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An approach for preventing sintering and maintaining high metal dispersions of Ir/Al:O;
catalysts in the presence of oxygen at elevated temperatures has been developed. Well-dispersed
Ir/AlO; catalysts were readily sintered under oxygen at temperatures above 450°C. If, how-
ever, Ba, Ca, or Sr oxides were impregnated onto the Al;O; support along with the Ir, then
complete inhibition of sintering was observed up to 650°C. This effect only oceurred when the
concentration of Ba, Ca, or Sr oxides was in excess of the concentration of acid sites on the
Al,O; support. Studies of presintered Ir/Al,O; catalysts to which BaO was subsequently added
demonstrated that Ir could be redispersed by treating the system with oxygen at 600°C. The
oxidative stabilization and redispersion of Ir/Al:O; catalysts are consistent with the capture
of mobile, molecular, iridium oxide species by well-dispersed Group ITA-oxide sites. The
trapping mechanism is assumed to proceed via the formation of stable, immobile surface

iridates.

INTRODUCTION

Supported noble metal catalysts are used
in a wide variety of industrially important
hydroearbon conversion reactions (). Such
catalysts consist in general of small metal
crystallites dispersed over and within the
pore structure of high surface area metal
oxide supports (2). In the absence of specific
poisons such as sulfur, arsenic, and heavy
metals, hydrocarbon conversion catalysts
deactivate with time as a result of coke dep-
osition. Catalyst regeneration is achieved
by combusting the coke deposit in an
oxygen-containing atmosphere at tempera-
tures near 500°C. The combustion process,
however, causes an increase in the average
metal erystallite size (3). The resulting loss
in metal surface area generally leads to
decreases in catalytic activity and in some

instances to changes in product selectivity
patterns (4-5).

The mechanism by which supported
metal crystallites sinter is currently gen-
erating considerable interest (6—10). Two
models have recently appeared in the
literature which account, with differing
degrees of success, for the sintering behavior
of supported metal catalysts. One model,
proposed by Ruckenstein and Pulver-
macher, envisages sintering by crystallite
migration followed by collision and fusion
into larger erystallites (17). Wynblatt and
Gjostein have strongly suggested that
crystallite migration is energetically re-
stricted to metal crystallites smaller than
50 A in diameter (12). During the initial
stages of sintering of well-dispersed metal
catalysts crystallite migration may oceur,
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but the process is disfavored after extensive
sintering where larger crystallites are pres-
ent. Under certain reaction conditions
sintered Pt catalysts have been observed
to redisperse (13). In the absence of a
crystallite fragmentation process, redis-
persion via crystallite migration cannot be
readily rationalized. The second model,
commonly referred to as the atomic or
molecular migration model, has been devel-
oped by Flynn and Wanke as an extension
of classical Ostwald ripening mechanisms
(14). They propose that sintering occurs by
the surface transport of dissociated atomic
or molecular species which ultimately
collide with and are captured by a second
larger stationary metal crystallite. The
overall process results in the growth of
larger crystallites at the expense of smaller
crystallites. Such behavior is predicted by
the Kelvin equation, which suggests that
the rate of loss of atoms is lower than the
rate of capture for large crystallites, where-
as for small crystallites the rate of loss Is
higher than the rate of capture (15). The
driving force for molecular transport is the
minimization of surface free energy. The
atomic migration model can account for the
buildup in concentration of small trans-
porting particles on the support surface. In
the case where the rate of generation of
molecular species is higher than their rate
of eapture a net redispersion is possible.
Sintering by either an atomic or crystallite
migration mechanism will be highly tem-
perature dependent; the former process,
however, would certainly be more strongly
influenced by the sintering atmosphere and
support interactions (16-18).

We suggest that under oxygen atmo-
spheres sintering by either crystallite or
atomic particle migration may be sup-
pressed or eliminated if a chemical trap is
present on the support surface. This
proposal is illustrated in Fig. 1. In the
absence of crystallite fracturing no net
redispersion would be predicted by the
capture of migrating crystallites. In the
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Fi1c. 1. Schematic representation of the effect of
a chemical trap on the two proposed mechanisms of
particle sintering. (A) Redispersion not predicted
by crystallite migration model. (B) Redispersion
possible by atomic migration model.

case of an atomic or molecular migration a
chemical trap could lead to redispersion.
The use of chemical trapping agents may
then provide a means of differentiating
between the contrasting sintering models.

