JOURNAL OF CATALYSIS 64, 464-478 (1980)

Filamentous Carbon Growth on Nickel-Iron Surfaces: The Effect of
Various Oxide Additives

R. T. K. BAKER AND J. J. CHLUDZINSKI, JR.

Corporate Pioneering Research, Exxon Research and Engineering Company, Linden, New Jersey 07036

Received January 21, 1980; revised March 3, 1980

Controlled atmosphere electron microscopy has been used to follow the growth of filamentous
carbon on Ni-Fe surfaces from the catalyzed decomposition of acetylene. Included in this
investigation has been an examination of the manner by which various oxide additives, including
SiQ,, Al,O3, TiO,, WO3, Ta,0;5, and MoO;, modify the growth characteristics of filaments from the
alloy. It was found that all the oxides suppressed growth of this form of carbon at temperatures
<620°C. Above this temperature only WO;, Ta,0;, M0oO;, and SiO, exerted any influence, with
the latter being the most effective inhibitor. A possible classification for the role by which various
additives effect the growth rate of filamentous carbon is presented.

INTRODUCTION

In spite of the fact that carbon deposition
is one of the major sources responsible for
the loss of catalytic activity of many sup-
ported metal systems, it is surprising to find
that there are very few reports in the litera-
ture relating to attempts at minimizing this
effect.

Information that is available invariably
pertains to the protection of large scale
plant rather than to small metallic particles.
A number of workers have found that sulfur
can retard carbon formation (/-3). Bennett
et al. (4) made a detailed study of the
inhibition of carbon deposition, produced
from decomposition of acetone on stainless
steel, Fe;0, and Cr,03, by sulfiding and by
the continuous addition of sulfur com-
pounds to the gas phase. Sulfiding reduced
and in some instances prevented carbon
deposition on Fe;0,. Unfortunately this
treatment did not affect deposition on
Cr,0;. One could not, however, envisage
using such a treatment on a universal scale
for supported catalyst systems. Karcher
and Glaude (3 ) have also demonstrated that
deposition of silane onto iron and steel
surfaces brought about an appreciable re-
duction in the formation of carbon from
CO/H, mixtures. There are reports relating

to the use of aluminum and aluminum al-
loys on iron-containing surfaces to improve
the resistance to carbon formation on expo-
sure to hydrocarbons at 400-1100°C (5).
We have only found one reference devoted
to the use of titanium, which indicates that
alloys containing this metal exhibit low
carbon deposition characteristics when ex-
posed to hydrocarbons at 800°C (6).

It should be appreciated that in the ma-
jority of the work cited above no indication
is given as to which form of carbon the
various treatments are claimed to suppress.
In the present study we have limited our
investigation to studying the inhibition of
filamentous carbon growth. This form of
carbon is produced by the catalytic decom-
position of carbon containing gases on
small metal particles (7). A mechanism has
been postulated to account for the growth
of filamentous carbon (8, 9) which depends
on diffusion of carbon through the metal
particle from the hotter leading face on
which hydrocarbon decomposition occurs
to the cooler trailing faces at which carbon
is deposited from solution. Carbon remain-
ing at the leading particle surfaces migrates
around the particle to constitute the wall of
the filament, which has a different texture
from the deposited material forming the
core. Growth ceases when the leading face
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is covered by a layer of carbon built up as a
consequence of rate control by the carbon
diffusion process. A major criticism of this
mechanism is that it fails to account for the
finding of filaments produced by pyrolysis
of methane, an endothermic process (/0).

Our strategy has been to examine the
possibility of inhibiting filamentous carbon
formation by the introduction of additives
to the catalyst particles, which might re-
duce the rate of the crucial steps involved
in the growth process, i.e., carbon solubil-
ity or carbon diffusion through the catalyst
particle. In this paper we shall report on the
effect of treating Ni-Fe, a very active cata-
lyst, with SiO,, Al,O;, TiO,;, WO, Ta,0;,
and MoQ;. The additives have been desig-
nated as oxides, since this was their initial
form, however, this may not be the form
once they are incorporated in the catalyst
particles. A possible classification for the
role by which these additives effect the
growth rate of filamentous carbon will be
discussed.

