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Abstract—Theformation of active particles and their changesin the course of 1,3-butadiene decomposition on
aNi/Al,O; catalyst at temperatures from 400 to 800°C were studied by high-resolution electron microscopy. It
was found that carbon filaments of different types were formed at 400-800°C. The growth of thin filaments
(20-30 nm in diameter) takes place at 400-600°C on a conical Ni particle located at the growing end of the
filament, whereas di-symmetrical filaments 50-100 nm in diameter grow on biconical metal particles. As the
carboni zation temperature was increased to 700-800°C, graphite nanotubes 5-20 nm in diameter were formed.
It was found that the mechanism of formation and the structure of filaments are related to the state of catalyti-
cally active species, which consist of a solid solution of carbon in the metal. It is suggested that the metastable
surface nickel carbide Ni;C, _, is an intermediate compound in the catalytic formation of graphite filaments
from 1,3-butadiene. Upon termination of the reaction, the metastable Ni;C, _, microphase is decomposed with
the formation of hexagonal nickel microinclusions. Therole of epitaxy in the nucleation and growth of agraph-
ite phase on the metal is discussed. Models are presented for the growth of structurally different carbon fila-
ments depending on the formation of active metal species at various temperatures. Considerable changesin the
structure of carbon and the formation of nanotubes at 700-800°C are related to the appearance of a viscous-

flow state of metal—carbon particles.

INTRODUCTION

Recently, studies of various types of thin carbon fil-
aments obtained on catalysts that contain Ni, Fe, and
Co metals and their alloys have been receiving increas-
ing attention. Carbon filaments of the graphite structure
are formed in the decomposition of hydrocarbons, in
the disproportionation of CO, and in other reactions. It
was found that the growth of filaments on metal parti-
cles occurs by a carbide cycle mechanism [1, 2].
According to this mechanism, ametastabl e carbide-like
intermediate compound is produced on the decomposi-
tion of a hydrocarbon at the surface of an active parti-
cle. The degradation of this intermediate results in the
formation of carbon, which further diffusesthrough the
metal to the sites of crystallization into agraphite phase
with the morphology of filaments. As a rule, a metal
particle with a size of severa tens of nanometers is
arranged at one of the ends of a growing filament.
Available data indicate that at carbonization tempera-
tures of 400-600°C, active metal particles often exhibit
clearly defined faces and different faces fulfill different
functions in the main steps of the mechanism—the
decomposition of a hydrocarbon and the formation of a
graphite phase [2—7]. Data on the structural heteroge-
neity of active particles in catalysts and on the occur-
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rence of carbide phases, along with metals, in these par-
ticles were published [6, 7]. However, information on
the state of an active zone of the catalyst particle that
includes carbide-like compounds, which are intermedi-
atesin the formation of a carbon phase in the course of
hydrocarbon decomposition, and on the role of the
microstructure of this zone is almost absent.

Carbon filaments obtained on catalysts widely vary
in size, morphology, and structure [2-9]. Their length
ranges up to afew tens of micrometers, and their diam-
eters vary from tens to hundreds of nanometers. The
hexagonal graphite (002) layerstilted to the direction of
filament growth form the “fish-bone” filament structure
[9]. Layers perpendicular to the direction of growth are
detected in carbon filaments obtained by methane
decomposition on nickel—copper aloys. In these cases,
filaments with the “octopus’ structure of branched
graphite are formed [10, 11]. Recently, carbon fibers
with layers parallel to the direction of growth (nano-
tubes) have attracted particular interest. The most dis-
perse nanotubes are produced in a carbon plasma gen-
erated by an electric discharge or laser radiation
[12-14]. However, a great number of concomitant car-
bon products from fullerenes to amorphous carbon or
crystalline bulk graphite are formed in this case. The
catalytic production of nanotubes, as well as other fila-
ments, is preferable from the standpoint of controllable
target-oriented preparation processes.
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Fig. 1. Kinetic curves of carbon formation from 1,3-butadi-
ene at various temperatures.

Thiswork was devoted to the effect of the state of an
active particle (structure, morphology, and phase com-
position) on the mechanism of growth of carbon fila-
ments in hydrocarbon decomposition. These problems
were solved in a study of the formation of carbon fila-
ments from 1,3-butadiene on a highly dispersed
Ni/Al,O; catalyst by high-resolution electron micros-
copy (HREM).

