Metal nanoparticles for the catalytic synthesis of carbon nanotubes
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Single-wall and multiwall carbon nanotubes are currently the subject of an intense research effort owing to the
outstanding properties they may possess. Many synthesis methods have been proposed, most of which involve
nanometric metal particles. In this article the various mechanisms proposed for nanotube nucleation and growth
from such particles have been reviewed. The micro/nanostructure of the materials obtained by the different

methods have also been addressed.

To the question ‘What exactly is a carbon nanotube?’,
Ebbesen proposed in an early review! of this fast evolving
field the answer that it is ‘a fullerene, a fibre, a micro-crystal, a
tube ... perhaps a little bit of each and more’. Indeed, carbon
nanotubes are at the intersection of the science of carbon
fibres, a well-established domain, and the relatively novel field
of fullerenes (Kroto, Smalley and Curl, Nobel Prize for Chem-
istry 1996).

Hollow carbon fibres have been observed for several
decades, but it is the groundbreaking report by Iijima? on the
obtaining of carbon tubes with a diameter in the nanometer
range, the so-called carbon nanotubes, and on their relation to
the recently discovered fullerenes,® that triggered a worldwide
research effort devoted to improving their synthesis, to deter-
mining their structure*—® and to calculating and measuring
their physical properties.”1® Most of the early theoretical
work has focused on single-wall tubes (denoted as SWT
hereafter) and the actual measurement of the properties of
such minute objects has proven to be a challenging task.

A comprehensive description of the structure, properties
and applications of carbon nanotubes is given in the book by
Dresselhaus et al.,'® to which the reader is referred for more
details. SWT, cylindrical in shape, are considered to be either
infinite or to have caps at each end, such that the two caps
can be joined to form a fullerene. The cylindrical portion of
the tube consists of a single graphene sheet, rolled to form a
cylinder. Bisecting a C4, molecule normal to a fivefold or a
threefold axis and inserting a cylinder, one obtains the so-
called ‘armchair’ or ‘zigzag’ tubes, respectively. Such tubes
present no helicity. However, there are various possible caps
and different ways to roll the sheet, each way corresponding
to a particular tube diameter and helicity.> A helical vector
represented by a pair of integers (n, m) has also been defined.
The minimum capped tube diameter that has been observed is
0.71 nm, which is equal to that of the Cg, molecule. The cor-
responding helical vectors are (5, 5) for the ‘armchair’ tube
and (9, 0) or (0, 9) for the ‘zigzag’ tube. A transmission elec-
tron microscopy (TEM) image showing single-wall carbon
nanotubes is shown in Fig. 1(a). Most often, multiwall nano-
tubes (denoted as MWT in the following), consisting of several
coaxial carbon cylinders, are observed [Fig. 1(b)]. The mea-
sured interlayer distance (0.34 nm) is very close to that mea-
sured between graphene sheets in graphite. There appears to
be no particular correlation between the helicity of concentric
layers.!+?

A particularly interesting feature is the possibility of filling
or covering the tubes with other materials. Tsang et al.2° and
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Ajayan et al.®! have found that heating carbon nanotubes in
an oxidizing atmosphere results in attack on the pentagons in
the fullerene cap and thus in tube opening. Oxidation in the
presence of Pb resulted in the filling of the tubes by a Pb
compound?? due to a nanocapillarity process. Other chemical
methods have been proposed.?? The in situ formation of nano-
tubes filled with a metalloid, a metal or a carbide (the so-
called nanowires) was also investigated.?*~2® In addition,
several groups2°~32 have used the nanotubes as templates to
prepare tubular oxides.

(a)

Fig. 1 Transmission electron microscopy image showing single-wall
carbon nanotubes either isolated or in bundles (a) and showing a
threewall carbon nanotube (b); these tubes have been prepared by the
catalysis method in the present authors’ laboratory (see text for
details)
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Both theoretical and experimental studies®3—38 have shown
that carbon nanotubes have excellent mechanical character-
istics. Indeed, the Young’s modulus of MWT has been
calculated3® to be up to 1.4 times that of a graphite whisker
(i.e., about 1 TPa) and values derived from thermal vibration
experiments performed on several MWT in a transmission
electron microscope®® are in the 0.4-3.7 TPa range. More-
over, the flexibility of carbon nanotubes is remarkable3®°
and the bending may be fully reversible up to a critical angle
value as large as 110° for SWT.37 The electrical characteristics
of the nanotubes have also been investigated by theoretical
and experimental works,®~1341=43 which have brought to
light some remarkable features that could be related to the
unique one-dimensional nature of the tubes. Depending on
structural parameters such as the tube diameter and helicity,
either a metallic or semi-conducting behaviour may be
observed.

