWCNTs, t-MWCNTs and CNFs. The
data in Table 1 may be supplemented by the results on dispro-
portionation of undiluted CO on the Co ±Mo/SiO catalyst.336 It
was shown that this catalyst changes its chemical composition in
the course of CNT formation. As reported in numerous publica-
tions, binary powder catalysts based on Co ±Mo make it possible
to synthesise SWCNTs from various carbon-containing precur-

Table 1. Composition and application conditions of binary powder catalysts Co ±Mo/support (A) in the heat-activated CNT synthesis.

A Co :Mo :A /mol Process conditions Products Ref.

(Co :Mo)

starting compounds T /8C p /atm

MgO (0 ± 5) : (5 ± 0) : 95 CH4 (20%)7H2 1000 1.0 t-MWCNTs, CNFs 34

MgO 5 : 1 : 94 CH4 (20%)7H2 1000 1.0 t-MWCNTs, CNFs 32

MgO 2.5 : 2.5 : 95.0 a C2H2 (10%)7H2 800 1.0 SWCNTs 288

MgO (1 : 4) CO (100%) 700 1.0 SWCNTs 351

MgO (1 : (2 ± 30)) CH4 (97%)7H2 1000 1.0 t-MWCNTs 352

MgO 1.0 : 0.1 : 20.0 CH4 (9%)7Ar 800 ± 850 1.0 DWCNTs 239

SiO2 0.5 : 1.5 : 98.0 a CO (100%) 750 5.0 SWCNTs 60

SiO2 2 : 4 : 94 CO (100%) 700 1.0 SWCNTs 59, 337

SiO2 (see b) (1.0 : 3.5) CO (100%) 850 1.0 SWCNTs 343

SiO2 (2 : 1) ± (1 : 4) CO (20% or 50%)7He 700, 800 (1.0) SWCNTs 337

SiO2 *0.5 : 1.5 : 98.0 a CO (100%) 700 ± 950 1 ± 10 SWCNTs 43, 345

SBA-16 (1.0 : (0.3 ± 1.0)) C2H5OH7Ar (see c) 850 1.0 SWCNTs 66

Zeol or Al2O3 (0 ± 5) : (5 ± 0) : 95 a C2H2 (9%)7N2 700 1.0 t-MWCNTs 353

Al2O3 1 : 4 : 50 a CH4 (50%)7Ar 550 ± 850 1.0 MWCNTs 244

aMass ratio. bCatalysts with Na additives were also tested. c The partial pressure of ethanol vapours was 0.0155 atm.

Table 2. Composition and application conditions of binary powder catalysts Fe ±Mo/support (A) at thermal activation and atmospheric pressure.

A Fe :Mo :A /mol Process conditions Products Ref.

(Fe :Mo)

starting compounds T /8C

MgO 10.0 : 2.5 : 87.5 CH47C2H47H2 900 t-MWCNTs 31

MgO (1.0 ± 2.0) : (0.05 ± 0.10) : 13.0 CH4 (20%)7H2 (N2) 1000 SWCNTs 241

MgO (0.5 ± 2.0) : (0.05 ± 0.2) : 11 C2H2 (1%± 13%)7Ar 850 ± 950 SWCNTs 296

MgO 1.0 : 0.1 : 11.0 a C2H2 (2%)7Ar 800 ± 950 SWCNTs 287

MgO 1.0 : 0.1 : 12.0 a C6H147Ar 900 DWCNTs 354

Al2O3 9 : 1 : 90 C 2H4 (0.06%)7Ar7H2 (0.03%) 850 SWCNTs+DWCNTs 263

Al2O3 1.00 : 0.16 : 10.00 CH4 900 t-MWCNTs b 355

Al2O3 1.00 : 0.16 : 10.00 CH4 (50%)7H2 950 SWCNTs b 355

Al2O3 1.00 : 0.17 : 10.00 CH4 (60%)7H2 (see c) 700 ± 900 SWCNTs 181

Al2O3 1.00 : 0.25 : 10.00 CH4 (20%)7H2 1000 SWCNTs 356

Al2O3 1.0 : 0.1 : 13.0 CH4 (17%)7Ar 950 SWCNTs+DWCNTs 232

Al2O3 (5 : 1) a CH4 (10%)7Ar 680 ± 900 SWCNTs 220

Al2O3 1.00 : 0.17 : 16.00 CH4 900 SWCNTs 213

Al2O3 1.00 : 0.16 : 16.00 CH4 850 ± 1000 SWCNTs 215

Al2O3 (6 : 1) CH4 (2.2%±35.2%)7Ar (see d) 680 ± 850 SWCNTs 223

Al2O3 9 : 1 : 90 CO (1.18 atm) 700 ± 850 SWCNTs (+DWCNTs) 263

SiO2+Al2O3 1.0 : 0.17 : (16.00+16.00) CH4 900 SWCNTs 213

aMass ratio. bDepending on the catalyst synthesis conditions, MWCNTs and CNFs can be obtained. c The total pressure was 0.13 atm. d The total

pressure was 0.79 atm.
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sors. Moreover, after certain changes in the conditions, even
DWCNTs, t-MWCNTs and CNFs can be isolated. In the pyro-
lysis of CH4 ±H2 mixtures, the highest yield was achieved for the
molecular ratio Co :Mo=1 : 3.34, 357

In addition to studies cited in Table 2, the use of the Fe ±Mo/
MgO catalyst in the synthesis of DWCNTs from CH4 ±H2

deserves mention.358

As follows from Tables 1 and 2, the lowest temperature of the
SWCNT synthesis is 680 8C [e.g., from CH4 with a catalyst based
on Fe and Mo oxides deposited on Al2O3 at the mass ratio
Fe :Mo=5 : 1 (Ref. 220)];{ however, such tubes are convention-
ally obtained at temperatures not lower than 800 8C.

The pyrolytic synthesis of CNTs employs Fe ±Co, Fe ±Ni and
Co ±Ni catalysts on different substrates (Table 3). In addition to

catalysts shown in Table 3, Fe ±Co/MgO (preparation of
DWCNTs in the CH4 pyrolysis),245 Fe ±Co/Zeol (SWCNTs,
C2H2) 278 and Fe ±Co/SiO2 (DWCNTs, C2H5OH) 326 were
described. The use of the Ni ±Mo composition was also men-
tioned.361

Besides Mo, the additions of platinum metals, e.g., Ru,213

Pt 71, 317 and also compounds of tungsten,280, 345 vanadium,353

chromium 280 and manganese 280 was used in the preparation of
bimetallic catalysts based on Fe, Co or Ni. It was shown that the
Co ±Mo catalyst is more efficient than Co ±Pt 317 and the Co ±Ni
catalyst is more efficient than Co ±V, Co ±Cr and Co ±Mn.280

A series of iron-based catalysts with different additives were
tested,359 namely, Fe ±Cr/Al2O3 , Fe ±Ni/Al2O3 , Fe ±Ru/Al2O3 ,
Fe ±Cr/Cr2O3 , Fe ±Co ±Ni/Cr2O3 , Fe ±Co ±Ni/MgO and
Fe ±Co ±Ni/MgAl2O4 .

In addition to binary powder catalysts based on Fe, Co or Ni,
more complex catalysts and supported binary catalysts were also

Table 3. Composition and application conditions of binary powder catalysts M7M0/A (M, M0=Fe, Co or Ni; A is support).

M7M0/A M :M0 : A /mol Process conditions Enhance- Products Ref.

(M :M0) ment

starting compounds T /8C p /atm method

Fe ±Co/Zeol (0 ± 5) : (5 ± 0) : 95 a C2H2 (9%)7N2 700 1.0 thermal t-MWCNTs, 353

(or Al2O3) MWCNTs

Fe ±Co/MgAl2O4 6.5 : 3.5 : 90.0 b CH4 (18%)7H2 700 ± 1070 1.0 " t-MWCNTs, CNFs 359

Fe ±Co/MgAl2O4 (0 ± 0.1) : (0.1 ± 0) : 0.9 CH4 (18%)7H2 1070 1.0 " SWCNTs, DWCNTs 170

Fe ±Co/MgAl2O4 80 c CH47H2 1070 1.0 " SWCNTs, t-MWCNTs 167

Fe ±Co/Al2O3 (see d) 2.5 : 2.5 : 95.0 a C2H4 (27%)7N2 1080 1.0 " SWCNTs 264

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH7Ar 700 ± 800 6.661073 " SWCNTs 311

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH 850 1.361074 plasma SWCNTs 177

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH 800 0.013 thermal SWCNTs 313

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH±Ar 800 6.661073 " SWCNTs 316

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH7Ar ±H2 800 6.661073 " SWCNTs 315

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH7Ar 900 ± 1000 1.0 " SWCNTs 178, 179

Fe ±Co/Zeol 2.5 : 2.5 : 95.0 a C2H5OH 900 0.05 ± 0.08 hot filament SWCNTs 360

Fe ±Co/MgO (10 ± 0) : (0 ± 10) e C2H5OH, CH3OH 450 ± 950 (6.6 ± 13.1)61073 thermal SWCNTs 323

Fe ±Co/Zeol (1 : 1) C2H2 (0.4%±1.6%)7Ar 900 1.0 " DWCNTs 280

Fe ±Ni/MgAl2O4 6.5 : 3.5 : 90.0 b CH4 (18%)7H2 700 ± 1070 1.0 " t-MWCNTs, CNFs 359

Fe ±Ni/MgAl2O4 80 c CH4 (18%)7H2 1070 1.0 " SWCNTs, t-MWCNTs 167

Co ±Ni/MgAl2O4 80 c CH4 (18%)7H2 1070 1.0 " SWCNTs, t-MWCNTs 167

Co ±Ni/SiO2 (Al2O3) (1 : 1) CH4 1000 1.25 " SWCNTs 23

aMass ratio. bRatio Fe : Co :Mg orFe :Ni :Mg. c Content ofMgAl2O4 /mol. dGood results were also obtained for the Fe7Co7Ni/Al2O3 catalyst. e The

MgO content was about 97 mass%; Si and SiO2 supports were also used.

Table 4. Composition and application conditions of multilayer catalysts sputtered on flat and patterned substrates in the heat-activated pyrolysis (the
sequence of layers begins with the external layer).

M±M0 ±M00 Layer thickness for Process conditions Products Ref.

or M±M0 M, M0 and M00 /nm
substrate starting compounds T /8C p /atm

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 (0.3%) ± 600 ± 1100 1.0 SWCNTs, DWCNTs 282

Ar (83.0%) ±H2 (16.7%)

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 1000 (0.7 ± 2.7)61073 SWCNTs 289

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 700 ± 1000 2.561073 SWCNTs 290

Mo±Fe ±Al 0.2, 1.0, 10 Si C2H2 ±H2 ±Ar 535 ± 900 1.0 t-MWCNTs 298

Mo±Fe ±Al 2, 1, 20 see a CH4 ±Ar 950 1.0 SWCNTs, t-MWCNTs, 237

MWCNTs

Mo±Fe ±Al (0 ± 0.2), (0 ± 0.2), 10 b Si C2H2 730 1.0 t-MWCNTs 362

(Fe, Ni, Co) ±Al (1 ± 10), (10 ± 1) d glass CO (6%) ±H2 550 1.0 t-MWCNTs 363, 364

Ni ±Al 1, (2 ± 10) SiO2/Si CH4 800 0.13 SWCNTs 365

Co ±Pt 2, 10 SiO2/Si C2H5OH (4.7%) ±Ar not specified 2.661073 SWCNTs 321

a 15 Substrates of different compositions were tested. b The best properties were observed for Mo0.06Fe0.94 with the total layer thickness of 0.5 ± 2.0 nm.
c Simultaneous sputtering was carried out. d The limits of layer thickness variation are shown.

{ Iron oxides are inactive under these conditions but can be activated by

pre-reduction with a He ±H2 (10%) mixture.
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used (Table 4). The synthesis of CNTs from CO on Co ±Mo films
deposited on quartz 344 and also by plasma-enhanced pyrolysis on
the Al2O3 (thickness 0.7 nm) ±Fe (0.5 nm) ±Al2O3 (5.0 nm) film
sputtered on silicon 198, 348 was described.

The studies by a group of Japanese scientists on the pyrolysis
of hydrocarbons on sputtered Fe catalysts deserve men-
tion.366 ± 368 In particular, they have shown that the CNT diameter
can be regulated by varying the thickness of the sputtered catalyst
film.

In certain cases, the catalysts were applied onto substrates by
the methods simpler than sputtering, viz., by dipping in solutions
or suspensions, chemical vapour deposition, etc. Table 5 shows
the examples of CNT syntheses on such catalysts.

A two-step mechanism was proposed 371 to explain the effect
of bimetallic catalysts in the formation of SWCNTs. The role of
the second metal, e.g., Mo, may consist of the promotion of the
formation of an intermediate CNT precursor. This promoter can
be spatially separated from the main metal on which CNTs are
formed. For instance, a `conditioning' catalyst or `pre-catalyst'
placed immediately in the gas stream fed into the pyrolysis reactor
was observed to substantially increase the CNT yield. 28, 29, 249, 372

It was found that the `pre-catalyst' favours the formation of small
amounts of C6H6 from CH4.

5. Catalyst supports and substrates
In powder catalyst composition, an inert support separates the
active metal particles preventing their aggregation. In the prelimi-
nary stages of the preparation of compositions, due to the
formation of solid solutions, the support favours more uniform
distribution of catalyst precursors. This is why attention is focused
on the choice of supports and the selection of the composition.
A combinatory method for the selection of the composition of
catalysts for the synthesis of MWCNTs,373, 374 t-MWCNTs 374

and SWCNTs 375, 376 was described.
Based on a large number of examples, the relationship

between the diameters of a CNT formed and a catalyst particle
was studied and these diameters were shown to be similar.79, 277, 322

For instance, it was assumed that the size of metal particles should
be limited to 3 nm.319 At the same time, it was shown that
SWCNTs with diameters of 1.45� 0.50 nm grow on uniform Ni
particles with diameters of 4.7� 1.4 nm,76, 77 tubes with diameters

of 1.3� 0.4 nm grow on Fe particles with diameters of
1.7� 0.6 nm 78, 377 and CNTs with diameters of 1 ± 2 nm grow of
Fe particles with diameters of *5 ± 14 nm.260 The experimental
results have not yet been brought in complete agreement with one
another. It was shown 376 that the ratio of diameters of a catalyst
particle and a SWCNT approached 1.6; however, in theMWCNT
preparation (diameter 27 ± 57 nm), a considerably smaller ratio of
diameters, namely, 1.2 ± 1.4, was observed.378

Testing of various powder catalyst supports has shown that
MgO surpasses SiO2 , ZrO2 , Al2O3 , CaO, etc. in the stability and
the SWCNT yields reached.227 For powder MgO with mesopores
of a certain size (d=12± 16 nm), the specific surface area (Ssp) of
the powder is related to the SWCNT purity, as evidenced by the
changes in the intensities ofG- andD-modes in the Raman spectra
of tubes (Fig. 5). At the same time, no unambiguous relationship
between Ssp of the support and CNT characteristics was revealed,
viz., on a SiO2 support with the pore diameter of 7.2 nm, no

Table 5. Composition of catalysts deposited on substrates from the gas phase or from solutions and suspensions and the conditions of their use in the heat-
activated pyrolysis.

M±M0 Pyrolysis conditions Ref.

substrate starting compounds T /8C p /atm

Co ±Mo Si or SiO2 C2H5OH 600 ± 850 1.361072, 2.661072 312, 314, 320

Co ±Mo a SiO2 C2H5OH 800 0.961072 132

Co ±Mo Sõ2 C2H5OH 800 1.361072 134, 135

Co ±Mo b SiO2 C2H5OH 800 not specified 317

Co ±Mo SiO2 C2H5OH 800 1.361072 133

Co ±Mo SiO2 C2H5OH 800 1.361072 318

Fe ±Mo±Al2O3 SiO2/Si CH4 900, 1000 1.0 24, 212, 214, 369 d

Fe ±Mo±Al2O3 SiO2/Si CH47H2 900 1.0 142

Fe ±Mo c Si or SiO2 CH4 900 1.0 218

Fe ±Mo SiO2/Si CO (80%)7H2 900 1.0 98, 99

Fe ±Mo Al2O3/Si CH4 900 1.0 370

Fe ±Mo Al2O3/Si CH4 900 1.0 107

Fe ±Mo±Al2O3 SiO2/Si CH4 ±H2 950 1.0 230

Fe ±Mo SiO2/Si e CO7H2 950 1.0 339

Fe ±Mo Si3N4 (see f ) CH4 (50%)7H2 950 1.1 257

Fe ±Mo±MgO SiO2 CH47H2 950 1.0 173

Fe ±Mo±Al2O3 Cr/Au/SiO2/Si CH47H2 900 1.0 65

a Thickness of the layer on the substrate was 1 ± 2 nm. b Particles measuring 10� 1 nmwere deposited. cA promoting catalyst deposited as a powder was

also used. d In this work,369 the deposition was carried out onto Si tips. e Substrates of Al2O3 andMgOwere also tested. f The substrate was hydrophilised

in the O2 plasma.
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Figure 5. Effect of the specific surface area of MgO powder prepared by

different methods on (1) the average size of powder pores and (2) the ratio

of intensities of G and D modes in the Raman spectra of SWCNTs

synthesised.

