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Thermodynamic analysis of nucleation of carbon deposits on metal particles and its implications
for the growth of carbon nanotubes
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By considering the catalytic mechanisms underlying the formation of various nanocarbon deposits on cata-
lytic metal surfaces, we conclude that the majority of these mechanisms include some common steps. The most
important of these is the nucleation of the carbon deposit on the metal surface. On the basis of experimental
and literature data, we propose that the nucleus has the form of a flat saucer with its edges bonded to the metal
surface. A thermodynamic analysis of the carbon nucleation on the metal surface is then performed to obtain an
analytical equation for the dependence of the critical radius of the nucleus on the reaction parameters. This
equation demonstrates that a variation of the reaction parameters, such as the temperature and the nature of the
metal catalyst and promoters, can lead to the formation of different carbon deposits, such as filamentous
carbon, multiwall nanotubes or single-wall nanotut®¥/NT9. The performed analysis allows us to conclude
that SWNT growth is likely to proceed on liquid metal particles.
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[. INTRODUCTION the formation of different carbon deposits, here we present a
thermodynamic analysis of the carbon nucleation at a metal
The formation of carbon filaments by the catalytic decom-surface. This analysis is based on a consideration of the
position of carbon-containing gases on a metal surface havechanisms involved in the catalytic formation of the differ-
been known for a long time. Chemical vapor depositionent forms of carbon, and on the conclusion that carbon nucle-
(CVD) has been used for at least four decades for the prcation at a metal surface is a common step of these mecha-
duction of filamentous carbon by the decomposition of carhisms. A flat saucerlike form for the initial carbon nucleus is
bon monoxideg(CO) or hydrocarbons on metal catalysts. proposed after an analysis of our results and published ex-
During the past ten years methods for the production of gerimental results. The thermodynamic analysis performed
new type of carbon structures, namely carbon nanotubegllows us to estimate the influence of reaction parameters on
have been developed. These techniques are based on the e nucleation step, which is a crucial stage for the formation
evaporation of pure graphite and metal catalysts either in aaf different carbon deposits.
electric arc discharde or by laser ablatiof® Subsequently,
the catalytic decomposition of CO and hydrocarbons over Il MECHANISMS OF FORMATION OF CARBON
support_ed cat_alysts was also s_uccessfully _used for nanotube DEPOSITS ON METAL PARTICLES
synthesis. Using the aforementioned techniques, four classes
of fibrous carbon deposit have been produced, namely, car- Various mechanisms have been proposed for the forma-
bon fibers, filaments, multiwall nanotubédsWNTs) and  tion of filamentous carbon deposits. These mechanisms can
single-wall nanotubegSWNTS. The nanotubes have at- be divided into several groups.
tracted great attention because of their unusual properties and (1) In the first group, one can cite mechanisms which
numerous potential applicatiohsHowever, the available include a stage of carbon dissolution that is independent of
techniques allow only poor control over the growth of thethe carbon sourcéhydrocarbon or CO decomposition, or
nanotubes, and yield numerous byproducts such as amagraphite vaporization Bakeret al,, in 1972, suggested such
phous carbon, polyhedral carbon nanoparticles, and carboma-mechanism for the formation of filamentous carbon depos-
encapsulated catalyst particles. The separation of nanotub#s on isolated metallic particles by the catalytic decomposi-
from impurities is a difficult task, mainly because the reac-tion of hydrocarbon&.They proposed that temperature and
tivity of the nanotubes is similar to that of the byproducts,concentration gradients are the main driving forces for this
and nanotubes may thus be damaged or destroyed durimmocess. According to this mechanism, hydrocarbons decom-
purification procedures. An understanding of the formationpose on the exposed surfaces of metal particles, leading to
mechanism of nanotubes is therefore crucial when designinthe release of hydrogen as a gas and to the dissolution of
techniques for the controlled production of pure nanotubecarbon in the particle. A temperature gradient results from
material. overheating of part of the catalyst particle during the exo-
In order to understand better the phenomena involved ithermal hydrocarbon decomposition reaction, and gives rise
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to a gradient in the carbon concentration in the volume of the
catalyst particle. The dissolved carbon diffuses through the
particle and precipitates on the cooler surface of the meta;
particle. The diffusion of carbon through the catalyst particle |
is believed to be the rate-limiting step in the growth of
filaments. )