EXPERIMENTAL

The mechanochemical activation of NiO and
Al(OH); powders was used for the preparation of
Ni/Al,0; catalyst samples. The reduction and carbon-
ization of a catalyst composed of 90 wt % Ni/10 wt %
Al,0; was performed in a reactor with the Mac-Ben
balance under gradientless conditions with respect to
hydrocarbon concentration in the reaction mixture. The
catalyst was reduced on heating in a hydrogen flow to
550°C for 2030 min; thereafter, the sample was cooled
or heated in argon to the required temperature of car-
bonization. The carbonization of the catalyst was per-
formed in 1,3-butadiene diluted with argon and hydro-
geninthe molar ratio C,;Hy : H, : Ar=2:40:75ina
temperature range of 400-800°C. The dilution with argon

Rates of carbon formation (w) on aNi/Al,O5 catalyst at various
carbonization temperatures and times

_ _ w, g C (g Cat)™ min™
Time, min
400°C 500°C 600°C 700°C
0 0 0.05 0.18 0.25
10 0.10 0.20 0.11 0.12
30 0.12 0.30 0.07 0.02
60 0.12 0.30 0 0
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and hydrogen was used for preventing the polymerization
and condensation of butadiene and for activating the
growth of filamentous carbon, respectively [2].

The samples after carbonization were examined on
a JEM-2010 high-resolution electron microscope with
alineresolution of 0.14 nm and an accel erating voltage
of 200 kV. A goniometer was used for obtaining images
from required crystal orientations.

RESULTS AND DISCUSSION

Figure 1 demonstrates the kinetic curves of carbon
formation from 1,3-butadiene at various temperatures.
Thetable summarizestherates of carbon buildup at dif-
ferent temperatures and carbonization times.

The catalyst was stable in operation at 400-500°C,
whereas its activity decreased to almost zero after 0.5 h
at higher temperatures (Fig. 1). In theinitial period, the
rate of carbon formation increased with reaction tem-
perature. However, & 600°C, a rate higher than that at
500°C was observed for only afew minutes (t < 10 min).
Thereafter, the rate of carbonization at 600°C dramati-
caly decreased. As the temperature was further
increased, the catalyst stability became lower. Carbon
grew most intensely at a temperature of 500°C. In this
case, the catalyst was relatively stable in operation for
several tens of hours with the resulting yield of carbon
of =10000 wt % relative to theinitial catalyst weight.

The activation energies of the process were deter-
mined. At 380°C, the activation energy is 96 kJmol,
which corresponds to the formation of nickel carbide
[2]. At carbonization temperatures of 400-600°C, the
activation energy of the process is 130-150 kJmol,
which is consistent with the activation energy of carbon
diffusion through nickel [15].

According to datafrom the electron microscope, the
initial uncarbonized catalyst reduced in hydrogen at
550°C consists of almost uniform nickel metal particles
isometric in shape with a particle size of 10-20 nm;
these particles are separated by the interlayers of alu-
mina particles. According to e ectron-microdiffraction
data, nickel exhibits a face-centered cubic (fcc) struc-
ture. However, active states of the metal are formed
during the growth of carbon filaments at temperatures
from 400 to 800°C; this processis accompanied by con-
siderable changes in the morphology, size, and struc-
ture of the metal particles.

Carbonization at 400-600°C resultsin the formation of
two types of carbon filaments 20-30 and 50-100 nm in
diameter, respectively. Figure 2 demonstrates the
micrograph of carbon filaments of these types. Thin fil-
aments are strongly curved, and an active nickel parti-
cleislocated at the end. Thisnickel particle exhibitsthe
morphology of atruncated drop or cone with the basal
plane faced toward the direction of filament growth
(Figs. 3a, 3b). Asarule, the diameter of the metal par-
ticleisequal to the diameter of the carbon filament, and
the length is 30-50 nm. The growth of a graphite phase
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as filaments occurs at the cone portion of the particle.
Asfollows from the HREM image in Fig. 3b, graphite
in the filaments exhibits a defect structure, in which the
(002) layers form cones arranged at 30°—45° angles to
the direction of filament growth (fish-bone structure).
At acarbonization temperature of 400°C, thin filaments
do not contain internal cavities, whereas an increase in
the temperature to 500-600°C resultsin the appearance
of hollow channels within filaments. These channels
contain rare carbon crosspieces of one or two graphite
monolayers. The channel diameter varied from 1/8 to
1/4 of the external diameter of the filament.

