
JOURNAL OF CATALYSIS 96, 12-22 (1985) 

Sintering Behavior of Nickel Particles Supported on Alumina Model 
Catalyst in Hydrogen Atmosphere 

KYONG-TAE KIM AND SON-KI IHM’ 

Department of Chemical Engineering, Korea Advanced Institute of Science and Technology, 
P.O. Box 150 Chongyangni, Seoul 131, Korea 

Received December 12, 1984; revised April 9, 1985 

The sintering behaviors under hydrogen at 600,700, and 800°C of nickel crystallites supported on 
the anodic alumina film were investigated through transmission electron microscopy. The prevail- 
ing mode of sintering at 600 and 700°C is believed to be due to the particle migration and that at 
800°C is due to the atomic migration or Ostwald ripening. The shift of the sintering mechanism at 
800°C was deduced in terms of the interaction of nickel with alumina, rather than in terms of the 
effect from the porous surface proposed by Kuo et (cl. (J. Catal. 64, 303, 1980). It was also found 
that very large faceted nickel crystallites were formed locally for the specimens heated at 
800°C. 0 1985 Academic Press, Inc. 

INTRODUCTION 

In the supported-metal catalysts, the 
phenomenon termed sintering or aging oc- 
curs with use or treatment for long periods 
at elevated temperatures. The occurrence 
of sintering results in the decrease of the 
exposed surface area of metal, which 
changes the activity and sometimes the se- 
lectivity of these catalysts. Therefore, the 
investigations on the process by which sin- 
tering occurs have been extensively per- 
formed both theoretically and experimen- 
tally. Sintering has been considered to 
occur by at least two different mechanisms, 
that is, particle migration and atomic migra- 
tion. The particle migration mechanism (1, 
2) includes migrations of particles on sup- 
port, collisions between the particles, and 
their coalescences. The atomic migration 
mechanism (3, 4), often called Ostwald rip- 
ening (5), includes transport of atomic (or 
molecular) units. These two mechanisms 
are believed to occur simultaneously. How- 
ever, the prevailing mechanism could not 
easily be determined because the sintering 
process is affected by various factors, in- 
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eluding the temperature, the time, the 
chemical atmosphere, and the nature of 
support. 

The change of particle size distribution 
(PSD) can be considered as a direct mea- 
sure to the rate of sintering (6, 7, 8). The 
kinetics of sintering has been expressed as 

dS 
dt = -KS”, 

where S is the exposed surface area of 
metal per unit area of support, and II is the 
sintering exponent which can be predicted 
between 4 and 8 for a particle migration 
mechanism and from <2 to >13 for an 
atomic migration mechanism. On the other 
hand, the direct observation of metal parti- 
cles may provide some clear evidence of 
the sintering process. This is favorably 
done with transmission electron micros- 
copy (TEM). With TEM, the selected area 
of a specimen can be examined after each 
heat treatment. Usually a model catalyst 
used, which is made up of a thin layer of 
support upon which metal particles are de- 
posited. 

In the present work, the sintering behav- 
iors of Ni/alumina model catalyst were in- 
vestigated under hydrogen atmosphere in 
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view of its wide industrial applications as in 
methanation and hydrogenation. Even if 
the nickel particles on alumina are notori- 
ous for their poor TEM images compared 
with other metal-support combinations (9), 
the measurements can be made quite accu- 
rately except for very small particles (be- 
low about 2 nm in diameter). The aims of 
the present work are to observe the sinter- 
ing phenomena with TEM and to propose 
the predominant mechanism for the nickel 
supported on alumina model catalyst. 

EXPERIMENTAL PROCEDURES 

Anodization and sputtering. The alumina 
supports were prepared by the method de- 
scribed in Ref. (IO). Anodic oxidation of 
aluminum foil was carried out in a 3 wt% 
solution of tartaric acid at 15 V for 20 sec. 
The nonporous and amorphous aluminum 
oxide film thus prepared was considered to 
be about 250 A thick since the anodizing 
velocity is about 15 A/V (II). The amor- 

phous alumina films were picked up on gold 
grids, and some were calcined in air at 
620°C for 40 hr and transformed into the 
crystalline y-phase. These amorphous alu- 
mina and y-alumina supports were coated 
with nickel by the sputtering technique in a 
Mini-Coater (Fullam Co.). To obtain the 
initially identical specimens for measuring 
the particle size distribution, several alu- 
mina supports were placed together in the 
Mini-Coater and sputtered under the same 
condition. 

