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INRS-Énergie, Matériaux et Télécommunication, Université du Québec, 1650 Boulevard Lionel-Boulet, Varennes, Québec, Canada J3X 1S2

Received 3 March 2004; accepted 17 November 2004
Abstract

In the past few years, considerable progress has been achieved in understanding the growth mechanism of single-walled carbon

nanotubes (C-SWNTs). Nevertheless, the nucleation of C-SWNTs still remains partially unexplained by these models. A study of

the critical synthesis parameters in the plasma torch process and a review of existing growth mechanisms lead us to propose a new

growth mechanism for bundles of C-SWNTs, based on the Bénard–Marangoni instability. It is shown that the conditions occurring

at the surface of the catalyst nanoparticle (NP) during the growth of the C-SWNTs give rise to the solutal BMI, which in turn results

in a pattern of hexagonal convection cells in the liquid layer on the surface of the NP. The vortex ring flow pattern within these cells

is then responsible for the structured growth of the C-SWNT bundles. This model highlights the important parameters required to

optimize the synthesis of C-SWNTs.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Since 1993, there has been significant interest in the

synthesis of single-walled carbon nanotubes (C-SWNTs)
because of their exceptional properties [1,2]. However,

the present low level of production slows down the com-

mercial development of applications using this material.

The present level of production of a few grams per day

remains far from any commercial objective. The best

way to optimize the production of C-SWNTs is via a

thorough understanding of the growth mechanism.

Much progress has been made in this direction in the
last few years, but there are still aspects which need to

be addressed. A better model of C-SWNT growth would

allow us to better optimize the growth conditions and
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eventually to control the synthesis. Several techniques

for the synthesis of C-SWNTs have been developed over

the past few years. The most promising are still those

which use a gas-phase method, such as the arc discharge
[3,4], laser ablation [5,6], solar furnace [7,8], HiPco [9],

as well as plasma torch [10]. These techniques produce

in situ the precursors for the C-SWNT growth during

the gas quenching, i.e. carbon and catalyst nanoparticles

(NPs). In contrast, in CVD methods, catalyst NPs are

generally deposited on a substrate and the carbon is ob-

tained from the dissociation of a carbon-containing gas.

They give, to our knowledge, exclusively isolated C-
SWNTs (one C-SWNT per NP) or multi-walled carbon

nanotubes (C-MWNTs). In the gas-phase methods, C-

SWNTs can be found in two forms in the deposits,

depending on the size of the NPs of the catalyst. The

C-SWNTs will be isolated when the NP is of the same

size as the diameter of the C-SWNT (0.7–3 nm). In most

cases, however, C-SWNTs are found in the form of bun-

dles of 10–100 individual nanotubes. The diameter of
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Fig. 1. Transverse view of a bundle of nanotubes showing the

triangular lattice [6].
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each C-SWNT is of the order of a nanometer, while the

bundle has transverse dimensions of the order of 5–

20 nm. While in some cases the bundles are seen to be

the result of the coalescence of either single nanotubes

or smaller bundles from different catalytic particles,

many observations suggest that most bundles grow col-

lectively from a single larger catalyst particle whose

diameter is several nm [11].
Several models have been proposed to explain the

growth of such bundles, but none has completely ex-

plained the nucleation of the C-SWNTs from the NPs

even though they can well describe the general situation

leading to the growth. The new model presented here

applies principally to the growth of a bundle of C-

SWNTs which emerges from the surface of a single cat-

alyst NP and for which the C-SWNTs are organized in a
triangular lattice [4,6] (see Fig. 1). This model is based

on a surface tension driven instability [12–14], the solu-

tal Bénard–Marangoni instability; it complements and

extends existing models and provides an explanation

for many experimental observations. The model high-

lights certain important parameters which are crucial

for the production of C-SWNTs: the temperature range

over which we must operate, and especially the non-
equilibrium nature of the process, which is manifested
Fig. 2. Structure of the catalyst NP after the rapid segregation process and

thickness h, in which there is a variation in concentration DC.
by the observed importance of the cooling rate on the

growth.
2. Present models describing the growth of C-SWNTs

The analysis of the present models [11,15–20] leads to

a general scenario for the growth of C-SWNTs in the

gas-phase techniques. The formation is seen to begin

by the creation of hot vapor containing carbon and me-

tal atoms in an inert gas. This mixture is initially at high

temperature (�5000 �C) and contains an atomic fraction

of about 3% metal catalyst with respect to carbon. This

mixture is then cooled rapidly, at a rate of 105–106 K/s
[20–22], to the synthesis temperature, which is typically

around 1300 K, depending of the eutectic temperature

of the carbon-catalyst binary system [7]. During this

cooling phase, the vapor condenses to form NPs of car-

bon, as well as nanometer-scale droplets of metal–car-

bon solution. Spectroscopic measurements by Puretsky

et al. [22] illustrate the temporal evolution of the process

during laser ablation experiments: an initial formation
of carbon NPs followed by those of metal and finally

by the formation of the C-SWNTs.