EXPERIMENTAL

The major technique used in this work
was controlled atmosphere electron mi-
croscopy (/1). At the termination of some
experiments specimens were subsequently
examined in the Philips EM 400 high-reso-
lution transmission electron microscope,
which when operated in the STEM mode
enabled analysis to be performed on indi-
vidual particles down to 40 nm in size.

In these experiments two different types
of specimens were employed: Ni-Fe in the
form of discrete particles supported on
electron transparent sections of graphite or
silica and Ni-Fe deposited as a thin film
onto the surface of a nickel electron micro-
scope grid which when heated resulted in
nucleation of the film to produce particles.
Silica films and transmission sections of a
single crystal graphite were prepared in an
identical manner to that previously de-
scribed (9). Nickel electron microscope
grids were first degreased in acetone and
then washed in deionized water, before
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spot welding across the specimen hole in
the platinum heater ribbon.

Equal amounts of high-purity iron
(99.993% purity) and nickel (99.97 purity)
wires were coevaporated onto the speci-
mens at 5 X 107% Torr from a heated
tungsten filament to produce a continuous
film of mixed metal about 5 nm thick. In
some experiments various additives were
introduced onto the grid specimens. Alumi-
num and titanium were vacuum deposited
as the metals: tungsten, tantalum, and sili-
con by vacuum evaporation of WO;, Ta,0s,
and SiO,/Si powders, respectively, from a
tungsten boat; and molybdenum by passing
a high current through a molybdenum fila-
ment so that it fused to deposit a contin-
vous film of metal about 0.5 nm thick. All
these materials were introduced at a resid-
ual presure of 5 X 1078 Torr. In order to
assure intimate contact between the nickel-
iron and the additive, all grid type of speci-
mens were preheated in oxygen at 825°C for
1 hr prior to reaction with acetylene so that
the uppermost layers were converted to
oxides, and diffusion of some of the addi-
tive into the bulk metal was possible.

The gases used in this study, acetylene,
hydrogen, and oxygen, were obtained from
Scientific Gas Products, Inc. with stated
purities of >99.5% and were used without
further purification.

RESULTS

A. Nickel-dron-Catalyzed Decomposition
of Acetylene

It was found that if Ni-Fe films, sup-
ported on either graphite or silica, were
heated directly in 2.0 Torr acetylene then
the resultant particle nucleation was not
very satisfactory, due to the accumulation
of carbon on the surface. Excellent particle
formation was obtained, however, if this
process was performed in 1.0 Torr H,.
Providing the nucleation temperature had
been maintained below 800°C then on sub-
sequent exposure to acetylene both the
supported systems exhibited identical be-
havior up to this temperature.
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The first clear signs of carbon deposition
were apparent at 480°C and this took the
form of filamentous carbon growth, individ-
ual filaments being 5 to 50 nm diameter and
up to 300 nm in length. As the temperature
was raised, both the size and number of
filaments being produced increased. The
manner by which the filaments grew was
similar to that observed in previous studies.
A metal catalyst particle was located at the
growing end of the filament and, during the
reaction, was carried away from the sup-
port surface by the growth process. With
the Ni-Fe/graphite system, the formation
of filamentous carbon proceeded quite
smoothly up to 925°C. At this temperature
the amount of amorphous carbon collecting
on the specimen became so heavy that most
surface features were obscured. A major
departure from this behavior was observed
for Ni-Fe/silica specimens at temperatures
in excess of 800°C, which is described in a
later section.

