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Abstract

Carbon nanofibers (CNFs) with a uniform diameter of ca. 30 nm and a productivity of 50 g/(gNi h) were grown by catalytic decomposition of a
C2H6/H2 mixture over a nickel (1 wt%) catalyst supported on graphite microfibers, which constitutes the macroscopic shape of the final C/C com-
posite. The catalyst particle size and dispersion before CNF growth was characterized by high-resolution scanning electron microscopy (SEM).
The resulting composite consisting of a weblike network of CNFs covering the starting catalyst was characterized by SEM and transmission
electron microscopy to gain more insight into the relationship between the starting nickel catalyst particles and the as-grown CNFs. Apparently,
CNF growth proceeds from different mechanisms: a base-growth mechanism, involving especially the large nickel particles; a tip-growth mecha-
nism, involving mostly the smaller nickel particles; and a tip/octopus-growth mechanism (the most common), involving all particles. In all cases,
restructuring of the nickel particle from a globular to a more faceted structure seems to be the key step in producing an extremely large quantity
of CNFs with yields up to 100 wt%.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Carbon nanotubes and nanofilaments are cylindrical or tubu-
lar carbon formation with radii on the nanometer scale and
lengths of up to several micrometers [41,42]. The primary dif-
ference between a nanotube and a nanofiber is the orientation
of graphite basal planes with respect to the axis. In carbon
nanotubes, the graphene sheets are oriented in concentric lay-
ers along the longitudinal axis, thus exposing basal planes of
graphite. In carbon nanofibers (CNFs), the graphene sheets are
oriented in a conic arrangement (i.e., Chinese hat) along the
fiber axis, with exclusively prismatic planes exposed.

CNFs have been thoroughly studied over the last decade,
especially for their use as a catalyst support displaying high

* Corresponding author.
E-mail address: cuong.lcmc@ecpm.u-strasbg.fr (C. Pham-Huu).
0021-9517/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2006.03.017
activity and peculiar selectivity compared with traditional cat-
alysts, thus making them attractive compared with alumina,
silica, or activated charcoal [1–6]. Metal catalysts supported
on CNFs or nanotubes exhibit unusual activity and selectivity
patterns compared with those seen with the traditional catalyst
supports [7–11]. The absence of micropores displayed by these
nanoscale materials significantly reduces mass transfer limita-
tions, especially in liquid-phase reactions [12,13]. The peculiar
interactions between the deposited metallic phase and the ex-
posed planes of the support, leading to the formation of active
metallic faces [14–16], were advanced to explain the observed
catalytic results. The pioneering work done by Planeix et al.
and Baker and coworkers has opened new routes for tailor-
ing the properties of nanoscopic carbon through changing the
orientation of the graphite platelet stacks, hence altering the in-
teractions between the deposited active phase and the carbon
support [14,15].
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Fig. 1. SEM images of the starting graphite felt which was constituted by a closely packed network of micrometers graphite filaments (A) with a smooth surface (B).
But these materials have been usually synthesized in the
form of a nanoscopic powder, making their handling and large-
scale use hazardous, especially in fixed-bed catalytic reactions.
The handling of the carbon nanostructures is hampered by the
formation of fine particles, leading to a high-pressure drop
along the catalyst bed. Consequently, it is of interest to identify
new methods to allow the synthesis of carbon nanostructures in
a larger scale along with direct macroscopic shaping for their
subsequent use as catalyst supports in the field of heteroge-
neous catalysis. It is expected that the macroscopic shaping of
such nanostructured material will open opportunities for its use
as a catalyst support compared with what is usually obtained
on traditional catalyst supports [17,18]. De Jong’s group has
been very active in this field, preparing macroscopic shapes
consisting of CNFs strongly anchored on millimeter-sized sup-
ports [43]. Supporting CNFs with macroscopic shape and tor-
tuosity have been synthesized by Lefferts et al. [44] who used
metallic foam as the starting macroscopic host structure.