Note that under the conditions encountered in the arc dis%
charge and laser vaporization, a temperature gradient occut
due to the diffusion of the particles away from the hot zone
of the interelectrode plasma or of the vaporization plume. In*
this case, the carbon precipitation is caused by the decreas
in temperature, and hence in carbon solubility.

(2) The second group consists of mechanisms based ol
the diffusion of carbon at the surface of the metal particle
rather than on the bulk diffusion of carbon through the cata-
lyst particle Such a mechanism leads to the formation of
deposits with diameters close to those of the metallic par-
ticles. However, the surface diffusion of carbon structures
without dissolution of carbon in the metal particle seems
improbable. For example, Krivoruchket all® observed by ‘ Sh
in situ TEM that the interaction between iron particles and C S
amorphous carbon at 920 K results in the dissolution of car-
bon and the migration of liquidlike metal particles with for- ~ FIG. 1. High-resolution TEM images of “sea urchin” particles:
mation of graphitic carbon shells. (a) initial step of SWNT growth(b) intermediate stefdc) and final

(3) Some authors suggested that catalyst particles tak@ate. The_SWNT samples were pr(_epared by arc d_ischarg_e between
part only in the tube initiation proce%sAccording to this IV\(O graphite eIectrers, one of which was filled with a mlxtyre of
model, a metal particle initiates the formation of a primaryNi: Y20s, @nd graphite powde(iRef. 17. For structural investiga-
tube, which consists of prefect graphitic layers rolled cylin-t'on we used pr_lstlne soot samples without any_pur_lflcatlc_)n treat-
drically around the metal particle. The thickening of the pri- MMt The specimens were prepared by ultrasonic dispersion of the
mary tube by carbon deposition on the outer surface of th arbon depqsn in ethanol, and subsgquent application of a drop of
tube proceeds without any further participation of the meta e suspension on & holey carbon grid.
particle. Note that this mechanism can be realized only in thearbon cannot be smaller than the critical size of the carbon
presence of free carbon atoms in the gasphase. nucleus.

(4) For SWNTs, a growth mechanism was proposed When the critical radius of the carbon nucleus is consid-
where small metal clusters activate SWNT growth by mov-erably smaller than that of the metal particle and the satura-
ing around the open tube tip and bonding carbon atoms frortion of the metal-carbon particles by carbon is sufficiently
the gas phas¥.This mechanism does not explain the forma-high, the formation of several nuclei is possible. These nuclei
tion of nanotube ropes, which are predominantly observed ig§an grow independently and can reach a size which allows
SWNT deposits. Although it is possible that this growththem to interact with each other. This interaction results in
mode also takes place during the synthesis, its contributiote formation of mosaic structures consisting of growing nu-
to the SWNT formation is probably negligible. clei. f‘Sea-u_rchln” particles, which consist of SWNT ropes

(5) A model for the formation of cylindrical layers around 9rowing radially from metal or metal carbide particles encap-
a hollow core using a thermodynamic approach was Sug§ulated in graphitic shells, in our opinion represent an ex-
gested by Tibbett& In this model, graphitic planes are elas- ample of such structures. The presence of such particles was

i43-16
tically strained to form a tree-ring structure. This gives risedémonstrated earliéf, ** and we also observed these par-

to an extra elastic term in the considered free-energy equzy-des in typical soot samples obtained by the arc discharge

7 . .
tion. However, according to this model the free—energy”]lettr:m& (Fltg.bl). Notte t(;]_at ofn ourthTEM |tr_n?g¢s thg Iﬁlngth q
change prevents the formation of carbon filaments with arf! (N€ nanotubes extending from the particie 1S variable an
inner radius smaller then 5 nm, and the synthesis of carbo epends on the con_5|dered particle. This strongly suggests
nanotubes of much smaller diameter cannot be explained. that they represent different stages of SWNT growth, such as