Obviously, a possible application of the nanotubes could be
as part of new composite materials that may exhibit outstand-
ing properties. Several groups3+3%44=52 are working on the
preparation of materials containing carbon nanotubes, which,
besides their specific properties, are considered as the ultimate
carbon fibres.?3

Many methods have been used to produce carbon nano-
tubes but they mainly fall into one of the following categories:
arc discharge in the absence or presence of metal, laser vapor-
ization of a metal-graphite composite target, carbon mon-
oxide disproportionation on a metal catalyst and
hydrocarbon pyrolysis, generally using a metal catalyst. In the
following sections, we will review the different synthesis
methods of Iijima-type carbon nanotubes and the nucleation
and growth mechanisms that have been proposed. Although
emphasis will be placed on those that involve nanometric
metal particles, mechanisms that do not will also be men-
tioned. The micro/nanostructure of the obtained tubes and
materials will be addressed and will be illustrated by examples
from the present authors’ work.

Arc-discharge and laser Vaporisation Methods

Arc-discharge methods

The arc-discharge method for the preparation of carbon nano-
tubes is similar to that used for the synthesis of fullerenes.
Following the initial report of Iijima,> Ebbesen and Ajayan>?
have proposed modifications for the large-scale synthesis of
carbon nanotubes. An inert gas atmosphere (typically He) is
flowed through a reaction vessel at a controlled pressure. Two
graphite rods constitute the electrodes, between which a
potential difference is applied. As the rods are brought close
together, a discharge occurs resulting in the formation of a
plasma. A deposit, which may contain carbon nanotubes
under certain conditions, forms on the larger negative elec-
trode (cathode) while the smaller positive electrode (anode) is
consumed. When a metal catalyst is to be used, a hole is
drilled in the carbon anode and it is filled with a mixture of
metal and graphite powder. In this case, most nanotubes are
found in the soot deposited on the arc-chamber wall.>* Typi-
cally, the outer diameter of carbon nanotubes prepared by the
arc-discharge method ranges between 2 and 20 nm and the
inner diameter ranges between 1 and 3 nm.! The length is
micrometric. It is important to note that the obtained
materials do not consist solely of nanotubes but also of non-
tubular forms of carbon such as nanoparticles, fullerenes and
a lot of amorphous carbon. Ebbesen et al** have reported
that oxidation of the deposit eliminates all nanoparticles and
nanotube caps so that open tubes can be obtained free of
other carbon species. However, only ca. 1 wt.% of the initial
deposit remains after oxidation.
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In the absence of metal catalyst, several authors>3:>¢ have
proposed a growth mechanism based on the incorporation of
carbon dimers into a cagelike precursor. The tubes grow from
an empty fullerene cage by repeated additions of C, to a
hemispherical cap. Lengthening of the tubes results from
rearranging the carbon bonds to incorporate additional C,
near a pentagonal ring. Since the growing tube is always
closed, there is no mechanism to enclose materials into it.
Other researchers>’~°° have proposed that the tubes are open
during the growth process and that carbon atoms (C;, C,, Cj)
are adsorbed at the active dangling bond edge sites. Iijima et
al.>738 suggested that the extension and thickening of the
tubes occur by the island growth of graphene basal planes on
existing tube surfaces. In the case of SWT, these authors
assume that axial growth predominates over layer growth.
Dresselhaus et al.® point out that since the experimental con-
ditions for forming carbon nanotubes vary significantly
depending on growth method, more than one mechanism may
be operative.

Iijima and Ichihashi®® have prepared SWT by covaporizing
graphite and Fe in an Ar-CH, atmosphere. The tube diam-
eters are in the 0.7-1.6 nm range with peaks in the distribution
at around 0.8 and 1.05 nm. The SWT often form bundles.
These authors noticed that no tubes were formed when the
carbon arc reactor was operated with any one of the three
components (Ar, CH, and Fe) absent. Cementite particles
ranging in size from a few nanometers to several tens of nano-
meters and coated with a few graphite layers were observed,
but no Fe or Fe carbide particles were found at the tips of the
tubes. It was, however, assumed that Fe particles acting as a
homogeneous catalyst in the gas phase somehow assist in the
formation of SWT.

Bethune et al.®! have reported that covaporizing carbon
and Co in an arc generator under a He atmosphere leads to
the formation of carbon SWT of very small diameter (ca. 1.2
nm). These authors stress that the tubes grow from carbon
vapor with no dissociation of hydrocarbon needed. Co is
found in the form of round clusters with diameters ranging
from an few nanometers to 20 nm. However, the relationship
between the Co particles and the tubes remained unclear.
Under the same experimental conditions, no tube growth was
observed when using Fe, Ni or a 50:50 Ni—-Cu mixture, in
contrast to results obtained in the presence of hot gaseous
hydrocarbons.52:¢3 The same group of authors has reviewed
the field of SWT>* at the time (1995) and they pointed out
that how the metal exerts its catalytic influence remained an
open question. Available results suggested a model where
small catalytic particles rapidly assemble in a region of high
carbon density. SWT nucleate and grow very rapidly on these
particles as soon as they reach a critical size, leading to the
relatively narrow diameter distributions observed.

