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Abstract—The particle morphology and surface structure of nickel metal in metal—filamentous carbon cata-
lysts were found to depend on the nature of coke-forming species used in the synthesis of catalysts. Metal car-
bonization with hydrocarbons that are characterized by high thermodynamic stability results in the formation
of well-cut metal particles the surface of whichisformed by (110) facets. Selective hydrogenation reactions of
diene and acetylene hydrocarbons to olefins are typica of these catalysts. In the catalytic decomposition of
hydrocarbons with relatively low thermodynamic stability, meta particles become irregular in shape, and their
surfaceisformed by (111) facets. In this case, the reactions of full hydrogenation of olefin, diene, and acetylene
hydrocarbons to corresponding alkanes take place. These data are consistent with the found dependence of the
catalytic properties of catalysts on the character of the exterior faceting of active metal particles.

INTRODUCTION

Itiswell known that the structural characteristics of
catalyst surfaces significantly affect the rates of cata-
Iytic reactions. The surface of active metal particles can
be formed by differently oriented crystallographic fac-
ets depending on the conditions of synthesis. Asfound
in agreat number of studies, which were performed ini-
tially with single crystals[1, 2] and then with supported
model catalysts prepared by the precipitation of metal
clusters onto ultrathin oxide films [3-5], different types
of crystallographic facets exhibit different catalytic
properties. The crystallochemical characteristics of
active metal surfaces can considerably affect not only
the activity but also the sdlectivity of catalysts. We
observed this dependence in a study of metal—carbon
catalysts based on filamentous carbon in the selective
hydrogenation of diene and acetylene hydrocarbons|6, 7].
A method based on the carbide cycle mechanismfor the
synthesis of metalfilamentous carbon catalysts
allowed usto prepare the crystals of nickel or itsaloys
with surfaces formed by certain facets. We studied the
catalytic properties of individual facets of active com-
ponent particles using the selective hydrogenation reac-
tions of 1,3-butadiene and acetylene as an example. We
found that at high degrees of carbonization the (110)
facets appear at the particle surface of nickel or its
aloys with other metals, whereas the (111) and (100)
facets areinaccessible to reacting molecules from agas
phase. The selective hydrogenation reactions of diene
and acetylene hydrocarbons to olefins are typical of
these catalysts. The reactions of full hydrogenation of

olefin, diene, and acetylene hydrocarbons to corre-
sponding alkanes occur at low degrees of carboniza-
tion, when all crystallographic facets of metal particles
occur at the surface.

The faceting of active metal particles can be con-
trolled by changing the degree of carbonization in sam-
ples with the use of the same coke-forming species[7].
Changing the coke-forming species noticeably changed
the catalytic properties of these catalysts, all other fac-
tors being the same. On this basis, we assumed that the
nature of a hydrocarbon used as the coke-forming spe-
cies affects the crystallographic characteristics of the
surface of active metal particles.

The aim of this work was to study the effect of the
nature of coke-forming species on the faceting of an
active metal formed in metal—carbon catalysts based on
filamentous carbon and on the catalytic properties in
the selective hydrogenation reaction of 1,3-butadiene.

EXPERIMENTAL

The procedure of catalyst preparation consisted in
the production of filamentous carbon by the catalytic
decomposition of hydrocarbons on iron subgroup met-
as or their alloys with other metals. Almost any cata-
lysts can be used as the precursors of catalysts for
hydrocarbon decomposition, in particular, spent cata
lysts from other processes, which contain iron sub-
group metals or their alloys with other metals. Among
them are bulk metal oxides; coprecipitated aumina—
nickel, chromia—nickel, and magnesia—nickel catalysts,
catalysts prepared by the impregnation of various sup-
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Catalytic properties of samples, which were prepared from various coke-forming species, containing nickel phaseswith cubic
(c) and (or) hexagonal (h) structuresin the selective hydrogenation of 1,3-butadiene

Coke-forming C:Ni, glg Nickel structure and thetype | Selectivity for butenes, Reactionlrate ><1_(%‘6
Species of facets at the surface mol % mol s~ (g M)

Methane 10 c (110) 97.9 19.63
Propane 14 ¢ (110) 99.1 16.65
Benzene 10 ¢ (111), c (100), ¢ (110) 76.6 37.08
Hexane 1 c (111), ¢ (100) 755 48.87
Hexane 10 c(111) 75.9 54.3
Butadiene 1 h (0001) 78.7 38.72
Butadiene 10 h (0001) 814 35.23

portswith metal salts; metal hydroxides precipitated on
magnesiaand alumina; and complex oxide systems pre-
pared by mechanochemical activation.