In our opinion, such a thermodynamic approach is ve n Fig. Xa for the initial step(nucleation and growth of

e - . short tubey Fig. 1(b) for an intermediate ste@radial exten-
promising for the description of the growth of filamentous jon of the tubes and Fig. 1c) for the final stateformation

carbon deposits, but the model suggested by Tibbetts must B f th lenat
extended to include the formation of the carbon nucleus. W' 'OP€S of more than Lm length.
suggest that carbon nucleation is a common and crucial step Il THERMODYNAMIC ANALYSIS OF FACTORS

for the fo_rmat|on of _a_II types of filamentous carbon deposits. , - - ~1\NG THE CRITICAL RADIUS OF THE NUCLEUS
It determines the critical size of the carbon nucleus and thus

the type of carbon deposit obtained, because the size of the We suggest that at the beginning of the nucleation a few
tubes or of the graphite platés the case of filamentous carbon atoms precipitate on the surface of carbon-saturated
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M M M whereyl? is the surface area of the nucleysis a geometri-
cal factor determined by the form of the nucleus, &f¢is
the molar volume of graphiteAG, qeus represents the

FIG. 2. Schematics of the two-dimensional carbon nucleus orchange in free energy following the precipitation of 1 mol of
the surface of the catalyst metal particle. carbon from the metal-carbon solution:

metal particles. They combine into small structures with car- AGnucteus™ ~RTIN(a/ag) = = RTIN(X/x). 2)

bon atoms arranged in hexagons, which transform into @, anda are the carbon activities of the saturated and actual
graphene sheet bonded with its edges to the metal surfas®lutions, respectively, arala, is the saturation coefficient
(Fig. 2). This form of the nucleus is most favorable becauseof the solution. Correspondingly, andx are the saturated

of the elimination of dangling bonds in the carbon cluster.and actual molar content of the dissolved carbon, respec-
The nucleus grows with the addition of precipitating carbontively, and x/xo=a/a,. Finally, € is the specific edge free
atoms to the edges of the nucleus. Note that a similar strugnergy(J/m), o is the corresponding specific surface energy
ture was proposed by Tontegode and co-woréfson the  (J/nf), and Eg, is the strain energy that arises from the
base of their theoretical data. Furthermore, such flat carboRending of the graphene layer during bonding with the metal
nanoobjects, two layers in thickness, 45 A of average diamsurface. It3c2:4an be described using the continuum elasticity
eter and located on the step edge of méea) terraces, were formalisn?™ (see Appendix Agnd is in our case equal to
observed and characterized recently by scanning tunnellingstrz_ Qd/4.5h, with Q.= 4.4 eV:” Equation(1) can thus be
microscopy’® The exposed lower carbon layer of these struc- ewritten as

tures was embedded in the surface plane of Pd, and presents ¥12h
a ring-shaped atomic structure similar to a single graphite AG= V—AGnuc|eus+ Yl Z(Unudeus_gagf‘ O nucleus-surface
layer. After formation of the nucleus, the tube can grow ac- m
cording to several scenarios. Qd
In the first scenario, the nucleus continues to grow, which ~ Osurface-gab 1 €1 7 ()

results in the formation of graphitic sheets covering a signifi-
cant part of the surface of the metal particle. This growth and The maximum ofAG as a function of corresponds to the
the forthcoming exfoliation of the graphitic sheet inducescritical size of the nucleus, and is expressed from Bpas
produces a variety of filamentous structutesith graphitic
sheets that are oriented at an angle or perpendicular to the dAG {Vh
. . ! ) —— =2l
fiber axis(called fibers or filamenjs dl
In the second scenario, new nuclei form under the primary
one, with edges that are bonded to the surface of the metal
particle. The central part of this multilayered nucleus begins
to separate from the surface as soon as it reaches a critical
size that determines the diameter of the tubular deposit. This
scenario leads to the formatlon of_a MWNT. Usually, th_e lit= — (€4 Qc/4.5n)(2[ (Yh/V 1) A G ucious
external walls have a diameter that is comparable to the size
of the metal particle. Note that the internal tube radius cannot + Y( O nucleus-gad Tnucleus-surface” Tsurface-gabl) -
be smaller than the critical radius of the nucleus that is char-
acteristic for the experimental conditiofsee below. ;
In the third scenario, several nuclei precipitate on the sur@nd y=1/4m, we obtain

