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The notion of using support materials to achieve high dispersions of metal particles has
been extended to the synthesis of carbon nanofibers from the catalyzed decomposition of
ethylene. By using this approach it has been possible to generate nanofibers whose widths
are dictated by the dimensions of the supported metal particles. In addition, the support
may alter the state of the bulk and/or the surface of the catalyst particle through metal—
support interactions, and the impact of this effect is manifested by modifications in the
structural characteristics of the nanofiber deposits. In an attempt to gain a clearer insight
into the influence of metal—support interaction on the growth characteristics of GNF, three
metals, Fe, Ni, and Co that are known to be active catalysts for this process were impregnated
onto silica, graphite, and well-characterized graphite nanofiber supports. Characterization
of the solid carbon products was performed by a variety of approaches including high-
resolution transmission electron microscopy (HRTEM), gas-phase analysis, and thermal-
programmed oxidation (TPO). The goal of this study was to correlate each nanofiber product
with the behavior of the specific metal/support precursor system. The advantages of using
selected support materials to control the morphologies and sizes of nanofibers is presented.

Introduction

The formation of carbon nanofibers during the inter-
action of carbon-containing gases with hot metal sur-
faces has been known for decades and considerable
effort has been expended in attempts to prevent the
collection of this material as it can have deleterious
effects with regard to the efficient operation of many
processes.!=® In recent years, however, it has been
recognized that by judicious selection of a metal catalyst
particle, coupled with a strict control of the composition
of the reactant gas and the temperature, it is possible
to tailor the structure of the carbonaceous material and
generate an assortment of structures.®” Of the many
conformations that it is possible to produce by altering
the catalyst and the reaction parameters, two types
have received a great deal of attention; the tubular type
or “nanotube”, because it is anticipated that they may
have a variety of applications,®~10 and those with only
edges exposed because they can store vast amounts of
hydrogen.1! It is interesting to note that many of these
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materials consist entirely of graphite and can be pro-
duced at 600—700 °C, conditions well below the tem-
peratures necessary for graphitization (~2700 °C).

Baker and co-workers'? developed a mechanism for
the metal-catalyzed growth of carbon nanofibers based
on dynamic studies performed by controlled atmosphere
electron microscopy (CAEM). The principal steps of this
mechanism involved the decomposition of a hydrocarbon
on specific surfaces of the metal to generate carbon
species that subsequently dissolved and diffused through
the bulk and were eventually deposited as a fibrous
structure on a different set of crystallographic faces of
the particle. It has been shown that the crystallographic
orientation of the depositing faces of the particle plays
a crucial role in determining the degree of crystallinity
of the carbon structure. For example, the interstitial
spaces between atoms in the Ni (111) face indeed
coincide very closely with the carbon—carbon spacing
of graphite, and hence a Ni (111) face preferentially
precipitates graphitized carbon.13

While many workers have investigated the formation
of nanofibers from catalyzed decomposition of carbon-
containing gases over various metals and alloys,14~19
there has been no systematic study of the influence of
the support medium on the structural characteristics
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of the carbonaceous solid when the metal particles are
dispersed on a carrier. There are reports in the litera-
ture where carbon nanofibers have been grown from the
interaction of various hydrocarbon/hydrogen mixtures
with iron salts dispersed on graphite foils.29-23 When
the metal catalyst is supported on a suitable material,
the orientation of the particle surface is quite different
to that encountered with a pure powdered metal sample
and as a consequence, the reactivity pattern toward
certain gases is dramatically perturbed. The nature and
strength of the interaction between the two components
may (a) induce electronic perturbations throughout the
metal, 2425 (b) generate significant differences in the
metal morphology and the arrangement of the surface
atoms,2627 (c) exert an influence on the growth charac-
teristics of the supported metal particles,282° and (d) in
some cases, modify the chemistry of the system as a
result of migration of support species onto the surface
of the metal .30

