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Abstract—The dynamics of carbon nanofilament growth from methane and butadiene-1,3 on Co-Zn/Al,0;
catalysts have been studied in the temperature range 500-750°C. The rate-limiting step in the growth of nanofil-
aments from butadiene is carbon atom diffusion through the bulk of the metal particle. In the case of methane,
the process is controlled by one of the stages of hydrocarbon decomposition on the metal particle. The structure
and morphology of the nanofilaments (composites) forming by the carbide cycle mechanism on fine zinc-pro-
moted cobalt particles have been studied by electron microscopy and X-ray diffraction. The morphology and
crystallographic properties of the nanofilaments depend on the ratio of the hydrocarbon decomposition rate
(which is determined by the nature of the hydrocarbon) to the rate at which carbon atoms diffuse from their
formation sites to the nanofilament formation sites (which is determined by the nature of the metal particle and
by the carbon diffusion coefficient in the particle bulk). The properties of the resulting carbon nanofilaments
can be controlled by varying the nature of the hydrocarbon to be decomposed and the reaction temperature and

by introducing another metal into the cobalt particles.
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In the last 20-30 years, there have been hundreds of
publications devoted to the methods and laws of the
synthesis of various carbon composites important to
practice. Technologies based on various formation
mechanisms have been suggested for obtaining these
materials [1].

The decomposition of hydrocarbons on fine parti-
cles of iron-family metals and their alloys with other
metals via the carbide cycle mechanism yields carbon
phases varying in morphology and crystallographic
features [2—4]. In most cases, these phases form
nanofilaments; in certain cases, they form other, more
complex structures.

In an earlier work [4], we considered two main
stages of the formation of the carbon phases. The chem-
ical stage includes the catalytic decomposition of the
hydrocarbon into carbon atoms on the “frontal side” of
a fine metal particle and the growth of carbon concen-
tration in the particle bulk up to saturation. The physical
stage includes graphite nucleation on the backside of
the particle, the diffusion of forming carbon atoms to
the nucleation centers, and, as a consequence, the
growth of the graphite phase. The morphology and
crystallographic properties of the resulting carbon
phase are mainly determined by second-stage condi-
tions and processes.

The metal particles on the ends of growing carbon
nanofilaments change their faceting and shape. When
the carbon growth rate is high, elongated metal parti-
cles are observed in nanofilament channels.

It follows from the totality of previous data [4] that
the properties of the resulting carbon phase are gov-
erned by the properties of the metal particle at the sec-
ond stage of the carbide cycle. The problem is learning
to control the properties of the metal particle and,
thereby, the formation of the carbon composite. The
most promising way of doing this is by adding another
metal to the iron-family metal particle in order to
change many of its properties and its behavior.

In a recent review [4], we considered the stepped
mechanism of carbon nanofilament and nanotube for-
mation. However, understanding only the general prin-
ciples of this process is insufficient for controlling it. It
is equally important to know its specific features arising
from the nature and composition of the fine metal par-
ticles. Elucidating these specific features would provide
a deeper and, possibly, much more correct insight into
the general principles. A theory that ignores or cannot
explain specific features is not comprehensive and has
no predictive force.

This work is concerned with cobalt, an iron family
metal that has received the least investigation. To facil-
itate the transformation of alloy particles, the cobalt
catalyst was modified with zinc (M), a low-melting
metal. The formation of carbon nanofilaments on
Co—M bimetallic catalysts is poorly understood, and
there is no information concerning Co—Zn catalysts.

The modifying effect of the second component was
demonstrated by adding small amounts of silver to
cobalt [5]. Adding 1% Ag to the Co catalyst increased,
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Fig. 1. Dynamics of carbon formation from (/) methane and
(2) argon-diluted butadiene-1,3 (C4Hg : Ar=1:75) on the
Co/Al,0O5 catalyst at 500°C.

by one order of magnitude, the yield of filamentous car-
bon resulting from the decomposition of ethylene at
600°C. Unfortunately, no convincing explanation has
been suggested for this effect.

