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A transmission electron microscopic study was made to examine the behavior of Ni particles
supported on amorphous Al,O; and Si0, by thermal treatment in H, and O, atmospheres at 60 Torr.
The sintering during heating in H; at 600°C proceeded by particle migration for Ni/AL, O, but by
atomic migration for Ni/SiO,. The rate of increase in the average particle size in H, at 600°C was
comparable to that under vacuum at the same temperature. Annular or horseshoe-shaped NiO
particles spreading over the supports were formed by O,-treatment at certain temperatures which
were dependent on the support material. The formation of pitted particles was completed in a
rather short period of time. By repeated heating in O, and in H, at 600°C, the particles reversibly
changed their shape at the same positions. However, redispersion, the splitting of particles, oc-
cured at other sets of treating temperatures, typically oxidation at 600°C and reduction at 400°C.
The treatment temperatures at which redispersion was observed differed between the two sup-
ports. The effect of the support is discussed in terms of particle—support interaction including the

formation of a metal-support complex.

INTRODUCTION

Supported metal catalysts, widely used
in automotive, petrochemical, and chemi-
cal industries, are always exposed to differ-
ent chemical environments. The surround-
ing gases may affect the catalyst sintering
which causes the deactivation of the cata-
lysts (1).

Recently, transmission electron micro-
scopic studies using some model catalysts
have revealed the various types of the be-
havior of supported metal particles in gas-
eous environments (2—9). One of the inter-
esting findings is that alternative oxidation
and reduction lead to the increase of sur-
face area of supported particles, i.e., redis-
persion. Ruckenstein and Chu first noted
the redispersion by such a cyclic treatment
for platinum dispersed on alumina and
showed that the redispersion is due to ei-
ther the splitting or the spreading of the par-
ticles (2). Baker et al. (6) and Wang and
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Schmidt (8) observed the redispersion of
platinum on titania and of rhodium on silica
and alumina, respectively, under different
conditions. Previously, we also showed
that silica- and alumina-supported nickel
particles can redisperse by a similar re-
peated oxidation-reduction at a particular
set of treatment temperatures (9). These
results obtained for the different systems
2, 6, 8, 9) suggest that there is an effective
range of the treating conditions for redis-
persion depending on the metal-support
system used.

The present study aims to elucidate the
dependence of redispersion on tempera-
tures of repeated heating in oxygen and hy-
drogen for nickel particles on silica and alu-
mina films. Effective temperatures vary
with the support material and this is dis-
cussed in terms of metal- and metal oxide-
support interactions including the forma-
tion of a metal-support complex. In
addition, an attempt is made to apply the
cyclic oxidation-reduction to nickel cata-
lysts prepared by impregnation using po-
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Fi1G. 1. Micrographs of Ni particles heated in H; at 600°C on (a) Al,O; for (1) 1 and (2) 3 h; (b) SiO, for

(1)3and (2) 5 h.

rous supports to see whether such treat-
ment effects the redispersion of these
catalysts.

EXPERIMENTAL

Model catalysts of nickel with a thick-
ness of 1-2 nm on alumina and silica films
were prepared by the procedure described
previously (/0). The Ni/Al,O; and Ni/SiO,
mounted on microscope grids were repeat-
edly heated in O, and in H, at 60 Torr (1
Torr = 133.3 Pa) in an electric furnace. Af-
ter heat treatment for the desired period of
time, the furnace was cooled to room tem-
perature in about 1 h, and then the gas was
replaced by air. The same region of a speci-
men was examined by a Hitachi H-300
transmission electron microscope to follow
the change in size, shape, and position of
each particle after each step of heating. The
unidirectional diameters of 5001000 parti-

cles of each specimen were measured to ob-
tain the particle size distribution, and the
Sauter-average size was calculated. Nickel
catalysts supported on alumina and silica
powders of large surface area were pre-
pared and also subjected to the above ex-
periment. Alumina (Neobead C) and silica
(Silbead N) were obtained from Mizusawa
Industrial Chemicals Ltd. Catalysts with 5
wt% nickel were prepared by impregnating
the support powders (32-60 mesh) with
Ni(NQOs), aqueous solution, drying under
vacuum at 100°C for 4 h, and reducing in
flowing H, at 400 and 350°C, respectively,
for 16 h.