For our studies we have elected to inves-
tigate the sintering behavior of Ir/Al,O;
catalysts under oxygen atmospheres. Iri-
dium ecatalysts were chosen since prelim-
inary studies showed Ir to sinter at much
lower temperatures than required for
Pt/Al,0; ecatalysts. The lower sintering
temperatures required for Ir eliminate
potential ambiguities brought about by
structural transformations of the Al,O;
support (19).

Iridium in the presence of oxygen is
known to form thermally stable iridates
(MIrQ;) with the oxides of Ca, Sr, and Ba
(20, 21). Magnesium, because of its smaller
ionic radius, does not form a stable iridate
(22). TGA measurements have shown that
Ca, Sr, and Ba iridates are reduced under
hydrogen within the temperature range of
350 to 450°C (23). The reduction products
are Ir metal and the corresponding Group
IIA-oxide. The ready formation of stable
Group IIA iridates under oxygen and their
ease of reduction suggest the usage of
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Group IIA-oxides as chemical trapping
agents for Ir/Al,O; catalysts.

In this paper experimental measurements
of the oxidative growth and redispersion of
Ir supported on Al;O; and Group ITA-oxide
doped Al;O; carriers are presented and
discussed. Sintering and redispersion rates
were determined by a combination of X-ray
diffraction, chemisorption, transmission
electron microscopy (TEM), and controlled
atmosphere electron microscopy (CAEM)
measurements on both conventional and
model supported Ir catalysts. These studies
have shown CaO, SrO, and BaO doped
Al,O; supports completely inhibit the
oxidative sintering of Ir at temperatures up
to 650°C. Presintered Ir/Al,O; catalysts to
which was added a BaO surface phase
were observed to redisperse under oxygen
when heated to 600°C. Both the oxidative
sintering suppression and oxidative redis-
persion of Ir are consistent with the capture
of a mobile, molecular, iridium oxide species
by a Group ITA-oxide chemical trap. The
trapping mechanism is assumed to proceed
via the formation of a stable surface
Group ITA-metal iridate.

EXPERIMENTAL METHODS

Materials

AlO; and group IIA-oxide doped Al,Oj;
supports. 1-Al,O; was prepared by calcining
B-alumina trihydrate in air for 16 hr at
600°C. Group IIA-oxide doped Al,O; sup-
ports were prepared by incipient wetness
impregnation of -Al,O; with Group ITA-
metal nitrate salts (in the case of Ba the
more soluble nitrite salt was employed).
The impregnates were dried for 16 hr at
120°C and then calcined in dry air for
16 hr at 600°C to ensure complete decom-
position of the nitrate (nitrite) salts.

Supported metal catalysts. Platinum and
iridium catalysts were prepared by incipient
wetness impregnation of 4-Al;03; and Group
ITA-oxide doped 9%-Al;O; supports with
analyzed aqueous solutions of chloroplatinic
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and chloroiridic acids (0.1 g of metal/ml).
The impregnates were dried in dry air for
16 hr at 120°C and then mildly caleined in
dry air at 270°C for an additional 4.0 hr.
Metal analyses were found in all cases to
be in excellent agreement with the nominal
values (24).

Model supported metal catalysts. Model
supported catalysts employed in TEM and
CAEM studies were prepared as follows:
High-purity aluminum foil was thoroughly
cleaned and then anodized in an electrolyte
containing sodium hydrogen phosphate,
sulfuric acid, and water, so that a thin film
of oxide was built up on the metal surface.
The conditions required to obtain a good
quality vy-Al,O; film, approximately 500 A
in thickness, were extremely ecritical, the
best results being obtained at 30 V for 7 sec.
The oxide film was subsequently released
from the unconverted metal by dissolving
the latter in 509, HCIL This step was
repeated several times with fresh acid to
ensure that all traces of free metal were
removed. The films were finally washed in
deionized water. Iridium and barium were
introduced onto the y-Al:O; films as
atomized sprays of 0.19, aqueous solutions
of chloroiridic acid and barium nitrite.

