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A thin layer of v-A1203 upon which Pt is deposited by evaporation is used to study the 
redispersion of Pt crystallites supported on alumina. The specimens are subjected to heating 
in 1 arm O2, H2, wet H~, or wet N2 at several temperatures and for various lengths of time. 
The change in size, shape, and position of the Pt crystallites is followed by examining the same 
region of the same specimen after each step by transmission electron microscopy. Pt crystallites 
do not redisperse or sinter when heated in O2 at 750°C and 1 atm. Several cycles of alternating 
heating of the specimen in O2 and H2 at 750°C and 1 arm are needed before Pt crystallites 
start to redisperse during the oxidation step. Thereafter, redispersion or sintering can be 
produced periodically by changing the chemical atmosphere from an oxidizing to a reducing one. 
Heating in wet N~ has the same effect on redispersion as heating in O2. Redispersion is caused 
either by the fracture of the crystallites or by the spreading of platinum oxide over the surface 
of the substrate. Spreading occurs either because no wetting angle can exist between the 
oxidized crystallite and substrate, or most probably because a "two-dimensional fluid" of 
platinum oxide can coexist with the crystallites. Heating in H~ produces sintering probably 
because platinum oxide is reduced to Pt which does not wet the substrate. A thermodynamic 
explanation of the origin of the two-dimensional fluid is provided. 

INTRODUCTION 

Suppor t ed  me ta l  ca ta lys t s  used for high- 
t empe ra tu r e  h y d r o c a r b o n  processing or 
au to  emission control  general ly  deac t iva te  
wi th  t ime.  The  deac t iva t ion  is due a m o n g  
o ther  causes to  the  agg lomera t ion  of the  
me ta l  crystal l i tes.  Re juvena t ion  by  redis- 
persion of the  crystal l i tes  of the  aged  
ca ta lys t  has  been  repor ted  (1-10).  K e a r b y  
et al. (3) have  shown t h a t  crystal l i tes  larger  
t h a n  20 n m  of the  aged  ca ta lys t  redisperse 
to  crystal l i tes  smaller  t h a n  5 nm. The  

1 y.  F. Chu is associated with Mobil Research and 
Development Corporation, Paulsboro Laboratory, 
Paulsboro, New Jersey 08066. 

regenera t ion  process general ly involves 
hea t ing  the  aged  ca ta lys t  in an  oxygen-  
conta in ing  a tmosphere  such as O2 or s team, 
or hea t ing  the  aged  ca ta lys t  in an  oxygen  
a tmosphere  followed by  hea t ing  in a hy -  
d rogen  a tmosphere .  The  aged ca ta lys ts  are 
somet imes  p re t rea ted  wi th  chlorine. The  
condi t ions  and  the  mechan i sm or mecha -  
nisms by  which  redispersion of P t  crysta l -  
lites occurs are no t  ye t  clear. Johnson  and  
Ke i th  (2) r epor ted  redispersion of P t  
crystal l i tes  in a commercia l  P t  on a lumina  
ca ta lys t  when  hea ted  in d ry  air a r o u n d  
510°C or in 1 a r m  O~ a round  580°C. T e m -  
pera tures  higher  t h a n  580°C caused sinter- 
ing. Johnson  and  Ke i th  believe t h a t  below 
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TABLE 1 

Effect of Experimental Conditions on the Average Size of Pt Crystallites Supported on ~,-A120a 

Run Figure Treatment conditions Comments 

Atmosphere Tern- Time (hr) Average 
(1 arm) perature size 

(°C) (nm) 

a 3.3 
1 O3 750 0-6 3,3 No change 
2 02 750 6-48 3.3 No change 
3 H3 750 48-54 3.7 Slow sintering 
4 H3 750 54-96 3.9 Slow sintering 
5 O3 750 96-99 4.0 No change 
6 H3 750 99-105 4.2 Slow sintering 
7 O3 750 105-108 4.2 No change 
8 H3 750 108-114 4.3 Slow sintering 
9 02 750 114-117 4.3 No change 

