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We have found that the composition of Fe—Ni catalysts can have
a profound effect on the activity for the decomposition of CO/H,
mixtures at 600°C. As the fraction of nickel in the bimetallic is
increased above 70% there is a significant decline in the percentage
conversion of CO. The amount of solid carbon deposited on a given
bimetallic catalyst was shown to increase as the hydrogen content
in the reactant mixture was raised to between 20 to 30% and then
exhibited a steady decline with further addition of hydrogen. It
was also evident that the structure and crystalline perfection of the
carbon filaments that are produced during the reaction were very
sensitive to the ratio of the two components in the catalyst. Temper-
ature programmed oxidation and TEM studies of carbon filaments
grown from various Fe—Ni bimetallic particles demonstrates
that as the nickel content of the catalyst is increased there is a
concomitant decrease in the crystalline perfection of the deposited
carbon structures. These features are rationalized according to the
notion that the addition of nickel to iron results in a reconstruction
of the particle surfaces that leads to a diminution in the likelihood
of iron atoms being nearest neighbors and the generation of atomic
arrangements at carbon precipitating faces that do not favor
the formation of graphite platelets in the deposited filamentous
structures. A reversible deactivation process was shown to exist
for all these Fe—Ni catalysts. At temperatures of about 725°C, the
growth of carbon filaments suddenly ceased; however, restoration
of catalytic activity could be readily achieved by lowering of the
temperature to a previously active regime. Possible reasons for this

unusual behavior are presented.  © 1997 Academic Press

INTRODUCTION

The formation of carbonaceous deposits from the cata-
lytic decomposition of carbon-containing gases, usually in
the presence of hydrogen, is a highly complex phenomenon.
For many years research concentrated on minimizing or
stopping this detrimental deposition as it led to catalyst
deactivation (1, 2) and, therefore, meant the renewal of
the catalyst or costly regeneration procedures. Over the
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last decade, in direct contrast to the deleterious effects, the
unique physical and chemical properties of filamentous car-
bon have led to an increased interest in the growth and
potential applications of this type of material (3).

Filamentous carbon is produced when a hydrocarbon, or
carbon monoxide molecule, is adsorbed on specific faces of
the metal catalyst and decomposes to form carbon species,
which subsequently diffuse through the particle and even-
tually precipitate at certain other faces to generate a fibrous
structure. This process leaves the active metal faces free of
solid carbon deposits and therefore available to undergo
further reactions. The major advantage of this type of car-
bon growth is that the catalyst is able to accumulate large
amounts of carbon and yet still maintain a constant activ-
ity over a prolonged period of time (4-8). If the sequence
of events outlined above does not take place, then the de-
posited carbon tends to encapsulate the active metal sites
and this behavior leads to rapid deactivation of the catalyst.

Carbon filaments have been previously grown from the
catalytic decomposition of various carbon containing gases,
e.g., ethylene, methane, or carbon monoxide, over the tran-
sition metals, iron, cobalt, and nickel (4, 5). More recently,
much attention has been focused on the production of car-
bon filaments from bimetallic catalysts (6-10). Extensive
studies by Baker and coworkers (11-14) using a variety of
bimetallic catalysts and carbon containing gases have es-
tablished that it is possible to tailor the structural charac-
teristics of this material. These workers have demonstrated
that the composition and nature of the bimetallic catalyst
in conjuction with the carbon-containing gas and reaction
conditions has a dramatic impact on the production and the
crystalline perfection of the carbon filaments. The benefi-
cial catalytic effects of introducing either certain metallic
or nonmetallic adatoms to the host metal have been ra-
tionalized by a combination of geometrical and electronic
effects.

It has been reported that iron has the ability to generate
carbon filaments in large quantities from the decomposi-
tion of carbon monoxide in the presence of hydrogen at
600°C, which are comprised of graphite platelets oriented
perpendicular to the fiber axis (13, 14). On the other hand,
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very few carbon filaments are produced on nickel under the
same reaction conditions, and in this case the material tends
to adopt a tubular structure where the graphite planes are
aligned parallel to the axis of the fiber (5, 6, 15-20). Based
on these diverse behavioral patterns it would constitute an
intriguing challenge to predict the behavior of iron-nickel
particles, with regard to the catalytic decomposition of car-
bon monoxide and the characteristics of the concomitant
carbon deposition reaction. Extensive use is made of these
metals as catalysts in a number of industrial processes, with
the best known being the Fischer-Tropsch synthesis and
methanation, and steam reforming processes. Carbon de-
position during the Fischer-Tropsch reaction is known to
exert a strong influence on both the selectivity and activ-
ity of these catalysts (21, 22) and, therefore, by combining
the qualities of iron and nickel it is possible that the car-
bon deposition and, as a consequence, the selectivity of the
catalyst can be controlled to a greater extent.

Another very important related use of iron and nickel is
in the manufacture of steel alloys, materials that are used
extensively throughout research and industry. One exam-
ple of such an application is in steam cracking of paraffin
feed stocks to produce olefins, a reaction that is performed
by passage of the gases through steel reactor tubes at about
850°C. While this process itself does not involve the use of
a catalyst, the iron and nickel constituents present in the al-
loy readily undergo reaction with the unsaturated gaseous
products to form solid carbon (23). The accumulation of
carbonaceous deposits on the tube walls reduces heat trans-
fer properties and normally limits the reaction time, before
the cracking tube must be taken off-stream for decoking
(24, 25).

The deposition of carbon generated during the interac-
tion of carbon monoxide with iron and nickel catalysts has
been examined both in the presence and absence of added
hydrogen (26-28). The conclusion reached from these stud-
ies was that the difference in behavioral characteristics ex-
hibited by iron and nickel catalysts during interaction with
carbon monoxide reactions was probably related to vari-
ations in the manner by which the gaseous reactant ad-
sorbed on the respective metal surfaces. The coadsorption
of carbon monoxide and hydrogen has also been compre-
hensively studied on selected transition metals (29-33). It
was generally agreed that adsorption of the two gases on
the surface of transition metals resulted in the formation of
an unidentified surface complex species in the coadsorbed
layer.

In the current investigation, we have examined the activ-
ity of a series of iron—nickel catalysts when reacted with car-
bon monoxide in the presence of hydrogen at temperatures
over the range 500 to 750°C. Attention has been focused on
both the gas phase and solid carbon product distributions, in
conjunction with the subtle changes in the structural charac-
teristics of the carbon filaments as a function of the catalyst
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composition, reaction temperature and CO/Hj ratio. It was
anticipated that the utilization of a bimetallic might resultin
geometrical and/or electronic perturbations in the system
and such effects would be manifested by significant changes
in the catalytic performance, possibly leading to the appear-
ance of new properties that were not exhibited by either of
the individual metals.

