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Synthesis of carbon nanostructures on the Fe—Mo catalysts
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Carbon nanostructures were synthesized by the pyrolysis of an CH4—H2 mixture. The
synthesis was carried out on the Fe—Mo catalysts supported on the SiO2 surface by high�
frequency diode sputtering or chemical deposition from a solution of a heterometallic
carbonylchalcogenide complex. Structure features of the formed carbon nanostructures af�
fected by the size of catalytic particles, temperature of the process, and composition of the gas
mixture were revealed. The presence of sulfur in the catalyst composition results in the forma�
tion of nanofibers with the bamboo�like structure.
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Carbon nanostructures (CNSs) with regular arrange�
ment on the support find wide practical use, for instance,
in molecular electronics.1 An efficient method for syn�
theses of similar materials is the pyrolytic decomposition
of various hydrocarbons on catalyst particles supported
on a carrier (support).2,3 The structure and properties of
carbon nanofibers (CNFs) and nanotubes (CNTs) formed
in these processes depend substantially on the catalyst
nature, temperature of the synthesis, and composition of
the gas mixture,3—5 as well as on the size of particles
determined by the conditions of catalyst preparation.6

However, the directed synthesis of carbon nanomaterials
with desired structures and required physicochemical
properties is of prime importance for the practical use of
carbon nanomaterials. The use of supported catalysts or
introduction of different additives into the catalyst com�
position favors the selective formation of the target prod�
uct7—9 and an increase in its yield. For example, it is
known10—12 that a Mo additive to the 3d�metallic catalyst
enhances its catalytic activity in processes of CNF pyro�
lytic growth.

The purpose of the present work is the search for cor�
relations between the parameters of the synthesis (tem�
perature, composition of the gas mixture, size of catalytic
particles) and the structures of CNFs and CNTs that
formed. In addition, sulfur additives were introduced into
the catalyst supported by chemical codeposition to study
the sulfur effect on the growth process and structure of the
prepared CNSs.

Experimental

For pyrolytic syntheses of CNFs and CNTs, the Fe—Mo
catalysts supported on SiO2 by deposition from solution or high�
frequency diode sputtering were used. The method of high�
frequency diode sputtering of Fe and Mo was used to obtain thin
island Fe—Mo films.13 An advantage of this method is a possi�
bility of film sputtering with a constant deposition rate. Plates of
SiO2 covered by a Si3N4 layer were used as supports. A Fe film
0.3 nm thick was sputtered on a Si3N4 membrane. A Mo layer
with the same thickness was sputtered after a Fe layer was sup�
ported. In some cases, an Al layer was supported followed by its
oxidation to Al2O3.

The catalyst supported on the SiO2 plate by chemical
codeposition was prepared by uniformly wetting the surface of
the antidiffusional TiNx layer covering the SiO2 support with
a saturated solution of the carbonylchalcogenide complex
Cp2MoFe2(µ3�S)2(µ3�CO)2(CO)6 (Cp = η�C5H5) followed by
its drying.14

Catalytic syntheses of the carbon nanomaterials were car�
ried out in a flow�type reactor in the temperature range from
800 to 1000 °C under atmospheric pressure using CH4—H2 mix�
tures in the mole ratios 5 : (1—3). The pyrolysis time was varied
from 10 min to 1 h. The procedure of synthesis has been de�
scribed in more detail in our previous study.15

Scanning and transmission electron microscopic data (SEM
and TEM, respectively) were obtained with a JEOL JEM�100
CX electron microscope. The elemental composition of the sup�
ported Fe—Mo—S/TiNx/SiO2 catalyst was examined using a
Jeol JAMP�10S Auger spectrometer. The catalyst was studied
before the pyrolytic synthesis according to an earlier described16

procedure. The surface oxide layer was removed by etching the
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surface with an Ar+ ion beam with an energy of 3 keV. Ion
etching was conducted until all Auger signals reached a station�
ary level in the region of compact arrangement of large particles.
In this case, the passed depth was approximately 3.0×0.5×15 =
22.5 nm. Molybdenum and iron transformed into the metallic
state during two—three etching cycles. After the etching proce�
dure, Auger spectra of the catalyst were recorded. The analysis
of the Auger spectra for determining the quantitative elemental
composition was performed from areas 100×100 µm in size as�
suming the uniform distribution in the semi�infinite matrix.