The macroscopic support should not alter the physical prop-
erties of the carbon nanostructures deposited on it, that is, high
mechanical strength to avoid breaking and catalytic bed plug-
ging; high specific volume, to afford a high space velocity of
the gaseous reactants; high thermal conductivity, which is a
required condition for a practical use in highly exothermic or
endothermic processes; and, finally, high chemical resistance,
to allow used in aggressive environments (i.e., highly acidic
or basic media). Furthermore, the support should also provide
an electronic interaction with the deposited phase or the con-
tact surface between the active phase and the gaseous reactant
mixture, which significantly increases the activity toward the
production of CNFs compared with that observed on bulk cat-
alytic material. Among the different supports used, carbon as a
carrier material seems the most promising because of its light
weight, high chemical resistance, and good thermal conductiv-
ity.

The present article proposes a mechanism of CNF growth,
that is, base growth and/or tip growth depending on the cata-
lyst particle size, leading finally to an octopus-like formation of
CNFs from a single nickel particle. Our results indicate that ad-
equation between the diameter of the CNFs produced and the
size of the starting catalyst particle did not occur, because CNFs
with a homogeneous diameter of ca. 30 nm were grown from a
single nickel particle larger than 100 nm.

2. Experimental

A macroscopic carbon felt disk (3 cm diameter, 0.5 cm thick)
with a smooth external surface (Figs. 1A and B) supplied from
Carbone Lorraine Co., with a specific surface area of 1 m2 g−1,
was impregnated with 1 wt% of nickel by incipient wetness
impregnation using a solution of ethanol and water. Before
impregnation, the macroscopic carbon felt was treated in con-
centrated HNO3 (37 vol%) at room temperature overnight to
increase the amount of anchoring sites on the low-reactive basal
planes of graphite. de Jong et al. [19] have reported that the na-
ture of the carbon surface can be modified at will by introducing
oxidic groups such as carboxylic (–COOH), carbonyl (–CO),
and hydroxylic (–OH) groups by means of acidic treatments,
leading to a change in affinity for liquids. The material was
subsequently used as a catalyst for CNF growth [12]. The as-
impregnated solid was allowed to dry at 110 ◦C overnight and
then calcined in air at 350 ◦C for 2 h to decompose the nickel
salt into the corresponding nickel oxide. Separate TPO exper-
iments carried out under similar conditions have demonstrated
the near-complete absence of extensive carbon support oxida-
tion during the oxidative treatment at 350 ◦C. The solid was
then reduced in situ in flowing hydrogen at 400 ◦C for 2 h. The
complete reduction of the nickel phase was verified by powder
X-ray diffraction (result not shown).

The growth process was carried out on the reduced catalyst
in a tubular quartz reactor (diameter, 30 mm; length, 600 mm) at
atmospheric pressure in the presence of a mixture of ethane and
hydrogen (total flow rate, 20 and 100 mL min−1) at 680 ◦C. The
reaction conditions were determined by an experimental design
process providing the highest yield of CNFs (i.e., 100 wt%),
along with an acceptable specific surface area for subsequent
catalytic use (i.e., >90 m2 g−1).

Scanning electron microscopy (SEM) was performed using
a Jeol F-6700 FEG microscope. Before observation, the sam-
ple was coated with a thin layer of gold to avoid the problems
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of charge effect. BET surface areas were measured using a
commercial BET unit (Coulter SA 3100, Coultronic SA) us-
ing N2 adsorption at 77 K. Before the N2 adsorption, samples
were heated at 300 ◦C for 2 h under dynamic vacuum to des-
orb surface impurities. SBET is the surface area of the sample
calculated from the nitrogen isotherm using the BET method.
Micropore surface area and pore volume were calculated us-
ing the t -plot method. The microstructure of the as-synthesized
CNFs was investigated by transmission electron microscopy
(TEM) on a Topcon 002B model working at 200-kV acceler-
ating voltage with a point-to-point resolution of 0.17 nm. The
sample was previously grounded and dispersed in an ethanolic
solution. A drop of the solution was deposited on a copper grid
covered with a holey carbon membrane.