Thicker carbon filaments 50—-70 nm in diameter,
which are formed at 400-600°C, consist of two oppo-
sitely directed branches. Metal particlesare biconical in
shape, and they are located at the middle of the fila-
ments symmetrically with respect to the branches
(Fig. 48). The diameter of the metal particle corre-
sponds to the diameter of the carbon filament, and the
longitudinal dimension is 100-300 nm. The structure
of carbon filaments of this type is determined by the
biconical shape of the surface of metal particles, and it
is formed by graphite layers tilted to the direction of
growth (Figs. 4b, 4c). According to data from the elec-
tron microscope, the mass fraction of thin filamentsin
samples prepared at 400-600°C is approximately equal
to the fraction of thick filaments, and it remained
unchanged with carbonization time.

Only one type of carbon filaments was formed
at higher temperatures of 700-800°C. These are
extremely thin multilayer graphite nanotubes with
external diameters of 5-20 nm and hollow interna
channels 2-5 nmin diameter (Fig. 5). The graphite lay-
ers are amost parallel to the axis of the tube and they
are cylindrical in shape. Hollow channels measure
about 1/4 of the external diameter of a nanotube. Metal
particles located at the ends of the filaments are round
shaped. A portion of the metal is carried out to the hol-
low channels of the tubes as cylindrical inclusionsup to
10 nm long.

Figure 6 schematically depicts the types of metal
inclusion particles, their location in carbon filaments,
and the structures of filaments obtained at various tem-
peratures.

Note that low-activity nickel particles are formed
along with active particles in the decomposition of
1,3-butadiene. In these cases, composite reaction prod-
ucts, bulk metal particles (more than 100 nm) coated
with athick layer of carbon, are detected in the samples
(Fig. 5a). Thefraction of these particlesincreases asthe
reaction temperature is increased from 600 to 800°C.

The HREM images of catalysts carbonized at
400-500°C (Figs. 3b, 4b) are indicative of the struc-
tural heterogeneity of metal particles located in carbon
filaments. The greater part of the volume of particles
located at the ends of thin carbon filaments consists of
nickel with the fcc structure. The conical surface of
cubic nickd isin contact with carbon. The frontal flat
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Fig. 2. Carbon filamentsin a catalyst carbonized at 400°C.

surface, which is an active zone of the particle, is free
of carbon; the hydrocarbon decomposes at this surface.
The structure of the particle is changed near the frontal
surface; here, aflat inclusion of hexagonal nickel with
a thickness of about 3 nm was detected (Fig. 3b). The
determination of crystalline phases in such small-size
single inclusions by measuring the lattice spacings is
usually ambiguous. Therefore, we performed the com-
parative identification of hexagona and cubic nickel
maodifications by a comparison of experimental HREM
images with theoretically calculated patterns [16]. Fig-
ure 3¢ demonstrates the agreement between simulated
and experimental images. The direction [001] of hexa-
gona nickel coincides with the diagonal direction
[111] of cubic nickel, whichisoriented along the direc-
tion of growth of the carbon filament. In these direc-
tions, the atomic lattices of both of the nickel modifica
tions exhibit hexagonal symmetry and closely corre-
spond to each other (the interatomic distances are d, ;o =
0.249 nm and 2 x d,,, = 0.265 nm for cubic and hexag-
onal nickel, respectively). In the region of thetransition
from the hexagonal metal phase to the cubic phase, we
also detected polytwins of cubic nickel with the inter-
faces parallel to the frontal plane of the metal particle.

The active zones of biconical catalyst particles,
which were detected at 500-600°C, exhibit another
structure. Symmetrical carbon fibers 50-100 nm in
diameter grow at these particles. In this case, the uncov-
ered portions of the surface in the middle of the particle
(at the site of the passage of its plane of mirror symme-
try) are active in hydrocarbon decomposition. Accord-
ing to data from the electron microscope, particles of a
hexagonal nickel microphase were detected at these
sites; these particles circularly surround a biconical
particle (Fig. 4b). The HREM images clearly demon-
strate the crystal lattice of microphase particles having
the polycrystalline structure. The lattice spacings mea-
sured from the HREM micrographs (d,: 0.23, 0.22, and
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Fig. 3. Ni/Al,O4 catalyst carbonized at 400°C. (&) Thin carbon filaments 20-30 nm in diameter containing a teardrop-shaped nickel
particle at the end. (b) The structure of a carbon filament and a metal inclusion particle. (c) The magnified framed fragment of the
HREM image in Fig. 3b. Insets: smulated images of the atomic structures of hexagonal nickel [100] (top) and cubic nickel [110]
(bottom), which correspond to the images obtained with an electron microscope.

0.20 nm) correspond to the hexagonal modification of
nickel.