Results and Discussion

No iron islands were observed in the TEM patterns
obtained after high�frequency diode sputtering of the cata�
lyst; however, the spectra of electronic microanalysis con�
firmed the presence of Fe in the samples. This indicates a
uniform distribution of metallic particles over the support
surface. Annealing at 600—650 °C in the microscope col�
umn resulted in the formation of island Fe films with
island sizes of 3—5 nm (Fig. 1, a). Heating the samples in
an H2 flow at the temperatures 800 and 900 °C for 10 min
both with and without preliminary annealing in the elec�
tron microscope column induced the partial agglomera�
tion of catalytic particles to form islands 5—20 nm in size
(Fig. 1, b). At a lower annealing temperature, the size and
arrangement of the islands remained virtually unchanged.
Further Mo sputtering also caused some increase in the
island size. The preliminary coating of the support surface
with the Al2O3 layer (Fig. 2) prevents agglomeration of
metallic particles and favors the growth of single�wall
nanotubes (SNTs) because, according to published data,4

these tubes can grow only on small islands.
The found dependences of the characteristics of the

synthesized CNTs and CNFs on the synthesis parameters
can be explained in terms of the model5 "hydrocarbon
decomposition—carbon dissolution in the catalyst par�
ticle bulk—carbon deposition."

For the mole ratio CH4 : H2 = 5 : 1 in the gas mix�
ture at 800 °C, the CNSs grow predominantly on large
particles (10—20 nm) to form many multiwall nano�
tubes (MNTs). No formation of nanotubes on small par�
ticles (less than 10 nm in size) was observed. In the case of
small catalyst particles with the high surface to volume
ratio, the rate of carbon deposition on the active surface
exceeds the rate of the molar carbon flow in the particle
bulk, resulting in coke formation on their active area. At
900 °C the CNS growth occurs on both large and fine
particles to form a mixture of MNTs and SNTs (Fig. 3).
Evidently, the temperature rise increases the rate of car�
bon diffusion in the catalyst bulk and, as a consequence,
favors the SNT growth. The diameter of the formed MNTs
ranges from 10 to 20 nm, whereas the diameter of the
SNTs does not exceed 5 nm.

At 1000 °C "combined" nanostructures consisting of
the SNTs covered outside by an amorphous carbon layer

Fig. 2. Iron particles sputtered on the Al2O3 layer after anneal�
ing at 800 °C.

200 nm

Fig. 1. Island Fe films on the SiO2/Si3N4 support before (a) and
after annealing at 800 °C (b).
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are formed (Fig. 4). Their appearance can be explained by
the fact that methane is partially decomposed at this tem�
perature on both the reactor walls and the surface of the
already formed tubes to form a massive carbon "fur coat."
This structure is well seen on the break of the tube found
in the sample under study.

An increase in the hydrogen content in the gas mix�
ture favors the SNT growth. For instance, at 900 °C and
the ratio CH4 : H2 = 5 : 3, mainly the SNTs are formed,
whose diameter is ~5 nm, which coincides with the diam�
eter of catalytic particles (Fig. 5). We have earlier ex�
plained15 this effect of hydrogen. The further increase in
the hydrogen content in the mixture results in the total
decrease in the yield of the CNTs. This occurs, most
likely, because hydrogen enters into the reaction with
almost all the carbon appeared on the active catalyst
surface, and equilibrium is thus strongly shifted toward
gaseous products.

An increase in the pyrolysis time results in the appear�
ance, along with the SNTs and MNTs, of spiral fibers
(Fig. 6), whose growth has been observed previously.15

The model of growth of spiral nanofibers17 can be taken
as a basis to explain the formation of the carbon nano�
spirals. According to this model, a growing fiber is curled
to a spiral, because the rates of carbon deposition on

different faces of a catalytic particle are different due to
nonisotropic diffusion of carbon in the bulk of the metal�
lic catalyst particle. Our observations show that the diam�
eter of the nanospirals decreases with the temperature

Fig. 4. Combined structures prepared by the pyrolysis of an
CH4—H2 (5 : 3) mixture; 1000 °C, 20 min.

50 nm

Fig. 3. Single� and multiwall nanotubes obtained by the pyroly�
sis of an CH4—H2 (5 : 1) mixture; 900 °C, 20 min.

50 nm

Fig. 6. Spiral fibers obtained by the pyrolysis of an CH4—H2
(5 : 3) mixture; 900 °C, 1 h.

200 nm

Fig. 5. SEM (a) and TEM (b) microphotographs for the SNTs
obtained by the pyrolysis of an CH4—H2 (5 : 3) mixture; 900 °C,
20 min.
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increase. In terms of the growth model,17 this tempera�
ture dependence can be explained as follows. The diffu�
sion coefficient of carbon in the metal in the direction
specified by the vector n1 can be presented in the form
Dn1

 = A1exp(–E1/T ), where A1 is the pre�exponential
factor, E1 is the activation energy for diffusion in the
direction n1, and T is temperature. Therefore, for the
direction n2 this coefficient is Dn2

 = A2exp(–E2/T ). If
E1 > E2, then the Dn1

/Dn2
 ratio increases with the tem�

perature increase resulting in a decrease in the carbon
spiral diameter.