The catalyst NPs, usually composed of transition

metals (Fe, Co or Ni), are the key to the formation of

the C-SWNTs in all gas-phase techniques; these NPs

are produced during the rapid cooling process via the

vapor phase condensation of metal atoms into droplets

containing a large concentration of carbon because of
the initial vapor composition. As these NPs cool, they

will undergo a process of segregation wherein the sur-

plus carbon is expelled radially towards the outside of

the droplet, since the carbon is much less soluble in

the solid phase than in the liquid and has a lower surface

tension. Gavillet et al. [11] have shown that the carbon

concentration in the catalyst NP after the growth of

C-SWNTs is consistent with the segregation process.
Combined with the integration of carbon from the sur-

rounding vapor, this will result in a surface layer having

a radial concentration gradient ($C=DC/h, see Fig. 2),
just before the nucleation of C-SWNTs, indicating the liquid layer of
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i.e. carbon will tend to accumulate toward the surface of

the droplet. The concentration of carbon in the metal

can attain a high value, up to 50% [23,24], which will

greatly affect the structure of the catalyst NP and will

maintain the existence of a liquid layer having a high de-

gree of supersaturation. Jost et al. [18,19] have shown
that the growth of the C-SWNTs is activated by a diffu-

sion process with an activation energy characteristic of a

liquid. This observation strongly suggests that a nano-

meter-scale liquid layer is present over the entire growth

process.

A more complete overview of the growth mechanism

of C-SWNTs can be obtained by combining the different

observations and explanations of the present models.
Hence, we can deduce that the role of the high cooling

rate is, on one hand, to provoke the condensation of car-

bon NPs and nanometric metal–carbon droplets, the

precursors for the synthesis of C-SWNTs. On the other

hand, it ensures the formation of a layer with a high car-

bon concentration at the surface of the droplet. Indeed,

the carbon accumulation in the surface layer, caused by

the rapid segregation process [11], will maintain the exis-
tence of a liquid layer having a high degree of supersat-

uration while the core of the droplet would be

transformed into a solid metal NP (see Fig. 2) since its

carbon concentration is lower.

The presence of a liquid layer surrounding the solid

metal NP can be explained by the fact that a solution

containing a non-equilibrium carbon concentration

(>25 at.% for Fe, Co, Ni) will have a melting tempera-
ture significantly lower than the eutectic point of the me-

tal–carbon system at equilibrium [18,23]. It thus

demonstrates a surface melting initiated by the weaken-

ing of the solid bonds caused by a very high concentra-

tion of inserted atoms, which results in a reduction of

the surface enthalpy of melting [23]. Curvature can also

cause a melting point reduction, but for the size of NPs

considered here, it cannot explain a decrease in the melt-
ing point of more than a few hundred Kelvins. It is

important to note that the liquid layer is far from ther-

modynamic equilibrium—it is in a state of supersatura-

tion. Once the solid metal NP is formed, heterogeneous

nucleation of carbon can take place at its surface, form-

ing a bundle of C-SWNTs which grow simultaneously

from their roots at the surface of the metallic NP, as

proposed by Gavillet et al. [11].
The present models can well address the general

situation leading to the formation of C-SWNTs, but

they do not completely explain several aspects of the

growth:

• The nucleation and the structure of C-SWNTs. Total

energy calculations have shown that the formation of

a cap or a capped nanotube is favored, but ‘‘kinetic
factors’’ must be invoked to produce C-SWNTs hav-

ing diameters of 1 nm [25].
• The collective organization of C-SWNTs into bundles

exhibiting triangular lattice symmetry. These bundles

are found to possess the same structure, independent

of the synthesis technique and the nature of the cata-

lyst. Although Van der Waals forces between tubes

will tend to result in a ‘‘minimum energy’’ configura-
tion having a triangular lattice [26], we must explain

the observations which show that the triangular

arrangement is imposed on the bundle right from its

birth (see Fig. 12a in [11]). Moreover, the minimum

energy consideration does not indicate how a net-

work of C-SWNTs would sprout collectively from

the solid metal NP.

