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Thermodynamic analysis of nucleation of carbon deposits on metal particles and its implication
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 nanotubes~SWNTs!. The performed analysis allows us to conclude
that SWNT growth is likely to proceed on liquid metal particles.

DOI: 10.1103/PhysRevB.64.235401 PACS number~s!: 61.48.1c, 68.37.2d, 82.60.Nh
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I. INTRODUCTION

The formation of carbon filaments by the catalytic deco
position of carbon-containing gases on a metal surface
been known for a long time. Chemical vapor depositi
~CVD! has been used for at least four decades for the
duction of filamentous carbon by the decomposition of c
bon monoxide~CO! or hydrocarbons on metal catalysts.1–3.
During the past ten years methods for the production o
new type of carbon structures, namely carbon nanotu
have been developed. These techniques are based on th
evaporation of pure graphite and metal catalysts either in
electric arc discharge4,5 or by laser ablation.5,6 Subsequently,
the catalytic decomposition of CO and hydrocarbons o
supported catalysts was also successfully used for nano
synthesis. Using the aforementioned techniques, four cla
of fibrous carbon deposit have been produced, namely,
bon fibers, filaments, multiwall nanotubes~MWNTs! and
single-wall nanotubes~SWNTs!. The nanotubes have a
tracted great attention because of their unusual properties
numerous potential applications.7 However, the available
techniques allow only poor control over the growth of t
nanotubes, and yield numerous byproducts such as a
phous carbon, polyhedral carbon nanoparticles, and car
encapsulated catalyst particles. The separation of nanot
from impurities is a difficult task, mainly because the rea
tivity of the nanotubes is similar to that of the byproduc
and nanotubes may thus be damaged or destroyed du
purification procedures. An understanding of the format
mechanism of nanotubes is therefore crucial when desig
techniques for the controlled production of pure nanotu
material.

In order to understand better the phenomena involved
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the formation of different carbon deposits, here we prese
thermodynamic analysis of the carbon nucleation at a m
surface. This analysis is based on a consideration of
mechanisms involved in the catalytic formation of the diffe
ent forms of carbon, and on the conclusion that carbon nu
ation at a metal surface is a common step of these me
nisms. A flat saucerlike form for the initial carbon nucleus
proposed after an analysis of our results and published
perimental results. The thermodynamic analysis perform
allows us to estimate the influence of reaction parameters
the nucleation step, which is a crucial stage for the format
of different carbon deposits.

II. MECHANISMS OF FORMATION OF CARBON
DEPOSITS ON METAL PARTICLES

Various mechanisms have been proposed for the for
tion of filamentous carbon deposits. These mechanisms
be divided into several groups.

~1! In the first group, one can cite mechanisms whi
include a stage of carbon dissolution that is independen
the carbon source~hydrocarbon or CO decomposition, o
graphite vaporization!. Bakeret al., in 1972, suggested suc
a mechanism for the formation of filamentous carbon dep
its on isolated metallic particles by the catalytic decompo
tion of hydrocarbons.8 They proposed that temperature a
concentration gradients are the main driving forces for t
process. According to this mechanism, hydrocarbons dec
pose on the exposed surfaces of metal particles, leadin
the release of hydrogen as a gas and to the dissolutio
carbon in the particle. A temperature gradient results fr
overheating of part of the catalyst particle during the ex
thermal hydrocarbon decomposition reaction, and gives
©2001 The American Physical Society01-1
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to a gradient in the carbon concentration in the volume of
catalyst particle. The dissolved carbon diffuses through
particle and precipitates on the cooler surface of the m
particle. The diffusion of carbon through the catalyst parti
is believed to be the rate-limiting step in the growth
filaments.

Note that under the conditions encountered in the arc
charge and laser vaporization, a temperature gradient oc
due to the diffusion of the particles away from the hot zo
of the interelectrode plasma or of the vaporization plume
this case, the carbon precipitation is caused by the decr
in temperature, and hence in carbon solubility.

~2! The second group consists of mechanisms based
the diffusion of carbon at the surface of the metal parti
rather than on the bulk diffusion of carbon through the ca
lyst particle.9 Such a mechanism leads to the formation
deposits with diameters close to those of the metallic p
ticles. However, the surface diffusion of carbon structu
without dissolution of carbon in the metal particle see
improbable. For example, Krivoruchkoet al.10 observed by
in situ TEM that the interaction between iron particles a
amorphous carbon at 920 K results in the dissolution of c
bon and the migration of liquidlike metal particles with fo
mation of graphitic carbon shells.