The interactions of a metal particle with graphite are
quite different to those observed with either silica or
alumina, which is expected, since with the former
material we are dealing with an electrical conductor,
whereas the refractory oxides are insulators. Further-
more, graphite possesses a well defined structure with
a high degree of crystallinity, whereas the oxides have
only short range order and are mostly amorphous. A
review of the studies on catalytic gasification of graphite
performed with the CAEM technique provides direct
insights into the qualitative aspects surrounding the
interactions of a number of metals in the presence of
various gases.3! One of the most significant results of
these investigations was the observation that for cata-
lyzed gasification to occur, the metal particles must be
located on the graphite edge sites, indicating that these
are the most active regions. It was also demonstrated
that the onset and mode of catalytic attack were directly
related to the ability of the metal particles to undergo
a wetting action with the graphite edges, a phenomenon
that was dictated by the strength of the interaction
between the two surfaces.3233
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Table 1. Characteristics of the Support Media

surface
area N,  geometric
support BET m?%/g properties electronic properties
SiO, 255 amorphous insulator
SP1 graphite 6 ~5% edge  conductor in basal plane
sites
platelet GNF 234 ~99% edge conductor (basal plane)
sites and semiconductor

(along edges)

If the above criteria are extended to the area of
nanofiber synthesis, it becomes clear that differences
in the nature of the interaction between the metal
catalyst particles and the support are going to be
reflected in variations of the growth characteristics in
the carbon structures. In the extreme case, when a
strong interaction exists between the metal catalyst and
the support, subsequent growth of nanofibers will occur
via an extrusion mode, where the particle remains
firmly attached to the carrier throughout the reaction
sequence.?* This study provides a direct comparison of
the structural characteristics of carbon nanofibers pro-
duced from different supported metal systems and lends
insight into the impact of the strength of metal/support
interaction on the growth process. As the catalytic
formation of GNFs and nanotubes becomes an increas-
ingly attractive route for production of these types of
materials, it is essential that one is able to control both
the size and morphological features of the metal catalyst
particle. The logical method to achieve this goal is
through a fundamental understanding of the nature of
the metal/support interaction.

Experimental Section

Catalyst Preparation. Three different types of support
materials were selected: Cab-0-Sil amorphous fumed silica,
SP1 Graphite obtained from Alfa Aesar (where the percent
exposed basal plane to edge area was over 95%) and platelet
graphite nanofibers (where the percent exposed edge to basal
plane area was over 99%). The “platelet” graphite nanofibers
were prepared according to the procedure outlined in a
previous paper.®® Prior to use, the graphite nanofibers (GNF)
were treated in 1 M hydrochloric acid for a week to remove
the iron catalyst. The characteristics of the three support
materials are given in Table 1. Iron, cobalt, and nickel were
separately introduced onto each of the graphitic supports via
incipient wetness impregnation in ethanol using the respective
metal nitrates as precursor salts to produce a 5 wt % metal
loading. The impregnated materials were all dried overnight
in air at 110 °C, followed by calcination in air at 350 °C for 4
h and finally reduced in 10% H,/He at 350 °C for 24 h. The
corresponding silica supported catalyst systems were prepared
according to a similar protocol; however, in these cases it was
necessary to treat the samples for 36 h in a 10% H,/He stream
at 350 °C to ensure complete reduction of the particles to the
metallic state. All catalysts were cooled to room temperature,
and passivated in 2% air/He for 2 h prior to removal from the
reactor. These treatments and the subsequent carbon deposi-
tion reactions were performed in a horizontal flow reactor
system. All gas flow rates were regulated with MKS mass flow
controllers.

Carbon Nanofiber Growth Protocol. Approximately 150
mg of a given catalyst sample was uniformly dispersed along
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Table 2. Percent by Weight Carbon Deposition after
90-min Reaction in C;H4/H; (4:1) at 600 °C

support
metal SP1 graphite silica platelet GNF
5% nickel 84.0 78.0 78.0
5% cobalt 13.0 4.0 34.0
5% iron 20.0 19.0 69.0

the base of a ceramic boat and placed in the center of the
reactor. Initially the catalyst was reduced for 2 h in a 20%
Hz/He stream at 600 °C to ensure the passivated particles were
converted to the metallic state. After the system was flushed
with 100 mL/min He at 600 °C for 1 h, a 80/20 mL/min
C,H./H; reactant mixture was introduced into the system. The
composition of the reactant gas was analyzed at the start and
at regular intervals during the reaction with a Varian 3400
gas chromatography unit using a 30 m megabore column
(GS-Q). Carbon and hydrogen atom balances in conjunction
with the relative concentrations of the respective components
were employed to calculate the solid carbon yields as a function
of time. The reaction was allowed to proceed for 1.5 h and at
the completion of the experiment the system was cooled to
room temperature in 100 mL/min He; the solid product was
weighed and stored for further characterization. In all cases
the computed and measured weights of the solid carbon
product were within +5%.