• The range of temperatures over which the growth of
the C-SWNTs takes place. It has been shown that

synthesis occurs for temperatures slightly below the

eutectic of the carbon–metal mixture [7,18], but phys-

ically it is less clear why there is a cut-off temperature

at both higher and lower temperatures.

• The rapid growth of the C-SWNTs. The presence of

diffusion in a liquid layer during the growth eluci-

dates a part of this question, as discussed by Jost
et al. [18], but their results suggest that the process

is faster than pure diffusion.

• It has been suggested that instabilities at the surface

of the NP could provide a necessary mechanism for

the nucleation of nanotubes [11]. Indeed, the analogy

with the Mullins–Sekerka instability, implied in den-

dritic growth of snow flakes, presents an interesting

possible explanation of the nucleation of C-SWNTs
[27]. However, the wavelength associated with this

instability is incompatible with the size of C-SWNTs.

• The mechanism which determines the ability of a cat-

alyst NP to nucleate a bundle of C-SWNTs instead of

a C-MWNT.
3. Discussion

3.1. A re-examination of the role of the catalyst

nanoparticles in the growth of C-SWNTs

The TEM image (Fig. 3) of a bundle of C-SWNTs

produced via the plasma torch process permits us to
see the small bundle emerging from the catalyst NP,

each individual nanotube having a diameter close to

1 nm, also confirmed by Raman spectroscopy [21].

The transverse view of the bundle is known to possess

a triangular lattice structure (Fig. 1). The morphology

and the characteristics of the deposit produced by the

plasma torch lead us to conclude that the growth mech-

anism is the same as that in the other gas-phase tech-
niques [21]. In fact, for all these diverse techniques,

Gavillet et al. [11] have already proposed that the

growth mechanism is to be the same: an extended Va-

por–Liquid–Solid model, the Root Growth Mechanism.



Fig. 3. TEM image of a small bundle of C-SWNTs that sprouts from a

catalyst NP in the plasma torch process.
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In the plasma torch process, we have found that the

most important parameters to optimize the C-SWNT
yield are the cooling rate, related to the thermal gradi-

ent, and the growth temperature [21]. The synthesis

can be achieved for an oven temperature between 1000

and 1250 K, a temperature window slightly lower than

the iron–carbon eutectic temperature; this observation

is similar to what is observed in other processes

[7,18,20]. The cooling rate is nevertheless the most sensi-

tive parameter in the synthesis: it must be high enough
to permit the formation of C-SWNTs. Similar results

have been obtained recently in the arc-discharge tech-

nique [28]. We believe that the importance of the cooling

rate on the C-SWNT yield is related to two different as-

pects: (1) the formation of the C-SWNT precursors and

(2) the generation of a surface liquid layer on the cata-

lyst NP. Indeed, the NP size distribution is crucial for

the formation of the bundle of C-SWNTs. However,
the cooling rate remains important even after the forma-

tion of the precursors [21], since the subsequent rapid

cooling transforms the droplets into NPs having a solid

metal core, surrounded by a liquid layer supersaturated

in carbon (see Fig. 2). We are then obliged to analyze the

consequences of having this surface liquid layer in the

further solidification process of the catalyst NP.

3.2. The Marangoni effect in the catalyst liquid layer

The carbon concentration will have an important

influence on the liquid properties, notably the surface

tension: carbon acts like a surface-active solute. Trans-

port of heat and mass in a thin liquid layer free to de-

form is dominated by the Marangoni effect, in contrast

to the situation in thick liquid layers, where buoyancy
is predominant. Indeed, we know from the literature

[12,29] that the Marangoni effect is dominant in two

general situations: in microgravity and in thin liquid lay-

ers, obviously the case for the nanometric liquid layer

thickness, suspected in the growth of C-SWNTs. The

Marangoni effect produces a mass transport along the li-
quid–gas interface resulting from the gradients of sur-

face tension which are induced there. The gradients of

surface tension can in turn be generated by inhomogene-

ities of temperature (the thermocapillary Marangoni

effect) or impurity concentration (the solutal or diffuso-

capillary Marangoni effect) at the surface, since the

surface tension depends on both of these. The solutal

Marangoni effect is generally stronger than the ther-
mocapillary effect because the surface tension is more

sensitive to impurity concentration. The solutal

Marangoni effect can even occur without any tempera-

ture inhomogeneities in the liquid layer [30]. As we have

noted, rapid segregation of the carbon from the core is

expected to result in a supersaturated liquid layer that

is susceptible to significant inhomogeneities in the car-

bon concentration.