In another series of experiments the form
of the specimen was changed to that of a
nickel grid onto which a film of Ni-Fe had
been introduced. These specimens were
too thick to allow penetration by the elec-
tron beam so that observations were limited
to following the changes occurring at edges.
When this system was heated in 2 Torr
acetylene the original smooth surface took
on a ragged appearance at 475°C. This
behavior preceded the formation of carbon
filaments at the same temperature. The
filament characteristics were identical to
those which grew from the supported metal
system, showing an increase in growth rate
and average size as the temperature was
raised. Figure 1 is a transmission electron
micrograph showing the typical appearance
of filaments which had formed on the edge
of a grid after 5 min reaction in a 2 Torr
acetylene at 800°C. Under these conditions
filament widths were between 20 to 300 nm
and length up to 100 um. At 927°C, growth
was so prolific that it was impossible for the
electron beam to penetrate the mass of
accumulated deposit. Experiments per-
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formed on the bare nickel grids demon-
strated that in this case the onset of fila-
mentous growth did not take place until
700°C and that the amount of carbon depos-
ited was far less than from Ni-Fe after
comparable times at the same temperature.

From these studies it has been possible to
obtain quantitative kinetic data on the
growth of the filaments. The growth rate
data where SiQ, is absent, or believed not
to be exerting any influence on the process,
i.e., conditions where SiO, had not diffused
into Fe-Ni particles, can be expressed in
the form of an Arrhenius relationship, log
filament growth rate against 1/7 (Fig. 2). In
order to overcome variations in rate with
particle size, all measurements are based
on 30-nm-diameter catalyst particles. These
determinations were made over constant
growth rate regions and each point repre-
sents the average of at least 10 filaments
at each temperature. From the slope of
this line, an apparent activation energy of
33.6 * 4 kcal mole™! has been estimated
for the process.

B. Influence of Silica on the
Nickel-Iron /Acetylene Reaction

When Ni-Fe silica specimens were
treated in 2 Torr acetylene at temperatures
above 800°C several changes in the growth
characteristics of filaments were apparent.
Both the linear filament growth rate and the
length to which they grew before termina-
tion was drastically reduced compared to
that of the unadulterated system. A more
subtle discovery was the observation of a
sudden reduction in the electron scattering
density of the filaments, suggesting that iess
material was diffusing through the catalyst
particles to form the inner core of the
filaments. Further, it was found that if the
initial particle nucleation process on silica
was performed at temperatures >800°C,
then on subsequent exposure to acetylene
the rate of formation of filaments was re-
duced at all temperatures, relative to that
from the Ni-Fe/graphite system. More-
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the appearance of carbon filaments from Ni-Fe/acetylene at 800°C.
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F1G. 2. Arrhenius plot for filamentous carbon
growth from Ni-Fe-catalyzed decomposition of 2 Torr
acetylene: @, Ni-Fe /C,H,; O, Ni-Fe + Si0,/C.H.,.

over, in this case, the onset of filament
formation did not occur until about 675°C.

The grid type of experiment was ex-
tended to include an examination of the
manner by which SiO, additions to the
metal alloy surface modified subsequent
carbon formation. SiQ, was deposited in
one of two arrangements, either (a) directly
on top of the Ni-Fe film, or (b) interposed
between the Ni grid and the Ni-Fe film.

When specimens in configuration (a)
were heated directly in acetylene, carbon
filament growth was not detected until
620°C, and then only in isolated patches on
the surface. Growth of this form of carbon
became more prolific as the temperature
was raised to 755°C, but tended to slow
down quite abruptly at higher tempera-
tures, approximately 800°C.

In contrast there did not appear to be any
inhibiting effect of SiO, on filament growth
below 800°C when specimens in con-
figuration (b) were treated under similar
conditions. At temperatures >800°C both
types of specimens exhibited similar behav-
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ior. The most dramatic effect was seen
when specimens were preheated in oxygen
at 825°C and then reacted in acetylene. In
this case both forms of specimen showed
identical behavior; some short filaments,
growing at a very slow rate, were first seen
at 675°C. As the temperature was raised, it
became evident that both the size and
growth rates of filaments were greatly re-
duced over that where SiO, was absent
from the system. This feature can be best
appreciated by comparison of the deposit in
Fig. 3, a micrograph taken after hydrocar-
bon treatment at 800°C of a Ni-Fe/SiO,
specimen, with Fig. 1, a Ni-Fe specimen
reacted under identical conditions for the
same period.