It is of interest to consider contact zones between
conical metal surfaces and carbon for elucidating the
mechanism of graphite crystallization at the surface of
a metal particle. A study of metal—graphite interfaces
demonstrated that the metal surface here exhibits both
smooth conical portions denoted by A in Fig. 4c and
irregularitiesor stepsby B, which are usually no greater
than 1 nmin height. As arule, the smooth portions are
formed by vicinal planes (i.e., different in orientation
from the main singular faces); however, they often rep-
resent the (111) crystal faces of fcc nickel.

Graphite contacts the smooth conical surface of a
metal particle through basal planes so that the graphite
(002) layers are almost paralel to the metal surface.
This arrangement of graphite layers is responsible for
the formation of a filament structure as the embedded
cones of graphite monolayers (fish-bone structure). It is
well known that the fcc metal (111) planes and the
graphite (002) planes exhibit the same hexagonal sym-
metry, and interatomic distances in the hexagonal lat-

tices of nickel (d,;, = 0.249 nm) and graphite phases
(2 x dy;o = 0.246 nm) are almost equal. Evidently, the
similarity of structural parameters is favorable for the
appearance of epitaxia contact regions of graphite on
nickel.

Figure 4b demonstrates the HREM image of the
boundary of graphite with a biconical metal particle. It
follows from the image that another type of graphite
epitaxy on nickel takes place at the steps of the conical
surface of the particle. In this case, the ends of the (002)
planes rather than the planes are in contact with the
metal at the steps of the conical surface of the particle.
In this situation, a prerequisite to epitaxy is the close
correspondence of the interlayer parameter dy, =
0.34 nm of graphite to the doubled parameter d,,, =
0.175 nm of the metal (0.175 nm x 2 = 0.35 nm); that
is, for two metal (100) layersthereis one graphite (002)
layer.

Thus, epitaxial conditionsfor the growth of graphite
occur at both the flat (111) faces of fcc nickel and the
steps of the (100) planes on the conical surface of the
metal. It iswell known [17] that the epitaxy of related
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phases decreases the interfacial energy and facilitates
the epitaxia growth of the growing phase.

According to HREM data, after carbonization at
700-800°C, cubic nickel particles were also located at
the ends of nanotube filaments and within their hollow
channels. Thisis evident from the lattice spacings that
correspond to this phase (d,: 0.205 and 0.175 nm). Hex-
agonal inclusions were not detected in these particles.
The frontal surface of ametal particle is open, and the
opposite surface is in contact with the edges of the
graphite (002) layers of nanotubes (Fig. 5¢).

Thus, wefound that carbon filaments, which are sig-
nificantly different in size, morphology, and structure,
are formed by the decomposition of 1,3-butadiene on
dispersed Ni/Al,O; catalysts within a temperature
range of 400-800°C. These differences in properties
resulted from changes in the states of catalyst metal
particlesincorporated in the filaments. We consider the
appearance of these active states from the standpoint of
the mechanism of formation of carbon filaments. Previ-
ously [1, 2], acyclic carbide mechanism of the growth
of carbon filaments from hydrocarbons on iron-sub-
group metal particles was schematically presented as
follows:

; |
Ni &, |Ni—C| + H, —» Ni + C + graphite..

According to this mechanism, an unstable carbide-
like state [Ni—C|, which appearsin hydrocarbon decom-
position, decomposes to the metal and carbon, and car-
bon atoms entering the bulk metal form a supersatu-
rated of carbon in the metal. When a critical supersatu-
ration was attained, the nuclei of the graphite phase
wereformed at specific sites of the surface of metal par-
ticles and graphite filaments began to grow. The mass
transfer of carbon occurred by diffusion through the
bulk particle under the effect of a carbon concentration
gradient. This diffusion was directed from the particle
surface site active in hydrocarbon decomposition to the
sites of the growth of a graphite phase. The agreement
between the activation energy of reactions and the acti-
vation energy of carbon diffusion through the metal
(E, = 130-150 kJ/mol) demonstrated that the diffusion
of carbon is the rate-limiting step of the formation of
filaments from 1,3-butadiene on aNi/Al,O; catalyst at
400-500°C. Below 400°C, a phase of the nickel car-
bide Ni,C isformed (E, = 96 k¥mol).

It follows from electron microscopic data that hex-
agonal nickel microphase inclusions, which are struc-
turaly different from the bulk of the particles, are
located at the active sites of the surface of catalyst par-
ticles removed from the reactor. It is necessary to
explain the reason why the hexagonal modification of
nickel was detected, although it is well known that the
cubic metal is more stable at temperatures higher than
380°C [19, 20].