3.3. The Bénard–Marangoni instability and the growth of

C-SWNTs

The conditions discussed above are such that we

could expect the generation of the solutal Bénard–

Marangoni instability (BMI) [12–14,29] within the liquid

layer. The Marangoni number for the case of the solutal
Marangoni effect can be estimated in a similar fashion to

that for the case of thermocapillarity. Calculations show

that for reasonable assumptions, the solutal Marangoni

number Mas can exceed the value necessary for the

generation of the BMI in contrast to the thermocapil-

lary Marangoni number MaT which is very small

(MaT = 10�3). The surface tension of a metal–carbon

solution varies between 0.8 and 2.1 N/m, depending of
the carbon concentration [31]. It is known that the sur-

face tension of a Fe–C solution increases linearly in the

hypereutectic range when the concentration of carbon is

increased, but no measurements are available for a

50%Fe–50%C solution. For the present calculation, we

thus assume that the linear surface tension relation can

be extrapolated to higher carbon concentration; we esti-

mate the surface tension coefficient or/oC, obtained
from the literature, to be 0.03 N/m per at.% of carbon

[32]. As we have seen, segregation results in a radial car-

bon concentration profile through the liquid layer; we

estimate the radial concentration difference DC to be

25% since the carbon concentration can vary from

25% to 50% from the bottom to the top of the liquid

layer. The liquid thickness h is estimated to be about

3 nm from calculations based on carbon conservation
during the segregation process and from the size of

the catalyst NPs used in the synthesis of C-SWNTs.
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The viscosity of the solution g is difficult to estimate, so

we determine an upper limit by taking the viscosity va-

lue at the eutectic temperature and composition, which

is 11.4 mPa s [31]. At higher carbon concentrations,

intermolecular forces in the liquid will be weakened,

resulting in a decrease of the viscosity. We assume that
carbon diffusion in a highly supersaturated solution is

equivalent to substitutional diffusion, which is almost

independent of the nature of the solute in a liquid metal

[33] and is of the order of 10�8–10�9 m2/s. In our calcu-

lation, we take the smaller value of 10�9 m2/s for the car-

bon diffusion coefficient in the liquid metal DCL, since

the system is in a supersaturated state, which will tend

to slow down the carbon diffusion because of the com-
plete occupation of the solute sites. Using these values,

we can determine the solutal Marangoni number Mas:

Mas ¼
or
oCDCh

gDCL

� 197

Mas is thus above the critical Marangoni number Mac

(Mac = 50 for the insulating case [34]) for which the

BMI will be generated according to the linear stability

analysis. At the threshold of the instability, convection
appears: a periodic pattern of hexagonal convection cells

auto-organises in the fluid [12]: the Bénard–Marangoni

cells. This pattern (see Fig. 4b) is a dissipative spatial

structure characteristic of systems which are far from

equilibrium [35]. These systems evolve from a disordered

state to an ordered state as a result of fluctuations, i.e.

inhomogeneities in surface tension in the present case.

(Inhomogeneities in concentrations exhibiting a geomet-
rical pattern (the Turing structure) or periodic variations

of concentration (the Belousov–Zhabotinsky reaction)

are other well-known examples [36] of dissipative struc-

tures.) We now analyse the effect of the convective pat-

tern on the further carbon crystallization.

We see in Fig. 4a that each hexagonal convection cell

in the pattern contains a vortex ring. The fluid rises from

the center of the vortex ring, falling again at the edges of
the hexagon cell, thus exhibiting a toroidal symmetry.
Fig. 4. (a) Front view of a hexagonal convection cell of depth h. (b) Top v

aluminium particles [13], the picture is obtained by optical techniques.
From the top view (Fig. 4b), we note that the center

of the vortex ring in each convection cell, where the fluid

rises and which appears darker, are organized in a trian-

gular lattice. The solutal BMI thus produces a pattern of

convection cells with a characteristic wavelength kBM,

which is known to be of the same order of magnitude
as the thickness of the liquid layer h [12,37]; its magni-

tude is thus seen to be consistent with the diameter of

the individual C-SWNTs since the vortex ring of inside

diameter DVR can be roughly estimated to be kBM/2.5

from Fig. 4b. The instability wavelength kBM or liquid

thickness h required to obtain a vortex ring of inside

diameter similar to the C-SWNT diameter is thus in

the range of 2–8 nm. This is quite plausible if we con-
sider that the size of the catalyst NPs which are observed

to give rise to bundles of C-SWNTs varies generally

from 5 to 20 nm [27].