10 H3 750 117-123 4.5 Slow sintering 
11 O2 750 123-126 4.5 No change 
12 H2 750 126-132 4.6 Slow sintering 
13 03 750 132-135 4.6 No change 
14 la H3 750 135-141 4.6 No change 
15 lb 03 750 141-144 b Redispersion 
16 2a H3 850 144-152 15.4 Sintering 
17 2b O3 750 152-154 b Redispersion 
18 02 750 154-166 b No change 
19 20 1t2 750 166-167 3.7 Sintering 
20 H~ 850 167-168 10.6 Sintering 
21 H3 850 168-169 11.5 Sintering 
22 O3 750 169-170 b Redispersion 
23 112 550 170-180 b No change 
24 H~ 750 180-182 4.7 Sintering 
25 H3 850 182-183 5.7 Sintering 
26 Wet H3 750 183-186 b Redispersion 

and sintering 
27 3a Wet H3 750 186-192 b Redispersion 

and sintering 
28 3b O3 750 192-194 b Redispersion 
29 3c H3 750 194-196 4.2 Sintering 
30 H3 850 196-198 13.1 Sintering 
31 Wet N~ 750 198-200 b Redispersion 
32 tt3 750 200-203 4.1 Sintering 

Fresh specimen after heating in 113 at 750°C and 1 arm for 12 hr. 
b Most Pt crystMlites have sizes smMler than the resolution of TEI~I, 

a cri t ical  t e m p e r a t u r e  a P t - a l u m i n a  com- 
plex exis t ing in a n  oxidized s ta te  is s table  

a n d  is responsible  for redispersion.  This  
cri t ical  t e m p e r a t u r e  is nea r  510°C a t  0.2 
a r m  O2and nea r  580°C a t  1 a t m  02. R u e k e n -  
s te in  a n d  P u l v e r m a e h e r  (11) suggested t h a t  

redispers ion is somet imes  caused b y  the  

loss of par t ic les  to the  subs t ra te .  F l y n n  a n d  
W a n k e  (12) repor ted  a redispers ion in  a 
commerc ia l  P t  on a l u m i n a  ca ta lys t  when  
hea ted  in  02 a r o u n d  600°C a n d  1 arm.  
T h e y  observed s in te r ing  a t  t e m p e r a t u r e s  
lower t h a n  500°C or higher  t h a n  6O0°C. 
F l y n n  a n d  W a n k e  expla in  redispers ion as 
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a result of the loss of metal oxide molecules 
from the crystallites to the support. 

A direct examination of the changes in 
size, shape, and position of each crystallite 
on the support by transmission electron 
microscopy (TEM) during various stages 
of treatment can give some insight con- 
cerning redispersion. A model catalyst of 
Pt evaporated on thin films of alumina is 
suitable for this purpose. Ruckenstein and 
Malhotra (10) carried out such an experi- 
ment and observed that redispersion of 
crystallites occurs when aged specimens 
were heated at 500°C in air. The purpose 
of the present paper is to examine the 
behavior of Pt erystallites of the model 
catalyst during alternating heating in O~ 
and H2. The present experiments show that 
no appreciable sintering or redispersion 
occurs when the specimens are initially 
heated at 750°C either in pure 02 or in 
pure It2. However, after several cycles of 
alternating heating in 02 and H2 redisper- 
sion or sintering start to occur. Thereafter, 
redispersion and sintering can be produced 
periodically by changing the chemical 
atmosphere from an oxidizing to a re- 
ducing one. The crystallites redisperse 
during the oxidizing step and sinter during 
the reducing step. Heating in wet N2 has 
the same effect on redispersion as heating 
in O2. When heating has occurred in wet 
H2, some crystallites increased in size and 
others decreased in size, but the behavior 
of the Pt crystallites appeared to be inde- 
pendent upon size. Redispersion during 
heating in O2 and sintering during heating 
in H2 are explained below in terms of 
wetting. 

