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The growth of platinum crystallites supported on graphitized carbon during heat
treatment was considered in terms of models assuming surface diffusion of the
crystallites (Smoluchowski model) and migration of platinum atoms (Ostwald ripen-
ing model) for the rate determining steps. Analyses of the mechanisms suggested
that for the Ostwald ripening model, the rate constant, k, for the decrease in Pt
surface area during sintering was independent of ¢, the total Pt crystallite volume
per unit area of support, whereas in the Smoluchowski model k¥ was proportional to
¢. By investigating the gas-phase sintering of supported catalysts with different Pt
surface concentrations, it was possible to study the dependence of k& on ¢ and,
hence, to distinguish the sintering mechanism. It was concluded that the sintering
of Pt on graphitized carbon can be rationalized in terms of a Smoluchowski mecha-
nism in which Pt crystallites migrate from trap sites on the support and coalesce

on the carbon surface.

Crystallite growth of metal catalysts on
supports at high temperatures has been re-
ported frequently (I-5), but the equations
which have been used to describe the con-
comitant metal surface area decrease with
time have only recently been given detailed
physical interpretations. Two basically dif-
ferent mechanisms can be proposed for
metal transport on the surface of the sup-
port to produce crystallite growth. Firstly,
it has been suggested that discrete metal
crystallites (clusters) migrate on the sup-
port in a process analogous to two-dimen-
sional Brownian motion (6, 7). On colli-
sion, the crystallites coalesce. Depending
on the sintering conditions, either surface
diffusion or coalescence of crystallites may
be rate limiting. Ruckenstein and Pulver-
macher (8, 9) have derived the relationship
between the crystallite size distribution (or
exposed metal surface area) and heat
treatment time based on this model and
have applied their equations to several
experimental studies for platinum on

alumina catalysts. The same mechanism
has also been invoked by Phillips et al. (7)
to describe the crystallite growth observed
upon annealing thin evaporated discontinu-
ous gold films.

The second mechanism used to deseribe
metal crystallite growth involves evapora-
tion of atoms from small crystallites and
condensation on larger ones in a process
akin to the Ostwald ripening of dispersed
precipitates in solution. The atoms may
diffuse either on the surface of the support
as adatoms or in the gas phase. Somorjai
(10) developed equations from the Ostwald
ripening mechanism to correlate low-angle
X-ray diffraction observations of the
growth of well-dispersed platinum particles
on alumina at 600 and 700°C, while re-
cently Huang and Li (71) have used the
same model in reporting electron-micro-
graphic observations of sintering for large
(1500-3000 &) particles of platinum on
alumina at 900°C.

In considering the possible contribution
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of each mechanism to the transport of
metal during sintering, supportive evidence
for the occurrence of both crystallite mi-
gration and adatom diffusion can be cited.
For example, the mobility of metal crystal-
lites on support surfaces has been fre-
quently demonstrated in electron micro-
scopic studies of discontinuous metal
films. Bassett (12) has observed translation
of copper and silver islands on amorphous
carbon and graphite at 252°C while
Phillips et al. (7) inferred motion and
coalescence of gold islands (up to 100 A in
diam) on supports of silicon monoxide and
amorphous carbon in the temperature
range 227-427°C. More recently, Masson
et al. (6) have shown that islands of gold
or aluminum (20-50 A in diam) can exe-
cute random walks on potassium chloride
substrates at 70°C. Thomas and Walker
(13) also reported evidence for metal crys-
tallite motion on carbon substrates.

It may be argued that at temperatures
where sintering of supported platinum
catalysts is commonly reported, coales-
cence of contiguous platinum particles can
be rapid since both McKee (I14) and
Khassan et al. (15) have shown that plati-
num blacks in a hydrogen atmosphere
rapidly lose a large fraction of their surface
area at temperatures as low as 200°C. This
would imply that, for the sintering of sup-
ported platinum catalysts between 500 and
600°C, ecrystallite migration rather than
coalescence should be the rate limiting
process.

