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The catalytic decomposition of ethylene over iron-nickel to pro-
duce methane, ethane, and solid carbon has been shown to be ex-
tremely sensitive to the composition of the bimetallic particles and
the temperature at which the reaction is performed. The addition
of an extra 5% nickel to an Fe-Ni (3: 7) catalyst was found to result
in a dramatic increase in the conversion of ethylene from 13.0 to
52.0% and a corresponding increase in the amount of solid carbon,
identified as filamentous in nature, from 4.6 to 38.5%. It was also
established that the graphitic content of the deposit exhibited a sig-
nificant increase between the compositions Fe-Ni (3:7) and Fe—Ni
(25:75). An improvement in the degree of crystalline perfection of
the carbon filaments generated from the whole composition range
of bimetallics was evident as the hydrogen content of the reactant
mixture was raised. While increasing the temperature from 600 to
725°C enhanced the decomposition of ethylene over all the Fe—Ni
powders, this effect was most striking over those bimetallic particles
containing 70% or less of nickel. This behavior is to be contrasted
with that found in an analogous study that demonstrated that the
reverse dependence held when the same set of bimetallics was re-
acted in CO. The phenomenon appears to be related to preferential
segregation of nickel to the gas/particle interface at higher temper-
atures; a condition that tends to favor the decomposition of CyHy,
but has the opposite effect on the decomposition of CO. @ 1998
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INTRODUCTION

While most studies concerning the catalytic hydrogena-
tion of ethylene and related hydrocarbons have to tended to
focus on the use of noble metals, such as platinum and pal-
ladium, there has been a growing interest in the potential of
the first row transition metals and, in particular, nickel for
these reactions. Nickel has been found to exhibit a very high
activity for the hydrogenation of ethylene, whereas metals
such as copper and iron, on the other hand, are relatively
inert under identical conditions (1-13). This is a finding
that is in direct contrast to that encountered when carbon
monoxide is used as the reactant molecule. Carbon mono-
xide decomposes readily on an iron catalyst in the presence

1 Author to whom all correspondence should be addressed.

of hydrogen, but it remains intact when the reaction is per-
formed over a nickel surface (14-18).

A variety of bimetallic catalyst systems have been em-
ployed in the study of hydrogenation reactions and in
some cases, the focus has centered around the concomitant
growth of carbon filaments that are formed when such re-
actions are carried out at 450-700°C (18-28). The addition
of a second metal to the catalyst system can often result in
dramatic changes in both activity and selectivity when com-
pared to that exhibited by the individual metals. The addi-
tion of as little as 2% copper to an iron catalyst, two metals
which in their pure state are relatively inactive for ethylene
decomposition, resulted in a significant enhancement in the
conversion of the hydrocarbon to filamentous carbon (28).
This type of carbonaceous solid has been shown to possess
unique graphitic structures that in turn bestow the mate-
rial with a set of unusual physical and chemical properties
(29, 30).

Kim and coworkers (21, 22), carried out a detailed in-
vestigation of the interaction of various hydrocarbons, in-
cluding ethylene, with copper-nickel and nickel catalysts.
An attempt was made to take a broad view of the reactions
by taking into account both the gaseous and solid products
and this information was used to reconstruct the steps in-
volved in the process. It was argued that on pure nickel and
in the absence of any other reactant, ethylene bonded in
such a manner that the C=C bond was “parallel” to the
catalyst surface and that subsequent deactivation was due
to the formation of a graphitic overlayer at saturation cov-
erage. When this same form of interaction was carried out
over a copper-nickel surface, there was a modification in
the fate of the adsorbed ethylene molecule. The inability
of copper to chemisorb hydrocarbons was reflected in the
possibility for ethylene to adhere to the surface in a mode
where the C=C bond was in an “end-on” configuration.
Under such circumstances, the pathway leading to deacti-
vation via encapsulation was effectively prevented and the
system maintained its catalytic activity for prolonged peri-
ods of time.

Cooper and Trimm (31) investigated the interaction of
propylene with different iron surfaces and demonstrated
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that in order to maintain the growth of solid carbon it was
essential to add hydrogen to the propylene feed. The crys-
tallographic arrangement of the iron surfaces was shown to
play a key role in the determination of rate of carbon de-
position. Feog) surfaces exhibited a higher rate of carbon
deposition than irong1g) surfaces. A polycrystalline foil used
by these authors was found to have activity similar to that of
an Fep) surface, since both samples were predominantly
in the same crystallographic orientation. The nature of the
carbonaceous solid was not identified, but it is reasonable
to assume that the majority of the deposit was composed of
carbon filaments.

In a previous paper dealing with the interaction of car-
bon monoxide/hydrogen mixtures with iron-nickel pow-
ders, several interesting features of the reaction were dis-
covered (18). The most notable being the sudden apparent
deactivation of the bimetallic catalysts in the composition
range of Fe-Ni (25:75) that occurred when the reaction
temperature was raised above 650°C. One of the major ob-
jectives of the present study was to probe this phenomenon
in greater detail in an attempt to unravel the underlying
scientific issues behind this intriguing pattern of behavior.
By using ethylene, a gas which is well known to preferen-
tially interact with nickel rather iron, it was believed that
more information could be obtained about the nature of
the catalytic surface during this deactivation process. The
natural selectivity of both ethylene and carbon monoxide to
preferentially interact strongly with only one of the metals
present in the catalyst in the presence of hydrogen makes
the study of these various compositions of iron-nickel pow-
ders a fascinating task. The chemical nature of the active
surface of the catalyst can be identified and monitored to
a certain degree during the reaction by careful analysis of
the gaseous and solid products.