EXPERIMENTAL 

Preparation of alumina substrate. Thin 
films of alumina were prepared by anodiza- 
tion of aluminum foils as described pre- 
viously (10, 13). The anodization solution 
contained 3% wt tartaric acid with a pH 
adjusted to 5.5. The voltage was kept at 
20 V and the anodization lasted 1 min. 

This produced a nonporous layer of alumina 
of about 30 nm thickness on the aluminum 
foil. After the remaining aluminum foil was 
dissolved by amalgamation, the thin films 
of alumina thus obtained were transferred 
to a large amount of distilled water and 
picked up on gold grids. They were allowed 
to dry and were kept in an evacuated 
dessicator. The alumina films supported on 
the grid were then heated in a furnace in 
air at 850°C for 72 hr. During this treat- 
ment the amorphous nonporous alumina 
transformed to ~,-A120~. The substrate did 
not change its morphology and structure 
upon further prolonged heating in 02 or It2. 
No reaction between Pt and alumina sub- 
strate has been detected by electron diffrac- 
tion throughout the experiment. 

Preparation of Pt supported on alumina 
substrate. Pt films 1 nm thick were deposited 
on the alumina substrate by evaporating 
the corresponding amount of Pt wire in a 
vacuum unit. Pt wire of 99.999% purity 
was purchased from Ventron Corporation. 
The pressure in the vacuum unit during 
the evaporation was always maintained 
below 10 -6 Torr and the substrate was 
always at room temperature. Electron dif- 
fraction has shown that the component 
evaporated is Pt. 

Heat treatment. The heating was carried 
out in a quartz tube located in a furnace. 
The temperature of the furnace was con- 
trolled to within :t:5°C. The specimen in- 
troduced in the quartz tube was evacuated 
by a mechanical pump. After a pressure of 
10 -2 Torr was reached, the mechanical 
pump was switched off and nitrogen was 
allowed to flow through the tube at room 
temperature for 2 hr. The temperature was 
then raised to the chosen temperature in 
about 1 to 2.5 hr. As soon as the choser~ 
temperature was reached, N2 was replacec~ 
by H2 or O~. The experiments were per- 
formed at atmospheric pressure and th~ 
flow rate of the gas was 35 em~/min. The 
gases used were all >99.999% purity and 
were obtained from Linde Division, Union 
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Carbide Corporation. Traces of water  were 
removed by passing the gas through 5 A 
molecular sieves before entering the unit. 
In  the experiments performed in wet Nx 
or wet H2, N2 or H2 were respectively 
passed through a bubbler tube containing 
H20 at room temperature  before entering 
the unit. After the desired period of heating, 
the gas was replaced by  N2 and the quartz 
tube containing the specimen was cooled to 
room temperature  in about  1.5 hr. 

Each specimen was subjected to heat 

t rea tment  in the following succession: 

(i) Thin films of alumina with Pt  de- 

posited on them were heated in the quartz 
tube in flowing H2 at  750°C and 1 arm for 

12 hr. During this t reatment ,  the Pt  film 
broke up and formed Pt  islands. The re- 
sulting particle size distribution is con- 
sidered as the initial size distribution. 

(ii) The specimen was heated in O2 at 

750°C and 1 a tm for 6 to 48 hr. 
(iii) The specimen was then heated in 

H2 at  750°C and 1 a tm for 6 to 48 hr. 
(iv) The specimen was subjected to 

several cycles of al ternat ing heating in 
oxygen and hydrogen until  significant 

changes were observed in the sizes of the 
crystallites. Each cycle consisted of heating 
in 02 at  750°C and 1 arm for 1 to 3 hr 
followed by heating in H2 at  the same 
temperature  and pressure for 2 to 6 hr. 

FIG. 1. Transmission electron micrographs showing the same region of a model catalyst. The 
black particles correspond to Pt and the substrate is ~-Al~Os. (a) After five cycles of alternating 
heating in O2 and H~. at 750°C and 1 arm, (b) an additional 3 hr heating in O2 at 750°C and 1 arm 
after (a). Most of the Pt crystallites in Fig. lb are not detected by TEM. 
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FIG. 1--Continued. 