Equipment and Procedures

Sintering treatments. Oxidative calcina-
tions of conventional as well as model cata-
lysts under 1 atm total pressure were
carried out by one of the following proce-
dures: (i) calcining under dry air in a
muflle furnace, (ii) calcining under dry air
or 209, O./He flowing at 500 cc/min in a
tube furnace, or (iii) caleining under dry
air (200-500 cc/min) in a gas adsorption
cell. Catalysts were generally prereduced
at the caleination temperature.

Chemisorption measurements. Hydrogen
and carbon monoxide chemisorption studies
were performed with a conventional glass
vacuum system. The system incorporated
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an 80-liter/min oil diffusion pump backed
by a mechanical pump with liquid nitrogen
traps on the inlet and outlet of the diffusion
pump. Ultimate dynamic vacuums of about
10-7 Torr were obtainable. Pressure mea-
surements during chemisorption studies
were made with a Texas Instruments
Precision Pressure gauge. Samples of 1 to
4 g, sieved to 20- to 40-mesh size, were
placed into flow-through cells made of
Vycor. Samples were reduced at 500°C
under hydrogen (500 ce/min) in situ for
1 hr. The reduced samples were cooled
to 450°C under hydrogen and evacuated
at this temperature for 0.5 hr. The sample
was then cooled under dynamic vacuum to
room temperature. Longer reduction and
evacuation times did not affect the chemi-
sorption results.

Hydrogen and carbon monoxide uptakes
were determined at 25 4= 2°C on the re-
duced and evacuated samples. Typically,
30 to 60 min was allowed for each uptake
point. The H/M ratios were calculated by
assuming that H, uptakes at zero pressure
of H, corresponded to saturation ecoverage
of the metal. These uptakes were deter-
mined by extrapolation of the high-pressure
linear portion of the isotherm, as described
by Benson and Boudart (25) and Wilson and
Hall (26). The CO/M ratios were calculated
by determining the CO uptakes on the
reduced and evacuated samples and assum-
ing that this represented the sum of CO
weakly bound to the support and strongly
bound to the metal. The sample was then
evacuated for 10 min at room temperature,
and a second CO isotherm was measured.
Since the second isotherm measures only
the CO weakly adsorbed on the support,
subtraction of the two isotherms gives the
amount of strongly bound CO which is
associated with the metal. In accordance
with previous studies (27), the amount of
strongly bound CO at 100 Torr pressure
was chosen as saturation coverage of the
metal.

BET surface area measurements were
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determined with argon at liquid nitrogen
temperature. A value of 14.6 A® was
assumed for the area of an argon atom and
a value of 210 Torr was used for P,.

Hydrogen of 99.959, purity was passed
through a Deoxo unit (Engelhard Indus-
tries, Inc.), a 5 A molecular sieve drying
trap, an Oxy-trap (Alltech Associates,
Arlington Heights, Illinois) to remove last
traces of oxygen, and finally through a
liquid nitrogen trap before being admitted
to the catalyst for reductions or chemisorp-
tion measurements. Carbon monoxide of
09.999, purity was passed through a dry
ice—isopropanol trap before exposure to the
sample. Argon of 99.99959%, purity was
used as received.

X-Ray diffraction measurements. A Philips
Electronics X-ray diffractometer (XRG-
3000) with nickel-filtered Cu—Ka radiation
was used for X-ray diffraction studies.
Metal and metal-oxide crystallite sizes were
calculated from line-broadening data, as
described elsewhere (28). The 400 diffrac-
tion line of 5-Al;O; was employed as an
internal standard when relative metal
sintering rates were calculated.

