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Formation mechanism of single-wall carbon nanotubes on liquid-metal particles
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In this paper, we propose a mechanism for the formation of single-wall carbon nand&MWENT's)
focusing on the possible transition state when tube formation is initiated. The model explains the generation of
SWCNT'’s from carbon-metal plasmas as well as by the chemical vapor deposition technique. The model
qualitatively predicts the experimentally observed dependences of the diameters of SWCNT's on the experi-
mental parameters. It also explains why very high yields of SWCNT’s can be achieved with mixed metal
catalysts[S0163-1829)02039-1

[. INTRODUCTION carbon-metal arc dischar§é. This inspired us to take a
closer look at the similarities of the different production

The formation of nanoscopic tubular carbon fibrils by themethods of SWCNT's.
chemical vapor depositiofCVD) technique(decomposition
of carbon containing gases like carbon monoxide or hydro-
carbons on metal cataly$twas first reported in the 1956s.
The rapid improvement in the resolution of transmission The diffusion model is well established for the growth of
electron microscopes made it possible to demonstrate thAWCNT'’s from carbon containing gasésThe idea origi-
these fibrils are often multiwall carbon nanotubesnates from the vapor-liquid-solid mechanigMLS) for the
(MWCNT's). Using controlled atmosphere electron micros-formation of whiskerg? In this theory gaseous compounds
copy, Baker performed detailed situ studies of the growth are decomposed effectively on the surface of catalytic metal
of these fibrils and proposed a temperature driven diffusiordroplet. The resulting supersaturated liquid precipitates the
mechanism for their formatioh. solute continuously in the form of faceted cylinders.

In the last decade, new methods for the production of The most time consuming step for the formation of
bundles of single-wall carbon nanotub€&@WCNT's) have = MWCNT'’s on metal particles is the diffusion of the solute
been developed which are based on the covaporization dfom the decomposition site to the segregation site. This ex-
pure carbon and a metal catalyst either in an electric arplains why Bakeret al? found a remarkable correlation be-
discharg&° or by high power laser irradiatiol '3 The  tween the activation energies directly measured for the
models proposed for the formation usually start from thegrowth of the carbon fibrils and those for the diffusion of
carbon-metal gas phase. Open fullerene structures in thearbon through the corresponding metals. A diffusion
shape of half bowls are formed first. Metal clusters or atomsnechanism is also strongly supported by an experiment with
hinder the closure of the bowls and further carbon atoms oa nickel tube?® Methane was passed through the tube for one
units are incorporated, leading to tube growtf> Unfortu-  hour in a hot argon atmospher&= 1000 °C). Electron mi-
nately there is still little experimental support for these gascroscopy showed that after the reaction the inside surface,
phase theories, simply because direct studies are very diffivhich had been exposed to the hydrocarbon, was coverd
cult to undertake. These theories also do not predict thevith black amorphous carbon resembling soot, while the de-
change of the properties of the tubes as a function of th@osit on the outer surface was a gray multi-wall graphitic
experimental parameters used. skin.

However, in the last few years, SWCNT’s have also been With simple thermodynamic equations, Tibbetts has
generated with CVD techniqué8:!® The formation of the shown that carbon originated from natural gas and precipi-
SWCNT's by CVD certainly cannot be explained by a ho-tated from small particles forms MWCNT’s with inner diam-
mogeneous gas-phase reaction. The low temperatures of useters larger than 5 nfif. The tube outer diameter is deter-
ally 1000 to 1200°C in the CVD experiments do not allow mined by the particle size of the catalyst. The diffusion
for the evaporation of the metal catalysts. Recently, Hafnemodel also explains why the growth of MWCNT’s favors a
et al. reported the generation of SWCNT'’s by the catalytic certain metal cluster size of 2 to 100 rfmif the catalytic
decomposition of carbon monoxide and ethylene over aluparticle is too large, the diffusion length for the carbon is too
mina supported molybdenum and iron-molybdenum catalystlbong. If the particle is too small, the strain energy of the
at temperatures between 700 and 850°C. It was demorgraphitic tube with an appropriate diameter is too great.
strated that at these low temperatures SWCNT rather thaHowever, Tibbetts model is too static to describe the forma-
MWCNT growth occurred, when the carbon supply wastion of SWCNT’s(not known at that time
stricly limited to an unusual low levéf There is no agreement in the literature about whether the