(v) The specimen was heated alter- 
natively in 02 and H2 at 1 atm and a 
specified temperature. 

By proper rotation, the same regions of 
the specimen were inspected by TEM after 
heating so that the change in size, shape, 
and position of each particle could be de- 
tected. The electron microscope has a 
resolution of about 1 nm. More than 2000 
particles were measured on magnified elec- 
tron mierographs of different regions of at 
least four specimens which had been heated 
similarly. The average erystallite size is 
calculated a s  Y'.*zi[)ia/Y~.niDi 2, where n i  i8 
the number of crystallites which have a 
diameter between Di and D~-k ADi and 
/31 = D~ q- (zXDg/2). 

Similar final results were obtained when 
similar specimens were heated continu- 

ously for the same total time and exposed 
only once to air and electron beams for 
examination in TEM. The effect of con- 
tamination due to repetitive contacts with 
air or exposure to electron beams of the 
specimens during successive experiments 
was therefore minimal. 

RESULTS 

Effect of 02 and H2 on the Redispersion 

The average size of Pt  crystallites after 
each heating stage is given as a function of 
time in Table 1. It  is clear from runs 1 
through 4 in Table 1 that  no significant 
changes in the size of the crystallites occur 
when the specimen is heated in 02 for 48 hr 
followed by heating in H: for 48 hr. The 
average size of the crystallites increased 
from about 3 to 4 nm. This confirms a 
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previous observation (13) tha t  pure 02 or 
pure tt2 does not appreciably stimulate 
sintering of P t  erystallites deposited by 
evaporation on thin films of ~,-A120~. No 
redispersion of Pt  erystallites occurred 
during this t reatment .  EIt should be noted 
that ,  in contrast  to the model catalyst 
used here, appreciable sintering of the 
erystallites occurs when industrial eat, a- 
lysts are heated in 02 at high temperature  
(6, 8, 9, 12). The difference in the method 
of preparation and the nature of the sub- 
strate probably explains the different 
behaviors.~ 

The specimens were then heated alter- 
nat ively in O~ or I-I~ for five cycles at  

750°C and 1 a tm (runs 5 through 14, 
Table 1). The five cycles of heating caused 
a small increase in the average size of the 
Pt  crystallites from about  4 to 5 nm. The 
electron mierograph of Fig. la  shows the 
morphology of P t  on the alumina substrate 
after  run 14. The black particles are P t  and 
the substrate is v-A1203. The grain bound- 
aries of v-A120~ are readily observed. After 
the specimen was heated in 02 at 750°C 
and 1 arm for 3 hr (run 15, Table 1) the 
crystallites decreased in size (Fig. lb).  
Furthermore,  most of the erystallites from 
Fig. la  can no longer be detected in Fig. lb. 
Compare, for example, regions A through 
F and those crystallites marked by numbers 

FIG. 2. Transmission electron mierograph showing the same region of the model catalyst. (a) 
An additional 8 hr of heating in H2 at 850°C and 1 atra after lb. Pt crystaIlites sinter and grow in 
size. (b) An additional 2 hr heating in 02 at 750°C and 1 atm after 2a. Redispersion of Pt crystal- 
lites occurs. (c) An additional 12 hr of heating in 02 and 1 hr heating in tI2 at 750°C and 1 arm after 
2b. Pt erystallites sinter and reappear. 
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F~Q. 2--Continued. 

or arrows of both Figs. la and b. The un- 
detected crystallites did not evaporate 
from the specimen since, as will be shown 
later, Pt reappears during heating in H2 
(see Fig. 2a). The erystallites were not 
detected by TEM because the initial 
crystallites redispersed as particles with 
sizes smaller than the resolution of TEM. 
As explained below, platinum is probably 
oxidized to platinum oxide which better 
wets the substrate. Chu and Ruckenstein 
have provided evidence by electron diffrac- 
t, ion that platinum is oxidized in an oxygen 
atmosphere (14). 