Points correspond to experimental data.
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SWCNTs or t-MWCNTs were formed at all even if Ssp of the
support was as large as 446 m2 g71 (Table 6).

The increase in the active metal content in the catalyst entailed
the increase in the deposit yield (Fig. 6) 156 but impaired the CNT
quality, as follows from the Ssp of the carbon product (Fig. 7).156

For sputtered catalysts, the chemical composition of the
substrate surfaces affects the CNT formation. Thus on hydro-
genated silicon substrates, the formation of tube nuclei occurred
easier than on oxidised substrates or those treated with tetrame-
thylammonium hydroxide.205 A buffer layer (Al2O3 , TiO2, etc.)
between the substrate (Si) and the active metal (Fe) is not less
significant, because it can determine the chemical composition of
the catalyst.379, 380 For example, under similar conditions, iron
deposited on an Al2O3 layer exists as FeO and can catalyse the
formation of SWCNTs, DWCNTs and t-MWCNTs, whereas in
an iron layer deposited on TiN and TiO2 layers, iron is present in
the metal form and causes the growth of thick MWCNTs with
more than 20 layers.379, 380

To prepare t-MWCNTs with diameters of less than 10 nm on
metal electrodes, it was recommended to sputter a silicon inter-
layer between the metal electrode and the catalyst particles.381

By changing the composition and thickness of sputtered
layers, one can regulate the CNT density on the substrate.382 The
results of a systematic study 237 point to the strong effect of the
substrate on the morphology and quality of CNTs formed
(Table 7).

The different effects of substrates on the CNT growth were
attributed 237, 383 to the different roughness of their surfaces. The
surface roughness affects the Ssp value, the density of defects and,
as a consequence, the size of catalyst particles. Rough supports
should be preferred. In the case of powder catalysts, the important

role was assigned 238 to the interaction of the metal with the
support.

For the plasma-enhanced catalytic pyrolysis of hydrocarbons,
the substrate can become the source of radicals, i.e., take part in
chemical reactions and also be sputtered with the transfer of the
substrate material to the CNF surface.41

To obtain SWCNTs with small diameters (0.4 ± 0.5 nm),
AlPO4-5 molecular sieves were used.384 The pore size in the Co-
substitutedmolecular sievesMSM-41 and, therefore, the SWCNT
diameter could be regulated by varying the composition of liquid
matrices in the sieve preparation.81

An unordinary substrate, namely, uniform SiO2 microspheres
with diameters from 300 to 700 nm was used in the synthesis of
SWCNTs.251 After the application of Fe particles on these spheres
(the spheres were impregnated with a FeCl3 solution), the CH4

pyrolysis at 900 8C produced SWCNTs that formed `nanoclaws'
patterns on the spheres.

Table 6. Properties of catalyst supports and the pyrolysis products of the
CH47Ar mixture at 850 8C (reproduced with permission of the Royal
Chemical Society).

Material Ssp /m2 g71 dpore /nm RBM peak a IG/ID

SiO2 446 7.2 absent 7
CaO 4.8 38 " 7
ZrO2 102 22 " 7
Al2O3 155 15 present 2.3

aRBM is the radial breathing mode that characterises the presence of

SWCNTs.
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Figure 6. Effect of the content of transition metals in a powder catalyst

on the carbon yield in the deposit.156

(1) Fe, (2) Co, (3) Ni.

(Reproduced with permission of Prof. Rao and the Materials Research

Society.)
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Figure 7. Effect of the content of transition metals in a powder catalyst

on the quality of CNTs obtained (the ratio of the carbon deposit specific

surface area to the deposit mass).156

(1) Co, (2) Ni, (3) Fe.

(Reproduced with permission of Prof. Rao and the Materials Research

Society.)

Table 7. Characteristics of CNTs prepared on the Mo(thickness
2 nm)7Fe(1 nm)7Al(20 nm) catalyst (reproduced with permission of
the Elsevier Publishers).237

Substrate IG/ID Diameters Diameters of

of SWCNTs MWCNTs

/nm /nm

Deposited Al2O3 16.0 1.5 ± 3.5 7
SiC 6.0 1.4 ± 2.2 * 9

Si(001) 4.1 1.3 ± 3.75 5.4 ± 20

Quartz 4.1 1.5 ± 2.4 5.0 ± 13.6

Sapphire 3.2 1.7 ± 2.7 9.0 ± 24

Si/SiO2 1.7 1.2 ± 4.3 7.5 ± 18

MgO 1.4 2.3 ± 4.3 11.0 ± 27.7

Porous Si 1.4 4 5.0 5.6 ± 7.4

Aerogel (80%) 1.4 7 5.9 ± 15.7

Aerogel (50%) 1.2 7 7.1 ± 19.9

Aerogel (30%) 1.1 7 9.4 ± 20.8

Fused SiO2 1.1 7 5.5 ± 12.5

Etched Si(001) 1.0 7 6.3 ± 10.4

Plasma SiO2 1.0 7 5.6 ± 25.9

Si/Si 0.99 7 6.1 ± 22.4
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6. Methods of synthesis of catalysts
In the preparation of catalysts for the synthesis of SWCNTs,
DWCNTs and t-MWCNTs, it is necessary to produce active-
phase particles with sizes not exceeding 3 ± 5 nm.76 ± 79, 319, 377, 385

The methods of preparation of such catalysts are less abundant as
compared with those used in the synthesis of ordinary MWCNTs
and CNFs. The co-deposition of hydroxides, impregnation of
fine-grain or mesoporous supports with metal salt solutions
followed by the salt decomposition and the reduction of metals
with hydrogen, and also the reduction ofmetallates, themethod of
`wet combustion' and the sol ± gel process were used in the catalyst
preparation. Ion exchange processes were employed much more
rarely.272, 386

In particular, the co-deposition was used in the synthesis of
catalysts deposited on MgO 228 and Al2O3.334

Metal salt solutions were utilised in the impregnation of
zeolites 84, 177, 178, 267, 271, 272, 311, 316, 353, 360 (including the thermally
stable Ti-containing zeolite TS-1),280 molecular sieve
MSM-41,80, 127, 128, 387 MgO,227, 228, 231, 256, 288, 323, 354 silica
gel,59, 60, 63, 264, 337, 343 Al2O3 powder and foam (Refs 19, 23, 24,
30, 223, 232, 263, 264, 353), Mg2(OH)2CO3 (Ref. 333) and
powders of different compositions.227 Catalysts were prepared
by the hydrolysis of tetraethylorthosilicate in the presence of
Al2O3 nanoparticles followed by impregnation.213 An aerogel of
Al2O3 impregnated with Fe and Mo salts proved its worth in the
production of SWCNTs from carbonmonoxide.340 Impregnation
is conventionally carried out under conditions of ultrasonic
activation. Salt melts can also be used for the impregnation.63

The impregnation is carried out together with thermal decom-
position and reduction of metals.

The reduction of solid solutions MxMg17xAl2O4 (M=Fe,
Fe ±Co, Fe ±Ni),158, 159, 169, 358 FexMg17xO (Refs 159, 388, 389)
and CoxMg17xO,159, 168, 216, 390 FexAl27xO3 (Refs 159, 162,
255, 391 and 392) and also solid solutions of Co in
MSM-41,80, 81, 127, 128, 388, 393 ± 395 compounds FeLaO3 (Ref. 396)
and NiLa2O4 (Refs 397 and 398) was carried out. A linear
correlation between the diameter of Fe particles formed in the
reduction of Fe0.3Al1.7O3 and the specific surface of the catalyst
was revealed.391 The reduction of solid solutions can also occur
immediately in the course of pyrolysis.399

Themethod of `wet combustion' consists of the preparation of
a homogeneous aqueous solution of metal nitrates and an organic
reducing agent, its rapid heating (an open vessel with the solution
is placed into a heated furnace), evaporation of water and
spontaneous ignition of the residue.400 Thus the reaction of Fe
and Mg nitrates with citric acid yielded a highly efficient catalyst
for the synthesis of t-MWCNTs, namely, Fe ±Mo/MgO (Mo salts
were also added to the starting mixture).31 The syntheses of a Co/
MgO catalyst that involved the use of urea 216 and citric
acid 342, 401 were described. This method was also used in the
synthesis of the following catalysts: Ni/MgO,402 ± 404 Co ±Mo/
MgO (with the use of citric acid),352 Fe ±Mo/Al2O3 [with the use
of poly(ethylene glycol) (PEG)],356 Fe ±Mo/MgO 241 and Fe ±Co/
MgO (with the use of urea).169, 170

The CNT quality and yields on catalysts prepared in such a
way were largely determined by the treatment of the combustion
product. In the presence of excess of a reducing agent, the catalyst
contained carbon black admixtures, which were removed by
annealing in air. In the Co/MgO synthesis, the annealing of the
reaction products of Co andMg nitrates with an organic reducing
agent resulted in the formation of a solid solution CoxMg17xO,
which was difficult to reduce in the H2 or CO medium (especially
for low Co contents) and which proved inefficient in the synthesis
of MWCNTs from CO.342 A much more efficient catalyst was
synthesised in the preliminary reduction of the uncalcined primary
product in H2. However, it is CoxMg17xO from which Co
particles necessary for the SWCNT production were formed.288

Active bimetallic catalysts based on alumogel were prepared
by the sol ± gel method.215, 233, 340, 355

The catalysts were applied on flat or patterned substrates by
sputtering (e.g., magnetron), aerosol deposition, the `drop'
method, spin-coating of liquid compositions followed by thermal
treatment (drying, calcination, reduction), pneumatic spraying of
solutions or suspensions,258 microprinting. A method of dipping
of the substrate into a solution followed by its withdrawal at a
certain rate 133, 318 (e.g., at 4 cm min71) was also employed. This
method is also suitable for the deposition of catalysts on fibres or
wires.

The `drop' method is very simple;74 however, it can be applied
only in laboratory syntheses. Spinning is more efficient and was
used, e.g., in the large-scale production of cantilevers with
CNTs 369 and in the growth of large CNT arrays.142 Particles of
Al2O3 (Ref. 142) and polysiloxane solutions are sometimes added
to the composition to be deposited.260 This method allows one to
prepare size-uniform Fe2O3 particles that are used in the synthesis
of SWCNTs with diameters around 1 nm.405

A unique version of the spinning method was used.228

A homogenised ethanolic solution of Mg and Fe nitrates and
PEG was spread over the substrate, which rotated at 3500 rpm.
After evaporation of ethanol, the substrate was placed into a
furnace heated to 600 8C.

In the evaporation method, a block co-polymer is often added
to the starting solution.173 Dilute (0.01 mass%) ethanolic solu-
tions of metal nitrates are commonly used.133, 134 Thus a solution
of Fe(NO3)3 . 9H2O in propan-2-ol was utilised.268 Immersion of
the substrate for a certain time into an aqueous FeCl3 solution
with preliminarily added NH2OH .HCl was described.303

Nanosize catalyst particles can be prepared by the thermal
decomposition of salts. Such particles are stored in organic
solvents and deposited by spin-coating.286 Monodispersed par-
ticles Fe ±Mo with diameters of 3 ± 14 nm were formed in the
thermal decomposition of carbonyls of these metals in a medium
of long-chain carboxylic acids or amines.370 Iron particles of
different diameters were synthesised by the thermal decomposi-
tion of Fe(CO)5 solutions in dioctyl ether in the presence of oleic,
lauric or caprylic acids.219 Nickel formate, which forms uniform
nickel particles upon decomposition, is a good precursor of Ni
catalysts.222, 406 A catalyst based on Fe particles was prepared by
the plasma treatment of Fe(C7H15COO)3 deposited on the sub-
strate by spin-coating.407 The methods based on the thermal
decomposition of compounds containing metal clusters deserve
special mention, e.g., [HxPMo12O40]([H4MoVI72Fe30.
.(CH3COO)15O254(H2O)98] . 60H2O (contains 84 Mo atoms and
30 Fe atoms), Na2[{MoVI(MoVI)5}12{MoV6 Fe

III
24 )(CH3COO)20.

.O258(H2O)84] . 150H2O (78Mo+24Fe), [{(MoVI)MoVI5 .

.O21(H2O)6}12{FeIII(H2O)2}30] .150H2O (72Mo+30Fe) and their
analogues [http://www.hydrogen.energy.gov/pdfs/review05/
stp_35_liu.pdf].

A procedure that involves the co-deposition of salts of two
metals in the course of slow evaporation followed by thermal
decomposition was used.255

The inverse micelle method 304, 408 ± 410 is usually combined
with the deposition of a colloid solution by dipping, spinning or
pneumatic spraying.

Very small (1 ± 2 nm) individual catalyst particles of the same
size may be supported with the use of ferritin, apoferri-
tin 2, 114, 226, 411 ± 413 and ferritin-like proteins 414 or dendrimers.302

When annealed in an inert medium, thin metal films sputtered
over flat substrates are transformed into islets or nanosize
particles. The sputtering was performed using a magnetron,194, 195

by electron- or ion-beam evaporation 282 and the laser ablation of
the target.317 Usually, the thickness of the deposited film did not
exceed several atomic monolayers, for example, corresponded to
561015 atoms per cm2 (Ref. 92). According to a publication,140

the sputtering and annealing of a Co-catalyst film with a thickness
of 0.5 ± 1.0 nm resulted in the formation of cobalt particles
measuring 3 ± 7 nm that favoured the growth of a dense `forest'
of SWCNTs. The results obtained in the plasma-enhanced pyro-
lysis of a mixture of NH3 and C2H2 (Ref. 415) are quite demon-
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strative (Fig. 8, Ref. 416). The pyrolysis products synthesised
under similar conditions differed not only in the diameter but
also in the morphology, namely, SWCNTs, DWCNTs,
t-MWCNTs, MWCNTs and, finally, CNFs were obtained.

In the preparation of MWCNTs, it was found that on a
catalyst islet, several (up to 7 ± 8) tubes could be grown with
diameters much smaller (2 ± 3-fold) that the islet diameter.417

Moreover, the smaller the diameter of the islet the smaller number
of tubes can grow; this is why the elucidated feature does not
always hold for t-MWCNTs.

A procedure that allows the determination of the optimum
thickness of a layered film in few experiments has been devel-
oped.362 Combinatory methods were proposed for the determi-
nation and optimisation of the deposition conditions.319, 418, 419

Thermodynamic conditions for the transition of films (5-, 10- and
20-nm thick) into particles were considered.189 According to
thermodynamic calculations, in the case of Ni, the radius of a
particle formed exceeded the thickness of the deposited film by a
factor of 1.5.420

The deposition can be performed through masks to promote
the growth of CNTs on definite areas on the substrate and their
organisation into one or another type of structures (e.g., see
Refs 2, 136 and 291). Ordered arrays of SiO2 microspheres can
serve as a sort of masks in the preparation of individual SWCNTs
or their bundles.341 Polymeric spheres with diameters from 1 to
125 mm can also be used.421, 422

Organometallic polymers deposited on the substrate as thin
films can serve as the precursors of catalysts. Particularly, a
polyferrocenylsilane block copolymer was used in the synthesis
of SWCNTs.423

The synthesis of CNTs on catalysts deposited by the micro-
printing technique is of special interest (Fig. 9). In microprinting,
polymethylsiloxane stamps are commonly used.87, 137, 372 This
method is relatively simple and versatile; it allows one to prepare
a considerable number of copies on relatively wide (more than
1 cm2) areas with the resolution varying from below 100 nm to
above 1 mm. The catalyst deposition involves the use of `ink', i.e.,
alcohol (ethanol, isopropyl alcohol) solutions of metal nitrates,
e.g., Fe(NO3)3 . 9H2O containing Al2O3 or SiO2 particles and
MoO2Cl2 or MoO2(acac)2 additives.87, 137, 372 (The details can be
found in numerous publications, e.g., Refs 23, 99, 130, 138, 230,
257, 275, 273, 375, 424 and 425.) By changing the concentration of
the applied solution and the pyrolysis temperature, it is possible to
regulate the CNT diameter.275 A gel catalyst was used in the
synthesis of t-MWCNTs.426

The deposition of Fe nanoparticles of the same size
(1.7� 0.6 nm) on the substrate surface with the accuracy of their
positioning of �5 nm was described.377 An organometallic com-

pound mixed with the resist served as the catalyst precursor. The
diameter of SWCNTs formed was 1.3� 0.4 nm.