Vi AGycleust ¥( O nucleus-gad™ O nucleus-surface
m

Qc

- Usurface—gaL +et 4.50 =0,

from which we easily deduce

If we further consider only circular nuclei with=27r

face of the same metal particle, and increase in diameter until L B
they interact to form a tightly packed mosaic structure, o=~ (1 Qe/4.5)[ = (WVm)RTIN(X/X)
which can develop to form nanotube ropes. If the nucleation + (Onucleus-gad” Tnucleus-surface Usuﬁace_ga)s]—l_ (4)

frequency is high enough, the size of a single nanotube tends
toward a minimal value that corresponds to the critical radius In order to estimate the critical radius in the temperature
of the nucleus. range of 773—-1470 K, which is typical for the formation of
In the following we consider only the nucleation steps,catalytic carbon deposits, we use the following approxima-
and leave the kinetic aspects of nucleation for further analytions. opycieus-gas@Nd T'surface-gasC@n be taken as the specific
sis. Let us consider the simplest model of carbon nucleatiorsurface energy of the basal plane of graphitg,,, and of
The change in Gibbs free energy in the case of the formatiothe metal surfaceg e, respectively. Note that we do not
of a two-dimensional nucleusvith perimeter and height) specify the crystallographic index of the metal surface for
can be written & ometay DUt iNstead use the experimental values for the most
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stable surfaces under the corresponding experimental condi-, .., are not significantly affected by an increase of the
tions. o nycieus-surfacC@N be estimated as the specific surfaceiemperature. The melting point of pure iron and niclded12
energy of metal-graphite interaction, which depends on theind 1728 K, respectivelyand their carbides lie beyond the
work of adhesion of the graphite-metal system and is writtenemperature region typical for carbon fibers and nanotubes
as  Wag= Ographit Tmeta™ Tgraph-metai  NENCE  Ograph-meta  fOrmation (700—1500 K. However, the melting point of the
= Ograph™ Tmetar— Wag- With these approximations Ed4)  Fe-C and Ni-C eutectics lie in this region, and are equal to
becomes 1403 and 1584 K, respectively.
The existence of an “oversaturated” metal-carbon solu-
oo —(e+Q/4.5h) (5)  tion results from contacts of metal with carbon atoms that are
M —(h/Vm) RTIN(X/Xg) + (20 grapti~ Wag) less stable than graphitéor example, the atoms of carbon
vaporized in the arc discharge, or amorphous and “active”

Equation(5) expresses the dependence of the critical racarbon just after formation on the catalyst metal surface after
dius on the different reaction parameters. The radius denydrocarbon or CO decomposition reactiofihe upper limit
creases with increasing temperatur€),( with increasing of supersaturationx/x, was estimated in Ref. 32 from the
saturation coefficient of the metal-carbon solutioxp),  difference of chemical potentials between amorphous carbon
and with decreasing specific edge free energy Note that  and graphite as equal to 4. However, other estimations and
this criterion gives us a minimal value for the radius of theexperimental data on metal-carbon eutectics sHifiave a
carbon nucleus. Nuclei with smaller radii are not stable, bukignificantly smaller value x/x,~1.5—2). We therefore
nuclei with larger sizes can continue to grow. usedx/x,=2 in our estimation.