Direct experimental evidence for the oc-
currence of atomic evaporation and con-
densation processes is less abundant. This
mechanism has been dismissed in some
previous discussions (7-9) on the basis of
the relatively high energetic requirements.
Certainly, the gas-phase path can be read-
ily eliminated as a possibility for platinum
crystallite growth at temperatures in the
vieinity of 700°C, since the rates of evapo-
ration for bulk platinum are too low (16).
Emelianova and Hassan (17) found, how-
ever, that with rapid quenching of Pt sup-
ported on Al,O, following a heat treatment
in vacuum at high temperatures (400-
800°C) the platinum surface areas showed
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large increases. This was interpreted as due
to quenching of an atomic phase produced
by dissociation of microcrystals at these
temperatures. Stabilization of adatoms on
the support surface may render surface
diffusion considerably less demanding ener-
getically so that, without detailed knowl-
edge of the surface flux of atoms under
experimental conditions, this mechanism
cannot be conclusively eliminated.

Since both ecrystallite migration and
Ostwald ripening are possible, a close ex-
amination of the relationship between
crystallite size distribution or surface area
and heat treatment time may be necessary
in order to establish the sintering mecha-
nism. Rate expressions for the surface mi-
gration mechanisms have been derived as
extensions of the Smoluchowski (18) coag-
ulation theory. Using a treatment analogous
to that applied by Swift and Friedlander
(19) for the coagulation of hydrosols,
Ruckenstein and Pulvermacher (8, 9) de-
scribed the rate of sintering as a decrease
in the surface concentration of crystallites
due to a series of two body collisions, which
were summed over all collisions occurring
for a heterogeneous particle size distribu-
tion. Converting from ecrystallite size to
surface area, they obtained a rate law for
the decrease in exposed metal surface area
of the dispersion as a function of time,
where the order with respect to surface area
varied between 2 and 6, depending on
whether crystallite coalescence or surface
diffusion on the substrate was rate limit-
ing. The general form of the integrated rate
expression is given as

1 1

S* S + R )
where S, and 8 represent the metal surface
areas per unit volume, before sintering and
at time ¢, respectively. The constant, k, is
directly proportional to ¢, defined as the
total volume of metal per unit area of
support. Variation in the order, n, with re-
spect to the surface area resulted from the
introduction of a rate constant having a
variable dependence on ecrystallite size.
This variation in order was used to cate-
gorize a number of experimentally observed
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rate laws. It was argued that the rates of
surface diffusion for crystallites on a sub-
strate would be inverse functions of the
crystallite radil. Resultant solutions of the
rate law produced n values between 3 and
5 for surface migration of crystallites (8,
9). Values of n between 1 and 2 were taken
to indicate that crystallite coalescence was
rate limiting, since these values are de-
duced from previously reported data for
sintering of unsupported metals. Platinum
crystallites on alumina heated in a hydro-
gen atmosphere give derived values for n
of 5 (3) and 7 (4) at 500 and 482°C, re-
spectively, inferring crystallite surface dif-
fusion controlled sintering. At higher tem-
peratures (I, 20) in air, an n value of 2
was calculated, indicating that intercrystal-
lite coalescence for the supported metal
was rate limiting,.

Phillips, Desloge, and Skofronick (7)
have also assumed crystallite surface dif-
fusion occurred during the sintering of gold
on carbon and on silicon monoxide. Their
kinetic equations were derived from a
model in which gold islands with thermal
energy F > E, could escape from trap sites
and were therefore free to move on the sur-
face. Crystal growth resulted from colli-
sions between mobile and stationary gold
islands. A rate law for the decrease in the
number of crystallites with time was ob-
tained which was second order in the
crystallite concentration. The rate constant
was a function of the ecrystallite radius,
analogous to the treatment of Ruckenstein
and Pulvermacher (8, 9). Hence the inte-
grated rate law from their treatment had
the same form as Eq. (1), where n had a
value of 7% and k was directly proportional
to the metal catalyst content.