The specimen of Fig. lb was further 
heated in flowing H2 at 850°C and 1 atm 
for 8 hr. The Pt erystallites reappeared and 
grew to an average size of about 15 nm 
(run 16, Table 1). They are relatively thin 

but have clear boundaries and irregular 
shapes on the substrate (see Fig. 2a). The 
dumbell-shape morphology of some Pt 
crystallites shown by arrows in Fig. 2a 
gives indication that  migration and coales- 
cence occurred. 

After several cycles of alternating heating 
in 02 and H2 (runs 5 though 14, Table 1), 
redispersion or sintering could be produced 
periodically by heating in O5 or H2, respec- 
tively. Similar results were obtained on at 
least four specimens. The electron micro- 
graphs shown in the present paper are 
taken from the same region of one of the 
specimens. 

Redispersion and Sintering of Pt Crystallites 

The specimen of Fig. 2a was further 
heated in 02 at 7500C and i atm for 2 hr. 



116 RUCKENSTEIN AND CHU 

FIG. 2--Conti,nued. 

Significant changes occur (see Fig. 2b). 
Comparing, for example, regions A to F 
in Figs. 2a and b, one can observe that 
most of the erystallites in Fig. 2a no longer 
appear in Fig. 2b. Again, Pt did not 
disappear from the specimen since it re- 
appears as crystallites when heated in H2 
(Fig. 2e). The large erystallites 1 to 5 in 
Fig. 2a decrease in size during heating in 
02 (Fig. 2b). They also change their shapes. 
It  may be noticed that crystallite 4 and 5 
have smooth boundaries in Fig. 2a but 
sharp edges (indicated by arrows) in Fig. 
2b. We intended to redisperse the remaining 
large erystallites further by additional 
heating in 02 for 12 hr (run 18, Table1). 
However, no significant change could be 
detected on the specimen. The small crys- 
tallites and/or the metal-oxide molecules 

undetected by TEM in Fig. 2b sintered 
and grew in size during heating in H2 at 
750°C and 1 atm for 1 hr (run 19, Table 1). 
A large number of small crystallites of 
about 4 nm appears (Fig. 2e). Regions A 
to F of Fig. 2 show the same regions of the 
specimen. It can be seen that. most of the 
erystallites in Fig. 2e are new erystallites 
occupying positions where no erystallites 
were detected previously in Figs. 2a and b. 
Almost all the erystallites of Fig. 2e are 
of about 4 nm size, hence they are much 
smaller than the crystallites of Fig. 2a 
which are of about 15 nm size. The number 
of Pt  crystallites observed in Fig. 2e is at 
least 25 times larger than that in Fig. 2a. 
The alternating heating in 02 and H2 was 
continued several times (Table 1). Redis- 
persion occurred when the specimen was 
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heated in 02, and sintering occurred when 
the specimen was heated in H2. 

Effect of Wet H2 or Wet N2 on Redispersion 

After alternating heating in O~ and H2 
the specimen was further heated in wet I-I~ 
at 750°C and 1 atm for 3 hr (run 26, 
Table 1). Some erystallites increased in 
size and others decreased in size. However, 
their behavior appeared to be independent 
of size. In addition it was found that redis- 
persion of the Pt erystallites occurs during 
heating in wet N2. 

DISCUSSION 

Two mechanisms appear to explain the 
redispersion observed in our experiments: 
(a) fracture of erystallites, and (b) spread- 
ing of platinum oxide (formed in the 
oxidizing atmosphere) over the surface of 
the substrate. 