Heat treatment. The model catalysts 
thus prepared were subjected to heat treat- 
ment in hydrogen atmosphere for various 
lengths of time and at temperatures of 600, 
700, and 800°C. All the sintering experi- 
ments were performed in a quartz tube lo- 
cated inside a tubular furnace. The speci- 
mens were placed into the middle section of 
the tube, and helium gas (99.999%) was al- 
lowed to flow through until the specimens 
were heated to the desired temperature. As 

FIG. 1. Electron micrographs for the same region of Niiy-alumina model catalysts heated in HZ at 
700°C for (a) 5 and (b) 6 hr. The arrows in (a) indicate the particles that disappeared in the next step, 
and the numbers indicate particular particles of interest. 
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FIG. 2. Electron micrographs for the same region of Nily-alumina model catalysts heated in Hz at 
800°C for (a) 5.5, (b) 6, (c) 6.5, and (d) 7.5 hr. The arrows indicate the particles that disappeared in the 
next step, and the numbers indicate particular particles of interest. 

soon as the chosen temperature was shape, and position of individual particles. 
reached, helium was replaced by hydrogen. Two or three areas were selected for each 
The tlow rate of hydrogen was 40 ml(STP)/ specimen to decide the size distribution and 
min. After heating for the desired period of the average size as a function of time and 
time, the gas was again replaced by helium temperature. It should be noted that the 
and the specimens were cooled to room TEM samples were exposed to atmosphere 
temperature. and that observations were made on the 

TEM Observations. The transmission nickel particles in the oxide state. 
electron microscope used was JEOL RESULTS 
(JEMlOOCX), and the accelerating voltage 
applied was 100 kV. The same region of a 1. Behavior of Individual Particles 

specimen was observed after each heat Figures 1 and 2 show the transmission 
treatment to follow the changes in size, electron micrographs of the same region of 
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TABLE 1 

Schematic Illustrations of Various Events Observed on the Electron Micrographs (Figs. la and b) during the 
Heat Treatment, and of Possible Mechanisms 

Before (5 hr) 

4 
0 

.a3 

0 
5 O6 

After (6 hr) Possible mechanisms 

&O particle migration 
I 

5O 
or Ostwald ripening 

‘6 

07 II particle migration 

O8 08 or Ostwald ripening 

O8 ‘8 particle migration 

09 6;g 

010 b;,. 

011 011 

012 

013 

%I 

‘16 915 

017 

0 

018 
20 ,a19 

23, 2 
025 

220 a21 

26 
O;7 

06 
29 28 

012 
I 

*u 

I 016 

017 

0 

q3 

200 

230 2 

a 21 220 '-' 

I 
O27 

0 %28 

29 

particle migration 

or Ostwald ripening 

particle migration 

or Ostwald ripening 

particle migration 

or Ostwald ripening 

particle migration 

or Ostwald ripening 

particle migration 

or Ostwald ripening 

particle migration 

0 31 
0 30 

0 

0 ?! particle migration 

8 3z 

34 J3 

3’: OO 32 

‘L 350 32 

particle migration 

or Ostwald ripening 

036 

‘037 

%3 

039 

IJ 36 0.. 

‘_ 37 

particle migration 

038 

41 "0 0 

400 O 

039 

,o- 0 

Loo O 
4 

- 

particle migration 

Note. The dashed arrows indicate the possible direction of particle migration or Ostwald ripening, and the 
crosses indicate the original position of the particles that have disappeared. 
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a specimen heated to 700 and SOWC, re- titles 3, 7, 13, 15, 19, 2.5, 26, 33, and 34 in 
spectively. Relative movement of individ- Fig. la) disappeared after being heated for 1 
ual grains of the alumina support occurred hr. The disappearance of a Ni particle is 
during treatment, and the relative positions possible not only by the atomic migration 
of Ni particles on individual A&O3 grains through Ostwald ripening but also by the 
remained essentially unaltered. However, particle migration. Particles of about 70 A 
various local events for some of the Ni par- (particles 9, 21, and 28 in Fig. la) to about 
titles, migration and/or disappearance, 120 A (particles 31, 37, and 41 in Fig. la) 
were observed on the electron micrographs were found to be able to migrate a distance 
and are listed in Tables 1 and 2. up to about 150 A, which are the direct evi- 

At 7OO”C, both the disappearance and mi- dences to the particle migration mecha- 
gration of Ni particles occurred. For exam- nism. 
ple, the small particles of 30 to - 100 A (par- At 8OO“C, on the other hand, small parti- 

TABLE 2 

Schematic Illustrations of Various Events Observed on the Electron Micrographs (Figs. 2a-d) during the 
Heat Treatment, and of Possible Mechanisms- - 

