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Model catalysts formed of small crystallites of Ni, Co, or Fe supported on thin, electron
transparent films of nonporous alumina were heated in chemical atmospheres having compositions
in the range encountered in the steam-reforming reaction. Electron microscopy and electron
diffraction were used to investigate the physical and chemical changes that occurred. For a better
understanding of the phenomena involved, the effect of the mixture is compared to the effects
caused by the individual components and by their combinations. It is shown that, depending upon
the nature of the catalyst as well as upon the composition of the mixture, sintering or/and coking
can occur much more rapidly in mixtures than in single-component atmospheres. This suggests that
a cooperative action of the reaction components is the cause of the early deactivation of the
steam-reforming catalysts. Various phenomena such as carbon deposition (as films or patches on
the surface of the catalyst and on the substrate or as filaments), deformation of the crystallites,
severe sintering, and permanent loss of metal to the gas stream were observed. Explanations are
provided for the behavior of the Ni/Al,O;, Co/ALO;, and Fe/ALO; catalysts, in various atmo-
spheres, by considering the competition between carbon deposition and its gasification, as well as
the strength of the interactions between crystallites and substrate. Two kinds of filaments were
observed: carbonaceous filaments and metal oxide filaments which probably contain some carbon.
A thermodynamic condition for the formation of filamentous carbon is suggested. If the sum of the
interfacial free energies between carbon and crystallite, and carbon and substrate is smaller than
that between crystallite and substrate, then carbon could penetrate between crystallites and
substrate and filaments would be generated. Indeed, carbonaceous filaments were identified only
when the catalyst particles were present as metals. In such cases, the interfacial free energy
between the metal crystallite and alumina is much greater than that between the oxidized metal and
alumina and the above thermodynamic condition is more likely to be satisfied. Permanent loss of
active metal to the gas stream occurred, either because of the disintegration of the crystallites
caused by carbon precipitation inside the particles, and/or possibly because of the formation of
volatile carbonyls. © 1987 Academic Press, Inc.

INTRODUCTION

The loss of activity and/or selectivity of
industrial catalysts in the course of reaction
can be attributed to a wide variety of
causes, which may be grouped into sinter-
ing, coking, poisoning, and phase transfor-
mation. However, in real situations these
processes coexist and influence each other,
and the deactivation of the catalyst is a
result of their cooperative action. There-
fore, an investigation of deactivation by the
cooperative action of various processes
should be undertaken; this is the scope of
the present paper.

A meaningful case for such studies is the
steam-reforming reaction, in which steam
reacts with natural gas, primarily methane,
to form H,, CO, CO,. While supported
nickel is employed as the commercial cata-
lyst (I), cobalt and iron can also be used,
though they are less active. The high tem-
perature (about 700-1000°C) and the pres-
ence of steam, methane, and hydrogen set
severe conditions on the catalyst. Asis well
known, when these compounds are alone,
the heating in hydrogen stimulates sinter-
ing, the heating in methane causes coking,
while the heating in the presence of steam
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results in a phase transformation of alumina
(2) as well as in the formation of a solid
solution between the oxidized metal and
support (3). However, when the above
gases are together these processes influ-
ence one another. For instance, when car-
bon deposition constitutes the dominant
process, steam and hydrogen are expected
to have an influence on carbon formation,
on the morphologies of carbon deposits,
and on the rate of carbon growth. Indeed,
carbon deposits and/or coke precursors,
which are formed by the dissociation of CO
or decomposition of hydrocarbons, are re-
moved as CH,4 or CO by the reaction with
H; or H,O (4-6). The presence of sufficient
amounts of H, or H;O minimizes the for-
mation of condensed hydrocarbons and
amorphous carbon or graphite (7). There-
fore, coking under such conditions differs
from that in pure methane or carbon mon-
oxide. On the other hand, carbon formation
may enhance or deter sintering. Indeed,
sintering is stimulated by carbon gasi-
fication, since the resulting gases enhance
the mobility of the crystallites on the sub-
strate; in contrast the deposition of carbon
around the particles impedes their mi-
gration.

In the very extensive literature dealing
with deactivation in the steam-reform-
ing reaction, the investigators have studied
only the individual processes leading to
deactivation of the catalysts, such as co-
king, sintering, or poisoning. Coking has
received the greatest attention and the re-
sults have been summarized in numerous
reviews (5-10). Only a few investigators
have, however, studied carbon formation in
real reaction systems. Rostrup-Nielsen (5)
reported that, during steam reforming of
naphtha, the coking rate on the nickel sur-
face at temperatures near 500°C depends on
the steam-to-carbon ratio and other factors.
No coking was observed to occur on the
cobalt/alumina catalyst, which has a poor
activity for the reaction, though in atmo-
spheres without steam, coke was generated
(from methane, carbon monoxide, or ole-

fins) on cobalt as on nickel. The deac-
tivation of nickel supported on alumina was
explained as a result of the blockage of the
pore mouth by the coke deposited mainly
close to the external surface. This blockage
impedes the adsorption of steam on the
crystallites and therefore steam can no
longer depress carbon formation. In con-
trast, the poor activity of cobalt for steam
reforming was explained by the blockage of
the pore mouth by the metal oxide which
rapidly forms in steam, rather than by the
blockage by carbon. Jackson ez al. (/1)
reported different deactivation mechanisms
for Ni catalysts in a real reaction atmo-
sphere and in one without steam. He noted
that the filamentous carbon, which is gen-
erated on the catalysts when the hydro-
carbon is alone, is no longer present to
any appreciable extent under real con-
ditions.

Sintering is also considered to be an
important cause for catalyst deactivation in
the steam reforming reaction (/2, 13). Wil-
liams et al. (14) suggested that the principal
cause of sintering in steam reforming is the
thermal instability of the alumina support,
namely the transformation, due to the pres-
ence of steam, of the y-alumina to the alpha
phase, which triggers the sintering of the
metal particles. These investigators ob-
served a very sharp early decrease in the
surface areas of both nickel and alumina
with time in the presence of steam and
hydrogen. As pointed out by Satterfield
(12), the crystallite size is increased to
about 1 wm, as soon as the catalyst is
brought in contact with the steam-
reforming mixture.

The formation of an inactive phase in the
metal crystallites is also a problem of con-
cern. Borowiecki et al. (15) suggested that
the surface reaction as well as the de-
position of carbon promote the formation of
an inactive ‘‘oxidized’’ metal form at the
boundary between metal and support.

The poisoning by the additional consti-
tuents of the hydrocarbon feed stock also
contributes to the loss of catalyst activity
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(16). However, this problem is beyond the
scope of the present paper.

There is a lack of comparative studies
regarding the cooperative deactivation (due
to sintering, coking, and phase transfor-
mation) of various catalysts in atmospheres
similar to those encountered in steam-
reforming reactions. In the present investi-
gation, model catalysts of Ni/Al,0;, Co/
ALO;, and Fe/Al,O; were heated in various
chemical atmospheres, such as methane,
carbon monoxide, steam plus methane,
steam plus methane and hydrogen, and
steam plus methane, hydrogen, and carbon
monoxide. The composition of these mix-
tures simulates either the inlet or the outlet
composition of the industrial primary re-
former furnace. The effect of steam was
already reported (/7). The object of the
present investigation is to examine the co-
operative deactivation in simulated reac-
tion atmospheres, and to identify the do-
minant event or events in various
atmospheres and for various metals as well
as the interrelationship between them.