In our model, the carbon atoms at the edge of the nucleus Since near 1400-1500 K—and probably also at lower
differ from the central atoms. Each of the former is bondedemperatur®—metal particles can exist in a liquid state, the
with one metal atom and two carbon atoms, in contrast to thearbon content in the solution can be increased \Ahglis
latter that are bonded with three carbon atoms. The specifig|so changed. The values Wi, for transition-metal melts
edge free energy therefore determines the energy differ- are considerably higher than for the solid state. For iron and
ence required for the chemical bonding of the border atomgickel melts saturated with carbdgraphite, the work of

with the metal surface. The value efcan be estimated as gdhesion is equal to 2.2 and 1.8 3[maspectivel);f1 These
the difference between the enthalpies of formation of carbonyg|ues correspond to metal-carbon eutectics, with carbon

carbon and metal-carbon bonds, divided by the distance bgontents of about 17 at. %or Fe) and 10 at. %(for Ni).
tween two neighboring carbon atoms;.c, in the zigzag Note that for pure metals the values Wf,4 are 3.6 and
edge of a graphite sheet as shown on Fifn) 4for more 3.0 J/nf (for Fe and Ni, respectivelyand they decrease

detailed considerations, see Appendix B when the carbon content increasés.
Our numerical results for the critical radius of carbon
= AHum.c—AHcc nucleus as a function of reaction temperature are presented in
2Npfcc Fig. 3. Note that for the estimates of,; for solid metal

particles we have used a medium valueVéf,=0.1 J/nf.

Let us estimate numerically the critical radius given by The variation of this value within the range typical for solid
Eq. (5) for pure iron and nickel catalysts. The enthalpy of themetals (0.04—0.14 J/Ar does not change significantly the
carbon-carbon bond in graphite is equat-td73.2 kJ/mof®>  value of ro; (+3 A at a fixed temperatuye The critical
and the enthalpy of the metal-carbon bond for Fe and Ni igadius for a liquid metal particle is much smaller than for
equal to—245.2 and- 191.2 kJ/mol, respectiveff. The val-  a solid particle due to a much high,, for metal melts.
ues of the specific edge free energy are equal to 1.5%he change of the state of the particles occurs at tem-
X101 and 1.88<10 '° J/A for iron and nickel, respec- peratures close to the corresponding metal-carbon eutectic
tively. Note that the estimates efdepend on the values of temperatures.
the metal-carbon bond enthalpies used. There is a large The estimates obtained in Fig. 3 are in good agreement
spread for the values reported in the literature by differentvith the experimental data presented in Table | and repro-
authors depending on the calculation or experimentafluced in Fig. 3. The table summarizes the results reported in
methods®’~2° the literature on the relationship between the average diam-

The height of the nucleus), can be estimated by the eter of tubular carbon deposits, the nature of the metal cata-
interlayer distance in graphite (3.4 Aandrc.cis equal to lysts, and the reaction temperature. Based on these data one
2.5 A. The molar volume of graphite is 530 2* A3/mol.  can identify three separate temperature regions that corre-
The specific surface energy for the basal plane of graphitespond to three different types of carbon products. From 773
Tgraphe 1S 0.077 J/rh at 1243 K¥ The work of adhesion of to 993 K, fibers with diameters 250-1500 A are obtained.
graphite on the solid metal surfac®/,q, is in the range Multiwall nanotubes with inner diameters of 30—100 A are
0.04-0.14 J/m3 formed at 773-1373 K, and above 1373-1473 K single-

In fact, the value ofW,q and of the degree of carbon walled nanotubes with diameters 7—20 A are synthesized.
saturationx/xg, considerably change when the temperatureThis tendency coincides nicely with the variation of the criti-
increases from 700 to 1700 K because both parameteksal radius with the reaction temperature estimated from Eq.
strongly depend on the state of the metal-carbon mixturg5). For more clarity, we marked the values extracted from
(liquid or solid solution. Conversely, the values of and  the literatur&!3:3537:38:41-43.45-80, i 3 for Fe and Ni cata-
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determine the outer radius of the obtained deposit. Further-

more, the predicted decrease of tube diameter with increas-
T(eut.)Ni-C (1584K)