Thermogravimetric analysis (TGA) was carried out on a SE-
TARAM at a heating rate of 15 ◦C/min from room temperature
up to 800 ◦C. The sample was mounted horizontally and purged
with synthetic air (50 mL/min).

3. Results and discussion

3.1. Ni-supported graphite felt catalyst

Fig. 2 shows an SEM image of the nickel-supported cata-
lyst after reduction in flowing hydrogen at 400 ◦C for 2 h. The
nickel particles were loosely aggregated together to form larger
particles on the graphite filament of size >100 nm. The rela-
tively low dispersion of the nickel particles was attributed to
the weak interaction between the graphite microfilament sur-
face (i.e., basal plane with a hydrophobic character [20]) and
the nickel salt precursor. The specific surface area of the sam-
ple remained almost unchanged at around 1 m2 g−1, indicating
that the graphite microfilament surface was not modified by the
deposited nickel during the calcination and reduction steps, in
agreement with the low nickel dispersion observed on SEM.

Fig. 2. SEM image of the Ni/graphite felt catalyst after calcination and reduc-
tion at 400 ◦C. Note the relatively low dispersion of the nickel particles on the
microfilaments leading to an average particle size of about 100 nm.
3.2. CNF composite characteristics

The CNF yield obtained after 2 h of synthesis was close to
100 wt%, that is, 50 gCNF/(gNi h), taking into account the initial
nickel loading of 1 wt%. A yield >100 wt% could be obtained
while increasing the duration of synthesis. But at these higher
yields, the mechanical anchorage of the fibers on the macro-
scopic host structure becomes weaker, and some nanofiber loss
has been observed after sonication treatment. Note that the CNF
yield obtained in the present work is among the highest yields
reported in the literature to date.

The presence of H2 inside the reactant mixture was essen-
tial to obtain regular, thin CNFs. In the absence of H2, these
nanofibers became less homogeneous with the appearance of
irregular structures and nanoparticles. Similar results have also
been reported by Van der Wal and Hall [21] during the syn-
thesis of carbon nanotubes on a metal grid support using a
mixture of C6H6 and C2H2, along with the presence or absence
of hydrogen in the flow. Apparently, during CNF formation, hy-
drogen allows saturation of the graphite edges, preventing the
formation of amorphous carbon. Park and Keane [22] observed
that the structural arrangement within the CNFs was enhanced
while increasing hydrogen content in the feed. In the presence
of hydrogen, the faceting of the nickel catalyst was more pro-
nounced, leading to the formation of a more well-ordered CNF
structure [23,24]. The strong dependence of CNF yield and
morphology on the crystallographic planes of the metal catalyst
has already been reported by Goodman et al. [25]. The pres-
ence of H2 also prevents carbon build-up on the nickel surface,
which can ultimately lead to catalyst deactivation. However, the
H2 concentration should be low enough to prevent surface car-
bon removal by the combination and promotion of CH4, which
would have a negative impact on CNF yield.

The high yield observed was attributed to the break up of
nickel oxide particles during the calcination process, which
expose faceted structures by lattice dislocations and pit and
crevice formation. In addition, on reduction in flowing H2 at
400 ◦C, the remaining lattice structure of the oxide particles
underwent breakup along the grain boundaries, leading to the
formation of small metal particles. The highly defective struc-
ture of the final nickel metal probably played an important role
in the quantity of CNFs produced. During growth, the nickel
surface would be expected to become carburized by the reac-
tant mixture, and thus the carburization rate would be expected
to be higher in the presence of surface defects. Ting and Liu
[26] suggested that during synthesis, nickel is carburized into
NiC (at least superficially), with a fcc structure that allows the
subsequent growth of multiple CNFs from Ni(111) planes, lead-
ing to the formation of an octopus-like CNF structure. The
nickel crystallographic face reconstruction can be induced dur-
ing CNF precipitation. The exact roles of the different crystal-
lographic metal or carbide surfaces on CNF growth remain to
be clarified. Similar results concerning the high yield of CNFs
over nickel supported on carbon catalyst have recently been re-
ported by Park and Keane [27].