Transmission electron microscopy mea-
surements. Eleetron microscopy studies were
performed on a Philips EM300 transmission
electron microscope, as described by Prest-
ridge and Yates (29). Reduced Ir/AlO;
model film catalysts were subjected to the
following sequential calcination (209, O./
He) treatments: (i) 500°C for 1 hr, (ii)
600°C for 30 min, and (iii) 700°C for 20
min. A number of samples were removed
from the tube furnace after each treatment
and examined. About half of the samples
removed after (ii) were given an additional
treatment. This consisted of spraying each
with a fivefold excess of Ba(NO,). over Ir,
caleining under 209, O,/He (500 ec/min)
at 550°C for 4 hr, and then reducing under
20% H./He (500 cc/min) at 500°C for
1 br. Finally these samples were calcined
under 209, O./He (500 cc/min) at 600°C
for 30 min and then reexamined.
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Fic. 2. Sintering behavior of 0.39%, Pt and 0.39, Ir
on Al,O; catalysts under 209, O; at selected tem-
peratures : H» chemisorption measurements.

Controlled atmosphere electron microscopy
measurements. The technique of controlled
atmosphere electron microscopy has been
described elsewhere (30). CAEM enables
one to follow continuously the behavior of a
solid when it is heated in a gaseous environ-
ment. Model catalyst pretreatment was
carried out as follows within the electron
microscope gas cell: (i) calcining under 5
Torr oxygen at 250°C for 4 to 16 hr fol-
lowed by (ii) reduction under 2 Torr
hydrogen at 500°C for 1 hr. Such pretreated
Ir/Al:0; and Ir/Ba0O-Al,0O; model catalysts
were examined under three different experi-
mental conditions. These were (i) an experi-
ment designed to measure the sintering rate
of Ir on Al,O; under 5 Torr oxygen over
the temperature range of 400 to 750°C,
(ii) an experiment designed to examine the
effect of BaO on the oxidative sintering rate
of Ir over the same temperature range,
and (iii) an experiment designed to ascer-
tain the effect of reduction—oxidation cycles
on the redispersion rate of a presintered
Ir/Ba0-Al:0; catalyst. Under the above
conditions one is directly observing the
growth (redispersion) of IrQ, crystallites.

Quantitative measurements of the
changes in IrO, crystallite dimensions un-
der the various conditions were made from
photographs taken off the televised image
display and magnified 100-fold. The results
presented are based on at least three
reproducible experiments in each series.
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Low electron beam intensities were used to
minimize heating effects.

Support acidity measurements. The acid-
ities of 7-Al;0; and Group ITA-oxide doped
7-Al,O; supports were determined by titra-
tion of the solids with a standardized
n-butylamine /benzene solution in the pres-
ence of a Hammett indicator (dicinnamal-
acetone) (31-32).