~3! Some authors suggested that catalyst particles
part only in the tube initiation process.7 According to this
model, a metal particle initiates the formation of a prima
tube, which consists of prefect graphitic layers rolled cyl
drically around the metal particle. The thickening of the p
mary tube by carbon deposition on the outer surface of
tube proceeds without any further participation of the me
particle. Note that this mechanism can be realized only in
presence of free carbon atoms in the gasphase.

~4! For SWNTs, a growth mechanism was propos
where small metal clusters activate SWNT growth by mo
ing around the open tube tip and bonding carbon atoms f
the gas phase.11 This mechanism does not explain the form
tion of nanotube ropes, which are predominantly observe
SWNT deposits. Although it is possible that this grow
mode also takes place during the synthesis, its contribu
to the SWNT formation is probably negligible.

~5! A model for the formation of cylindrical layers aroun
a hollow core using a thermodynamic approach was s
gested by Tibbetts.12 In this model, graphitic planes are ela
tically strained to form a tree-ring structure. This gives r
to an extra elastic term in the considered free-energy eq
tion. However, according to this model the free-ener
change prevents the formation of carbon filaments with
inner radius smaller then 5 nm, and the synthesis of car
nanotubes of much smaller diameter cannot be explaine

In our opinion, such a thermodynamic approach is v
promising for the description of the growth of filamento
carbon deposits, but the model suggested by Tibbetts mu
extended to include the formation of the carbon nucleus.
suggest that carbon nucleation is a common and crucial
for the formation of all types of filamentous carbon depos
It determines the critical size of the carbon nucleus and t
the type of carbon deposit obtained, because the size o
tubes or of the graphite plates~in the case of filamentou
23540
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carbon! cannot be smaller than the critical size of the carb
nucleus.

When the critical radius of the carbon nucleus is cons
erably smaller than that of the metal particle and the satu
tion of the metal-carbon particles by carbon is sufficien
high, the formation of several nuclei is possible. These nu
can grow independently and can reach a size which allo
them to interact with each other. This interaction results
the formation of mosaic structures consisting of growing n
clei. ‘‘Sea-urchin’’ particles, which consist of SWNT rope
growing radially from metal or metal carbide particles enca
sulated in graphitic shells, in our opinion represent an
ample of such structures. The presence of such particles
demonstrated earlier,13–16 and we also observed these pa
ticles in typical soot samples obtained by the arc discha
method17 ~Fig. 1!. Note that on our TEM images the lengt
of the nanotubes extending from the particle is variable a
depends on the considered particle. This strongly sugg
that they represent different stages of SWNT growth, such
on Fig. 1~a! for the initial step~nucleation and growth of
short tubes!, Fig. 1~b! for an intermediate step~radial exten-
sion of the tubes!, and Fig. 1~c! for the final state~formation
of ropes of more than 1mm length!.

III. THERMODYNAMIC ANALYSIS OF FACTORS
AFFECTING THE CRITICAL RADIUS OF THE NUCLEUS

We suggest that at the beginning of the nucleation a
carbon atoms precipitate on the surface of carbon-satur

FIG. 1. High-resolution TEM images of ‘‘sea urchin’’ particles
~a! initial step of SWNT growth,~b! intermediate step,~c! and final
state. The SWNT samples were prepared by arc discharge bet
two graphite electrodes, one of which was filled with a mixture
Ni, Y2O3, and graphite powder~Ref. 17!. For structural investiga-
tion we used pristine soot samples without any purification tre
ment. The specimens were prepared by ultrasonic dispersion o
carbon deposit in ethanol, and subsequent application of a dro
the suspension on a holey carbon grid.
1-2
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metal particles. They combine into small structures with c
bon atoms arranged in hexagons, which transform int
graphene sheet bonded with its edges to the metal sur
~Fig. 2!. This form of the nucleus is most favorable becau
of the elimination of dangling bonds in the carbon clust
The nucleus grows with the addition of precipitating carb
atoms to the edges of the nucleus. Note that a similar st
ture was proposed by Tontegode and co-workers18,19 on the
base of their theoretical data. Furthermore, such flat car
nanoobjects, two layers in thickness, 45 Å of average dia
eter and located on the step edge of metal~Pd! terraces, were
observed and characterized recently by scanning tunne
microscopy.20 The exposed lower carbon layer of these str
tures was embedded in the surface plane of Pd, and pre
a ring-shaped atomic structure similar to a single grap
layer. After formation of the nucleus, the tube can grow
cording to several scenarios.