In this study, we used the mechanochemical activa-
tion of nickel oxide and aluminum hydroxide powders
in a centrifugal planet mill to prepare catalyst precur-
sors. To synthesize metal—carbon catalysts, the result-
ing mixture was reduced in aflow of hydrogen directly
in the McBain balance at 773-873 K. As judged from
weight losses measured to within 10 g, nickel oxides
were completely reduced to the metal in all of the test
samples. After the reduction, an inert gas was blown
through the reactor, and hydrocarbons (methane, pro-
pane, n-hexane, and benzene) were supplied to the
reactor and decomposed at 773 K. Metal—filamentous
carbon catalytic systems were formed in the course of
decomposition. The synthesis of samples with the use
of 1,3-butadiene as a coke-forming species was per-
formed at 673 K in order to obtain a nickel carbide
phase, which decomposes into the metal and carbon at
higher temperatures in accordance with the carbide
cycle mechanism. Thus, we obtained nickel particles
with a hexagonal structure. The amount of carbon
formed was also measured to within 10 g using the
McBain balance.

The nickel and alumina contents of the catalyst pre-
cursorswere 87.9 and 12.1 wt %, respectively. Samples
with carbon contents of 1 and 10 g/(g Cat) were pre-
pared from these precursors.

The electron-microscopic studies were performed
onaJEM-100 CX (100 kV) instrument with apoint res-
olution of 0.45 nm and on a JEM-200 (200 kV) instru-
ment with aline resolution of 0.14 nm.

A URD-63 diffractometer with a graphite mono-
chromator (CuK, radiation) was used for X-ray diffrac-
tion (XRD) analysis and the determination of coherent-
scattering regions.

The cataytic activity of samples, which were
reduced with hydrogen at 673 K for 30 min, in the

hydrogenation of 1,3-butadiene was studied in a flow-
circulation setup at 473 K, an H, : 1,3-butadiene ratio
of 5: 1, and atotal flow rate of 8.51/h; the catalyst sam-
ple weight was 0.2 g. The reaction products were ana-
lyzed by chromatography with the use of triethylene
glycol n-butyrate on diatomaceous earth as a sorbent.

RESULTS AND DISCUSSION

A study of the catalytic properties of the prepared
metal—carbon catalysts in the selective hydrogenation
reaction of 1,3-butadiene demonstrated that these prop-
erties significantly depend on the nature of the coke-
forming species used for the synthesis of catalysts (see
table). Previoudy [6, 7], we reported that metal—carbon
catalysts prepared by methane or propane decomposi-
tion are characterized by a considerable increase in the
selectivity of olefin formation from 1,3-butadiene with
increasing carbon-to-metal ratio C : M. At the ratio
C: M =5, the selectivity takes aconstant value close to
100%. The replacement of methane or propane by other
hydrocarbons (benzene, 1,3-butadiene, or n-hexane)
noticeably changes the catalytic properties of the
resulting catalysts. The table indicates that in all sam-
ples the selectivity for olefins was noticeably lower
than that in catalystswith high C : M ratios, which were
prepared by methane or propane decomposition. In
each group of samples synthesized from the other coke-
forming hydrocarbons, the selectivity did not increase
with the degree of carbonization of the catalysts. Thus,
the selectivity of catalysts with a carbon content of
1 g/(g Cat) was almost equal to the selectivity of sam-
ples with a carbon content of 10 g/(g Cat) for al coke-
forming species other than methane and propane, and it
was 75-85%. Differencesin the selectivity within cata-
lyst groupswith equal carbon contents were also small.
The catalysts synthesized with the use of benzene and
1,3-butadiene were insignificantly different in activity.
The samples prepared by n-hexane decomposition were
more active. The catalysts prepared with the use of

KINETICS AND CATALYSIS Vol. 44 No.1 2003



EFFECT OF THE NATURE OF COKE-FORMING SPECIES

methane and propane as coke-forming species were
most closely allied in terms of selectivity. The selectiv-
ity of these samples with high C : M ratios was higher
than 99%.