The positional packing of SWCNTs on a substrate can some-
times be carried out by an unexpectedmethod. For instance, it was
found that lithographically deposited islets of Pb(Zr0.5Ti0.5)O3

are capable of sorbing the Fe ±Mo catalyst particles and initiating
the local growth of tubes.225 In this case, the stronger sorption of
catalyst particles could be associated with the porous structure of
islets. In the pyrolytic synthesis of CNTs on quartz or oxidised
silicon surfaces, the localisation of tubes involves the creation of
active sites by mechanically damaging the substrate (scratch-
ing).427

Studies devoted to the initial stages of CNT growth in the hot-
filament activated pyrolysis demonstrated 428 the important role
of the catalyst pre-treatment stage in the preparation of finer
particles.

MWCNTs can be used as the substrate.413

7. Mechanism and kinetics
The catalytic growth of CNTs proceeds by the following three
macroscopic mechanisms: base growth, tip growth and branched
growth mechanisms.

In the base growth mechanism, a catalyst particle remains on
the substrate. In the tip growth mechanism, the particle is
detached from the substrate and removed from it as the CNT
grows and the tube tip moves away from the substrate or the
catalyst support. The branched growth can be a version of either
base or tip growthmechanisms and is typical ofMWCNT growth.
In the first case, the catalyst particle is split to form a dendrite
structure;429 in the second case, octopus-like structures are
formed. Sometimes, branched MWCNTs grow from a single
catalyst particle.430 The base and tip growth scenarios can occur
simultaneously to form products with different morphology.29, 431

In many experiments, catalyst particles were observed to change
their shape and size in the course of the process or to be in
continuous or impulsive motion.
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Figure 8. Dependence of (1) the average diameter of islets formed in film

annealing and (2) the average diameter of filiform carbon particles grown

on islets on the initial thickness of the sputtered Fe film (DFe) (according to

Wang et al.416
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Figure 9. Sequence of steps in the production of stamps, microprinting

and CNT growth.

(1) Substrate, (2) substrate with resist, (3) exposure with the use of a mask,

(4) etched structure, (5) elastomer casting, (6) elastomer stamp, (7) inking

of the stamp, (8) microprinting on the new substrate, (9) printed pattern,

(10) growth of CNTs.
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The base growth mechanism is typical of the preparation of
SWCNTs, where the scheme of transformation of carbon or
carbon-containing substances is described by a sequence
vapour ± liquid ± solid.432

The rate of this process depends on several factors (seven
factors have been proposed 296), among which two most impor-
tant factors can be outlined. First, the rate is determined by several
reactions that occur both on the catalyst surface and in the gas
phase. Precisely this factor was used for explaining the effect of the
aforementioned `pre-catalyst' (conditioning catalyst) on the for-
mation rate and yield of SWCNTs.249 An equally bright example
of the effect of gas-phase reactions on the overall process of CNT
formation is the experimental fact that the length of a thin-film
catalyst sample can affect the rate of the process.270 Thus, on a
Mo±Fe/Al2O3 sample with the film dimensions of 161 cm, no
CNTs were formed from CH4, whereas the growth of a CNT
`forest' was observed on a sample of 1615 cm. Moreover, the
process strongly depends on the gas flow rate and the position of
the substrate in the path of gases in the reaction zone.

Second, the rate is determined by the size of catalyst particles.
In addition, it is important that the changes in the conditions of
the process can cause changes in the CNT morphology.

On the surfaces of formed CNTs, secondary processes can
occur. Thus the tubes can become thicker due to the deposition of
amorphous carbon, polyaromatic compounds or graphitised
particles on their walls; moreover, the increase in the temperature
and the duration of the process results in the active growth of such
deposits and substantially increases the CNT diameter.

This is why the catalytic pyrolysis differs substantially from
the processes of chemical vapour deposition, although these
processes are often confused in the literature. The optimum
conditions for the CNT synthesis are developed in those cases
where the temperature is sufficiently high for the rapid growth of
tubes but too low for the formation amorphous carbon and other
undesired forms.

The pyrolysis proceeds at different conditions on a powder
catalyst, on a substrate with the catalyst deposit (the formation of
`forest') and on porous membranes of the Al2O3 type. Thus on a
substrate, the secondary processes can be suppressed by building a
`shelter' over the catalyst particles.270

Table 8 shows the experimentally measured rates of the linear
growth of CNTs under different conditions. As follows from these
data, the rates vary in a very wide range, viz., from 0.2 to

660 mm min71 [for the MWCNT growth, the rate was found to
vary in the ranges of 60 ± 600 mm min71 (Ref. 436) and
0.4 ± 50 mm min71 (Ref. 298)]. This entailed no changes in the
kinetics of formation of SWCNTs and MWCNTs. It is note-
worthy that some studies 67, 437 described the synthesis of high-
quality SWCNTs that grew at a very high rate. The authors of
those studies have explained this fact by the effect of small
amounts of H2O vapour that favour the prolongation of the
catalyst service life. Still higher growth rates of SWCNTs with
diameters of 4 ± 6 nm (480 mm min71) were observed in the
decomposition of CO at 880 8C.68, 349 Ultralong SWCNTs were
grown at a rate of 660 mm min71.72 Ultimately, at 700 8C the
record-breaking rate of theMWCNT growth fromC2H2, namely,
6000 mm min71 was reached (although in the 1st second).292

It should be noted that very high rates of MWCNT growth
(60 ± 600 mm min71) were observed at rather low pressures.436

The interpretation of these results requires their refinement.
So far, it is difficult to explain the wide deviations in the linear

rates of tube growth found in different studies and relate the linear
growth rates to the catalyst efficiency (a relative amount of CNTs
formed before complete poisoning of the catalyst).

As seen in Fig. 10, the rate of CNT growth in the plasma-
enhanced pyrolysis is associated with their diameter, the latter
being determined by the thickness of the deposited metal-catalyst

Table 8. Linear growth rate of CNTs.

Reagent Catalyst T /8C p /atm Enhance- Morphology Diameter Growth rate Ref.

ment method /nm /mm min71

CH4 NiOx 700 1.0 plasma MWCNTs 50 ± 80 0.2 433

CH4+H2 Fe ±Ti 600 0.1 " t-MWCNTs * 5 *10 197

CH4 Fe 700 2.661072 " MWCNTs * 20 5.4 ± 16.8 184

C2H2 Fe 750 ± 950 1.0 thermal MWCNTs 30 ± 130 0.5 ± 2.0 434

C2H2 Fe 750 (1.0) " MWCNTs 10 ± 15 20 291

C2H2 Fe7Mo 730 1.0 " SWCNTs+MWCNTs 1 ± 20 > 17 362

C2H2 Ni 480 (2.6 ± 13.0)61075 " MWCNTs not specified 2.1 ± 2.4 293

C2H2 Ni 480 4 1.361075 " SWCNTs 3.5 0.4 ± 0.5 293

C2H2+Ar+H2 Fe7Mo 535 ± 600 (1.0) " t-MWCNTs not specified 12 ± 30 298

C2H2+Ar+H2 Fe7Mo 700 (1.0) " DWCNTs+SWCNTs not specified 13.2 298

C2H2 Co7Ni 800 ± 900 1.0 " MWCNTs * 200 0.5 273

C2H4 Ni(Fe; Ni ±Fe) 850 ± 1000 3.261074 plasma MWCNTs 10 ± 50 0.25 176

C2H4 (see a) Fe 750 1.0 thermal SWCNTs 1 ± 3 250 67

C2H5OH Co7Mo 800 1.361072 " SWCNTs 1.0 ± 2.0 0.3 134

C2H5OH Fe 900 (1.0) " SWCNTs 1.3 ± 2.2 660 72

B2H6+CH4+ 7 600 ± 650 0.02 plasma nanofibres b 50 ± 400 0.17 435

N2+H2

a 1 vol.%± 13 vol.% C2H4 in a mixture Ar (He) ± 40 vol.% H2 in the presence of additions of 0.0175 mass% H2O vapours. bNanofibres of boron

carbonitride.
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Figure 10. Effect of the average outer diameter of CNTs and CNFs on the

thickness of sputtered Fe, Co or Ni films during the plasma pyrolysis.
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film.195 In the C2H2 ±NH3 mixture, the growth rate of nanofibres
depended on the set-up design (the distance between the plasma
source and the substrate) and on the reactant ratio (Fig. 11).41

The temperature of the SWCNT growth also depends on the
diameter of catalyst particles. Thus, for Fe particles measuring
10 ± 30 nm, tubes were formed at 900 ± 950 8C, whereas for the
5-nm particles, the tubes started to form at 780 8C.195

Only few papers show the classical kinetic parameters of
processes involved in the pyrolysis of organic substances to yield
CNTs. Thus the activation energy (Ea) was assessed as
71 ± 73 kJ mol71 (Ref. 438) for the methane pyrolysis on a Ni/
La2O3 catalyst to yield CNFs and as 95 ± 98 kJ mol71 (Ref. 244)
for the same process on a Co ±Mo/Al2O3 catalyst to form
MWCNTs with diameters of 10 ± 30 nm. At the same time, Ea of
the formation of a pyrolytic carbon deposit on a Fe catalyst at
500 ± 600 8C was much higher being equal to 150 kJ mol71

(Refs 439 and 440). It was noted that the latter value is close to
the Ea of the Fe3C formation equal to 158 kJ mol71.

The formation of SWCNTs in the CH4 pyrolysis on different
catalysts at 900 8C has two periods, namely, a short period of a
fast mass increase and a long period of a relatively slow mass
gain.301 The catalyst Fe ±Mo/Al2O3 ± SiO2 , which was prepared
by gelation of a SiO2 sol in the presence of Al2O3 nanoparticles
followed by impregnation of the calcined gel with Fe andMo salts
(the molar ratio of 1.00 : 0.17), proved to be the best for this
reaction. Among all catalysts studied, this one has the largest
specific surface area (Ssp=196 m2 g71) and the greatest pore
volume (0.79 ml g71).

The results obtained by Choi et al.302 were processed by
Vinciguerra et al.441 They described the reaction rate in terms of
the extrusion-diffusion model and derived an empiric equation
that adequately describes the experimental data but contains no
standard kinetic parameters.

Our calculations based on experimental data obtained 255 have
shown that the reaction order in CH4 changed from 1.24 to 1.77
being in average 1.45. It seems that the deviation of the reaction
order from unity is associated with the increase in the contribution
of non-catalytic decomposition of CH4 with the increase in its
partial pressure. The formal reaction order of the pyrolysis to yield
CNFs was also shown 438 to depend on the temperature and to
increase from 1.05 at 600 8C to 1.3 at 700 8C. According to the
results of another study,439 the order of this reaction is equal to 1.

A threshold value of CH4 partial pressure (0.4 atm at 850 8C)
above which the rate of the catalytic pyrolysis to yield SWCNTs
becomes independent of the partial pressure was observed.233

Presumably, such behaviour is associated with the transition of
the process into the region where the rate is limited by the surface
or volume diffusion. It cannot be ruled out that the thermo-
dynamic restrictions may also affect the reaction rate.

The kinetics of catalytic pyrolysis of CH4 and C2H2 was also
discussed by Nagy et al.243

Pulsed hydrocarbon feeding is one of the ways for the
improvement of CNT purity and yield in the catalytic pyro-
lysis.235, 368 However, this can also decrease the average rate of
the process; hence, this method requires optimisation.

Somewhat different mechanisms are typical of the acetylene
pyrolysis. The use of an interesting method of `marks' allowed the
kinetic parameters of theMWCNTgrowth to be determined in the
pyrolysis of C2H2 on Fe islets.297 It was shown that after a short
interruption of the pyrolysis process due to the C2H2 feeding
cutoff (by replacing it by Ar) followed by the resumption of the
process on the grown tubes (`forest'), clear boundaries (marks)
were left which could characterise the growth rate if one took into
account the duration of individual growth stages. The position of
`marks' and the length of grown segments were determined using a
scanning electron or optical microscope. As a result, it was found
that the activation energy of the process was 159� 5 kJ mol71 in
the temperature range of 873 ± 953 K (the partial pressure used in
the calculation of the Ea value was not shown 297) and the reaction
order in C2H2 was unity for the C2H2 partial pressure of 2 ± 10 kPa
and a temperature of 953 K. The linear rate of CNT growth
reached 20 mm min71. TheEa value of theMWCNTgrowth from
C2H2 on a Fe catalyst at 800 ± 1100 8C was 125 kJ mol71.442

The obtainedEa values made it possible to abandon the earlier
assumptions that the process is limited by the carbon diffusion in a
liquid or quasiliquid catalyst particle (a solution of carbon in a
metal),443 because Ea of this process should be substantially lower
than the found values. It was assumed that a surface reaction at
the gas ± catalyst interface is the limiting stage of this process. At
the same time, the experimentally observed involvement of the
liquid phase in this process cannot be denied.444, 445

Yet another, optical method was used for measuring the
growth rate of the MWCNT `forest' in the C2H2 pyrolysis.298, 446

A multilayer film Mo(0.2 nm) ±Fe(1 nm) ±Al(10 nm) on Si
served as the catalyst, the gas mixture contained 0.25% C2H2 ,
16.62% H2 and 83.13% Ar. It was shown that with the increase in
the temperature from 535 to 900 8C, thinner CNTs were formed,
viz., 6 ± 10-walled CNTsweremainly formed at 575 8C,DWCNTs
predominated at 725 8C and the fraction of SWCNTs increased at
higher temperatures. The highest growth rate (*12 mm min71)
was observed at 700 ± 730 8C; the effective Ea of this process in the
low-temperature region was *2 eV (*190 kJ mol71). Under
isothermal conditions, the pyrolysis occurred with deceleration.
With the increase in the C2H2 concentration, this deceleration was
more pronounced and the CNT growth stopped at a smaller
ultimate length of tubes (the `forest' height).

A simplified mechanism of C2H2 pyrolysis on a Fe catalyst
involves the C2H2 dissociation on the Fe surface, the dissolution
of carbon in the near-surface disordered `fused' Fe layer and the
diffusion of C atoms in this layer to the CNT formation site (with
the diffusion coefficient that at 1000K exceeds the diffusion
coefficient in solid Fe by 3 orders of magnitude). CNTs grow
until the near-surface carbon-containing layer is distributed
throughout the surface of Fe particles. The equations that
adequately describe the experimental results were derived.

Yet another method, laser diffraction was proposed 447 for
measuring the kinetic parameters of the CNT `forest' growth. The
results obtained 447 point to the exponential increase in the CNT
length in time. According to the field emission characteristics,448

the growth rate ofMWCNTs in the electric fieldmeasured at a low
pressure (less than 1072 mbar) was in the range of
60 ± 600 mm min71. With the increase in the C2H2 partial pres-
sure, the MWCNT growth rate increased.448
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Figure 11. Effect of the gas mixture composition and the set-up geometry

on the CNF formation rate during the plasma pyrolysis.

Nozzle diameter: (1) 1 mm and (2) 5 nm. [Reproduced with permission of

the Elsevier Publishers according to V I Merkulov, A V Melechko,

M A Guillorn, D H Lowndes, M L Simpson Chem. Phys. Lett. 361 492

(2002).]
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The addition ofH2 reduced the amount of amorphous carbon,
favoured the decrease in theMWCNT diameter and increased the
linear growth rate 1.85-fold.276

The growth rate of the CNT `forest' from a mixture of C2H2

and NH3 (the volume ratio 1 : 3, temperature 700 8C, total
pressure *0.2 kPa, or *2 Torr) on a Ni catalyst increased in
the initial plasma-enhanced stages, reached its maximum
(6.5 ± 8.5 mm min71) and began to decrease upon reaching the
CNT length of *2 mm.449 Such kinetics of the process is associ-
ated with the mechanism of the CNT growth that involves the
surface diffusion. Presumably, the process decelerates when the
tube length exceeds the diffusion path.