In the first scenario, the nucleus continues to grow, wh
results in the formation of graphitic sheets covering a sign
cant part of the surface of the metal particle. This growth a
the forthcoming exfoliation of the graphitic sheet induc
produces a variety of filamentous structures,21 with graphitic
sheets that are oriented at an angle or perpendicular to
fiber axis~called fibers or filaments!.

In the second scenario, new nuclei form under the prim
one, with edges that are bonded to the surface of the m
particle. The central part of this multilayered nucleus beg
to separate from the surface as soon as it reaches a cr
size that determines the diameter of the tubular deposit. T
scenario leads to the formation of a MWNT. Usually, t
external walls have a diameter that is comparable to the
of the metal particle. Note that the internal tube radius can
be smaller than the critical radius of the nucleus that is ch
acteristic for the experimental conditions~see below!.

In the third scenario, several nuclei precipitate on the s
face of the same metal particle, and increase in diameter
they interact to form a tightly packed mosaic structu
which can develop to form nanotube ropes. If the nucleat
frequency is high enough, the size of a single nanotube te
toward a minimal value that corresponds to the critical rad
of the nucleus.

In the following we consider only the nucleation step
and leave the kinetic aspects of nucleation for further an
sis. Let us consider the simplest model of carbon nucleat
The change in Gibbs free energy in the case of the forma
of a two-dimensional nucleus~with perimeterl and heighth)
can be written as22

FIG. 2. Schematics of the two-dimensional carbon nucleus
the surface of the catalyst metal particle.
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DG5
g l 2h

Vm
DGnucleus1g l 2~snucleus-gas1snucleus-surface

2ssurface-gas!1 l e1Estr, ~1!

whereg l 2 is the surface area of the nucleus,g is a geometri-
cal factor determined by the form of the nucleus, andVm is
the molar volume of graphite.DGnucleus represents the
change in free energy following the precipitation of 1 mol
carbon from the metal-carbon solution:

DGnucleus52RT ln~a/a0!52RT ln~x/x0!. ~2!

a0 anda are the carbon activities of the saturated and ac
solutions, respectively, anda/a0 is the saturation coefficien
of the solution. Correspondingly,x0 and x are the saturated
and actual molar content of the dissolved carbon, resp
tively, and x/x05a/a0. Finally, e is the specific edge free
energy~J/m!, s is the corresponding specific surface ener
(J/m2), and Estr is the strain energy that arises from th
bending of the graphene layer during bonding with the me
surface. It can be described using the continuum elasti
formalism23,24 ~see Appendix A!, and is in our case equal t
Estr5Qcl /4.5h, with Qc54.4 eV.23 Equation~1! can thus be
rewritten as

DG5
g l 2h

Vm
DGnucleus1g l 2~snucleus-gas1snucleus-surface

2ssurface-gas!1 l e1
Qcl

4.5h
. ~3!

The maximum ofDG as a function ofl corresponds to the
critical size of the nucleus, and is expressed from Eq.~3! as

dDG

dl
52l Fgh

Vm
DGnucleus1g~snucleus-gas1snucleus-surface

2ssurface-gas!G1e1
Qc

4.5h
50,

from which we easily deduce

l crit52~e1Qc /4.5h!~2@~gh/Vm!DGnucleus

1g~snucleus-gas1snucleus-surface2ssurface-gas!# !21.

If we further consider only circular nuclei withl 52pr
andg51/4p, we obtain

r crit52~e1Qc /4.5h!@2~h/Vm!RT ln~x/x0!

1~snucleus-gas1snucleus-surface2ssurface-gas!#
21. ~4!

In order to estimate the critical radius in the temperat
range of 773–1470 K, which is typical for the formation
catalytic carbon deposits, we use the following approxim
tions. snucleus-gasand ssurface-gascan be taken as the specifi
surface energy of the basal plane of graphite,sgraph, and of
the metal surface,smetal, respectively. Note that we do no
specify the crystallographic index of the metal surface
smetal, but instead use the experimental values for the m

n

1-3
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stable surfaces under the corresponding experimental co
tions. snucleus-surfacecan be estimated as the specific surfa
energy of metal-graphite interaction, which depends on
work of adhesion of the graphite-metal system and is writ
as Wad5sgraph1smetal2sgraph-metal; hence sgraph-metal
5sgraph1smetal2Wad. With these approximations Eq.~4!
becomes

r crit5
2~e1Qc/4.5h!