The gases used in this work, ethylene (99.95%), hydrogen
(99.99%), and helium (99.999%) were obtained from Med Tech
Industries and used without further purification. Reagent-
grade iron nitrate [Fe(NO3)3-9H,0], nickel nitrate [Ni(NO3),*
6H,0], and cobalt nitrate [Co(NO3),6H,0] were purchased
from Fisher Scientific for the catalyst preparation.

Characterization Studies. The structural details of the
solid carbon deposits were obtained from transmission electron
microscopy (TEM) studies. The determinations of catalyst
particle size distributions (PSD) and associated nanofiber size
distributions (FSD) were performed on a JEOL 100 CX
instrument and these data were collected from the widest
points on the particle/nanostructure interface regions. High-
resolution TEM (HRTEM) examinations were carried out on
a JEOL 2010 FX instrument, capable of 0.18 nm lattice
resolution. Representative specimens of the deposits produced
from each experiment were prepared by ultrasonic dispersion
of the carbonaceous material in isobutyl alcohol and then
application of a drop of the supernate onto a holey carbon film.

An estimate of the overall degree of the graphitic nature of
the carbon deposit produced on the silica supported metal
systems was obtained from a comparison of the oxidation
profile (weight loss as a function of reaction temperature) of
the material in COy/Ar (1:1) with those found for two stan-
dards, single-crystal graphite and amorphous carbon, when
treated under the same conditions. These experiments were
conducted in a Cahn 2000 microbalance at a heating rate of 5
°C/min. To avoid ambiguities from the presence of metallic
impurities all samples were treated in 1 M hydrochloric acid
for a period of 1 week, a procedure that had previously been
found to be very effective for the complete removal of the metal
that could catalyze the oxidation of the carbon samples.®®

Results

Solid Carbon Yield as a Function of Catalyst
System. The percent yields of solid carbon as deter-
mined by the weight gain after reaction of the various
catalyst systems in an ethylene/hydrogen (4:1) mixture
for 90 min at 600 °C are given in Table 2. Inspection of
these data shows that the yields of solid carbon were
highest for the GNF-supported metals, followed by the
corresponding SP1 graphite-supported systems, with
the lowest performance being achieved when silica was
used as the supporting medium. Of particular signifi-
cance is the relatively high yield of nanofibers found for
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Figure 1. Comparison of the solid carbon yields from the

decomposition of ethylene over the three supported iron

catalysts at 600 °C as a function of time.

the iron/platelet GNF system, since in the unsupported
condition iron does not readily dissociate ethylene and
as a consequence, exhibits a poor performance for the
growth of carbon nanofibers.

A comparison of the solid carbon yields from the
decomposition of ethylene over the three supported iron
catalysts as a function of time is presented in Figure 1.
The maximum amount of nanofibers was not only
higher when the metal was dispersed on the platelet
GNF support, but the activity was maintained for a
longer period in this system than when the same
reaction was performed over either Fe/SP1 graphite or
Fe/SiO, samples. The plots for the analogous supported
nickel and cobalt catalysts were qualitatively similar
to those for iron, but differed in the magnitude of the
amounts of solid carbon that were formed.

Characterization of the Solid Carbon Deposit.
TEM Studies Examination of the samples of solid carbon
in the transmission electron microscope (TEM) indicated
that in all cases the solid product consisted exclusively
of carbon nanofibers. It was possible to establish a set
of physical and structural characteristics of the nanofi-
bers produced from a given catalyst system on the basis
of a detailed survey of a number of fields of view of each
specimen. A comparison of these observations showed
that there were significant differences in the nature of
the nanofibers generated from each supported metal
system and moreover, such variations extended to the
behavior of the same metal on different support media.