Thus, the nature of the coke-forming speciesused in
the synthesis of metal—filamentous carbon catalysts
noticeably affects their catalytic properties. The cata
lysts prepared from light alkanes (methane and pro-
pane) selectively hydrogenate diene hydrocarbons to
olefins; the catalysts synthesized from higher alkanes
or unsaturated hydrocarbons are less selective.

Thetype of facetsthat form the surface of metal par-
ticles in metal—filamentous carbon catalystsis a conse-
guence of the changes that a small crystal of the metal
undergoesin the course of formation and growth of fil-
amentous carbon; these changes occur by the carbide
cycle mechanism [8-10]. According to this mechanism,
the catalytic decomposition of hydrocarbons with the
formation of carbide-like intermediates occurs at the
surface of the (100) and (110) facets of iron subgroup
metals. The surface carbide serves asa source of carbon
atoms, which are dissolved in the bulk of metal crystals.
After supersaturation of the metal, carbonisreleased as
agraphite phase at the (111) facet. The diffusion of car-
bon atoms through the bulk of the particle can be
accompanied by the incorporation into the metal lattice
with an increase in the | attice parameter and a weaken-
ing of interatomic bonds; this makes it possible to
reconstruct the particle. It is reasonable to assume that
the character of this reconstruction and, as a conse-
guence, the crystallographic characteristics of the parti-
cle and the structure of its surface depend on the ratio
between the rates of individual steps of carbonization.
The rate of hydrocarbon decomposition on the surface
of a catalyst with the formation of surface carbide
depends on its thermodynamic stability. Among the
coke-forming species used in this study (methane, pro-
pane, 1,3-butadine, n-hexane, and benzene), methane
exhibits the highest thermodynamic stability. It was
found that, because of its high thermodynamic stability,
methane is different from other hydrocarbonsin behav-
ior in the carbonization of nickel. Kinetic data[11] on
the decomposition of methane on alumina—nickel cata-
lysts suggest that the activation energy of carbon for-
mation is 75 kJ¥mol over a temperature range of 798—
873 K, andthisiscloseto the published values[12-15].
On the other hand, it wasfound that in this case the acti-
vation energy of surface nickel carbide formation is
87 + 12 kJ/mol [16]. These activation energies can be
considered close in magnitude taking into account the
differences between the procedures and conditions of
determination and the properties of catalyst samplesin
the cited publications|[6, 11]. Thisfact indicatesthat, in
this case, the step of surface nickel carbide formation
viathe dehydrogenation of adsorbed methyl radicalsis
arate-limiting step in catalyst carbonization. This fact
was a so supported by published data[6] on thekinetics
of nickel carbide formation from methane on the (110)
face of anickd single crystal. A study of the effect of
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the nature of other hydrocarbons (1,3-butadiene, n-hex-
ane, and benzene) on the rate of carbonization demon-
strated that the replacement of 1,3-butadiene by ben-
zene or n-hexane had no effect on the rate of carbon for-
mation on nickel. According to Chesnokov and
Buyanov [11], the activation energy of carbon forma:
tion from these coke-forming species at 798-873 K is
150-160 kJmoal, which is close to the activation energy
of diffusion of carbon atomsin the bulk of nickel metal.
I'n our opinion, these facts suggest that the rate-limiting
step of carbon formation from these hydrocarbons on
nickel is the same, namely, the diffusion of carbon
atoms through the bulk of the metal. Thus, the ratio
between the rate of decomposition of a hydrocarbon on
the metal surface and the rate of diffusion of the result-
ing carbon through the bulk of a particle depends onthe
nature of coke-forming species. Different ratios
between the rates of these steps are responsible for dif-
ferent intensities of carbon fluxes through the bulk of
metal particles in the samples prepared by the decom-
position of different hydrocarbons. On this basis, metal
particlesin these catalysts would be expected to exhibit
different structures. In the cases when carbon diffusion
through a metal particle is the rate-limiting step of the
growth of carbon filaments, the reconstruction of metal
particles occurs more deeply. We might expect that
(111) facets, which correspond to the most thermody-
namically stable state of the system, mainly form the
surface of metal particles.