In the presence of a Co-based catalyst, the promoters S, Bi
and Pb have been found to increase the production yield of
SWT as well as dramatically modify the diameter distribu-
tion.®* According to Kiang and Goddard,®* the differences in
structure and growth environments suggest that the SWT
growth mechanism is distinct from that of multilayer nano-
tubes or carbon fibres. These authors have proposed that
planar polyyne rings serve as nuclei for the formation of SWT,
whose diameter would be related to the ring size (Fig. 2). Thus
C;, and C;4 monocyclic rings would lead to SWT with diam-
eters of 1.25 and 1.5 nm, respectively, which correspond to the
peaks in the measured diameter distribution. The starting
materials for producing SWT are monocyclic carbon rings,
acting as nanotube precursors, and Co,,C, species, acting as
catalysts. The composition and structure of the Co carbide
cluster are undetermined, but it should be able to bond to C,
and/or to add the C, to the growing tube. In the arc plasma,
the presence of electrons and other charged species (carbon
and metal clusters) may cause the geometry of a monocyclic
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Fig. 2 Diagrams illustrating the polyyne ring nucleation mechanism
for the growth of carbon SWT: (a) a monocyclic polyyne ring is the
precursor and a Co carbide cluster is the catalyst; (b) deformation of
the monocyclic ring from its planar geometry due to charges or cata-
lyst, resulting in local cis and trans forms; (c) formation of a non-
helical tube having the armchair structure; (d) formation of a
non-helical tube having the zigzag structure; (e) formation of a helical
tube; after the first benzene rings are formed at a cis site, growth
continues on trans sites to generate tubes with a helical structure;
other helical growth patterns are possible (adapted from Fig. 2 in ref.
64)

ring to deviate from the uniform planar form at elevated tem-
peratures, resulting in local cis or trans carbon deformations.
The helical angles of the tubes are determined by the ratio of
cis to trans conformations of the nucleus ring during the
growth of the first benzene ring belt. The authors®# claim that
the observed lack of additional layers on the catalytically pro-
duced nanotubes supports the hypothesis that the nanotubes
grow from a polyyne ring gas phase species (because there are
no nuclei to form multiple layers), in contrast to multiwalled
tubes that grow from the cathode, which provides a surface
for the nucleation of multiple layers. Furthermore, this model
with open-end growth is consistent with the observations that
amorphous material can be included in the tube, in contrast
to closed-end mechanisms.>>:5¢ The formation of larger tubes
upon the addition of S, Bi or Pb to the Co catalyst suggests
that these promoters modify the growth at the nucleation
stage; they may stabilize larger monocyclic rings, providing
the nuclei necessary to build larger diameter SWT.

Recently, Journet et al.®® have reported the large-scale pro-
duction of SWT by the electric-arc technique. These authors
emphasize that their results are very similar to those of Thess
et al.®® (yields in the 70-90% range, diameters around 1.4 nm,
crystalline bundles of a few tens of tubes and only a few iso-
lated SWT). They point out that this therefore implies that
there is a unique growth mechanism for the nanotubes, which
does not strongly depend on the details of the experimental

conditions, but which depends much more on the kinetics of
carbon condensation in a non-equilibrium situation. Tem-
perature and temperature gradients in space and time must
play an important role, as can be seen by the fact that most of
the SWT were found in a very specific zone of the reactor (a
few centimeters around the cathode). In addition, these
authors claim that the use of a second element (Y) beside the
Ni or Co catalyst during the evaporation process strongly
favours the SWT growth.

Ilijima and Ichihashi®® have claimed that Ar, Fe and CH,
are the three indispensable materials to produce SWT and
Bethune et al.®! reported that no tube growth was observed
when using Ni as catalyst. In contrast, a study by Saito et al.%”
revealed that Ni is also an effective catalyst for the production
of SWT and that the addition of CH, to the arc reactor is not
at all necessary. Regarding the influence of Ni, Saito et al.58-%°
pointed out that no Ni clusters or particles are observed at the
tips of the tubes, but they reported that the SWT grow radi-
ally from a Ni carbide particle (Fig. 3). Similar results have
been reported using La,”® Gd”! and Y,’? but the tube length
is much shorter (ca. 100 nm) in these cases than when using Ni
(a few micrometers). The tube diameter is also larger. These
authors®®-%° have proposed a growth process of SWT from a
core metal particlee. When a metal catalyst is evaporated
together with carbon by arc discharge, carbon and metal
atoms condense and form alloy particles. As the particles are
cooled, carbon dissolved in the particles segregates onto the
surface because the solubility of carbon decreases with
decreasing temperature. Some singular surface structures or
compositions on an atomic scale may catalyse the formation
of SWT. After the tube nuclei are formed, carbon may be sup-
plied from the core particle to the roots of the SWT and the
tubes grow longer, maintaining hollow capped tips. Addition
of carbon atoms (and dimers) from the gas phase to the tips of
the tubes may also help the growth of the tubes.