The metals in the Co—Cu system interact strongly
[6, 7], although, according to the phase diagram, copper
is negligibly soluble in cobalt. Furthermore, copper
changes the morphology of filamentous carbon: the
ordinary, straight-line nanofilaments are replaced with
carbon deposits called octopuses, in which one cobalt—
copper particle initiates the growth of several filaments
in different directions. For the first time, this morphol-
ogy was observed with nickel-copper alloys [8-11].

There has been a study [12] of the synthesis of one-
walled carbon nanotubes in the presence of cobalt mod-
ified with Sn, Pd, Ru, Fe, Ni, W, and Pt. The yield of
nanotubes is reduced by Sn, Ru, Fe, and Pd and is
affected only slightly by W and Ni. The highest yield of
one-walled nanotubes was observed with Co—Pt cata-
lysts. These findings are purely empirical and provide
no insight into the mechanism of the modifying effect.

Here, we report the effect of zinc in Co—Zn bimetal-
lic particles on the formation of carbon nanofilaments
from methane and butadiene-1,3.

EXPERIMENTAL

Co—Zn/AlL,O; catalysts containing 10 wt % Al,O4
and 90 wt % (Co + Zn) were prepared by coprecipita-
tion from aqueous cobalt and aluminum nitrate and zinc
acetate solutions at pH 9.5. The Co/Zn atomic ratio was
32.3,9.0, 4.0, or 1.0.

The coprecipitated catalysts were dried at 120°C
and were then heat-treated in air at 330°C. Prior to the
experiments, the catalysts were heated in flowing
hydrogen to 550°C within 20-30 min. Before being
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brought into contact with air, the reduced cobalt-con-
taining catalysts were passivated in an argon flow
(80 1/h) into which oxygen (3 I/h) was introduced as
0.5- to 1.0-min-long pulses.

The formation of carbon from methane and butadi-
ene-1,3 was studied in a quartz flow reactor with a
McBain balance under zero-gradient thermal conditions
[13]. The sample weight was 0.01-0.05 g. The sensitivity
of the weight-measuring system was 1 x 10~ g. Weight
gain was calculated using the formula Am = (m(t) —
m(0))/my x 100%.

Methane was 99.92 vol % pure, butadiene was
98 vol % pure (the balance being butenes), and argon
was 99.7 vol % pure.

X-ray diffraction patterns were obtained on a D-500
diffractometer (Siemens) using monochromated Cuk|,
radiation (graphite monochromator in the reflected
beam).

Carbonized catalysts were examined by transmis-
sion electron microscopy (JEM-100CX microscope;
accelerating voltage, 100 kV; spherical aberration coef-
ficient of the objective lens, 2.8 mm; line resolution
capacity, 2 A). Carbon structures were carefully exam-
ined by high-resolution electron microscopy in combi-
nation with electron diffraction (JEM-2010 instrument;
line resolution, 1.4 A)

RESULTS AND DISCUSSION
Alumina—Cobalt Catalysts

After calcination at 330°C, the catalysts were solid
solutions of aluminum in Co;0, with a coherent-scat-
tering region of 80 A. During reduction at 550°C, this
solid solution separated to yield fine particles of cobalt
metal with a coherent-scattering region of 120 A. In
cobalt-rich alumina—cobalt catalysts, alumina stabilizes
the finely dispersed cobalt metal that results from
hydrogen treatment. Nevertheless, the coherent-scatter-
ing region grows upon the reduction of the sample
because of the partial sintering of Co. No reflections
assignable to alumina were observed in the diffraction
patterns.

Numerous stacking faults were observed in the
cobalt metal particles that resulted from the reduction
of the alumina—cobalt catalysts. These faults were most
likely to be due to cobalt having a microdomain struc-
ture with alternating cubic and hexagonal coherent
domains.

The formation of morphologically different carbon
structures from methane and butadiene-1,3 was studied
for the 90 wt % Co/Al,O; catalyst.

