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Abstract

This paper reviews transmission electron microscopy studies, combining high resolution imaging and electron en
spectroscopy, of the nucleation and growth of carbon single wall nanotubes with a particular emphasis on the nanotube
from the evaporation-based elaboration techniques. Inspection of samples obtained from different synthesis routes s
in all cases nanotubes are found to emerge from catalyst particles and that they have grownperpendicular or parallel to the
surface according to whether they have been synthesized via evaporation-based methods or CCVD methods. Wherea
case corresponds to the well-known situation of carbon filaments growth, the former case strongly suggests another
and growth process, which is described and its different steps discussed in detail. In this model, formation of the n
proceeds via solvation of carbon into liquid metal droplets, followed by precipitation, at the surface of the particles, o
carbon in the form of nanotubes through a nucleation and root growth process. It is argued that the nucleation of the n
which compete with the formation of graphene sheets wrapping the surface of the particle, necessarily results from
instability induced by the conditions of segregation. The nature and the origin of this instability was studied in the cas
class of catalyst Ni–R.E. (R.E.= Y, La, Ce,. . .) in order to identify the influence of the nature of the catalyst. The respe
roles played by Ni and R.E. have been identified. It is shown that carbon and rear-earth co-segregate and self-assem
surface of the particle in order to form a surface layer destabilizing the formation of graphene sheets and providing n
sites for nanotubes growing perpendicular to the surface.To cite this article: A. Loiseau et al., C. R. Physique 4 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Germination et croissance des nanotubes monofeuillets : études par microscopie électronique en transmission du rôle
du catalyseur. Cet article présente une revue des études, par microscopie électronique en transmission, couplant im
haute résolution et spectroscopie de pertes d’énergie d’électrons, de la germination et de la croissance des nanotubes
simple feuillet, avec un développement particulier pour les tubes obtenus par les techniques de synthèse mettan
vaporisation d’une cible. L’examen d’échantillons provenant de différentes voies de synthèse montre que, dans tous l
nanotubes émergent de particules catalytiques et qu’ils ont crû perpendiculairement ou parallèlement à la surface s
ont été synthétisés par des méthodes mettant en jeu la vaporisation d’une cible ou des méthodes de type CCVD. A
dernier cas correspond à la situation bien connue de la croissance des filaments de carbone, le premier cas suggèr
un autre procédé de formation et de croissance, qui est décrit et ces différentes étapes discutées en détail. Dans ce
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1631-0705/$ – see front matter 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crhy.2003.10.022
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formation des tubes s’effectue par dissolution de carbone dans des gouttes de métal liquide, suivie de la précipitation, à
des particules, du carbone en excès sous la forme de nanotubes par un mécanisme de nucléation et de croissance
Il est démontré que la nucléation des nanotubes, qui est en compétition avec la formation de feuillets de graphène c
surface de la particule, provient nécessairement d’une instabilité de surface induite par les conditions de ségrégation
et l’origine de cette instabilité a été étudiée dans le cas de la classe de catalyseurs Ni–R.E. (R.E.= Y, La, Ce. . .) afin d’identifier
l’influence de la nature du catalyseur. Les rôles respectifs joués par le Ni et la terre rare ont été identifiés. Il est mon
carbone et la terre rare co-ségrègent et s’auto-assemblent à la surface de la particule de façon à former une couche
qui déstabilise la formation de feuillets de graphène et qui est source de sites de nucléation pour des nanotubes
perpendiculairement à la surface.Pour citer cet article : A. Loiseau et al., C. R. Physique 4 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

1. Introduction

Carbon single-wall nanotubes (C-SWNTs) are produced via techniques running at either high temperatures (arc
[1], laser ablation [2], laser vaporization [3] and solar furnaces [4]) or at medium temperatures (CVD based method
which all involve a metal catalyst. In the high temperature evaporation based-route, carbon and metallic elements (C
La, . . .) are vaporized at temperatures above 3000 K and then condensed at lower temperatures in an inert gas (He, Ar
single wall nanotubes are believed to form at about 1500 K. In particular, the use of a pulsed laser in the laser ablatio
requires placing the reactor in an oven heated at least 1300 K to obtain significant yields in SWNT. The catalytic CVD (C
based routes use the decomposition of an hydrocarbon gas (methane, ethylene,. . .) or of CO at the surface of catalytic particle
(Fe, Co, Ni) which are either deposited on a substrate or synthesized in situ from a solid or liquid precursor and sp
the furnace. Depending on the temperature, different products are obtained. Although there is no general rule, the te
to obtain multi-wall nanotubes at temperatures ranging from 500 to 900◦C and single-wall nanotubes at higher temperatu
(750–1200◦C) [8].