We examined the catalysts by transmission electron
microscopy and found that the nature of the coke-form-
ing species used for producing the metal—filamentous
carbon system noticeably affects the shape and surface
structure of metal particles. Previoudly, it was found
that nickel particlesin metal—carbon catalysts prepared
by methane or propane decomposition exhibited awell-
faceted shape [6]. In these samples, the surface of
nickel particleswasformed by (100) and (110) facets at
low C: Ni ratios or by only (110) facets at high ratios;
in both cases, the (111) facets were blocked by carbon,
and they were inaccessible to the reaction medium.

The morphology of nickel particles was noticeably
changed with the use of coke-forming species such as
1,3-butadiene, benzene, and hexane. Thus, the micro-
graphs of samples prepared from hexane (Fig. 1) at a
low C: Ni ratio indicate that a number of faceted parti-
cles at the ends of carbon filaments, as well as the
agglomerates of graphite-encapsulated metal particles,
wereformed. Thefaceting of metal particlesat the ends
of filaments impaired as the degree of carbonization
increased; the agglomerates of particles with graphite
shells also underwent degradation. The micrographs of
samples with ahigh C : Ni ratio, which were prepared
by benzene decomposition, primarily exhibit round-
shaped polycrystalline particles. Boundaries between
blocks along (111) planes can be seen in the electron
micrographs of these particles (Fig. 2). Note that the
number of faceted metal particles in the catalyst sam-
ples prepared by hexane decomposition was greater



Fig. 1. Electron micrograph of a Ni/C catalyst prepared
by n-hexane decomposition with a carbon content of
1 9/(g Cat).

Fig. 2. Electron micrograph of a Ni/C catalyst prepared
by benzene decomposition with a carbon content of
10 g/(g Cat).

than that in the samples prepared by benzene decompo-
sition. The method of electron microdiffraction allowed
us to identify facets that occur at the surface of nickel
particles. We found that the surface of metal particlesin
the catalysts synthesized with the use of hexane is
formed by (111) and (100) facets (Fig. 3). Asthe C : Ni
ratio in the samples prepared from hexane increased,
the shape of the metal particles became more round.
This changein the morphology of particles was accom-
panied by a surface rearrangement with the formation
of only faceted zones with small surface areas. The
closely packed (111) planes are most typical of the sur-
face structure of metal particles in the catalysts pre-
pared by benzene decomposition; the (100) and (110)
planes occur more rarely. Thus, the main differencein
the metal surface structure between the samples pre-
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pared from benzene and hexane and the samples from
methane is that, even at high C : Ni ratios, the surface
of the former samples was mainly formed by (111) fac-
ets, whereas the (110) facet, which is responsible for
the selective hydrogenation of diene hydrocarbons to
olefins, was either completely absent or occurred in
combination with (111) and (100) facets.

The synthesis of samples containing nickel with a
hexagonal structure provides an additional opportunity
to compare the catalytic properties of sampleswith dif-
ferent crystallochemical characteristics of active metal
particles. These samples can be synthesi zed because, in
accordance with the carbide cycle mechanism, either a
metal phase or a carbide phase can be stable depending
on the conditions of carbonization. The use of 1,3-buta-
diene as a coke-forming species and carbonization tem-
peratures no higher than 673 K are favorable for the
conversion of a carbide-like phase (Ni—C) into a true
carbide phase via the intermediate formation of a car-
bide-like compound. In turn, this carbide is unstable;
carbon and metal phases result from its decomposition.
Because the carbide lattice is hexagonal, the epitaxial
growth of hexagonal nickel takes place in the course of
its decomposition.

According to XRD and electron-microscopic data,
these metal—carbon catalysts contain either nickel
metal in a hexagona modification or nickel carbide. It
is difficult to determine accurately which of these com-
poundsis present in the samples because of the similar-
ity of crystal |attice parameters. Because nickel carbide
readily undergoes hydrogenation under the conditions
used for determining the catalytic activity, it is reason-
able to believe that the samples used as catalysts in
1,3-butadiene hydrogenation contained a nickel metal
phase with the hexagonal structure. According to elec-
tron-microscopic data, nickel particles in the catalysts
obtained by the decomposition of 1,3-butadiene exhibit
anumber of special features. The particlesin a sample
with a high C : Ni ratio are either faceted like a trun-
cated drop or round in shape. Symmetrical filaments
from 500 to 1000 A in thickness were also detected in
these catalysts; these filaments grew in contrary direc-
tions from the nickel particle[17]. The surface of cubic
metal particles in these samples consisted of the parti-
cles of ahexagonal nickel carbide microphase[17].