Seraphin and Zhou’? have reported the high-density prep-
aration of SWT in the presence of mixed Fe-Ni and Fe-Co
catalysts in an Ar atmosphere, found in the soot as well as in
the weblike deposits formed in the chamber. They obtained
gram quantities of SWT ranging from 0.9 to 3.1 nm in diam-
eter and over 5 mm long. The tubes are arranged in bundles of
5 to 15 units. The density of tubes is much higher when using
mixed Fe-Ni and Fe-Co catalysts instead of pure Fe, Co or
Ni. These authors point out that the observed Fe (Fe—Ni)
metal and carbide particles (5-30 nm) have a diameter much
larger than that of the tubes and that no particles are associ-
ated with the tube tips, showing that the SWT do not grow
out of the metal particles as in the pyrolysis methods. These
authors believe that in the SWT growth the metals play a
catalytic role on the atomic level, rather than just acting as
heterogeneous nucleation sites.

Zhou et al’* have reported the observation of non-
concentric growth phenomena of carbon nanotubes during
the arc-discharge evaporation without catalyst. This suggests
that the driving force for the nucleation process is not always
lined up with the center of the tube. Interestingly, when using

@

Fig. 3 Hypothetical growth process of carbon SWT from a metal—
carbon alloy particle: (a) segregation of carbon towards the surface;
(b) nucleation of SWT on the particle surface; (c) growth of the SWT
(adapted from Fig. 13 in ref. 68)
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YC, as the catalyst, these researchers have also observed
bundles of SWT growing out radially from the carbide par-
ticles.

Maiti et al.”® have used molecular-dynamics simulations
and total-energy calculations in order to analyse the growth
mode in which the metal particles are much larger than the
tube diameter, leading to the precipitation of a large number
of SWT from a single particle surface.®®~72 The starting
material is a large metal particle covered by graphene sheets.
According to the model, carbon atoms precipitate from the
metal particle, migrate to the tube base and deposit a net
number of hexagons on the tube stem. The authors discuss the
case where only carbon atoms precipitate from the metal par-
ticles but note that dimers and trimers do not qualitatively
change the results. All simulations show that a precipitated
atom forms a handle between a pair of nearest-neighbour
carbon atoms. Thus each handle atom is twofold coordinated,
flanked by threefold-coordinated carbon atoms, which were
nearest neighbours in the absence of the handle. On a flat
graphene sheet the handle does not have any preferential site
and will thermally migrate on the hexagonal network until it
reaches the tube base. Indeed, calculations show that the
energy of a single handle is a minimum at the point of highest
curvature, which is the region where the heptagons are
located. Total-energy calculations show that a pair of handles
prefer to be on the opposite sites of a heptagon. The addition
of hexagons then occurs through a sequence of processes
involving such a pair of handles. However, Maiti et al.”> point
out that providing an atomistic picture of nanotube nucle-
ation is more difficult. They have therefore combined
molecular-dynamics simulations on the carbon system with a
conjecture that the metal particle surface contains protrusions
whose maximum height is within a few nanometers, the parti-
cle diameter being of the order of a few tens of nanometers.
From the simulations it emerges that protrusions with a diam-
eter small compared to the height can lead to SWT nucle-
ation, while wider protrusions lead only to a strained
graphene sheet and no nanotube growth. This would explain
why all observed SWT are narrow. The increased production
of SWT with specific mixed catalysts may be attributed to
either (1) an enhancement in the precipitation of carbon
atoms, (2) changes in the activation barrier for growth or (3)
the formation of a large number of narrow protrusions.

Laser vaporization

Guo et al.’® have proposed an original method for synthe-
sizing SWT in which a mixture of carbon and transition metal
are vaporized by a laser impinging on a metal-graphite com-
posite target. They point out that in contrast to the arc
method, direct vaporization allows far greater control over
growth condition, permits continuous operation and produces
nanotubes in higher yield (70-90%) and of better quality.
Their SWT are all about 1 nm in diameter and are arranged
in bundles (called ropes), with similar spacing between adja-
cent nanotubes. No amorphous coating of the tubes was
observed. These authors investigated various mono- and
bimetallic catalysts: Ni produced the greatest yield, followed
by Co. Pt produced a very small number of tubes, while no
tubes were observed with Cu or Nb alone. For bimetallic
catalysts, Co-Ni and Co—Pt mixtures yielded SWT in simi-
larly high abundance, with a SWT yield 10-100 times that for
single metals alone. These were closely followed by Ni—Pt,
while a Co—Cu mixture produced a small quantity of SWT. In
all cases, no MWT were observed. No correlation was
observed between SWT diameter and catalytic particle size.
Guo et al.”® assumed that SWT originate from metal particles
whose diameters were too small to nucleate and grow the
second wall. They pointed out that no mechanism for SWT
formation explains how metal particles are prevented from