We would thus propose an extended model to explain

the nucleation and growth of bundles of C-SWNTs: the

BMI model. In this model, we assume that the circula-

tion of atomic C in the liquid layer (dissolved carbon)

follows the flow pattern in the Bénard–Marangoni cells,
like the aluminium particles in Fig. 4b. The carbon thus

crystallizes within the center of the vortex ring at the so-

lid–liquid interface, where heterogeneous nucleation can

occur, as in the root growth mechanism proposed by

Gavillet et al. From this nucleation site, the growing

nanotube is carried upward by the flow of the convec-

tion cell. The growth of a bundle of C-SWNTs is thus

the result of auto organization of carbon within a net-
work of hexagonal convection cells generated by the

BMI within a liquid layer surrounding a metal NP, as

shown in Fig. 5a.

As was discussed previously, C-SWNTs are found

isolated in CVD techniques and occasionally in gas-

phase processes. In the present model, their growth

can be seen as a borderline case, where the surface can-

not support the convective pattern, but only a single
convection cell because of its small size (Fig. 6). Actu-

ally, the C-SWNT diameter should be smaller than or
iew of Bénard–Marangoni cells of wavelength kBM in silicon oil with



Fig. 5. The growth of a bundle of C-SWNTs based on the BMI. (a) Bundle growth in the pattern of convection cells. (b) Transverse view of the C-

SWNT growth in an individual convection cell.

Fig. 6. The growth of an isolated C-SWNT on a solid metal NP.
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equal to the catalyst NP size, since the diameter is corre-

lated to the solid metal NP, which does not take into ac-

count the liquid layer thickness.

The presence of a liquid layer on the NP, necessary to

generate the BMI, explains the temperature window

within which the growth is possible. At low tempera-

tures, the catalyst particle is completely solid, while at
high temperature it becomes completely liquid. When

the catalyst NP is completely liquid, there can no longer

be carbon heterogeneous nucleation since the crystalline

planes of the NP disappear.
The increase of the diameter of the C-SWNTs with

the growth temperature is an experimental fact that

has been noted by several authors [38,39]. In the BMI

model, the diameter of the individual nanotubes is

correlated to the size of the Bénard–Marangoni convec-

tion cells kBM, which changes when the thickness of
the liquid layer is modified. When the temperature is

above the eutectic temperature, all of the NP will be

liquid, whereas at a low enough temperature it will be

completely solid. It is thus logical to assume that the

thickness of the surface liquid layer will increase mono-

tonically with the growth temperature. Since we know

from the literature that kBM increases with the liquid

layer thickness h, we can qualitatively conclude that
the diameter of C-SWNT will increase with the growth

temperature.

The amount of carbon in the bundle of C-SWNTs ex-

ceeds significantly that present initially in the catalyst

NP [11]; there must then be a contribution from the gas-

eous atmosphere. When the carbon from the liquid layer

crystallizes, it liberates diffusion sites that can be filled

by the carbon contained in the gas, which is absorbed
at the surface of the liquid, and carried by the flow of

the convection cells via a form of turbulent diffusion

(convection) to the nucleation site of the bundle of C-

SWNTs (see Fig. 5b). The BMI will thus substantially

increase the rate of mass transfer at the liquid–gas

interface, as well as in the liquid layer, because of the

contribution from the Marangoni convection [40].

Consequently, the rapid rate of growth for C-SWNTs
(�lm/s) certainly depends on the convection generated

by the BMI. Jost et al. have obtained data which corrob-

orate the presence of convection within the liquid layer

[18]; which is consistent with the BMI mechanism pro-

posed here.
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The flows which are thought to be necessary for the

growth of C-SWNTs are thus seen to be a natural result

of the BMI. The ‘‘kinetic factors’’ which are deemed

necessary for the formation of nanometer-scale tubes

[25] are thus seen to be imposed by the structure of

the Bénard–Marangoni convection cells. It could be ex-
pected that the flow in the center of the vortex ring

is sheared; this would impress itself on the nucleating

C-SWNT, suggesting that the origin of the C-SWNT

chirality could be related to the flow structure in the

convection cell. Moreover, the condition for the genera-

tion of the BMI, necessary for the C-SWNT nucleation,

can explain why sulphur acts as a growth promoter,

since it is a very efficient surface-active solute in a me-
tal–carbon mixture [41].
4. Conclusion