The formation of the MWCNT `forest' in the plasma-
enhanced process can proceed at the substrate temperature of
120 8C.283, 450 The Ea value at 120 ± 527 8C turned out to be very
low (22 kJ mol71) as compared with the value typical of the heat-
activated process (116.4 kJ mol71).451 This means that the proc-
ess is limited by the surface diffusion of carbon over Ni particles.
This mechanism can operate on Fe, Ni and Co catalysts in the
pyrolysis of not only C2H2, but also CH4 .452 It should be noted
that a comparatively low Ea value (37 kJ mol71) was also found
for the SWCNT formation at 1050 ± 1200 8C under conditions of
the laser-oven sublimation, which was associated with the follow-
ing mechanism: vapour ± liquid ± solid.453

The MWCNT formation was observed in situ using trans-
mission electron microscopy,292, 293 which allowed the researchers
to propose a realistic growth model. The tubes grow on individual
faces of a Ni particle and with the highest rate on its (100) face.
Catalyst particles rotate or are fused and recrystallised; hence, the
growth direction can change.

The kinetics of ethylene pyrolysis was less thoroughly studied
than that for methane; however, it is known that the rate of this
reaction can be very high.67, 437 The catalyst efficiency (the amount
of CNTs formed per catalyst mass unit before its complete
poisoning) in a process described by Japanese authors was
500 g g71, which exceeded the catalyst efficiency in the HiPco
process (thermal decomposition of CO in the presence of volatile
Fe carbonyl as a catalyst precursor) by two orders of magnitude.
At the same time, the product contained less than 0.013% Fe.

The increase in the pyrolysis temperature narrows the region
of C2H4 partial pressures at which SWCNTs are formed
(Fig. 12).180

The relative rate of the ethanol reaction with metal clusters
depends on the metal nature and the cluster size (Fig. 13).

Many studies 454 ± 474 were devoted to the simulation of CNT
formation; however, most of them dealt with high-temperature
methods, namely, the graphite sublimation in an electric arc and in

laser radiation. Particularly, a process in which mobile Ni atoms
located on the tip of a growing CNT play the active role was
considered.454 Later,456 a basically different mechanism of the
effect of Ni atoms was substantiated and an attempt was under-
taken to resolve the contradictions between these mechanisms.

A relationship between the Fe cluster size, the CNT diameter
and the number of CNT walls was demonstrated.455, 463 The
processes of heat and mass transfer were considered as applied
to the tip mechanism of CNT growth.469

The theoretical analysis of the catalytic pyrolysis of CH4

mixed with H2 arrived at the assumption that this method of
SWCNT synthesis is a very difficult task.474 As follows from the
experimental data mentioned above, this conclusion should be
corrected. Nonetheless, a model that takes into account not only
the chemical stages of the process but its hydrodynamics and the
heat transfer has been developed.475 The authors of this model
cited numerous publications and estimated the kinetic parameters
for 47 gas-phase reactions, 19 reactions on powder Co catalysts
and 15 surface reactions resulting in amorphous carbon, which
may be useful for further calculations.

A thermodynamic model of the formation of MWCNTs with
diameters of 5 ± 35 nm in the C2H2 pyrolysis (this reaction releases
a great amount of heat) assumes the presence of gradients of
temperature and carbon concentration on a catalyst particle.470 It
was shown that the growth rate should be inversely proportional
to the CNT diameter (d ). This corresponds to experimental
results,434 although it was shown earlier 476 that for CNFs the
rate is inversely proportional to d 0.5.

The formation of a liquid external layer on a catalyst particle
and its effect on the SWCNT formation was discussed.477 The
SWCNT growth proceeds until the catalyst particle, which
represents an eutectic metal ± carbon mixture, remains liquid and
stops when the catalyst becomes solid.

Presumably,478 the key stage in the CNT synthesis is the
formation of tube nuclei. It this case, the SWCNT growth is
possible only on liquid catalyst particles.

The choice of the catalyst affects its specific efficiency. Thus
under equal conditions, the alumogel-supported catalyst exhib-
ited the selective efficiency with respect to SWCNTs at least
5-times higher (6 g g71) than a catalyst of the same composition
prepared by impregnation of Al2O3.215 The efficiency of ordinary
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catalysts in the SWCNT formation was *40 mass% (or
0.40 g g71).213 The catalyst efficiency in the CoMoCAT process
was*0.25 g g71. The Fe ±Mo/MgO catalyst exhibited the high-
est efficiency in the synthesis of t-MWCNTs (3000 mass%, or
30 g g71).28

It was noted 434 that the increase in the pyrolysis temperature
accelerates the growth of MWCNTs in their length, and their
average diameter increases. The hydrocarbon partial pressure
affects both the pyrolysis rate and the morphology of CNTs
prepared. The MWCNT diameter changes with variations in the
total pressure in the system.479 The length and the diameter of
growing SWCNTs can be controlled by changing the duration of
the process or by adding a promoter.83 The effect of the temper-
ature and the hydrocarbon partial pressure on the CNT morpho-
logy was also studied by the other researchers.480 By the example
of the C2H2 ±NH3 mixture, it was shown that the decrease in the
pressure favours the transition from bamboo-like nanofibres to
cylindrical MWCNTs.481

The catalytic decomposition of carbon oxide decelerates in
time,340 and the product yield is proportional to t 0.5. The rate of
MWCNT formation from the CO±H2 mixture and the tube
quality depended on the medium in which the catalyst based on
the sputtered Fe ±Co ±Ni alloy was pre-treated.364 Thus catalysts
pre-treated in vacuum demonstrated poorer properties than the
catalysts treated in Ar or N2. After heating in these gases, the
linear rate of MWCNT growth at 580 8C was about
0.4 mm min71, whereas after heating in vacuum the growth rate
was ten times lower.

According to calculations,346 in the CO decomposition,
SWCNTs can grow by the adsorption of molecules on the open
ends of tubes; catalysts favour the formation of nanotube
nuclei.346

IV. Conclusion

While this review was in the stage of preparation for publication,
several new publications have appeared that deserve mention.
These are the materials of the 7th International Conference on
Scientific Application of Nanotubes,482 two Russian books 483, 484

and a monograph 485 in English.
The 7th International Conference on Scientific Application of

Nanotubes in which only one participant from Russia took part
confirmed in a certain sense the trend mentioned in the beginning
of this review. Thus analysing the posters presented in the Session
devoted to the CNT synthesis, Professor A Windle (Cambridge
University) noted that the majority of the 76 reports presented
were devoted to the catalytic pyrolysis. Moreover, the majority of
reports dealt with supported catalysts and heat-activated proc-
esses. Among metal catalysts, attention was focused on Fe,
followed by Co and Mo; the main substrates were SiO2 and
Al2O3 , while the starting compounds included C2H5OH, CH4 ,
C2H4 and CO (shown in the order of decreasing citation fre-
quency). The latter factor was apparently associated with the
domination of scientists from Japan who focus their attention on
the ethanol pyrolysis.

Windle has formulated the following `five questions of science
to answer:

1. Does surface of metal particle catalyse: (a) decomposition
of hydrocarbon, (b) decomposition of futher metal precursor?

2. What is metallurgy of nano particles? (a) Melting point,
surface melting, internal pressure, (b) carbon solubility (as func-
tion of radius), (c) phase diagram with carbon (modelling+
experiment).

3. Does a region of metal particles have to remain free of a
graphene coating? If it doesn't, is that a killer?

4. What determines rate of growth? (a) Diffusion rate inmetal
(surface), (b) supply of carbon to particle, (c) shape changes due
to flow of small (not necessarily molten) particles, (d) interface
modifiers such as sulphur, (e) do we have a reliable Ea yet?

5. What determines type and size of nanotube? (a) Metal
particle diameter and/or composition, (b) temperature, (c) feed-
stock, (d) what is the difference in growth mechanism between
(say) a double wall tube and an 8 ish layer multi-wall tube of
similar diameter? '

Two Russian books are written from absolutely different
standpoints and contain complementary information, viz., the
monograph 483 is largely devoted to the quantum chemistry of
carbon nanotubes, a subject absent in the textbook.484At the same
time, the classification of nanotubes, their properties, synthesis
and applications are described more comprehensively in the text-
book 484 with substantial attention paid to pyrolytic methods.

The textbook 484 mentions the following most important
challenges (some of them are beyond the frames of the present
review):

Ð elucidation and mathematical description of the mecha-
nism of formation of CNTs with different morphology and
structure under different conditions;

Ð determination of the functional relationship between the
kinetics of CNT formation and their morphology and structure;

Ð the search for the methods for regulation and control over
the CNT morphology and structure during their syntheses;

Ð elaboration of methods for deep and selective as well as
local functionalisation of CNTs;

Ð elucidation of mechanisms of the behaviour of CNTs with
different morphology and structure in colloid solutions;

Ð determination of the influence of CNTs and modified
CNTs on organisms.

According to the aforementioned book,484 themost important
unsolved technological problems include the following directions:

Ð development of a process for efficient industrial produc-
tion of CNTs with the same morphology and structure;

Ð development of a process for CNT isolation (grading) with
respect to morphology, structure and size, that allows scaleup;

Ð elaboration of methods for preparation of stable disper-
sions of individual CNTs in aqueous and organic media;

Ð the search for the methods of introduction of individual
CNTs into polymeric, ceramic, and metal matrices and prepara-
tion of CNT composites;

Ð development of methods for the production of macro-
materials fromCNTs, especially, macrofibres and nanopaper with
the oriented packing of individual tubes;

Ð development of methods of commercial production of
functional devices with CNTs, namely, electron emitters, transis-
tors, sensors, actuators, etc.

The third book,485 which has an intriguing title, is destined,
according to its summary and contents, for a learned reader and
embraces both the main information on the subject, the latest
achievements and potential application fields.

In the conclusion, I would like to express my gratitude to
I V Anoshkin for making it possible for me to get acquaintance
with the materials of the 7th International Conference on Scien-
tific Application of Nanotubes, to Nguyen TranHung for his help
in the preparation of this review and also to all colleagues who
have sent me copies of their papers.

References

1. C N R Rao, B C Satishkumar, A Govindaraj, M Nath Phys.

Chem. Chem. Phys. 2 78 (2001)

2. H Dai Acc. Chem. Res. 35 1035 (2002)

3. M Terrones Annu. Rev. Mater. Res. 33 419 (2003)

4. L Dai, A Patil, X Gong, Z Guo, L Liu, Y Liu, D Zhu Phys.

Chem. Chem. Phys. 4 1150 (2003)

5. P Petit, A Loiseau C. R. Phys. 4 967 (2003)

6. The Wondrous World of Carbon Nanotubes (Eindhoven:

Eindhoven University of Technology, 2003)

7. A V Krestinin Ros. Khim. Zh. 48 (5) 21 (2004)

8. M Meyyappan Carbon Nanotubes: Science and Applications

(Boca Raton, FL: CRC Press, 2004)

Preparation of thin carbon nanotubes by catalytic pyrolysis on a support 15



9. S Reich, C Thomsen, J Maultzsch Carbon Nanotubes: Basic

Concepts and Physical Properties (Berlin: Wiley, 2004)

10. E G Rakov, in Nanomaterials Handbook (Ed. Yu Gogotsi)

(Boca Raton, FL: CRC Press, 2006) p. 103

11. C E Baddour, C Briens Int. J. Chem. React. Eng. 3 R3 (2005)

12. H Dai, in Carbon Nanotubes: Synthesis, Structure, Properties and

Applications (Topics in Applied Physics Series) Vol. 80

(Eds M S Dresselhaus, G Dresselhaus, Ph Avouris) (Berlin:

Springer, 2001) p. 29

13. C T Kingston, B Simard Anal. Lett. 36 3119 (2003)

14. Y Ando, X Zhao, T Sugai, M KumarMater. Today 7 22 (2004)

15. C R C Viveckchand, L M Cele, F L Deepak, A J Raju,

A Govindaraj Chem. Phys. Lett. 386 313 (2004)

16. M Meyyappan, L Delzeit, A Cassell, D Hash Plasma Sources Sci.

Technol. 12 205 (2003)

17. R Aiello, J E Fiscus, H-C zur Loye, M D Amiridis Appl. Catal. A

192 227 (2000)

18. A Meier, V A Kirillov, G G Kuvshinov, Yu I Mogilnykh,

A Weidenkaff, A Steinfeld J. Phys. IV 9 (P3) 393 (1999)

19. H J Dai, A G Rinzler, P Nikolaev, A Thess, D T Colbert,

R E Smalley Chem. Phys. Lett. 260 471 (1996)

20. M J Yacaman, M N Yosida, L Rendon, J G Santiesteban Appl.

Phys. Lett. 62 202 (1993)

21. V Ivanov, J B Nagy, Ph Lambin, A Lukas, X B Zhang,

X F Zhang, D Bernaerts, G Van Tendeloo, S Amelinckx,

J Van Landuyt Chem. Phys. Lett. 223 329 (1994)

22. V B Fenelonov Poristyi Uglerod (Porous Carbon) (Novosibirsk:

Institute of Catalysis, RAS, 1995)

23. J Kong, A M Cassell, H J Dai Chem. Phys. Lett. 292 567 (1998)

24. J Kong, H Soh, A M Cassell, C F Quate, H J Dai Nature

(London) 395 878 (1998)

25. A Charlier, E McRae, R Heyd, M F Charlier, D Moretti Carbon

37 1779 (1999)

26. A V Belikov, Yu E Lozovik, A G Nikolaev, A M Popov Chem.

Phys. Lett. 385 72 (2004)

27. Y Li, K Wang, J Wei, Z Gu, Z Wang, J Luo, D Wu Carbon 43 31

(2005)

28. Y A Kim, H Muramatsu, T Hayashi, M Endo, M Terrones,

M S Dresselhaus Chem. Phys. Lett. 398 87 (2004)

29. H Muramatsu, T Hayashi, Y A Kim, D Shimamoto, Y J Kim,

K Tantrakarn, M Endo, M Terrones, M S Dresselhaus Chem.

Phys. Lett. 414 444 (2005)

30. J Cumings, W Mickelson, A Zettl Solid State Commun. 126 359

(2003)

31. H J Jeong, K K Kim, S Y Jeong, M H Park, C W Yang,

Y H Lee J. Phys. Chem. B 108 17695 (2004)

32. E G Rakov, D A Grishin, Yu V Gavrilov, E V Rakova,

A G Nasibulin, Kh Dzhian, E I Kauppinen Zh. Fiz. Khim. 78

2204 (2004) a

33. D Y Kim, C-M Yang, Y S Park, K K Kim, S Y Jeong, J H Han,

Y H Lee Chem. Phys. Lett. 413 135 (2005)

34. D A Grishin, Yu V Gavrilov, F G Nasibulin, Kh Dzhian,

E I Kauppinen, S S Bukalov, L A Mikhalitsyn, E G Rakov

Poverkhnost. Rentgen. Sinkhrotron. Neitron. Issled. (12) 52 (2005)

35. E G Rakov Ros. Khim. Zh. 48 (5) 12 (2004)

36. K B K Teo, C Singh, M Chhowalla, W I Milne, in Encyclopedia

of Nanoscience and NanotechnologyVol. 1 (Valencia, CA: Am. Sci.