1232 New J. Chem., 1998, Pages 1229-1237

getting too big. Compared with the condensation of pure
carbon vapour in the laser vaporization apparatus, which is
known to produce Cg, and other small spheroidal ful-
lerenes,”” the presence of ca. 1% of metal atoms in the vapour
produces dramatic changes. In the so-called ‘scooter’ mecha-
nism, Guo et al.”® propose that before the fullerene precursor
closes, a few metal atoms (perhaps only one) chemisorb on the
carbon cluster and migrate to the dangling bonds at the
carbon cluster edge, inhibiting closure of the fullerene by par-
tially satisfying the previously dangling bonds. Carbon that
now collides with a metal-carbon cluster will diffuse to its
most energetically stable site, inserting between the carbon
edges and the metal particle, lengthening the fullerene. Metal
atoms that collide will also diffuse and add to the growing
metal particle. However, collisions between metal clusters are
inhibited by the presence of growing nanotubes attached to
them. Thus, this may quench the metal particle size at 100—
300 atoms to form the required 1-2 nm diameter catalytic par-
ticles. These authors note that continued growth of the SWT
will still be favoured even when the metal particle at its tip
grows beyond the initial 1-2 nm diameter. According to Guo
et al.,’® the observed enhancement in yield from the bimetallic
catalysts compared with either metal alone strongly suggest
that formation of SWT in all cases involves more than just a
few metal atoms decorating the nanotube edge. These authors
suggest that the principal effect of a mixture is to increase the
mobility of carbon on and/or within the metal particle,
resulting in a greater rate of SWT precipitation from the parti-
cle. The laser vaporization method was improved and the
scooter mechanism refined in a subsequent work by the same
group of authors.®¢

Catalysis Methods

Basically the catalysis methods consist in passing a gaseous
flow containing a certain proportion of hydrocarbon (mostly
CH,, C,H,, C,H, and C;Hg, usually as a mixture with H,)
or CO over small transition metal particles. The formation of
carbon filaments by catalytic decomposition of carbonaceous
gases on metal particles has been known for a long time’® and
the formation mechanisms have been hotly debated over the
years. Many parameters, including the temperature and dura-
tion of the treatment, the gas composition and flow rate and
the catalyst nature and size, will affect the nature of the
carbon species in the resulting material. Indeed, one may
obtain a mixture of amorphous carbon, carbon particles either
connected or not to the metal or carbide particles, bulk or
surface carbidic carbon, filaments that are not tubular (fibres)
and various kinds of tubes including lijima-type nanotubes.
Rodriguez’® has reviewed the advances in the development of
these nanostructures, notably in the light of the progress made
in electron microscopy techniques. It is notably stressed in this
work’® that active species for filament and nanotube forma-
tion are metals and not carbides. For the preparation of
ITijima-type carbon nanotubes, on which we will focus in the
following, it is of utmost importance to use metal particles in
the nanometer size range. Achieving this is obviously related
to the way the catalyst material is prepared. Interestingly,
carbon nanotubes prepared by hydrocarbon decomposition
are much longer (some tens or hundreds of micrometers) than
those obtained by arc discharge (a few micrometers).

Pyrolysis of hydrocarbons

The investigations reviewed by Rodriguez’® usually concern
materials prepared by impregnating a suitable substrate
(graphite, Al,05, SiO,, ...) with a salt of the desired metallic
catalyst. A treatment in the appropriate atmosphere gives rise
to metallic particles with a fairly broad size distribution. In
consequence, these methods lack in selectivity with respect to
SWT and MWT synthesis.



Baker and Rodriguez®® have prepared carbon nanofibres
and nanotubes by heat-treating Fe powder and Fe nanoparti-
cles supported on carbon, respectively, in C,H,—~CO-He gas
mixtures (at 600°C). It is emphasized that nanofibres are
obtained from large Fe particles (>20 nm) whereas nanotubes
are formed with the aid of smaller particles (<20 nm). The
catalyst particles are found at the tube tips and no amorphous
carbon is deposited because of the relatively low temperature
used. Interestingly, earlier work by the group of Baker®! had
shown that the linear filament growth rate varies inversely
with the mean radius of the catalytic particle. These
authors®®-82 have proposed a mechanism for filament forma-
tion involving the following steps: (1) gas adsorption at the
metal surface followed by decomposition reactions leading to
chemisorbed carbon species, (2) dissolution in and diffusion of
carbon species through the metal particle to active growth
areas, (3) precipitation of the carbon species to form the body
of the filament and (4) migration of carbon species remaining
on the metal surface around the particle to form the skin com-
ponent of the filament. This mechanism accounts for the
observation that carbon grows at the rear of the metal parti-
cle, which is carried away from the substrate surface. The crys-
tallographic arrangement adopted by the metal particle will
determine the direction in which the graphite platelets are
oriented: parallel to the growth direction as in Iijima-type NT
(nanotube), perpendicular to the growth direction (non-
tubular fibre) or in the so-called fishbone conformation
(hollow fibre).