RESULTS AND DISCUSSION
Dispersion in Hydrogen

Figure 1 shows micrographs of Ni/Al,O4
and Ni/SiO, specimens heated in H, at
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FiG. 2. Sauter-average particle diameter versus
heating time for (®,0) Ni/ALLO; and (B,00) Ni/SiO,
specimens at 600°C; closed and open marks indicate
the results under H, and under vacuum, respectively.

600°C. On AlL,O;, surface movement of Ni
particles less than about 15 nm in diameter
was observed as shown in ellipses; at the
same time, there were a few particles which
remained at the same positions and de-
creased in size during heating. The Ni parti-
cles on SiO, were mostly immobile and ei-
ther grew, or contracted and disappeared.
These results indicate that the prevailing
sintering mechanism in H, at 600°C was
particle migration on Al,O; but atomic mi-
gration on SiO,. Under vacuum, Ni/SiO,
sintered by the particle migration mecha-
nism at 600°C but similar difference in sin-
tering mechanism between the two sup-
ports was noted at 650°C or higher (10).

The change in the Sauter-average diame-
ter during H,-treatment is presented in Fig.
2 including the results obtained under vac-
uum. For both Al,O, and SiO,, the Ni parti-
cles sintered in H, at a rate similar to that
under vacuum.

There have been a few kinetic investiga-
tions on the sintering of Ni catalysts pre-
pared by different procedures using porous
supports (I11-14). Kuo et al. showed the
temperature dependence of sintering mech-
anism of a precipitated Ni/SiO, catalysts in
H, as well as in N,, the prevailing mecha-
nism being particle migration at 700°C or
below but atomic migration at 800°C (11,
12). Bartholomew et al. indicated a similar
dependence for both an impregnated Ni/
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Al,O; and a controlled-pH-deposited Ni/
SiO, in H; in the range of 650 to 750°C (14).
The difference between the results in the
literature and our results can be ascribed to
the structural properties of the support
used. In the case of the porous supports,
their pore structure significantly influences
the sintering behavior (11-14).

Judging from the sintering mechanism,
the Ni-support interaction in the present
Ni/SiO, system may be enhanced by the
presence of H,. It has been revealed that
there is an unusual strong metal-support
interaction in Pt/TiO; in H, atmosphere (6,
15-17). Recent studies have also given evi-
dence for enhanced interactions in SiO,-
and Al,Os-supported Ni catalysts in reduc-
ing atmosphere (/8-21). Praliaud and Mar-
tin indicated the formation of a Ni-Si alloy
in Ni/Si0, by reduction of the support at
about 900°C; Young ef al. indicated the dif-
fusion of Ni atoms into AlL,O; supports
above 950°C. In these cases, strong interac-
tions need relatively high temperatures,
and therefore such H,-treatment-induced
strong interaction did not appear under the
present conditions although the contribu-
tion of atomic migration to the particle
growth increased by the presence of H, for
the present Ni/SiO, system.

Dispersion in Oxygen

The specimens as prepared were of a
continuous Ni layer on the support films.
The treatment of such specimens in O, did
not break the Ni layer. The specimens were
first heated in H,, and then, after the forma-
tion of Ni particles, were heated in O,.

As described in the previous paper (9),
when the Ni/Al,O; and Ni/SiO; specimens
were treated in O, at 600°C, the formation
of toruslike or horseshoe-shaped NiO parti-
cles spreading over the supports was com-
pleted within 1 h and these oxidized parti-
cles showed no change upon further
heating. Similar types of behavior in oxidiz-
ing atmosphere have been found by Chen
and Ruckenstein for Pd/AlLO; (3—3) and by
Wang and Schmidt for Rh and Rh-Pt on
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F1G. 3. Comparison of the shapes of NiQ particles on (a) ALO; and (b) SiO, at different oxidation
temperatures: Ni/Al;O; and Ni/SiO, were treated in O, at (1) 400, (2) 600, (3) 700°C each for 1 h.