The Ostwald ripening mechanism sup-
poses that evaporation of atomic species
from small crystals and condensation on
larger ones occurs by virtue of the differ-
ence in solubilities as predicted by the
Gibbs-Thomson equation. Chakraverty
(21) has treated this case for annealing of
metal films, where surface diffusion of
adatoms is rate limiting and has obtained
an expression which is related in form to
(1), ie.,
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where 7, and r are the critical radii of the
particle (radius at which the particle
neither dissolves nor grows) at time zero
and at time ¢, and ¢, is a constant which is
independent of ¢ and inversely propor-
tional to % If one substitutes, as do
Huang and Li (71), the mean particle
radius for the critical radius and converts
to surface area (assuming spherical parti-
cles), an equation similar to (1) is obtained
where n = 4. This equation, however, dif-
fers from (1) in an important respect,
since the constant & in this case is inde-
pendent of the total volume of metal per
unit area of support (¢). Huang and Li
(11) obtained a fit of data for the anneal-
ing of platinum on alumina to Eq. (2) but
were unable to reconcile their observed
particle size distributions with those pre-
dicted by the treatment of Chakraverty.

Dunning (22) has solved the simpler case
for Ostwald ripening of dilute dispersed
precipitates in solution. The rate expres-
sion resulting from this treatment again is
related to (1), ie.,

N = N, [1 + ;‘J—I, 3)

where N, and N represent the total num-
ber of particles initially and at time ¢, re-
spectively; = is a constant which is also
independent of ¢ and directly proportional
to 7 2. If it can be assumed that the solu-
tion for the three-dimensional problem is
similar to the two-dimensional problem of
catalyst sintering, it may readily be shown
that Dunning’s equation can also be ex-
pressed in the form of Eq. (1), where n =
3 and k is independent of ¢. The case of
the dilute dispersion had previously been
solved by Greenwood (23) using an ap-
proximation, and Somorjai (10) applied an
extension of this treatment to observations
for platinum crystallite growth on an
alumina support. More recently, Wynblatt
and Gjostein (24) used a treatment similar
to Somorjai’s to explain values of n = 12
which were obtained when applying an
equation of the form of (1) to their data



310 BETT, KINOSHITA AND STONEHART

for the sintering of sputtered platinum
films on alumina.

Finally, we should note the sintering
model developed by Flynn and Wanke
(25), also based on an Ostwald ripening
mechanism, predicts considerable variation
in the n value for a power law fit of sinter-
ing and stresses the effect of crystallite size
distribution on the sintering rate.

It is concluded that both the Smolu-
chowski collision model and the Ostwald
ripening mechanism for sintering of sup-
ported metal catalysts result in rate laws
which have the same form. Since the ac-
curacy with which the exposed metal area
can be determined is not great, it is conse-
quently difficult to identify the sintering
mechanism from a determination of reac-
tion order. On the other hand, as pointed
out by Dunning (22), a significant differ-
ence exists between the two mechanisms in
the dependence of the rate constant, k, on
¢ (the metal concentration on the cata-
lyst). Various forms of Eq. (1) for the dif-
ferent mechanisms have been collated in
Table 1.

In the present paper, measurements are
reported for the decrease in surface area
upon sintering of platinum crystallites dis-
persed on graphitized carbon blacks. Sup-
ported catalysts with widely different
surface concentrations of platinum were
studied in an attempt to use this variable

to distinguish between the Ostwald ripen-
ing and Smoluchowski collision models for
sintering. Electrochemical techniques al-
lowed rapid determinations for the plati-
num surface areas on carbon (26). Further-
more, it was felt that an understanding of
the interactions between the metal particles
and the support might be aided by the ex-
tensive previous characterizations of the
surfaces of graphitized carbon blacks (27,
28). The present work also represents an
extension of our previous interest in sinter-
ing of unsupported platinum blacks
(29, 30).