In a study of carbon fibres prepared by the pyrolysis of a
H,-C4Hg mixture on Fe, Oberlin et al.®® have reported that
the filaments have various external shapes and contain a
hollow tube with a diameter ranging from 2 to more than 50
nm. They identified that the core regions are primarily formed
by a catalytic effect, whereas the external regions correspond
to a pyrolytic deposit. The thickness of this deposit decreased
with the decrease in CqHg proportion and treatment time.
Very small Fe,C particles were found at the tip of the central
tube of each fibre. These authors®® proposed a growth model
related to the surface diffusion of carbon species on the cata-
lyst particle (Fig. 4). An association of metal and hydrocarbon
nucleates and diffuses on the clean Fe particle surface (which
they assume is ‘liquid-like’) and eventually dissociates at the
contact angle between the particle and the substrate, thus
producing the beginning of a carbon shell. New metal-
hydrocarbon species dissociate on its edge and the carbon
layers develop by lateral growth, following the external
surface of the catalyst. Such a lateral growth exerts a force
strong enough to lift up the catalyst particle above the surface
of the substrate. The hollow channel in the centre is due to the
fact that no carbon supply can reach the back of the particle.
Growth of carbon layers would continue as long as there is a
supply of metal from the top of the particle, the metal being
progressively trapped between the carbon layers.

The model for filament morphology proposed by Tibbetts®*
assumes that molecular decomposition and carbon solution
occur at one side of a catalytic particle. This particle becomes
supersaturated and the consequent gradient in chemical
potential causes bulk diffusion to the back face of the particle
where precipitation occurs (Fig. 5). Because the free energy of
the (0001) basal plane of graphite is exceptionally low, it is
energetically favourable for the fibre to precipitate with graph-
ite basal planes parallel to the exterior planes and a hollow
core. Calculated inner diameters were in good quantitative
agreement with TEM observations.

Benissad et al3578% have studied the decomposition of
H,-CH, mixtures on graphite foils impregnated with Fe salts
(nitrate, sulfate, ...). Their results generally support the conclu-
sions of Baker et al,®%®! Oberlin et al®® and Tibbetts.®*
These authors®>—8% propose that the catalytic nanoparticle
active for nanotube growth is in the molten state and point
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Fig. 4 Schematic illustration of tubular filament growth by a cata-
lytic effect: (a) an association of metal and hydrocarbon nucleates and
diffuses on the clean Fe particle surface and eventually dissociates at
the contact angle between the particle and the substrate; (b) the begin-
ning of a carbon shell; (c) a new metal-hydrocarbon species disso-
ciates on its edge and the carbon layers develop by lateral growth
following the external surface of the catalyst, thus exerting a force
strong enough to lift up the catalyst particle above the surface of the
substrate (adapted from Fig. 21 in ref. 83)

out that tube lengthening takes place within very short times
(seconds). José-Yacaman et al.®? also reported the synthesis of
MWT by decomposition of C,H, on Fe-impregnated graph-
ite.

Most of the work presented above in this section was per-
formed before the discovery of fullerenes and carbon nano-
tubes and therefore, although the formation of tubular carbon
structures by a catalytic process was identified, did not con-
centrate on the preparation of Iijima-type SWT and MWT
preferentially to other carbon species. More recent studies aim
to achieve this, notably by using the smallest possible metal
particles.

Ivanov et al.®® have prepared carbon nanotubes by the
decomposition of C,H, (and 1:4 H,—C,H,) on well-dispersed
metal (Fe, Co, Ni, Cu) particles strongly adsorbed on a
support (graphite flakes, SiO,). Using Fe or Co as the catalyst,
most of the filaments were graphitic and sometimes covered
by amorphous carbon, whereas use of Ni or Cu leads to much
more amorphous materials. Co—SiO, was found to be the best
catalyst—support combination for the production of MWT.
Straight and coiled tubes were obtained with inner and outer
diameters of 3-7 and 15-20 nm, respectively, and up to 30 um
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Fig. 5 Model for the formation of tubular filaments, showing the
inner and outer diameters and the precipitation interface (adapted
from Fig. 2 in ref. 84)

in length. Both the outer diameter and the thickness of the
tubes depend on the size of the metal particle. However, no
metal particles were found at the tube tips, indicating a differ-
ence in growth mechanism compared with those previously
postulated.8°—88 These researchers®® have optimized the
method for catalyst preparation and the reaction conditions.
The method of precipitation-ion-exchange was found to
provide a better dispersion of metals on SiO, than the
impregnation technique. In addition, it is reported that a
decrease of the treatment temperature (from 700 to 600 °C)
leads to a strong decrease in the amorphous carbon pro-
duction, but also to a lesser degree of crystallinity of the tubes.
Interestingly, further heating of the specimens in a H,-N,
atmosphere is claimed to result in the gasification of the
amorphous carbon, leading to the cleaning of the MWT.