A typical width distribution of carbon nanofibers
produced from the catalytic decomposition of ethylene/
hydrogen (4:1) at 600 °C is shown in Figure 2 for the
nickel/silica system. The corresponding data for all the
other systems investigated in this work is given in Table
3, along with that from the respective unsupported
metal systems. Examination of these data reveals that
for the most part the width of nanofibers matched that
of the catalyst particles with the exception of the iron/
GNF system. Furthermore, nanofibers generated from
the supported catalyst systems are, on average, smaller
than those grown from the unsupported metal powders.

Iron particles that accumulated on the graphite edge
sites tended to acquire a rectangular geometry, whereas
particles in contact with the basal plane regions were
smaller, but more globular in appearance. In the cobalt/
graphite system a large fraction of relatively large
rectangular shaped particles congregated on the edges
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Table 3. Size Range of Particles and Associated Carbon Nanofibers Produced from the Various Metal Catalyst Systems

average width (nm)

SP1 graphite silica platelet GNF unsupported
metal particles fibers particles fibers particles fibers fibers
Ni 3—47 3-50 5—-46 4—49 2—40 5-50 35—45018
Co 4-40 4—492 4-22 2—-18 2-24 4-28 25—250%7
Fe 3-50 4-35 5-35 3-20 3-35 20—-150 —b3s

a A small fraction of larger fibers was also observed. P No fibers were produced from the reaction of C,H4 with unsupported Fe catalysts.
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Figure 2. Width distribution of both particles and carbon
nanofibers produced from the decomposition of CoH4/H; (4:1)
over a nickel/silica catalyst at 600 °C.

of the support and the basal planes were only sparsely
covered with very small particles. With nickel, the
particles adopted a faceted morphology and evenly
dispersed over the entire basal plane surfaces. Although
nickel is known to undergo a spreading action on the
edges of graphite during treatment in hydrogen at 850
°C,32 few particles were seen to have collected at these
sites under the current reduction conditions.

Nanofiber surfaces were completely free of any ex-
traneous material, indicating that uncatalyzed decom-
position of ethylene, which would give rise to the
deposition of amorphous carbon, was not taking place
under the current experimental conditions. For the sake
of clarity the specific structural features of the carbon
nanofibers produced from the three metals are described
separately in the following sections:

(a) Supported Iron Particles. Although SP1 and silica-
supported iron particles were not very efficient catalysts
for the growth of these types of carbon materials from
ethylene, the nanofibers that were formed in these
systems tended to be relatively uniform in size and
acquired a tubular structure. It is significant that there
was no evidence for the existence of metal particles
either within the body or at the tips of the nanofibers
produced from the iron/silica system. It is therefore
possible that growth of these structures proceeded via
an extrusion mode, where the iron particles remained
attached to the support surface during the growth
sequence. A further possibility is that the particles
became dislodged upon cooling or during the ultrasonic
dispersion step used in the specimen preparation pro-
cedure. In contrast, the iron/graphite and iron/platelet
GNF systems generated nanofibers in which the metal
particles were lifted away from the support indicative
of a whiskerlike, rather than extrusion, mode of growth.

The GNF-supported iron catalyst was a particularly
intriguing system in that the size distribution of the
nanofibers was about an order of magnitude larger than

ISEnm

Figure 3. High-resolution electron micrograph showing the
arrangement of the graphite sheets constituting the walls of
the tubular nanofibers produced from the decomposition of
C,oHJ/H; (4:1) over a iron/silica catalyst at 600 °C.

that of the initial metal particles. It was evident, that
during reaction with the ethylene/hydrogen mixture at
600 °C the iron particles underwent a change in mor-
phological characteristics, manifested in the appearance
of the nanofibers. A separate experiment was performed
in which the GNF supported iron particles were treated
in the presence of hydrogen at 600 °C. Subsequent
examination by TEM showed the presence of very wide,
flat particles, indications that a spreading action of the
metal had occurred on the graphite edge regions. This
catalyst system generated the highest yield of nano-
fibers among the supported iron systems.
High-resolution TEM investigations revealed ad-
ditional details regarding the structural characteristics
of the nanofibers. The graphite sheets constituting the
walls of the tubular nanofibers produced from the iron/
silica catalyst were parallel to the axis of growth.
Furthermore, some of the nanofibers approached a very
small size, having wall thicknesses of seven graphite
layers, an aspect that can be seen in Figure 3. Sections
of carbon nanofibers formed from the interaction of the
hydrocarbon with graphite supported iron particles are
shown in Figure 4. It is evident that once again the
graphite platelets constituting the material are aligned
in a direction parallel to the fiber axis. The subtle
differences in the structure of the nanofibers achieved
by supporting the iron particles on platelet GNF sup-
ports is evident in Figure 5. Here, the graphite sheets
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Figure 4. High-resolution electron micrograph of sections of
carbon nanofibers formed from the interaction of C,H4/H>
(4:1) with graphite-supported iron particles at 600 °C.

are aligned at some angle with respect to the fiber axis
and give the appearance of a stack of cones.