EXPERIMENTAL

Materials

The various compositions of iron—nickel catalyst powders
used in these studies were prepared by the co-precipitation
of the metal carbonates from the respective metal nitrate
solutions mixed in the desired ratios using ammonium bi-
carbonate as described in detail by Best and Russell (32).
The calcination, reduction, and passivation protocol used
are outlined in detail in a previous paper by this group (18).
The gases used in this work, hydrogen (99.999%), ethy-
lene (99.95%), and helium (99.999%0), were obtained from
MG Industries and used without any further purification.
Reagent grade iron nitrate [Fe(NO3)3 - 9H,0] and reagent
grade nickel nitrate [Ni(NO3), - 6H,O] were obtained from
Fisher Scientific for the catalyst preparation. The compo-
sitions of the passivated bimetallic powders were checked
by X-ray diffraction analysis and within experimental error,
were found to correspond to the desired ratios.
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Apparatus and Procedures

The apparatus used for these experiments has been de-
scribed in detail previously (21). 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 controlled by the use of mass flow
controllers allowing a constant composition of feed to be
delivered. Passivated powdered catalyst samples (50 mg)
were placed in a ceramic boat at the center of the reac-
tor tube in the furnace. After reduction in a 10% H,/He
mixture for 2 h at the desired reaction temperature the sys-
tem was flushed for 1 h with helium. The predetermined
reactant gas, C,H, or a C,H4/H, mixture, was then intro-
duced to the reduced catalyst for periods of up to 1.5 h.
The total gas velocity in all experiments reported here was
100 mL/min and, unless stated otherwise, the ethylene flow
rate was maintained constant at 40 mL/min. The hydrogen
flow rate was varied and helium was used to make the gas
velocity up to 100 mL/min. All gas flow rates were mea-
sured at ambient conditions. The reaction was followed as
a function of time by sampling both the inlet and outlet gas
streams at regular intervals and analyzing the reactants and
products by gas chromatography using a 30-m megabore
(GS-Q) capillary column in a Varian 3400 G.C. Carbon and
hydrogen atom balances, in combination with the relative
concentrations of the respective components, were applied
to obtain the various product yields. The total amount of
carbon deposited on the catalyst during the time on stream
was determined gravimetrically after the system had been
cooled to ambient temperature.

Under the flow conditions utilized in this set of exper-
iments most of the deposited carbon remained within the
sample boat; however, any material that spilled out into the
reactor was collected and included in the weight determi-
nations. In this context, it was significant to observe that
the walls of the reactor tube remained quite clean after a
given experiment at 600°C, indicating that no other forms
of carbonaceous deposit were produced. In experiments
that were conducted at 725°C, evidence for the formation
of small amounts of pyrolytic carbon, which was believed to
originate from noncatalytic steps, accumulated on the walls
of the reactor downstream at some distance from the cata-
lyst samples. Since this type of deposit made only a minor
contribution to the overall formation of solid carbon and
adhered strongly to the quartz tube no quantitative assess-
ment was made.

The nature and characteristics of the carbon deposit
were established using both high resolution transmission
electron microscopy (HRTEM) and CO, temperature-
programmed oxidation (TPO) studies. The TEM investi-
gations were performed in a JEOL 2000EXII electron mi-
croscope fitted with a high resolution pole piece capable of
giving a lattice resolution of 0.14 nm. Suitable TEM speci-
mens were prepared by ultrasonic dispersion of the carbon
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sample in isobutanol, followed by the application of a drop
of the resultant suspension to a holey carbon support grid.
From these experiments it was possible to conclude that in
all cases the carbonaceous deposit was for the most part
filamentous in nature. Inspection by electron diffraction
showed that there were variations in the degree of crys-
talline perfection of these structures that was dependent
on the composition of the bimetallic powders from which
they were generated.

Temperature programmed oxidation studieswere carried
out using a Cahn 2000 microbalance on demineralized car-
bon filaments in the presence of CO, at a constant heating
rate as outlined in a previous paper (21). This process ef-
fectively removes any metallic inclusions to provide a re-
producible oxidation profile of the carbon being investi-
gated. Comparison of the oxidation profiles derived from
these experiments with those of single crystal graphite and
amorphous carbon enables one to obtain an estimate of the
fraction of graphite and amorphous carbon present in the
deposit. X-ray diffraction analysis was performed on both
the carbon deposits and the associated bimetallic particles
produced from the various catalyst formulations. These ex-
aminations were carried out in a Scintag 1 diffractometer
equipped with a nickel monochromater. Diffraction was
performed with Cu Ko radiation at a scan rate of 2°/min,
and peaks were identified by comparison with standards in
a related database. The relative degree of crystalline per-
fection of carbonaceous materials generated from various
Fe-Ni catalyst compositions was estimated from broaden-
ing of the (002) line for each sample. No major changes in
the initial ratio of iron to nickel were found from experi-
ments that were performed at 600°C.

In-situ electron diffraction analyses were performed on
iron—nickel (1:1)/graphite specimens undergoing reaction
in a 0.2 Torr ethylene/hydrogen (1:2) mixture at tempera-
tures over the range 400 to 800°C, using controlled atmo-
sphere electron microscopy (33). This procedure allows one
to directly follow the changes in the chemical state of the
bimetallic particles as a function of reaction conditions. As
a consequence, it is a relatively simple task to identify the
existence of any preferential segregation of either of the
components to the graphite surface and establish the tem-
perature at which such a phenomenon occurs. This set of
reaction conditions was selected since the morphological
characteristics of carbon filaments generated in analogous
flow reactor experiments had demonstrated the possibility
that selective removal of one of the metals could be tak-
ing place during the deposit growth process. The samples
used in these experiments were prepared by introducing the
bimetallic components onto transmission specimens of sin-
gle crystal graphite as an atomized spray from an aqueous
solution of the respective metal nitrates. Prior to reaction
in the ethylene/hydrogen mixture the system was heated in
oxygen at 250°C for 30 min and then reduced in hydrogen
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at 400°C for 2 h. This procedure resulted in the creation of
small bimetallic particles ranging in size from 5 to 25 nm.