@
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Moreover, a decrease in the contact time at constant tempera-
ture leads to the predominance of graphitization over pyrol-
ysis. Length was also found to depend on the duration of the
catalytic process, in agreement with José-Yacaman et al.®°
However, it is pointed out that the longest tubes are also the
thickest. Further work by the same group of authors®!—3
stresses that both the selectivity and the yield of the catalytic
method are significantly higher than that of the arc-discharge
method with respect to MWT formation. An improvement
was proposed by these researchers,?*® which consists in the
use of a zeolite-supported Co catalyst, resulting in very finely
dispersed metal particles (1-50 nm in size). Only on this cata-
lyst could these workers observe extremely thin tubes (4 nm)
with the walls composed of 2-3 layers. Their amount is,
however, very small. Interestingly, it is proposed®? that a Co
carbide, and not Co, is the active catalyst for the production
of nanotubes. This group has proposed growth mechanisms
for coiled®* and helix-shaped®> carbon nanotubes. It is
claimed® that the distinction between mechanisms, whereby
the catalytic particle promotes ‘tip growth’ or ‘base growth’,
does not appear to be essential because in both cases the tube
grows away from the particle by the deposition of carbon in
the contact region between the particle and the already
formed tube segment. Whether the carbon diffuses through
the particle before precipitating at the surface of the particle
or is formed directly from the gas phase at the surface area in
contact with the tube is also not essential for the geometry of
the process. The different growth stages of MWT are shown in
Fig. 6.°5 The concept of a spatial-velocity hodograph is intro-
duced to describe quantitatively the extrusion of a carbon
tubule from a catalytic particle.®®

The present authors have proposed another method aimed
at obtaining metal particles at the size required for Iijima-type
carbon nanotubes. Indeed, earlier works have shown that
metal oxide nanocomposite powders are advantageously pre-
pared by selective reduction in H, of oxide solid solu-
tions.®%~1%% In these materials, the metal particles (Cr, Fe, Co,
Ni and their alloys) are generally smaller than 10 nm in diam-
eter and are located both inside and at the surface of the
matrix grains (Al,O5, Cr,O5, MgO, MgAl,0,). It has been
shown!°® that when using a H,~CH, gas mixture instead of
pure H, for the reduction of an a-Al; 4Fe, ;O; solid solution,
the pristine Fe nanoparticles formed in situ, upon reduction of
the very homogeneously dispersed surface Fe3* ions, are
active at a size adequate for the catalytic formation of nano-

Fig. 6 Growth stages of carbon MWT: (a) a small catalytic particle rests on a larger one that acts as a support; (b) and (c) the small particle is
lifted away from the support by the deposition of graphene sheets, formed from carbon diffusion through the catalyst and through the base; (d)
the outer diameter of the tube becomes equal to the particle size; (e) a layer of graphite covers the small particle and inhibits further tip growth of
the tube; (f) tubular layers fed by the supporting particle grow beyond the small particle; (g) and (h) the particle is already covered by a graphite
layer during the initial stage; further growth occurs by extrusion through the base and diffusion occurs along the graphite surface (adapted from

Fig. 4 in ref. 95)
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tubes. The resulting carbon nanotube-Fe-Al,O; composite
powder contains an enormous amount of SWT and MWT
with a diameter in the 1.5-15 nm range (Fig. 1). Most MWT
appear to have only 2 or 3 shells. The nanotubes are arranged
in bundles smaller than 100 nm in diameter and which may be
up to 100 pm long. The bundles appear to be very flexible
(Fig. 7). We have proposed!®® a method based on chemical
analysis and specific surface area measurements that allows a
quantification of the amount of nanotubes in the composite
powder and also produces a so-called quality value, a high
quality denoting a smaller average tube diameter and/or more
carbon in tubular form. It has been calculated that the total
bundle length in 1 g of composite powder is greater than
100000 km. Indeed, the metal oxide grains are uniformly
covered by a weblike network of bundles (Fig. 8) and the
powder is so densely agglomerated that it retains the shape of
the reduction vessel when transferred to a storage box.
Further work!°7-1°8 on the Fe-Al,O; system has confirmed
that only the smallest Fe nanoparticles (probably <5 nm),
resulting from the reduction of a stable a-Al,O;-rich solid
solution (a-Al, _,,Fe, 05, 0 < x < 0.1), are active for the for-
mation of lijima-type tubes. However, it is difficult to establish
clearly that there is a connection between such a particle and
a nanotube. In contrast, larger Fe particles formed upon the
reduction of a Fe,O5-rich solid solution give rise to thick
carbon filaments and are more prone to the formation of inac-
tive carbide (Fe;C), on the one hand, and to be poisoned by a
thick carbon coating, on the other hand. In addition, for a
given Fe content (<10% cationic), increasing the reduction
temperature favours the quantity of nanotubes because of a

/% 38

’

Fig. 7 Scanning electron microscopy image showing bundles of
carbon nanotubes in a carbon nanotube-Fe-Al,O; composite
powder

Fig. 8 Scanning electron microscopy image showing the weblike net
of carbon nanotube bundles covering the Fe-Al,O; grains. Some
bundles have been traced for 100 pm

higher CH, supersaturation level in the gas atmosphere, but
also provokes a decrease in carbon quality.!®” Similar MWT
have also been prepared using M—-MgAl,O, (M = Fe, CO or
Ni)!1%® and M-M'-MgAl,O0, (M, M’ =Fe, CO or Nij)'l°
powders as catalysts. Co and Fe, sCo, s nanoparticles give
the best results with respect to both the quantity and quality
of nanotubes, but interestingly the three single metals (Fe, Co,
Ni) and all of their studied alloys were found to produce
carbon nanotubes to a certain extent.