2~h/Vm!RT ln~x/x0!1~2sgraph2Wad!
. ~5!

Equation~5! expresses the dependence of the critical
dius on the different reaction parameters. The radius
creases with increasing temperature (T), with increasing
saturation coefficient of the metal-carbon solution (x/x0),
and with decreasing specific edge free energy (e). Note that
this criterion gives us a minimal value for the radius of t
carbon nucleus. Nuclei with smaller radii are not stable,
nuclei with larger sizes can continue to grow.

In our model, the carbon atoms at the edge of the nuc
differ from the central atoms. Each of the former is bond
with one metal atom and two carbon atoms, in contrast to
latter that are bonded with three carbon atoms. The spe
edge free energye therefore determines the energy diffe
ence required for the chemical bonding of the border ato
with the metal surface. The value ofe can be estimated a
the difference between the enthalpies of formation of carb
carbon and metal-carbon bonds, divided by the distance
tween two neighboring carbon atoms,r C-C, in the zigzag
edge of a graphite sheet as shown on Fig. 4~b! ~for more
detailed considerations, see Appendix B!:

e5
DHM -C2DHC-C

2NAr C-C
.

Let us estimate numerically the critical radius given
Eq. ~5! for pure iron and nickel catalysts. The enthalpy of t
carbon-carbon bond in graphite is equal to2473.2 kJ/mol,25

and the enthalpy of the metal-carbon bond for Fe and N
equal to2245.2 and2191.2 kJ/mol, respectively.26 The val-
ues of the specific edge free energy are equal to 1
310219 and 1.88310219 J/Å for iron and nickel, respec
tively. Note that the estimates ofe depend on the values o
the metal-carbon bond enthalpies used. There is a l
spread for the values reported in the literature by differ
authors depending on the calculation or experimen
methods.27–29

The height of the nucleus,h, can be estimated by th
interlayer distance in graphite (3.4 Å!, and r C-C is equal to
2.5 Å. The molar volume of graphite is 5.3310224 Å 3/mol.
The specific surface energy for the basal plane of graph
sgraph, is 0.077 J/m2 at 1243 K.30 The work of adhesion of
graphite on the solid metal surface,Wad, is in the range
0.04–0.14 J/m2.31

In fact, the value ofWad and of the degree of carbo
saturation,x/x0, considerably change when the temperat
increases from 700 to 1700 K because both parame
strongly depend on the state of the metal-carbon mixt
~liquid or solid solution!. Conversely, the values ofe and
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sgraph are not significantly affected by an increase of t
temperature. The melting point of pure iron and nickel~1812
and 1728 K, respectively!, and their carbides lie beyond th
temperature region typical for carbon fibers and nanotu
formation ~700–1500 K!. However, the melting point of the
Fe-C and Ni-C eutectics lie in this region, and are equa
1403 and 1584 K, respectively.

The existence of an ‘‘oversaturated’’ metal-carbon so
tion results from contacts of metal with carbon atoms that
less stable than graphite~for example, the atoms of carbo
vaporized in the arc discharge, or amorphous and ‘‘activ
carbon just after formation on the catalyst metal surface a
hydrocarbon or CO decomposition reaction!. The upper limit
of supersaturationx/x0 was estimated in Ref. 32 from th
difference of chemical potentials between amorphous car
and graphite as equal to 4. However, other estimations
experimental data on metal-carbon eutectics shifts33 gave a
significantly smaller value (x/x0'1.522). We therefore
usedx/x052 in our estimation.

Since near 1400–1500 K—and probably also at low
temperature28—metal particles can exist in a liquid state, th
carbon content in the solution can be increased andWad is
also changed. The values ofWad for transition-metal melts
are considerably higher than for the solid state. For iron a
nickel melts saturated with carbon~graphite!, the work of
adhesion is equal to 2.2 and 1.8 J/m2, respectively.34 These
values correspond to metal-carbon eutectics, with car
contents of about 17 at. %~for Fe! and 10 at. %~for Ni!.
Note that for pure metals the values ofWad are 3.6 and
3.0 J/m2 ~for Fe and Ni, respectively! and they decrease
when the carbon content increases.34

Our numerical results for the critical radius of carbo
nucleus as a function of reaction temperature are presente
Fig. 3. Note that for the estimates ofr crit for solid metal
particles we have used a medium value ofWad50.1 J/m2.
The variation of this value within the range typical for sol
metals (0.04–0.14 J/m2)31 does not change significantly th
value of r crit ~63 Å at a fixed temperature!. The critical
radius for a liquid metal particle is much smaller than f
a solid particle due to a much higherWad for metal melts.
The change of the state of the particles occurs at te
peratures close to the corresponding metal-carbon eute
temperatures.