EXPERIMENTAL
a. Preparation of the Specimen

Thin, electron transparent alumina films,
about 30 nm thick, were prepared by an-
odization of high-purity aluminum foils
(99.999% Alfa Products) and the dissolution
of the remaining aluminum in mercury
chloride solutions (/8). The thin alumina
films were then deposited on gold micro-
scope grids and heated at 800°C for 40 h.
Nickel (99%, Alfa Products), cobalt
(99.8%, Alfa Products), and iron (99.998%
Alfa Products) were then vacuum deposited
on the alumina substrate to a thickness of
1.5 nm. The specimens were heated in
flowing ultrahigh-purity H; (99.999% pure,
but containing traces of O, (less than 1
ppm) and H,O (less than 3 ppm); Linde
Division, Union Carbide Co.) at 500°C for
at least 5 h and then at 700°C for at least 5
additional hours in order to change the
metal films to well-defined crystallites. In

addition, the as-supplied hydrogen was fur-
ther purified to eliminate the traces of O,
and water by passing it through a Deoxo
unit (Engelhard Industries) and then
through a molecular sieve bed immersed in
liquid nitrogen. This further-purified H,
was always employed when heating in H;
alone. In all the other cases, the as-supplied
hydrogen was employed.

b. Heat Treatment

The heating of the above specimen was
carried out at 1 atm and 700°C in a quartz
tube located in a furnace. After the speci-
men was introduced in the tube, ultrahigh-
purity helium (99.999% pure, Linde Divi-
sion, Union Carbide Co.) was allowed to
flow through the tube during the period in
which the temperature was raised to 700°C.
Helium was then replaced by the desired
feed stream, such as methane (ultrahigh-
purity, 99.97%, <10 ppm O, and <6 ppm
moisture; Linde Division, Union Carbide
Co.), carbon monoxide (ultrahigh-purity,
99.8%; Matheson Gas Products), and three
sets of gas mixtures containing at least
two components among hydrogen, steam,
methane, carbon monoxide, and helium.
The compositions of the gas mixtures are
listed in Table 1. The amounts of the indi-
vidual components in the gas mixtures were
adjusted with individual flow meters and
the total flow rate without steam was main-
tained at about 200 ml/min. Steam was
introduced into the gas mixtures by means
of a water saturator maintained at a temper-
ature at which the water vapor pressure can
provide the desired concentration of steam

TABLE 1

A List of the Composition of Gas Mixtures

Gas mixture Volume (%)
CH;, Steam H, CO He
Mixture | 50 50 0 0 0
Mixture 2 5 43 40 0 12
Mixture 3 5 43 40 12 0
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F1G. 1. Sequence of changes on heating a Ni/Al,O; specimen in methane at 700°C after pretreatment
in hydrogen. When the heating in a given atmosphere has taken place in several steps, the total time is
indicated at each step. (a) 10 h (5 h at 500°C and 5 h at 700°C) H,; (b) 1.5 h CH;; (¢) 3 h CH, (the
specimen was heated for 1.5 more hours in CH, after the heat treatment (c)); (d) 2 h O,; (e) 3 h Hy; ()
1.5 h CH,.
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Fi1G. 1—Continued.

27



28

LEE AND RUCKENSTEIN

——_"

Fig. |—Continued.
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in the gas mixture. Before being taken out
for observation, the samples were cooled
down slowly to room temperature, in a
helium atmosphere. The observations have
been made in the same region of the sample
after each heat treatment, by means of a
JEOL 100U TEM.

RESULTS
1. HEATING IN METHANE

A. NilAlL O,

a. Heating in CH, after pretreatment in
H,. On heating in hydrogen for 10 h (5 h at
500°C and subsequently 5 h at 700°C), glob-
ular particles were formed (Fig. 1a). The
electron diffraction pattern indicated the
presence of Ni. Subsequently, the speci-
men was heated in CH,. During heating in
CH, for 1.5 h, filamentous (elongated)
structures replaced the globular particles
(Fig. 1b). Following elongation, most of the
particles coalesced with their neighbors (Al
in Fig. 1b). At the tip of some filaments,
dark particles were detected (A2 in Fig.
1b). On further heating for 1.5 additional
hours, these darker particles moved over
the substrate and decreased in size or dis-
appeared, generating filaments along their
trajectories (A2 in Fig. 1¢). It is likely that
the lost material from the particles was left
behind in the filaments. After particles were
heated for a total of 4.5 h, no significant
change was observed. The electron diffrac-
tion patterns indicated the presence of NiQO,
probably because of the presence of mois-
ture and oxygen in methane. Hence the
major component of the filament was, most
probably, NiO. It is, however, likely that
carbon deposition and its penetration into
the particles is in some way responsible for
the filamentous structure. In some of the
specimens, the particles extended, main-
taining however the globular shape, and no
filament formation was observed during
heating in CH,. In such cases, it is not clear
whether carbon was deposited around the
particles, because of the difficulty in dis-
cerning carbon deposition from extension

of the particle. The specimen of Fig. 1¢ was
subsequently heated in oxygen for 2 h. The
filaments which contained mostly NiO re-
mained almost unaffected (Fig. 1d), with
only marginal loss of material, probably
due to carbon gasification. There was no
change in the diffraction pattern. The speci-
men was subsequently heated in H, for 3 h
(Fig. 1e). During this heat treatment, the
filaments transformed to globular shapes,
as a result of contraction. In some regions
(B in Figs. 1d and le), two or more particles
were formed from a filament. The diffrac-
tion pattern indicated that NiO was reduced
to Ni. The specimen was again heated in
CH,. After heating for 1.5 h, the particles
extended and split into several intercon-
nected subunits (Fig. 1f). Some small parti-
cles disappeared, most probably because of
spreading out as thin undetectable films.
One may note that most of the extended
particles have a small darker particle sup-
ported on a very extended patch. On fur-
ther heating in CHy, for up to 15.5 h, the
particles extended a little further and the
darker remnant particles decreased in size
or disappeared. However, filaments were
not generated, indicating that the already
coked specimens do not act in the same
way as the fresh specimens do. However,
on another sample, whose micrographs are
not included in this paper, filaments which
contained mostly NiO were generated in
CH, even after heating the coked specimen
in O, and subsequently in H,, but to a much
smaller extent than the first time.

It is inevitable to expose the specimen to
air during repeated heating and subsequent
observation by TEM. In order to check
whether the exposure to air affects the
morphology of the particles, a sample was
continuously heated in CH, for 5 h at
700°C. The result is shown in Fig. 2 and is
quite similar to that obtained by heating a
specimen in several steps for almost the
same total heating time (Fig. Ic). These
results point out that the repeated exposure
to air does not affect in an important way
the morphology of the particles.
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FiG. 2. Ni/Al,O; specimen after heating in CH, for 5 h continuously at 700°C following heating in H,

for 10 h (5 h at 500°C and 5 h at 700°C).

b. Heating in CHy after pretreatment in
steam. Since particles were not generated
on heating in steam at 700°C for up to 15 h,
the specimen was first heated in H, for 10 h
(5 h at 500°C and 5 h at 700°C) and subse-
quently in steam also at 700°C. Figure 3a
shows the result of heating in steam for S h.
Compared to the pretreatment in H, (Fig.
la), the particles appear to be thinner. On
heating the specimen of Fig. 3a in CH, for 4
h, dark patches, most likely carbon de-
posits, but no filaments appeared (C in Fig.
3b).

B. CO/A[203

After heating in H, for 10 h the particles
acquired globular shapes (Fig. 4a). Electron
diffraction indicated the presence of a-Co.
However, some rings of Co,0; and Co;0,
were also identified. On further heating in
CH, for 30 min, most of the large particles
increased in size (D in Fig. 4b), either

because of their extension, or, most likely,
because of carbon deposition around and
on the extended particles. In some regions
(E in Fig. 4b), some neighboring particles
coalesced. In region F, two neighboring
particles deformed and became intercon-
nected, possibly by carbonaceous films.
After heating for up to 15 h, in several
steps, some of the particles extended mar-
ginally and some became so thin that one
could see the structure of the substrate
beneath them (Fig. 4c). Some particles de-
creased in size, probably because of the
spreading out from them of thin films un-
detectable by electron microscopy. On sub-
sequent heating in H; for 2 h at 700°C (Fig.
4d), numerous new small particles ap-
peared in regions where no particles were
observed before, indicating that indeed dur-
ing heating in CH, some particles and part
of other particles spread out over the sub-
strate as undetectable films. These undetec-
table films ruptured during heating in H,
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F1G. 3. Sequence of changes on heating a Ni/AL,O; specimen in methane at 700°C after pretreatment
in steam. (a) 10 h (5 h at 500°C and S h at 700°C) in H, and subsequently 5 h in steam at 700°C; (b)
4 h CH,.
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F1G. 4. Sequence of changes on heating a Co/AlO; specimen in methane at 700°C. (a) 10 h (5 h at
500°C and 5 h at 700°C) H;; (b) 0.5 h CHy; (c) 15 h CHy; (d) 2 h Ha.
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F1G. 4—Continued.
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FiG. 5. Co/AlLOs specimen after heating in CH, for 15 h continuously at 700°C following heating in H,

for 10 h (5 h at 500°C and 5 h at 700°C).

and contracted to form small particles as
suggested and explained in Ref. (19). A
specimen which was heated continuously in
CH, for 15 h (Fig. 5) provided results
similar to those observed on heating in
several steps for the same length of time
(Fig. 4c).