Despite the differences in growth characteristics
observed with the three supported iron catalysts in all
these systems, the small diameter metal particles were
capable of catalyzing the formation of extremely long
nanofibers, typically up to 100 um in length. The growth
must occur very rapidly as the lifetime of an individual
catalyst particle was relatively short.

(b) Supported Cobalt Particles. In the Co/SiO, system
almost all of the particles were found to be encapsulated
by graphite overlayers and this accounts for the sparse
fiber formation. The few nanofibers that were produced
tended to grow in the form of short tubular structures
and, as a consequence, did not project very far from the
silica support surface. The graphite-supported cobalt
particles exhibited a remarkable difference in behavior
compared to that found for the Co/SiO, system and
generated two different types of nanofibers. The set of
larger nanofibers exhibited a jagged profile and had the
appearance of a stack of cups with no well-defined axis,
Figure 6. In contrast, the other fraction of nanofibers
were much smaller in width and had the characteristics
of uniform tubular structures. The larger nanofibers
probably originate from the globular metal particles
accumulated at the edge sites of graphite, which had
sintered during reduction. The smaller nanofibers could
be derived from small catalyst particles initially located
on the basal plane regions of the graphite support or
by a secondary growth process involving fragmentation
of the larger active parent particles.

High-resolution TEM examination of the nanofibers
generated in these supported cobalt samples revealed
the existence of some major differences between the
silica and two graphite-supported systems. The walls
of the structures formed from Co/SiO, appeared to adopt
an undulating profile where the graphite sheets were
aligned in the same direction as the fiber axis. The
smaller nanofibers produced from the Co/graphite and
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Figure 5. (a) Appearance of nanofibers generated from the
decomposition of C,H4/H, (4:1) over a iron/platelet GNF
catalyst system at 600 °C, and (b) an enlarged section.

Co/GNF samples tended to be more uniform in width
and consisted of graphite sheets that were arranged
parallel to the nanofiber growth direction. Close scrutiny
of some of these structures gave the impression that
some may be bundles of single-walled nanotubes.

(c) Supported Nickel Particles. These catalyst systems
yielded the largest amount of solid carbon; however, the
nanofibers created from this metal did not possess the
same smooth profile as those generated from the sup-
ported iron samples. Widths of the fibers matched the
size of the associated metal catalyst particle. These
structures were of uniform density, there being no
evidence for the existence of “hollow tubular” conforma-
tions.

High-resolution examination of these structures, TEM
Figure 7, indicated that while the nanofibers possessed
a certain degree of graphitic character, as evidenced by
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Figure 6. Appearance of carbon nanofibers generated from
the interaction of Co/graphite catalyst with a C,H4/H; (4:1)
mixture at 600 °C.

Figure 7. High-resolution electron micrograph showing the
“herring bone” arrangement of nanofibers grown from the
decomposition of a C,H/H; (4:1) mixture over supported nickel
particles at 600 °C.

the existence of the graphite lattice fringe images, they
were somewhat less well-ordered than those generated
from the other two metals. In contrast to the previous
systems it was clear that the graphite platelets were
not aligned parallel to the fiber axis, but instead
oriented at angles to the growth direction tending to give
a “herringbone” arrangement with many edge sites.
Temperature-Programmed Oxidation Studies. Be-
cause of its very nature, TEM is a subjective technique
and as such, does not provide the overall information
about the structure of the entire specimen. We have
attempted to overcome this shortcoming by the use of
temperature-programmed oxidation (TPO), a technique

Anderson and Rodriguez

Table 4. Percentage Weight Loss Due to Oxidation of
Demineralized Carbons Produced with the Aid of Metal
Supported Catalyst Systems

catalyst system

T (°C) ColSiO;, Fe/SiO, Ni/SiO,
400 6 2 0
500 6 2 0
600 80 4 5
700 89 5 65
800 98 23 93
900 100 42 94