Methane and butadiene-1,3 differ in terms of carbon
formation dynamics on the Co/Al,O; catalyst (Fig. 1).
It is well known that most information is provided by
the initial kinetics, which characterize the process rate
not slowed down by reaction products. In the formation
of carbon from methane, there is an induction period
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Fig. 2. Electron micrographs of carbon nanofilaments obtained from methane on the Co/Al,Oj5 catalyst at 500°C: (a) morphology

and (b) structure.

followed by a marked increase in the reaction rate. As a
whole, the initial stage of carbon formation on the
Co/AlL,O; catalyst is slower for methane than for buta-
diene-1,3. This is due to the fact that these hydrocar-
bons differ in stability and decomposition rate. In view
of this, the hydrocarbons are apparently different in
terms of the rate-limiting step of carbon formation.

At 500-750°C, the rate-limiting step in the forma-
tion of carbon nanofilaments from unsaturated hydro-
carbons (butadiene-1,3 and acetylene) is the diffusion
of carbon atoms to graphite nuclei through the metal
bulk [4], as is indicated by the facts that the order of the
reaction with respect to butadiene is zero and the acti-
vation energy is 38 kcal/mol. In this case, the formation
of carbon atoms on the frontal side of a metal particle is
more rapid than the removal of these atoms by diffusion
transport to the backside of the particle. As a conse-
quence, the frontal side of the particle is coated with
excess carbon and the process is almost terminated
(Fig. 1, curve 2).

In the case of methane, the rate-limiting step is
apparently graphite nucleation at the early stages of the
reaction, which is followed by methane decomposition
on the cobalt metal surface. At the latter stage, the car-
bon deposition rate increases to reach its steady-state
value. The activation energy was determined from the
temperature dependence of the steady-state rate to be
12 kcal/mol. This value is thrice lower than the activa-
tion energy of carbon diffusion through cobalt bulk.

Differing in terms of carbon formation kinetics,
methane and butadiene-1,3 afford carbon nanofila-
ments with different morphologies. The nanofilaments
obtained from methane have the structure of stacked
coaxial cones (Fig. 2).
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By contrast, the decomposition of butadiene-1,3
yields coaxial cylindrical nanotubes throughout the
temperature range 500-750°C (Fig. 3). The diameter of
these nanotubes is equal to the diameter of cobalt parti-
cles determined by X-ray diffraction. The nanotube
diameter was 60 to 150 A at 500°C and 80 to 250 A at
750°C. The diameter of the empty channel is smaller
than the nanotube diameter by a factor of about 3. The
number of carbon layers in a nanotube varies between

Fig. 3. Electron micrograph of a carbon nanotube obtained
from a butadiene-1,3—argon (1 : 75 mol/mol) mixture on the
Co/Al,Oj5 catalyst at 750°C.
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Fig. 4. Electron micrograph of a carbon nanotube contain-
ing a metal particle in its channel. 7' = 750°C.

6 and 25. Some nanotubes contain metal particles in
their channel (Fig. 4).

Therefore, the formation of carbon phases by the
carbide cycle mechanism depends on the hydrocarbon
decomposed. Apparently, the morphology and crystal
structure of carbon composites depend on the ratio of
the hydrocarbon decomposition rate on the frontal side
of the metal particle and the rate of carbon atom diffu-
sion to the backside of the particle. In turn, this ratio
depends not only on the hydrocarbon but also on the
carbon diffusion coefficient in the bulk of the particle,
whose properties can be modified by adding various
metals.

Cobalt-Zinc System (Co—Zn/Al,0;)

We examined systems containing 3, 10, 20, and
50% Zn relative to Co. The catalysts with >50% Zn
show a much lower activity in the formation of carbon
nanofilaments, and it was of no interest to characterize
them by physicochemical methods. After precipitation
and calcination at 330°C, only a Co;0,-based solid
solution was identified by X-ray diffraction in the spec-
imens containing 3, 10, and 20% Zn and the specimen
containing 50 wt % Zn was amorphous to X-rays. After
hydrogen reduction at 550°C, the Co and CoO phases
were identified in the 3, 10, and 20% Zn specimens and
the same phases and ZnO were identified in the
50 wt % Zn specimen. The presence of CoO is
explained by the oxidation of cobalt metal upon the
passivation of the catalyst with oxygen at room temper-
ature. The size of a coherent-scattering region in the
cobalt particles is 120 A for the 3-10% Zn specimens
and 90 A for the 50% Zn specimen.