3 
Before (6 hr) After (6.5 hr) possible mechanisms 

8 9 

* 6 particle migration 

cl... 0 OL, i:. 8 I 

:::oO 
04 

or Ostwald ripening 

?= $) ,L 05 10 (3 & 05 

p” x 

;0;* 
particle migration 

013 613 or Ostwald ripening 

45 A.% 01: 

9 9 44 g 9 x y;::E,-;y~g 

x 

19 

3'q" 
3gL 

,.'.. ..: :j 

039 
particle migration 

0, 3”9 

O36 

x z31 038 
or Ostwald ripening 

036 036 particle migration 

or Ostwald ripening 

Note. The dashed arrows indicate the possible direction of particle migration or Ostwald ripening, and the 
crosses indicate the original position of the particles that have disappeared. 
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sefore (6 ‘hr) After (6.5 hr)I Possible mechanisms 

033 

048 

047 

0.’ oqj 
54 52 

46 oa.045 
042 

o 69 

874 
Before (6.5 hr) 

TABLE 2-Continued 

0 33 

32 31 0 0 Ostwald ripening 

“30 

particle migration 

or Ostwald ripening 

460 ,.. particle migration 

45 
0 '." 04* 

O@ Ostwald ripening 
069 

:I; lc&, ::: particle migration 

087 

840 % 
particle migration 

0, 
or Ostwald ripening 

x 

cles were frequently found not only to dis- (12). Also, at 800°C the migration of parti- 
appear but also to become smaller during cles (for example, particles 45 and 70) fre- 
heating. For example, particles 11 and 12 in quently occurred, indicating the particle 
Fig. 2b of about 150 A in diameter disap- migration mechanism. Large particles (for 
peared after heating for 0.5 hr, probably example, particles 1, 27, 29, 40, and 74 in 
captured by particle 13 through the particle Fig. 2) were faceted and significantly in- 
migration or the atomic migration mecha- creased in size during heating at 800°C. It 
nism. The same can be said for particles 14, should also be noted that the smaller parti- 
19, 35, 53-55, 57, 80, and 82 as shown in cles less than 20 A in size are not detected 
Table 2. Particles 31, 32, 48, and 69 were due to the resolution limit of TEM and that 
found to become considerably smaller in the amount of such smaller particles can be 
size, and this phenomenon must be inter- considerable. This can be evidenced by the 
preted as clear evidence to the metal fact that most particles in Fig. lb are some- 
growth by the atomic migration mechanism what larger than those in Fig. la. 
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FIG. 3. Electron micrographs of Nily-alumina model catalyst heated in H2 (a) at 700°C for (al) 10, 
(a2) 20, and (a3) 41 hr; and (b) at 800°C for (bl) 10, (b2) 20, and (b3) 43 hr. 

2. Particle Size Distribution (PSD) (C;iv;)-‘I”*, in which Ni is the number of 
particles with diameters between B; - hDi/ 

Figures 3a and b show the electron mi- 2 and Oi + hDil2; Oi is the average diameter 
crographs of Nily-alumina model catalysts in each diameter interval. Kuo and De 
heated at 700 and 8OO”C, respectively. Angelis (13) used the geometric mean diam- 
About 600 to 1000 particles were counted to eter for the particle size and explained the 
measure the particle sizes. Table 3 is a sum- increase of standard deviation with time as 
mary of the effect of experimental condi- a possible indicator of change in the sinter- 
tions on the average particle size of Nily- ing mechanism at a higher temperature. In 
alumina model catalysts. The geometric Table 3, the similar trend is found at 800°C. 
mean diameter, o,, is defined as In & = Figure 4 shows the histograms of tt e parti- 
ZiNi ln a @iNi)-‘, and geometric standard cle size distributions under each experi- 
deviation, Us, In a, = [ZJVi (In Dj - In &)* mental condition. To see the effect of tem- 
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TABLE 3 

Effect of Experimental Conditions on the Sintering of Nily-Alumina Model Catalysts 

Treatment conditions 

Atmosphere Temperature (“C) 

Time 
(W 

Geometric mean 
diameter, D, 

(4 

Geometric standard 
deviation, a, 

H2 600 10 44.0 1.34 
H2 600 20 46.4 1.30 
HZ 600 45 52.4 1.33 
H2 700 10 49.2 1.32 
H2 700 20 50.4 1.30 
H2 700 41 55.7 1.34 
H2 800 5 46.0 1.32 
H2 800 10 51.6 1.34 
H2 800 20 65.0 1.37 
H2 800 43 104.0 1.39 

perature on the PSDs, the approximate PSD did not show any detectable changes, 
curves drawn from Fig. 4 were compared at but after 40 hr it was remarkably broadened 
a given time, as shown in Fig. 5. The PSDs at 800°C. The effect of time on PSD can 
at 600 and 700°C remained nearly un- also be evidenced from Fig. 6, and it is seen 
changed, while at 800°C they were consid- to be the most significant at 800°C. It is 
erably shifted to the larger sizes of the dis- noted that the electron micrograph in Fig. 7 
tribution. On heating for up to 20 hr, the shows the abnormal growth phenomenon 

20 40 60 80 100 120 20 40 60 80 100 120 140 160180 200.220 

crystallite diameter (A) crystallite diameter (iI crystallite diameter (A) 

FIG. 5. Comparison of particle size distributions of Nily-alumina model catalyst heated in H2 at 600, 
700, and 800°C for 10, 20, and more than 40 hr, respectively, showing the effect of temperature 
(reconstructed from Fig. 4). 