The analogies between these fairly different methods are actually remarkable [8]: First, the morphologies of the
produced by the different techniques are very similar. In each case, SWNTs can be found isolated or self-assembled in
bundles, their diameter varying from 0.7 to 3 nm. These correlations suggest that a common mechanism could explain t
of SWNTs. Second, for all synthesis techniques, catalysts such as Ni, Co, Fe, Y, La or mixtures of them are necessary
SWNTs. Several questions then arise which concern the role played by the temperature and the metallic catalyst: is th
active at the atomic level or as a cluster, in a liquid or a solid state and through which catalytic reaction processes?

In nanotubes, carbon has a structure which is not very different from its most stable structure at equilibrium, i.e., g
Nanotubes can therefore be considered as particular microstructures of sp2 carbon. The understanding of their formati
requires then an analysis of the kinetic transformation paths of carbon from the vapour to the solid state which the
depend on the phase transformations involved in the catalyst-carbon systems. This means that understanding the
formation implies an examination of the different microstructures which can result from these transformations. F
experimental point of view two types of methods are used. The structural determinations and chemical analyses of the
products are made ex situ after the synthesis using local or global probes techniques (for a review see, e.g., [9]) wher
diagnostics in evaporation-based synthesis reactors are now becoming available [10–14]. Among the techniques us
synthesis analyses, transmission electron microscopy (TEM) plays a major role, since it is the only technique able to
information in imaging, diffraction and chemical spectroscopy modes [8,9]. In situ diagnostics inspect the temperatur
of species issued from the target vaporization, time scales in pulsed laser reactors and residence time in continuous va
processes. From a theoretical point of view, thermodynamic treatments at the mesoscopic level [15–17] as well as
modelizations (starting from ab initio or empirical interatomic potentials) [18–20] have been developped.

Although the situation is not yet completely clear, some realistic scenarii begin to emerge from these different app
[21]. The paper will focus here on the TEM investigations we have undertaken and developed in the recent years
on microscopic modelizations with a particular emphasis on the growth of nanotube bundles emerging from catalyst
obtained from the evaporation-based routes. TEM identification and comparison of the microstructures arising from
synthesis routes are first presented in Section 2, where it will be shown that the observations support a general phenom
model of SWNTs nucleation and growth and that the arguments of this model are confirmed by ab initio calculatio
specific case of the R.E.–Ni class of catalysts (R.E.= Y, La, Ce) is then discussed in detail in Section 3.
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2.1. SWNTs morphologies

Since samples generally consist of a mixture of metallic particles and of an entangled network of nanotubes, is
assembled into bundles. First observations have concerned the identification of the relationships between particles an
High resolution transmission electron microscopy (HRTEM) analyses indicate that, actually, whatever the synthesis
SWNTs nucleate and grow from the catalytic particles [19]. In particular, we have performed careful and systematic
studies using a JEOL 400FX working at 400 kV of SWNTs extremities of samples produced by arc discharge [1], laser
[2], laser vaporization [13,23,24] and catalytic decomposition [7,25]. The observations, shown in Figs. 1–3, have a
compared with those made on samples obtained by solar energy [4]. In all cases, it is found that the nanotubes are a
one extremity to small (5–20 nm in diameter) metallic particles although differences in the size of the particles, in the
of tubes per rope and in the crystallinity of the tubes are evident. The situation where the nanotubes are short (<400 nm) is of
particular interest since both tube extremities can be observed simultaneously, which is quite impossible for long tube
of their entanglement: in these cases (Fig. 2 and Fig. 1(f)), it is clearly seen that one tube extremity is attached to th
and the other is closed and empty. The situation shown in Fig. 2(d), where numerous bundles corresponding to seve
SWNTs emerge radially from a given particle, is called a sea urchin structure and has been observed for different ca
26,27]. Finally, very short tubes corresponding to bundle embryos or nuclei have been clearly identified and different s
are shown in Fig. 3. Fig. 3 (a) and (e) show bundle embryos whereas in the other cases a single nanotube is emergin
particle.

It results from these observations that there are basically two situations. In the first case the tube growth isperpendicular to
the surface of the particle. This is the general situation encountered in the evaporation based route, where the particle
large (5–20 nm) (Fig.1(a), (d)–(f) and Fig. 3(a)–(c), (e)) (see also [28]) but it is sometimes observed in CCVD samp
Fig. 1(b)) [7]. In this growth mode, the tubes are most frequently arranged in bundles (see Fig. 1(a), (b), (d)) but sing
emerging perpendicular to the surface of the particles can also be observed as in Fig. 3(b)–(d). In such cases, the di
the tube arenot correlated with the size of the particle. In the second case, the growth istangential; the particles are generall
smaller (1–5 nm) and are found encapsulated at the tip of the tubes (Figs. 1(c) and 3(f)), thus determining their diame
other examples can be found in the literature, as for instance in [5]. This growth process has, to our knowledge, only be
in the CCVD methods.