Publ., 2004) p. 665

37. A Moisala, A G Nasibulin, E I Kauppinen J. Phys.: Condens.

Matter 15 S3011 (2003)

38. J W Seo, E Couteau, P Umek, K Hernadi, P Marcoux,

B Lukic', Cs MikoÂ , M Milas, R GaaÂ l, L ForroÂ New J. Phys. 5 120

(2003)

39. M Meyyappan, in Encyclopedia of Nanoscience and Nanotechnol-

ogy Vol. 1 (Valencia, CA: Am. Sci. Publ., 2004) p. 581

40. P V Fursikov, B P TarasovMezhdun. Zh. Altern. Energ. Ekol. (10)

24 (2004) b

41. A V Melechko, V I Merkulov, T E McKnight, M A Guillorn,

K L Klein, D N Lowndes, M L Simpson J. Appl. Phys. 97 041301

(2005)

42. CË OÈ ncel, Y YuÈ ruÈ m Fullerenes, Nanotubes, Carbon Nanostruct. 14

17 (2006)

43. D E Resasco, W E Alvarez, F Pompeo, L Balzano, J E Herrera,

B Kitiyanan, A Borgna J. Nanopart. Res. 4 131 (2002)

44. Y Gogotsi, J A Libera J. Mater. Res. 15 2591 (2000)

45. J Libera, Y Gogotsi Carbon 39 1307 (2001)

46. D C Lee, F V Mikulec, B A Korgel J. Am. Chem. Soc. 126 4951

(2004)

47. D C Lee, B A Korgel Mol. Simul. 31 637 (2005)

48. Y F Zhang, M N Gamo, C Y Xiao, T Ando Physica B 323 293

(2002)

49. L Ji, J Lin, H C Zeng Chem. Mater. 12 3466 (2000)

50. S-H Jeong, J-H Ko, J-P Park, W Park J. Am. Chem. Soc. 126

15982 (2004)

51. C Srinivasan Curr. Sci. 80 12 (2005)

52. G Keskar, R Rao, J Luo, J Hudson, J Chen, A M Rao Chem.

Phys. Lett. 412 269 (2005)

53. T Uchino, K N Bourdakos, P Ashburn, C H de Groot,

M E Kiziroglou, D C Smith, in The 6th International Conference

on Science Application of Nanotubes (Abstracts of Reports),

Gothenburg, Sweden, 2005 p. 83

54. K B K Teo, R G Lacerda, M H Yang, A S Teh,

L A W Robinson, S H Dalal, N L Rupesinghe, M Chhowalla,

S B Lee, D A Jefferson, D G Hasko, G A J Amaratunga,

W L Milne, P Legagneux, L Gangloff, E Minoux, J P Schnell,

D Pribat IEE Proc. Ð Circuits Devices Syst. 151 443 (2004)

55. B C Liu, M Z Qu, Z L Yu Chin. Chem. Lett. 12 1135 (2001)

56. E G Rakov, S N Blinov, I G Ivanov, E V Rakova,

N G Digurov Zh. Prikl. Khim. 77 193 (2004) c

57. E Couteau, K Hernadi, J W Seo, L ThieÃ n-Nga, C MikoÂ ,

R GaaÂ l, L ForroÂ Chem. Phys. Lett. 378 9 (2003)

58. A R Harutyunyan, in The 6th International Conference on

Science Application of Nanotubes (Abstracts of Reports),

Gothenburg, Sweden, 2005 p. 42

59. B Kitiyanan, W E Alvarez, J H Harwell, D E Resasco Chem.

Phys. Lett. 317 497 (2000)

60. S M Bachilo, L Balzano, J E Herrera, F Pompeo, D E Resasco,

R B Weisman J. Am. Chem. Soc. 125 11186 (2003)

61. Ph Mauron, Ch Emmenegger, P Sudan, P Wenger, S Rentsch,

A ZuÈ ttel Diamond Relat. Mater. 12 780 (2003)

62. D Venegoni, P Serp, R Feurer, Y Kihn, C Vahlas, P Kalck

Carbon 40 1799 (2002)

63. Y-L Li, I A Kinloch, M S P Shafer, J Geng, B Johnson,

A H Windle Chem. Phys. Lett. 384 98 (2004)

64. W Kim, H C Choi,M Shim, Y Li, D Wang, H DaiNano Lett. 2

703 (2002)

65. Z Yu, S Li, P J Burke Chem. Mater. 16 3414 (2004)

66. L Huang, X Cui, B White, S P O'Brien J. Phys. Chem. B 108

16451 (2004)

67. K Hata, D N Futoba, K Mizuno, T Namai, M Yumura,

S Iijima Science 306 1362 (2004)

68. P Queipo, A G Nasibulin, U Tapper, D Gonzalez, K Grigoras,

H Jiang, E I Kauppinen, in The 6th International Conference on

Science Application of Nanotubes (Abstracts of Reports),

Gothenburg, Sweden, 2005 p. 47

69. S Huang, X Cai, J Liu J. Am. Chem. Soc. 125 5636 (2004)

70. S Huang, B Maynor, X Cai, J Liu Adv. Mater. 15 1651 (2003)

71. S Huang, M Woodson, R Smalley, J Liu Nano Lett. 4 1025

(2004)

72. L X Zheng, M J O'Connell, S K Doorn, X Z Liao, Y H Zhao,

E A Akhadov, M A Hoffbauer, B J Roop, Q X Jia, R C Dye,

D E Peterson, S M Huang, J Liu, Y T Zhu Nat. Mater. 3 673

(2004)

73. S K Doorn, L Zheng, M J O'Connell, Y Zhu, S Huang, J Liu

J. Phys. Chem. B 109 3751 (2005)

74. B H Hong, J Y Lee, T Beetz, Y Zhu, P Kim, K S Kim J. Am.

Chem. Soc. 127 15336 (2005)

75. Y Wang, M J Kim, H Shan, C Kittrell, H Fan, L M Ericson,

W-F Hwang, S Arepalli, R H Hauge, R E Smalley Nano Lett. 5

997 (2005)

76. M Paillet, V Jourdain, P Poncharal, J-l Sauvajol, A Zahab

J. Phys. Chem. B 108 17112 (2004)

77. M Paillet, V Jourdain, P Poncharal, J-l Sauvajol, A Zahab,

J C Meyer, S Roth, N Cordente, C Amiens, B Chaudret

Diamond Relat. Mater. 14 1426 (2005)

78. NEC J. Adv. Technol. 1 370 (2004)

79. S Sato, A Kawabata, M Nihei, Y Awano Chem. Phys. Lett. 382

361 (2003)

16 E G Rakov



80. D Ciuparu, Y Chen, S Lim, G L Haller, L Pfefferle J. Phys.

Chem. B 108 503 (2004)

81. D Ciuparu, Y Chen, S Lim, Y Yang, G L Haller, L Pfefferle

J. Phys. Chem. B 108 15565 (2004)

82. D Ciuparu, P Haider, M FernaÂ ndez-GarcõÂ a, Y Chen, S Lim,

G L Haller, L Pfefferle J. Phys. Chem. B 109 16332 (2005)

83. X Li, J Zhang, H Lia, Z Liu, in The 8th International Confer-

ence on Electronic Materials, IUMRS-ICEM, 2002, Xi'an,

China, 2002 p. 48

84. A Zhang, C Li, S Bao, Q XuMicroporous Mesoporous Mater.

29 383 (1999)

85. S Wang, P Wang, O ZhouDiamond Relat. Mater. 15 361 (2006)

86. Y Yang, H Xu, W Li Nanotechnology 16 129 (2005)

87. Y Zhang, A Chang, J Cao, Q Wang, W Kim, Y Li, N Morris,

E Yenilmez, J Kong, H Dai Appl. Phys. Lett. 79 3155 (2001)

88. A Ural, Y Li, H Dai Appl. Phys. Lett. 81 3464 (2002)

89. T Ono, H Miyashita, M Esashi Nanotechnology 13 62 (2002)

90. T Ono, E Oesterschulze, G Georgiev, A Georgieva, R Kassing

Nanotechnology 14 37 (2003)

91. L Delzeit, R Stevens, C Nguyen,M Meyyappan Int. J. Nanosci.

1 197 (2002)

92. H B Peng, T G Ristroph, G M Schurmann, G M King,

J Yoon, V Narayanamurti, J A Golovchenko Appl. Phys. Lett.

83 4238 (2003)

93. Y Hanein, D H Cobden, I Radu Nanotechnology 15 473 (2004)

94. A Nojeh, A Ural, R F Pease, H Dai J. Vac. Sci. Technol., B 22

3421 (2004)

95. M Maeda, C-K Hyon, T Kamimura, A Kojima, K Sakamoto,

K Matsumoto Jpn. J. Appl. Phys. 44 1585 (2005)

96. E Joselevich, C M Lieber Nano Lett. 2 1137 (2002)

97. K-H Lee, J-M Cho, W Sigmund Appl. Phys. Lett. 82 448 (2003)

98. S Huang, X Cai, C Du, J Liu J. Phys. Chem. B 107 13251 (2003)

99. S Huang, Q Fu, L An, J Liu Phys. Chem. Chem. Phys. 6 1077

(2004)

100. H Xin, A T Wooley Nano Lett. 4 1481 (2004)

101. S Zhu, C-H Su, J C Cochrane, S Lehoczky, A Burger J. Cryst.

Growth 234 584 (2002)

102. J F AuBuchon, L-H Chen, A I Gapin, D-W Kim, C Daraio,

S Jin Nano Lett. 4 1781 (2004)

103. L-H Chen, J F AuBuchon, A Gapin, C Daraio, P Bandaru,

S Jin, D W Kim, I K Yoo, C M Wang Appl. Phys. Lett. 85

5373 (2000)

104. J F AuBuchon, L-H Chen, S Jin J. Phys. Chem. B 109 6044

(2005)

105. I Radu, Y Hanein, D H Cobden Nanotechnology 15 473 (2001)

106. W Y Lee, C H Weng, Z Y Juang, J F Lai, K C Leou,

C H Tsai Diamond Relat. Mater. 14 1852 (2005)

107. M Su, Y Li, B Maynor, A Buldum, J P Lu, J Liu J. Phys.

Chem. B 104 6505 (2000)

108. A Ismach, L Segev, E Wachtel, E JoselevichAngew. Chem., Int.

Ed. 43 6140 (2004)

109. S Han, X Liu, C Zhu J. Am. Chem. Soc. 127 5294 (2002)

110. H Ago, K Nakamura, K-i Ikeda, N Uehara, N Ishigami,

M Tsui Chem. Phys. Lett. 408 433 (2005)

111. X Liu, S Han, C Zhou Nano Lett. 6 34 (2006)

112. M Yudasaka, Y Kasuya, F Jing, M Zhang, S Iijima J. Nanosci.

Nanotechnol. 4 428 (2004)

113. E Joselevich, A Ismach, L Segev, E Wachtel, in The 6th

International Conference on Science Application of Nanotubes

(Abstracts of Reports), Gothenburg, Sweden, 2005 p. 150

114. C Kocabas, S-H Hur, A Gaur, M A Meitl, M Shim,

J A Rogers Small 1 1 (2005)

115. P Ciambelly, D Sannino, M Sarno, A Fonseca, J B Nagy

J. Nanosci. Nanotechnol. 4 779 (2004)

116. O-J Lee, S-K Hwang, S-H Jeong, P S Lee, K-H Lee Synth.

Met. 148 263 (2005)

117. R Krishnan, H Q Nguyen, C V Thompson, W K Choi,

Y L Foo Nanotechnology 16 841 (2005)

118. N Kouklin Appl. Phys. Lett. 87 203105 (2005)

119. W Z Li, S S Xie, L X Qian, B H Chang, B S Zou, W Y Zhou,

R A Zhao, G Wang Science 274 1701 (1996)

120. M UrbaÂ n, Z KoÂ nya, D MeÂ hn, J Zhu, I Kirichi J. Nanosci.

Nanotechnol. 3 111 (2003)

121. Z K Tang, H D Sun, J Wang Appl. Phys. Lett. 73 2287 (1998)

122. Z K Tang, H D Sun, J Wang, J Chen, G Li J. Korean Phys.

Soc. 34 (Suppl.) S7 (1999)

123. Z K Tang, H D Sun, J Wang Physica (Amsterdam) 279 200

(2000)

124. H D Sun, Z K Tang, J N Wang J. Magn. Magn. Mater.

198 ± 199 255 (1999)

125. H D Sun, Z K Tang, J Chen, G Li Appl. Phys. A 69 381 (1999)

126. F Zheng, L Liang, Y Gao, J H Sakamoto, C L Aardahl Nano

Lett. 2 729 (2002)

127. Y Chen, D Ciuparu, S Lim, Y Yang, G L Haller, L Pfefferle

J. Catal. 225 453 (2004)

128. Y Chen, D Ciuparu, S Lim, Y Yang, G L Haller, L Pfefferle

J. Catal. 226 351 (2004)

129. S Lim, D Ciuparu, Y Chen, L Pfefferle, G L Haller J. Phys.

Chem. B 108 20095 (2004)

130. L Huang, S J Wind, S P O'Brien Nano Lett. 3 299 (2003)

131. G W Meng, Y J Jung, A Cao, R Vajtai, P M Ajayan Proc. R.

Soc. London, Ser. A 102 7074 (2005)

132. Y Murakami, S Chiashi, Y Miyauchi, M Hu, M Ogura,

T Okubo, S Maruyama Chem. Phys. Lett. 385 298 (2004)

133. M Hu, Y Murakami, M Ogura, S Maruyama, T Okubo

J. Catal. 225 230 (2004)

134. E Einarsson, T Edamura, Y Murakami, Y Igarashi,

S Maruyama Therm. Sci. Eng. 12 77 (2004)

135. S Maruyama, E Einarson, Y Murakami, T Edamura Chem.

Phys. Lett. 403 320 (2005)

136. H Dai Surf. Sci. 500 218 (2002)

137. A Cassell, N Franklin, T Tombler, E Chan, J Han, H Dai

J. Am. Chem. Soc. 121 7975 (1999)

138. H Dai, J Kong, C Zhou, N Franklin, T Tombler, A Cassell,

S Fan, M Chapline J. Phys. Chem. B 103 11246 (1999)

139. Y Homma, Y Kobayashi, T Ogino Appl. Phys. Lett. 81 2261

(2002)

140. Y J Jung, Y Homma, T Ogino, Y Kobayashi, D Takagi,

B Wei, R Vajtai, P M Ajayan J. Phys. Chem. B 107 6859 (2003)

141. Y Homma, Y Kobayashi, T Ogino NTT Tech. Rev. 2 (2) 28

(2004)

142. N R Franklin, Y Li, R J Chen, A Javey, H Dai Appl. Phys.

Lett. 79 4571 (2001)

143. N R Franklin, Q Wang, T W Tombler, A Javey, M Shim,

H Dai Appl. Phys. Lett. 81 913 (2002)

144. J-C P GabrielMater. Res. Soc. Symp. Proc. 776 Q12.7.1 (2003)

145. Z Chen, J Merikhi, I Koehler, P K Bachmann Diamond Relat.

Mater. 15 104 (2006)

146. B Q Wei, R Vajtai, Y Jung, J Ward, R Zhang, G Ramanath,

P M Ajayan Nature (London) 416 495 (2002)

147. R Vajtai, B Q Wei, P M Ajayan Philos. Trans.: Math., Phys.

Eng. Sci. 362 2143 (2004)

148. T A El-Aguizy, J-h Jeong, Y-B Jeon, W Z Li, Z F Ren,

S-G Kim Appl. Phys. Lett. 85 5995 (2004)

149. E T Thostenson, W Z Li, D Z Wang, Z F Ren, T W Chou

J. Appl. Phys. 91 6034 (2002)

150. M Ritschel, K Bartsch, A Leonhardt, A Graff, C Tischner,

T MuÈ hl, J Fink Highlights 23 (2000)

151. Y T Lee, N S Kim, S Y Bae, J Park, S-C Yu, H Ryu, H J Lee

J. Phys. Chem. B 107 12958 (2003)

152. R Ma, D Golberg, Y Bando, T Sasaki Philos. Trans.: Math.,

Phys. Eng. Sci. 362 2161 (2004)

153. A H Nevidomskyy, G CsaÂ nyi, M C Payne Phys. Rev. Lett. 91

105502 (2003)

154. C P Ewels, M Glerup J. Nanosci. Nanotechnol. 5 1345 (2005)

155. S Y Kim, J Lee, C W Na, J Park, K Seo, B Kim Chem. Phys.

Lett. 413 300 (2005)

156. A Govindaraj, E Flahaut, Ch Laurent, A Peigney, A Rousset,

C N R Rao J. Mater. Res. 14 2567 (1999)

157. Ch Laurent, A Peigney, E Flahaut, A RoussetMater. Res. Bull.

35 661 (2000)

158. Ch Laurent, A Peigney, E Flahaut, R Bacsa, A Rousset,

in Science and Application of Nanotubes (Eds D TomaÂ nek,

R Enbody) (New York: Kluwer Academic, Plenum, 2000)

p. 151

159. A Peigney, Ch Laurent, E Flahaut, A Rousset Ceram. Int. 26

677 (2000)