In a CVD-type reaction we produced chains of multiwall carbides of the iron group take part in the formation of
carbon nanoparticles from fulleren&sChains of hollow MWCNT'’s. Cementide (F£C) and other iron carbides are
multiwall particles are also known to be a product of electricfrequently observed after the reaction of hydrocarbon or car-
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carbon particles float in the gas phase of the reactor. In the
arc discharge system many are attracted by the electric field
and form a deposit on the hot cathode. If these metal rich
particles on their carbon substrate are in a hot environment,
they can react with the gaseous compounds like stable and
unstable fullerenes or small amorphous carbon particles in a
CVD way. Fullerenes are a typical by product of carbon-
metal plasmas. Smoke particles were directly caught on
TEM grids at different distances from a carbon-metal plasma
by Saitoet al® Their investigation showed that small metal
particles were indeed formed first in the gas phase and then
SWCNT'’s grew from them.

At lower temperatures the situation is much more compli-

Carbon - metal liquid

Temperature

d

Carbon (Graphit), solid

/Q Metal rich solid

0 . . . 100 cated, as the metal-carbon mixtures are solid and can form
Atomic fraction of carbon in % . . .
various phases. Though carbides of these iron group metals
FIG. 1. Schematic carbon-metal phase diagram. are not thermodynamical stabte3? especially iron tends to

form metastable carbide phases. Therefore carbide particles
bon monoxide with iron catalysts-?’ The activities of iron as well as pure metal particles are generated in the arc dis-
catalysts seem to correlate with their carbide comt&Rure  charge method when the graphitic electrodes are doped with
cementite, however, does not promote the generation dfon group metal§.Their spherical nature indicates that they
nanofibers® The observed kinetics of the fiber growth also were in the liquid state before rapidly cooling down. It
rather support the idea of a diffusion through pure mekals.should also be noted that other metals like molybdenum form
So the observed increased activity of cementide containingtable carbides at moderate temperatures. In these cases, the
iron catalysts may be a result of the surface breakup of théarbides are certainly a central factor for the understanding
metal?® But the situation becomes even more complicatedf the formation of nanofibers.
because oxygen is usually also present during the reaction. To avoid all complications and effects which are related
The oxygen originates from the support material or is part oo carbides and oxides we restrict our following consider-
contaminant of the gaseous feedstdelg., carbon monox- ations to the more simple carbon-metal systems at higher
ide, aceton in methane or acetylén®xygen can produce temperatures in the absence of any oxygen contamination.
wustite (FeO),which is a very active catalyst for the forma-
tion of nanofiber$® A formation mechanism concerning
both the cementide as well the stide was proposed by

Stewartet al®® An increase of the activity of cobalt catalysts  The products of the plasma methods and the CVD tech-
by oxygen was observed by A. Fonseataal. They speculate  pique are identical, therefore it is reasonable to assume that
that the oxygen might have a positive effect on the surfacene formation processes are the same. This assumption is
properties -Ofo the metal particles and hinders theirsypported by another observation: The metal particles found
agglomeration. o in the product of the plasma experiméits’ have the same
We believe that the concept of diffusion through the par-sizes found to be active for the fiber formation in the CVD
ticle is basically correct for all kinds of carbon nanotube experimentd®24Also important for the understanding of our
growth. But in order to explain SWCNT's we find it is im- model is the following: High-resolution TEM pictures of
portant to concentrate more on the beginning of the tubgundles of SWCNT'’s show that the size distribution of the

IV. MODEL

: i1 16 . Ly . .
formation, an area also treated by H. [dial. tube diameters within the bundles is very narrot? This
implies that they have experienced similar growth condi-
IIl. CARBON-METAL PLASMA EXPERIMENTS tions. Therefore, it is likely that they grew at the same cata-