Quantitative data are presented in Fig. 4
for the linear increase in filament length
with time from (A) Ni—Fe, and (B) Ni-Fe +
SiO, preheated in O, at 825°C, during reac-
tion of 30-nm-diameter catalyst particles
with 2 Torr acetylene at 680°C. Both curves
are sigmoid in shape, characteristic of a
process where a catalyst is gradually poi-
soned. Two major differences are evident;
the reduction in filament growth rate and
ultimate length in the presence of added
SiO,. Typical dimensions of filaments pro-
duced on Ni-Fe/SiO, specimens when
growth ceased at 800°C were 5 to 60 nm in
width and 0.1 to 2.0 um in length.

The influence of SiO, on the growth rate
of carbon filaments from the Ni-Fe/C,H,
system is demonstrated emphatically in
Fig. 5. Here, the logarithm of the average
maximum growth rate of filaments pro-
duced from 30-nm-diameter catalyst parti-
cles is plotted as a function of temperature.
It is clear that in systems where SiO, is
absent or where conditions have not been
attained that would result in the oxide being
incorporated in the catalyst, there is a fairly
rapid rise in the growth rate with tempera-
ture. When Ni-Fe + SiO, specimens were
reacted directly in the hydrocarbon a dra-
matic falloff in filament growth rate occurs
as the reaction temperature approaches
800°C, and above 820°C only a slight
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FiG. 4. Growth rate curve for filaments produced from 30-nm-diameter catalyst particles with 2
Torr acetylene at 680°C. (A) Ni-Fe, and (B) Ni-Fe + SiO, preheated in O, at 825°C.

change in rate is observed. When the same
system was preheated in O, at 825°C prior
to reaction with acetylene, inhibition of
filament formation is seen at all tempera-
tures.

Finally, postreaction X-ray energy dis-
persive chemical analysis of spent catalyst
particles confirmed that SiO, was incorpo-
rated in those particles where Ni-Fe +
SiO, particles had been treated at tempera-
tures >800°C. The amount of Si found in
such particles varied from 1 to 5%.

C. Influence of Alumina and Titania on
the Nickel-Iron [Acetylene Reaction

The form of the specimen used in these
experiments was the grid arrangement.
Many of the features exhibited by these
additives on the carbon deposition reaction
were similar and so to avoid repetition, the
results from these two systems will there-
fore be treated collectively. When speci-
mens were treated in 2 Torr acetylene no
obvious changes in the appearance of the
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Si0,/C,H,; @, Ni-Fe + SiO, preheated in O, at 825°C for 1 hr/C,H,.
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surface was observed until the temperature
reached 650°C. At this stage the first signs
of very sparse filament growth was de-
tected; the average dimensions of the fila-
ments were 7 nm width and 45 nm length.
Raising the temperature produced dramatic
changes in these specimens, which are il-
lustrated schematically in Fig. 6. Parts of
the oxide coating started to disrupt, expos-
ing the bare metal surface to the gas and
almost immediately prolific filament forma-
tion occurred. Once initiated, this action
became self perpetuating; as filaments
formed they caused further break-up of the
protective oxide layers, exposing a fresh
supply of potential catalyst particles. The
rate at which this action spread to cover the
entire surface was accelerated by increas-
ing the temperature.

The qualitative features of the filaments
produced from the two systems showed
some differences in characteristics. Those
formed from the Ni-Fe + Al,O; reaction
with the hydrocarbon tended to be similar
to filaments which grew on the virgin metal
surface. On the other hand many of the

= CoMy

A|203 or TiO2
METAL

(a)

(c)

FiG. 6. Stages in the failure of alumina and titania
coatings on a Ni-Fe surface.

471

carbon filaments formed in the presence of
titania were in a spiral conformation, where
the catalyst particle was located within the
filament, which grew from two faces of the
particle in opposite directions. An example
of this type of growth can be seen in the
micrograph, Fig. 7.