2.2. Model of nucleation and growth

The tangential growth process, observed for CCVD SWNTs, should be similar to those put forward to explain the
of carbon filaments (Fig. 4(a)) [29–31]: the nanotubes can be considered in this case as ultimately small carbon
(Fig. 4(b)) [5]. The process, sketched in Fig. 4, involves a chemisorption and decomposition of the carbonaceous g
surface of the particle, the dissolution and the diffusion of carbon within the particle and its segregation and graph
parallel to the surface of the particle, once the particle gets saturated in carbon. The carbon concentration gradient be
surface and the bulk of the particle insures the continuity of the process, as long as the temperature and gas suppl
avoiding the catalyst poisoning, are maintained. The diameter of the tube emerging from the graphitization process is
determined by the size of the particle which, during the growth, can either be rejected at the tip or be kept at the foot of
and attached to the support.

Such a process, however, fails to take into account the situation, typical of the vaporization routes, where the g
perpendicular to the particle. Different alternative models have been tentatively proposed in the recent years. First
formation process in the gas phase has been considered [2]: catalyst acts through aggregates reduced to a few atom
the tip of the nanotube, either preventing its closure by scooting around and stabilizing the reactive dangling bonds o
the tip to remain chemically active [20] or stabilizing structural defects and acting as attraction sites for carbon adato
Other models involve the growth from a liquid metallic particle, the SWNT nucleation step being a highly debated issu
been suggested, in particular, that preformed fullerenes could play the role of nucleation seeds [33].

On the basis of the TEM observations described above, we have developed a simple model [8,19], which adopts the
of the so-called VLS (vapor–liquid–solid) model introduced for explaining the growth of silicon whiskers [34]. This mod
first adapted by Saito et al. [26], for explaining the formation of sea-urchin-like structures. Here we extend the VLS a
to the formation of both individual SWNTs and SWNTs bundles, which are emerging perpendicular from the particle
type of model, the growth of nanotubes is believed to proceed via solvation of carbon vapour into metal clusters, foll
the precipitation of carbon excess in the form of nanotubes. The mechanism is based on the ability of metals such as
dissolve carbon when liquid and to almost completely segregate upon solidification, therefore allowing graphitization o
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Fig. 1. HRTEM images (Jeol 4000FX, Cs= 3.2 mm)) of long SWNTs ropes emanating from metallic particles synthesized by various me
(a) electric arc discharge described in [1] with a Ni–Y catalyst where the Y/Ni ratio is equal to 0.2; (b) HIPCO CCVD process described in [2
(c) CCVD procedure described in [7]; (d) pulsed laser ablation described in [2]; (e) and (f) continuous laser vaporization described in [
that in (b) the particle size is much smaller than in the other cases and that the ropes contain a reduced number of tubes. When th
large ((d), (e)), two ropes or more can emerge from it. Furthermore, it is frequently observed, as it can be seen in (a), that bundles is
distinct particles attract each other according to a branching process and form a composite rope [48]. Finally, note that in (c) the diam
tube is related to that of the particle in contrast with the situations shown in the other cases.

at temperatures as low as 1500 K [35,21]. The parentage with the models mentioned above for the tangential growth
since they are based on thermodynamical properties of catalyst (Ni, Co)–carbon systems.

Fig. 5 presents a simplified sketch of the proposed scenario. The first step (Fig. 5(a)) of the process is the formation o
nanoparticle of metal supersaturated with carbon. These nanoparticles originate from condensation of the metal plas
in the moderate temperature zone of vaporization based reactors. Upon cooling, the solubility limit of carbon decre
carbon atoms segregate towards the surface where they precipitate. The second step (Fig. 5(b), (c)) is the formation o
nuclei at the surface of the particle which is competing with the formation of a graphitic sheet wetting the surface
particle. The last step (Fig. 5(d)–(f)) is the nanotube growth which is likely to proceed by a progressive incorpora
carbon at the interface particle-nanotube. This scenario, which implies a root growth mechanism, is supported by the
TEM observations presented in Section 2.1, for the nucleation step at least, and by ab initio calculations [19], where
diagnostics performed in laser methods [10,12,14,36] and solar furnaces [37] provide information consistent with the
We discuss below in more details these different steps with a particular attention to the nucleation one which is the mos



A. Loiseau et al. / C. R. Physique 4 (2003) 975–991 979

ith a Ni–Y
cular to
he particle

e in
lsed laser
h
ses in
cts. From

)).
,39]. These
ch
olubility

nd a solid
icle because
] and the
the Co–C
Fig. 2. HRTEM images of different short ropes attached to the metallic particles. Samples are synthesized with the electric arc and w
catalyst where the Y/Ni ratio is equal to 0.5. In (a) the rope is strongly inclined with respect the electron beam and in (b) it is perpendi
it. In (c) the ropes and the particles are embedded in an amorphous carbon flake. In (d) different ropes are emerging radially from t
in different spatial directions reminding to a sea-urchin hence the name given to these morphologies.