It is well known that the ideal crystalline phase of
Ni;C isinactive in the decomposition of hydrocarbons
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Fig. 4. Ni/Al,O5 catalyst carbonized at 500°C. (&) Thick

carbon filaments consisting of two branches. The metal par-
ticle exhibits a symmetrical biconical shape, and it is
arranged symmetrically with respect to the two branches of
the filament. (b) The HREM micrograph of the active zone
of ametal particle and epitaxial contact between the metal
and a graphite phases (magnified framed fragment of
Fig. 4a). (c) The contact between graphite and the uneven
surface of aconical metal particle: (A) planes (002) are par-
alel tothemetal surface; (B) the edgesof graphitelayersare
in contact with the metal.

[1]. The hexagona carbide Ni;C has a sublattice of
metal atoms, which is almost identical to the lattice of
hexagonal nickel metal [19, 21], and carbon atoms in
the carbide occupy athird of the octahedral voidsinthe
metal sublattice. Ni;C is unstable, and it decomposes
into the hexagonal metal and carbon even at 400°C
[20]. Thus, the formation of a metastable carbidelike
compound on the open surface of a metal particle
should be expected in the reaction with a hydrocarbon
at temperatures higher than 400°C. This carbide-like
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Fig. 5. Ni/Al,O5 catalyst carbonized at 750°C. (a) Nanotubes and coarsely dispersed graphite. (b) The structure of a nanotube with
the graphite layers (002) arranged in parallel with the axis of the tube. (c) Location of ametal inclusion at the end of the nanotube.

compound with a metal-to-carbon ratio closeto 3: 1is
the nonstoichiometric defect nickel carbide Ni;C, _,.
The carbide-like microphase occupies avery small vol-
ume, and its dimensions depend on a balance between
the rates of its formation in the reaction of the hydro-
carbon with the metal and of decomposition into the
metal and carbon. Carbon that appearsin the decompo-
sition of the unstable carbide forms a supersaturated
solution of carbon in the metal.

The carbide-like microphase of Ni,;C, _, can occur
only under nonequilibrium conditions of a chemical
reaction, and the termination of the reaction resultsin
the degradation of this microphase. After the reaction,
nickel metal in a hexagona modification remained at
the site of microphase location near the frontal surface
of the particle, whereas the cubic metal resided in the

bulk of the particle. Carbon was present in the metal in
adissolved form.

The hexagonal and cubic packings of the metal con-
sist of identical closely packed flat hexagona atomic
layers, and they only differ in the sequence of alternat-
ing layers: ABCABC... or ABABAB... in the cubic or
hexagonal packing, respectively. Aswefoundin [4, 5],
the structural similarity of flat atomic layers is favor-
able for the epitaxy of phases, as well as for polytypic
transitions and twinning in nickel particles. Such struc-
tures were observed near the frontal surface of tear-
drop-shaped metal particles of size 20-30 nm in cata-
lyst samples carbonized at 400—-600°C. The structure of
the particle becomes more regular as the distance from
the frontal surface increases, and the tail end contains
no visible defects.

KINETICS AND CATALYSIS Vol. 42

No. 6 2001



THE RELATIONSHIP BETWEEN THE STATE OF ACTIVE SPECIES

The data from the electron microscope demon-
strated that the interaction with the hydrocarbon at
400-800°C results in the appearance of active metal
states and in considerable changes in their morphol og-
ica and structural properties. Self-organization phe-
nomena occur in the labile metal—carbon system; these
phenomena manifest themselves in the formation of
metal particlesthat are optimal for the growth of carbon
filaments of different sizes and structures. During the
growth of a filament, the formed graphite planes dide
over the metal surface, and the transfer of nickel atoms
in the direction of the diffusion flow of carbon atomsis
intensified [2]. As aresult, the particle is stretched and
a conical surface is formed whose vertex is facing away
from the direction of filament growth. The metd particles
shaped like a truncated cone are about 20 nm in size,
whereas the size of biconical particlesis 50-100 nm. The
metal particle size completely determinesthe diameters
of carbon filaments that originate from this particle. In
the case of asmall particle, atomic carbon diffusesfrom
the face where 1,3-butadiene decomposesto the conical
surface where the graphite phase is formed. In the sec-
ond case, thicker filaments can be formed on biconical
particles because agreat number of hydrocarbon degra-
dation centers occur at the entire periphery of the bases
of adjacent cones. Carbon simultaneously grows astwo
symmetrical branches from the opposite sides of the
catalyst particle. This shortens the diffusion distances
of carbon atoms from the sites of hydrocarbon decom-
position to the sites of crystallization into a graphite
phase, as noted in [4, 5], for the growth of filaments on
Ni—Cu/AlL,O; and Ni—Pd/Al,O, catalysts.