1000 100 100 100

that allows one to assess the overall crystallinity of
carbons. It has been established that in the absence of
a metal catalyst, the onset of gasification of amorphous
carbon in CO; occurs at 550 °C, while the corresponding
point for pure graphite is 860 °C.36 A comparison of the
difference in reactivity of the various demineralized
carbons is presented in Table 4. These gasification
trends reveal the existence of significant differences in
the characteristics of the nanofibers produced from the
three catalyst systems. Carbon nanostructures gener-
ated from silica supported iron catalysts exhibited a
high degree of crystallinity as shown by their resistance
to oxidation; nearly 80% of the sample was still unre-
acted at 800 °C. On the other hand, when silica-sup-
ported cobalt or nickel were the catalysts, the conforma-
tions exhibited an entirely different gasification pattern,
where over 90% of the samples were consumed when
the temperature reached 800 °C, an indication that the
structures were almost entirely amorphous.

Discussion

Effect of Support on Catalytic Reactivity. One
of the most important aspects of this investigation is
the effect that the various supports exert on the metal
particles and this is manifested by a change in the
characteristics of carbon nanofibers as compared to
those obtained when the respective unsupported metals
were reacted under the same conditions. In this context,
one of the most remarkable observations was the
behavior of supported iron particles. These metal par-
ticles were quite active toward nanofiber formation in
a CoH4/H; environment, when the metal was dispersed
on a platelet GNF carrier. This is to be contrasted with
that found when unsupported iron particles were heated
in the same gas mixture at 600 °C and appeared to be
completely unreactive.®® If a small amount of CO was
introduced into the reactant stream, the ability of iron
to decompose ethylene was drastically changed.3537:38

To understand the modification in the catalytic per-
formance of iron toward carbon nanofiber formation
when the metal was in a supported condition it is
necessary to refer to some of the more recent refine-
ments in the growth mechanism of the material.” When
metal particles are undergoing reaction in a hydro-
carbon environment, reconstruction of the metal par-
ticles to acquire very definite shapes occurs. Two distinct
sets of crystallographic faces are generated in the
particles; one group which is capable of chemically
dissociating ethylene but is unable to precipitate dis-

(36) Owens, W. T.; Rodriguez, N. M.; Baker, R. T. K. J. Phys. Chem.
1992, 96, 5048.
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solved carbon atoms, and another set of faces that
exhibits the reverse properties. The result of these two
simultaneously operating steps is that certain metal
faces always remain free of solid carbon and therefore,
are available for continued decomposition of the hydro-
carbon. Since the geometry of the particle ultimately
determines the morphology of the nanofiber, the pres-
ence of a support can drastically alter the initial shape
of the catalyst and this feature will be manifested in
the final structure of the solid carbon product. On the
basis of the arguments presented above one may
rationalize the observed modification in the carbon-
depositing characteristics of iron according to the notion
that in the silica-supported condition, surface atom
reconstruction of particles is facilitated and crystal-
lographic faces are generated at the metal/gas interface
that favor dissociative chemisorption of ethylene.

There is clearly a significant difference in the catalytic
activity of iron toward carbon nanofiber growth when
supported on the different substrate materials (Figure
1). The optimum activity was achieved with all the
systems after about 30 min on stream. Subsequent
deactivation of the Fe/graphite and Fe/SiO, catalysts
was observed after a reaction time of 120 min. In
contrast, the performance of the metal was maintained
for a longer period of time on the platelet GNF. This
observed difference in activity patterns in the Fe/
graphite and Fe/GNF systems is at first sight somewhat
perplexing, since after a short period of time the active
metal particles are located at the growing end of the
nanofibers and as such, are no longer in contact with
the original support media. One can argue that the
differences in crystallographic features of the particles
that are achieved by supporting iron on the GNF edge
sites as compared to the basal plane regions encoun-
tered in SP1 graphite are “locked into the catalyst”
during the nanofiber growth process, i.e., the particles
retain their shapes. For the silica-supported system, one
must also take into consideration that during the initial
stages of the reaction the particles are in direct contact
with the support and the possibility exists for insertion
of silicon species into the metal. Incorporation of as little
as 1 wt % of silicon into iron results in the reduction of
the solubility of carbon by 50 and also has an impact
on the rate of carbon diffusion through the metal.3°