CO disproportionation

Herreyre and Gadelle!!! have prepared carbon nanotubes by
CO disproportionation catalysed by Fe-Co (50 wt.% Co) par-
ticles produced by in situ reduction of a mixture of the corre-
sponding nitrates. The tube diameters (average value equal to
25 nm) correspond to the size of the catalytic particle found
attached to the tube end. Tube length is of the order of 2 pm.
These authors investigated the influence of the presence of
small quantities of H, in the reducing atmosphere and
observed that H, was not essential for nanotube formation, in
contrast to results obtained using non-alloyed metals (Fe, Co,
Ni).llz

Dai et al.''3 have prepared isolated SWT by CO dipropor-
tionation catalyzed by Mo particles a few nanometers in size.
The tube diameters, ranging from 1 to 5 nm, are closely corre-
lated with the size of the catalytic particle found attached to
the tube end. These results represent the first experimental evi-
dence of SWT produced by preformed catalytic particles. This
is in contrast with the observations of SWT formed by the
arc-discharge and laser-vaporization processes in which no
relation was found between metal particles and SWT. The
tubes have a length ranging between ca. 100 nm and several
micrometers and are free of the amorphous carbon coating
typically observed in catalytically produced MWT. Thus,
these authors!!3 have proposed a mechanism wholly different
from those proposed®5—60:64:68.69.75.76 for the catalytic forma-
tion of SWT by arc discharge and laser vaporization and from
those reported®°—88:24:95 for the catalytic formation of MWT.
A nanometric metal particle contains a very high fraction of
surface atoms and the surface energy per atom is very high.
An excess of carbon assembles on the metal particle surface to
form a graphene cap (the so-called yarmulke) with its edges
strongly chemisorbed to the metal. Since the basal plane of
graphite has an extremely low surface energy, the total surface
energy diminishes. Newly arriving carbon will continue to
assemble on the surface of the catalyst. There are three places
for additional carbon to go. (1) The original surface shell can
continue to grow around the particle, which ultimately results
in the overcoating and deactivation of the catalyst. (2) A
second cap can form underneath the first, spaced by roughly
the interspacing of graphite. As additional caps form, older
caps are forced to lift up by forming a cylindrical tube whose
open end remains chemisorbed onto the catalytic particle. (3)
Carbon can add to the cylindrical section of a growing layer.
A crucial feature of the yarmulke mechanism is the avoidance
at all stages of growth of any open edge, which would expose
energetically costly dangling bonds. It also provides an auto-
matic solution to forming caps and tubes that have no seams.
Dai et al.''?® observed that their larger Mo particles were fully
covered by graphite and were thus inactive for tube catalysis.
Thus, obtaining SWT only is related to the very small size of
the Mo particles, but it is noted that the reasons for the pro-
duction of particles with such a size distribution are not fully
understood.

Pyrolysis of metallocenes

Song et al.!'*115 have reported on the formation of carbon
nanotubes by the decomposition of ferrocene, which acts as a
feedstock for both the transition metal and carbon, in a silica
aerogel. They observed short MWT (some tens of nanometers)
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coated with amorphous carbon and sometimes containing
what was thought to be an Fe oxide impurity. Onion-like
species were observed as well. These workers''® proposed a
model based on that of Zhang et al.*. Sen et al.!'® have also
investigated the pyrolysis of metallocenes (ferrocene,
cobaltocene and nickelocene) and metallocene-CoH g mixtures
in an Ar-H, stream. The obtained MWT are filled with the
corresponding metal particles and are coated with a pyrolytic
carbon deposit. Their results support the yarmulke mecha-
nism.!13

Conclusions

Several mechanisms have been proposed to account for the
nucleation and growth of single-wall and multiwall carbon
nanotubes in the presence of highly divided metals. Some
mechanisms involve a metal, or a metal-carbon combination,
at the atomic or cluster level, while others deal with preformed
nanometric metal (or metal-carbon) particles of the smallest
possible size (probably down to 1-2 nm). The role of the
nature of the metal or alloy is as yet very confused, many
contradictory results having been reported. Most synthesis
methods suffer from a lack of selectivity between the different
forms of carbon obtained, partly because the catalyst itself
lacks size homogeneity. Also, the nucleation and lengthening
processes have to compete with side reactions and all appear
to be extremely quick in the appropriate conditions, which
may be reached simultaneously in different parts of the speci-
men. In most cases, a compromise has to be found between
the quality of the nanotubes obtained and the yield. Thus the
use of carbon nanotubes as parts of novel nanocomposite
materials that may benefit from their exceptional properties is
still in its infancy.
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