Fig. 3A shows the morphology of the carbon nanoscopic/
macroscopic composite after synthesis at 680 ◦C as observed
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Fig. 3. SEM images of the final carbon nanofibers/graphite felt composite showing the complete coverage of the macroscopic host by a dense carbon nanofibers
network (A). High-resolution SEM image showing the extremely homogeneous diameter of the carbon nanofibers, i.e., 30 nm (B).

Fig. 4. Low magnification TEM image of the carbon nanofibers with an average diameter of around 30 nm (A). High-resolution TEM image showing the fishbone
arrangement of the graphene planes along the fiber axis (B). The small amount of amorphous carbon observed on the outer surface can be attributed to the cooling
effect during which amorphous carbon was built-up.
by SEM. The entire surface of the starting graphite filaments
is covered by a dense network of CNFs of homogeneous di-
ameter. The CNFs are entangled and have an average diameter
of ca. 30 nm and a length of up to several micrometers, ac-
cording to the high-magnification SEM image (Fig. 3B). The
homogeneous average diameter of the CNFs occurs despite the
low dispersion of the starting nickel catalyst. These results dif-
fer from those reported in the literature, in which CNF diameter
was directly linked to catalyst particle size [28–30]. We discuss
this discrepancy in depth in the section of this work devoted
to the growth mechanism. It is noteworthy that statistical SEM
analysis showed no trace of amorphous agglomerated carbon,
indicating our method’s high selectivity for CNF synthesis. The
low formation of amorphous carbon is attributed to the synthe-
sis temperature (680 ◦C), which remains quite low and hence
significantly inhibits the spontaneous pyrolysis of gaseous hy-
drocarbon into amorphous carbon. It is also noteworthy that the
synthesis temperature is closely dependent on the nature of the
gaseous carbon source. For example, using a more strongly de-
hydrogenated carbon source (i.e., ethylene or acetylene), CNFs
can be produced at lower temperatures. Note, however, that
using a highly reactive hydrocarbon could also lead to the for-
mation of thicker CNFs along with amorphous carbon.

TEM images of as-synthesized CNFs at various magnifica-
tions are presented in Fig. 4. The CNFs formed were relatively
homogeneous in size [i.e., 30 nm (Fig. 4A)], with an endless
length, in agreement with the SEM results reported previously.
A high-magnification TEM image clearly shows the stacking
of graphene planes in a fishbone structure along the fiber axis
with an interplanar distance of ca. 0.34 nm, corresponding to
the typically reported graphite interplanar distance (Fig. 4B). It
is noteworthy that no traces of helicoidal or spiral nanofibers
were observed in the sample, in contrast with the observations
of Park and Keane [27]. This difference can be explained in
terms of reaction temperature, the nature of the carbon source,
and the hydrogen content in the feed. It seems that in our case,
the nickel particles were less faceted than those formed in the
experiments of Park and Keane, leading to the formation of a
more homogeneous diffusion of carbon through the nickel lat-
tice.

Fig. 5 shows a TGA diagram of the CNF/graphite com-
posite indicating that the CNFs began to burn at 550–680 ◦C,
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(a)

(b)

Fig. 5. (a) TGA diagram of the CNF/graphite composite. (b) Raman spectra of
as-synthesized CNFs.

with the maximum centered at 650 ◦C. This value is between
those for activated charcoal and graphite, indicating that the
CNF microstructure was relatively well ordered despite the low
synthesis temperature. The relatively high graphitization of the
as-synthesized CNFs was confirmed by Raman spectroscopy
(Fig. 5B) indicating the high surface ratio of the G-band versus
the D-band.