2.3. Particle formation and carbon segregation

The presence of metal atomic vapours and of C2 molecules is attested by the in situ diagnostics [10,12,14,37] don
continuous and pulsed vaporization reactors. As expected from thermodynamic data, carbon condenses first. In pu
reactors, the signal corresponding to the metallic vapour disappears ten times later than the C2 signal. Because of the hig
quenching rate, expected to be 105–106 K/s from continuous laser reactor [14] and solar furnace [36], carbon conden
a low density amorphous state. Neither graphite nor diamond crystallites have been detected in the synthesis produ
in situ measurements [12,14], metal condenses below 2300–2000◦C, resulting in the formation of liquid particles (Fig. 5(a
The nanoparticle size is determined by parameters such as temperature gradients, gas pressure and flow, etc. [24,38
particles can dissolve a substantial amount of carbon, up to 25 at.% at 2000◦C after the thermodynamic data and probably mu
more, up to 50–60% [40], when the particles are very small. Ni–C and Co–C phase diagrams [35] indicate that the s
limit drastically decreases down to a few at.% as the temperature is falling down to the eutectic temperature (T = 1400◦C),
where the metal solidifies. The solidification gives rise to a phase separation between an almost pure metallic phase a
pure carbon phase. The phase separation proceeds by a segregation of carbon towards the surface of the metallic part
of two combined effects: the drastic difference in energy of the respective surface tensions of metals and carbon [21
reduced particle size. This phenomenon of surface segregation has been confirmed by ab initio calculations done in
system [8,19].
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Fig. 3. HRTEM images of embryos of SWNTs emerging from metallic nanoparticles. Nanotubes are synthesized by electric arc disc
in (a), (b) and (c), by the HIPCO process [25] in (d), (e) and by the CCVD process described in [7] in (f)). In each case, the nano
seen as elongated caps having a length between 3 and 5 nm. The images (a) and (e) show embryos of a SWNT bundle, whereas
cases, only one nanotube is emerging from the particle whose size is not correlated to that of the tube except in (f). It is worth noticin
this particular case, the graphitic walls of the tube are tangent to the surface of the particle, whereas in the other cases, the tubula
perpendicular to the particle surface.

(a) (b)

Fig. 4. (a) Simplified schema for the formation of carbon filaments obtained from CCVD methods [29–31] and its adaptation to the f
of SWNT growing tangentially to the surface of the particle in (b) [5].
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Fig. 5. Scenario derived from the VLS model, for the nucleation and growth of SWNT.

2.4. Nucleation

Once expulsed, carbon crystallizes at the surface of the particle according to two competing transformation paths (
(c)), which lead either to graphene sheets wrapping the particle and wetting its surface or to SWNTs nuclei with g
walls perpendicular to the surface, that is, nonwetting it. Since equilibrium surface energy arguments play in favou
first configuration [21], it has to be assumed that the SWNTs nuclei result from a particular surface process, for w
graphene sheet becomes unstable. As explained above, the segregation force increases upon cooling and is maxim
solidification. If the segregation velocity is low, carbon can be progressively and gently extruded in such a way tha
atoms get organized by surface and bulk diffusion in the most stable configuration, that is, the graphene sheet. On
hand, when the segregation velocity is high, the carbon flux is too rapid to permit, by diffusion, progressive incorpor
atoms at the edges of a graphene layer and because of this conflict surface instabilities occur.

The precise nature of these instabilities is for the moment a debated issue, discussed in detail in [21]. One can
dynamic instabilities as those involved in the formation of dendrites in solidification processes [41] or quasi static inst
similar to those involved in crystal growth produced by molecular beam epitaxy deposition [42]. The latter analogy
appealing indeed if one replaces the deposition flux by a segregating carbon flux. The equivalent of a layer-by-laye
(or Frank–van der Merwe process) would be here the formation of graphene sheets whereas the formation of islands
Weber or Stranski–Krastanov processes) would be equivalent to the growth of nanotubes (for details see [21]). Th
these analogies lies in the difference in scales compared to the length and the diameter of the nanotubes: macrosco
the dendrites in the first scale, nanometer height of the islands in the second case. In all cases, the instability is govern
control parameters: one is the surface energy and the second one can be, in turn, depending on the system, a kineti
in dendritic solidification, a concentration gradient, or elastic and chemical energies which determine the wetting prop
the surface. In our case, the carbon surface tension is clearly one parameter, whereas the second one should be re
chemical nature of the catalyst and to the kinetic conditions of cooling. In particular, the surface layer of the catalys
have a particular structure and chemistry in such a way that its energy becomes unfavourable to the wetting of the
sheet, which is a condition required for the SWNTs nucleation. We will see, in Section 3, how this condition is achieve
case of the Ni–R.E. catalyst. Finally, since the nucleation of bundles can occur, the instability should be cooperative in
explain the collective formation of an assembly of nanotubes. Recent observations done on bundles produced by C
methods indicate that, for small bundles, all the tubes have the same helicity, attesting for a cooperative nucleation pr