lytic site. The details of the growth model are presented in
Before presenting the SWCNT formation mechanism weFig. 2.
want to concentrate on the complex processes that occur out- (1) As explained earlier the starting point for the fiber
side the carbon-metal plasma by which SWCNT’s have beegrowth is most likely a small metal rich particle in contact
frequently generated: A first approximation is given by thewith a substrate. In the plasma methods the substrate is a
phase diagrams. The binary alloy diagrams of carbon witttarbon particle either floating in the gas phase or attached to
the standard single-metal catalystsckel or cobalt consist  the cathode in the case of the plasma arc method.
of simple eutectics, with a very limited solubility of the met- I the catalytic particle is big enoughand the carbon
als in the graphitic carbon phase. The high temperatiire ( supply is high® or there is not enough energy in the system
>1153°C) carbon rich part of the iron-carbon phase dia{explained latey; multiwalled growth takes place. Multiwall
gram shows similar characteristics. growth is usually obeserved at low temperatureg (
Considering the schematic diagraffig. 1) we expect <900°C), at which the metal does not melt and therefore
carbon-metal vapors to condense as liquids after leaving theannot change its shape. This situation is shown in the left
hot plasma. When a carbon rich melt is further cooled, aeaction path in Fig. 2.
metal-free carbon phase will be segregated. Finally, when the (2) Carbon containing gas moleculésg., hydrocarbons,
eutectic point is reached, a metal-rich phase and more carbdullerenes are exothermally decomposed on the surface of
is deposited on these carbon particles. These metal coatélde particle, resulting in the heating of this surface. The car-
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high carbon supply, high carbon supply, low carbon supply, orientation may also be of importance in the growth process.
:’ﬁ“ency ofkinetic dificiency of kinetic  high kinetic energy, Therefore, bidirectional growth can be observed in CVD
nergy, energy,

experiments>

At medium temperatures the metal is melted and the crys-
tal orientation is lost. This situation is shown in the middle
reaction path in Fig. 2.

(5) The exothermic nature of the decomposition of carbon
compounds, the lowered melting point because of the ab-
sorbed carbon, and the high-surface energy cause the metal
rich particles to melt at medium temperatures. Because of its
surface energy a droplet loses contact with the substrate and
the carbon containing gases can attack from all directions.
No cooler region exists for the initiation of fiber growth.

In our own experiments we observed that the temperature
for this process for small nickel particles is around 1000 °C
in an argon atmosphef8.However, the contact angle of a
metal is strongly dependent on the surface and adhesion en-
ergy between the metal and the substrate, which are in turn
dependent on the gas compositiriThis means the tem-
perature range can shift significantly. In CVD experiments
hydrogen often is an important component in the gas com-
position. A hydrogen atmosphere in general leads to a much

T < T2 < Ts

metal better wetting behavior, the contact angle of the metal on the

dark -> low temperature carbon substrate is strongly affected. Another way to avoid

light -> high temperature melting and loss of contact is to use a metal with a high
melting point.

(6) The high degree of supersaturation will eventually
cause spontaneous precipitation of carbon on all over the
surface of the metal-rich droplet. Encapsulated nanoparticles
result. Alternatively the reason for not forming any small

FIG. 2. Growth model for carbon nanostructures from the reaccaps and in this way SWCNT’s like i7),(8) may be again
tion of carbon containing gases with metal-rich particles on a cargye to the too fast growth of the graphitic sheet or the defi-
b_on substrate at different temperatures and carbon supply cond(ijency of kinetic energy.
tions. At higher temperatures the contact angles of metal drop-

lets on graphite decrea$®which will again increase the
bon is absorbed and diffuses towards the cooler region of theontact area. The situation in the high-temperature range is
metal near the substrate. For thermodynamic reasons leskown in the right reaction path in Fig. 2.
carbon can be dissolved in this cooler region than in the hot (7) At high temperatures the carbon is absorbed and pre-
area on the upper surfatke.The supersaturation on the cipitated as in2). But if the system contains enough kinetic
cooler side leads to the segregation of carbon atoms. Thegnergy, the graphitic plane is able to oscillate in respect to
move on the surface to combine and form a first graphitiche metal surface in such a way that a small cap is formed.
layer. If there is not enough kinetic energy in the system, thisThis cap formation is also assisted by the fact that bonds
layer will not bend to form a small cafY),(8) and continue fluctuate at such temperatures and the atoms are able to
to grow. Even if there is enough kinetic energy, it is very change their positions to form five membered rings. The cru-
unlikely that the layer, which is too big, will bend. The bend- cial step of the plane oscillation allows us to make qualita-
ing of the graphitic sheet7),(8) requires a coordinated tive predictions about the average tube diameter. This will be
movement of the carbon atoms away from the particle surdiscussed later in more detail.
face. For statistical reasons this movement is very unlikely if It is not clear if it is correct to also use the supply argu-
the sheet contains too many atoms. So in the case that tmeent for this high-temperature region. The experiments on
carbon supply is high, the graphitic layer will rapidly grow which this argument is based were done at lower tempera-
over the limit of statistical favorability. tures with catalytic metals which tend to form solid carbide