ExPERIMENTAL DETAILS

Catalyst Preparation

Three samples of platinum supported on
graphitized Vulean XC-72 carbon black
{Cabot Corp.) were examined. Samples
with 5.0 and 20 wi% platinum were pre-
pared by an impregnation technique, in
which solutions of Pt (NH,), (NO;). were
evaporated to dryness and subsequently
decomposed in air at 260°C for 3 hr. An-
other sample with 12 wt% platinum was
prepared by adsorption of a colloidal sus-
pension of platinum on the carbon. After
catalyst preparation, the graphitized car-
bon black surface contains small concen-
trations of surface oxide < 0.5% which

TABLE 1
EQUATIONS FOR SINTERING RATES oF SUPPORTED METAL CATALYSTS
1 1
—=— 4kt
S» So™ +
Rate determining
Reference Mechanism process n k Constant
Ruckenstein and Crystallite Coalescence 2-3 ag
Pulvermacher (8, 9) Migration Surface diffusion 3-5 adp
Phillips, Desloge, and Crystallite Surface diffusion % ad
Skofronick (7) Migration
Chakraverty (21) Ostwald ripening Surface diffusion 4 Independent of ¢
Ostwald ripening Interface transfer 2 Independent of ¢
Dunning (22) Ostwald ripening Surface diffusion 3 Independent of ¢

a Solution for three-dimensional process.
¢ = Total volume of metal per unit area of support.



have been extensively discussed else-

where (27).

Heat Treatment

The prepared catalyst sample (~100
mg) was placed in a quartz tube muffle
furnace and purged initially with nitrogen
at room temperature; then hydrogen was
passed over the catalyst at 350°C for 30
min, after which the temperature was
raised to 500°C. This ensured that the

aurfaccs were well
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reduced prior to the sintering experiments.
Analysis showed that neither surface area
loss nor methanation of the carbon surface
oceurred at this temperature. The tube was
removed from the furnace, flushed with
nitrogen, and catalyst samples replaced in
the furnace at the smtermg temperatures.
After heat treatment for various lengths of
time, the samples were removed from the
furnace and cooled to room temperature in
a nitrogen atmosphere. A different catalyst
sample was heat treated for each of the
various times m_vestmﬂfed SO every samnle
was subjected to only one heating and
cooling cycle.

Some sintering experiments were con-
ducted in a hydrogen rather than a nitro-
gen atmosphere, and at high temperatures
(>600°C) some methanation of the carbon
surface could be detected.

Surface Area Measurements

In order to measure the platinum erys-
tallite surface area, the catalyst samples
were fabricated into PTFE-bonded porous
electrodes and subjected to linear potentio-
dynamic sweeps (26) in 1M H.SO, at
room temperature This electrochemical

technique yields a measurement for the
surface charge associated with chemi-

sorbed hydrogen on the platinum and
hence of platinum crystallite size (26).

The platinum crystallite size distribu-
tions for selected samples before and after
sintering were determined from electron
micrographs obtained on a Phillips 200
electron mu,rOSCOpe opemmen preparamuu
and measurements of the platinum particle
sizes were the same as reported by Forn-
walt and Kinoshita (31).
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The surface area of the graphitized
carbon black support measured by BET
nitrogen adsorption was 80 m?2/g and was
shown not to vary significantly durin
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treatment.

ResuLTs AND DISOUSSION
RESULTS AND [ MISCUSSION

L iy AN 8]

Figure 1 shows the decrease in exposed
metal surface area with time for three dif-
ferent concentrations of platinum sup-
ported on carbon. At 600°C, sintering in

hoth H. and N. atmasnheros gave aimilar

both H, and N, atmosphercs gave similar
curves for platinum crystallite surface area
changes with time. Samples with 5 and 12
wt% platinum suffered a gradual decrease
in area with time in contrast to the very
rapid decrease evident for the sample with
20 wt% platinum. (At 500°C in hydrogen
and in vacuum, there were no appreciable
surface area decreases for the platinum
crystallites.) Confirmation that the de-
crease in platinum crystallite surface ares
resulted from crystallite growth was ob-
tained from a sequence of electron micro-
graphic ohservations, typically shown in
Flg. 2. Surface areas calculated from erys-
tallite size distributions were in reasonable
agreement with those measured electro-
chemically (26).