Redispersion by Fracture 

Crystallites 6, 7, and 8 of about 40 nm 
size in Fig. 3a are fractured into smaller 
particles in Fig. 3b. The crystallites re- 
sulting through fracture sintered after 
heating in H2 (Fig. 3c). This fracture can 
be explained in terms of the stability theory 
developed by Ruckenstein and Dunn (15). 
Let us consider a thin film on a substrate 
and apply a small, spatially periodic dis- 
placement to its free interface. If the re- 
sponse of the system increases the effect of 
the perturbation, then the film may frac- 
ture. In the converse case the film is stable. 
The response of the system is determined 
by the surface diffusion of the atoms, which, 
in turn, is generated by a gradient of the 
chemical potential along the perturbed 
free interface of the film. The chemical 
potential is expressed in terms of the 
curvature of the interface, of the pre- 
existing internal stresses in the film, and 
of the interaction forces between the metal 
atoms at the gas-solid interface and those 

of the film and substrate. The latter inter- 
actions have to be taken into account when 
the range of the interaction forces between 
one atom of the film and the entire sub- 
strate is larger than the thickness of the 
film. Surface diffusion can amplify, under 
some conditions, the initial perturbation 
leading to fracture. The calculations predict 
a critical prestress required for fracture 
which decreases as the surface tension de- 
creases. The theoretical considerations (15) 
are valid for thin films and can probably 
be extended only to sufficiently large 
crystallites. In the case of small crystallites, 
their shape and size are expected to affect 
stability. 

Oxidation of platinum to platinum oxide 
generates an internal stress and decreases 
the film-gas surface tension. Fracture occurs 
when the internal stress is larger than the 
critical stress. Rapid cooling also generates 
internal stresses because of differences in 
the thermal expansion coefficients of the 
metal and substrate, and these can induce 
fracture. This kind of behavior was ob- 
served in references 10 and 14. 

Redispersion by Spreading 

Two kinds of spreading are distinguished 
here. In the first kind, no wetting angle 
can exist between erystallites and sub- 
strate; in the second kind a wetting angle 
is possible, but a two-dimensional fluid 
coexists with the erystallites. The thermo- 
dynamic origin of the two-dimensional 
fluid is examined at the end of this section. 

For a crystallite in thermodynamic 
equilibrium on the substrate, the three 
surface tensions are related through Young's 
equation (Fig. 4) 

~ - Gm~ = Cmg COS 0, (1) 

where ~ is the surface tension (the sub- 
scripts gs, ms, and mg refer to the gas- 
substrate, metal-substrate, and metal-gas 
interfaces, respectively) and 0 is the wetting 
angle. For very small crystallites the 
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equilibrium problem is more complicated 
and  has to be examined along the lines 
developed by  Ruekenstein and  Lee (I6). 
For  the sake of simplicity and  because the 
present  discussion is largely qualitative, 
Young's  equat ion is used as the s tar t ing 
point. 

In  vacuum, the metals  have high surface 
tensions. For instance, P t  has a surface 
tension of 2340 erg cm -2 a t  1310°C; for Ni 
a t  1250°C it is 1850 erg em -2 (17). The 
oxides have a surface tension lower than  
tha t  of the metals. ESinee no values are 
available for p la t inum oxide, we ment ion 
tha t  the surface tension of Ag at  932°C is 
a function of the part ial  pressure of oxygen, 
decreasing f rom about  1100 erg em -2 a t  
10 .6 a t m  to about  300 erg cm -2 a t  1 a rm 

(18)-]. For  this reason the metals  do not wet  
the oxides. However,  if the meta l  is oxi- 
dized, its surface tension decreases appre-  
ciably. I f  the entire crystalli te is oxidized, 
the crystal l i te-substrate  interfaeial tension 
is also expected to decrease. In  these condi- 
tions it is possible to have 

O'gs - -  O-ms > O'mg. ( 2 )  

No wet t ing angle is, however, compatible  
with inequal i ty  (2), which leads to cos 0>  1, 
and therefore the crystallite has to spread 
over the entire surface available (ll),  ulti- 
ma te ly  as single molecules. When plati- 
num oxide is reduced by  heat ing in H2, 
the erystallites form once again since 
p la t inum does not wet a lumina and hence 

FIG. 3. Transmission electron micrographs showing the same region of the model catalyst (a) 
after run 27 (Table 1) ; (b) an additional 2 hr of heating in O3 at 750°C and 1 arm after 3a; (c) an 
additional 2 hr of heating in H~ at 750°C and 1 arm after 3b. 
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:FIG. 3--Continued. 