The low-temperature (550 ◦C) combustion of CNFs can be
directly linked to the exclusive presence of prismatic planes
with higher reactivity toward oxygen. It seems that the CNF
microstructure can be significantly influenced by the nature of
the support. Park and Keane [27] reported similar findings from
their study of how the nature of the support affects genera-
tion of CNFs by CVD. They suggested that the high degree of
graphitization of the as-synthesized CNFs was due to contribu-
tions from the support as well as the presence of hydrogen in
the feed. It is possible that hydrogen allows the hydrogenation
of the amorphous carbon formed during the reaction and thus
increases the graphitic contribution in the final material. The
faceting of the nickel particle could also influence the structural
order of the formed CNFs.

The formation of the CNFs on the macroscopic carbon foam
contributes significantly to an increase in the final composite
specific surface area from 1 to >80 m2 g−1. Taking into account
that half of the solid is constituted of a low-specific surface area
starting graphite foam, the actual specific surface area of the
CNFs is expected to be >160 m2 g−1, in good agreement with
the literature results on these systems [31]. In any case, no mi-
croporous contribution was observed, indicating the complete
absence of micropores [32]. The increase in specific surface
area was attributed to the extremely high external surface area
(i.e., high aspect ratio of the material) of the CNFs due to the
presence of graphite prismatic planes [12–14]. Similar results
were previously reported for CNF composites supported on a
macroscopic graphite felt [18]. However, the specific surface
area of the C/C composite decreased monotonously after 2 h of
CNF growth. The diminution of the specific surface area due to
the formation of amorphous carbon can be rejected according
to the statistical TEM observation, which demonstrates the ab-
sence of amorphous material inside the composite. The loss of
surface area as a function of the duration of synthesis may be
due to the branching or gathering of the CNFs onto one an-
other, thereby diminishing accessibility to the surface of the
material during gas adsorption. In prolonged synthesis some
thickening of the CNFs was observed, which can contribute
to the decreased specific surface area, because fibers of larger
diameter present a lower external surface area. This phenom-
enon could be explained by the surface reconstruction of the
metal catalyst that led to the formation of CNFs of larger diam-
eter. However, this phenomenon contributes to only a relatively
small extent; the gathering of the CNFs was the most impor-
tant factor in the decreased overall specific surface area of the
material.

3.3. Octopus growth mechanism

To gain better insight into the growth mechanism and better
understanding of the discrepancy between the small CNF di-
ameter and the relatively large metal particle size, SEM images
were taken after 10 min of reaction. These images are presented
in Fig. 6 with different magnifications. All CNFs are of similar
diameter (i.e., 30 nm), significantly smaller than the nickel par-
ticle catalyst (i.e., 400 nm). The CNF length was relatively high,
approaching several micrometers. The CNFs formed were also
highly entangled, indicating the existence of numerous topo-
logical defects inside the material, because of the relatively low
synthesis temperature for conventional CVD synthesis.

CNF growth seems strongly linked to the presence of pe-
culiar faces on the nickel particle. Others have reported that
the Ni(100) and Ni(110) crystalline faces are more active than
the Ni(111) face for CNF growth [33]. However, the results
observed in the present work seem to indicate that the final di-
ameter of the CNFs is not dependent on the starting particle size
of the growth catalyst. According to the SEM images, the CNFs
are issued from several nickel faces in an octopus-like mecha-
nism, similar to what was reported by Ermakova et al. [34] for
multiwalled carbon nanotube growth over an iron-based cat-
alyst. Fig. 6A shows the weblike network of CNFs growing
from a single large nickel particle that remained attached to the
graphite surface.

But our SEM analysis also showed a second growth mode
from which small nickel particles were first lifted off of the sup-
port surface; subsequently, structural reconstruction leading to a
second octopus-like growth mode occurred. This finding is sup-
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Fig. 6. The relatively long carbon nanofibers with several micrometers in length generated from a single large nickel particle (A). Base-growth mechanism where
the carbon nanofibers were preferentially nucleated from specific faces of a large single nickel particle (B).
ported by the SEM images obtained at early growth states (i.e.,
at 2 and 10 min of reaction) (Fig. 7), which clearly show the
presence of small nickel particles away from the support sur-
face, with two CNFs growing in opposite directions (Fig. 7A).
The nickel particles leaving the nickel parent aggregate are rel-
atively homogeneous in size and relatively small (i.e., 20 to
30 nm). However, the same sample also shows an octopus-like
growth of several CNFs leading to a weblike network cover-
ing the starting macroscopic shape on some nickel particles
(Fig. 7B).