(3) More graphitic planes are generated, causing the prephases in that temperature rarfgé&levertheless, the idea fits
vious planes to bend. The bending of the graphitic planesvell in this model that a too rapid growth of the graphitic
stabilizes the unsaturatesp? orbitals at the border of the sheet would also sharply reduce the statistical probability of
graphene sheets by overlapping with the orbitals of thébending the sheet into a cap.
metal. (8) The bending of the graphitic plane stabilizes the un-

(4) This contact then serves as a crystallization seed fosaturatedsp? orbitals on the border of the graphene sheets
the following segregation of carbon. A cylindrical multiwall because of the overlap with the metal orbitals. The contact
growth is initiated. then serves as a crystallization seed for the subsequent seg-

It should be mentioned that we may have oversimplifiedregation of carbon. A single-wall growth is initiated. The
the growth of MWCNT's on a solid catalyst as the crystal strong binding forces between the border of the cap and the
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metal and the tubular growth hinders the bent graphitic planeffective energy for one carbon atoly;, in the graphitic
from further oscillation. The process€g) and(8) will also  sheet is approximately
occur on neighboring positions on the same particle. Because
the reaction conditions are similar, the diameters of the tubes (0.5k-T) (0.5k-T)
will be similar. A rope of SWCNT's with nearly identical Ekin~ Ac + Acy )
diameters starts to grow.

An alternative explanation for generating ropes is givenwhereT is the temperature in K ankl the Boltzmann con-
by P. Bernier’® He observed frequently that the tubes of astant. The area occupied by one carbon atom in a graphitic
bundle often do not end at the same place and concluded thgiheet Ac was calculated from the interatomic distance
the tubes grow individually and align later. This coagulation(d._.=1.42101° m) to be
idea might be also important to explain why multidirectional
growth of bundles of SWCNT’s on one metal particle can be Ac=2.44102° m?. 3
observed It is likely that metal droplets attached to bundles

of SWCNT's coagulate, forming a larger metal particle with  Assuming a cubic face-centered structure, we estimated

several associated bundles. the area occupied by one atom on the surfagg, of the
(9) The melt solidifies when the temperature drops belowmelt to be

the eutectic temperature of the system. Because much more

carbon can be dissolved in a melt than in a sdlithe extra Acu=[Xc-de_ct(1—Xe)-dy_u]? ()
carbon stored in the particle is segregated at once. This
closes the tips of the tubes and encapsulates the metal drop- Xe
let.

is the atomic fraction of carbon in the melt adg _
the interatomic distance of two metal atoms, which is ap-
proximately 2,3210 1% m for either cobalt, iron, or nickel.
V. DISCUSSION The work of bendingWg, needed to overcome the surface
fension rises with the degree of bending of the graphitic
step for the growth of SWCNT'’s, which is the oscillation of sheet: If on!y a Iit.tle more kinetic than adhesi.o.n energy per
atom is available in the system, a large graphitic sheet has to

the graphitic plane shown &3) in Fig. 2. It allows us to il the mini | | b hed with
qualitatively predict the experimentally observed depen-grOW untirtn€ minimum overiap angie can be reached with a
Irarger cap diameter. If the energy difference is large and

dences of the diameters of SWCNT’s on the experimental” 2.~ I
parameters. positive, the minimum overlap angle can also be reached

We believe that a certain angle—we will call it the mini- with a smaller sheet and tubes with smaller diameters will be

mum overlap angle—of the unsaturatep? orbitals on the formed.

edges f he raphilc.pane mis be reached 10 obtan 31 (S10WIG, e vantt eienine how e eree
significant stabilizing interaction with the metal orbitals. q y 9 '

Otherwise the plane will flatten out again and the graphiticwe change the catalytic metal or the formation temperature.

cap will not be stable for the amount of time needed to ini_F|rst some of the experimental results from other groups.

tiate tube growth. After the border of the cap has formed 1. Recently G,ucet al. reported that the average diameters
strong bonds to the metal and especially when a short tub%f th? SWCNT's .produ_ced by Iase_r abla_tlon of met_al—
has been formed, flattening out would require a huge amou raphite ngnpOSIteS increase  with  higher  ambient
of energy, which is not available. errzlpersatureh._ h hi f the di f