ALO; and SiO, (8). Chen and Ruckenstein
suggested that such pit formation is due to
the oxidation which starts at some active
sites on the particle surface and to the
spreading of the formed metal oxide over
the nonoxidized metal; the spreading is as-
cribed to a difference in the interfacial ener-
gies between metal- and metal oxide—sup-
port. This is supported by our previous
experiment which examined the pit forma-
tion of a Ni/AlLO; specimen during a
stepwise oxidation from room temperature
(9). Dadyburjor has made a kinetic descrip-
tion based on the strain model where the pit
formation and the resultant fracture of
metal particles are due to the difference in
the lattice parameters between the metal
and the metal oxide (22). Gollob and Dady-
burjor have used this model to explain the
increase of the particle size in an alumina-
supported Pt catalysts during heating in air
at about 500°C (23). The strain model postu-
lates only the formation of a surface layer
of oxide on the metal particle and, hence,

cannot account for the spreading of the sup-
ported Pd and Ni particles. As stated by
Dadyburjor (22), however, the mechanisms
of the crack formation and the splitting are
probably dependent on metal/support sys-
tem used, oxidation temperature, oxidizing
agent, particle size, and so on, although the
experimental evidence is still insufficient.

In the present study, we examined the
effect of oxidation temperature on the
shape of NiO particles; the specimens were
treated in O, at different temperatures for 1
h. Figure 3 shows micrographs of the speci-
mens after O,-treatment at 400, 600, and
700°C. On the electron micrographs, each
particle is seen to have a ring around it; this
is due to contamination from residual gases
inside electron microscope and such a ring
is artifact. In a few examinations using a
liquid-nitrogen-cooled shield around the
specimen, no contamination occurred. This
is the same on some of the following micro-
graphs.

On ALO;, the annular shape was ob-
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F1G. 4. Side views of (a,b) Ni and (c) NiO particles
on SiO,. The Ni/Si0O, specimens were heated at 600°C
for 1 h under (a) vacuum; (b) H,; (c) O,.

served for almost all the particles at 400 and
600°C but not at 700°C where the outer
diameter was smaller than those at lower
temperatures. On the other hand, the NiO
particles on SiO, were mostly of pitted
shape and spread approximately to the
same extent in the outer diameter at all tem-
peratures examined, but the size of the pits
tended to be smalier at higher temperature.
To explain these effects of temperature and
of support, thermodynamic factors, the in-
terfacial energies of metal- and support-
metal oxide, and/or Kkitietic ‘factors, the
rates of oxidation and diffusion of metal ox-
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ide on nonoxidized metal should be consid-
ered. This problem will be discussed later in
connection with redispersion of metal.

Figure 4 shows micrographs of the parti-
cles on the edges of folded portions of SiO,
films in different atmospheres. These side
views reveal the three-dimensional shape of
the particles; the Ni particles are polyhe-
dral under vacuum but hemispherical in H, ;
the NiO particles have uneven surfaces. At
present it is difficult to explain clearly the
formation of these annular, uneven NiO
particles on the supports.

Change in Dispersion by Cyclic Oxidation
and Reduction

In Fig. 5 is presented the change in the
particle size distribution of a Ni/Al,O; spec-
imen during successive treatment in O, and
H, . Distribution (a) that was obtained after
heating in H, at 600°C for 1 h is considered
as the initial state. Histograms (a)—(d) indi-
cate that the size distribution was revers-
ibly changed by the oxidation-reduction at
600°C. In this case, the particles varied only
in shape from round to pitted particles.