The estimates obtained in Fig. 3 are in good agreem
with the experimental data presented in Table I and rep
duced in Fig. 3. The table summarizes the results reporte
the literature on the relationship between the average di
eter of tubular carbon deposits, the nature of the metal c
lysts, and the reaction temperature. Based on these data
can identify three separate temperature regions that co
spond to three different types of carbon products. From 7
to 993 K, fibers with diameters 250–1500 Å are obtain
Multiwall nanotubes with inner diameters of 30– 100 Å a
formed at 773-1373 K, and above 1373–1473 K sing
walled nanotubes with diameters 7 – 20 Å are synthesiz
This tendency coincides nicely with the variation of the cri
cal radius with the reaction temperature estimated from
~5!. For more clarity, we marked the values extracted fro
the literature6,13,35,37,38,41–43,45–50in Fig. 3 for Fe and Ni cata-
1-4
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lysts by circle and triangle symbols, respectively.
Note that for multiwalled nanotubes and fibers, the criti

radius of the carbon nucleus corresponds to the minim
possible radius of the innermost wall, and therefore does

FIG. 3. Dependence of the critical radius of the carbon nucl
on the reaction temperature according to Eq.~4! for Ni and Fe
catalysts, along with values extracted from the literature for Fe
Ni catalysts~marked by circles and triangles, respectively!. The
number refers to the cited paper, and the letter to the type of dep
(m for multiwall ands for a single wall, respectively!. Note that for
multiwalled nanotubes and fibers the critical radius correspond
the minimum possible value of the obtained radius.
23540
l
m
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determine the outer radius of the obtained deposit. Furt
more, the predicted decrease of tube diameter with incre
ing temperature is valid only for the nucleation step. At la
stages of the growth, the diameter may increase with
temperature, as predicted by other models6 and verified
experimentally.35,48

It is worth mentioning that the different temperature r
gions corresponding to the various deposits do not have
cise boundaries, and that different types of products
formed depending on the reaction conditions.39,41A compari-
son of the critical radius calculated for liquid and solid me
particles with the experimental data shows that the liq
state is the most probable in the high-temperature reg
where SWNT formation is observed. The available data
the influence of an additional promoter on the nanotube y
is another argument in favor of the liquid state of met
carbon particles.11 The presence of promoters such as S,
or Pb increases the production yield of SWNTs~and also
modifies the diameter distribution! due to a decrease of th
melting point of the multicomponent system~catalyst-
promoter-carbon! as compared to the catalyst-carbo
mixture.

The nature of the metal catalyst can also affect the va
of r crit . The use of a metal characterized by a higher me
carbon bond energy can lead to the formation of tubes w
smaller diameter. Different metals will show variations in t
carbon solubility as well as in the melting temperature of
metal-carbon mixtures. Obviously, further experimental d
are needed to better understand the influence of the m

s

d

sit

to
e and
perature.
TABLE I. Summary of the results reported in the literature on the relationship between the typ
average diameter of tubular carbon deposits, the nature of the metal catalysts, and the reaction tem

Method of Catalyst T ~K! Type of Diameter (Å) Ref.
synthesis carbon deposit

arc discharge Ni, NiO .2273 SWNT 10–16 13
arc discharge La2O3 .2273 SWNT 18–21 16
arc discharge Ni/Y .2273 SWNT 12–17 35
arc discharge YC2 .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/Al2O3, 1473 SWNT 10–50 38

Ni1Co/Al2O3

CVD Fe/Al2O3 1323 MWNT 50–150 39
SWNT '15

CVD1 Ni 1023 MWNT din530-100 40
laser ablation
CVD ~Co, Fe, Cu!/ SiO2 973 MWNT din540–70 41
CVD or zeolites

SWNT 10
CVD Fe 923–1073 MWNT din550–80 42
CVD ~Fe, Co, Ni, Cu!/ C 773–1073 MWNT din530–100 43

or SiO2

CVD Fe, Fe/Cu, Fe/SiO2 873 fibers 900–1600 21
CVD Co/Ni 873 fibers 240–280 44
1-5
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nature and impurities on the nucleation of carbon nanotu
and we believe that our simple model may provide import
clues for future studies.