EXPERIMENTAL

Materials

The iron-nickel catalyst powders used in these studies
were prepared by the coprecipitation of the metal carbon-
ates from the respective metal nitrate solutions using am-
monium bicarbonate as described in detail by Best and
Russell (34). The precipitate was dried overnight in an oven
at 100°C before being calcined in air at 400°C for 4 h to con-
vert the carbonates into mixed metal oxides. The calcined
catalyst was then reduced in a 10% H,/He mixture for 20 h
at 400°C. The reduced catalyst was subsequently cooled to
ambient temperature in a helium atmosphere before being
passivated in a 2% O,/He mixture for 1 h at room tem-
perature. The passivated catalyst was then removed from
the reactor and stored for later use. Both the pure iron and
nickel powders were prepared using a similar procedure.

The gases used in this work, hydrogen (99.999%), carbon
monoxide (99.9%), and helium (99.99%), were obtained
from MG Industries and used without any further purifi-
cation. Reagent grade iron nitrate (Fe(NO3)3 - 9H,0) and
reagent grade nickel nitrate (Ni(NO3),-6H,0) were ob-
tained from Fisher scientific for the catalyst preparation.

Apparatus and Procedures

The apparatus used throughout this study has been de-
scribed previously (11). Briefly, the system consists of a
quartz flow reactor heated by a conventional Lindberg hor-
izontal tube furnace. The gas flow to the reactor is pre-
cisely monitored and regulated by use of MKS mass flow
controllers allowing a constant composition of feed to be
delivered. Powdered catalyst samples (50 mg) were placed
in a ceramic boat at the center of the reactor tube in the
furnace. After reduction in a 10% H,/He mixture for 2.0 h
at the desired reaction temperature the system was flushed
with helium for 1.0 h. The reactant gas, CO, or a predeter-
mined CO/H, mixture, was then allowed to flow over the
catalyst for periods of up to 3.5 h. The reaction was fol-
lowed as a function of time by sampling both the inlet and
outlet gas streams at regular intervals and analyzing the re-
actants and products by gas chromatography using a 30-m
megabore (GS-Q) capillary column in a Varian 3400 GC.
The total amount of carbon deposited during the time on
stream was determined gravimetrically after the system has
been cooled to ambient temperature.
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The nature and characteristics of the solid carbon were
established using a combination of techniques, including
high resolution transmission electron microscopy, temper-
ature programmed oxidation in CO,, X-ray diffraction, and
surface area measurements. The TEM studies were per-
formed in a JOEL 100 CX electron microscope fitted with a
pole piece capable of giving a lattice resolution of 0.24 nm.
Suitable transmission specimens were prepared by ultra-
sonic dispersion of sections of the carbon deposit in isobu-
tanol and then a drop of the resultant suspension was ap-
plied to a holey carbon support grid. Examination of such
deposits showed that in all cases the major component was
filamentous carbon. In a further set of experiments the size
of distributions of catalyst particles associated with the car-
bon filaments was determined from measurements of over
300 particles from each sample.

Thermogravimetric analysis of carbon filaments was car-
ried out using a Cahn 2000 microbalance in the presence of
CO; at a constant heating rate. Prior to oxidation all metal-
lic inclusions were removed from the filaments by repeated
washing in 1M HCI over a period of 7 days. This is a neces-
sary operation since the presence of metals has been shown
by Baker and co-workers (35) to have a profound effect on
the rate of gasification of the carbon filaments and graphite.
Nickel, in particular, was shown to be a very active catalyst
for the gasification of both carbon filaments and graphite
in CO,. Under these conditions high purity amorphous car-
bon, starts to undergo gasification at 675°C, whereas the
onset for removal of graphite carbon does not place until
the temperature is raised to 850°C. By comparison of the
oxidation profiles of a given batch of carbon filaments with
those of amorphous carbon and graphite it is a relatively
simple task to determine the fraction of highly crystalline
carbon in the deposited material.

Powder XRD patterns of the starting Fe—Ni catalyst pow-
ders and the carbon filaments were obtained with a Scin-
tag diffractometer using nickel filtered Cu Ko radiation.
Diffraction patterns were recorded over a range of 20 an-
gles from 10 to 90° and compared with the known X-ray
powder files to establish the phase identities. Finally, BET
surface areas of the carbon deposits, calculated from the ni-
trogen adsorption isotherms at —196°C, and static carbon
monoxide chemisorption measurements of Fe—Ni powders
were carried out using a Coulter Omnisorb 100CX unit.

RESULTS

1. Flow Reactor Studies

1.1. Effect of Catalyst Composition on the Gas and Solid
Phase Product Distributions

The effect of changing the ratio of the components in
the bimetallic catalyst on the gas phase product distribu-
tion from the decomposition of a CO/H, (4: 1) mixture at

PARK, RODRIGUEZ, AND BAKER

30

% Product Distribution
=Y
(4, ]

% Nickel in Catalyst

FIG. 1. The percentage product from the decomposition of CO/H,
(4:1) over various Fe—Ni powders at 600°C.

600°C is presented in Fig. 1. The conditions for all the cata-
lyst samples were identical and reactions were allowed to
proceed for a period of 3.5 h. As expected the three main
gaseous products of this reaction were identified as being
COgy, H,0, and CHg. Catalysts powders with a composition
of up to and including 70% Ni displayed a similar product
distribution. As the fraction of nickel in the catalyst is pro-
gressively raised to higher levels then a dramatic decrease in
the percent decomposition of CO is observed. A somewhat
more accurate assessment of the relative activities of these
catalyst systems can obtained from a comparison of the re-
spective turnover frequencies (TOF) that are presented in
Table 1.

These values have been calculated from the following
expression:

TOFminimum (5°1) =

Reaction rate (xmol/gca - S) - Molecular Wt. of Metal - 10~°

Wit. fraction of metal in catalyst - dg

where

umol/sof CO converted

Reaction rate =
Wt. of catalyst (g)

TABLE 1

Rates of Reaction and Turnover Frequencies for the Interaction of
Various Fe—Ni Catalysts with a CO/H; (4 : 1) Mixture at 600°C

Reaction rate

Fe—Ni ratio (umol/g-s) Dispersion (xmol/g) TOF (1/s)
9:1 184.8 548.1 0.337
6:4 186.7 370.9 0.503
4:6 112.3 560.4 0.200
3:7 160.0 421.6 0.379
1:9 215 1600.0 0.013

’
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and

d — Metal at Particle Surface
Total Metal
1.217 (nm)
- Average Particle Width (nm)”

In the calculation of ds we have used a value of 0.352 nm
for the lattice parameter of the metal and the average metal
particle widths were determined from the TEM measure-
ments. We have assumed a spherical morphology for the
“average” shape of crystallites associated with the carbon
filaments. This latter approach may be subject to error, since
a TEM examination is only 2D in nature and we do not
know the fraction of the metal surface that is actually in-
volved in the gas phase decomposition reaction. Unfortu-
nately, attempts at determining metal surface areas by stan-
dard chemisorption methods were thwarted by the presence
of the carbon deposit.