C. F€/A1203

Figures 6a—6e show the migrographs ofa
specimen which had a 7.5-A-thick initial
loading. The initial particles were generated
on heating in H, for 5 h at 500°C and an
additional 5 h at 700°C (Fig. 6a). a-Fe and
v-Fe,03 (or Fe;0,) were identified in the
electron diffraction pattern. (Since y-Fe,0;
and Fe;0, have the same lattice constant,
one cannot differentiate between them in
the electron diffraction pattern.) Upon
heating in CHy4 for 20 min, some particles
extended (Fig. 6b), and other particles dis-
appeared, leaving sometimes small remnant
particles, most likely as a result of their

spreading out as thin films undetectable by
electron microscopy. After a total of 2 h of
heating in CH4, most of the particles in-
creased in size (Fig. 6¢). They continued to
grow, acquiring more elongated or disord-
ered shapes, on additional heating in sev-
eral steps, for up to 15 h (Fig. 6d). The
growth of the particles was, most likely, a
result of carbon deposition around and on
the particles. The specimen was subse-
quently heated in H,. After I h of heating in
H; (Fig. 6¢), most of the particles decreased
in size, probably because of the gasification
of carbon. Figures 7a—7¢ provide informa-
tion about a 15-A loading specimen on
heating in CHy. Its behavior was quite
similar to that of the 7.5-A loading. Figure
7a shows the initial particles which were
formed after heating in H, for 5 h at 500°C
and 5 additional hours at 700°C. a-Fe and
y-Fe;0; (or Fe;O4) were detected in the
electron diffraction pattern. Upon heating
in CH, for 1.5 h, large patches of irregular
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FIG. 6. Sequence of changes on heating a 7.5-A loading Fe/ALQ; specimen in methane at 700°C. (a)
10 h (5 h at 500°C and 5 h at 700°C) H,; (b) 20 min CHy; (¢) 2 h CHy; (d) 15 h CHy; (e) 1 h H,.
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Fi16. 6—Continued.
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FiG. 6—Continued.

FiG. 7. Sequence of changes on heating a 15-A loading Fe/Al, O, specimen in methane at 700°C. (a)
10 h (5 h at 500°C and 5 h at 700°C) H,; (b) 1.5 h CHy; (¢) 14.5 h CH,.
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FiG. 7—Continued.
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shape appeared (Fig. 7b). Coke was proba-
bly deposited around and on the particles,
and/or carbon films interconnected neigh-
boring particles, thus generating large
patches. One may also note that some
particles became elongated. In the electron
diffraction pattern, y-Fe,O; (or Fe;04) was
identified, indicating that most of the parti-
cles were oxidized probably because of the
impurities, such as O, and moisture, pres-
ent in CH,. The heating in CH, for a total of
14.5 h (Fig. 7¢) led to the growth of carbo-
naceous films around the particle and also
to the formation of filaments, most likely
composed of y-Fe,0; (Fe;0,) and carbon de-
posits. It is worth noting that the filaments
are straight and do not have a thick particle
at their tip; in contrast, the filaments en-
countered in the case of Ni/Al,O; were not
straight and did have a thick particle at their
leading tip. In Fig. 7¢, the particles are
probably entirely covered by carbonaceous
films and therefore their activity is ex-
pected to be extremely reduced. Indeed,

there was very little change on further
heating for up to 19 h.

Another 15-A loading specimen was
heated continuously in CH, for 20 h (Fig.
8). The obtained micrograph was very simi-
lar to that obtained after heating in several
steps for the same length of time, indicating
that repeated exposure to air had no signif-
icant effect on the morphology of the par-
ticles.

The specimen whose micrographs are
given in Figs. 7 was further heated in vari-
ous atmospheres. The micrographs given in
Figs. 9a-9e represent a different area of the
specimen. Figure 9a represents that area,
after heating in CH, for 19 h, and shows
elongated and irregular particles which,
very likely, contain carbon in addition to
crystallite material. Electron diffraction in-
dicated the presence of y-Fe,0s (Fe;0,). On
subsequent heating in H; for 6 h, the carbon
was gasified, and the filaments recontracted
to more globular shapes, leaving traces on
the substrate (Fig. 9b). The contracted par-

T et

F1G. 8. Fe/AlL,O; specimen after heating in CH, for 20 h continuously at 700°C, following heating in
H; for 10 h (5 h at 500°C and 5 h at 700°C).
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F1G. 9. Sequence of changes on heating the specimen of Fig. 7. The region shown here is different
from that of Fig. 7. (a) 19 h CHy; (b) 6 h H;; (c) 2 h steam; (d) 4 h H; (¢) 1 h CH,.



METAL CATALYSTS IN REAL REACTION ATMOSPHERES

Fi1G. 9—Continued.
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F1G6. 9—Continued.

ticles were in some cases located at one of
the ends of the previous filaments (G) and
in other cases in their middle (H). Some of
the irregular particles contracted to form
thick small particles having films beneath
them (I). a-Fe was detected by electron
diffraction. The bottom films were probably
ungasified carbon and/or partially reduced
or unreduced y-Fe,05 (Fe;Oy4). In addition,
many small new particles appeared on the
substrate, most probably because the
undetectable y-Fe,0; (Fe;O4) films which
spread out during heating in CH, ruptured
and contracted to form particles after their
reduction to a-Fe. In order to verify
whether the bottom films and the remnant
traces remaining after the filament contrac-
tion were carbonaceous deposits, the speci-
men was heated in steam for 2 h (Fig. 9¢).
As shown in the micrograph, the films and
the remnant traces did not disappear, indi-
cating that they were composed mostly of
iron or iron exides. One may note that the
thick particles extended on the substrate.

v-Fe,0; (Fes04) was detected in the elec-
tron diffraction pattern. On subsequent
heating in H, for 4 h, the particles con-
tracted (Fig. 9d). Further, the specimen was
once again heated in CH4. On heating for 1
h (Fig. 9e) the particles extended; it was
however little change on additional heating
for up to 5 h. One may note that the
filamentous structures, which were iden-
tified on the fresh specimen, have no longer
appeared.

2. HEATING IN CH4 + STEAM

A. NilALO;

First, the specimen was heated in H, for
10 h, § h at 500°C and another 5 h at 700°C
(Fig. 10a). The specimen was further
heated in CH4 + steam for 20 min at 700°C
(Fig. 10b). The micrograph shows that most
of the particles extended over the substrate
as thin patches having small particles at one
of the corners. Some particles acquired an
elongated filamentous shape (J in Fig. 10b).
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F1G. 10. Sequence of changes on heating a Ni/Al,O; specimen in methane plus steam at 700°C. (a) 10
h (§ h at 500°C and 5 h at 700°C) H,; (b) 20 min CH, + steam; (¢) | h CH, + steam; (d) 2 h CH, + steam
(the specimen was heated for additional 3 h in CH, + steam after the heat treatment (d)); (e) 2 h H,; ()
1 h CH, + steam.
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Fi1G. 10— Continued.
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FiG. 10—Continued.
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NiO was detected by electron diffraction.
On further heating in CH; + steam for 40
more min, most of the particles acquired
short filamentous shapes (Fig. 10c). Some
of the filaments had a dense particle at their
tip, while others did not. This suggests that,
as in the CH4 atmosphere, the nickel parti-
cles transformed into filaments by de-
positing material behind them on the sub-
strate during their migration. The electron
diffraction pattern indicated NiO as the
major component. Perhaps, the filaments
contain also some carbon; this compound
could not, however, be detected by elec-
tron diffraction. Compared to the filaments
produced during heating in CHy, the pres-
ent ones are shorter. In addition, the num-
ber of filaments is smaller than the number
of particles present before the last heat
treatment (compare Figs. 10b and 10c). On
further heating for 1 more hour, the fila-
mentous particles changed their shape, be-
coming more irregular, and their number
decreased (Fig. 10d). This indicates that the
particles had relatively high mobilities on
the substrate and coalesced. This probably
happened because of the gasification by
steam of the carbon deposits; the resulting
gas lifted the particles, displacing them
over the substrate. After the particles were
heated for an additional 3 h, very little
change occurred. After heating in CH, +
H,0, the specimen was heated in H, for 2 h
at 700°C. The result is shown in Fig. 10e.
The particles contracted and, in addition,
new very small particles appeared. This is a
result of the reduction of NiO to Ni, which
was detected by electron diffraction. The
small particles were formed by the rupture
of the undetectable films, which spread out
over the substrate during heating in CH, +
steam, and the subsequent contraction of
the resulting patches. The specimen was
heated again in CH,; + steam, but the
results were different from those of the
previous heating in CH, + steam. After
heating for 1 h, the shape of the particles
changed to a torus which contained a core
particle in the cavity (Fig. 10f). The outside

diameter of the torus was larger than that of
the particle before heating. This indicates
that the change in shape is associated with
the extension of the particles on the sub-
strate. Electron diffraction indicated the
presence of NiO. This (torus and core)
structure is very similar to that observed
upon heating Ni/ALO; in O, at 500°C (20).
On heating for 3 additional hours in CH4 +
steam, little change occurred and no fila-
ments were formed. This indicates that, in
these circumstances, carbon was not de-
posited, probably because the catalyst has
lost its catalytic activity for methane de-
composition.