There are two forces that have to be overcome in order t W (.:NT?sraproI(;]ucSe doivr\: Sa ce:?tt)%grj]r-;rgstalgrctw(iath (ali?ma?ts(ﬁ)al?
bend the plane: The surface tension of the sheet and the wo Sp 7 . ; . '
of adhesion between the graphitic sheet and the metal. THEN. of hickel. She found that in the iron and nickel samples

kinetic energy in the system available for bending the plan Wf?i?t tilrjlbtis Wel;e I':n ﬂ:: lsmtwrl]Iar r\ll':mrge Ofn 067? LO 1d|0Cr)nn':nr
is proportional to temperatur€ and the size of the sheet. € € coball samp'e the average nanotube diameters

o e were larger and the distribution broader; most tubes had di-
The upper temperature limit for growth of SWCNT's is ap- . ! .
: ° : , ameters varying between 0.85 and 1.30 nm. When using
proximately 2000 °C. At higher temperatures SWCNT's are . ed metal catalyst the yield of SWCNT's increased

destroyed.” For avoiding complications with solid metal sharply. This was accompanied with large average diameters
phasese.g., cementidawe arbitrarily set the lower tempera- and especially broad diameter distributions. Similar results

ture limit to 1000 °C. - SR . .
Because very high yields of SWCNT's can be reachec{or the diameter distributions with the different metal cata-

B 9
with optimized reaction parametéef&!!the processes for the ystDsa\f[\;ezg tahlzo dirzggtt:rd dt?ay (asr?d?na(t:lés on the temperature and
tube formation must be very efficient. This means that the[h P P

. o e different metal catalysts in CVD experiments at high
effective average kinetic enerdgyy;,, stored per carbon atom :
ttgmperatures are not available so far.

on the carbon-metal interface in one degree of freedom mus . h ; iable for bendi
be greater than the work of adhesion per carbon atgmin To estimate the maximum energy available for bending
the planes we must know the adhesion enertfigg. We

the graphitic sheet: postulate that the adhesion energy of a metal-carbon droplet
o 0 towards graphite can be expressed as a simple linear addition
Exin—Wag¢>0. (1) . .
of the adhesion energies of the pure components carbon
As atoms from both sides of the interface contribute to thgWaq ) and metal Waq ) towards graphite according to
kinetic energy available for bending the graphitic plane, theheir atomic fractionX

In this section, we focus on the energetics of the crucial
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FIG. 3. Comparison of the kinetic and adhesion energies per FIG. 5. Comparison of the kinetic and adhesion energies per
area of an atomic carbon fraction ¥§=0.95 in the metal-carbon area of an atomic carbon fraction ¥t£=0.75 in the metal-carbon
droplet related to the bending process shown in Fi¢r)2 droplet related to the bending process shown in Fig7)2

_ adsorbed by the droplet even if the carbon atomic fractions
Wag=(1=Xc)Wagm+Xc-Wage - ®) Xc are very close to 1. This means that the valueXgris

One should have in mind that this is only a rough approxi-only dependent on the kinetics of the absorption and precipi-
mation of the real surface concentrations. It is known thatation reactions. As we have not calculated the kinetics, we
certain elements are enriched on the surfaces of metalan only estimateXc to be greater than théemperature
droplets®* This enrichment will also be strongly temperature dependentequilibrium value forX¢ of a carbon-metal drop-
dependent. let in contact with graphite. However, the carbon fraction

The temperature dependence of the adhesion energies wiust be lower than the composition originally evaporated,
the pure metal8V,q  cobalt, nickel or iron towards graphite since the polycrystalline graphitic carbon segregated above
was estimated from the data of Weisweiler and Mahad&van the temperature limit of approximately 2000 °C will most
by a linear inter- and extrapolation of the two or three datgporobably be partly inactive for the transformation into
points measured. This is a legitimate procedure as most thetubes?® During the growth of the tubes a further enrichment
modynamic surface properties have a wide linear temperasf metal takes place: While carbon is transformed into tubes
ture range. Data of the surface energy of liquid carbon waghe metal accumulates, if it does not encapsulated or leave
not available. Therefore, we used the adhesion energy of #he hot reaction region.
graphitic plane on graphite, which is two times the surface Figures 3—6 show the temperature dependence of the ad-
free energy of graphit€sg. In this way, we may slightly hesion and kinetic energies per surface area of one carbon
overestimate the real value for the adhesion energy of a gratom in the graphitic sheet for the metals cobalt, iron and

phitic plane on liquid graphite nickel of different atomic fractionX¢ of the carbon in the
liquid carbon-metal droplet calculated after the E33$—(6).
Wadc=2 Esc- (6) Figure 3 demonstrates that for high-carbon fractions the