RESULTS

1. Flow Reactor Studies

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

The percentage product distribution obtained from the
catalytic decomposition of an ethylene/hydrogen mixture
(4:1) at 600°C over a series of iron-nickel powders of vary-
ing composition is presented in Fig. 1. This temperature was
chosen as it had been shown in a previous study that these
iron-nickel catalysts exhibited significant changes in activ-
ity at 600°C between catalyst compositions of Fe-Ni (3:7)
and Fe-Ni (25:75) when CO/H; was used as the reactant
feed (18). In order to obtain a direct comparison between
the former and the present systems, the interaction of the
bimetallic powders with a C,H4/H;, mixture was carried out
under as near identical conditions as possible. The reaction
was allowed to proceed for a period of 1.5 h in order to en-
sure that the catalysts reached a steady conversion level and
also to verify that the bimetallic particles did not undergo
rapid deactivation as the accumulation of solid carbon be-
came appreciable. As expected, the main gaseous products
from this reaction were identified as being CH4 and C,He,
along with trace amounts of C; and C4 hydrocarbons, the
exact concentrations of which are not reported here.

From Fig. 1 it is evident that the addition of up to and
including 70% Ni to an Fe catalyst has little impact on the
catalytic behavior when the hydrogenation of ethylene is
studied under the stated conditions. The conversion of ethy-
lene over Fe—Ni catalysts with a Ni content of 70% or less
is extremely low, less than 10% conversion to C,Hg and 5%
conversion to CHy. There is, however, a significant increase
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FIG. 1. The percentage product distribution from the hydrogenation
of a CoH4/H; (4: 1) mixture over various Fe-Ni powders at 600°C.
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in the catalytic activity of the bimetallic for the decompo-
sition of ethylene between the compositions Fe—-Ni (3:7)
and Fe-Ni (25:75). While the major increase in the con-
version of ethylene results in the formation of solid carbon,
there is a rise of approximately 5% in the conversion of
the olefin to ethane. Quantitative measurements showed
that an increase in the Ni content of the catalyst from 70 to
75% was accompanied by a corresponding increase in the
amount of solid carbon deposited from 0.1 to 6.5 g, respec-
tively. Further addition of nickel to the catalyst composition
appeared to exert very little impact on either the yields of
gaseous products or that of solid carbon, the product distri-
bution being similar to that exhibited by pure nickel powder
under the same conditions.

In a further series of experiments designed to determine
the lifetime of a given catalyst charge during the growth
of carbon filaments from the decomposition of a Co;H4/H;
(4:1) mixture at 600°C, the weight of carbon deposited on
0.050 g samples of selected bimetallic powders was mea-
sured as a function of reaction time. The data obtained
from these experiments for three nickel-rich bimetallics
are presented in Fig. 2. It should be pointed out that each
point on these curves was obtained using a fresh sample
of the respective bimetallic powder. At the termination the
short and long term experiments’ representative samples of
the deposit were examined by TEM. These examinations
showed that for the most part there was no significant differ-
ence in either the morphology or size distributions of the
filaments produced from these extreme reaction periods.
Based on these data it appears that:

(i) The weight of carbon deposited on a given bimetallic
appearsto exhibit a fairly constant growth rate over a period
of 3.5 h and that any induction period is of a short duration.
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FIG. 2. Effectofreaction time on the weight of solid carbon produced

from the interaction of 0.050-g quantities of selected Fe-Ni catalysts with
a CoH4/H; (4:1) mixture at 600°C.
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(ii) The size and structural characteristics of the fila-
ments generated from a given bimetallic catalyst do not ex-
hibit any significant changes as a function of reaction time.

1.2. Effect of Hydrogen Concentration on Product
Distribution and Carbon Deposition

In an attempt to ascertain the influence of hydrogen on
both the decomposition of ethylene and the growth of car-
bon filaments, initial experiments were conducted under
conditions where the reduced catalyst powder, thoroughly
flushed in He, was reacted at 600°C in the presence of pure
ethylene. Under these circumstances there was very little
solid carbon formed on the full composition range of Fe—Ni
powders, only approximately 0.1-0.4 g deposited over a
3.5 h reaction period. Furthermore, the large variation in
catalytic behavior observed between the Fe—Ni composi-
tions (3:7) and (25:75) is not reproduced in the absence of
added hydrogen.

In order to gain a clearer understanding of the role of
hydrogen in these reactions experiments were undertaken
in which ethylene was added immediately after the catalyst
had been reduced. In this case a reduced nickel catalyst,
that had not been flushed with helium, produced signifi-
cant amounts of filamentous carbon, 12.2 g after 3.5 h on
stream. The decomposition of ethylene was primarily to
solid carbon with a small fraction being converted to both
ethane and methane. The presence of hydrogen, either in a
physisorbed or chemisorbed state on the metal surface af-
ter the reduction stage was evidently sufficient to initiate
the hydrocarbon decomposition reaction. As this reaction
proceeded hydrogen was evolved and therefore the high
catalytic activity towards carbon filament growth was main-
tained. This experiment illustrates how small amounts of
hydrogen, either sorbed on the metal surface or present in
the reactant gas can have a profound effect on the behav-
ior of these Fe-Ni catalysts, particularly with regard to the
generation of filamentous carbon. This result highlights the
importance of consistently flushing the catalyst after the re-
duction step to ensure the removal any hydrogen adsorbed
on the surface if one is to avoid the extraneous accumula-
tion of carbon deposits.