B. CO/A1203

Figure 1la represents the initial state
after heating in H,. Electron diffraction
indicated the presence of a-Co. After heat-
ing in CHy; + steam for 30 min, some
particles extended on the substrate (L in
Fig. 11b) and other smaller particles (M)
decreased in size, most likely because of
the spreading out from them of thin films
undetectable by electron microscopy. Elec-
tron diffraction indicated that the particles
contained mostly CoO. This suggests that
the extension of the particles is associated
with their oxidation. One may note that
some particles are composed of one or
several small and dark particles located on
the top or on the edge of an extended patch
(N1 in Fig. 11b). Some of these dark parti-
cles moved away from the main body (N2
in Fig. 11b). On further heating for up to 2
h, most of the particles decreased in size
(Fig. 11c), becoming thinner, either be-
cause of the emission of thin undetectable
films, or because of the loss of material to
the substrate or to the gas stream. In addi-
tion, large patches (O) appeared in a few
regions as a result of either extension and
subsequent interconnection of neighboring
particles and/or more likely because of car-
bon deposition. After heating for 1.5 more
hours, a large amount of material was lost
from the large patches (O in Fig. 11d), while
most of the particies remained unchanged.
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F1G. 11. Sequence of changes on heating a Co/ALO; specimen in methane pius steam at 700°C. (a) 10
h (5 h at 500°C and S h at 700°C) H,; (b) 30 min CH, + steam; (¢) 2 h CH, + steam; (d) 3.5 h CH, +
steam; (e) 1 h H,.

47



48

LEE AND RUCKENSTEIN

Fi1G6. 11—Continued.



METAL CATALYSTS IN REAL REACTION ATMOSPHERES 49

FIG. 11—Continued.

This suggests that the patches contained
carbon deposits, which were subsequently
gasified by steam. Further, the specimen
was heated in H, for 1 h (Fig. 11e). Some
particles contracted and formed small thick
particles on the top of thin extended
patches (P in Fig. 11e). The electron dif-
fraction patterns indicated the presence of
a-Co, Co0,0:, and Co03;04. One may note
again that many new particles appeared in
regions where particles were not present
before the heating in H,. This is probably a
result of the rupture of the undetectable
films and the contraction of the resulting
thin particles; it also indicates that most of
the ‘‘lost material”’ from the particles re-
mained on the substrate and was not per-
manently lost to the gas stream.

C. Fe/A1203

After heating for 30 min in CH, + steam,
the shape of the particles of Fig. 12a
changed to a torus with a small remnant
particle in the cavity (Fig. 12b). The torus

and the core particle were interconnected
by a film. Only y-Fe,O; (or Fe;O4) was
detected by electron diffraction. This indi-
cates that the change in shape is associated
with the oxidation of iron. Coke was also
probably deposited around the particles,
thus increasing their size, or the increase in
size was a result of the extension of the
particles. On further heating for up to 5 h,
the cavities were filled, either because of
the extension of the remnant particles and/
or because of carbon deposition (Fig. 12c).
After being heated in H, for 2 h, the speci-
men was again heated in CHy + steam.
After heating for 1 h in CH, + steam, in
some of the particles a part, the small
remnant particle in most of the cases,
moved away from the main body, gener-
ating filamentous traces (Q in Fig. 12d). On
heating for 3 additional hours, the growth of
the filaments continued (Q in Fig. 12e¢). The
leading particle, which was located at the
tip of the filament, did not decrease in size,
indicating, very likely, that the filament was
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F1G. 12. Sequence of changes on heating a Fe/Al,O; specimen in methane plus steam at 700°C. (a) 10
h (5 h at 500°C and 3 h at 700°C) H,; (b) 30 min CH, + steam; (c) S h CH, + steam (the specimen was
heated in H, for 2 h at 700°C between (c) and (d)); (d) 1 h CH, + steam; (¢) 4 h CH, + steam.
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F1G. 12— Continued.

composed mostly of carbon. From this ob-
servation, one can infer that the heating of
the coked specimen in H, is more effective
for the regeneration of Fe/Al,O; than of
Ni/Al,O; for CH, decomposition.

3. HEATING IN CH4 + STEAM + H,
A. NilALO;

As is well known, if the sample is heated
in the individual components of the above
gas mixture, the processes of sintering,
coking, and redispersion are relatively
slow. For instance, to increase the size of
the particles by sintering from 60 to 120 A,
heating in hydrogen for more than 18 h (20)
is needed; to redisperse particles of 400 to
200 A in size, heating in steam for 10 h (I7)
must be employed. For this reason, in those
cases it is easy to follow the history of
individual particles. In contrast, by heating
the specimen in the above mixture of gases
the changes occur so rapidly that it is
impossible to follow, in some cases, the

behavior of individual particles. The results
obtained during heating of a specimen in
CH,; + steam + H, are shown in Figs.
13a-13e. After heating for only 10 min, the
particles formed tails with small thick parti-
cles at the tip of the tail (Fig. 13a). In the
electron diffraction pattern, NiO was the
only compound detected, indicating that
the tails were composed of NiO, and per-
haps, amorphous carbon, as discussed later
in the Discussion section. Further heating
for up to 1.5 h caused severe sintering (Fig.
13b). While the particles became larger,
their shape remained similar to that present
before heating, with only an increased ratio
of width to length of the tails. After heating
for 2 more hours, the particles changed
their shape to a torus with a core particle in
the cavity (Fig. 13c). Possibly, because of
the carbon deposits, the particles lost their
catalytic activity for CH; decomposition
and the gasification of the deposited carbon
by H, and steam that followed caused the
changes in shape. On further heating for 1.5
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FiG. 13. Sequence of changes on heating a Ni/Al;O; specimen in CH, + steam + H, at 700°C after
pretreatment in H, for 10 h (5 h at 500°C and 5 h at 700°C). (a) 10 min CH, + steam + H,; (b) 1.5h CH,
+ steam + Hj; (c) 3.5 h CH, + steam + H;; (d) 5 h CH, + steam + H, (the specimen was heated for 2
more hours in CH, + steam + H, after the heat treatment (d)); (¢) 1 h H,.
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F1G. 13— Continued.

more hours, the shape of the particles be-
came more irregular, and some of the parti-
cles became elongated (Fig. 13d). This sug-
gests that after enough gasification of the
deposited carbon, the particles regained
their catalytic activity and could decom-
pose CH, again. After heating in CH, +
steam + H, for a total of 7 h, the specimen
was heated in H; for 1 h. As shown in Fig.
13e, the particles acquired a spherical
shape.

The main events that occurred during
heating in CH; + steam + H, were some-
what similar to those observed during heat-
ing in CH, + steam. However, it is worth
emphasizing the differences: (1) The parti-
cles formed tails more easily in CH, +
steam + H, than in CH, + steam. (2) The
particles lost their catalytic activity for de-
composition of CH; more rapidly in the
latter atmosphere. (3) The active catalyst
had been better dispersed on the substrate,
in the latter atmosphere. Indeed, for a
specimen which was heat treated in CH, +

steam, the subsequent heating in H, pro-
duced numerous new small crystallites in
regions where no particles were present
before heating; this was not, however, the
case with the specimen which was heated in
CH4 + steam + Hz.