On the basis of the previous discussion,
both processes for material transport,
Os’owald ripening, and Smoluchowski colli-

annear to be vnossihle for n]ohnnm
appear possible Ior grmnum

sintering under the conditions of the pres-
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Fie. 1. Decrease in platinum erystallite surface
area for platinum erystallites supported on
graphitized earbon black. 600°C. (O) 5; (&) 12;
(d) 20 wt% Pt in N.. (H) 20 wt% Pt in H..
Dashed line corresponds to decay from an initial
45-m’/g Pt datum after trap site saturation.
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Fia. 2. Electron micrographs of 20 wt% Pt on
graphitized carbon. Magnification 220,350 X. Plate
A: Initial. Plate B: After 16 hr at 600°C in N..

ent experiments. Therefore, rate laws of
the form of Eq. (1) should apply to the
data, with the dependence of the rate con-
stant on the platinum concentration or
initial surface area being a test for the
relative contributions of either processes
to sintering.

It was evident from attempts to fit the
data of Fig. 1 to equations of the general
form of (1) that the value of n required to
fit the curves was high, due particularly to
the very marked curvature for the experi-
ment with 20 wt% Pt. The confidence value
with which the fit could be established was
not great, due to the high value of n,
coupled with the generally low accuracy
of surface area measurements. Moreover,
when the n values were varied between 2
and 8 to fit the data according to Eq. (1),
the rate constants derived from the experi-
mental slopes of the functions showed a
greater dependence on ¢ than could be pre-
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Fic. 3. Sintering of platinum erystallites on
graphitized carbon plotted according to Eq. (1)
with n = 4 for surface diffusion of the crystallites.
(A) 5; (W) 12; (@) 20 wt% Pt.

dicted by either sintering mechanism. The
problem is illustrated in Fig. 3 where plots
of Eq. (1) for n =4 are shown and in
Table 2 where the calculated rate constants
are listed. Obviously, k¥ was not constant
and therefore was inconsistent with the
Ostwald ripening mechanism, nor was the
fit improved when n had values up to 8.
Likewise, a constant value was not ob-
tained when k was normalized for ¢, the
total volume of platinum per unit area of
support, as is required by the Smoluchow-
ski collision mechanism.

An explanation for this anomaly may lie
in the character of the particle size distri-
bution assumed by the supported platinum
and in the platinum crystallite interaction
with the carbon surface. Swift and Fried-
lander (19) have stressed that the kinetics
for coagulation of polydisperse hydrosols
are second order with respect to the particle
concentration only if the particle size dis-
tribution functions conforms to a unique,
dimensionless cumulative distribution func-
tion at all times. The test for this “self-
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TABLE 2
RaTe CONSTANTS FOR SINTERING OF PLATINUM CRYSTALLITES ON
CarBoN at 600°C Using Eaq. (1), n = 4

cm? Pt
¢ 2
cm? surface

W9, So k(m?/g)~¢ hr! ’ﬁ

Pt X 108 (m?/g Pt) X 10° ¢
5 0.3 85 0.72 0.23
12 0.8 76 1.45 0.18

20 1.4 70 72 5.1
20 1.4 45 3.1e 0.21

s Based on an initial rate, assuming So = 45 m?/g (see text).

preservation” of the function requires that
plots of

z Noi/Ng vs %

should be coincident. N, is the total num-
ber of particles; N, the number of par-
ticles of volume greater than V. Applying
a related treatment to sintering of catalysts
by the Smoluchowski mechanism, Rucken-
stein and Pulvermacher (8, 9) showed that,
regardless of the initial crystallite size dis-
tribution, the crystallite size distributions
calculated from their equations for surface
diffusion controlled sintering could be
represented by a similar unique spectrum
after short sintering times. They demon-
strated that platinum on silica and plati-
num on alumina catalysts prepared by
Wilson and Hall (32) had distributions
coincident, with the unique spectrum cal-
culated from the collision equation and
pointed out that this was to be expected,
since sintering would occur during the high-
temperature reduction employed in the
catalyst preparation. When the “self-
preservation” test was applied to the par-
ticle size distribution for the 20 wt% Pt
on carbon catalyst, it was apparent (Fig.
4) that the dimensionless cumulative dis-
tribution function for the fresh sample was
not coincident with that of the sintered
sample.