ing temperature is valid only for the nucleation step. At later
stages of the growth, the diameter may increase with the

r(crit) [A]

o
43 m

100 +

80 4+ T(eut.)Fe-C (1403K) F temperature, as predicted by other moBledsd verified
........................... experimentally>8
: : It is worth mentioning that the different temperature re-
i gions corresponding to the various deposits do not have pre-
cise boundaries, and that different types of products are
40+ formed depending on the reaction conditiGh8* A compari-
son of the critical radius calculated for liquid and solid metal
particles with the experimental data shows that the liquid
20 - ) : . .
. state is the most probable in the high-temperature region
--------------------------------------- Fe_c(melz'ff_'!ff_';f:b._?;,_ & n Whe_re SWNT formatio.n. is observed. The available data_ on
0 } p— 1 0 8l the influence of an additional promoter on the nanotube yield
600 800 1000 1200 1400 TIK]

is another argument in favor of the liquid state of metal-
carbon particled! The presence of promoters such as S, Bi,
FIG. 3. Dependence of the critical radius of the carbon nucleusr Pb increases the production yield of SWN{End also
on the reaction temperature according to E4). for Ni and Fe  modifies the diameter distributipmlue to a decrease of the
catalysts, along with values extracted from the literature for Fe angnelting point of the multicomponent systerfcatalyst-

Ni catalysts(marked k_)y circles and triangles, respectiyelyhe promoter-carbon as compared to the catalyst-carbon
number refers to the cited paper, and the letter to the type of deposﬁ’lixture

(m for multiwall ands for a single wall, respectively Note that for
multiwalled nanotubes and fibers the critical radius corresponds to The nature of the metal catalyst can also affect the value

the minimum possible value of the obtained radius. of r.it. The use of a metal characterized by a higher metgl-
carbon bond energy can lead to the formation of tubes with
lysts by circle and triangle symbols, respectively. smaller diameter. Different metals will show variations in the
Note that for multiwalled nanotubes and fibers, the criticalcarbon solubility as well as in the melting temperature of the
radius of the carbon nucleus corresponds to the minimunmetal-carbon mixtures. Obviously, further experimental data
possible radius of the innermost wall, and therefore does naire needed to better understand the influence of the metal

arc discharge
temperature

TABLE |. Summary of the results reported in the literature on the relationship between the type and
average diameter of tubular carbon deposits, the nature of the metal catalysts, and the reaction temperature.

Method of Catalyst T (K) Type of Diameter (A) Ref.
synthesis carbon deposit
arc discharge Ni, NiO >2273 SWNT 10-16 13
arc discharge L5 >2273 SWNT 18-21 16
arc discharge Ni/Y >2273 SWNT 12-17 35
arc discharge Y& >2273 SWNT 11-17 36
laser ablation Ph/Pd >2273 SWNT 6.8-14.3 14
CVD Fe 1373-1473 SWNT 16.9 37
laser ablation Ni/Co 1473 SWNT 13.8-20.0 6
CVD Mo/ Al ,Os, 1473 SWNT 10-50 38
Ni+ Co/Al,04
CVD Fe/Al,O; 1323 MWNT 50-150 39
SWNT ~15
CVD+ Ni 1023 MWNT d;,=30-100 40
laser ablation
CVD (Co, Fe, CW SiO, 973 MWNT d;,=40-70 41
CVD or zeolites
SWNT 10
CVD Fe 923-1073 MWNT d,,=50-80 42
CVD (Fe, Co, Ni, Cy/ C 773-1073 MWNT di,=30-100 43
or Sio,
CVD Fe, Fe/Cu, Fe/Si© 873 fibers 900-1600 21
CVD Co/Ni 873 fibers 240-280 44
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A flat nucleus nucleus with bent edge, bent part of ing is significantly less than that of the second type.
nucleus . . .
Q y Hence we consider that the strain energy arises only from
@ —> the second type of bending. The curved edge surface can be
described as the part of cylinder with radiRs- h and height
H=I [wherel is the perimeter of the nucleus, Figb#.