Preparation of thin carbon nanotubes by catalytic pyrolysis on a support 17



160. E Flahaut, A Peigney, Ch Laurent, Ch MarlieÁ re, F Chastel,

A Rousset Acta Mater. 48 3803 (2000)

161. P Coquay, E De Grave, R E Vanderberghe, C Dauwe,

E Flahaut, Ch Laurent, A Peigney, A Rousset Acta Mater. 48

3015 (2000)

162. A Peigney, P Coquay, E Flahaut, R E Vanderberghe,

E De Grave, Ch Laurent J. Phys. Chem. B 105 9699 (2001)

163. A Peigney, E Flahaut, Ch Laurent, F Chastel, A Rousset

Chem. Phys. Lett. 352 20 (2002)

164. E Flahaut, R Bacsa, A Peigney, Ch Laurent Chem. Commun.

1442 (2003)

165. E Flahaut, A Peigney, Ch Laurent J. Nanosci. Nanotechnol. 3

151 (2003)

166. A Cordier, E Flahaut, C Viazzi, Ch Laurent, A Peigney

J. Mater. Chem. 15 4041 (2005)

167. E Flahaut, A Govindaraj, A Peigney, Ch Laurent, A Rousset,

C N R Rao Chem. Phys. Lett. 300 236 (1999)

168. E Flahaut, A Peigney, Ch Laurent, A Rousset J. Mater. Chem.

10 249 (2000)

169. P Coquay, A Peigney, E De Grave, E Flahaut,

R E Vanderberghe, Ch Laurent J. Phys. Chem. B 109 17813

(2005)

170. P Coquay, E Flahaut, E De Grave, A Peigney,

R E Vanderberghe, Ch Laurent J. Phys. Chem. B 109 17825

(2005)

171. R R Bacsa, E Flahaut, Ch Laurent, A Peigney, S Aloni,

P Puech, W S Bacsa New J. Phys. 5 131 (2003)

172. E Flahaut, Ch Laurent, A Peigney Carbon 43 375 (2003)

173. C S Du, N Pan Nanotechnology 15 227 (2004)

174. L Huang, S P Lau, Y B Zhang, B K Tay, Y Q Fu

Nanotechnology 15 663 (2004)

175. Y Tang, H Cong, R Zhong, H-M ChengCarbon 42 3260 (2004)

176. O Englander, D Christensen, L Li Appl. Phys. Lett. 82 4797

(2003)

177. S Chiashi, Y Murakami, Y Miyauchi, S Maruyama Chem.

Phys. Lett. 386 89 (2004)

178. A Okamoto, H Shinohara Carbon 43 431 (2005)

179. A Okamoto, H Shinohara R&D Rev. Toyota CRDL 40 (1) 22

(2005)

180. H Liao, J H Hafner J. Phys. Chem. B 108 6941 (2004)

181. R Zhang, R K Tsui, J Tresek, A M Rawlett, I Amlani,

T Hopson J. Phys. Chem. B 107 3137 (2003)

182. T Ikuno, M Katayama, N Yamauchi, W Wongwiriyapan,

S Honda, K Oura, R Hobara, S Hasegawa Jpn. J. Appl. Phys.

43 860 (2004)

183. Y Li, D Mann, M Rolandi, W Kim, A Ural, S Hung, A Javey,

J Cao, D Wang, E Yenilmez, Q Wang, J F Gibson, Y Nishi,

H Dai Nano Lett. 4 317 (2004)

184. H Kinoshita, I Kume, H Sakai, M Tagawa, N Ohmae Carbon

42 2753 (2004)

185. T Ikuno, S-i Honda, K Kamada, K Oura, M Katayama

J. Appl. Phys. 97 104329 (2005)

186. K-Y Lee, M Katayama, S-i Honda, T Kuzuoka, T Miyake,

Y Terao, J-G Lee,H Mori, T Hirao,K Oura Jpn. J. Appl. Phys.

42 L804 (2003)

187. G Zhang, D Mann, L Zhang, A Javey, Y Li, E Yenilmez,

Q Wang, J P McVittie, Y Nishi, J Gibbons, H Dai Proc. Natl.

Acad. Sci. USA 102 16141 (2005)

188. K B K Teo, M Chhowalla, G A J Amaratunga, W I Milne,

G Pirio, P Legagneux, F Wyczisk, J Oliver, D Pribat J. Vac.

Sci. Technol., B 20 116 (2002)

189. Y B Zhu, W L Wang, K J Liao, Y Ma Diamond Relat. Mater.

12 1862 (2003)

190. K Bartsch, A Leonhardt Carbon 42 1731 (2004)

191. Y Y Wang, S Gupta, R J Nemanich Appl. Phys. Lett. 85 2601

(2004)

192. M Chen, C-M Chen, H-S Koo, C-F Chen Diamond Relat.

Mater. 12 1829 (2003)

193. Y S Woo, D Y Jeon, I T Han, N S Lee, J E Jung, J M Kim

Diamond Relat. Mater. 11 59 (2002)

194. M Chhowalla, K B K Teo, C Ducati, N L Rupesinghe,

G A J Amaratunga, A C Ferrari, D Roy, J Robertson,

W I Milne J. Appl. Phys. 90 5308 (2001)

195. S Hofmann, M Cantoro, B Kleinsorge, C Casiraghi, A Parvez,

J Robertson, C Ducati J. Appl. Phys. 98 034308 (2005)

196. S Hofmann, G Csanyi, A C Ferrari, C Ducati, M Cantoro,

B Kleinsorge,M C Payne, J Robertson, inThe 6th International

Conference on Science Application of Nanotubes (Abstracts of

Reports), Gothenburg, Sweden, 2005 p. 91

197. S Kishimoto, Y Kojima, Y Ohno, T Sugai, H Shinohara,

T Mizutani Jpn. J. Appl. Phys. 44 1554 (2005)

198. G Zhong, T Iwasaki, K Honda, Y Furukawa, I Ohdomari,

H Kawarada Jpn. J. Appl. Phys. 44 1558 (2005)

199. T Kato, G-H Jeong, T Hirata, R Hatakeyama, K Tohji,

K Motomiya Chem. Phys. Lett. 381 422 (2003)

200. T Kato, G-H Jeong, T Hirata, R Hatakeyama, K Tohji Jpn. J.

Appl. Phys. 43 L 1278 (2004)

201. T Kato, T Hirata, R Hatakeyama, K Tohji, in The 6th

International Conference on Science Application of Nanotubes

(Abstracts of Reports), Gothenburg, Sweden, 2005 p. 57

202. Y Li, S Peng, D Mann, J Cao, R Tu, K J Cho, H Dai J. Phys.

Chem. B 109 6968 (2005)

203. A Gohier, S Point, A Djouadi, A Granier, T Minea, in The 6th

International Conference on Science Application of Nanotubes.

(Abstracts of Reports), Gothenburg, Sweden, 2005 p. 116

204. A H Mahan, J L Alleman, M J Heben, P A Parilla,

K M Jones, A C Dillon Appl. Phys. Lett. 81 4061 (2002)

205. L T T Tuyen, P N Minh, E Roduner, P T D Chi, T Ono,

H Miyashita, P H Khoi, M Esashi Chem. Phys. Lett. 415 333

(2005)

206. S Orlanducci, A Fiori, E Tamburri, V Sessa, M L Terranova,

M Rossi Cryst. Res. Technol. 40 928 (2005)

207. Y Fujiwara, K Maehashi, Y Ohno, K Inoue, K Matsumoto

Jpn. J. Appl. Phys. 44 1581 (2005)

208. Y Fujiwara, K Maehashi, Y Ohno, K Inoue, K Matsumoto,

in The 6th International Conference on Science Application of

Nanotubes (Abstracts of Reports), Gothenburg, Sweden, 2005

p. 60

209. R Alexandrescu, A Crunteanu, R-E Morjan, I Morjan,

F Rohmund, L K L Falk, G Ledoux, F Huisken Infrared Phys.

Technol. 44 43 (2003)

210. B Chen, P Wu Carbon 43 3172 (2005)

211. H Hongo, M Yudasaka, T Ichihashi, F Niney, S Iijima Chem.

Phys. Lett. 361 349 (2002)

212. J Kong, C Zhou, A Morpurgo, H T Soh, C F Quate,

C Marcus, H Dai Appl. Phys. A 69 305 (1999)

213. A M Cassell, J A Raymakers, J Kong, H Dai J. Phys. Chem. B

103 6484 (1999)

214. H T Soh, C F Quate, A F Morpurgo, C F Marcus, J Kong,

H Dai Appl. Phys. Lett. 75 627 (1999)

215. M Su, Bo Zheng, J Lie Chem. Phys. Lett. 322 321 (2000)

216. R R Bacsa, Ch Laurent, A Peigney, W S Bacsa, Th Vaugien,

A Rousset Chem. Phys. Lett. 323 566 (2000)

217. J-F Colomer, J-M Benoit, C Stephan, S Lefrant,

G Van Tendeloo, J B Nagy Chem. Phys. Lett. 345 11 (2001)

218. L An, J M Owens, L E McNeil, J Liu J. Am. Chem. Soc. 124

13688 (2002)

219. C L Cheung, A Kurtz, H Park, C M Lieber J. Phys. Chem. B

106 2429 (2002)

220. A Harutyunyan, B Pradhan, U Kim, G Chen, P C Eklund

Nano Lett. 2 525 (2002)

221. W C Ren, F Li, J Chen, S Bai, H-M Cheng Chem. Phys. Lett.

359 196 (2002)

222. J Geng, C Singh, D S Shepard, M S P Shafer, B F G Johnson,

A H Windle Chem. Commun. 2666 (2002)

223. G L Hornyak, L Grigorian, A C Dillon, P A Parilla,

K M Jones, M J Heben J. Phys. Chem. B 106 2821 (2002)

224. L Delzeit, C Nguyen, R Stevens, M Meyyappan Nanotechnol-

ogy 13 280 (2002)

225. S Matsumoto, L Pan, H Tokumoto, Y Nakayama Physica B,

Condens. Matter 323 275 (2002)

226. Y Zhang, Y Li, D Wang, H Dai Appl. Phys. A 74 325 (2002)

227. Q Li,H Yan,Y Cheng, J Zhang, Z Liu J.Mater. Chem. 12 1179

(2002)

228. H Yan, Q Li, Z Liu Carbon 40 2693 (2002)

229. Y J Yoon, J C Bae, H K Baik, S J Cho, S-J Lee, K M Song,

N S Myung Physica B, Condens. Matter 323 318 (2002)

18 E G Rakov



230. C Jiang, J Zhao, H A Therese, M Friedrich, A Mews J. Phys.

Chem. B 107 8742 (2003)

231. W Z Li, J G Wen, M Sennett, Z F Ren Chem. Phys. Lett. 368

299 (2003)

232. B C Liu, S C Lyu, Y J Lee, S K Choi, S J Eum, C W Yang,

C Y Park, C J Lee Chem. Phys. Lett. 373 475 (2003)

233. W Liu,W Cai, L Tao, X Li, Z Yao J.Mater. Sci. 38 3051 (2003)

234. F Li, S G Chou, W Ren, J A Gardecki, A K Swan, M S UÈ nluÈ ,

B B Goldberg, H-M Cheng, M S Dresselhaus J. Mater. Res. 18

1251 (2003)

235. Q Li, H Yan, J Zhang, Z Liu Carbon 41 2876 (2003)

236. W Qian, T Liu, F Wei, Z Wang, H Yu Carbon 41 846 (2003)

237. J W Ward, B Q Wei, P M Ajayan Chem. Phys. Lett. 376 717

(2003)

238. H Ago, K Nakamura, N Uehara, M Tsui J. Phys. Chem. B 108

18908 (2004)

239. H C Choi, S Y Kim, W S Jang, S Y Bae, J Park, K L Kim,

K Kim Chem. Phys. Lett. 399 255 (2004)

240. J-F Colomer, L Henrard, P Launios, G Van Tendeloo,

A A Lukas, Ph Lambin Chem. Commun. 2592 (2004)

241. Y Li, X Zhang, L Shen, J Luo, X Tao, F Liu, G Xu, Y Wang,

H J Geise, G Van Tendeloo Chem. Phys. Lett. 398 276 (2004)

242. L W Liu, J H Fang, L Lu, Y J Ma, Z Zhang, H F Fang,

A Z Jin, C Z Gu J. Phys. Chem. B 108 18460 (2004)

243. J B Nagy, G Bister, A Fonseca, D Mghn, I Kirichi,

Z E Horvvth, L P Bird J. Nanosci. Nanotechnol. 4 326 (2004)

244. W Qian, T Liu, F Wei, Z Wang, Y Li Appl. Catal. A 258 121

(2004)

245. B C Liu, B Yu, M X Zhang Chem. Phys. Lett. 407 232 (2005)

246. Z Zhong, F Chen, X Xiong, H Soon, J Lin,K L Tan

J. Nanosci. Nanotechnol. 4 183 (2004)

247. H Ago, S Imamura, T Okazaki, T Saito, M Yumura, M Tsui

J. Phys. Chem. B 109 10035 (2005)

248. H Muramatsu, T Hayashi, Y A Kim, M Endo, M Terrones,

M S Dresselhaus J. Nanosci. Nanotechnol. 5 404 (2005)

249. M Endo, H Muramatsu, T Hayashi, Y A Kim, M Terrones,

M S Dresselhaus Nature (London) 433 476 (2005)

250. D Takagi, Y Homma, S Suzuki, Y Kobayashi Jpn. J. Appl.

Phys. 44 1564 (2005)

251. W Zhou, Y Zhang, X Li, S Yuan, Z Jin, J Xu, Y Li J. Phys.

Chem. B 109 6963 (2005)

252. E F Mosavi, M M Akbarnejad, G Abolhamid, A M Rashidi,

in The 6th International Conference on Science Application of

Nanotubes (Abstracts of Reports), Gothenburg, Sweden, 2005

p. 71

253. Q Zhang, H Yu, G Luo, W Qian, F Wei, in The 6th

International Conference on Science Application of Nanotubes

(Abstracts of Reports), Gothenburg, Sweden, 2005 p. 74

254. Z E HorvaÂ th, L P BiroÂ , G Van Tendeloo, C Tondeur,

G Bister, N Pierard, A Fonseca, J B Nagy Solid State Phenom.

94 271 (2003)

255. A Peigney, Ch Laurent, A Rousset J. Mater. Chem. 9 1167

(1999)

256. J-F Colomer, C Stephan, S Lefrant, G Van Tendeloo,

I Willems, Z KoÂ nya, A Fonseca, Ch Laurent, J B Nagy

Chem. Phys. Lett. 317 83 (2000)

257. G Gu, G Philipp, X Wu, M Burghard, A M Bittner, S Roth

Adv. Funct. Mater. 11 295 (2001)

258. H Allouche, M Monthioux, R L Jacobsen Carbon 41 2897

(2003)

259. J-F Colomer, L Henrard, G Van Tendeloo, A Lukas,

P Lambin J. Mater. Chem. 14 603 (2004)

260. M J Pender, L A Sowards, B Maruyama, R A Vaia,

M O Stone Chem. Mater. 16 2544 (2004)

261. C H Hsu, C-F Chen, C-C Chen, S-Y Chan Diamond Relat.

Mater. 14 739 (2005)

262. D L Ma, C H Tsai, in The 6th International Conference on

Science Application of Nanotubes (Abstracts of Reports),

Gothenburg, Sweden, 2005 p. 110

263. J Hafner, M Bronikowski, B Azamian, P Nikolaev, A Rinzler,

D Colbert, K Smith, R E Smalley Chem. Phys. Lett. 296 195

(1998)

264. J-F Colomer, G Bister, I Willems, Z KoÂ nya, A Fonseca,

G Van Tendeloo, J B Nagy Chem. Commun. 1343 (1999)

265. C L Cheung, J H Hafner, T W Odom, K Kim, C M Lieber

Appl. Phys. Lett. 76 3136 (2000)

266. C L Cheung, J H Hafner, C M Lieber Proc. Natl. Acad. Sci.

USA 97 3809 (2000)

267. C Park, M A Keane Langmuir 17 8386 (2001)

268. J H Hafner, C-L Cheung, T H Oosterkamp, C M Lieber

J. Phys. Chem. B 105 743 (2001)

269. A J Hart, A H Slocum, in The 6th International Conference

on Science Application of Nanotubes (Abstracts of Reports),

Gothenburg, Sweden, 2005 p. 64

270. A J Hart, A H Slocum, in The 6th International Conference on

Science Application of Nanotubes (Abstracts of Reports),

Gothenburg, Sweden, 2005 p. 65

271. V Ivanov, A Fonseca, J B Nagy, A Lukas, P Lambin,

D Bernaerts, X B Zhang Carbon 33 1727 (1995)

272. A Fonseca, K Hernadi, P Piedigrosso, J-F Colomer,

K Mukhopradhyay, R Doome, S Lazarescu, L P Biro,

Ph Lambin, P A Thiry, D Bernaerts, J B NagyAppl. Phys. A 67

11 (1998)

273. C J Lee, D W Kim, T J Lee, Y C Choi, Y S Park, Y H Lee,

W B Choi, N S Lee, G-S Park, J M KimChem. Phys. Lett. 312

461 (1999)

274. Y H Mo, A K M F Kibria, K S Nahm Synth. Met. 122 443

(2001)

275. C Klinke, J-M Bonard, K Kern Surf. Sci. 492 195 (2001)

276. L Dong, J Jiao, S Foxley, D W Tuggle, C L Mosher,

G H Grathoff J. Nanosci. Nanotechnol. 2 155 (2002)

277. O A Nerushev, R-E Morjan, D I Ostrovskii, M Sveningson,

M JoÈ nsson, F Rohmund, E E B Campbell Physica B, Condens.