The first five or six cycles of heating in 
02 and H2 probably generate some porosity 
in the crystallites and, in this manner, en- 
hance the oxidation of the smaller crys- 
tallites. They also produce some recon- 
struction of the substrate. Only after this 
initial process condition (2) is satisfied and 
can redispersion occur. The large crystal- 
lites are oxidized completely only near their 
leading edge where they are sufficiently 
thin. Therefore, only that part of the 
larger erystallites spreads as molecules of 
platinum oxide over the substrate. The re- 
maining part which does not spread is 
constituted of pure metal protected by an 
oxide layer. The sharp edges of the larger 
crystallites, observed in our experiments 
after redispersion during heating in 02 
(Fig. 2b), may be due to this process. 

In the kind of spreading just discussed, 
no wetting angle can exist between crystal- 
lites and substrate. However, another kind 
of wetting can also explain the observed 
phenomena. In this ease erystallites coexist 
with a thin layer of platinum oxide which 
can be a two-dimensional fluid, a bilayer, 
or a multilayer. In the present experiments 
one starts with platinum metal which, for 
reasons already mentioned, does not wet the 
substrate. A part of the platinum oxide 
formed during heating in oxygen will spread 
through the leading edge of the crystallite 
to wet the substrate as a two-dimensional 
fluid of molecules of platinum oxide. Re- 
ducing platinum oxide to Pt which does 
not wet the substrate, the two-dimensional 
fluid recondenses into metal erystallites, 
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FIG. 3--Continued. 

being either recaptured by  the remaining 
crystallites or forming new ones. 

I t  is interesting to observe tha t  even in 
the second kind of wetting, p la t inum oxide 
crystallites smaller than  a critical size have 
the tendency to wet the substrate  com- 
pletely. This is due to a Kelvin- type effect 
which generates in the smaller crystallites 
a higher dissolution surface pressure than  
in the larger ones. This dissolution surface 
pressure has to be added to ¢~s and, as 
long as the radius of the crystallite is small 
enough, can lead to the inversion of the in- 
equal i ty ¢ g ~ -  ¢m~ < Crag and  hence to 
spreading (see also Appendix A). 

A the rmodynamic  explanation of the 
origin of the two-dimensional  fluid was 
provided in Ref. (19) using as a s tar t ing  
point  the specific free energy of format ion 

of a thin film on a substrate.  I f  the film 
is thick, ~ is given by  the expression 

( ~ )  ~ ~ = ~mg + ~ m s - -  ~g~. (3)  

Spreading occurs if ~ < 0. As soon as the 
range of the interact ion forces between one 
a tom of the film and the substrate  becomes 
larger than  the thickness of the film, the 
film can no longer be assumed macroscopic 
and the specific free energy of format ion  
becomes a function of the thickness h of 
the film 

~(h) = ~ + f (h) ,  (4) 

~ g 

l .  r ,I  ~ s  

FIG. 4. Droplet on a substrate. 
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where f ( h )  ---+ 0 when h --* ~.  If a Lenard-  
Jones potential  is used for the interaction 
potential  the following approximate ex- 
pression is obtained for f ( h )  (19) : 

f ( h )  - h 2 ha , (5) 

where ~ and ¢~ are constants. If ~(h) is 
always negative, spreading occurs for all 
possible loadings of the substrate, whereas 
if ~(h) is always positive no spread- 
ing occurs. When, however, ~ > 0 but  

(h) < 0 for h < h0 << ~ ,  then  a thin film 
(probably a submonolayer) m a y  coexist 
with the erystallites. A detailed examina- 
t ion of the problem with its implications for 
both  sintering and redispersion is presented 
in Ref. (19). 