The amount of solid carbon produced during the reaction
was determined gravimetrically and this value was used to
compare the activity of the various catalyst compositions. It
was found that the weight of carbon obtained from catalyst
compositions of up to and including 70% Ni were compa-
rable, being in the range of 1.0 to 1.6 g. When the concen-
tration of nickel in the bimetallic was increased above 70%
then, in a analogous fashion to the gas phase product distri-
butions, there was a precipitous drop in the amount of solid
carbon formed in the reaction.

1.2. Influence of Hydrogen on Carbon Deposition

The effect of adding increasing amounts of hydrogen to
the CO feed on the formation of filamentous carbon over
selected Fe—Ni catalysts at 600°C is shown in Fig. 2. It is ap-
parent that the amount of solid carbon increased as the hy-
drogen content in the reactant was raised to between 20 to

2 L } 1 I L J‘ } 1 i
O Fe-Ni (6:4) | -
| Fe-Ni (4:6) |

1.5 A Fe-Ni (2:8) 1

Weight of Solid Carbon (g)
(=)
P -

o
S A A

— — —
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% Hydrogen in Feed
FIG. 2. Effect of hydrogen on the weight of solid carbon from the

Fe—Ni catalyzed decomposition of CO at 600°C (reaction time 1.5 h).
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TABLE 2

Percentage Product Distribution for Selected Fe—Ni Catalysts as a
Function of the Percentage of H; in the CO Reactant at 600°C

H;in CO Product

(%) (%) Fe—Ni (6:4) Fe—Ni (4:6)

20 CH, 0.44 0.22

CO, 21.36 11.27

H,O 3.72 3.58

Solid carbon 22.41 14.34

30 CH, 1.36 1.42

CO, 16.82 18.07

H,O 14.99 16.32

Solid carbon 22.31 23.08

50 CH, 4.89 3.00

CO, 12.24 14.45

H,O 17.86 20.56

Solid carbon 15.13 18.75

60 CH, 8.69 6.53

CO, 9.90 8.61

H,O 40.99 40.33

Solid carbon 14.52 16.37

80 CH, 17.10 17.90

CO, 6.37 6.20

H,O 40.99 41.50

Solid carbon 14.52 15.87

30% and thereafter exhibited a steady decline with further
addition of hydrogen. Bimetallic powders containing 75%
or more nickel exhibited low CO conversions, which in turn
accounts for the very limited amounts of carbon filaments
produced when compared with those obtained from pow-
ders with a lower Ni content. For all Fe—Ni catalysts investi-
gated, it was found that as the concentration of hydrogen in
the feed was gradually raised there was a corresponding in-
crease in the conversion of CO to both methane and water.
In contrast, however, the yield of carbon dioxide, like that
of solid carbon, decreased as the hydrogen content in the
reactant gas was increased above 30%. Examples of these
trends are presented in Table 2 for the decomposition of
various CO/H; mixtures over Fe—Ni (6:4) and Fe—Ni (4:6)
powders at 600°C.

In an attempt to ascertain the origin of the relatively
large amount of methane produced in systems containing
high concentrations of hydrogen in the reactant, an exper-
iment was performed in which an Fe—Ni (2: 8) powder was
treated in CO/H; at 600°C for approximately 100 min and
the gaseous products analyzed at regular intervals. The ad-
dition of CO to the bimetallic was then stopped at this par-
ticular time so that H, was the only reactant present. The
results of this operation are presented in Fig. 3, where it
is evident that the formation of methane exhibits a rapid
increase as CO is removed from the system. This sequence
of events suggests that a significant amount of the methane
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FIG. 3. The percentage of methane formed from the interaction of an
Fe—Ni (2:8) catalyst with a CO/H, (1:4) mixture at 600°C.

that is formed under conditions where the reactant mix-
ture contains a large fraction of H; is generated from the
hydrogasification of solid carbon.

1.3. Effect of Reaction Temperature on the
Product Distributions

The reaction temperature was found to have a profound
effect on both the product distribution and on the nature
of the carbon filaments produced on Fe—Ni catalysts from
the decomposition of a CO/H; (4: 1) mixture. Examples of
this dependence are shown for two selected catalyst com-
positions, Fe-Ni (6:4) and Fe—Ni (4:6), in Figs. 4 and 5,
respectively. It is evident in both systems that at tempera-
ture below 500°C, there is a substantial conversion of CO
to both CO; and solid carbon and also a relatively large
yield of H,O and CHj,. As the temperature is progressively
raised to 575°C for the Fe—Ni (4 : 6) and 600°C for the Fe—Ni
(6:4) samples, there is a significant decrease in the con-
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FIG. 4. Variation in the percentage product distribution as a function

of reaction temperature for the decomposition of CO/H; (4:1) over an
Fe—Ni (6:4) catalyst.
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FIG.5. Variation in the percentage product distribution as a function
of reaction temperature for the decomposition of CO/H; (4:1) over an
Fe—Ni (4:6) catalyst.

version to CH4 while that to CO, and solid carbon tends
to remain relatively constant. On continued heating up to
700°C the overall conversion of CO exhibits a steep decline
and eventually settles down to a steady level. At this up-
per limit the catalytic decomposition of CO is very low and
although solid carbon is still the major product, the actual
amount that is deposited on the surfaces of the bimetallics
has dropped substantially.