. differences in the adhesion energies of the different melts
The temperature function of the surface free energy ofgrapt}-owards graphite are small compared with the part of the

ite Es g was obtained by a linear fit of the values given by kinetic energy available for bending the tubes. This means

Ab\rl?lza?]rizzﬁﬁtgxcc;g:ggllgtéh(tehg-Iie\:r?pl)lé:eréture function of thethat the diqmeters o_f the tubes would not vary.significantly i_f

atomic fraction of cobalt, iron, and nickel in a carbon—metalthe catalytic metal is change_d. Alslo we pred!ct that the fj"

droplet in equilibrium wiih fulierend: vapor at tempera. ameters of the tu'bes would shgh_tly increase with the reaction
P q 60 Vap b temperature. This system of high-carbon content does not

tures tzet\f/\/(feen 1000 an:j 230 C('RBf ngsti of _the larg ow the characteristics we expected from the experiments
amount of free energy stored @g, (Ref. ere is no orpentioned earlier.

equilibrium condition state at the reasonable pressures For the atomic fraction of approximately 0.88ig. 4) the
_5 . . . .
107> to 1 barCqo. Fullerenes will therefore not stop being difference between the metals becomes more apparent: For
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FIG. 4. Comparison of the kinetic and adhesion energies per FIG. 6. Comparison of the kinetic and adhesion energies per
area of an atomic carbon fraction ¥ =0.83 in the metal-carbon area of an atomic carbon fraction ¥t =0.50 in the metal-carbon
droplet related to the bending process shown in Fi¢r)2 droplet related to the bending process shown in Figr)2
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the lower temperature range below 1500 °C, the growth o¥ields of SWCNT's in the carbon-metal arc experiments, it is
nanotubes with larger diameters is expected for cobalt. Thebvious that cobalt is a much better catalyst than nickel or
higher amount of kinetic energy will yield smaller diametersiron.>"* In Fig. 2, we have shown that the contact between
when nickel or iron is used as a catalyst, as was experimerthe substratéamorphous or polycrystalline carboand the
tally observed.® The diameters are almost independent ofcatalytic droplet is very important. Cobalt has a better con-
the temperature that is not in accordance with the work otact over a much wider temperature range below 2000 °C.
Raoet all® This means that growth can be initiated at a larger surface
For the carbon atomic fraction from approximately 0.70area at greatly varying temperatures resulting in a widening
to 0.80 (Fig. 5), the difference between cobalt on the oneof the tube diameter distribution. This is also in accordance
side and nickel and iron on the other side remains the samaith the data from SeraphihBy mixing metals it is possible
Tubes with larger diameters are expected for cobalt, whildo dramatically increase the yield$** Good catalyst like
smaller diameters are expected for nickel or iron as catalystobalt:nicket=1:1 and cobalt:iror1:1 result in a very broad
as observed by Seraphinand Saito, Koyama, and diameter distribution, indicating very different reaction tem-
Kawabat& The diameters increase with temperature for allperatures in accordance with our model.
the metals we calculated, because the decreased amount of
kinetic energy will result in larger diameters. This is in good
accordance with the results of Rabal 3
The higher the metal content in the catalytic droplet, the We have proposed a model for SWCNT’s formation on
greater is the adhesion energy towards graphite. Therforenetal particles focusing on the free-energy situation of the
our model also predicts larger diameters of SWCNT's if apossible transition state when tube growth is initiated. The
larger amount of the metal is evaporated in the plasma exnodel predictions about the dependence of SWCNT'’s diam-
periments. It would be very interesting to do this experimentgeter on the reaction parameters are in good qualitative agree-
If the metal contents are very high, the kinetic energy mayment with the observations from other groups. It also ex-
not be sufficient to compete with the higher adhesion enerplains the high yields, which can be achieved with mixed
gies. In Fig. 6 it is demonstrated that there is no temperaturgetal catalysts.
above 1000°C at which SWCNT'’s can be formed if the
atomic fraction for cobalt is higher than approximately 0.50.
So no tubes are formed if too much metal is used in the
plasma methods. This work has been funded by the German Ministry of
A last remark is dedicated to describing the relative yieldsScience and TechnologfBMBF) under Contract No.
of nanotubes with different metal catalysts: Comparing thel3N6705 and from the SFB 337.

VI. CONCLUSION
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