Figures 14a—14c show the micrographs of
a specimen similar to those of Figs. 13a-
13e, but belonging to a different batch,
whose initial average particle size was
larger. After 10 min of heating in CH, +
steam + H,, the particles changed their
shape from globular to a torus with a small
particle in the cavity (Fig. 14a). NiO was
detected by electron diffraction. In con-
trast, the particles of the similar specimen
of Figs. 13a—-13e elongated after 10 min of
heating in the same mixture. The heating
for 20 more minutes brought about,
however, a dramatic change very different
from that of the similar specimen of Figs.
13a—13e (Fig. 14b). Hollow, very likely,
carbonaceous filaments grew over the sur-
face of the substrate and cut across each
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FiG. 14. Sequence of changes on heating a Ni/AlLO; specimen, which is different from the specimen
of Fig. 13,in CH, + steam + H., at 700°C after pretreatment in H, for 1.5 h (5.5 h at 506°C and 6 h at
700°C). (a) 10 min CH, + steam + Hj; (b) 30 min CH, + steam + H,; (¢) 1 h CH, + steam + H,.
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FiG. 14— Continued.

other, forming complex networks. Severe
sintering of the particles also took place.
Electron diffraction indicated that the parti-
cles were present mostly as Ni. Hence, the
particles were reduced to metal nickel and
sintered, (most probably) by migration fol-
lowed by coalescence. It appears that the
formation of the carbonaceous filaments is
associated with the reduction of the parti-
cles. Indeed, in the specimen of Figs. 13a-
13e, the particles were present as NiO
throughout heating in CH; + steam + H,
and they did not produce carbonaceous
filaments. In addition, it is worth noting
that the heating in methane or in methane +
steam did not produce carbonaceous fila-
ments either and the particles were also
present as NiO. However, after additional
heating for 30 more minutes in CHy +
steam + H,, the filaments disappeared and
sintering continued to occur (Fig. 14c¢).
Electron diffraction identified the presence
of Ni. On heating for 1 more hour in CHy +
steam + H, and subsequently in H, for 1 h,

most of the particles remained without any
significant change. Two similar specimens,
from two different batches, behaved differ-
ently. The kinetics of oxidation and reduc-
tion of the crystallites, which is affected by
the details of the preparation of the speci-
men, is probably responsible for the dif-
ference.

B. CO/AIQO}

On heating for 10 min in CH4 + steam +
H,, the initial particles of Fig. 15a have
extended over the substrate (Fig. 15b). The
particles are now composed of an extended
bottom that supports a darker small parti-
cle. One may also note the coalescence of
neighboring particles (R1), as well as the
dumbbell-shaped particles (R2). Heating for
20 more minutes caused the deformation of
the particles, probably because of the pene-
tration of deposited carbon (see Discus-
sion) (Fig. 15¢). It is worth noting that the
dark particles moved over the extended
bottom to its edge. Some of the dark parti-
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FiG. 15. Sequence of changes on heating a Co/ALO; specimen in CHy + steam + H, at 700°C. (a) 10
h (5 h at 500°C and 5 h at 700°C) H,; (b) 10 min CH, + steam + H,; (¢) 30 min CH, + steam + H,;(d) 1.5
h CH, + steam + H,; (e) 5.5 h CH, + steam + H; (the specimen was heated for additional 4.5 h in CH,
+ steam + H, after the heat treatment (e)); (f) 1 h H,.
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cles moved out from the extended bottom
and tails were formed while they were mi-
grating (S1 in Fig. 15¢), perhaps because of
the carbon formation. On further heating
for up to 1.5 h, the dark particles changed
their position within the extended bottom
(S2 in Fig. 15d). In addition, a few dark
particles moved further out from the ex-
tended bottom, forming tails which are
probably composed of carbon and cobalt
oxide (83 in Fig. 15d). A few small particles
disappeared, leaving some traces (S4 in
Fig. 15d). After heating for a total of 5.5 h,
the particles changed their shape, becoming
more circular (Fig. 15¢), and the dark parti-
cles moved from the edge of the extended
bottom to their center. Now, the catalyst
particles are no longer expected to be ac-
tive for methane decomposition, because
they are probably completely covered by
carbon. However, heating for up to 10 h
caused again tail formations, which were,
however, shorter than before. This sug-
gests that the coked particles were regener-
ated and able again to decompose methane,
but with a lower activity than before. The
specimen was subsequently heated in H,
for 1 h (Fig. 15f). The particles decreased
in size, because of contraction. The ap-
pearance of new small particles in regions
where no particles were observed before in-
dicates that during heating in CH, + steam
+ H. some particles and/or part of other
particles spread over the substrate as unde-
tectable films. The heating in H, caused the
rupture of that film, and the contraction of
the thin patches thus formed generated the
small particles. Comparing Figs. 15a and
15f, it is plausible to conclude that some
material was permanently lost to the gas
stream. As mentioned earlier, in the case of
Ni the heating in H, following heating in
CH,4 + steam + H, did not produce new
particles in regions where no particles were
present before. Compared to nickel, the co-
balt particles emit to a greater extent unde-
tectable thin films over the surface of the
AlLO; substrate.

C. Fe/A1203

After heating the specimen of Fig. 16a in
CH,; + steam + H; for 10 min (Fig. 16b),
one notes that most of the particles de-
formed and/or extended, and had one or
several small darker particles supported on
extended thin patches. In addition, a few
particles elongated, acquiring a filamentous
structure (T in Fig. 16b). Electron diffrac-
tion indicated the presence of y-Fe,O; (or
Fe;0,). The filaments were most likely
composed of carbon and some y-Fe,Os (or
Fe;0,), and the extended thin patches con-
tained probably deposited carbon. On heat-
ing for 20 more minutes (Fig. 16¢), the
particles became thinner and disintegrated
in smaller, interconnected units, probably
because of the formation of unstable car-
bides and their decomposition (see Discus-
sion). It is likely that, because of dis-
integration, a part of the material was
permanently lost to the gas stream. The
only compound detected by electron dif-
fraction was y-alumina, probably because
the particles were too thin. Further heating
for up to 8.5 h did not cause any significant
change. After particles were subsequently
heated in H,, no significant change was
observed either. One may note that new
particles did not appear in regions where no
particles were observed before heating.
This indicates that spreading as thin films,
undetectable by electron microscopy, oc-
curred in this case much less than for Co
and that any ‘‘lost material’’ was perma-
nently lost to the gas stream.

4. HEATING oF Ni/Al,O; IN CO

On heating the specimen of Fig. 17a in
CO for 0.5 h, one notes that severe sinter-
ing occurred (Fig. 17b). Some filamentous
carbon (Y1), as well as some large patches
of carbon which covered several particles
(Y2 in Fig. 17b), was observed. On further
heating for a total of 2 h, the carbonaceous
filaments in region Y1 disappeared, while
new carbonaceous filaments appeared in
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F1G. 16. Sequence of changes on heating a Fe/Al,O; specimen in CH, + steam + H, at 700°C. (a) 10 h
(5 h at 500°C and S h at 700°C) H;; (b) 10 min CH,4 + steam + H,; (¢) 30 min CH, + steam + H,.
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F1G. 17. Sequence of changes on heating a Ni/Al,O; specimen in carbon monoxide at 700°C. (a) 10 h
(5 h at 500°C and S h at 700°C) H,; (b) 0.5 h CO; (c) 2 h CO; (d; and d,) 4 h CO (d, and d, show two
different regions of the same specimen).
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other regions (Y3 in Fig. 17¢). In addition,
severe sintering continued to occur. The
specimen was further heated for up to 4 h.
Figures 17d; and 17d,, which represent two
different regions of the same specimen,
show several types of carbon deposits:

a. filamentous carbon (Y4 in Fig. 17d,),

b. hollow filamentous carbon (Y5 in
Fig. 17 d,),

c. carbonaceous filament which wraps
an elongated nickel particle (Y6 in Fig.
17 dp),

d. thick large patches of carbon (Y7 in
Fig. 17 d»), and

e. films of carbon that cover a whole
area of several neighboring particles (Y8 in
Fig. 17 d,).

However, in the electron diffraction pat-
tern, no rings corresponding to graphite
were detected, indicating that the deposited
carbon was amorphous. With the excep-
tion of the elongated particles which were
wrapped in the carbonaceous filaments, the

catalyst particles maintained almost spheri-
cal shapes throughout the entire heating.
Electron diffraction indicated that the
crystallites were present as Ni. It is possi-
ble that a part of the metal was permanently
lost to the gas stream as nickel carbonyl. It
is, however, difficult to discriminate be-
tween the severe sintering that occurred
and this loss of material.

Another specimen was heated continu-
ously in CO for 4 h and its micrograph is
shown in Fig. 18. All the types of carbon
deposits, observed in the micrographs of
the previous specimen which was heated in
several steps for up to 4 h (Figs. 17a-17d,),
can be identified in Fig. 18. However, the
number of filaments was greater in the
latter case and most of them were hollow.
In addition, some filaments swung very
slowly during observation in the transmis-
sion electron microscope and were not
sharp, while others were well focused. This
means that the former filaments were not
completely supported on the substrate.