We propose that the strain is distributed within an arc
consisting of a six fold graphene ring band. The length of
this arc is approximately equal to 4.8 A. The bent part of the
nucleus is approximately equal to 1/4.5 of the cylinder. Ac-
cording to the continuum elasticity formaliéffor uncapped
cylinders of radiusk and lengthH, the total strain energy
compared with a flat graphene sheet is approximakgly
=QH/R,>?*whereQ, is constant and equal to 4.4 eV in

FIG. 4. Schematics of the deformation of the carbon nucleughe case of an uncapped cylindiSince in our model the
bonded to the metal surface. bending part of the nucleus can be estimated as 1/4.5 of the
cylinder, the strain energy of the nucleus can be written as
nature and impurities on the nucleation of carbon nanotube& = Q.l/4.5.
and we believe that our simple model may provide important

clues for future studies. APPENDIX B: ESTIMATION OF SPECIFIC EDGE FREE
ENERGY

IV. CONCLUSION o
The change in Gibbs free energy for the nucleus can be

We suggest that the stage of carbon nucleation on th@ritten as a combination of two partsiG,geus=AGiat
surface of the metal catalyst is common for all types of car-+ AG, dges Where AGyy and AGegges is the free-energy
bon deposits. The difference in morphology of the carborchange of the flat part of the nucleus and of the nucleus
deposits depends on the reaction conditions and on the natuggiges bonded with the metal surface, respectively.iff the
of the metal catalyst. A thermodynamic analysis of the inﬂu-tota| number of carbon atoms of the nucleus, aride num-
ence of different reaction parameters on the critical radius oper of edge atoms bonded with one metal and two carbon
the carbon nucleus was performed, allowing us to draw thtoms, N—n) is the number of central atoms bonded with

following conclusions. ~ three carbon atoms. Taking into consideration the®
(1) An increase of the temperature leads to the formation-AH—TAS,

of smaller nuclei, and finally to the formation of SWNTSs.
(2) The use of metals characterized by a higher metal- 3 3
carbon energy bond yields nanotubes with smaller diameters.A Gnucieus=5 (N=N)AHc.c— 5 (N=M)TASc.c+nAHcc
(3) SWNT growth is likely to proceed on liquid metal
particles. n n
(4) Elements that decrease the melting point of the +5AHN.c~NTAScc— 5TASyc
catalyst-carbon mixture and do not form stable compounds
with carbon at the reaction temperature also promote the fowhereAH.c andAH,_c are the enthalpies of formation of

mation of SWNTSs. a single graphite C-C and metal-carbon bonds, respectively,
and ASc.c and ASy,_¢ are the corresponding values of the
ACKNOWLEDGMENTS entropy of formationASc_c andA Sy, are comparable and

_ taken as equal to the value fep? carbon atoms due to
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n n
APPENDIX A:  ESTIMATION OF DEFORMATION AGhucieus= 5 NAHc.c=5NTASc.c— 5 AHc et 5AHMC
ENERGY
, : : n
To estimate the deformation energy, we consider a =NAGy+ E(AHM_C—AHC_C)

nucleus with a flat central part and a curved edge bonded to
the metal surface as a representative plausible geometry. The . . . . Y
edge is bent in each point in two perpendicular directions, 12kiNg |ntoAconS|derat|on thaN=y1"h/Vy, anAd that
We can thus take into consideration the strain energy cause,(ﬂ]/ 2)(AHy-c— H_C'C) can be e_xprgssed af(AHu.c

by the bending of the nucleus surface with two radii of cur- ~ AHc-0/(2rc.d=le, the change in Gibbs free energy can
vature.[Fig. 4a@)]. The first () is equal to the radius of the P€ Written as

nucleus. The secondr4) is constant and equal tb, the 12h
distance between the graphene nucleus and the metal surface. AGnucIeus:y_AG+ le.
The contribution to the strain energy of the first type of bend- Vi
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