1.4. Deactivation Phenomenon Associated with High
Temperature Treatment of Fe—Ni Catalysts

As noted in the previous section when the reaction tem-
perature was increased above 650°C a dramatic drop was
observed in both the formation of gaseous products and
that of filamentous carbon. This behavior appeared to be
most pronounced for the bimetallic powders containing rel-
atively large amounts of nickel. In an attempt to establish a
fundamental understanding of the factors surrounding this
catalyst deactivation phenomenon a series of experiments
was designed to ascertain the origin of this behavior. Ini-
tially the decomposition of CO reaction was conducted at
725°C, conditions where the catalyst would be expected to
exhibit very limited activity. After a period of 60 min on
stream, the temperature was gradually lowered to 600°C, a
regime where in the previous experiments the performance
of the bimetallic catalysts had been quite exceptional. The
results of this sequence of steps are shown in Fig. 6 for
two selected catalyst systems. Inspection of these data indi-
cates that while both catalysts were initially in a deactivated
state at 725°C, as the temperature was lowered to 600°C the
conversion of CO very quickly increased and there was a
corresponding enhancement in the formation of carbon fil-
aments. In a further series of experiments the temperature
was cycled between these two limits several times and on
each occasion deactivation and restoration of the catalytic
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FIG. 6. Re-activation behavior of selected Fe—Ni catalysts during the
decomposition of CO/H; (4:1) as the temperature is lowered from 725 to
600°C. The “open” symbols refer to product formation froma Fe—Ni (3:7)
catalyst powder and the “filled in”” symbols are those of the corresponding
data for a Fe—Ni (6: 4) sample.

effect was achieved, demonstrating the reversible nature of
this deactivation phenomenon.

2. Characterization of the Carbon Deposits

2.1. Transmission Electron Microscopy Studies

Transmission electron microscopy examinations of the
solid carbon deposits grown during the decomposition of
carbon monoxide at 600°C in the presence of hydrogen on
a range of iron—nickel catalyst powders revealed that they
consisted almost entirely of filamentous structures. Com-
parison of the characteristics of the various batches of car-
bon filaments showed several very interesting traits. The
most striking feature is the dependence of the filamentous
carbon structure on the composition of the initial catalyst
powder. The structures formed from a pure iron powder are
generated via a whisker-like mode where the catalyst par-
ticle is situated at the end of the filament. High resolution
examination shows that these filaments possess a well de-
fined and ordered “platelet” structure where the graphite
layers are stacked on top of each other in a perpendicular
direction with respect to the fiber axis in a similar manner
to “a deck of cards,” Figs. 7a, b. As the amount of nickel is
gradually increased, however, very subtle changes are ob-
served in the characteristics of the carbon filaments. When
as little as 10% nickel is added to iron then the majority
of the filaments still possess the well ordered crystalline
form, but under these circumstances there is a tendency for
growth to occur by a bidirectional process, where the cata-
lyst particle is entrenched within the filament. Figures 8a, b
show the appearance of a filament produced from the inter-
action of a Fe—Ni (9: 1) catalyst with CO/H; at 600°C and
indicates that the material acquires a “herring-bone” struc-
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ture, where the graphite platelets are aligned at an angle
to the fiber axis and the lattice spacing is 0.34 nm, a value
also found for the bulk material from XRD analysis. As the
amount of nickel in the starting catalyst is increased, there
is a concomitant enhancement in the number of filaments
produced by the bidirectional mode.

Both of these types of carbon filaments are not expected
to exhibit the same high values of tensile strength as those
where the alignment of the graphite platelets is parallel
to the fiber axis, since in the present cases the layers are
held together by van der Waals forces and possibly some
groups at edges may contribute towards maintenance of
the structural integrity, whereas in the latter case, covalent
bonding coupled with delocalized -bonding is responsible
for creating one of the strongest materials known to man. It
is worth mentioning in this context that preparation of thin
cleaved sections of single crystal graphite requires a certain
degree of force to separate the layer planes.

The most outstanding modification in the carbon filament
characteristics was observed from a comparison of the ma-
terials grown on Fe—Ni (30: 70) and Fe—Ni (25 : 75) powders
under the same reaction conditions. It was evident that by
merely adding an extra 5% Ni to the catalyst, the structural
conformation of the filaments tended to change from one
where the graphite platelets were oriented in a “herring-
bone” arrangement to that where the platelets were aligned
parallel to the fiber axis and the filaments took the form of
tubules, examples of which are presented in Figs. 9 and 10.
It was significant that this transformation in filament struc-
ture correlated with the dramatic decrease in conversion
of CO in the gas phase analysis. As the nickel content was
increased further then the tubular conformation became
the exclusive filament growth form. It is evident from these
studies that the abrupt decrease in catalytic activity asso-
ciated with the increase in nickel content of the bimetallic
also has a direct impact on the structural characteristics of
the carbon filaments that are produced during the CO de-
composition reaction.

The size distributions of particles associated with the
carbon filaments produced from the interaction of various
Fe—Ni powderswith CO/H; (4 : 1) mixtures at 600°C was de-
termined from measurements of over 300 particles in each
sample and examples of two such plots are presented in
Figs. 11 and 12. The distribution profiles of particles de-
rived from all the Fe—Ni bimetallics, with the exception of
the Fe—Ni (1:9) powder, were similar and for the sake of
brevity only those of the latter sample and Fe—Ni (6:4)
are given. From analysis of all the data there does not ap-
pear to be any systematic trend with respect to the initial
catalyst composition. From these distributions it has been
possible to derive values for the weighted average parti-
cle sizes; Fe-Ni (9:1) =32.5 nm; Fe—Ni (6:4) =47.3 nm;
Fe—Ni (4:6) =31.0 nm; Fe-Ni (3:7) =41.0 nm; and Fe—Ni
(1:9) =10.7 nm. It should be emphasized that these values
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FIG.7. a. High resolution electron micrograph of a section of a carbon filament produced from the Fe—~CO/H, reaction at 600°C showing the

appearance of graphite platelets stacked in an arrangement perpendicular to the fiber axis. b. Schematic representation of the graphite platelet stacking

arrangement of the filament shown in a.

are determined after 3.5 h reaction and as such, do not
represent the metal particle sizes at any particular instant
in time. Indeed, as a given reaction proceeds the average
particle size may exhibit a significant change. As a conse-
guence, extreme caution must be exercised in drawing any
conclusions from the values of the “turnover frequencies”
presented in Table 1.

Examination of carbon filaments generated from the in-
teraction of Fe—Ni (6:4) with mixtures containing various
ratios of CO and H; at 600°C indicates that the metal cata-
lyst particles tended to become more faceted as the hy-
drogen content was increased. While the conformational
characteristics of the carbon filaments produced from this
bimetallic did not appear to exhibit any changes, the degree
of crystalline perfection improved significantly in the pres-
ence of excess hydrogen. On the other hand, the structural
characteristics of carbon filaments produced from catalysts
having a higher nickel content, Fe—-Ni (4:6) and Fe—Ni
(2:8), did undergo significant modifications when the feed
composition was altered. As the fraction of hydrogen in the
reactant gas was increased it was evident that a major por-
tion of the material produced on these nickel-rich powders
was in the form of tubules.