CONCLUDING REMARKS 

Several cycles of al ternating heating in 
02 and H2 at  750°C and 1 arm are needed 
before redispersion of P t  erystallites occurs. 
After these cycles of t rea tment ,  redisper- 
sion and sintering can be produced periodi- 
eal!y by  changing the chemical atmosphere 
from an oxidizing to a reducing one. Crys- 
tallites redisperse during the oxidation step 
and sinter during the reduct ion step. Wet  

N2 has the same effect as 02 as concerns 
the redispersion of P t  model catalyst.  Redi- 
spersion is caused in an oxygen atmosphere 
by  spreading of plat inum oxide over the 
surface of the substrate. Spreading occurs 
either because no wett ing angle can exist 

between the oxidized erystallites and sub- 
strate or, most probably, because a two- 
dimensional fluid of plat inum oxide can 
coexist with the erystallites. There are 
conditions under which splitting of large 
erystallites can also occur. Sintering occurs 
during heating in H~ because the oxide is 
reduced to metal  and the metal  does not 
wet the substrate. A thermodynamic  ex- 

planation of the origin of the two-dimen- 
sional fluid is provided. 

APPENDIX A 

Following the procedure used to derive an 
equation for the effect of curvature on the 
vapor  pressure, one obtains for the dissolu- 
tion surface pressure p~ 

where 

p~ = p ~  exp-  (A1) 
r 

=- ~oSo/l~T, (A2) 

p,~ is the dissolution surface pressure for 
large erystallites, r is the radius of the 
erystal l i te-substrate  interface, So is the 
surface area per molecule at  the crystal l i te-  
substrate interface, lc is Boltzmann's  con- 
stant, T is the absolute temperature,  and 
~. is the line tension in erg em -I at  the 
leading edge of the erystallite. Further ,  
denoting by n ~  the number  of molecules of 
plat inum oxide per unit  area of substrate 
in equilibrium with the large erystallites 
and assuming a two-dimensional ideal gas 
(although a two-dimensional van  der Waals 
fluid is a more adequate  assumption), one 
can write 

p ~  = n ~ k T .  (A3) 

Near  the leading edge of the erystallite, on 
the substrate,  there are at  a given moment  
n molecules per cm 2. These molecules of 
plat inum oxide generate a surface pressure 
n k T  which opposes wetting. 

Hence one can find a critical radius rc 
below which spreading is possible from the 
equali ty 

+ _ 

b \ r c  / 

0"ms ~ 0"rag. 

(A4) 

Of course, only if the detachment  of mole- 
cules during spreading maintains r < rc 
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will sp read ing  cont inue.  E q u a t i o n  (A4) 
leads to  

__r° = I ~ m g - ~ m ~ - - ° - g ~ - n k T l - ~ . l n  (A5) 

D e t a c h m e n t  of molecules  will occur  if the  
area  concen t r a t ion  of molecules  in equi-  
l ib r ium wi th  a crys ta l l i te  of radius  r, 
n ~  exp(5 / r ) ,  is la rger  t h a n  n. Because  the  
surface tensions  are of the  order  of a few 
hundred  erg e m  -2, t ak ing  zing + Cm~ -- eg~ 
+ n k T  ~ 102 erg cm -2 and  k T  = 1.3 X 10 -~3 
erg, a r e l a t ive ly  large va lue  of n ~  = 7 
× 10 ~4 c m  -2 is needed  to  ob ta in  ro/~ --~ 10. 
No values  are ava i lab le  for the  line tensiov.  
Assuming  ~ ~ 10 -7 cm resul ts  in a va lue  
of re of the  order  of 10 -6 cm. 

T o  be cons is tent  the  con t r ibu t ion  z~/r~ 

of the  line tens ion  should be  subs t r ac t ed  
f rom the  left  h a n d  side of Eq.  (A4). This  
con t r ibu t ion  is negligible for sufficieiltly 
large radii,  b u t  becomes  i m p o r t a n t  when  
the  radius  is sufficiently small.  Howeve r ,  as 
a l r eady  ment ioned ,  Y o u n g ' s  equa t ion  (cor- 
rec ted  to  include the  con t r ibu t ion  of the  
line tension)  and,  hence,  Eq.  (A4) are no 
longer va l id  for sufficiently small  radi i  [-16~. 
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