2.5. Growth and end of the growth

Once the nanotube nuclei are formed, growth should proceed through further incorporation of carbon. Carbon
dissolved in the particle should continue to condensate at the root but this is not sufficient to produce long (one m
more) SWNTs bundles [8]. For instance, a nanoparticle of 15 nm in diameter and containing initially 50 at.% C can g
to either one SWNT of 1 micron long or to a bundle of ten SWNTs of 100 nm each [8]. Another source is therefore ne
which is naturally the density of the remaining amorphous carbon. The incorporation of this carbon can follow the diss
process based on a concentration gradient within the particle and invoked in the growth of filaments in CCVD method
directly be incorporated at the root of the nanotubes. Semi-empirical simulations have shown the presence of reac
such as pentagons, at the foot of a SWNT nucleus, enabling the incorporation and rearrangement of new carbon a
Furthermore, this root mechanism has been observed to be very efficient in ab initio calculations [19]. One cannot exc
a small amount of carbon is incorporated at the tip with the assistance of at least one metal atom located at the tip,
attraction sites for carbon adatoms [20,32]. Although this process has to be considered, it is certainly not the main on
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In order to achieve long nanotubes (Fig. 5(d)), the growth should therefore continue for a sufficient long time, as attes
situ diagnostics and post synthesis annealing experiments [12], until local temperatures are too low, leading to the sol
of the nanoparticles. These conditions define a kind of stationary regime where the kinetics of incorporation of carbo
tube walls is compatible with the cooling kinetics and the carbon supply. These constraints certainly explain the nec
using in the pulsed laser reactor an oven heated at around 1500 K, that is at a temperature close to the metal so
temperature [2,44,45]. Such an oven is not necessary in continuous vaporisation methods [3,4,14,46], since in this
carrier gas is heated in the vicinity of the target and acts as a local furnace. In the case of the continuous laser vap
in situ measurements of the temperature of the carrier gas have shown the existence of a temperature plateau arou
located at a distance of few mm from the target surface (the reactor is vertical and the carrier gas is flowing from the b
the top of the reaction chamber [23,24]), which is suitable for the growth of long ropes [14].

Different morphologies can arise, which are sketched in Fig. 5(e), (f), when the local conditions have been pert
such a way that the growth has stopped. According to the root growth process, looking at the feet of the nanotubes
information on the end of the growth, and how this has been perturbed, before stopping. The remaining carbon, w
immediately available for the growth, can partly condense into amorphous carbon flakes embedding the particle (exam
be seen in Fig. 1 and in Fig. 2(c)) or into a few graphitic layers wrapping the particle and building a buffer layer betw
nanotubes and the particle (examples can be seen in Fig. 2). The former case (Fig. 5(e)) suggests a rapid decay o

Fig. 6. Analysis of the different morphologies of SWNT feet and of their interface with the particle. Nanotubes are obtained from the
arc [8]. (a) Schema of the situation shown in the HRTEM (Jeol 4000FX) image in (b). The image in (c) is a magnification of the area
by the arrow in (b). (d) Scheme of the situations shown in the HRTEM images in (e) and (f), where SWNTs of a rope are transform
MWNT. The arrow in (e) indicates the closure of a SWNT surrounded by a MWNT, which corresponds to the right-hand side schem
The arrow in (f) indicates the constriction of a SWNT leading to its transformation into a layer of the MWNT. Note the continuity of the
of the MWNT and of the graphene sheets wrapping the particle.
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Fig. 7. HRTEM image of a particle of Pd which has generated a sea-urchin structure and a short MWNT successively. The sample i
from the electric arc [8].

temperature whereas the latter situation (Fig. 5(f)) means the occurrence of a bifurcation from the nanotube growth
the continuous layer growth. This bifurcation is an additional proof that nanotubes and graphitic layers do not occu
same local conditions of carbon segregation. We have examined very carefully numerous nanotubes feet in order to
the bifurcation is abrupt or progressive, in which case configurations intermediate between the nanotube and the grap
could exist. Two kinds of situations have indeed be identified which are analysed in Fig. 6. Fig. 6(a)–(c) corresponds to
case with a sharp interface between the two graphitic structures, where the tubes are closed and do not display any jun
the outer layer of the graphitic shell. On the other hand, the situation analysed in Fig. 6(d)–(f) defines a progressive bi
since single wall nanotubes are observed to transform, trough a complex process sketched in Fig. 6(d), into a kind of a m
nanotube where the walls are connected continuously to the layers wrapping the particle.

The growth of multi-wall nanotubes from catalytic particles is a well-known process in CCVD methods and can
obtained from evaporation based routes [47]. The present observations strongly suggest that, when assisted by
catalyst, the formation of a MWNT also proceeds from a dissolution-segregation process but requires conditions o
segregation and diffusion intermediate between those required for SWNT and continuous layers. An additional pro
validity of the model is provided by the configuration shown in Fig. 7. In that case, obtained from the electric arc (ca
Pd), particles, which have first generated SWNT in a sea-urchin structure, have been expulsed from the core of the s
and have then generated a short MWNT. Different morphologies can thus emerge from a same particle provided tha
experimental conditions suited for their growth are successively achieved.