In a further series of TEM studies some very interest-
ing features were revealed regarding the influence of re-
action temperature on the structural and morphological
characteristics of the carbon filaments generated from the
decomposition of a CO/H, (4:1) mixture over an Fe—Ni
(4:6) powder. At lower temperatures, 450 and 500°C, the
carbon filaments consisted of a combination of relatively
straight structures, where the graphite platelets were ori-
ented either at an angle or perpendicular to the fiber axis,
and a number of other filaments that took the form of spi-
ral growths. At 600°C an extensive search of the many re-
gions of the specimen showed that there was an abundance
of the straight filaments, however, under these conditions
no evidence for spiral conformations was detected. While
straight filaments remained the exclusive growth form at
650°C, high resolution studies revealed the existence of a
dramatic change in the orientation of the graphite platelets,
which were now aligned in a direction parallel to the fiber
axis, a characteristic associated with the tubular structure.
Above this temperature the crystalline perfection of the de-
posit decreased quite sharply and the carbon filaments ac-
quired avery ill-defined conformation. Indeed, many of the
structures were shell-like in nature with the metal catalyst
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High resolution electron micrograph of a section of a carbon filament produced from the Fe—-Ni (9: 1)-CO/H; reaction at 600°C showing

the appearance of graphite platelets stacked in a “herring-bone” arrangement.

particle appearing to be encased within the deposit. Itis pos-
sible that the observed transition in both the orientation of
graphite platelets and the overall degree of structural order
of the carbon filaments is directly linked to modifications in
the characteristics of the catalyst particles. It is not unrea-
sonable to assume that not only the chemical state, but also
the arrangement of atoms in the set of faces of the bimetal-
lic particles where dissociation chemisorption of CO occurs
and those at which carbon is precipitated in the form of

graphite platelets to constitute the fibrous structures will
exhibit major changes as the reaction temperature is pro-
gressively raised.

2.2. Temperature Programmed Oxidation Studies

The oxidation profiles of demineralized carbon filaments
grown from the interaction of CO/H, (4: 1) mixture with a
selected number of Fe—-Ni powders at 600°C for 3.5 h are
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b

fiber axis

"herring-bone" graphite platelets

FIG. 8b. Schematic representation of the graphite platelet stacking
arrangement of the filament shown in Fig. 8a.

compared with those for filaments produced from a pure
iron powder when treated under the same conditions in
Fig. 13. Itis apparent that the oxidation profiles are found to
be highly dependent upon the catalyst composition. Carbon
filaments grown from iron exhibit the highest onset temper-
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ature for gasification and therefore the highest degree of
crystalline order. In general, the structures produced from
bimetallic powders with a high iron content were found to
be more graphitic in nature than those grown from catalysts
that were rich in nickel. These results are consistent with
the observations made on individual carbon filaments from
the transmission electron microscopy studies.

Temperature-programmed oxidation studies were also
conducted on carbon filaments produced from a series of
experiments where the composition of the bimetallic cata-
lyst and reaction temperature were maintained constant, at
Fe—Ni (6:4) and 600°C, respectively, but where there was
an increase in the hydrogen content of the CO/H, reactant.
The data obtained from these studies is presented in Fig. 14
and clearly indicate that as the fraction of hydrogen in the
reactant is raised, the carbon filaments produced from the
decomposition of CO become progressively more graphitic
in nature.

Inafinal set of experiments, the influence of reaction tem-
perature on the graphitic nature of the carbon filaments was
investigated. For this purpose the composition of the cata-
lyst and gaseous reactant were held constant at Fe—Ni (4 : 6)

FIG. 9. Transmission electron micrograph showing the appearance of carbon filaments produced from the interaction of Fe—Ni (25: 75) with CO/H,

at 600°C.
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FIG. 10. Highresolution electron micrograph of a section of a carbon filament produced from the Fe—Ni (25 : 75)-CO/H, reaction at 600°C showing
the appearance of graphite platelets stacked in a direction parallel to the fiber axis.

and CO/H; (4:1), respectively, while the temperature was
varied over the range 450 to 650°C. It is apparent from the
data presented in Fig. 15 that the material acquires a more
graphitic nature as the reaction temperature is increased,
reaching an optimum level at 600°C. At even higher tem-
peratures, the degree of crystalline order is substantially
less than that of any of the filaments produced at or below
600°C.

2.3. Nitrogen BET Surface Area Measurements

The N, BET surface area measurements of the carbon
filaments grown from the decomposition of a CO/H; (4:1)
mixture over a range of Fe—Ni powders at 600°C are de-
tailed in Table 3. It is evident that the structures grown
from catalysts that are rich in Ni have much lower surface
areas than those grown from powders where Fe is the ma-
jor component. This trend is particularly marked when the

composition of Ni in the catalyst was increased above 70%.
This sudden decline in the surface area of the filaments co-
incides with the decrease in the activity of the catalyst and
concurrent drop in the amount of the solid carbon deposit.
It is clear, therefore, that not only the production, but also
the structural characteristics of the carbon filaments are ex-
tremely sensitive to the catalyst composition.

In experiments where the concentration of hydrogen in
the reactant was progressively raised it was found that N,
BET surface area of the carbon filaments exhibited a uni-
form decrease. Examples of this trend are given for two
bimetallic powders, Fe—Ni (6 : 4) and Fe—Ni (4 : 6) in Table 4.
These data are consistent with the findings that the as the
hydrogen content in the reactant was increased the filamen-
tous structures appeared to become smoother, and in some
cases the arrangement of graphite platelets changed from
a condition where a large fraction of the edge sites would
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FIG. 11. Particle size distribution profile of catalyst particles associ-

ated with carbon filaments grown over aperiod of 3.5 h from the interaction
of Fe—Ni (6:4) with a CO/H; (4: 1) mixture at 600°C.

be available for gas adsorption to one in which only the
relatively inert basal plane regions were exposed.

Measurements of the N, BET surface areas of carbon
filaments grown from the decomposition of a CO/H; (4:1)
mixture over two selected bimetallic powders as a func-
tion of reaction temperature are presented in Table 5. In
both cases it is apparent that the carbon structures grown
at 500°C have a relatively high surface area of approxi-
mately 180 to 190 m? g~*. As the reaction temperature was
increased to 600°C the surface area of the solid carbon struc-
tures decreased by about 50% and at higher levels there
was a precipitous drop to levels of between 30 to 40 m? g~*.
These values are not totally unexpected in view of the ten-
dency for compact shell-like deposits to be produced at
temperatures in excess of 650°C.
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FIG. 12. Particle size distribution profile of catalyst particles associ-

ated with carbon filaments grown over a period of 3.5 h from the interaction
of Fe—Ni (1:9) with a CO/H; (4: 1) mixture at 600°C.
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FIG. 13. Comparison of the gasification characteristics in CO; of car-
bon filaments produced from the interaction of various Fe—Ni powders
with CO/H; (4:1) at 600°C.