When the reduction in cyclic treatment
was performed at 400°C instead of 600°C,
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Fi1G. 5. Change in the particle size distribution of a
Ni/ALO; specimen which was consecutively treated
under (a) H, at 600°C for 5 h; (b) O, at 600°C for 5 h; (c)
H,; at 200°C for 1 h, at 400°C for 1 h, and at 600°C for 2
h; (d) O, at 600°C for 1 h; (e) alternately for 1 h each in
O, at 600°C and in H, at 400°C, three times.



NICKEL DISPERSION IN OXYGEN AND HYDROGEN

the fraction of small particles was increased
as compared with the initial state (Fig. 5a).
This indicates that there was an increase in
the total surface area of Ni particles on
AlLO,, i.e., redispersion. Similar redisper-
sion was also noted for Ni/SiO, after the
same treatment. The redispersion on both
supports was due to the splitting of the par-
ticles, where each particle broke into two
or three pieces.

The redispersion by alternative treat-
ments in oxidizing and reducing atmo-
spheres has been observed for other metals
supported on alumina and silica. Rucken-
stein and Chu have noted the redispersion
of Pt on alumina and reported that several
cycles of heating in O, and H, at 750°C and
1 atm were needed for Pt redispersion (2).
Wang and Schmidt have also found such
redispersions of Rh on silica and alumina
caused by cyclic treatment where oxidation
was performed in air at 600°C and reduction
in H, at a lower temperature (8).

In addition, we sought the treatment tem-
peratures at which the Ni particles on Al,Os
and SiO, could redisperse by splitting. In
this experiment, the treatment time was
fixed at 1 h and the oxidation-reduction
was repeated three cycles. Table 1 summa-
rizes the results, which indicate the depen-
dence of redispersion on temperatures and
support material. On Hj-treatment at
300°C, the reduction of NiO particles was
incomplete, while at higher temperature
(500°C), each reduced particle agglomer-
ated into round shape. When the oxidation
was performed at lower temperature, the
spread particles shrank more easily, per-
haps due to weak interaction between the
particles and the supports. Redispersion
may be effected by the cyclic oxidation—-
reduction under such conditions as the oxi-
dation causes the sufficient spreading of the
particles over the support and forms strong
metal oxide-support interaction and the re-
duction is not so severe as to reduce and to
mobilize all the Ni atoms. The strong inter-
action is probably due to the formation of a
Ni-support complex at the particle—sup-

113
TABLE 1
Effects of Treatment Temperatures on Redispersion
of Ni
Oxidation Reduction
300°C 400°C  500°C
400°C X (N10)* X (Ni) X (Ni)
ALO; 500°C X (NiOy X (Ni) X (Ni)
600°C X (NiOy O (Ni) X (Ni)
400°C X (Ni0) O (Ni) X (Ni)
SiO, 500°C X (NiOy O (Ni) X (Ni)
600°C X (NiO)* O (Ni) X (Ni)

Note. Ni/AL,O; and Ni/SiO, specimens were repeat-
edly treated for 1 h each in O, and in H,, three times.
0, Redispersion was observed; X, not observed. **Ni”
and “*NiO” in parentheses indicate the state of parti-
cles examined by electron diffraction. Superscript a
for NiO indicates particles agglomerated into a round
shape; s means spread and/or splitted particles.

port interface and maintains the enhanced
area between the particles and the support
during the following reduction. When the
reduction starts at a few sites on the surface
of the particles, the splitting of the particles
may result from the difference in density
and/or in the interfacial tension between re-
duced and nonreduced parts of each parti-
cle.