IV. CONCLUSION

We suggest that the stage of carbon nucleation on
surface of the metal catalyst is common for all types of c
bon deposits. The difference in morphology of the carb
deposits depends on the reaction conditions and on the n
of the metal catalyst. A thermodynamic analysis of the infl
ence of different reaction parameters on the critical radiu
the carbon nucleus was performed, allowing us to draw
following conclusions.

~1! An increase of the temperature leads to the format
of smaller nuclei, and finally to the formation of SWNTs.

~2! The use of metals characterized by a higher me
carbon energy bond yields nanotubes with smaller diame

~3! SWNT growth is likely to proceed on liquid meta
particles.

~4! Elements that decrease the melting point of
catalyst-carbon mixture and do not form stable compou
with carbon at the reaction temperature also promote the
mation of SWNTs.
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APPENDIX A: ESTIMATION OF DEFORMATION
ENERGY

To estimate the deformation energy, we consider
nucleus with a flat central part and a curved edge bonde
the metal surface as a representative plausible geometry
edge is bent in each point in two perpendicular directio
We can thus take into consideration the strain energy cau
by the bending of the nucleus surface with two radii of c
vature.@Fig. 4~a!#. The first (r 1) is equal to the radius of the
nucleus. The second (r 2) is constant and equal toh, the
distance between the graphene nucleus and the metal su
The contribution to the strain energy of the first type of ben

FIG. 4. Schematics of the deformation of the carbon nucl
bonded to the metal surface.
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ing is significantly less than that of the second type.
Hence we consider that the strain energy arises only fr

the second type of bending. The curved edge surface ca
described as the part of cylinder with radiusR5h and height
H5 l @wherel is the perimeter of the nucleus, Fig. 4~b!#.

We propose that the strain is distributed within an a
consisting of a six fold graphene ring band. The length
this arc is approximately equal to 4.8 Å. The bent part of
nucleus is approximately equal to 1/4.5 of the cylinder. A
cording to the continuum elasticity formalism23 for uncapped
cylinders of radiusR and lengthH, the total strain energy
compared with a flat graphene sheet is approximatelyEstr
5QcH/R,23,24 whereQc is constant and equal to 4.4 eV i
the case of an uncapped cylinder.23 Since in our model the
bending part of the nucleus can be estimated as 1/4.5 o
cylinder, the strain energy of the nucleus can be written
Estr5Qcl /4.5h.

APPENDIX B: ESTIMATION OF SPECIFIC EDGE FREE
ENERGY

The change in Gibbs free energy for the nucleus can
written as a combination of two parts:DGnucleus5DGflat
1DGedges, where DGflat and DGedges is the free-energy
change of the flat part of the nucleus and of the nucl
edges bonded with the metal surface, respectively. IfN is the
total number of carbon atoms of the nucleus, andn the num-
ber of edge atoms bonded with one metal and two car
atoms, (N2n) is the number of central atoms bonded wi
three carbon atoms. Taking into consideration thatDG
5DH2TDS,

DGnucleus5
3

2
~N2n!DHC-C2

3

2
~N2n!TDSC-C1nDHC-C

1
n

2
DHM -C2nTDSC-C2

n

2
TDSM -C

whereDHC-C andDHM -C are the enthalpies of formation o
a single graphite C-C and metal-carbon bonds, respectiv
and DSC-C and DSM -C are the corresponding values of th
entropy of formation.DSC-C andDSM -C are comparable and
taken as equal to the value forsp2 carbon atoms due to
the similarities in the carbon coordination in both cas
We obtain

DGnucleus5
3

2
NDHC-C2

3

2
NTDSC-C2

n

2
DHC-C1

n

2
DHM -C

5NDGN1
n

2
~DHM -C2DHC-C!

Taking into consideration thatN5g l 2h/Vm and that
(n/2)(DHM -C2DHC-C) can be expressed asl (DHM -C
2DHC-C)/(2r C-C)5 l e, the change in Gibbs free energy ca
be written as

DGnucleus5
g l 2h

Vm
DG1 l e.

s
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