The sintering equations should rightly
be applied only after some short time when
the unique spectrum had been achieved.
The data in Fig. 1 suggest strongly that

this time was of the order of 1-2 hr, during
which the sharp drop in surface area for
the 20 wt% Pt on carbon sample had been
completed. With this in mind, an initial
slope was constructed for the 20 wt% Pt
data assuming a value for S, of 45 m?/g
and using the differential form of Eq. (1):
dSe _ ;s

= kSg.
The value of k/¢ so derived was in agree-
ment with the corresponding values at
lower platinum loadings (Table 2) indicat-
ing that surface diffusion of the platinum
crystallites on the carbon surface was rate
controlling. The constructed line in Fig. 1
appeared to conform to the experimental
curve if it was assumed that the rate equa-
tion was obeyed only after an initial rapid
decrease in area.

This interpretation for the sequence of
curves in Fig. 1 implies that, as the con-
centration of metal crystallites on the car-
bon surface increased, the initial distribu-
tion of crystallite sizes departed abruptly
from the unique spectrum assumed at lower
concentrations and also after high-tem-
perature sintering. The inhomogeneity of
the carbon surface might be the origin of
this behavior. Phillips, Desloge, and
Skofronick (7) developed the kinetics for
gold particle growth on carbon in terms of
a surface populated largely by immobile
particles trapped in potential wells requir-
ing an activation energy to escape. Only
the small number of particles with energy
in excess of this value are mobile and ac-
tive in promoting collision. At 300°C the
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Fia. 4. Test for “self-preservation” of the
platinum crystallite distribution. 20 wt% Pt on
graphitized carbon. 600°C. (a) Histograms of
initial and final (16 hr) distributions. (b) (@)
Initial; (A) final.

surface particle concentration was approxi-
mately 1 X 10'?/em?2. This was close to the
value for the density of trapping sites. In
the present experiments, at 600°C, the ini-
tial metal crystallite concentrations were
1.5 X 10"*/em?® for 5 wt% Pt on carbon
and 4.5 X 10**/cm?® for 20 wt% Pt on
carbon. One might expect that, at the
higher temperatures and on a graphitized
carbon surface, the number of trapping
sites would be less than on the amorphous
carbon supports prepared by Phillips et al.
(7). Thus on heat treatment at 2700°C the
surface planar domain size for carbon
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black can increase from about 20 to 80 &
(28), which is indicative of the average
length for graphitic basal plane order on
the carbon surface as determined by X-ray
diffraction.

The boundaries of basal planes are the
sites for carbon oxide species and may be
the trapping sites required for platinum
crystallite immobilization. Studies of nucle-
ation and growth of vapor deposited metal
films have revealed that stabilization of
metal nuclei can occur at point defects on
the surfaces of inorganic salts in addition
to the commonly observed decoration ef-
fects at major step locations (33). Very
little evidence for decoration could be seen
in electron micrographs of the present plati-
num on carbon catalysts so that disloca-
tions occurring at the edges of planar do-
mains might act as trapping sites.

One may therefore conjecture that, with
the 20 wt% Pt on carbon catalyst contain-
ing 4.5 X 10" crystallites/cm? carbon sur-
face, the trap site density was exceeded. If
this is so, then an initial population of un-
stable particles is produced which would
sinter rapidly at higher temperatures until
the crystallite concentration matched the
trap site density. At this point, the regular
surface diffusion controlled sintering pro-
cess of the type described by Phillips,
Desloge, and Skofronick (7) could ensue
with a higher activation energy required
to move crystallites out of the trap sites.
This point would appear to be reached
after 2 hr of sintering for the 20 wt% Pt
on carbon catalyst shown in Fig. 1. While
speculative, these conjectures serve to em-
phasize that a full understanding of the
sintering mechanism must recognize the re-
lationship between crystallite concentration
and support surface structure.

The curves relating surface area decrease
with time, as a function of temperature,
also exhibited abrupt changes in form
which would originate from the effect of
temperature on the trapping site density.
Thus, Fig. 5 shows a 5 wt% Pt catalyst
where the surface area loss at 600°C was
smoothly monotonic, whereas at 700°C a
rapid initial loss was seen, similar to that
observed for 20 wt% Pt at 600°C. No at-
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