Furthermore, it is an interesting exercise to contrast
the activity pattern found for the Fe/GNF— CyH4/H;
(4:1) system with that obtained in a previous study in
which the same catalyst combination was reacted in a
COIC,H4/H; (2:2:1) mixture at 600 °C.%° Under these
conditions catalytic activity toward nanofiber growth
was sustained at the maximum level for a much longer
period of time, showing the promotional effect of CO. It
was argued that the presence of adsorbed CO could
overcome the tendency of the surface of the iron
particles to undergo relaxation to an arrangement that
does not favor adsorption and decomposition of ethylene.

Effect of Support on the Sizes of Carbon Nano-
fibers. Examination of the data presented in Table 3
shows that the width of nanofibers produced from the
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three supported nickel systems were in the same range.
Such a relationship indicates that the metal particle
growth characteristics on the silica and carbonaceous
materials were also very similar. Previous studies have
demonstrated that under reducing conditions nickel ex-
hibits a strong interaction with both the basal plane and
edge sites of graphite31:32 and since these are the pre-
dominantly exposed regions of SP1 graphite and platelet
GNF, respectively, it is not surprising to find that the
same sizes of nanofibers are generated from these two
systems. A detailed investigation of the surface migra-
tion of nickel on silica was carried out by Arai and co-
workers*! using postreaction TEM examination of speci-
men that were treated at 600 °C over a period of 4 h. It
was significant that the metal particle size distribution
did not change to any appreciable extent during this
treatment, suggesting the existence of a relatively
strong interaction between nickel and silica.

The dramatic difference in the widths of nanofibers
generated from metal particles dispersed on SP1 graph-
ite and platelet GNF was remarkable. These respective
patterns of behavior can be readily understood when one
considers information obtained from controlled atmos-
phere electron microscopy (CAEM) studies performed
on the Co/graphite—hydrogen system.*2 These experi-
ments showed that while cobalt particles located on
basal plane regions of graphite underwent rapid sin-
tering at temperatures in excess of 500 °C those that
accumulated at edges exhibited a wetting and spreading
action a criterion associated with the existence of a
strong metal/support interaction. Iron films did not
readily nucleate to form discrete particles when the
metal was dispersed on the basal plane of graphite.
Conversely, however, CAEM studies have revealed that
this process took place quite readily with particles in
contact with the edge sites, suggesting that the latter
locations favored the growth of iron crystallites.*® On
the basis of these observations, one would predict that
the width of nanofibers grown from GNF-supported iron
particles would be on average wider than those formed
from the SP1 graphite-supported metal particles, which
was indeed observed in practice.

Effect of Support on the Structural Character-
istics of Carbon Nanofibers. From a comparison of
the TPO profiles one can establish the oxidation char-
acteristics of the nanofibers produced from the three
silica supported metal catalysts. On the basis of these
data it is apparent that the material produced from an
iron catalyst displayed the highest level of graphitic
character, whereas that grown from nickel exhibited the
lowest degree of crystalline perfection. This sequence
is the same as that found for carbon nanofibers gener-
ated from the reaction of ethylene/hydrogen with the
respective unsupported metals.18:3544

High-resolution TEM studies have shown that the
nanofibers produced from these systems were composed
of graphite platelets aligned in a direction parallel to
the fiber axis giving the material a tubular form. This
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is to be contrasted with that found for nanofibers
generated from the interaction of CO/H; (4:1) with iron
powder at 600 °C. Here the graphite platelets were
stacked in a direction perpendicular to the fiber axis.3°
The ramifications of this difference in the orientation
of graphite platelets is that in the former case, the
surface of the nanofibers will consist primarily of basal
plane regions, whereas in the latter materials, only edge
sites will be exposed. As a consequence, these two types
two of graphite nanofibers will exhibit major differences
in their physical and chemical properties. These struc-
tural characteristics will also have an impact from the
point of view of commercial applications; nanofibers that
present the basal plane regions to the environment are
likely to exhibit high electrical conductivity, whereas
structures in which edge regions are exposed will be
ideal candidates for adsorption and gas storage.