The nucleation of bundles, which involves a collective

growth of individual C-SWNTs, can now be seen as the

result of the BMI in the liquid layer surrounding the so-
lid metal NP, while the cylindrical structure of the C-

SWNTs is caused by the crystallization of the carbon

within the center of the vortex ring of the Bénard–

Marangoni cells. Moreover, the organization of the C-

SWNTs in the bundle into a triangular lattice is seen

to be the natural result of the organization of the net-

work of vortex rings in the Bénard–Marangoni cells

(see Figs. 4b and 5a).
The generation of the BMI is thus seen to be an essen-

tial condition for the synthesis of C-SWNTs. It explains

why there must be non-equilibrium conditions to pro-

mote the synthesis such as the rapid cooling rate, since

it permits, on one hand, the formation of the precursors

for the synthesis of C-SWNTs, and on the other hand,

the formation of a supersaturated liquid layer below

the eutectic temperature by insuring a rapid segregation
process. It is necessary to have a catalyst NP with a

nanometer-scale liquid layer supersaturated in carbon,

in order to favour the BMI. We believe that the partic-

ular structure of the catalyst NP, especially the nanome-

ter-scale liquid layer, is responsible for the nucleation of

a bundle of C-SWNTs. With a thicker liquid layer, one

could imagine the appearance of a new pattern, which

could permit the nucleation of a C-MWNT.
The BMI model has thus allowed us to clarify certain

aspects of the growth of C-SWNTs by coupling hydro-

dynamic instabilities with chemical reactions far from

equilibrium conditions. The process can thus be seen

as non-equilibrium crystal growth (a reaction–convec-

tion system) since it results from the spontaneous gener-

ation of a dissipative structure, the Bénard–Marangoni

cells, in a medium far from equilibrium. In future work,
it will be interesting to study in more detail the BMI

growth mechanism and also to try to extend it to other
filamentary structures (nanowires and nanotubes of

other materials) since they could be also the result of a

convection cell flow crystallization.
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[18] Jost O, Gorbunov AA, Möller J, Pompe W, Liu X, Georgi P,

et al. Rate-limiting processes in the formation of single-wall

carbon nanotubes: pointing the way to the nanotubes mechanism.

J Phys Chem B 2002;106:2875–83.



F. Larouche et al. / Carbon 43 (2005) 986–993 993
[19] Gorbunov A, Jost O, Pompe W, Graff A. Role of the catalyst

particle size in the synthesis of single-wall carbon nanotubes. Appl

Surf Sci 2002;197–198:563–7.

[20] Laplaze D, Alvarez L, Guillard T, Badie JM, Flamant G. Carbon

nanotubes: dynamics of synthesis processes. Carbon 2002;40:

1621–34.

[21] Smiljanic O, Larouche F, Sun X, Dodelet J-P, Stansfield BL.

Synthesis of c-swnts with a plasma torch: a parametric study.

J Nanosci Nanotechnol 2004;4:1005–13.

[22] Puretzsky AA, Schittenhelm H, Fan X, Lance MJ, Allard Jr LF,

Geohegan DB. Investigations of single-wall carbon nanotube

growth by time-restricted laser vaporization. Phys Rev B 2002;65:

245425-1–5-9.

[23] Krivoruchko OP, Zaikovskii VI. Formation of liquid phase in the

carbon–metal system at unusually low temperature. Kinetics

Catal 1998;39:561–70.

[24] Krivoruchko OP, Zaikovskii VI. A new phenomenon involving

the formation of liquid mobile metal–carbon particles in the low-

temperature catalytic graphitisation of amorphous carbon by

metallic Fe, Co and Ni. Mendeleev Commun 1998;3:97–100.

[25] Fan X, Buczko R, Puretzsky AA, Geohegan DB, Howe JY,

Pantelides ST, et al. Nucleation of single-walled carbon nano-

tubes. Phys Rev Lett 2003;90:145501-1–1-4.

[26] Lopez MJ, Rubio A, Alonso JA, Qin L-C, Iijima S. Novel

polygonized single-wall carbon nanotube bundles. Phys Rev Lett

2001;86:3056–9.
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