3. Microscopic approach of the nucleation: the case of the Ni–R.E. catalysts

3.1. Experimental equipment

The nucleation step, discussed in Section 2.4, has been investigated in detail in the case of the Ni–(R.E.= Y, Ce, La) catalysts
by examining the structure and the composition of the particles linked to the different SWNTs morphologies. We foc
this particular class of catalysts since they are preferentially used in continuous vaporization routes such as the arc
method [1] and the continuous laser reactor [3,24]. It has indeed been recognised that the highest SWNT producti
achieved when a few amount of a rear earth element such as Y is added to the transition metal catalyst.

To study the influence of the R.E. addition on the SWNT formation, we have studied different rare earth elements
La – with different compositions (from 0 to 100%). SWNTs were synthesized by the arc discharge method at the GD
the conditions given in [1]. The structure and the chemistry of the particles linked to the different SWNTs morphologi
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been studied by combining different TEM and scanning-TEM (STEM) modes. Fine structural studies requiring HRTE
been performed on a JEOL 4000FX (Cs= 2.3 mm), JEOL 4000EX (Cs= 1 mm) and a JEOL 3010 (Cs= 0.6 mm). Global
chemical analysis of the particles was achieved by X-ray analysis on a Philips CM20 equipped with EDX. Spatially r
chemical studies were based on the electron energy loss spectroscopy (EELS) and have been performed both on the
equipped with a GIF (Gatan Imaging Filter) providing energy filtered images (EFTEM) and on the STEM-VG501 us
2D-line EELS spectrum mode.

3.2. SWNTs morphologies

As a general result, we have obtained identical results for the three R.E. tested. We have first inspected the mor
of the SWNTs and the production yield as a function of the nominal anode R.E./Ni. ratio. The SWNT production rate ha
been found to be maximum for an anode ratio between 0.2 and 0.5 and to drastically decrease by a factor up to ten
composition range. Furthermore, two kinds of tube morphologies have been observed, in various proportions depend

Fig. 8. HRTEM image and C, Ce, Ni chemical maps (EFTEM images at C-Kedge, Ce–N4,5 edge and Ni–M2,3 edge, Jeol 3010 equipped wi
a Gatan energy filter (GIF) operating at 300 kV) of a particle linked to long SWNTs ropes in the case of a Ni–Ce catalyst. Ce and
located at the surface of the particle whereas Ni is located in the core of the particle. Furthermore, location of Ce and C is correlate
observation, in the HRTEM image, of a strong white dot contrast which is not seen in the bulk of the particle and which is the evidenc
surface has a different crystalline structure than the bulk.
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anode composition: long ropes as in Fig. 1(a), or sea-urchin-like structures as in Fig. 2(d). Pure Ni produces long rope
low yield) whereas pure R.E. produced sea-urchin structures only. For intermediate anode compositions, both types o
observed in a proportion related to the amount of R.E.

X-ray analysis of the composition of the particles has shown that long ropes are always linked to particles whose com
R.E./Ni is lower than 11 at.% whereas particles of sea-urchin-like structures have a composition R.E./Ni larger than 15 at.% [8]
As a reference, the composition of the particles which are not linked to SWNTs is completely random. Finally, this rela
between particle composition and SWNTs morphologies is found whatever the nominal R.E./Ni anode ratio.

3.3. Particle analyses

It results from this first analysis that the particle structure and composition are crucial parameters to be ident
explaining the differences observed between the SWNT morphologies. Chemical maps, chemical profiles and HRTEM
have been recorded on numerous particles linked either to long ropes or to sea-urchin-like structures.

In the case of long ropes, chemical maps obtained in EFTEM (Fig. 8) and in STEM modes (Fig. 9) reveal that the
the particle is pure Ni whereas the surface is partially R.E. enriched. Line-scan profiles extracted along a section of th
in STEM mode provide a clear quantitative evidence of the spatial anticorrelation between Ni and R.E.. R.E. is not u
distributed at the surface but is concentrated in thin platelets which are clearly recognised in HRTEM images since the
a contrast different from the core (Fig. 8(a) and Fig. 10). In HRTEM, simply speaking, the contrast of crystalline areas
of dot patterns which are images of the atomic structure projected along the incident electron beam and where period
symmetries reflect those of the crystal lattice [9]. In our case, the dot pattern linked to R.E. rich platelets exhibit peri
larger than those present in the core, meaning that the difference in composition has a structural counterpart. Analy
different patterns have revealed that the core has the FCC structure of nickel whereas the platelets have the struc
carbide R.E.C2 [21] as shown in Fig. 10.