Lo Jacono et al. reported the formation
of nickel aluminate at 600°C in impregnated
NiO/Al,O; systems (24). There have been
other investigations indicating the forma-
tion of nickel aluminate at relatively high
temperatures, which, of course, are depen-
dent on the state of the catalysts (25-30).
The NiO/ALO; systems used in these
works are real catalysts prepared by ordi-
nary procedures such as coimpregnation.
For Ni/SiO, systems, the formation of a
Ni-support complex has also been evi-
denced (31, 32). Shalvoy er al. noted that
nickel silicate is formed in coprecipitated
SiO,-supported Ni catalysts calcined at rel-
atively low temperature of ca. 400°C (37).
These results suggest that Ni—support com-
plexes are formed in our model systems and
the temperature of the formation would be



F1G. 6. Micrographs of a 5 wt% Ni/SiO; catalyst heated (a) in H, at 800°C for 3.5 h and (b) in O, at
400°C for 1 h. Arrows indicate pitted NiQ particles.

r Ni/SiO, than for Ni/Al,O:. Thi

Ni/SiO, than for Ni/AlLO;. This
explain the effect of the support mate-
rial on redispersion as shown in Table 1.
Previously, some authors pointed out
that the reducibility of supported NiO parti-
cles is affected by the support material and
the oxidation temperature (30, 31, 33-35).
To examine the reducibility of our NiO on
Al,O; and SiO, films, the specimens, pre-
treated in H, to form Ni particles, were sub-
jected to one-cycle oxidation-reduction;
oxidized at 400 or 700°C for 1 h and then

radiicad at 2980 NN Ar 2800 far 1 h
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Al O,, the NiO particles formed at 400°C
could be reduced at 300°C, but those
formed at 700°C could not be reduced un-
less the temperature was raised to 350°C.
For Si0O,, however, the NiO y

Far
101

NiQ particies
formed at both 400 and 700°C could be re-
duced at 300°C. These results indicate that
a strong NiO-AlLO; interaction is formed
only at high temperatures. Shalvoy et al.
noted that the reduction of a coprecipitated
Ni/Al,O; calcined at ca. 400°C is more diffi-
cult compared with a similarly prepared Ni/
SiO, (32). This agrees with our results of
the model catalysts oxidized at 700°C.
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Using Porous Supports

The regeneration of deactivated catalysts
has been an interesting problem not only
from a laboratorial but also from an indus-
trial point of view. As mentioned above,
the redispersion of the model supported Ni
catalysts can be effected by cyclic oxida-
tion-reduction. In this work, an attempt
was made to apply such a treatment to sup-
ported catalysts using porous alumina and

cilica Fionre & chowe micraoranhe af a §
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wt% Ni/Si0O, after treatment in H, at 800°C
and in O, at 400°C. It should be noted that
pitted particles are seen in O, although
round particles are seen in the H, atmo-
sphere. Ni (5 wi%) supporied on alumina
and silica were treated under conditions
where redispersion of the model catalysts
occurred, i.e., alternately for 1 h each in O,
at 600°C and in H, at 400°C. Examination
by X-ray diffraction iine broadening and by
temperature-programmed desorption of ad-
sorbed H, failed to detect any increase in
metal surface area. Probably, the condi-
tions to redisperse metal particles on po-
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rous supports are different from those for
metal particles on flat films, and the above
results (Fig. 6) suggest a possibility to
achieve redispersion of Ni on porous sup-
ports if appropriate conditions are selected.

SUMMARY

The behavior of Ni supported on AlO;
and SiO, films under 60 Torr of H, and of O,
was examined by means of transmission
electron microscopy. The following results
were obtained.

(1) The Ni particles in H, at 600°C sin-
tered mainly by particle migration for Al,O;,
but by atomic migration for Si0Q,. The rate
of particle growth in H, was comparable to
that under vacuum.

(2) Annular or horseshoe-shaped NiO
particles spreading over the supports were
formed by O,-treatment at certain tempera-
tures depending on the support material.

(3) The reduction of NiO/Si0O, was easier
than that of NiO/Al,O; where the NiO parti-
cles formed at higher temperature needed
higher temperature for complete reduction.

(4) Redispersion by the splitting of the
particles was effected by cyclic oxidation—
reduction under particular conditions,
which differed between Al,O; and SiO,.

(5) The conditions for redispersion are
considered as follows: on O,-treatment, the
sufficient spreading of the particles and the
strong particle-support interaction are
caused; on H,-treatment, each particle is
completely reduced without agglomeration
into a round shape.
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