Fibers of quite different structure are formed when the
sulfur�containing bimetallic Fe—Mo catalyst is used. The
codeposition method from a saturated solution used in
this work provides the catalyst in the form of particles
~50 nm in size. An analysis of the distribution and chemi�
cal composition of metallic particles on the support
showed that the catalyst nonuniformly covers the support
surface (Fig. 7). The signals of molybdenum and iron are
present only in the Auger spectra detected in the regions
with a high content of metallic particles (solid line) and
correspond to the atlas of spectra of these elements. The
spectral Fe : Mo ratio close to the atomic ratio of ele�
ments in the initial complex is equal to 2 : 1. Metallic
particles in these regions also contain sulfur. The regions
with a very low content of catalyst particles (dotted line)
contain a small amount of iron, whereas Mo and S are
completely absent.

The pyrolysis of an CH4—H2 (5 : 3) gas mixture on
the Fe—Mo—S/TiNx/SiO2 catalysts results in the forma�
tion of a large amount of the CNFs covering the support
surface as a "carpet." The typical microphotograph of this
coating is presented in Fig. 8. However, the density of the
coating is nonuniform. The analysis shows that the
nanofibers grow predominantly in the regions with the
high density of the catalyst. According to the TEM data,
the CNFs obtained upon pyrolysis have predominantly the so�called "bamboo�like" structure and approximately

the equal length of the "bamboo fragments." This indi�
cates that these CNFs grow periodically.

Such a periodicity of the processes that occur during
the pyrolytic growth of carbon deposits on the metallic
catalysts can be explained, as the authors of Ref. 5 be�
lieve, by special temperature conditions in the reaction
zone and special concentrations of carbon dissolved in
the metallic particles. Transitions between the correspond�
ing regions of the metal—carbon system appear periodi�
cally during the synthesis of the CNFs. The transitions
are accompanied by a change in the phase composition of
the system. We propose the following explanation. Let us
assume that when the system exists in the initial state at
the synthesis temperature (for instance, 900 °C), a satu�
rated solid solution of carbon is formed in a metallic
particle. The carbon concentration could increase at some
moment due to fluctuations. The carbon solution in the
metallic particle becomes oversaturated, and excessive

Fig. 7. Auger spectra of the initial catalyst (after its etching with
an Ar+ beam) recorded for the region with high (solid curve) and
low (dotted curve) concentrations of the metallic particles.

200 300 400 500 600 E/eV

I (rel. units)

1.0

0.5

0

–0.5

–1.0

–1.5

–2.0

Mo
S

Ar

C Ti

Ti+N

O Fe

Fig. 8. SEM (a) and TEM (b) data for the pyrolysis products of
an CH4—H2 (5 : 3) mixture; 900 °C, 20 min.
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carbon is rapidly precipitated to form a graphitized phase
(fibers). This leads to local overheating of the particle. As
a result, the limiting carbon concentration in the solid
solution in this region is higher than that in the initial
state, and the metal particle reaches the limiting satura�
tion in carbon. However, the particle is cooled down
gradually to the synthesis temperature and transformed
again into the initial state for which the carbon content is
oversaturated. An "excess" of carbon precipitates again,
and the process is repeated.

The comparative analysis shows that the CNFs ob�
tained on the bimetallic Fe—Mo catalyst containing no
other additives differ sharply in structure from the nano�
structures synthesized in the presence of the sulfur�con�
taining Fe—Mo catalyst. Evidently, the presence of sulfur
in the composition of the metallic particles favors the
pulse growth of the CNFs with the formation of periodi�
cally repeated "bamboo�like fragments."

Thus, several conclusions can be made.
1. The island catalyst films 3—5 nm in size obtained

by high�frequency diode sputtering are optimal for the
synthesis of the CNTs. Annealing the support at tempera�
tures up to 800 °C results in the partial agglomeration of
catalytic particles to a size of 10—20 nm and favors the
MNT growth.

2. The highest yield of the MNTs is observed at 800 °C
and the ratio CH4 : H2 = 5 : 1; and an increase in the
temperature and hydrogen content in the gas mixture de�
creases their total yield.

3. The optimal conditions of CNT formation are the
temperature 900 °C and ratio CH4 : H2 = 5 : 3.

4. Particles of the catalyst Fe—Mo ~50 nm in size
prepared by chemical codeposition favor the CNF growth,
and the presence of sulfur in the catalyst provides the
formation of fibers of the "bamboo�like" structure.
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97255), the International Scientific Technical Center
(Grant 2760), and the Division of Chemistry and Materi�
als Science of the Russian Academy of Sciences (Program
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