Experiments designed to determine the effect of increas-
ing the hydrogen concentration on the product distribution
and carbon filament deposition were carried out at 600°C.
The results of these experiments are detailed in Table 1
for three selected catalyst compositions: Fe-Ni (7:3);
Fe—Ni (3:7); Fe—Ni (2:8). These powders represent a cross
section of all the compositions used and, more importantly,
target the area where major changes in the catalytic activity
for the ethylene decomposition reaction are observed. Both
Fe-Ni (7:3) and Fe-Ni (3:7) compositions display limited
activity for the decomposition of ethylene, however, as the
hydrogen content of the reactant was raised so the overall
conversion increased. This was especially noticeable for the
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TABLE 1

Variation in the Percentage of Product Distribution of Selected
Catalyst Compositions after 90 min Reaction at 600°C as a Func-
tion of the Percentage of Hydrogen in the Ethylene Reactant

% H, in

reactant feed Product Fe:Ni(7:3) Fe:Ni(3:7) Fe:Ni(2:8)

0 CH, 0.455 0.445 0.466

C;Hs 4.407 2.979 3.674

Solid Carbon 2.466 0.036 0.255

20 CH, 0.069 0.230 0.852

CyHs 1.768 3.105 13.027

Solid Carbon 2.796 37.263 48.141

33 CH, 0.104 0.393 2.741

CyHs 2.625 5.495 22.915

Solid Carbon 4.022 24.175 51.658

50 CH, 0.123 0.997 6.645

CyHs 3.928 9.181 35.092

Solid Carbon 6.759 45.232 40.944

66 CH, 0.761 2.189 9.218

CyHs 7.400 11.631 40.002

Solid Carbon 36.508 55.106 36.773

80 CH, 1.992 4.913 14.869

CyHs 8.506 10.799 45.669

Solid Carbon 54.810 67.859 32.541

yield of solid carbon which increased dramatically at 67%
and 50% H; for Fe—-Ni (7:3) and Fe—Ni (3:7) catalysts, re-
spectively.

This trend does not apply to all the Fe-Ni powders used
in this work as highlighted in Table 1. Inspection of the
data obtained for Fe-Ni (2:8) catalyst, shows that while
the yields of both ethane and methane climb as the hydro-
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gen content in the feed is increased and are significantly
higher than those of the other two bimetallics, the yields of
solid carbon do not follow the same pattern. With an Fe—
Ni (2: 8) catalyst the conversion of ethylene to solid carbon
goes through a maximum at 33% H; and thereafter exhibits
a steady decline as the hydrogen content is progressively
raised to higher levels.

1.3. Effect of Temperature on the Percentage
Product Distribution

The reaction temperature was found to exert a signifi-
cant impact on both carbon filament production and the
conversion of ethylene over the whole composition range
of Fe—Ni catalysts. In these experiments the temperature
was cycled between 600 and 725°C. For the sake of brevity
we have selected to present the variation of product
distribution as a function of temperature for two catalyst
systems, Fe-Ni (3:7) and Fe-Ni (2:8), in Figs. 3 and 4,
respectively. These data have been corrected for the minor
contributions to the product concentrations resulting
from the uncatalyzed decomposition of a Co,H4/H, (4:1)
mixture that occurs to a small extent at 725°C. Inspection
of the plots shows that at this upper temperature limit
the decomposition of the olefin is relatively high for both
bimetallic powders, with the nickel rich sample generating
the larger amount of solid carbon. As the temperature
was decreased from 725 to 600°C the catalyst activity of
the Fe-Ni (3:7) powder decreases dramatically, whereas
that of the Fe—Ni (2:8) sample exhibits a somewhat more
moderate decline. It was significant to find that in all cases,
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FIG. 3. Change in behavior of an Fe-Ni (3:7) catalyst during interaction with a C;H4/H, (4 : 1) mixture as the temperature was lowered from 725

to 600°C.
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FIG. 4. Change in behavior of an Fe-Ni (2:8) catalyst during interaction with a C,H/H, (4: 1) mixture as the temperature was lowered from 725
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the catalytic activity could be restored to the initial high
level if the temperature was increased to 725°C. Indeed,
in experiments where the temperature was switched
between these two limits for several temperature cycles
the catalyst performance was shown to be completely
reversible in nature. This pattern of behavior can seen in
Fig. 5, the data obtained from an Fe—Ni (3: 7) catalyst during

interaction with an C,H4/H; (4:1) mixture as the temper-
ature was cycled between 600 and 725°C. When this type
of experiment was carried out with powders containing less
than 70% nickel, then at 725°C the product spectrum was
similar to that obtained with an Fe—Ni (3:7) powder when
reacted under the same conditions, and quite different from
the behavior displayed by the Fe—Ni (2:8) sample.
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FIG. 5.
600 and 725°C.

Change in behavior of an Fe-Ni (3:7) catalyst during interaction with an C,H4/H; (4: 1) mixture as the temperature was cycled between
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2. Characterization of the Carbon Deposits
2.1. Transmission Electron Microscopy Studies

Transmission electron microscopy studies of the carbon
deposits grown during the decomposition of an mixture at
600°C on a range of Fe—Ni catalysts revealed that the car-
bon consisted almost entirely of filamentous structures. As
stated above, increasing the nickel content in a series of
Fe—Ni catalysts has a profound effect on the product distri-
bution for the hydrogenation of ethylene and this aspect is
particularly pronounced between the compositions Fe—Ni
(3:7) and Fe-Ni (25:75). It was interesting to find that the
structure of carbon filaments also exhibit a subtle change
over this composition range. Carbon filaments grown from
Fe-Ni powders with a high iron content tend to acquire a
bidirectional helical form, as shown in the electron micro-
graph, Fig. 6. High resolution examinations of this material

50nm
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indicated that the filaments were highly crystalline in nature
and that the graphitic platelets were oriented in directions
either parallel or at an angle with respect to the fiber axis,
Fig. 7.