Thus, the nature of the hydrocarbon used as the
coke-forming species in the synthesis of metalfila-
mentous carbon catalysts can affect both the faceting of
metal particles and the crystallographic characteristics.
A conseguence of these changes consists in differences
in the catalytic properties.

Based on commonly accepted notions of a stepwise
hydrogenation mechanism, facets with different crys-
tallographic orientations can affect the selectivity of
metal catalysts for several reasons. The competitive
diene and olefin adsorption is one of the factors that
control the selectivity of 1,3-butadiene hydrogenation
for butenes. In this case, the geometry of facet surfaces
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that form the metal particle surface involved in cataly-
sisplaysanimportant role. It iswell known that, asdis-
tinct from butene, the adsorption of 1,3-butadiene
requires at least two surface sites [18]. As mentioned
above, the metal surface accessible to a reaction
medium in the sampleswith hexagonal nickel ismainly
formed by closely packed (0001) facets. These facets
are structurally similar to the (111) facet of cubic
nickel; previously, we found that this facet is responsi-
ble for the occurrence of deep hydrogenation reactions.
I'n our opinion, this circumstance governsthe low selec-
tivity of samples containing hexagonal nickel.

Another factor that controls the selectivity of hydro-
genation is akinetic factor, which is determined by the
relative rates of hydrogenation of the diene and butenes
and by the ratio between the rates of desorption and
hydrogenation of butenes. Becauseit iswell known that
the bond strengths in hydrocarbons chemisorbed on
differently oriented facets of metal crystals are differ-
ent, it isbelieved that the above ratesfor thesefacetsare
different.

In our opinion, the state of hydrogen occurring in
the catalyst is another important factor that affects
hydrogenation selectivity. According to published data
and our experimental results[7], various hydrogen spe-
cies that have different energy characteristics can be
formed on catalyst surfaces. Along with surface hydro-
gen species, hydrogen dissolved in the bulk of metal
particles can beformed. Each of these hydrogen species
has its particular energy characteristicsto result in sig-
nificant differences in catalytic properties. We studied
the state of hydrogen in nickel—filamentous carbon cat-
alysts with different sets of the crystallographic facets
of nickel accessible to a reaction medium. We found
that the formation of hydride hydrogen istypical of the
(1112) facets. This hydrogen species was not detected in
the samples at the surface of which the (110) facets
(which are responsible for the selective hydrogenation
of diene and acetylene hydrocarbons) were mainly
present. Based on these data, it is believed that the high
reactivity of the hydride hydrogen speciesresultsin the
occurrence of full hydrogenation to alkanes, whereas
the disappearance of this species increases the selectiv-
ity of 1,3-butadiene hydrogenation to butenes. Based
on the structural similarity of (0001) facets in hexago-
nal nickel and (111) facetsin cubic nickel, it is reason-
able to expect the formation hydride hydrogen species
in the samples containing hexagonal nickel. This prob-
lem calls for further investigation.

Thus, we found that the type of facets (which is
responsiblefor catalyst selectivity in the hydrogenation
of diene hydrocarbons) at the surface of metal particles
can be controlled by changing not only the conditions
of carbonization but also the nature of coke-forming
species. The nature of the coke-forming species used
significantly affects the conditions of catalyst forma-
tion and changes the crystallographic characteristics of
the surface, all other factors being the same. The (110)
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Fig. 3. Electron micrograph of a Ni/C catalyst prepared
by n-hexane decomposition with a carbon content of
10 g/(g Cat).

facets, which induce the hydrogenation reactions of
diene and acetylene hydrocarbons to olefins, mainly
form the surface of samples prepared by methane and
propane decomposition with high C : Ni ratios. At the
same time, the (111) facets, which are responsible for
the full hydrogenation of diene and acetylene hydrocar-
bonsto alkanes, are predominant at the surface of cata-
lysts synthesized by the decomposition of n-hexane,
1,3-butadiene, and benzene.
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