These conclusions are supported by image simulations calculated using the EMS code for the experimental con
observation (Fig. 10). The platelets have been found to display two important features: their thickness is in general
to 2–3 atomic layers and they are always oriented with their (110) plane parallel to the surface. These peculiarities w
into account in the simulations. In particular, the projected thickness of the platelet along the electron beam, which is o
simulation parameters, has been determined from its lateral thickness and from the diameter of the whole particle assu
spherical. It is worth noticing that, in these conditions, experimental patterns of both the Ni core and the R.E.C2 platelet could
be faithfully simulated for the same set of microscope operating parameters (the objective defocus, which is the most
one, is indicated in insets of Fig. 10), attesting for the reliability of the analysis.

The identification of the surface platelets is very crucial and provides the key of the SWNT nucleation. Indeed, their p
has been found to be directly related to the nucleation of SWNTs since a direct link between the ropes and the pla
been frequently observed, as attested in the examples shown in Fig. 11 (see also examples in [21]). In Fig. 11(b) in p

Fig. 9. EELS chemical analysis of a particle obtained with a Ni-La catalyst (STEM –VG501 operating at 100 kV in the 2D-line EELS s
mode). Left: spectrum images extracted from line scans at La–N4,5 edge and Ni–M2,3 edge. Right: chemical profiles extracted along a sec
of the particle showing that La and Ni are spatially anticorrelated.
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re of the
lattice.

insets:
Fig. 10. HRTEM images (Jeol 4000EX) of particles showing a pure FCC Ni core and partially covered by platelets having the structu
REMC2 carbide: R.E.= Ce in (a), La in (b) and Y in (c). Carbide and Ni are seen as dot patterns which are images of the crystalline
HRTEM simulations of both Ni and carbide are superimposed in the zoomed images. Conditions of simulations are indicated in the�z

is the objective defocus,L the projected thickness of the carbide platelets andt the projected thickness of the Ni crystallite (L andt are both
estimated from the shape of the particle).
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Fig. 11. HRTEM images illustrating the link between the carbide at the particle surface and the roots of the long ropes. In (a), th
platelet is edge on, whereas in (b), the carbide platelet is lying at the top of the particle.

the platelet is lying at the top of the particle in the plane of projection so as it is imaged by a fringe contrast and the fe
SWNTs of the rope are clearly attached at the surface of the platelet.

The particles linked to sea-urchins are different. The same carbides are observed at the surface but now they cover
the surface as a thin shell (2–3 layer thick) encapsulating the particle (Fig. 12). Furthermore, the core is now a com
R.E.–C compound such as the R.E.NiC2 compound identified in the example of Fig. 12(b) or the R.E.C2 carbide itself when
the catalyst is 100% R.E. [8,27]. This total higher R.E. concentration is fully consistent with EDX analyses. In addit
core is frequently microcrystalline, which was not the case of pure Ni cores, suggesting rapid solidification due to rapid
conditions (Fig. 12(a)).

3.4. Discussion: the catalytic role of rare earth elements

The results presented above can be summarized as follows: the nanotube nucleation is directly linked to the pr
R.E.C2 carbide at the surface of the particle, the number of nanotubes emerging from it being directly related to the cov
the particle by the carbide layers. Furthermore, the length of the tube is linked to the presence of R.E. in the core: whe
the length remains below 100 nm whereas in the other case there is no limitation in the length nanotubes can achieve

For explaining the role of the R.E. in the nucleation, one has first to explain the formation of the surface carbide. Thi
from the combination of two properties of the R.E. metals: their abilities to form a stable carbide, with melting tempe
higher than that of Ni (for example, the melting temperature of YC2 is equal to 2415◦C) and their low surface energy, whic
is about ten times lower than that of carbon. This second effect induces a co-segregation of C and R.E. at the particle
temperatures higher than the solidification point of the particle. Once at the surface, because of the first effect, R.E. a
assemble to form a chemically ordered surface layer, which is likely to be seen as a raft floating at the surface of the
More precisely, since the carbide layer is experimentally found to always have the (110) orientation, the chemical
of the surface layer should resemble the chemical ordering of the (110) plane of the carbide. This plane consists of
pattern of carbon pairs and of R.E. atoms (Fig. 13). It is striking that the carbon pair spacing, equal to 0.12–0.13 nm
close to the first neighbour distance in the graphene structure. This peculiarity strongly suggests that the carbon pairs
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eneously
onds to
Fig. 12. HRTEM images of metallic particles of a sea-urchin like structure. The catalyst is a Ni–Ce mixture. The particles are homog
covered by a shell of CeC2 carbide whereas the core is most frequently microcrystalline as in a) and its crystalline structure corresp
complex ternary Ni–Y–C compounds such as NiYC2 identified from the dot pattern in (b).
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Fig. 13. (110) plane of the body centred tetragonal structure of the rare earth carbides (R.E.)C2.

as nucleation sites for a graphitic networkperpendicular to the surface. This would be the starting point for the formation
SWNTs nuclei.