As the nickel content in the catalyst powder was progres-
sively raised so the carbon filaments generated from these
particles became increasingly less twisted and the emer-
gence of some relatively smooth-sided structures was ob-
served. Carbon filaments produced from the decomposition
of CoH4/H; (4:1) on Fe-Ni (3:7) and Fe—Ni (25:75) cata-
lysts both appeared to adopt these same conformational
characteristics. Detailed examination of these two materi-
als revealed the existence of some major differences with
regard to the orientation of the graphite platelets contained
within the respective materials. It was evident that the ma-
jority of filaments grown from the Fe-Ni (25:75) compo-
sition possessed well-defined graphitic structures in which

-

FIG. 6. Transmission electron micrograph showing the appearance of carbon filaments grown from the interaction of an Fe-Ni (7 : 3) powder with

CyH4/H; (4:1) at 600°C.
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FIG.7.

High resolution transmission electron micrograph of a section of a carbon filament generated from the interaction of an Fe-Ni (7 : 3) powder

with C;H4/H, (1: 1) at 600°C showing the arrangement of graphitic platelets in the structure.

the platelets were preferentially stacked at an angle to the
fiber axis in a so-called “herring-bone” arrangement. In
contrast, the number of filaments grown from the Fe—Ni
(3:7) powder possessing these particular structural charac-
teristics was very small.

The ratio of the hydrogen to ethylene in the reactant was
also found to have a pronounced effect on the nature and
growth of the carbon filaments from these Fe—Ni catalysts.
As the concentration of hydrogen was progressively raised
it was evident the carbon filaments grown from a given
bimetallic formulation became increasingly more graphitic
in nature. Electron diffraction studies of individual fila-
ments combined with XRD analysis of bulk samples pro-
duced from a C,H4/H; (1: 1) reactant stream indicated that
the interlayer spacing between the graphite platelets of such
materials was 0.335 nm, identical to that of graphite (34).
In contrast, carbon filaments grown from the interaction of

a CyH4/H; (4:1) mixture with the same bimetallic powder
did not possess the same degree of crystalline perfection. A
further notable feature was the observation that as hydro-
gen content in the reactant was increased the metal particles
responsible for generating the filaments lost their rounded
corners and adopted a more distinctive faceted shape.

A fascinating phenomenon that was evident during the
examinations of some of the carbon filaments formed from
the reactant mixtures containing a large hydrogen content
was the presence of metal particles that appeared to be en-
trained within the body structure, an example of which is
shown in the micrograph, Fig. 8. This behavior is believed
to be caused by the periodic loss of metallic fragments from
the parent particle that remained at the growing tip of the
filament. This behavior, which was first observed during
controlled atmosphere electron microscopy experiments,
eventually results in a gradual decrease in the width of the
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FIG. 8. Transmission electron micrograph showing the deposition of metal particles (indicated by arrows) in the central region of a carbon filament
grown from interaction of an Fe-Ni (3:7) powder with an C,H4/H; (1:2) mixture at 600°C.

filament, giving rise to a tapered form (35), losing small
sections of the tail piece as the filament grows. Whether
the fragmentary metal particles are indeed inside the fila-
ment or merely located on the outside surface of the carbon
structure is still to be ascertained in future studies.

2.2. Temperature-Programmed Oxidation Studies

Temperature-programmed oxidation profiles of dem-
ineralized carbon filaments grown from the interaction of
a series of Fe—Ni catalyst powders with CoHs/H; (4 : 1) mix-
ture at 600°C are presented in Fig. 9. One striking feature
to emerge from these oxidation profiles is the apparent sep-
aration in the oxidation characteristics of these carbon fila-
ments into two distinct classes between the compositions
Fe—Ni (3:7) and Fe-Ni (25:75). Initially as the amount
of nickel in the catalyst formulation is increased there is
a concomitant drop in the onset temperature for oxida-
tion, indicative of a progressive decrease in the graphitic
nature of the carbon filaments. An extraordinary change
in this sequence of structural characteristics occurs when

the nickel content of the catalyst particles reaches a level
of 75%. Under these circumstances, the graphitic nature
of the filaments increases dramatically when compared to
those produced from catalyst formulations containing 70%
or less nickel. As the amount of nickel in the bimetallic is
further increased above 75% there is a corresponding in-
crease in the degree of crystalline perfection of the filamen-
tous deposit. It is clear therefore, that as the nickel content
inthe catalystis increased from 70 to 75%o, an extraordinary
change takes place, not only in the amount of carbon fila-
ments generated, but also in the structural characteristics
of the material.

An analogous set of TPO experiments were carried out
on demineralized carbon filaments produced from systems
where selected Fe—Ni catalysts were exposed at 600°C to re-
actant mixtures containing various concentration levels of
hydrogen. An example of the influence of hydrogen on the
structural characteristics of the filaments can be seen in the
series of oxidation profiles shown in Fig. 10, where the data
have been obtained from carbon filaments generated from
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FIG.9. Comparison of the gasification characteristics in CO, of carbon filaments formed during the interaction of selected Fe-Ni catalysts with

C,H4/H; (4: 1) mixtures at 600°C.

the reaction of a Fe—Ni (7 : 3) catalyst with various C,H4/H>
mixtures at 600°C. It is evident from this set of oxidation
profiles that the reactant feed composition has a significant
impact on the graphitic nature of the filamentous carbon
deposited on the bimetallic catalyst. For all the bimetal-
lic compositions studied it was found that as the hydrogen
content of the feed was increased so was the resistance to
oxidation ina CO, atmosphere and, therefore, the graphitic
nature of the filamentous carbon deposited increased.
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2.3. In-Situ Electron Diffraction Studies

The distribution of chemical species present when Fe—
Ni (1:1)/graphite specimens were heated in a 0.2 Torr
ethylene/hydrogen (1:2) mixture at temperatures over the
range 400 to 800°C and then finally cooled to room tem-
perature is presented in Table 2. In all cases the specimen
was held at a given temperature for 30 min before the elec-
tron diffraction pattern was taken. Examination of these