F1G. 18. Ni/Al,O; specimen after heating in CO for 4 h continuously at 700°C following heating in H,

for 10 h (5 h at 500°C and 5 h at 700°C).
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S. HEATING IN CH, + STEAM + H, + CO

As mentioned earlier, different deac-
tivation processes are dominant for the
three systems during heating in CHy +
steam + H,, namely sintering and coking
for Ni/ALLO;, spreading and coking for Co/
Al,Os, and loss of material and coking for
Fe/ALO;. When CO was added to the ter-
nary mixture, the results remained similar
to those in the ternary mixture, but the
changes occurred more rapidly.

A. NilAlLO,

After heating in the quaternary mixture
for 5 min, most of the initial particles (Fig.
19a) became elongated (Fig. 19b) and the
number of particles decreased, due to the
mergence of the nearby particles (Z1 in Fig.
19b). In addition, some large patches, in
which carbon interconnects and covers
several particles, formed (Z2). NiO was
detected by electron diffraction. On heating

for 15 additional minutes, the particles con-
tracted and acquired spherical shapes (Fig.
19¢). Some neighboring particles coalesced
(Z3), while some elongated particles which
contacted one another split into several
particles of spherical shape (Z1). However,
most of the particles remained at their
original locations with a change in shape
only. Electron diffraction indicated that
most of the particles were reduced to Ni,
but NiO was also present. Comparing with
the heating in the gas mixture without CO,
one may note that NiO particles are more
rapidly reduced to Ni in the CH, + steam +
H, + CO mixture. After particles were
further heated for up to 2 h, severe sintering
occurred (Fig. 19d). As suggested in the
case of heating in CO, it is possible that a
part of the metal was permanently lost to
the gas stream, because of carbonyl forma-
tion. Electron diffraction indicated that the
particles were almost completely reduced
to Ni after 1 h of heating. Another sample
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F1G. 19. Sequence of changes on heating a Ni/Al,O; specimen in CH, + steam + H, + CO at 700°C.
(2) 10 h (5 h at 500°C and 5 h at 700°C) H,; (b) 5 min CH, + steam + H, + CO; (c) 20 min CH, + steam

+ H, + CO; (d) 2 h CH, + steam + H, + CO.
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F1G. 19— Continued.

was heated continuously in the quaternary
mixture for 2 h. The results were similar to
those obtained with a specimen heated in
several steps, for the same length of time.

B. CO/A1203

Many particles disappeared after heating
the specimen of Fig. 20a in CHy + steam +
H; + CO for only 5 min, and the remaining
particles were deformed (Fig. 20b). The
deformation is very likely associated with
carbon deposition and its dissolution inside
the particles (see Discussion). The electron
diffraction pattern indicated that the parti-
cles were present mostly as CoO with
traces of Co,0;. After heating for 15 more
minutes, the particles acquired a more com-
pact circular shape (Fig. 20c). One may also
note that some particles split into two parti-
cles ((a) in Fig. 20c). On further heating for
up to 1 h (Fig. 20d) a few new particles
appeared (b), while some particles de-
creased in size (¢) and some particles exten-
ded (d). The specimen was subsequently

heated in H, for 1 h (Fig. 20e). Numerous
new particles appeared, indicating that at
least a fraction of the disappeared material
was not lost to the gas stream, but remained
on the substrate as undetectable films.

C. Fe/A1203

After heating the specimen of Fig. 21a for
only 5 min, one notes that most of the
particles became smaller and thinner, indi-
cating that a considerable amount of mate-
rial was lost to the substrate and/or to the
gas stream (Fig. 21b). On heating for up to 1
h, most of the particles became increasingly
thinner (Fig. 21¢). In addition, some of the
dark particles (¢) migrated over the sub-
strate leaving white tracks. These tracks
can be a result of the catalytic gasification
of the carbon deposited on the substrate
during the migration of the crystallites,
migration which is enhanced by the gasi-
fication process. The specimen was subse-
quently heated in H, for 1 h (Fig. 21d). As
shown in the micrograph, a few new parti-
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F1G. 20. Sequence of changes on heating a Co/Al,O; specimen in CH, + steam + H, + CO at 700°C.
(a) 10 h (5 h at 500°C and 5 h at 700°C) Hj; (b) 5 min CH, + steam + H, + CO; (c) 20 min CH, + steam
+ H, + CO; (d) 1 h CH, + steam + H, + CO; (¢) 1 h H,.
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FiG. 20— Continued.

a

FiG. 21. Sequence of changes on heating a Fe/Al,O, specimen in CH, + steam + H, + CO at 700°C.
(a) 10 h (5 h at 500°C and 5 h at 700°C) H,; (b) S min CH, + steam + H; + CO; (c) 1 h CH¢ + steam + H,
+ CO; (d) 1 h H,.
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cles appeared, while most of the thin parti-
cles remained unchanged. Comparing with
Co/AlLO;, one may note that the amount of
material lost permanently to the gas stream
during heating in CH,; + steam + H, + CO
is greater for Fe/Al,Os.

DISCUSSION

1. Overall View of the Behavior of
the Model Catalysts in
Various Atmospheres

la. Individual components. Before the
phenomena that occur in the simulated re-
action atmospheres are examined, a brief
review of the effects of the individual com-
ponents on the model catalysts is useful.

It is well known that the presence of H,
at elevated temperatures enhances sinter-
ing in the case of nickel on alumina cata-
lysts. Although there is less information on
the sintering of cobalt, the effect of H, on
cobalt should be similar to that on nickel.
The sintering of Fe/Al,O5 in H, was exam-

y
Al

F1G. 21— Continued.

ined in some detail by Sushumna and Ruck-
enstein (21). Since Fe is extremely reactive,
only traces of O, or H,O are sufficient for
the formation of iron oxide. The chemical
interactions between this oxide and the
alumina substrate appreciably diminish the
rate of sintering.

The results reported by Ruckenstein and
Hu (/7) have shown that by heating in
steam, the particles of Ni/Al,O3, Co/Al,O3,
and Fe/Al,O; extended and spread over the
surface of the substrate, with a rate in the
order Co > Ni > Fe.

All three metals are active and efficient
catalysts for the decomposition of methane
or disproportionation of carbon monoxide
(10), and various types of carbon deposits
have been reported (22-25).

The results presented in this paper show
that heating in CH, changes the shape of
the particles; the change is, however, dif-
ferent for the three metals. In the case of
Ni, the particles became eclongated and
transformed to filaments, by depositing
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their material behind migrating leading par-
ticles, which decreased in size. The pres-
ence of small amounts of carbon was in-
ferred from the subsequent heating of the
specimen in O,. The elongation of the parti-
cles is most likely a result of carbon de-
position on the particles and its diffusion
inside. In the case of Co, carbon was de-
posited around and on the particles, and, on
further heating, the particles decreased in
size, most probably because of spreading
out from them of thin films, undetectable by
electron microscopy. The presence of films
could be inferred from the observation of
new particles after the subsequent heating
of the specimen in H,. In the case of Fe, the
particles transformed to extended patches
and a few filaments formed, very likely as a
result of carbon deposition. Carbonaceous
filaments were not observed for any of the
three metals. Baker et al. (26) also reported
that carbonaceous filaments were not
generated when heating in high-purity
methane.

Upon heating Ni/Al,O; in CHy, following
its pretreatment in steam, one notes that
carbon was deposited around and/or on the
particles. In this case, the NiO formed
during pretreatment interacted more
strongly than Ni with alumina. As a result,
the particles did not migrate over the sub-
strate, and carbon could not penetrate at
the interface between particles and sub-
strate to form filaments, for reasons dis-
cussed later in the paper.

The present experiments indicate that the
main difference between heating in single
gas components and their mixtures is the
rapid change of the morphologies of the
metal particles in the latter case. This may
explain the rapid decline, noted by many
investigators (3, 14, 27, 28), in the activity
of the catalysts after they were subjected to
reaction conditions. The previous investi-
gators attributed the early deactivation to
either sintering or coking. In contrast, we
conclude that this deactivation is due to the
coupling of sintering and coking. In other
words, the rapid deactivation reflects the

cooperative effect of the components of the
gas mixture on the supported metal cata-
lysts.

Ib. CHy + steam. Let us examine how
this cooperative effect acts for the three
metals. In the case of Ni/Al,Os, on heating
the specimen in methane plus steam, one
notes that the nickel particles are first oxi-
dized by steam to nickel oxide, which is
believed to constitute both the active cata-
lytic species for the decomposition of meth-
ane (29) and the species responsible for the
extension and spreading of the particles
(17). However, the carbon deposited as a
result of methane decomposition is subse-
quently gasified by steam. The gases thus
resulting lift the particles and displace them
over the surface of the substrate. This
appears to be the main cause for the severe
sintering that occurs on heating for 2 h the
nickel model catalyst in the binary mixture
of methane and steam.