3. Characterization Studies of the Bimetallic Powders

3.1. CO Chemisorption on Fe—Ni Powders

Preliminary CO chemisorption studies of the Fe—Ni cata-
lyst powders shows that there is a major difference in the
behavior of the reduced powders having compositions of
Fe—Ni (2:8) and (3: 7). For the reduced catalyst powders, at
ambient temperature, the interaction of carbon monoxide
with both surfaces is very similar. Similar amounts of car-
bon monoxide were molecularly adsorbed and desorbed by
both samples and there was no evidence under these condi-
tions for dissociation of the adsorbed gas molecules. In con-
trast, when the reduced catalysts were exposed to carbon
monoxide at 200°C, very different results were found. Once
again very little or no dissociation of the carbon monoxide
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FIG. 14. Comparison of the gasification characteristics in CO, of car-
bon filaments produced from the interaction of Fe—Ni (6 : 4) with CO con-
taining various amounts of added H, at 600°C.
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FIG. 15. Comparison of the gasification characteristics in CO, of car-

bon filaments produced from the interaction of Fe—Ni (4:6) with CO/H,
(4:1) at temperatures over the range 450 to 650°C.

was found for the Fe—Ni (2:8) powder, adsorption once
again taking place by a molecular mode. On the other hand,
with the Fe-Ni (3:7) sample there were indications that
some initial dissociation of the carbon monoxide occurred
prior to molecular adsorption of the gas.

3.2. X-Ray Diffraction Studies of the Bimetallic Powders

XRD analysis of the passivated Fe—Ni bimetallic pow-
ders showed the existence of peaks that corresponded only
to those of metallic iron and nickel. No peaks were found
that could be assigned to the corresponding metal oxides
in these powders at room temperature. This finding con-
firms the effectiveness of the passivation process that was
conducted in 2% O,/He after reduction. A further feature
to emerge from this analysis was that at ambient tempera-
ture there was no substantial evidence for alloy formation,
however, under reaction conditions the possibility of an in-
teraction and even alloying between two metals cannot be
ignored.

TABLE 3

Variation of the N, BET Surface Area of Carbon
Filaments Produced from the Decomposition of CO/H;
(4:1) over Different Fe-Ni Catalysts at 600°C
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TABLE 4

Variation of the N, BET Surface Area of Carbon Filaments Pro-
duced from the Interaction of Two Selected Fe—-Ni Catalysts with
Different CO/H, Mixtures at 600°C

Fe:Ni (6:4) surface

Fe:Ni (4:6) surface

Catalyst composition

Surface area (m?/g)

Fe 122.9
Fe:Ni(9:1) 90.4
Fe:Ni(8:2) 117.6
Fe:Ni(6:4) 94.7
Fe:Ni (4:6) 109.9
Fe:Ni(3:7) 83.2
Fe:Ni(2:8) 52.2
Fe:Ni(1:9) 14.9

CO/H; ratio area (m?/g) area (m?/g)
4:1 94.7 109.9
2:1 — 83.5
1:1 111.3 75.0
1:2 91.4 66.8
1:4 83.5 —

DISCUSSION

The results detailed in the previous section clearly indi-
cate that the activity of the Fe—Ni catalysts and the structure
and degree of crystalline order of the carbon filaments pro-
duced from the interaction of the bimetallics with CO/H,
mixtures is highly dependent upon a number of factors, in-
cluding the catalyst composition, the nature of the reactant
gas, and the reaction temperature.

Effect of catalyst composition on carbon deposition. As
illustrated in Fig. 1, there is a dramatic change in the activ-
ity for the decomposition of CO with these Fe—Ni catalysts
in the composition range Fe—Ni (30:70) and (25:75). The
addition of a mere 5% more nickel to a Fe—Ni (30: 70) cata-
lyst resulted in a dramatic decrease in the activity and a per-
centage conversion to all major products. These findings are
consistent with data reported by Vreeburg and co-workers
(8, 9) who studied the interaction of CO with Nig11y-Fe
alloys and found a comparable change in the activity of
the system in the when the fraction of iron in the cata-
lyst was less than 26%. They reported that for Nig11)—Fe
alloys containing more than 39% iron, adsorption of CO
initially occurred via a dissociative mechanism and then
subsequently molecular adsorption became the dominant

TABLE 5

The Influence of Reaction Temperature on the N, BET Surface
Area of Carbon Filaments Grown on Selected Fe—Ni Catalysts dur-
ing Interaction with CO/H; (4:1)

Temperature Fe:Ni (6:4) surface Fe:Ni (4:6) surface

(°C) area (m?/g) area (m?/g)

500 194.3 180.0

575 — 93.4

600 94.7 109.9

650 77.2 82.8

700 — 41.4

750 31.9 —
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form. In contrast, when the iron content in the alloy was
below 26% molecular adsorption of CO was the exclusive
mode. These observations were rationalized according to
the notion that a cluster of iron atoms was required in or-
der to dissociate the CO molecule and that such an event
could not take place over asingle iron atom. This argument
lead to the postulate that in Fe—Ni alloys containing low
concentrations of iron such atoms are randomly dispersed
over the surface, and as a consequence, dissociation of CO
is not a facile process.

In anumber of studies the properties of Fe—Ni alloys have
been correlated to the electronic structure of the valence
band (39-42). Lawniczak-Jablonska and Auleytner (39, 40)
found that changes in both the magnetic moment and the
electronic specific heat were directly related to the elec-
tronic structure of the various alloys. One very interesting
feature of these investigations was that the Fe—Ni (25:75)
alloy exhibited unusual properties due to the formation of
an intermetallic, NizFe. The formation of this compound
gives rise to ordering, which results in significant changes
in the electronic structure of the alloy. Investigations carried
out by Chourasia and Chopra (41) on this particular Fe—Ni
alloy led to the claim that there was a charge transfer from
the Fe to Ni in this system. Furthermore, soft X-ray stud-
ies indicated that the surface composition of the alloy was
enriched with Fe when compared to that of the bulk. Even
though the present studies were carried out under some-
what different conditions to those highlighted above, it is
conceivable that the presence of an electronic interaction
exists between the two metals during the decomposition
of CO.