20 | -o- C2H4H2 = 2:1
—a—C2H4:H2 =1:1
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—x- COH4H2 = 114
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FIG.10. Comparison of the gasification characteristics in CO, of carbon filaments grown from the interaction of an Fe-Ni (7:3) powder with

ethylene containing various amounts of added hydrogen at 600°C.
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TABLE 2

Electron Diffraction Pattern Analysis of a Fe-Ni/Graphite Spec-
imen as a Function of Temperature in 0.2 Torr Ethylene/Hydrogen
1:2)

d-spacings (nm)

Calculated
Temperature d-spacings Fe—Ni Fe-Ni Fe—Ni
“C) (nm) (1:1) (7:3) 3:7) Fe Ni
400 0.2096 0.2080¢111y 0.2070¢222)
0.1619 0.1614420)
0.1274 0.1270¢200) 0.1260(110)
0.1048 0.1037 (222 0.1047 g31)
600 0.2353 0.2398221)
0.2083 0.2080(111y  0.2070(222)
0.1660 0.1673(330)
0.1578 0.1572(421)
0.1278 0.1270¢200) 0.1260¢110) 0.1253(202)
650 0.2442 0.2398221)
0.2073 0.2080¢111y 0.2070¢222)
0.1605 0.1614(420)
0.1278 0.1270¢200) 0.1260(110)
700 0.1801 0.1800(200) 0.1784(400) 0.1772(200)
0.1540 0.1542(110)
0.1257 0.1270(220) 0.1260(110) 0.1253(222)
0.1083 0.1083 311y
750 0.2515 0.2526(222)
0.2069 0.2080¢111y  0.2070¢222)
0.1701 0.1673(330)
0.1276 0.1270¢200) 0.1260(110)
0.1094 0.1083 311y
800 0.2090 0.2080¢111y 0.2070¢222)
0.1287 0.1270(220)
0.1083 0.1083 311y
Cooled to 0.2084 0.2080(111) 0.2070(222)
25°C 0.1270 0.1270¢200) 0.1260(110)
0.1086 0.1083(311y
0.1045 0.1037 222 0.1047 631)

data reveals some interesting aspects. It is evident that
while equimolar amounts of iron and nickel were intro-
duced onto the graphite support, the nucleated particles do
not all have this composition. The most significant finding is
that once formed, the alloy particles maintain their original
overall composition up to 800°C and on subsequent cool-
ing to room temperature, there being no evidence for the
formation of the separate metals. It should be stressed that
the technique provides only information with respect to the
bulk composition and does not give one an insight into the
existence of possible surface segregation phenomena.

DISCUSSION

The results of this study demonstrate that the character-
istics of the carbonaceous deposit formed on Fe—Ni catalyst
during the decomposition of C,H4/H; are highly dependent
on the interplay of a number of factors. Such variables in-
clude the ratio of the bimetallic components, the composi-
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tion of the gaseous reactant, and the temperature at which
the reaction is performed.

Effect of Catalyst Composition on Carbon Deposition

The composition of the Fe—Ni catalyst has been found to
exert a profound effect, not only on the catalyst activity, but
also on the nature and amount of the solid carbon product
formed under the conditions used in this study. The ob-
served low activity of iron and iron-rich bimetallic catalysts
for the hydrogenation of ethylene, when compared with a
nickel-rich catalyst, is consistent with the findings of other
workers (1, 16, 31, 36) and is associated with the inability
of iron to dissociatively chemisorb ethylene (11). It is in-
triguing to find that the addition of a further 5% nickel to a
Fe—Ni (3:7) powder can bring about a dramatic change in
the ability of the bimetallic system to catalyze the growth
of filamentous carbon from ethylene at 600°C. This result
is consistent with the notion that the 5% increment in the
nickel content of the bimetallic is responsible for inducing a
change the arrangement of atoms in the particle surfaces at
which ethylene adsorption occurs. Furthermore, since there
is a significant increase in the graphitic character of the
carbon filaments generated from this particular bimetallic,
it would appear that this modification in crystallographic
properties extends to those faces of the particles at which
precipitation of carbon takes place. This conclusion is based
on previous arguments, suggesting that the degree of crys-
talline perfection of carbon filaments is intimately related
to the nature of the interfacial phenomena that exist at the
metal-solid carbon boundary (37, 38). In order for dissolved
carbon to be precipitated in a highly crystalline form, there
must be a registry between the atomic spacing of the metal
atoms in the depositing face and the atoms constituting the
graphite basal plane structure. Yang and Chen (39) used a
combination of HOMO calculations and selected area elec-
tron diffraction to show that the precipitation of graphite is
limited to particular nickel faces. It is also found that these
conditions match those where the metal particles undergo
a wetting and spreading action with graphite, i.e. form a
strong metal-substrate interaction (40).

It is an interesting exercise to compare the present re-
sults with those of an earlier study (18), where it was shown
that for the decomposition of a CO/H, (4:1) mixture at
600°C the activity of Fe—Ni catalysts exhibited a significant
decrease in activity as the fraction of nickel in the bimetal-
lic was raised above 70%o. Since there are no predicted or
observed changes in the bulk structure of the alloy over the
composition range 70 to 75% nickel, one might attribute the
variations in catalytic activity to surface modifications of
the bimetallic particles. The sudden increase in activity for
C,;H,4 decomposition and the corresponding decrease for
CO decomposition resulting from the addition of a mere
5% nickel to an Fe-Ni (3:7) powder is in all probability
due to the reconstruction of the bimetallic particle surfaces.
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It is possible that this behavior results in the creation of a
surface where iron atoms are randomly dispersed, a condi-
tion that, on the one hand, favors dissociative chemisorp-
tion of C,H,, but functions in the opposite with respect
to CO.