In the case of Fe/Al,O;, steam has a
much smaller effect because even traces of
O, or water are enough for its oxidation,
and therefore iron is already oxidized be-
fore the heating in methane plus steam and
has already reacted with the substrate.
Therefore, the particles did not migrate and
remained at their initial locations, in spite
of the gasification of carbon by steam.

In the case of Co/Al,Os, the cobalt parti-
cles acquired deformed shapes and un-
detectable films spread out from them over
the substrate, indicating that cobalt spreads
more easily than Ni or Fe over alumina.
The undetectable films were inferred from
the new particles which were formed after
subsequent heating in Hs.

lc. CH4 + steam + H,. In a mixture of H,
+ CH4 + steam two different behaviors
were observed for similar specimens of
Ni/ALL,O;, belonging to two different
batches. In one specimen, the particles
became elongated, forming tails behind
dark leading particles. Electron diffraction
indicated the presence of NiO, but carbon
was also probably present. The behavior
was similar to that observed on heating in



76 LEE AND RUCKENSTEIN

CH, + steam, except that sintering oc-
curred to a greater extent, because of the
presence of H,. This enhances gasification
of carbon deposits and, in addition, ensures
more contracted forms of the crystallites;
both effects enhance sintering. In the other
specimen, the particles acquired toroidal
shapes with a small particle in the cavity,
after 10 min of heating. NiO was identified
by electron diffraction. Upon heating for 20
more minutes, the particles were reduced
to Ni and sintered, and long hollow inter-
linked carbonaceous filaments appeared.
However, on further heating, the carbona-
ceous filaments disappeared and sintering
continued to occur. The disappearance of
the carbonaceous filaments was due to the
carbon gasification by H, and H,O. The
severe sintering was caused by the forma-
tion of Ni, which has a higher mobility than
NiO, and by the gases produced by gasi-
fication. Note that in the former specimen,
the particles were present as NiO, while in
the latter, they were present as NiO for the
first 10 min of heating and were reduced to
Ni on subsequent heating. The different
behavior of the two similar specimens ap-
pears to be of kinetic origin, being probably
related to the reducibility of the NiO. These
results indicate that heating in CH, + steam
+ H, oxidizes the Ni particles during the
initial period. On subsequent heating, the
particles can be reduced or not, and then
they will have one or the other kind of
behavior.

In the case of Co/AlO;, the particles
deformed during heating in CH, + steam +
H,, most likely (as discussed later) because
of the penetration of the deposited carbon
inside the particles. Compared to the heat-
ing in CH4 + steam, less spreading of the
particles occurred, because the particles
were less oxidized. However, since on sub-
sequent heating in H; only a few new
particles appeared, it is clear that a large
part of the material was permanently lost to
the gas stream.

In the case of Fe/Al,0Os;, the particles
were deformed throughout their heating in

CH, + steam + H, and part of the material
disappeared, being permanently lost to the
gas stream. This was inferred from the
subsequent heating in H,, and happened, as
discussed later in the paper, because of the
disintegration of the particles.

1d. CO. The effect of heating in CO will
be given only for Ni/Al,O;. Various types
of carbon deposits, such as filamentous
carbon, carbonaceous films around the par-
ticles, and large patches of carbon, were
obtained. Compared with the heating in
CH,, the amount of carbon deposited was
greater, indicating that on Ni particles the
disproportionation of CO occurs more eas-
ily than the decomposition of CH,. Elec-
tron diffraction indicated the presence of Ni
during the entire heating in CO, as is in fact
expected for such a strong reducing agent.
As discussed later, the formation of fila-
mentous carbon is associated with the re-
duced state of the particles.

le. CHy + steam + H; + CO. For
Ni/Al,Os, on heating for 5 min, the particles
became e¢longated, as throughout their
heating in CH,, CH; + steam, or CH, +
steam + H,, and carbon deposits formed.
Electron diffraction indicated the presence
of NiO. This indicates that the oxidizing
effect of steam is stronger during the initial
heating. On further heating, the particles
acquired spherical shapes and gradually
were reduced to Ni, indicating that the
reducing effect of H, and CO gradually
increased to become, finally, the stronger
one. The absence of carbon deposits
throughout the latter heat treatment was
probably a result of a faster rate of gasi-
fication by H, and steam than rate of carbon
formation.

For Co/Al,O3, on heating for 5 min in the
quaternary mixture numerous particles dis-
appeared and the remaining particles be-
came deformed, probably because of the
penetration of the deposited carbon inside
the particles. The particles disappeared,
either because material was transferred to
the substrate as undetectable films or be-
cause it was permanently lost to the gas
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stream. On subsequent heating in H,, new
small particles appeared, indicating that at
least a fraction of the disappeared material
remained on the substrate as undetectable
films.

For Fe/Al,O3, numerous particles disap-
peared on heating in the quaternary atmo-
sphere. In contrast to Co/Al,O;, the mate-
rial was permanently lost, as indicated by
the fact that it was not restored as new
particles on subsequent heating in Ho.

2. The Growth of Carbonaceous
Filaments and the Metal Support

Interactions. For Ni/Al,O;, carbona-
ceous filaments appeared in CO, and, in
some specimens, in CH4 + steam + H,, but
as a transient phenomenon. In CH,; and
CH, + steam, carbonaceous filaments were
not observed, although elongated particles
with filamentous structure did form. The
pretreatment of a specimen in steam sup-
pressed the formation of filamentous struc-
tures in CHy.

The mechanism which was proposed for
the carbon filament growth (10, 30, 31) in-
volved the diffusion of carbon through the
catalyst particles, driven either by a con-
centration difference (10) or by a tempera-
ture difference (37), and its precipitation
between the particles and the support. The
termination of the growth was attributed to
the formation of a carbonaceous ‘‘skin’’ at
the exposed (free) particle surface.

An additional important element should
be, however, included. The initiation of
carbon filaments, which have leading metal
particles, implies that carbon can penetrate
between crystallites and substrate. This,
however, can happen only when the inter-
facial free energy between carbon and sub-
strate plus the interfacial free energy be-
tween carbon and crystallite becomes
smaller than the interfacial free energy be-
tween crystallite and substrate. This condi-
tion is satisfied in some cases. For instance,
on heating metal foils in carbon containing
atmospheres, one notes that filaments form
with all three metals: Ni, Co, and Fe. This

probably happens because a thin surface
layer, with a composition different from
that of the bulk, exists, and the interfacial
tension between the metal foil and the thin
surface layer is higher than the sum of the
interfacial tensions between carbon and the
metal foil and between carbon and the thin
layer. As a result, carbon penetrates be-
tween metal and thin layer.

In the case of supported metal catalysts,
however, strong interactions between crys-
tallites and support will lower their interfa-
cial free energy (2/), and the above condi-
tion may no longer be satisfied. Therefore,
the strength of the above-mentioned inter-
actions is critical for filament formation on
supported metal catalysts. If the above
condition is not satisfied, only changes in
the particle shape and accumulation of car-
bon around and on the particles can occur.

When Ni/AL,O; specimen is heated in
CH, + steam, Ni is easily oxidized by
steam. The NiO which is thus formed inter-
acts strongly with Al,Os (20) and the inter-
facial free energy between crystallites and
support decreases. The absence of carbo-
naceous filaments during heating in CH, +
steam indicates that the low interfacial free
energy between NiO particles and sub-
strate, which arises because of the strong
interactions between them, does not satisfy
the above thermodynamic inequality for
filament formation. In contrast, the forma-
tion of carbonaceous filaments during heat-
ing in CO shows that the interfacial free
energy between Ni particles and substrate
is high enough for the above thermody-
namic condition to be satisfied. When Ni/
ALO; specimens were heated in CHy +
steam + H,, different behaviors occurred,
depending on the chemical state of the
crystallites. When the crystallites were
present as NiO throughout the entire heat
treatment, no carbonaceous filaments were
generated. But, in a very similar sample of
a different batch, carbonaceous filaments
were formed as a transient process after an
induction period. The crystallites were
present as NiO throughout the induction
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period, but they were reduced to Ni when
filaments were formed. The filaments disap-
peared after subsequent heating, because of
their gasification.