CHESNOKOYV et al.
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Fig. 5. Dynamics of carbon formation from methane at
500°C on the Co—Zn/Al,O5 catalysts. Zn content: (1) 0,
(2) 3, (3) 10, (4) 20, and (5) 50 wt %.

Carbonization of the Co—-Zn/Al,O; Catalysts
in Methane

The rate of carbon formation from methane
decreases as the zinc content of Co-Zn/AlL,O; is
increased (Fig. 5). This is explained by both a decrease
in the total Co content and a decrease in the Co concen-
tration on the active surface of the bimetallic particle.

However, the slowdown in methane formation is not
proportional to the decrease in the Co content because
of the formation of solid solutions of zinc in cobalt.
Indeed, as the zinc content is raised from 0 to 50%, the
unit cell parameter of cobalt increases by 0.01 A. This
does not lead to any significant changes in the morphol-
ogy of the carbon resulting from methane decomposi-
tion at 500°C. The carbon nanofilaments have a coaxial
cone structure like that shown in Fig. 2.

According to the Co—Zn equilibrium diagram, the
solubility of zinc in cobalt increases from 6 to 10 wt %
as the temperature is raised from 500 to 600°C.

Raising the methane decomposition temperature to
600°C was expected to strengthen the interaction
between zinc and cobalt. Indeed, examination of the
catalysts carbonized at 600°C has demonstrated that
zinc oxide undergoes extensive reduction at this tem-
perature to yield a new Co—Zn compound.

Figure 6 shows the X-ray diffraction patterns from
the Co—Zn/Al,O; catalysts coked to methane at 600°C.
The phase composition of the specimen obtained under
these conditions differs markedly from the phase com-
position of the Co—Zn/Al,O; catalysts obtained at
500°C. Apparently, a solid solution of zinc in cobalt
forms at a low zinc content (3—10%). At a zinc content
of 20-50%, zinc metal reacts with cobalt to yield a
cubic cobalt-zinc compound (space group Pm3m,
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Fig. 6. X-ray diffraction patterns from Co—Zn/Al,Oj5 cata-
lysts treated with methane at 600°C. Zn content: (/) 3,
(2) 10, (3) 20, and (4) 50 wt %.

a=3.768 A). As a consequence, as the zinc content is
increased, the intensity of the a-Co lines decreases and
the intensity of the reflections from the zinc—cobalt
compound increases. The Powder Diffraction File con-
tains no information concerning this compound. It is
possible that this compound is a Co—Zn intermetallide
or a Co—Zn carbide. The Co—Zn/Al,O; catalyst treated
with methane at 550°C has the same phase composi-
tion. Note that the hydrogen reduction of the
Co—Zn/AL,O; catalyst at 550°C does not yield a
cobalt-zinc compound.

Note that the phase composition of the bimetallic
particles forms during the growth of carbon filaments
by the carbide cycle mechanism, when the particles are
far from equilibrium. Therefore, in this case, the equi-
librium phase diagrams cannot serve as a reference in
the determination of the composition of these particles.

Such a particle is a dissipative system at dynamic
equilibrium. The directed flow of carbon atoms acts to
mix the components of the bimetallic particle, and a
new Co-Zn compound forms under nonequilibrium
conditions. The changes in the phase composition of
the Co—Zn/Al,O; catalyst affect both the carbon forma-
tion dynamics (Fig. 7) and the morphology of the
resulting nanofilaments. The rate of carbon formation
from methane decreases as the zinc content of the cata-
lyst is increased. Therefore, the Pm3m cobalt-zinc
compound shows a low activity in the formation of car-
bon nanofilaments.