From the quantitative measurements of
filament growth rates at various tempera-
tures it has been possible to evaluate the
growth kinetics of filaments in the presence
of ALO, and TiO,. Inspection of Fig. 8, a
plot of the logarithm of the maximum
growth rate of filaments formed by 30-nm-
diameter catalyst particles against the re-
ciprocal of absolute temperature, clearly
shows that neither oxide exerts any
significant influence on the rate-determin-
ing step of the individual filaments. The
apparent activation energies derived from
these slopes being 32.9 = 4 kcal mole™! for
the Al,O; system and 31.6 + 3 kcal mole™!
for the TiO, system, which, within experi-
mental error, is the same as that derived
from the virgin surface.

D. Influence of Tungsten, Tantalum, and
Molybdenum Oxides on the
Nickel-Iron [Acetylene Reaction

When nickel-iron specimens treated with
these three oxides were heated in 2 Torr
acetylene they showed similar behavioral
patterns, differing only in the temperatures
at which various events occurred. For this
reason they will be dealt with together and
any variations from this general discription
will be highlighted separately.

The first signs of filamentous carbon
growth occurred at 685°C = 15°C. Tra-
versal of the edges of the specimens
showed that such growth was starting to
develop in a few isolated regions, and activ-
ity was restricted to catalyst particles in
the size range, 2.5 to 20 nm. These parti-
cles had formed at 400-500°C as a result
of nucleation of the metal films. The only
major change which occurred as the tem-
perature was gradually increased to 865°C
was that the width of newly formed fila-
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FiG. 8. Arrhenius plots for filamentous carbon growth from (a) O, Ni-Fe + Al,0;/C,;H,; and (b) @,

Ni-Fe + TiO,/C,H,.

ments tended to increase, thus enabling a
more precise identification of their growth
characteristics. Careful examination of
many filaments revealed that the inner
core was transparent toward the electron
beam, and the smaller growths gave the
appearance of being hollow. In all other
respects, however, at temperatures up to
865°C, the qualitative features of the fila-
ments were identical to those formed on
the virgin metal surface.

A major departure from the conven-
tional filament growth pattern was found at
temperatures above 865°C for both the
Ni-Fe + WO, and Ni-Fe + Ta,0O; systems,
Ni-Fe + MoO, continuing to produce
filaments in the normal mode. This devia-
tion took the form of finer secondary fila-
ments, which were produced as a result

of fragmentation of some of the catalyst
particles at the heads of the larger fila-
ments present. These secondary struc-
tures grew at a much faster linear rate
than that of the main filament and were
formed by two modes. In one case, small
fragmentary particles were split off con-
tinuously from the parent particle so that
the filaments created from such particles
formed at intervals along the edges of the
main filament producing a spinal confor-
mation. It was apparent that as this
process proceeded the original particle
became depleted in material and as a con-
sequence the main filament became ta-
pered. In the other situation, fragmenta-
tion of the parent particle took place in a
single explosive act generating numerous
smaller particles. Although these particles
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continued to catalyze filamentous growth,
their activity was relatively short-lived.
An example of this phenomenon is shown
in the sequence in Figs. 9A-D.

Quantitative kinetic analysis of a number
of recorded reaction sequences enabled an
evaluation of the growth kinetics of carbon
filaments in the presence of these three
oxides. An Arrhenius plot of the results
obtained from 30-nm-diameter catalyst par-
ticles is shown in Fig. 10. From the slopes
of these lines apparent activation energies
of 32.8 + 3.5 kcal mole~! (WO,), 30.5 = 3
kcal mole™! (Ta,O5), and 30.9 * 3 kcal
mole~! (MoQ3) have been estimated for the
filament growth process.

A fairly rigorous postreaction examina-
tion was conducted on spent catalyst parti-
cles from the Ni-Fe + WO;/C,H, system.
X-Ray energy dispersive chemical analysis
of such particles confirmed that WO, was
incorporated in the particles. High-resolu-
tion transmission electron microscopy also
demonstrated that deactivated particles
were encapsulated in a thin layer of graph-
ite, approximately 2 nm thick, which ex-
tended along the filament axis in the form of
a skin surrounding a nongraphitic inner
core (19).