Since Fe is easily oxidized even by traces
of O, and/or H,O, and the oxide thus
formed interacts strongly with AlO; (for
details see Ref. (21)), these interactions are
indeed much stronger for Fe/Al,O; than for
Ni/ALLO;. As a result, filaments should be
absent in the former system. Indeed, carbo-
naceous filaments have not been observed
on heating Fe/Al,O, catalyst in an atmo-
sphere containing CH4 and/or CO. Co had a
behavior similar to that of Fe, since it is
also easily oxidized.

Once the particles are detached from the
substrate, filaments will grow, by the fur-
ther displacement of the particles. This can
happen, however, only if the bulk diffusion
of carbon through the particles and/or the
surface diffusion of carbon over the surface
of the particle are sufficiently rapid for a
part of the metal to remain exposed to the
chemical atmosphere, thus allowing the
chemical decomposition of CH,4 or CO to
continue on the surface of the particle. The
carbon which diffuses through the particles
forms transient carbide phases (32), with a
higher content of carbon at the particle
surface and a lower one at the interface
between particle and substrate. This gradi-
ent in carbon content probably constitutes
the driving force for diffusion through the
particle. The increase in the percentage of
carbon inside the crystallites lowers their
melting point, as indicated by the phase
diagram, and the likelihood of defect forma-
tion is thus increased. This in turn increases
the rate of diffusion of carbon through the
crystallites and accelerates the process of
precipitation of carbon between particle
and substrate.

3. Deformation of the Particles

For Ni, the particles became elongated
during heating in CH,, or in mixtures con-
taining CH,4 and/or CO. For Co, the parti-
cles deformed on heating in mixtures con-

taining CH,; and/or CO. For Fe, the
deformation of the particles was observed
in CH,; + steam + H,. The elongation and
deformation of the particles are probably
associated with carbide formation. This is
because carbon dissolves into the metal and
forms carbides. The heating temperature
being higher than the decomposition tem-
perature of the stable carbides of Ni, Co,
and Fe, only transient unstable phases
form, from which some carbon can pre-
cipitate inside the particles. This generates
internal stresses, leading to the deforma-
tion of the particles. Indeed, the carbides of
Ni, Co, and Fe are not stable at the tem-
perature of 700°C at which the specimens
were heated. NiC decomposes in the tem-
perature range of 300-400°C (33); Fe,C
and Fe,C are not stable over 450°C, and de-
compose into iron and carbon (34); Co;C
decomposes in the temperature range of
300-350°C (35).

In addition, as the carbon content inside
the particles increases, the melting point of
the particles decreases, as indicated by the
phase diagram, and thus the particles be-
come softer. This may contribute to the
deformation of the particles. In the case of
Ni/ALO;, the softened particles acquire
high mobility and migrate over the sub-
strate by liquid-like motion, depositing ma-
terial behind the leading particle.

4. The Loss of Active Metal

During heating of Fe/Al,Os in the mixture
of CHy + steam + H,, a fraction of the
particle material disappeared. This can be
explained via unstable carbide formation,
as follows: When small amounts of carbon
penetrate and precipitate inside the parti-
cles, the latter will deform to release the
internal stresses. This can disintegrate the
particles, and at least a fraction of the
resulting metal powder can be lost perma-
nently to the gas stream. In the case of
Co/Al,0s, a smaller amount of material was
lost than in the case of Fe/Al,O;. This
suggests that in the latter case, the particles
disintegrate more easily.
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On heating Fe/Al,O, in CH,; + steam +
H, + CO, one notes that the loss of material
was even greater than on heating in the gas
mixture without CO. This is most likely due
to the formation of volatile carbonyl.
Blackmond and Ko (36) reported a nearly
30% weight loss of Ni supported on SiO,
after CO chemisorption at 273 K, due to the
formation of Ni(CO),. For Co/Al,QO;, the
loss of material during heating in CO con-
taining mixture was smaller than that for
Fe/Al,O;. For Ni/AlLO;, it is not clear
whether the material was permanently lost
during the heat treatment in the gas mix-
tures containing CH, and/or CO, because of
the sintering of the particles.

CONCLUSION

In order to investigate the effect of the
gas atmosphere on the physical and chemi-
cal changes of the particles in the steam
reforming reaction, Ni/Al,O;, Co/ALQO;,
and Fe/Al,O; model catalysts were heated
at 700°C in various atmospheres, such as
CH,, CO, and various gas mixtures con-
taining CH,4 and/or CO.

During heating in CHy, the above metals
behaved differently. For Ni/Al,O3, the par-
ticles became elongated, acquiring fila-
mentous shapes, with leading migrating
particles leaving their material along their
trajectory until they disappeared. The elon-
gated particles were composed mostly of
NiO and probably some carbon. For Co/
Al,Os, carbon deposits were formed around
and on the particles, while for Fe/ALOs, the
particles initially extended on the substrate,
and on further heating, carbon deposits
were formed around the particles, as well
as straight filaments, most likely composed
of y-Fe,O; (or Fe;O4) and some carbon
deposits.

On heating Ni/AL,O; in CH4 + steam, one
notes that the particles extended initially on
the substrate, because of their oxidation by
steam. On further heating, the particles
became elongated, but much less than in

CH,, and sintering occurred, because the
gasification of deposited carbon enhanced
the mobility of the particles on the sub-
strate. For Co/AlLO;, the particles de-
formed, carbon deposits were formed
around and on the particles, and undetect-
able films spread out from the particles
over the substrate. For Fe/Al,O;, the parti-
cles extended on the substrate but less than
for Co/Al;O;, because they were already
partially oxidized before heating in CH4 +
steam and had therefore already reacted
with the substrate.

On heating Ni/Al,O; specimens in the gas
mixture of CHy, steam, and H,, one notes
that severe sintering occurred. In addi-
tion, hollow carbonaceous filaments were
formed when the crystallites were present
as Ni, and did not form when the crystal-
lites were present as NiO. Carbonaceous
filaments have also appeared when Ni/
AlL,Os specimens were heated in CO. In this
case, the crystallites were present as Ni.
Hence, in the case of Ni/ALLO;, carbona-
ceous filaments can form if the particles are
present as Ni and not as NiO.

A more general conclusion is that carbon
filaments appear in those particular cata-
lysts for which the interactions between
crystallites and substrate are sufficiently
weak. A thermodynamic criterion, based
on wetting, is proposed for filament forma-
tion. The interfacial free energy between
metal and substrate must be larger than the
sum of the interfacial free energies between
carbon and substrate, and carbon and
metal. If this condition is satisfied, the
crystallite can be detached from the sub-
strate by a layer of carbon. The rate of
growth of the filament is affected by the
diffusion of carbon through the particles,
diffusion which is probably facilitated by
the formation of transient carbides.

In addition to filamentous carbon, other
types of carbon deposits have also been
identified. When steam-pretreated Ni/Al,04
was heated in CHy, carbon was deposited
around and on the particles. Carbonaceous
filaments were not generated because NiO
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interacts strongly with the substrate.
Therefore, the interfacial free energy be-
tween substrate and crystallite is small, and
the thermodynamic condition for filament
formation is not satisfied.

Deposits of carbonaceous films around
and/or on the particles were also observed
in other cases, such as Co/AlL,O; and Fe/
Al,O; in CH,4 and in gas mixtures containing
CH4, and Ni/AlL,O; in CO. Carbonaceous
filaments wrapping elongated particles, as
well as thick large patches of carbon de-
posits, were observed throughout heating
of Ni/Al,O; in CO.

Upon heating Co/AlL,O; and Fe/ALO; in
CH, + steam + H,, one notes that the
particles deformed, and some material was
permanently lost to the gas stream, because
of the disintegration caused by the precipi-
tation of carbon inside the particles.

When Ni/Al,O; was heated in CH; +
steam + H, + CO, severe sintering oc-
curred because the particles were reduced
after a short time to Ni which sinters more
easily, and the gasification of the deposited
carbon increased the mobility of the parti-
cles. For Co/Al, O3, spreading of the parti-
cles and permanent loss of material were
observed. For Fe/AlLO;, a considerable
amount of material was permanently lost.

Unstable carbides are suggested to be
responsible for the observed deformation of
the particles. Carbide formation inside the
particle, followed by carbon separation,
generates internal stresses, which, in turn,
lead to the deformation of the particles.

The investigation also indicates another
aspect of catalyst deactivation, namely, the
fJoss of active metal crystallites to the gas
stream. This process occurs in different
atmospheres for different reasons. On heat-
ing in the mixtures containing methane, the
precipitation of carbon inside the metal
disintegrates the crystallites, a part of
which is then carried away by the gas
stream. On heating in the mixtures contain-
ing carbon monoxide, the metal carbonyl
that possibly forms may be in part responsi-
ble for the loss of particles.
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