The most interesting results were obtained with a
low-zinc Co—Zn/Al,O; catalyst. At the early stages of
methane decomposition, adding 3 wt % Zn to the
Co/Al,O; catalysts exerts no effect on the nanofilament
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Fig. 7. Dynamics of carbon formation from methane at
600°C on the CoZn/Al,0O3 catalysts. Zn content: (/) 0,
(2) 3, (3) 10, (4) 20, and (5) 50 wt %.

formation rate. However, this catalyst is rapidly deacti-
vated during the reaction. This deactivation is explained
by the fact that the small amount of zinc, a low-melting
element, markedly lowers the melting point of the alloy
particle without producing any significant effect on the
methane decomposition rate or on the subsequent diffu-
sion of carbon atoms through the bulk of the particle.
The small zinc admixture and the intensive carbon atom
diffusion through the particle bulk cause an additive
decrease in the melting temperature of the alloy parti-
cle. This results in radical changes in the structure and
morphology of the carbon nanofilaments. The coaxial
cone structure observed for Co/Al,O; is changed to a
metal-filled nanotube structure. Even the addition of a
small amount (3%) of zinc markedly affects the lability
of the alloy particle occupying the nanotube channel.

Apparently, raising the zinc content of the zinc—
cobalt alloy to 210% further decreases the melting point
of the dissipative bimetallic system. As a consequence,
the Co—Zn particles grow and aggregate into a sphere.
However, increasing the zinc content of the catalyst
reduces the diffusion flux of carbon atoms through the
Co—Zn particle and, accordingly, raises the melting
point. These changes in the properties of the Co—Zn
particles cause changes in the structure and morphol-
ogy of the resulting carbon nanofilaments. The carbon
nanotubes filled with metal to a considerable extent are
replaced with carbon nanofilaments with an octopus
morphology such that several nanofilaments with a
stacked structure grow out of one alloy particle (Fig. 8).

These changes in the nanofilament structure can be
explained based on our understanding of graphite phase
formation through hydrocarbon decomposition by the



Fig. 8. Morphology of filamentous carbon obtained from
methane on the (90% Co-10% Zn)/Al,O3 catalyst at
550°C.

carbide cycle mechanism. Apparently, the introduction
of Zn into Co substantially decreases the carbon atom
diffusion coefficient in the particle bulk. As a conse-
quence, the carbon atoms in the Co—Zn particle diffuse
to nearer (adjacent) faces, yielding nanofilaments with
a stacked structure.

A Co—Zn compound inactive in carbon formation
forms at a high zinc content of 20—50%. This is another
cause of the fact that the catalytic activity falls as the
zinc content of the catalyst is increased. The remainder
Co—Zn alloy particles give rise to octopus-like carbon
nanofilaments.

A more intensive carbon formation on the
Co—Zn/Al,O; catalysts is observed in the case of buta-
diene-1,3 diluted with argon to a molar ratio of 1 : 75.
In this case, the Co—Zn compound decomposes par-
tially to yield small Co particles, which then initiate the
growth of coaxial cylindrical nanotubes. The carbon
nanofilaments that form on the Co—Zn/Al,O; catalysts
at 500-750°C have the shape of a defective nanotube.

Thus, the actual dependences of the carbon nanofil-
ament structure on the composition of the Co—Zn cata-
lyst and on the methane and butadiene-1,3 decomposi-
tion temperatures appeared to be more complicated
than was expected. This is due to the fact that this struc-
ture depends on of a number of variables characterizing
the behavior of the dissipative bimetallic systems initi-
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ating the growth of carbon filaments by the carbide
cycle mechanism.

The above results demonstrate, by the example of
the Co—Zn/Al,O; system, how the morphology and
crystallographic properties of carbon composites can
be controlled by varying the nature of the hydrocarbon
to be decomposed and the carbon formation tempera-
ture and by introducing another metal into the fine iron-
family metal particles.
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