While the structural characteristics of the carbon fila-
ments grown from both C,H4/H, and CO/H; mixtures at
600°C were substantially different when examined in the
TEM some similarities were observed upon increasing the
nickel content of the catalyst. High resolution studies re-
vealed that filaments grown from the interaction of CO/H,
mixtures with iron-rich powders were in general, relatively
straight, highly crystalline in nature, and possessed struc-
tures in which the graphite platelets were aligned at an
angle to the fiber axis in a “herring-bone” arrangement.
The material grown from C,H4/H; mixtures on the same
iron-rich catalyst powders adopted helical conformations
and tended to consist of a less ordered structure than those
generated from CO. In contrast, the morphological charac-
teristics of carbon filaments produced from the interaction
of these two reactant mixtures with nickel-rich bimetallic
powders were similar, both being helical in form. It was,
however, evident that in this case, the material generated
from a C,H4/H, mixture was significantly more highly or-
dered in nature than that grown a CO/H; mixture. These
observations highlight the difference in the strengths of in-
teraction between CO and C,H, and the bimetallic catalyst
surface. On an iron-rich surface the interaction of CO is
much stronger than that of C,H,4, whereas the opposite re-
lationship is found to exist on the nickel-rich surface.

The existence of a direct correlation between the elec-
tronic structure of Fe-Ni alloys and the electronic spe-
cific heat has been proposed by Lawniczak-Jablonska and
Auleytner (41, 42). Studies carried out by these authors in-
dicated that an Fe-Ni (25:75) alloy displays unique prop-
erties due to the formation of FeNis. They claimed that the
formation of this intermetallic species was responsible for
an ordering that in turn lead to changes in the electronic
structure of the Fe—Ni alloy. This particular alloy composi-
tion was reported by Chourasia and Chopra (43) to undergo
a charge transfer from Fe to Ni. This unusual behavior is
notonly limited to unsupported Fe—Ni alloys, since there are
comparable examples observed when mixtures of iron and
nickel particles have been supported on traditional carrier
materials, such as alumina and silica. Yadav and coworkers
(44) found that an Fe—Ni (1:3)/SiO; catalyst displayed an
improved selectivity for the hydrogenation of benzonitrile
and butyronitrile but did not exhibit the same benefits for
the hydrogenation of crotonitrile. These authors rational-
ized the increased activity on the basis of a charge transfer
from Fe to Ni. Rao and co-workers (45) investigated the
hydrogenation of benzophenone over Fe-Ni and demon-
strated that an Fe-Ni (1:3) catalyst exhibited the highest
activity for this reaction and attributed this finding to the
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formation of a superparamagnetic alloy at this particular
composition.

Influence of Hydrogen on Carbon Deposition

We have found that a reduced nickel powder, thoroughly
flushed with helium, displayed very little catalytic activity
for the decomposition of ethylene, in the absence of hydro-
gen, to either ethane or solid carbon. On the other hand, if
the helium flushing step was omitted, following the reduc-
tion of the metal or hydrogen introduced into the ethylene
stream then significant quantities of ethane and, in partic-
ular, carbon were produced. Under these conditions the
decomposition of ethylene occurred rapidly with approxi-
mately 70% being converted to either ethane or solid car-
bon. These findings are in agreement with previous studies
by Zaera (46), who reported that ethylene would only de-
compose to form ethane on nickel in appreciable quantities
if hydrogen had been preadsorbed or co-adsorbed onto the
metal surface.

It was interesting to find that, while the addition of hy-
drogen had a promotional effect on the ethylene decom-
position reaction over all the Fe-Ni powders, the precise
concentration that was required to achieve optimum perfor-
mance was dependent on the composition of the bimetallic
powder. Those powders containing less than 75% nickel
exhibited a steady rise in catalytic activity as the level of
hydrogen in the reactant was progressively increased. As
the nickel content in the bimetallic was increased so the
amount of hydrogen in the reactant feed necessary to reach
the maximum deposition of carbon at 600°C decreased as
detailed in Table 3. This aspect is consistent with the inabil-
ity of iron to readily decompose or hydrogenate ethylene,
a large fraction of hydrogen being needed to facilitate this
reaction as the amount of iron in the catalyst was progres-
sively raised.

The enhancement in the degree of crystalline perfection
of the carbon filaments formed during the interaction of
mixtures of ethylene containing increasing amounts of hy-
drogen with a given Fe—Ni powder is consistent with result
obtained for the growth of this type of carbon when the

TABLE 3
Percentage of Hydrogen in the Ethylene Reactant
Required to Achieve the Maximum Growth of Filamen-
tous Carbon from Fe-Ni Powders at 600°C for 90 min

Catalyst % H, in feed to achieve
composition maximum carbon deposition
Ni 33
Fe:Ni (2:8) 33
Fe:Ni(3:7) 50
Fe:Ni (7:3) 67
Fe 80
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corresponding reactant compositions were passed over
other bimetallics (18, 21, 22, 28). The presence of added
hydrogen in the reactant is believed to be responsible for
inducing reconstruction of the metal particle surfaces to
generate a set of faces that favor the precipitation of car-
bon in the form of graphite. This aspect was highlighted
from examinations performed by TEM of carbon filaments
generated from a series of reactant mixtures, which indi-
cated that the associated metal catalyst particles tended to
become progressively more faceted as the hydrogen con-
tent of the reactant gas was increased.