After 10 min of synthesis, the same observation’s can be
made (Figs. 7C and D). The CNF network becomes denser
and the octopus-growth mode more pronounced (Fig. 7E). It is
noteworthy that CNF growth at the early stages of the reaction
was extremely low (i.e., diameter of ca. 10 nm). Apparently, the
initially small diameter of the CNFs increased with increasing
duration of synthesis.

The following growth modes are illustrated in Fig. 8:
(A) a base-growth mode, in which the CNFs grow directly from
a specific face of a single large nickel crystal while the other
faces are responsible for the decomposition of the gaseous hy-
drocarbon supplying atomic carbon, and (B) a tip-like growth
mode with various sequences: (i) an initial growth stage in
which part of the nickel particle surface is saturated by carbon,
leading to the formation of small Ni-rich carbon zone; (ii) re-
lease of the dissolved carbon to form CNFs with a concomitant
lift-off of the former Ni-rich carbon particles out of the support
surface and reconstruction of the nickel surface; and (iii) hydro-
carbon decomposition on the new nickel faces to initiate new
growth from the same particle in an octopus-like network, al-
lowing complete coverage of the macroscopic host surface by a
dense layer of CNFs.

Distinguishing the fragmentation mode of these intermediate
metastable nickel carbides is difficult, however, because they
are known to depend closely on the thermodynamics of the
process. It is tempting to suggest that the nickel carbide was
formed in an island structure instead of film according to the
SEM observations showing smaller Ni particles being lifted off
from larger ones.
Apparently, CNF diameter is not dependent on the initial
diameter of the catalyst particle, but only on the structural modi-
fication of the starting nickel particle during the growth process.
Similar results have also been reported by Emmenegger et al.
[35] to explain the homogeneous diameter (i.e., 10–40 nm) of
multiwalled carbon nanotubes grown from a starting continuous
layer of iron oxide deposited on a planar aluminum substrate
by spin coating. According to these authors, continuous catalyst
particle fragmentation occurred during the course of the synthe-
sis, leading to the formation of smaller active centers through
the formation of a metastable carbide followed by its decompo-
sition into carbon and iron particle. The existence of metastable
Ni3C during CNF formation over a MgO-supported bimetallic
Ni–Cu catalyst has been reported by Zaikovskii et al. [36].

According to the relatively low interaction between the de-
posited nickel particles and the microfilament support, a large
part of the nickel phase was present in the form of large parti-
cles (Fig. 2), which contributed mainly to an octopus-like base-
growth mechanism, with only a small amount of the CNFs thus
formed initiated through the tip-growth mechanism (i.e., from
small nickel particles). It is noteworthy that the CNFs were
extremely long (i.e., several micrometers), allowing complete
coverage of the host microscopic filament surface despite the
low number of growth centers.

To verify this hypothesis, a new experiment was carried out
using an unsupported nickel sponge with an average particle
diameter of ca. 1–3 mm instead of a supported nickel catalyst.
The synthesis was performed under similar reaction conditions;
Fig. 9 gives the results. The SEM images of the sample confirm
the noncorrelation between the starting nickel catalyst particle
size (i.e., >500 nm) and the CNF diameter (i.e., 30–40 nm),
as stated earlier. The results clearly show that the diameter of
the CNFs growing from nickel particles in the presence of a
mixture of C2H6 and H2 was completely independent of the
starting catalyst particle size. It seemed that the growth cen-
ters, with diameter several times smaller than that of the starting
catalyst particle, were formed during synthesis, probably via
structural rearrangement of the solid solution between Ni and
dissolved carbon species. The lower CNF yield obtained in the
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Fig. 7. SEM images of the tip-like growth process as a function of time on stream at 680 ◦C during the earliest stages of reaction. 2 min: (A) small nickel particles
leaving from the support surface with two carbon nanofibers growing in an opposite direction. (B) Octopus-like growth observed from a single nickel particle formed
from a larger nickel particle. Note the intergrowth of a single carbon nanofiber from two nickel centers. 10 min: (C) and (D) octopus-like growth observed at higher
magnification (E).
bulk nickel catalyst can be attributed to the low external con-
tact surface between the gaseous hydrocarbon source and the
catalyst.