DISCUSSION

The CAEM studies have shown that the
behavior of supported Ni-Fe particles to-
ward acetylene is identical to that where
the alloy is initiailly present as a thin film on
a bulk metal surface. Moreover, it is appar-
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ent from the data presented in Table 1 that
Ni-Fe is a much more active catalyst for
filamentous carbon growth than either of
the component metals. This feature may be
related to the fact that addition of Ni to Fe
stabilizes the y-form of Fe down to 350°C
(12). When the metal is in the pure state,
the transition of a- to y-form does not occur
until temperatures in excess of 900°C (12).
These two phases have different structures,
a- is B.C.C. and - is F.C.C., and as a
consequence exhibit different carbon diffu-
sion characteristics. The activation ener-
gies for diffusion of carbon through o-Fe
being 16.1 kcal mole™! (/3), and through -
Fe, 33.3-39.5 kcal mole~ (/4). This conclu-
sion may not hold for very high reaction
temperatures, since Schnaas and Grabke
(20) reported that at 1050-1100°C an alloy
with a Ni/Fe = 4/1 had the optimum
resistance to carburization, a process
which is controlled by carbon diffusion.

Comparison of the activation energy for
filament growth in this system with that for
diffusion of carbon through Ni-Fe is also
presented in Table 1. The excellent agree-
ment between these values lends further
support to the postulate that diffusion of
carbon through the catalyst particle is the
rate-determining step in filamentous carbon
growth (8).

From this work it is also evident that
treatment of Ni-Fe surfaces with various
oxides can have a profound effect on the
catalytic formation of carbon filaments
when the alloy is subsequently heated in

TABLE 1

Comparison of the Catalytic Behavior of Nickel-Iron, Nickel, and Iron in the Formation of Filamentous
Carbon from 2 Torr Acetylene

Catalyst Onset Structure Activation energy for
temperature
(8] Diffusion Catalyzed filamentous
of carbon carbon growth
(kcal mole™)
o-Iron 650 B.C.C. (2.866 A) 10.5-16.5 (13) 16.1 (9)
Nickel 700 F.C.C. (3.524 A) 33.0-34.8 (15) 347 (8)
Nickel-iron 470 F.C.C. (3.571 A) 34.0 (16) 33.6 + 4.0
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FiG. 10. Arrhenius plots for filamentous carbon growth from (a) O, Ni-Fe + MoQ,/C,H,; (b) @, Ni-
Fe + WO,;/C,H;; and (¢) @, Ni-Fe + Ta,0;/C,H,; dotted line for virgin specimen.

acetylene. There is ample evidence to sug-
gest that the majority of the oxides used in
this work function as inhibitors for the
growth of this form of carbon by their
ability to become incorporated in the cata-
lyst particles.

Unequivocable proof comes from the
STEM examination for the cases of SiO,
and WO, treatments of Ni-Fe surfaces
which showed the presence of both spe-
cies in catalyst particles located at the
ends of the filaments produced on such
specimens. Somewhat less direct indica-
tions are seen from the change in physi-
cal characteristics of filaments formed fol-
lowing addition of the oxides, compared
to those grown on the virgin alloy. It was
the anomalous behavior of Ni-Fe + SiO,

at about 800°C which led to the extremely
important discovery that the oxide in-
hibits filament growth. Departures from
normal behavior have previously been ob-
served when Fe, Co, or Cr supported on
silica were heated in acetylene to temper-
atures around 800°C (9) and it was sug-
gested that incorporation of silica into the
catalyst particles was responsible for pro-
moting such effects. The observation that
filaments produced in the presence of ti-
tania were often in the form of spirals,
where the catalyst was located within the
filament is consistent with the notion that
titania is contained in the particle. This
type of filament conformation is rare, the
only previous report of its occurrence be-
ing from the Fe-Sn/C,H, system (/7).
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The tendency of particles to fragment
during filament formation coupled with
the finding of a reduction in the electron
scattering density of the inner core of fila-
ments are anomalies, which point to a
subtle change in the nature of the catalyst
particles in many of these systems.