A further contributing factor to modification in crys-
talline structure of carbon filaments is the observation from
controlled atmosphere electron microscopy studies that in
the presence of hydrogen, Fe—Ni particles tend to undergo
a wetting and spreading action on graphite at temperatures
of around 600°C, features that are consistent with the estab-
lishment of a strong metal-support interaction (47). While
the addition of other gases to the reactant may exert an im-
pact on this type of action, the presence of small amounts of
hydrocarbons do not appear to modify such behavior. This
phenomenon is most certainly responsible for the sporadic
loss of small amounts of metal from the active particles, the
fragments of which were subsequently found as inclusions
at the center of filaments generated from systems where the
reactant gas had a high hydrogen content Fig. 8.

In-situ electron diffraction analysis of a model catalyst
system provides important information pertaining to any
chemical changes that might be occurring in individual
bimetallic particles as a function of temperature and gas en-
vironment. It should be appreciated that, although these ex-
periments were carried out with a model system, the chem-
ical behavior exhibited by such a sample should parallel
those of the powdered catalysts used in the flow reactor
studies. It is evident that while nickel-rich bimetallic par-
ticles tend to undergo a wetting and spreading action on
graphite the particles do not exhibit any major perturba-
tions in their chemical composition during the interaction
with a CoH4/H; (1:2) mixture at temperatures up to 800°C.
One may conclude therefore, that during this process there
is no separation of the bimetallic into its separate compo-
nents or preferential removal of one of the metals during the
catalyst fragmentation step described above. While this be-
havior does not appear to exert any influence on the struc-
tural characteristics of the filaments it does make the deter-
mination of turnover frequencies (TOF) a futile operation,
since one cannot make an accurate determination of the ac-
tive area of the catalyst particle at any given point in time.

Effect of Temperature on Carbon Deposition

The decomposition of ethylene over selected Fe—Ni cata-
lysts was found to be highly dependent upon the reaction
temperature. At 725°C the conversion of ethylene is similar
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over all Fe—Ni catalysts tested; however, upon decreasing
the temperature to 600°C significant differences were ob-
served between the Fe-Ni (3:7) and Fe-Ni (2:8) compo-
sitions. Indeed, for all bimetallic powders having a nickel
content of below 80% a very pronounced drop in activity
was observed upon decreasing the temperature from 725 to
600°C. It was interesting to find that reproducible activity
levels were attained if the temperature was cycled between
these two limits. In contrast, the catalytic activity of the Fe—
Ni (2:8) powder did exhibit the same sharp decrease over
this temperature range. It is possible that at the higher tem-
peratures preferential segregation of nickel to the surface
of the bimetallic occurs and, as the temperature is lowered,
the composition of this region is restored to that of the bulk.
It would appear that the presence of a significant amount
of iron in the surface of the bimetallic effectively inhibits
the decomposition of ethylene. In powders containing 80%
nickel and higher, this effect does not exert the same degree
of influence and, as a consequence, there is little change in
catalytic behavior as the temperature is changed over this
range.

This sequence of events is to be compared with that found
when the same set of Fe-Ni powders were reacted in CO
and the opposite trend in catalytic behavior was observed
as a function of nickel content (18). At temperatures of
about 550°C, even powders containing excess nickel exhib-
ited relatively high activity towards the decomposition of
CO, indicating that the amount of iron present in the sur-
face was sufficient to catalyze this reaction. On the other
hand, as the temperature was raised to 725°C the decom-
position of CO was suppressed, a condition consistent with
surface enrichment in nickel.

Support for the notion that nickel preferentially segre-
gates to the surface of Fe—Ni powders is found from the
work of Wandelt and Ertl (48) who used soft X-ray spec-
troscopy to examine the effect of heating alloys of these two
metals and reported that under these conditions there was
an increase in the apparent potential of nickel while that
of iron remained unchanged. This result was interpreted in
terms of amodel in which nickel was purported to enrich the
alloy surface. Chelikowsky (49) using a modified theoreti-
cal model proposed by Miedema (50) predicted that, under
reducing conditions, nickel would preferentially segregate
to the surface of Fe-Ni alloys.

CONCLUSIONS

The composition of Fe—Ni catalysts has been shown to ex-
ert a profound influence on both the crystalline nature and
structure of carbon filaments produced during the reaction
with CoH4/H> mixtures. The addition of 5% nickel to a Fe—
Ni (3:7) catalyst resulted in a dramatic increase in the con-
version of ethylene from 13.0 to 52.0% and a corresponding
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increase in the amount of solid carbon from 4.6 to 38.5%.
The graphitic content, as determined by TPO and TEM
studies, of the carbon filaments produced from the interac-
tion of the bimetallic powders with ethylene exhibited a sig-
nificant increase between the compositions of Fe-Ni (3:7)
and Fe—-Ni (25:75). Itissuggested that this abrupt change in
structural characteristics of the filaments is directly related
to a transformation in the crystallographic features of the
catalyst particles over this composition range.

The extent of the influence of added hydrogen on the
decomposition of ethylene was extremely sensitive to the
composition of the Fe—-Ni powder. Iron-rich bimetallic pow-
ders did not exhibit any substantial change in performance
until the level of hydrogen in the reactant reached about
66%0. On the other hand, the catalytic behavior of bimetal-
lic powders containing 70% or more of nickel, showed a
significant improvement at relatively low concentrations of
hydrogen. It was evident that, as the hydrogen content of
the reactant was raised, modifications in the structural con-
formations and an enhancement in the degree of crystalline
perfection of the carbon filaments produced from all the
bimetallic powders were observed.

Finally, it was found that increasing the temperature from
600 to 725°C favored the decomposition of ethylene over
all Fe—Ni powders, this effect being most marked over those
bimetallic particles containing 70% or less nickel. This be-
havior is to be contrasted with that found in an earlier study
that demonstrated that the reverse dependence held when
the same set of bimetallics was reacted in CO. The phe-
nomenon appears to be related to preferential segregation
of nickel to the gas/particle interface at higher tempera-
tures; a condition that favors decomposition of C,H4, but
opposes the decomposition of CO.
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