Besides producing a large amount of highly pure CNF,
this work also reports one of the first studies devoted to their
macroshaping for producing structured catalytic support. The
shapes of the nanostructured or macrostructured C/C compos-
ites can be modified at will, depending on the intended use of
these composites. Over the last decade, the use of structured
reactors has become a major field in catalysis [37]. Parallel-
ing the research devoted to find new active-phase formulations,
much research has been focused on developing structured cata-
lyst supports to improve reactor hydrodynamics and, for several
reactions, catalytic performance [38–40]. The possibility of us-
ing carbon nanomaterials in catalytic processes seems to be
drawing closer to realization, owing to the possibility of pro-
ducing them in large quantities, thus decreasing the investment
cost. Furthermore, the main drawback of these materials—their
nanoscopic size, which engender both safety and hydrodynamic
requirements that have hindered viable application—is now on
the way to being overcome [43]. Further studies are in progress
to study the kinetics of CNF growth to further optimize the
composite characteristics of diameter, length, thickness, and
mechanical resistance.
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Fig. 8. Schematic growth mechanisms of carbon nanofibers over Ni supported on graphite microfilaments: (A) octopus-like base growth mechanism of the homo-
geneous carbon nanofibers from a relatively large nickel particle, (B) tip-like growth mechanism from a small nickel particles after lift-off from the support surface
followed by an octopus-like growth mechanism (for detail see Fig. 6). (C) TEM image of the octopus-like CNF growth from a single faceted nickel particle after
few minutes of reaction.
Fig. 9. Carbon nanofibers with homogeneous diameter growing from a bulk
Ni sponge. The noncorrelation between the nickel particle size and the CNF
diameter can be clearly seen on the SEM images.

Separate experiments carried out within the framework of
the present study have shown that the average CNF diameter
can be significantly controlled by altering the reaction tempera-
ture, the molar ratio of the gaseous carbon source versus hydro-
gen, and the nature of the metal catalyst (i.e., pure or alloyed
with another metal). In the latter case, alloying nickel with cop-
per has resulted in significantly modified CNFs in terms of both
average diameter and morphology.

4. Conclusion

Graphite felt-supported nickel catalyst with relatively low
metal dispersion is a highly suitable catalyst for growing CNFs
with a homogeneous diameter (i.e., 30 nm) and with high yield
(several hundred grams of CNF per gram of nickel) at relatively
low temperature for CVD synthesis. Detailed investigations by
SEM and TEM techniques have shown that the CNF diameter
is completely independent of the starting nickel particle size,
and several CNFs can be grown simultaneously from a large
single nickel particle (i.e., >200 nm). Apparently, the CNFs
grow from an octopus-like mechanism from a large nickel par-
ticle owing to the fragmentation of the nickel catalyst during
the course of the synthesis, probably through metastable Ni3C
formation and decomposition. Part of the CNF formed deeply
penetrated the microfilament matrix of the macroscopic host,
resulting in strong mechanical stability of the final C/C compos-
ite, making it suitable for use as a catalyst support in various re-
actions without the formation of fine powder consecutive to the
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loss of CNF by mechanical attrition. The nanoscopic structure
covering the surface of the macroscopic host provides a highly
accessible surface for reactants, which could significantly in-
crease catalytic activity. The high reactivity of the prismatic
planes allows better dispersion of the metal particles, contribut-
ing to the overall improvement in active site density.
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