Influence of hydrogen on carbon deposition. The de-
composition of CO over the Fe—Ni powders in the absence
of hydrogen at 600°C was found to be an extremely slow
process. While there were no detectable gas phase prod-
ucts, the weight of the catalyst powder doubled after 3.5 h
on stream due to the accumulation of solid carbon. Hy-
drogen has been reported to initiate the decomposition of
carbon containing gases over selected transition metals and
to have a distinct effect on the structural characteristics of
the carbon filaments produced on the catalyst powder (4,
6, 13). It is evident from Fig. 2 that the introduction of as
little as 20% hydrogen into the feed results in a significant
increase in the amount of carbon deposited on the Fe—Ni
powders, this behavior being particularly pronounced for
catalysts containing more than 25% iron. The exact amount
of hydrogen required to bring about this enhancement in
catalytic activity is highly dependent upon the bimetallic
composition as seen in Fig. 2.

The initial increase in carbon production is due to the
CO hydrogenation reaction, with water being produced as
aby-product and this feature, which has been reported pre-
viously has been attributed to various factors. Walker and
co-workers (43) investigated the formation of filamentous
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carbon from the iron/CO system and suggested that the
presence of a critical amount of hydrogen was necessary to
decompose inactive iron carbides into the catalytically ac-
tive metallic form. Other explanations for this phenomenon
have centered around the ability of hydrogen either to
maintain a reasonably clean metal surface by gasification
residual carbon species (44) or to mutually enhance the ad-
sorption of CO at the exposed metal faces (8).

While the arguments presented above may have validity
with regard to the iron catalyzed decomposition of CO/H;
mixtures, they may not all be applicable to the interaction
Fe—Ni powders with the same reactant. Indeed, Mdssbauer
studies by Raupp and Delgass (45) on Fe—Ni catalysts re-
acted in CO/H; environments showed no evidence for car-
bide formation. Therefore the rationale that hydrogen was
responsible for the conversion of carbide to metal is not ger-
mane to the bimetallic system. The current results show that
as the concentration of hydrogen in the feed is increased so
the CO hydrogenation reaction becomes more prominent,
as evidenced from the progressive increase in the yield of
water. In addition, hydrogen plays a diverse role in the pro-
duction of solid carbon; at low levels it exerts a promotional
effect on the formation of this product and at concentrations
above 30% of the feed it acts as an inhibitor for carbon de-
position. This factor along with the concomitant increase in
the yield of methane at these higher hydrogen concentra-
tions would suggest that an appreciable amount of the solid
carbon produced under these conditions is simultaneously
hydrogasified to methane.

Catalyst deactivation phenomenon. There appearsto be
an upper temperature limit for the production of carbon fil-
aments in reasonable quantities from the Fe—Ni catalyzed
decomposition of CO/H;, which is dependent to a large de-
gree on the composition of the bimetallic, as shown in Figs. 4
and 5. Nickel-rich powders tend to produce the maximum
amount of solid carbon at a somewhat lower temperature
than those in which iron is the major component. In all cases
when the temperature is raised above this optimum level
the bimetallic powders exhibit a sharp decline in catalytic
activity. On subsequent lowering of the temperature to a
previously active regime, restoration of the catalytic activ-
ity to the original value is observed. It is evident therefore,
that the deactivation of these bimetallic systems cannot be
attributed to the formation of a carbonaceous overlayer
since the catalyst could not regain its activity simply by de-
creasing the temperature since the active sites would still
be blocked.

A more plausible explanation may lie in the argument
that at higher temperatures (725°C) some form of segrega-
tion might be induced where the surface tends to become
enriched in nickel, a condition that does not favor the disso-
ciative chemisorption of CO, aswas shown in Fig. 1 and from
previous studies (13, 47). Moreover, even when conditions
are achieved that favor carbon deposition on nickel, the
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reactions leading to this step only occur on particular crys-
tallite faces (48-50). Wandelt and Ertl (51) used soft X-ray
appearance potential spectroscopy to study the behavior of
a series of iron—nickel alloys. They reported that following
heating of the alloys there was a significant increase in the
appearance potential of the nickel whereas the values for
iron remained practically unaffected. These data were in-
terpreted in terms of a model where the surfaces of the alloy
were enriched in nickel. The same conclusion was reached
from theoretical calculations performed by Chelikowsky
(52), which predict that nickel will preferentially segregate
of the surface of an iron—nickel alloy in a reducing envi-
ronment. A further factor that could have an impact on
this proposed segregation effect is the tendency for iron-
rich Fe—Ni particles to wet and spread along graphite edges
when heated in the presence of hydrogen (35). This behav-
ior highlights the potential for the formation of a strong in-
teraction between certain bimetallic compositions and the
graphite platelets constituting the filament structure pro-
duced at the carbon depositing faces of the catalyst particle.
Under these circumstances it is not unreasonable to predict
that any excess nickel atoms will tend to accumulate at the
exposed faces of the catalyst particles.

Upon lowering of the temperature the strength of the
interfacial reaction between the two components will de-
creased and the bimetallic particles recovered their ini-
tial surface composition, thereby allowing for the re-
establishment of conditions that favor growth of carbon
filaments. Indeed, as the reaction temperature was gradu-
ally decreased, it was seen that the activity of the catalyst
recovered in step-wise fashion suggesting that the iron was
slowly migrating to the surface. We intend to investigate
the origin of this reversible deactivation step in more de-
tail using in situ electron diffraction techniques to probe the
pattern of behavior exhibited by particles derived from var-
ious Fe—Ni mixtures on single crystal graphite when heated
in CO and CO/H; environments.

Kim and co-workers (12) studied carbon filament for-
mation from the Cu-Ni catalyzed decomposition of an
ethylene-hydrogen reactant mixture and reported the ex-
istence a similar deactivation phenomenon to that found in
the present work. These authors concluded that there was
an upper temperature limit of approximately 725°C for fil-
ament growth from this system. Above this temperature,
the catalyst activity was very low and this behavior was at-
tributed to the preferentially segregation of copper to the
particle surface. As in the present case, when the reaction
temperature was subsequently decreased, the activity of the
catalyst was regained. Clearly, the presence of this type of
reversible deactivation effect play an important role in a
large number of reactions where bimetallics are used as the
catalytic entities.

CO chemisorption studies on iron-nickel powders. The
results of the chemisorption of CO onto the surfaces of
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Fe—Ni alloys performed in this investigation are very simi-
lar to those found by Vreeberg and co-workers (8, 9). From
the numerous studies of CO interactions with surfaces of
pure iron and nickel it was found that the gaseous molecules
would only adsorb dissociatively on an iron cluster and not
on single iron particles (9, 25, 46). In the case of nickel, CO
dissociation is very sensitive to both the temperature and
crystallographic orientation of the metal. It was demon-
strated that a Ni100) surface will dissociate carbon monox-
ide only at temperatures greater than 150°C, whereas a
Ni111y surface will only perform this step when it contains
some defects.