In contrast, only minor perturbations were found in
the structural characteristics of nanofibers formed from
the supported and unsupported cobalt and nickel sys-
tems. The nature of the support did exert some effect
on the arrangement of the graphite platelets present
in the nanofibers grown from cobalt particles, with the
carbonaceous carriers tending to promote the formation
of well-aligned tubular structures, whereas the arrange-
ment of the graphitic component in the material grown
from the cobalt/ silica system was not so well defined.
Interestingly, some of the nanofibers generated from
this latter catalyst system took the form of spiral
conformations. This type of carbon nanofiber growth
morphology has been observed in a number of previous
studies,'®45-48 and is generally associated with the
presence of certain additives in the host metal catalyst
particle. The presence of such “impurities” is believed
to introduce a degree of asymmetry with respect to the
carbon diffusion pattern through the catalyst particle
that results in a nonbalanced precipitation process at
the depositing faces of the metal. In the present system
it is possible that this modification in nanofiber growth
characteristics is attributable to the entrapment of a
small fraction of silica species into the active cobalt
particles.

It was difficult to identify any significant differences
in any of the nanofibers created on nickel particles.
While there was some evidence that the nanofibers
possessed a certain degree of crystalline character where
the graphite sheets were oriented in a “herringbone”
arrangement, this pattern did not extend throughout
the structure. The crystallinity of carbon nanostructures
has been found to be dependent on a number of
parameters, including the nature of the catalyst, the
reactant gas, and the temperature. It has been postu-
lated that even if the metal particle reconstructs to
generate faces that match the structure of the basal
plane of graphite, crystalline carbon may not be formed.
The generation of graphitic structures, is achieved when
the particle has reached conditions where it undergoes
a wetting and spreading action on the graphite edge
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sites. With the aid of CAEM, iron particles were
observed to wet and spread on graphite at 575 °C,*3 and
this may explain the highly crystalline nature of the
nanofibers produced with this catalyst. In contrast,
nickel was reported to undergo spreading at tempera-
tures in excess of 975 °C.32 Under the present experi-
mental conditions (600 °C), it is probable that neither
nickel nor cobalt are capable of undergoing a wetting
and spreading action on the graphite edge sites and as
a consequence, these metal particles will tend to adopt
a globular geometry, which will culminate in the growth
of disordered nanofiber structures.

Since both the degree of crystalline perfection and
orientation of the graphite platelets that constitute
some of the nanofiber structures are controlled by the
arrangement of metal atoms found at the catalyst/solid
carbon interface,”*? it is reasonable to expect that the
nature of the metal/support interaction will play a
significant role in the growth process. The selection of
a suitable support medium for the metal catalyst opens
up new approaches that allows for the manipulation of
the structural characteristics of carbon nanofibers.

Summary

The results of this investigation have demonstrated
that major modifications in the growth characteristics
of carbon nanofibers can be achieved when iron, cobalt,
and nickel are used in a supported rather than pow-
dered form to catalyze the decomposition of ethylene at
600 °C. Moreover, there were significant differences in
the performance of these metals depending upon the
nature of the metal—support interaction. In this respect,
one of the most intriguing findings was that while
powdered iron samples did not generate carbon nano-
fibers from ethylene/hydrogen mixtures, when the metal
was dispersed on either silica, graphite, or graphite
nanofiber supports, the growth of these structures
proceeded in a very facile manner.

High-resolution transmission electron microscopy stud-
ies of the solid carbon deposit formed in these reactions
revealed that nanofibers were the exclusive product
with no other forms of carbon being present. Examina-
tion of the detailed structural characteristics of the
nanofibers grown from the various supported metals
indicated that those produced from iron catalysts ex-
hibited the highest degree of crystalline perfection. In
all cases, the nanofibers derived from iron adopted a
structure in which the graphite platelets were aligned
in a direction parallel to the fiber axis. Close inspection
showed that these nanofibers were not rounded, but
instead acquired a faceted outline, where the wall thick-
nesses varied from a single to multiple graphite sheets.
It was fascinating to find that this nanofiber geometry
was maintained even when such “secondary” structures
were generated from iron particles supported on “par-
ent” graphite nanofibers where the graphite sheets were
aligned in a direction perpendicular to the fiber axis.
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