Furthermore, the presence of R.E. atoms mixed with the carbon pairs is thought to help stabilizing SWNTs nuclei, t
a third property of R.E., which is the ability to transfer electrons to carbon. This effect has been studied thanks to sim
using a tight binding modeling of C–C interactions combined with Monte Carlo simulations [21]. These calculation
shown that when the number of electrons is increased, which mimics a charge transfer, the graphene sheet is dest
favour of configurations involving pentagons and heptagons. These defects introduce local curvatures which are nec
building a SWNT nucleus linked by the foot to the surface [18,28]. Therefore, it can be inferred from these simulatio
charge transfer effect of R.E. plays in favour of the formation of a SWNT nucleus instead of a graphene layer.

In summary, the carbide surface layer can be seen as a diffuse carbon-rich interface between Ni and graphitic carb
strong metal–carbon bonds are involved which modifies the properties of the surface of Ni in such a way to avoid the
of graphene layers. R.E. carbides are thus found to play an important role in the parameters controlling the surface
responsible for the SWNT nucleation.

The arguments put above make clear that the density of nucleation sites is directly determined by the R.E concen
the particle. A low concentration gives rise to a partial carbide covering and to a few number of SWNTs assembled int
This corresponds to the first SWNT morphology. On the other hand, a high concentration provides a complete surface
by the carbide and an isotropic distribution of nucleation sites which results in the sea-urchin structure.

Let us now discuss the difference in length between long ropes and see-urchin structures. As said previously, gro
when the particle solidifies or when the carbon source is exhausted. If the growth proceeds by the incorporation of c
a dissolution-precipitation process as mentioned in Section 2.5, the presence of a continuous carbide layer at the
high concentration of R.E., can act as a poison to the dissolution process since the layer is saturated in carbon. T
initially dissolved in the particle is therefore the only feeding source for growth. In addition, the observation that R.
particles are microcrystalline indicates a solidification in a high temperature gradient. Since in situ temperature meas
indicate that higher the temperature higher the local temperature gradient [14], R.E. rich particles are likely to solidify a
temperature than Ni. At such temperature, due to the corresponding high temperature gradient, the residence time of t
at temperatures suitable for the growth has been very short. In Ni rich particles, on the contrary, longer residence tim
achieved resulting in extended growth. Both effects – poisoning and rapid solidification – may explain why tubes of sea
remain short whereas, at low R.E. concentration, long tubes are observed.

4. Conclusions

We have presented a review of combined HRTEM, EFTEM and EELs studies which are proved to be powerful and
tools for identifying and studying the nucleation and growth of single wall carbon nanotubes.

We have shown that whatever the synthesis technique and the tube morphology, SWNTs nucleate and grow from
particles. Depending on the synthesis technique, the tubes are observed to growparallel or perpendicular to the surface of the
particle. In the former case, observed in CCVD synthesis techniques, the diameter of the tube is correlated to that of th
which is trapped at the tip of the tube, whereas in the latter case, mostly found in vaporization based synthesis techniq
is no correlation between the diameter of the tube and that of the particle.

Phenomenological models of nucleation and growth have been discussed with a particular emphasis on theperpendicular
growth of nanotube bundles since in that case the classical models of growth working for carbon filaments cannot b
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as they do for theparallel growth situation. We have shown that there is now strong experimental evidence in favour of
growth process where carbon, dissolved at high temperature in catalytic particles, segregates at the surface at lower te
and forms tubes via a nucleation and growth process.

Particular attention has been paid to the nucleation step where the main problem is to understand why carbon
always form graphene sheets wrapping the particles. This competition necessarily involves a surface instability w
control parameter is the low surface tension of carbon compared to metal transition.

The origin of this instability has been studied in detail for a particular class of catalyst Ni–R.E. (R.E.= Y, Ce, La) in
order to understand why some addition of the R.E. drastically increase the production yield. Thanks to minutest struc
chemical analysis of the particles linked to the tubes, the respective roles of Ni and R.E. have been understood as fo
has the property to dissolve carbon in the liquid state and to reject it in the solid state allowing the graphitization of c
temperatures as low as 1400 K. R.E. is a co-catalyst of Ni playing the role of a surfactant. Because of its low surface te
its ability to form stable carbides, it co-segregates with C at the surface of the particle and forms a chemically ordere
layer which mimics the structure of the R.E.C2 carbide. This chemical modification of the surface of Ni certainly inhibits
wetting by a graphene sheet and therefore contributes to the nuclation process. In particular, tight binding calculat
indicates that a charge transfer of R.E. to carbon should be involved in the destabilization of the graphene sheet in fa
SWNT nucleus. By modifying the surface activity of Ni, R.E. controls the SWNT nucleation rate.

Many questions remain open, however, such as for instance the extension of the surface arguments identified for th
class to other classes of catalyst (metal transition mixtures for instance), the nature of the parameter controling the tub
and its diameter. . . .

Finally, according to the root growth process, examination of the feet of the tubes and of their interface with m
particles provide information on the end of the growth and additional proof that SWNT and graphene sheets form for
local conditions. Furthermore, MWNTs are found to be intermediate situations between the two former morphologies.
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