Matter 323 51 (2002)

278. A Okamoto, T Kawakubo, T Hiraoka, T Okazaki, T Sugai,

H ShinoharaMol. Cryst. Liq. Cryst. 387 317 (2002)

279. I Willems, Z KoÂ nya, A Fonseca, J B Nagy Appl. Catal. A 229

229 (2002)

280. T Hiraoka, T Kawakubo, J Kimura, R Taniguchi,

A Okamoto, T Okazaki, T Sugai, Y Ozeki, M Yoshikawa,

H Shinohara Chem. Phys. Lett. 382 679 (2003)

281. Y Huh, J Y Lee, J Cheon, Y K Hong, J Y Koo, T Y Koo,

T J Lee, C J Lee J. Mater. Chem. 13 2297 (2003)

282. HCui, GEres, J YHowe, A Puretzky,MVarela, DBGeohegan,

D H Lowndes Chem. Phys. Lett. 374 222 (2003)

283. S Hofmann, C Ducati, B Kleinsorge, J Robertson Appl. Phys.

Lett. 83 4661 (2003)

284. H J Jeong, K H An, S C Lim,M-S Park, J-S Chang, S-E Park,

S J Eum, C W Yang, C-Y Park, Y H Lee Chem. Phys. Lett.

380 263 (2003)

285. P N LoÂ pez, I R Ramos, A G Ruiz Carbon 41 2509 (2003)

286. S N Zaretskiy, Y-K Hong, D H Ha, J-H Yoon, J Cheon,

J-Y Koo Chem. Phys. Lett. 372 300 (2003)

287. B C Liu, S C Lyu, S I Jung, H K Kang, C-W Yang, J W Park,

C Y Park, C J Lee Chem. Phys. Lett. 383 104 (2004)

288. Md Shajahan, Y H Mo, A K M Fazle Kibria, M J Kim,

K S Nahm Carbon 42 2245 (2004)

289. R G Lacerda, A S Teh, M H Yang, K B K Teo,

N L Rupesinghe, S H Dalal, K K K Koziol, D Roy,

G A J Amaratunga, W I Milne, M Chhowalla, D G Hasco,

F Wyczisk, P Legagneux Appl. Phys. Lett. 84 269 (2004)

290. R G Lacerda, K B K Teo, A S Teh, M H Yang, S H Dalal,

D A Jefferson, J H Durrell, N L Rupesinghe, D Roy,

G A J Amaratunga, W I Milne, F Wyczisk, P Legagneux,

M Chhowalla J. Appl. Phys. 96 4456 (2004)

291. G S Duesberg, A P Graham, F Kreupl, M Liebau, R Seidel,

E Unger, W Hoenlein Diamond Relat. Mater. 13 354 (2004)

292. O Suekane, T Nagasaka, K Kiyotaki, T Nosaka, Y Nakayama

Jpn. J. Appl. Phys. 43 L1214 (2004)

293. R Sharma, P Rez, M M J Treacy, S J Stuart J. Electron

Microsc. 54 231 (2005)

294. G Eres, A A Puretzky, D B Geohegan, C M Rouleau, H Cui,

in The 6th International Conference on Science Application

of Nanotubes (Abstracts of Reports), Gothenburg, Sweden, 2005

p. 135

Preparation of thin carbon nanotubes by catalytic pyrolysis on a support 19



295. I I Khodos, Yu A Kasumov, V N Matveev, V T Volkov,

A Yu Kasumov, in The 6th International Conference on Science

Application of Nanotubes (Abstracts of Reports), Gothenburg,

Sweden, 2005 p. 53

296. AÂ Kukovecz, D MeÂ hn, E Nemes-Nagy, R SzaboÂ , I Kiricsi

Carbon 43 2842 (2005)

297. K Liu, K Jiang, C Feng, Z Chen, S Fan Carbon 43 2850 (2005)

298. A A Puretzky, D B Geohegan, S Jesse, I N Ivanov, G Eres

Appl. Phys. A 81 223 (2005)

299. D Kondo, S Sato, Y Awano, in The 6th International

Conference on Science Application of Nanotubes (Abstracts

of Reports), Gothenburg, Sweden, 2005 p. 77

300. R Sharma, Z Iqbal Appl. Phys. Lett. 84 990 (2004)

301. A Javey, Q Wang, A Ural, Y Li, H DaiNano Lett. 2 929 (2002)

302. H C Choi,W Kim,D Wang, H Dai J. Phys. Chem. B 106 12361

(2002)

303. H C Choi, S Kundaria, D Wang, A Ajavey, Q Wang,

M Roland, H Dai Nano Lett. 3 157 (2003)

304. Q Fu, S Huang, J Liu J. Phys. Chem. B 108 6124 (2004)

305. Q Li, H Yan, J Zhang, Z Liu Carbon 42 829 (2004)

306. Y Yao, L K L Falk, R E Morjan, O A Nerushev,

E E B Campbell J. Microsc. 219 69 (2005)

307. C Bower, W Zhu, S Jin, O ZhouAppl. Phys. Lett. 77 830 (2000)

308. D B Hash, M S Bell, K B K Teo, B A Cruden, W I Milne,

M Meyyappan Nanotechnology 16 925 (2005)

309. Z Y Juang, J F Lai, C H Weng, J H Lee, H J Lai, T S Lai,

C H Tsai Diamond Relat. Mater. 13 2140 (2004)

310. M S Bell, R G Lacerda, K B K Teo, N L Rupesinghe,

G A J Amaratunga, W I Milne, M Chhowalla Appl. Phys.

Lett. 85 1137 (2004)

311. S Maruyama, R Kojima, Y Miyauchi, S Chiashi, M Kohno

Chem. Phys. Lett. 360 229 (2002)

312. Y Murakami, Y Miyauchi, S Chiashi, S Maruyama Chem.

Phys. Lett. 377 49 (2003)

313. Y Murakami, Y Miyauchi, S Chiashi, S Maruyama Chem.

Phys. Lett. 374 53 (2003)

314. Y Murakami, S Chiashi, Y Miyauchi, S Maruyama Jpn. J.

Appl. Phys. 43 1221 (2004)

315. S Maruyama, Y Murakami, Y Shibuta, Y Miyauchi, S Chiashi

J. Nanosci. Nanotechnol. 4 360 (2004)

316. H Igarashi, H Murakami, Y Murakami, S Maruyama,

N Nakashima Chem. Phys. Lett. 392 529 (2004)

317. M Kohno, T Orii, M Hirasawa, T Seto, Y Murakami,

S Chiashi, Y Miyauchi, S Maruyama Appl. Phys. A 79 787

(2004)

318. S Yamashita, Y Inoue, SMaruyama, Y Murakami, HYaguchi,

M Jablonski, S Y Set Opt. Lett. 29 1581 (2004)

319. S Noda, Y Tsuji, Y Murakami, S Maruyama Appl. Phys. Lett.

86 173106 (2005)

320. Y Ohno, Y Kurokawa, S Kishimoto, T Mizutani, T Shimada,

M Ishida, T Okazaki, H Shinohara, Y Murakami,

S Murayama, A Sakai, K Hiraga Appl. Phys. Lett. 86

023109 (2005)

321. Y Ohno, S Iwatsu, T Hiraoka, T Okazaki, S Kishimoto,

K Maezawa, H Shinohara, T Mizutani Jpn. J. Appl. Phys. 42

4116 (2003)

322. S Inoue, Y Kikuchi Chem. Phys. Lett. 410 209 (2005)

323. H E Unalan, M Chhowalla Nanotechnology 16 2153 (2005)

324. H E Unalan, M ChhowallaMater. Res. Soc. Symp. Proc. 858

HH1.5.1 (2005)

325. S Filatov, G Kuchinski, in The 7th Biennal International

Workshop on Fullerene Atomic Clusters IWFAC'2005 (Abstracts

of Reports), St. Petersburg, 2005 p. 219

326. P Ramesh, T Okazaki, R Taniguchi, T Sugai, K Sato, Y Ozeki,

H Shinohara J. Phys. Chem. B 109 1141 (2005)

327. H Yang, P Mercier, S C Wang, D L Akins Chem. Phys. Lett.

416 18 (2005)

328. K B Kouravelou, S V Sotirchos Rev. Adv. Mater. Sci. 10 243

(2005)

329. T Okazaki, H Shinohara Chem. Phys. Lett. 376 606 (2003)

330. M Kumar, Y Ando Diamond Relat. Mater. 12 1845 (2003)

331. R J Andrews, C F Smith, A J Alexander Carbon 44 341 (2006)

332. L-C Qin, X Zhao, K Hirahara, Y Miyamoto, Y Ando, S Iijima

Nature (London) 408 50 (2000)

333. H Yan, Q Li, J Zhang, Z Liu, in The 8th International

Conference on ElectronicMaterials, IUMRS-ICEM, 2002, Xi'an,

China, 2002 p. 1

334. W Qian, H Yu, F Wei, Q F Zhang, Z Wang Carbon 40 2968

(2002)

335. P Pinheiro, M C Schouler, P Gadelle, MMermoux, E DooryheÂ e

Carbon 38 1469 (2000)

336. J E Herrera, L Balzano, A Borgna,W E Alvarez, D E Resasco

J. Catal. 204 129 (2001)

337. W E Alvarez, B Kitiyanan, A Borgna, D E Resasco Carbon 39

547 (2001)

338. J H Han, S H Choi, T Y Lee, J B Yoo, C Y Park, T W Jeong,

H J Kim, Y J Park, I T Han, J N Heo, C S Lee, J H Lee,

S G Yu,W K Yi, J M Kim Physica B, Condens.Matter 323 182

(2002)

339. B Zheng, C Lu, G Gu, A Makarovski, G Finkelstein, J Liu

Nano Lett. 2 895 (2002)

340. B Zheng, Y Li, J Liu Appl. Phys. A 74 345 (2002)

341. A Lan, Z Iqbal, M Libera, H Grebel Appl. Phys. Lett. 81 433

(2002)

342. J P Pinheiro, M C Schouler, P Gadelle Carbon 41 2949 (2003)

343. J E Herrera, D E Resasco J. Catal. 221 354 (2004)

344. Y T Zhu, G W Egeland, Y Li, Q X Jia, J Gallegos, A Serquis,

X Z Liao, D E Peterson, R C Dye, B J Roop, M A Hoffbauer

J. Nanosci. Nanotechnol. 4 189 (2004)

345. D E Resasco, J E Herrera, L Balzano J. Nanosci. Nanotechnol.

4 398 (2004)

346. K Seo, C Kim, B Kim, Y H Lee, K Song J. Phys. Chem. B 108

4308 (2004)

347. Y Chen, D Ciuparu, Y Yang, S Lim, C Wang, G L Haller,

L D Pfefferle Nanotechnology 16 S476 (2005)

348. G F Zhong, T Iwasaki, K Honda, Y Furukawa, I Ohdomari,

H Kawarada Chem. Vap. Deposition 11 127 (2005)

349. P Queipo, AGNasibulin, P V Pikhitsa, H Jiang, E I Kauppinen,

in The 6th International Conference on Science Application of

Nanotubes (Abstracts of Reports), Gothenburg, Sweden, 2005

p. 48

350. T Guo, in Nanotechnology in Catalysis Vol. 1 (Eds B Zhou,

S Hermans, G A Somorjai) (Berlin: Springer, 2004) p. 137;

http://nanofast.ucdavis.edu/Publications/Ch7.pdf

351. K H Park, M Chhowalla, Z Iqbal, F Sesti J. Biol. Chem. 278

50212 (2003)

352. M PeÂ rez-Mendoza, C ValeÂ s, W K Maser, M T MartõÂ nez,

A M Benito Nanotechnology 16 S224 (2005)

353. I Willems, Z KoÂ nya, J-F Colomer, G Van Tendeloo,

N Nagaraju, A Fonseca, J B Nagy Chem. Phys. Lett. 317 71

(2000)

354. S C Lyu, B C Liu, S H Lee, C Y Park, H K Kang, C-W Yang,

C J Lee J. Phys. Chem. B 108 2192 (2004)

355. D MeÂ hn, A Fonseca, G Bister, J B Nagy Chem. Phys. Lett. 393

378 (2004)

356. L Shen, X Zhang, Y Li, X Yang, J Luo, G Xu Nanotechnology

15 337 (2004)

357. S Tang, Z Zhong, Z Xiong, L Sun, L Liu, J Lin, Z X Shen,

K L Tan Chem. Phys. Lett. 350 19 (2001)

358. G Y Xiong, Y Suda, D Z Wang, J Y Huang, Z F Ren

Nanotechnology 16 532 (2005)

359. P Coquay, Ch Laurent, A Peigney, O QueÂ nard, E De Grave,

R E Vanderberghe Hyperfine Interact. 130 275 (2000)

360. T Sugai, T Okazaki, H Yoshida, H ShinoharaNew J. Phys. 6 21

(2004)

361. Y Li, X B Zhang, X Y Tao, J M Xu, W Z Huang, J H Luo,

Z Q Luo, T Li, F Liu, Y Bao, H J Geise Carbon 43 295 (2005)

362. H M Christen, A A Puretzky, H Cui, K Belay, P H Fleming,

D B Geohegan, D H Lowndes Nano Lett. 4 1939 (2004)

363. I T Han, B K Kim, H J Kim, M Yang, Y W Jin, S J Jung,

N Lee, S K Kim, J M Kim Chem. Phys. Lett. 400 139 (2004)

364. I T Han, H J Kim, Y J Park, Y W Jin, J E Jung, J M Kim,

B K Kim, N Lee, S K Kim Jpn. J. Appl. Phys. 43 3631 (2004)

365. R Y Zhang, I Amlani, J Baker, J Tresek, R K Tsui Nano Lett.

3 731 (2003)

366. S Honda, Y-G Baek, K-Y Lee, T Ikuno, T Kuzuoka, J-T Ryu,

S Ohkura, M Katayama, K Aoki, T Hirao, K Oura Thin Solid

Films 464 ± 465 290 (2004)

20 E G Rakov



367. W Wongwiriyapan, M Katayama, T Ikuno, N Yamauchi,

T Mizuta, T Murakami, S-i Honda, K Oura, K Kisoda,

H Harima Jpn. J. Appl. Phys. 44 457 (2005)

368. K-Y Lee, S-i Honda, M Katayama, T Miyake, K Himura,

K Oura, J-G Lee, H Mori, T Hiro J. Vac. Sci. Technol., B 23

1450 (2005)

369. E Yenilmez, Q Wang, R J Chen, D Wang, H Dai Appl. Phys.

Lett. 80 2225 (2002)

370. Y Li, J Liu, Y Wang, Z L Wang Chem. Mater. 13 1008 (2001)

371. W-Q Deng, X Xu, W A Goddard III Nano Lett. 4 2331 (2004)

372. N Franklin, H Dai Adv. Mater. 12 890 (2000)

373. A M Cassell, S Verma, L Delzeit, M Meyyappan, J Han

Langmuir 17 260 (2001)