We explain the lability of particles by the appear-
ance of viscous-flow properties, which are similar to
the properties of liquids, in solid particles. Evidently,
the metal particleis heated because the heat of conden-
sation is released when carbon atoms pass from a solu-
tion in the metal to agraphite phase. However, asimple
calculation demonstrates that this heating is insignifi-
cant and the temperature increases by only a few
degrees Celsius [22]. The formation of a labile stateis
facilitated by the enhanced ability of crystal lattice
atomsto migrate (self-diffusion). This ability is associ-
ated with the fact that, under nonequilibrium reaction
conditions and at a high carbon concentration in the
metal, fast carbon transport through the crystal leadsto
strong nonthermal atomic oscillations in the metal |at-
tice[3, 15].

In connection to this, the appearance of coarsely dis-
persed metal states along with active species at carbon-
ization temperatures of 600-800°C can be explained by
the fact that the lability properties of the system of par-
ticlesare more pronounced at high temperatures. In this
system, the agglomeration of particles and the transfor-
mation of a portion of the metal into a coarsely dis-
persed state even occur in the induction period of the
reaction. In this case, bulk metal particles (greater than
100 nm) covered with athick carbon layer are formed.
These states are inactive because the appearance of
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Fig. 6. Types of nickel metal particles in carbon filaments
and the orientation of graphite layers at the sites of contact
with the metal surface: (a) metal particle at the end of afil-
ament with the fish-bone structure; (b) metal particle at the
middle of symmetrical filament brancheswith the fish-bone
structure; (c) metal particles at the end of a nanotube and
within its hollow channel; and (d) graphite growth at the
stepped conical metal surface tilted to the direction of fila-
ment growth; V3 isthe velocity of filament growth, V, isthe
component of the velocity of graphite formation perpendic-
ular to the conical surface, and V, is the tangential compo-
nent.

high carbon concentration gradientsin bulky metal par-
ticles and the transport of carbon to the graphite-phase
nucleation sites are impossible.

In astudy of theinteraction of graphite with the sur-
face of nickel particles, wefound that, in addition to the
location of the closely packed graphite (002) layersin
paralel with the metal surface, graphite grows at the
surface steps, contacting with them at the edges of the
(002) layers (Fig. 6¢). This alows us to explain why
carbon filaments grow on the metal surfacestilted to the
direction of growth (velocity vector V;, Fig. 6d).
Indeed, the notion of carbon growth due only to the
addition of a number of graphite layers in stacks can
explain the growth of carbon only perpendicularly to
the metal surface (V,). The growth of graphite (002)
layerson the side of their edges at the steps of the metal
surface explains the appearance of the tangential com-
ponent V, of the velocity of graphite-phase growth and
the agglomeration of layers into a graphite filament,
which remains behind the metal particle in the growth
of filaments with the fish-bone structure (400—-600°C).

In the growth of nanotubes with parallel carbon lay-
ers (600-800°C), the epitaxial growth of graphite con-
tacting with the metal surface at the edges of the (002)
layers is predominant (Fig. 6¢). In this case, after the
formation of graphite layers, they slide over the cylin-
drical surface of the metal particle and separate from
the metal particle with the formation of a carbon nano-
tube. We detected no traces of a carbide-like compound
microphase in the samples prepared at 700-800°C. Of
course, the decomposition of the metastable phase of a
carbide-like compound becomes predominant in a bal-
ance between the rates of formation and decomposition
at high reaction temperatures. It is believed that reac-
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tion intermediates like Me,C, occur on the active metal
surface at these temperatures only in molecular form,
they cannot be detected using an el ectron microscope.

It is not improbable that such dramatic changes in
the properties of carbon filaments and metal particles at
reaction temperatures of 700-800°C are associated
with the fact that, at these temperatures, the fluidity of
active metal—carbon particles (size of 5-20 nm) is con-
siderably enhanced. Thefluid properties of the particles
approach the properties of liquids at temperatures much
lower than the melting temperature of the eutectics of
carbon with the metal [22, 23]. Direct evidence for a
change in the state of aggregation of the particles can
only be obtained with the use of in situ high-resolution
€l ectron microscopy.
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