A comparison of the kinetic parameters
and other data obtained in this study, sum-
marized in Table 2, indicates that the rate of
formation of filamentous carbon from the
Ni-Fe/C,H, system varies quite markedly
with the different additives. Alumina ap-
pears to provide excellent protection up to
650°C, however, once spalling of the oxide
film occurs the rate of growth reverts back
to that of the pure system. Perhaps the
most intriguing result is that, with the ex-
ception of SiQ,, none of these additives
appears to alter the activation energy for
the filament growth process, i.e., they do
not affect the rate-determining step, the
diffusion of carbon through the catalyst
particle.

It is possible that once the oxides are
incorporated within the catalyst their role is
that of a component for reducing carbon
solubility in the particle. Available bulk
metallurgical information supports this hy-
pothesis for addition of Mo, Si, and W to
the Fe~C binary system; as little as 1% W
addition to Fe reduces carbon solubility by
50% (18). Unfortunately comparable data
are not available for Ta, however, it is
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expected that this material should exert a
similar qualitative effect. Moreover, there
is no reason to suppose that the additives
would behave any differently with the C-
Fe-Ni ternary system.

From a consideration of the proposed
model for carbon filament formation (8)
one can readily predict the consequences of
a reduction in carbon solubility in the cata-
lyst on the subsequent filament growth
characteristics. From a structural stand-
point one would expect to see a reduction
in the density of the inner core region and a
resultant build-up of excess carbon at the
particle surface, causing premature deacti-
vation of the catalyst. It is also possible that
introduction of these additives into Ni-Fe
raises the effective Tammann temperature
of the particles restricting the carbon trans-
port process to the outer layers of the
particle where enrichment in both Ni and
Fe might occur. This behavior could not
only account for the change in carbon diffu-
sion geometry through the particle, but also
for the gradual splitting off of smaller frag-
ments and in some cases complete distruc-
tion of the original particles caused by a
difference in thermal properties between
the outer layer and inner core components
of the particle.

A further ramification of the reduction in
carbon solubility is that at any given tem-
perature the rate of diffusion of those car-
bon species which did dissolve would also

TABLE 2

Effect of Various Additives on the Growth of Filamentous Carbon from Ni-Fe/C,H,

Additive Onset Rate of Apparent
temperature (°C) filament growth activation
at 850°C energy
(nm s™Y) (kcal mole™")
None 480 413 336
Alumina 650 428 32.9
Titania 635 220 31.6
Tungsten oxide 700 12.6 32.8
Tantalum oxide 680 34.7 30.5
Molybdenum oxide 670 6.6 30.9
Silica 620 2.1 —
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be reduced since the driving force for diffu-
sion, the temperature gradient created in
the particle, would not be a maximum,
lacking the full contribution from the heat
of solution of carbon in the alloy. All these
features were observed experimentally,
varying in degree with the different addi-
tives,

From the results of this study we are now
in a position to propose a tentative
classification of the roles of various addi-
tives on inhibition of filamentous carbon
growth.

(i) Some materials provide a physical
barrier toward hydrocarbon adsorption and
decomposition on the metal surface, but
spall at elevated temperatures, e.g., Al,O4
and TiO,.

(it) Other additives reduce carbon solu-
bility in the metal catalyst particles, but
have no effect on carbon diffusion through
the particle, e.g., MoO;, WO, and Ta,O;.

(iii) There are cases where an additive
can reduce both the solubility of carbon and
its diffusion through the catalyst particle,
e.g., Si0,.

It should be appreciated that these mate-
rials have been designated as oxides, since
this was their initial form, however, there is
no a priori reason why they should remain
as oxides once they are incorporated within
the catalyst particles. Unfortunately, there
is no way at present of determining their
precise state during the reaction, or what
minimum quantity is required to achieve
maximum effectiveness.

SUMMARY

It has been established that Ni-Fe is a
very active catalyst for filamentous carbon
formation from the decomposition of acety-
lene. We have demonstrated that this
action can be inhibited by the incorporation
of additives in the alloy particles. All addi-
tives investigated here suppressed the
growth of this form of carbon at tempera-

BAKER AND CHLUDZINSKI

tures below 620°C. Above this temperature
only Ta,0;, WO;, MoO,, and SiO, exert
any retarding influence, with the latter
being the most superior inhibitor.
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