It is reasonable to assume that there were very few or
no iron clusters present in the reduced Fe—Ni (2:8) sam-
ple at any temperature since in this case CO dissociation
was not observed and consequently one may conclude that
the iron is very well dispersed throughout the nickel. For
a catalyst with a slightly higher iron content, Fe—-Ni (3:7),
again no CO dissociation could be observed under these
conditions at ambient temperature in agreement with the
studies of Vreeberg and co-workers (8, 9). At 200°C, CO
dissociation took place initially on the surface before ad-
sorption became molecular in nature. This change in CO
adsorption characteristics could account for the very dif-
fernt decomposition behavior observed on bimetallic pow-
ders where the nickel content was >75%. In such systems
the CO will only exhibit molecular adsorption on the cata-
lyst surface, and therefore, the decomposition of the reac-
tant and formation of filamentous carbon will be very slow.
On the other hand, with iron-rich bimetallic powders the
dissociatively adsorbed CO will readily undergo decompo-
sition and formation of filamentous carbon will be a facile
process.

Structural characteristics of the solid carbon products.
Carbon filaments grown during the decomposition of
CO/H; mixtures over a pure iron catalyst have a uniform
structure where the layers of graphitic carbon are stacked
ontop of each other in asimilar manner to “a deck of cards,”
Figs. 7a, b. The addition of nickel to iron induces major
modifications in the structural characteristics of carbona-
ceous deposit. As the nickel content of the catalyst powder
is increased, the degree of crystalline perfection of the fila-
ments, as determined by temperature programmed oxida-
tion and high resolution transmission electron microscopy,
decreases perceptibly. The graphitic nature of the carbon
filaments is dictated to a large degree by the wetting prop-
erties that exist between the metal and deposit. The forma-
tion of carbon filaments with a high degree of crystalline
perfection has been shown to be due to the existence of a
strong interaction between the two components (12). This
condition is achieved under circumstances where the inter-
stitial spacing in the metal faces matches the interatomic dis-
tance of the carbon—-carbon bond of graphite. In this regard
the orientation of the catalyst particle at the metal/carbon
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interface becomes a key factor in the control of the crys-
tallinity of the deposited structure (53).

Studies performed by controlled atmosphere electron
microscopy demonstrated that while Fe—Ni particles con-
taining equal amounts of both metals exhibited a tendency
to form a strong interaction with graphite when reacted in
hydrogen, nickel-rich particles did not show the same be-
havior (35). These observations are consistent with present
findings from temperature programmed oxidation studies
that indicate a decrease in the graphitic nature of the car-
bon filaments that are generated from bimetallic powders
where nickel is the major component. It is possible that
the addition of large amounts of nickel to the iron catalyst
may lead to a reconstruction of the carbon precipitating
faces of the particle, from one, where the atomic arrange-
ment of metal atoms is in register with the carbon atoms in
graphite, to another, where these conditions are not so well
matched. As the nickel content in the bimetallic increases
these faces will predominate and the filamentous structures
will become progressively more disordered.

The carbon filaments produced from a given bimetallic
catalyst were found to become more graphitic in nature
as the hydrogen content of the reactant gas was increased,
Fig. 14. Itis possible that the presence of excess hydrogen in
the feed could induce the reconstruction of the bimetallic
particles to generate faces where precipitation of carbon in
the form of graphite was favored. Transmission electron mi-
croscopy examinations of catalyst particles associated with
the filamentous structures showed that they tended to be-
come more highly faceted as the hydrogen content in the
reactant was increased. A further contributing factor is that
hydrogen is known to enhance the wetting properties of
Fe—Ni particles on a carbonaceous substrate, thereby in-
ducing the formation of a strong interaction between the
two components (35).

Examination of the structure of the deposit formed at
reaction temperatures in excess of 600°C revealed the pres-
ence of a graphitic shell-like constituent that appeared to
encapsulate some of the Fe—Ni particles. The existence of
this type of material was first reported by Audier and co-
workers (36-38) from studies of the decomposition of a
CO/H; mixture over an Fe—Ni (1:3) catalyst at tempera-
tures above 550°C. They attributed the formation of these
graphite shells to a change in the fragmentation mecha-
nism of the starting catalyst powder and it was significant
that with a Fe—Ni (4:6) catalyst temperatures in excess of
650°C were required in order to produce this type of de-
posit. In more recent years other workers have reported
the existence of similar growth structures from the inter-
action of CO with supported nickel and cobalt particles
at 600°C (54) and from the decomposition of ethane over
Fe—Ni alloy particles at 865°C (55). While the presence of
sulfur species in the gaseous reactant appeared to enhance
the formation of this type of deposit no clear understanding
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of the mechanistic features surrounding the growth process
has emerged.

CONCLUSIONS

We have found that the composition of Fe—Ni catalysts
can have a dramatic effect on the activity for the decom-
position of CO/H; mixtures at 600°C The addition of an
extra 5% nickel to a Fe—Ni (30:70) catalyst resulted in a
decrease in the conversion of CO from 44.5 to 6.5% and
a corresponding drop in the amount of solid carbon from
21 to 3%. The ratio of the two components in the catalyst
also has a major influence on both the structure and crys-
talline perfection of the carbon filaments produced during
the reaction. Temperature-programmed oxidation studies
of carbon filaments grown from various Fe—-Ni bimetallic
particles shows that as the nickel content of the catalyst is
increased there is a concomitant decrease in the resistance
to oxidation of the solid carbon, indicating that the ma-
terial tends to become more amorphous in nature. These
features are rationalized according to the notion that the
addition of nickel to iron results in a reconstruction of the
particle surfaces that leads to a diminution in the likelihood
of iron atoms being nearest neighbors and the generation
of atomic arrangements at carbon precipitating faces that
do not favor the formation of graphite platelets in the de-
posited filamentous structures.

A reversible deactivation process was shown to exist for
all these Fe—Ni catalysts. At high temperatures, 725°C, the
bimetallics were unable to dissociate CO and therefore car-
bon filament growth ceased. It was postulated that under
these circumstances the faces at which gas phase decompo-
sition reactions took place were enriched in nickel and as a
consequence, dissociative chemisorption of CO, a key step
in the eventual formation of filamentous carbon did not oc-
cur. Upon lowering the temperature to a previously active
regime, the original composition of the active surfaces are
reestablished and conditions reached that once again allow
for the growth of carbon filaments.
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