20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120 140 160 180 200 220 

crystallite diameter (8) crystallite diameter (Al crystallite diameter Ii) 

FIG. 6. Comparison of particle size distributions of Nily-alumina model catalysts heated in Hz for 10, 
20, and more than 40 hr at 600, 700, and 8WC, respectively, showing the effect of heating duration 
(reconstructed from Fig. 4). 
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FIG. 7. Electron micrograph of Niiy-alumina model catalyst heated in H2 at 800°C for 43 hr (the same 
as in Fig. 3-b3). The large faceted crystallites are shown to appear. 

(14) existed locally in the same specimen of 
Fig. 3-b3, heated at 800°C for 43 hr. The 
appearance of the large, faceted particles 
may be a similar phenomenon to that 
shown in Fig. 2. 

3. Sintering Rate 

The power-law-type Eq. (1) was em- 
ployed to explain the sintering rate. Equa- 
tion (1) can be rewritten as 

Dm 

( 1 
r 

Do 
= 1 + at, (2) 

where (Y is a constant, D and Do are the 
average particle diameters at time t and 0, 
respectively, and m + 1 is the sintering ex- 
ponent II. If the value of at is much larger 
than unity, the sintering exponent can be 
found from the slope in the plot of log D vs 
log t. The criterion of at P 1 cannot be 
checked at this moment. Moreover, the ini- 

tial condition of t = 0 for the power-law 
equation may be arbitrary, especially if the 
sintering mode varies with time. 

Kuo et al. (1.5) studied the sintering of the 
nickel/silica commercial catalyst and, fol- 
lowing Wynblatt and Gjostein (16) without 
discussing the condition of at % 1, plotted -- 
their data in the coordinate of log (D/Do) vs 
log t. For comparison with their work, the 
present data were also plotted in a similar 
manner in Fig. 8. The sintering exponent n 
at 600 and 700°C are 10.5 and 12, respec- 
tively, while n at 800°C is 3. This change of 
IZ value observed in this investigation is 
very similar to the results obtained by Kuo 
et al. (15). 

Their sintering exponent n in hydrogen 
atmosphere changed from 14 to 4 with the 
temperature varying from 700 to 800°C. 
They proposed that sintering predomi- 
nantly occurs by a particle migration mech- 
anism at temperatures of 700°C and below 
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0.6 0.0 1.0 1.2 1.4 1.6 1.8 2.0 

Log T 

FIG. 8. Plot of log Bvs log f for Nii-y-alumina model 
catalyst heated in Hz atmosphere. 

and by an atomic migration mechanism at 
800°C. Recently, Nakayama et al. (17) 
showed that the prevailing mechanism in 
hydrogen at 600°C was particle migration 
on A&O3 but atomic migration on SiOz. 
They postulated that a strong nickel/alu- 
mina interaction is formed only at high tem- 
peratures and also a nickel-aluminate 
complex would be formed at higher 
temperatures than nickel silicate. 

DISCUSSION 

Two mechanisms were clearly responsi- 
ble for the growth of nickel particle on alu- 
mina model catalyst. The sintering charac- 
teristics at 800°C in the present work by 
using TEM are (1) the direct evidence to the 
Ostwald ripening, which was not observed 
at 700°C (2) the formation of very large fac- 
eted crystallites, (3) the broadening of PSD, 
and (4) the substantial decrease in the sin- 
tering exponent. If it is reasonably accepted 
that the abrupt change of the sintering ex- 
ponent implied the change of the sintering 
mechanism, the predominant mode of sin- 

tering is shifted from the particle migration 
to the atomic migration with the tempera- 
ture changing from 700 to 800°C. Because 
the present model catalyst is of flat geome- 
try, the effect of pore structure on this shift 
suggested by Kuo et al. (15) does not seem 
to serve the purpose. The nature of support 
material seems to be a rather good source 
of explanation. In other words, the interac- 
tion of nickel particles with alumina or the 
formation of nickel aluminate must be en- 
hanced at 800°C. 
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