374. I A Kinloch, M S P Shaffer, Y M Lam, A H Windle Carbon

42 101 (2004)

375. B Chen, G Parker II, J Han, M Meyyappan, A M Cassell

Chem. Mater. 14 1891 (2002)

376. A G Nasibulin, P V Pikhitsa, H Jiang, E I Kauppinen Carbon

43 2251 (2005)

377. M Ishida, H Hongo, F Nihey, Y Ochiai Jpn. J. Appl. Phys. 43

L1356 (2004)

378. H-N Lin, Y-H Chang, J-H Yen, J-H Hsu, I-C Leu, M-H Hon

Chem. Phys. Lett. 399 422 (2004)

379. T de los Arcos, M G Garnier, P Oelhafen, D Mathys,

J W Seo, C Domingo, J V GarcõÂ a-Ramos, S SaÂ nchez-CorteÂ s

Carbon 42 187 (2004)

380. T de los Arcos, M G Garnier, J W Seo, P Oelhafen,

V Thommen, D Mathys J. Phys. Chem. B 108 7728 (2004)

381. M S Kabir, R E Morjan, O A Nerushev, P Lundgren,

S Bengtsson, P Enokson, E E B Campbell Nanotechnology 16

458 (2005)

382. L Delzeit, B Chen, A Cassell, R Stevens, C Nguyen,

M Meyyappan Chem. Phys. Lett. 348 368 (2001)

383. I K Song, W J Yu, Y S Cho, G S Choi, D Kim

Nanotechnology 15 590 (2004)

384. P Launois, R Morel, D Le Bolloc'h, P A Albouy, Z K Tang,

G Li, J Chen Solid State Commun. 116 99 (2000)

385. Y Li, W Kim, Y Zhang, M Roland, D Wang, H Dai J. Phys.

Chem. B 105 11424 (2001)

386. L F Sun, S S Xie, J M Mao, Z W Pan, B H Chang,

W Y Zhou, G Wang, L X Qian Appl. Phys. Lett. 76 828 (2000)

387. Y Chen, D Ciuparu, S Lim, G L Haller, L D Pfefferle Carbon

44 67 (2006)

388. P Coquay, E De Grave, A Peigney, R E Vanderberghe,

Ch Laurent J. Phys. Chem. B 106 13186 (2002)

389. P Coquay, A Peigney, E De Grave, R E Vanderberghe,

Ch Laurent J. Phys. Chem. B 106 13199 (2002)

390. J-F Colomer, L Henrard, E Flahaut, G Van Tendeloo,

A A Lukas, Ph Lambin Nano Lett. 3 685 (2003)

391. X Devaux, Sh Laurent, A Rousset, inNanostructuredMaterials

Vol. 2 (New York: Pergamon Press, 1993) p. 339

392. A Peigney, Ch Laurent, F Dobigeon, A Rousset J. Mater. Res.

12 613 (1997)

393. S Lim, D Ciuparu, C Pak, F Dobek, Y Chen, D Harding,

L Pfefferle, G Haller J. Phys. Chem. B 107 11048 (2003)

394. S Lim, D Ciuparu, Y Chen, Y Yang, L Pfefferle, G L Haller

J. Phys. Chem. B 109 2285 (2005)

395. S Lim, Y Yang, D Ciuparu, C Wang, Y Chen, L Pfefferle,

G L Haller Top. Catal. 34 31 (2005)

396. B C Liu, S H Tang, Z L Liu, B L Zhang, T Chen, S Y Zhang

Chem. Phys. Lett. 357 297 (2002)

397. Q Liang, Q Li, B L Zhang, Z L Yu Chin. Chem. Lett. 11 559

(2000)

398. Q Liang, L Z Gao, Q Li, S H Tang, B C Liu, Z L Yu Carbon

39 897 (2001)

399. S Delpeux, K Szostak, E Frackowiak, S Bonnamy, F BeÂ guin

J. Nanosci. Nanotechnol. 2 481 (2002)

400. K C Patil, S T Aruna, T MimaniCurr. Opin. Solid StateMater.

Sci. 6 507 (2002)

401. Y Soneda, K Szostak, S Delpeux, S Bonnamy, F BeÂ guin AIP

Conf. Proc. 591 (1) 199 (2001)

402. P Chen, H B Zhang, G D Lin, Q Hong, K R Tsai Carbon 35

1495 (1997)

403. P Chen, X Wu, J Lin, K L Tan Carbon 38 139 (2000)

404. L Chen, X Sun, Y Liu, Y Li Appl. Catal. A 265 123 (2004)

405. Y Kobayashi, H Nakashima, D Tanigaki, Y Homma Thin

Solid Films 464 ± 465 289 (2004)

406. J Geng, H Li, V B Golovko, D S Shephard, D A Jefferson,

B F G Johnson, S Hofmann, B Kleinsorge, J Robertson,

C Ducati J. Phys. Chem. B 108 18446 (2004)

407. H-F Cheng, Y Chou, K-S Liu, C-H Tsai, I-N Lin Physica B,

Condens. Matter 323 308 (2002)

408. H Ago, T Komatsu, S Ohshima, Y Kuriki, M Yumura Appl.

Phys. Lett. 77 79 (2000)

409. H Ago, K Murata, M Yumura, J Yotani, S Uemura Appl.

Phys. Lett. 82 811 (2003)

410. H Ago, J Qi, K Tsukagoshi, K Murata, S Ohshima, Y Aoyagi,

M Yumura J. Electroanal. Chem. 559 25 (2003)

411. Y Zhou, A Gaur, S-H Hur, C Kocabas, M A Meitl, M Shim,

J A Rogers Nano Lett. 4 2031 (2004)

412. C Klinke, E Delvigne, J V Barth, K Kern J. Phys. Chem. B 109

21677 (2005)

413. M Yoshimura, K Tanaka, K Ueda Jpn. J. Appl. Phys. 44 1562

(2005)

414. R M Kramer, L A Sowards, M J Pender, M O Stone,

R R Naik Langmuir 21 8466 (2005)

415. Y YWang, G Y Tang, F AM Koeck, B Brown, J M Garguilo,

R J Nemanich Diamond Relat. Mater. 13 1287 (2004)

416. Y Y Wang, S Gupta, R J Nemanich, Z J Liu, L C Qin J. Appl.

Phys. 98 014312 (2005)

417. K B K Teo, S-B Lee, M Chhowalla, V Semet, Vu Thien Binh,

O Groening, M Castignolles, A Loiseau, G Pirio,

P Legagneux, D Pribat, D G Hasko, H Ahmed,

G A J Amaratunga, W I Milne Nanotechnology 14 204 (2003)

418. H M Christen, I Ohkubo, C M Rouleau, G E Jellison,

A A Puretzky, D B Geohegan, D H Lowndes Meas. Sci.

Technol. 16 21 (2005)

419. C J Tailor, R E Cavicchi, C B Montgomery, S Turner

Nanotechnology 15 62 (2004)

420. Q Jiang, Y W Wang, J C Li Appl. Surf. Sci. 152 156 (1999)

421. K Kempa, B Kimball, J Rybczynski, Z P Huang, P F Wu,

D Steeves, M Sennett, M Giersig, D V G L N Rao,

D L Carnahan, D Z Wang, J Y Lao, W Z Li, Z F Ren

Nano Lett. 3 13 (2003)

422. Z P Huang, D L Carnahan, J Rybczynski, M Giersig,

M Sennett, D Z Wang, J G Wen, K Kempa, Z F Ren Appl.

Phys. Lett. 82 460 (2003)

423. S Lastella, Y J Jung, H Yang, R Vajtai, P M Ajayan,

C Y Ryu, D A Rider, I Manners J. Mater. Chem. 14 1791

(2004)

424. H Kind, J-M Bonard Adv. Mater. 11 1285 (1999)

425. H Yokomichi, F Sakai, M Ichihara, N Kishimoto Physica B,

Condens. Matter 323 311 (2002)

426. H Kind, J-M Bonard, L Forrd, K Kern, K Hernadi,

L-O Nilsson, L Schlapbach Langmuir 16 6877 (2000)

427. Y Chen, J Yu Appl. Phys. Lett. 87 033103 (2005)

428. T Hayashi, Y A Kim, T Matoba, M Esaka, K Nishimura,

M Endo, M S Dresselhaus Nano Lett. 3 887 (2003)

429. S-H Tsai, C-T Shiu, S-H Lai, H-C Shih Carbon 40 1597 (2002)

430. J-M Ting, R-M Liu Carbon 41 601 (2003)

431. H Yu, Q Zhang, F Wei, W Qian, G LuoCarbon 41 2855 (2003)

432. J Gavillet, A Loiseau, C Journet, F Williams, F Ducastelle,

J-C Charlier Phys. Rev. Lett. 87 275504 (2001)

433. J-H Huang, H-N Lin, C-C Chuang, H-W Lai, J-H Hsu

Diamond Relat. Mater. 14 744 (2005)

434. C J Lee, J Park, Y Huh, J Y Lee Chem. Phys. Lett. 343 33

(2001)

435. X D Bai, J D Guo, J Yu, E G Wang, J Yuan, W Zhou Appl.

Phys. Lett. 76 2624 (2000)

436. J-M Bonard, M Croci, F Conus, T StoÈ ckli, A Chatelain Appl.

Phys. Lett. 81 2836 (2002)

437. D N Futaba, K Hata, T Yamada, K Mizuno, M Yumura,

S Iijima Phys. Rev. Lett. 95 056104 (2005)

438. E GRakov, I G Ivanov, S N Blinov, N VKazakov, V V Skudin,

N G Digurov, A K Bogdanovich Fullerenes, Nanotubes,

Carbon Nanostruct. 12 29 (2004)

439. U Narkiewicz, W Arabczyk, W Konicki, I Kucharewicz Rev.

Adv. Mater. Sci. 8 53 (2004)

Preparation of thin carbon nanotubes by catalytic pyrolysis on a support 21



440. U Narkiewicz, W Arabczyk, W Konicki Fullerenes, Nanotubes,

Carbon Nanostruct. 13 (Suppl. 1) 99 (2005)

441. V Vinciguerra, F Buonocore, G Panzera, L Occhipinti

Nanotechnology 14 655 (2003)

442. Y T Lee, J Park, Y S Choi, H Ryu, H J Lee J. Phys. Chem. B

106 7614 (2002)

443. E F Kukovitsky, S G L'vov, N A SainovChem. Phys. Lett. 317

65 (2000)

444. S Helveg, C Lopez-Cartes, J Sehested, P L Hansen,

B S Clausen, J R Rostrup-Nielsen, F Abild-Pedersen,

J K Norskov Nature (London) 427 426 (2004)

445. T Ichihashi, J Fujita, M Ishida, Y Ochiai Phys. Rev. Lett. 92

215702 (2004)

446. D B Geohegan, A A Puretzky, I N Ivanov, S Jesse, G Eres,

J Y Howe Appl. Phys. Lett. 83 1851 (2003)

447. L M Dell'Acqua-Bellavitis, J D Ballard, P M Ajayan,

R W Siegel Nano Lett. 4 1613 (2004)

448. J-M Bonard, M Croci, C Klinke, F Conus, I Afraoui,

T StoÈ ckli, A Chatelain Phys. Rev. B 67 085412 (2003)

449. D-H Kim, H-S Jang, C-D Kim, D-S Cho, H-S Yang,

H-D Kang, B-K Min, H-R Lee Nano Lett. 3 863 (2003)

450. S Hofmann, B Kleinsorge, C Ducati, J RobertsonNew J. Phys.

5 153 (2003)

451. C Ducati, I Alexandrou, M Chhowalla, G A J Amaratunga,

J Robertson J. Appl. Phys. 92 3299 (2002)

452. S Hofmann, G CsaÂ nyi, A C Ferrari, M C Paine, J Robertson

Phys. Rev. Lett. 95 036101 (2005)

453. A Gorbunov, O Jost, W Pompe, A Graff Carbon 40 113 (2002)

454. Y H Lee, S G Kim, D TomaÂ nekPhys. Rev. Lett. 78 2393 (1997)

455. S B Sinnott, R Andrews, D Qian, A M Rao, Z Mao,

E C Dickey, F Derbyshire Chem. Phys. Lett. 315 25 (1999)

456. A N Andriotis, M Menon, G Froudakis Phys. Rev. Lett. 85

3193 (2000)

457. S Maruyama, Y ShibutaMol. Cryst. Liq. Cryst. 387 87 (2002)

458. H Kanzow, P Bernier, A Ding Appl. Phys. A 74 411 (2002)

459. O A Louchev, Y Sato, H Kanda Appl. Phys. Lett. 80 2752

(2002)

460. O A Louchev, Y Sato, H Kanda Phys. Rev. E 66 011601 (2002)

461. O A Louchev, T Laude, Y Sato, H Kanda J. Chem. Phys. 118

7622 (2003)

462. Y Shibuta, S MaruyamaHeat Transfer Ð Asian Res. 32 690

(2003)

463. F Ding, A RoseÂ n, K Bolton J. Chem. Phys. 121 2775 (2004)

464. F Ding, K Bolton, A RoseÂ n J. Vac. Sci. Technol., A 22 1471

(2004)

465. F Ding, A RoseÂ n, K Bolton Phys. Rev. B 70 075416 (2004)

466. F Ding, A RoseÂ n, K Bolton Chem. Phys. Lett. 393 309 (2004)

467. F Ding, A RoseÂ n, K Bolton Carbon 43 2215 (2005)

468. O A Louchev, H Kanda, A RoseÂ n, K Bolton J. Chem. Phys.

121 446 (2004)

469. S Pannala, R F Wood J. Nanosci. Nanotechnol. 4 463 (2004)

470. C Klinke, J-M Bonard, K Kern Phys. Rev. B 71 035403 (2005)

471. J-Y Raty, F Gygi, G Galli Phys. Rev. Lett. 95 096103 (2005)

472. F Ding, K Bolton, A RoseÂ n J. Phys. Chem. B 108 17369 (2004)

473. J Zhao, A Martinez-Limia, P B Balbuena Nanotechnology 16

S575 (2005)

474. M Grujicic, G Gao, B GerstenMater. Sci. Eng. B 94 247 (2002)

475. M Grujicic, G Gao, B Gersten Appl. Surf. Sci. 191 223 (2002)

476. R T K Baker, M A Barber, P S Harris, F S Feter, R J Waite

J. Catal. 26 51 (1972)

477. F Larouche, O Smiljanic, X Sun, B L Stansfield Carbon 43 986

(2005)

478. V L Kuznetsov, A N Usoltseva, A L Chuvilin, E D Obraztsova,

J-M Bonard Phys. Rev. B 64 235401 (2001)

479. C H Lin, S H Lee, C M Hsu, C T Kuo Diamond Relat. Mater.

13 2147 (2004)

480. O Jost, A Gorbunov, X Liu, W Pompe, J Fink J. Nanosci.

Nanotechnol. 4 433 (2004)

481. W Z Li, J G Wen, Y Tu, Z F Ren Appl. Phys. A 73 259 (2001)

482. Nanotube 2006. The 7th International Conference on Scientific

Application of Nanotubes (Book of Abstracts), Nagano, Japan,

2006

483. P N D'yachkov Uglerodnye Nanotrubki: Stroenie, Svoistva,

Primeneniya (Carbon Nanotubes: Structure, Properties,

Applications) (Moscow: BINOM, Laboratoriya Znanii, 2006)

484. E G Rakov Nanotrubki i Fullereny (Uchebnoe Posobie)

(Novaya Universitetskaya Biblioteka) [Nanotubes and

Fullerenes (Textbook) (New University Library)]

(Moscow: Logos, 2006)

485. A Loiseau (Ed.) Understanding Carbon Nanotubes (Berlin:

Springer, 2006)

a Ð Russ. J. Phys. Chem. (Engl. Transl.)
b Ð Int. Sci. J. Alternative Energy Ecology (Engl. Transl.)
c Ð Russ. J. Appl. Chem. (Engl. Transl.)

22 E G Rakov


	Introduction
	Versions of catalytic pyrolysis
	Pyrolysis with supported catalysts
	Versions and specific features of processes
	Methods of enhancement of pyrolytic processes
	Starting compounds
	Catalysts
	Catalyst supports and substrates
	Methods of synthesis of catalysts
	Mechanism and kinetics

	Conclusion
	References