RESULTS AND DISCUSSIONS

Chemisorption and X-Ray Diffraction
Studies

Sintering behavior of Ir/Al,O; catalysts.
The oxidative sintering characteristics of
0.39, Pt/Al,03 and 0.39, Ir/Al,O; catalysts
are compared in Fig. 2. Dispersions have
been normalized with respect to the disper-
sions of the fresh catalysts, i.e., D/Dy is the
ratio of H/M values of sintered and fresh
catalysts. An identical set of curves would
have resulted if CO/M values were used.
The initial dispersion of the 0.3% Pt/Al,O;
(H/Pt = 1.26) catalyst is not decreased
following a 4-hr oxygen -calcination at
600°C (H/Pt = 1.24). Calcinations at 650
or 700°C, however, produce substantial
decreases in dispersion. At these tempera-
tures most of the sintering occurs during
the first 15 min of treatment. At 700°C the
lined-out dispersion (H/Pt = 0.31) corre-
sponds to a Pt crystallite size of about 36 A
(33). X-Ray diffraction patterns of these
same samples clearly indicate the presence
of substantially larger crystallites (250~
300 A). These results suggest that sintered
Pt catalysts contain a bimodal distribution
of Pt crystallites. The fresh 0.39, Ir/Al,O;
catalyst demonstrated an H/Ir ratio of
2.56. In our laboratories we have consist-
ently observed H/Ir and CO/Ir values in
excess of unity for fresh Ir/Al.O; and Ir/
Si0; eatalysts. H/Ir values in the range of
1.8 to 2.6 are typically obtained for 0.3 to
297, catalysts. Engels et al., have recently
reported H/M values of ~2 when iridium
was added to a Pt/Al,O; catalyst (34). Such
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observations are usually attributed either
to hydrogen-spillover (35) or to multiple
bonding of the adsorbatc on the corner and
edge atoms of well-dispersed metal crystal-
lites (36-37). CO/Ir values of fresh Ir/Al,O;
samples are generally found to be lower
(~30-409%,) than the corresponding H/Ir
values. The 0.39, Ir/Al:O; catalyst was
found to sinter at a much lower tempera-
ture than required for Pt/Al,O; catalysts.
An H/Ir ratio of 0.48 was exhibited by the
Ir/Al;O; catalyst following a 4-hr oxygen
caleination at 500°C. This value corre-
sponds to an average iridium ecrystallite
size of approximately 23 A. X-Ray diffrac-
tion line-broadening measurements of cal-
cined Ir catalysts suggest, however, the
presence of substantially larger (170-250 A)
crystallites. In contrast to Pt, which grows
as the metal, Ir oxidatively sinters into
IrO; crystallites. These observations are in
good agreement with the known chemistry
of these metals in the presence of oxygen
at elevated temperatures (38—40). As was
observed for Pt/Al:O; catalysts, sintered
Ir/AlL,O; catalysts contain a wide distribu-
tion of crystallite sizes. A quantitative
description of the bimodal distribution of
sintered Ir/Al,O; catalysts will be pre-
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F1a. 3. Estimation of apparent activation energy
for the oxidative sintering of a 19, Ir/Al,O; catalyst:
H, chemisorption measurements.
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TABLE 1

Properties of Group ITA-Oxides/AlO; (520
pmole ITA Oxide/g Support)

Support ITA Oxide BET Acidity
(wt%)  (m?/g) (umole/g)
7-Aly03 — 217 325 + 25
MgO/7-Al03 2.1 213 200 += 25
Ca0/n-Al04 2.9 218 0
SrO/7-AlO; 5.4 224 0
Ba,O/'r]—Al 203 7.9 209 0

sented in a later section detailing the results
of TEM studies.

If dispersion data at two or more tem-
peratures as a function time are available
and if the range of dispersions at the
different temperatures overlap, it is possible
to estimate an apparent activation energy
for sintering (41). Such data obtained from
hydrogen chemisorption studies are pre-
sented in Fig. 3. Taking values of Af at the
three temperatures at a constant D/Dq of
0.45 and substituting into the following
equation, one obtains a value for E, of
49 4+ 5 keal/mole. Reference to this num-
ber will be made later.

T,
E.=R (*———)1
T, — T,

Sintering of Ir/Al,0; catalysts in the
presence of group IIA-oxides. Previously it
was postulated that metal sintering under
oxygen atmospheres might be suppressed or
eliminated in the presence of an efficient
chemical trap. Group ITA-oxides were
suggested as potential trapping agents for
Ir/Al,O; catalysts. To test this theory, a
series of Group IIA-oxide doped %-Al,O;
supports was prepared. Selected properties
of these supports are summarized in
Table 1. The mixed-oxide supports all
exhibited BET surface areas comparable to
those of the starting Al,O;. These supports
showed no X-ray diffraction lines from
either a Group IIA-oxide or an aluminate
phase. The higher molecular weight Group

Aly
n-—
Als
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TABLE 2

Relative Agglomeration of 29, Ir Catalysts (From
X-Ray Diffraction Measurements)*

ITA Oxide- Relative Known

Al Oz agglomeration  iridate
(%)

AlLO; 100 —

MgO/ALO; 100 None

Ca0/Al;0,4 0 CalrO;

SrO/AlLO; 16 SrlrO;

Ba0/Al:0; 0 BalrO;

e Air treated for 4 hr at 500°C.
5 ITA-Oxide/Ir = 5.

ITA-oxides were found to titrate completely
the acid sites of the Al,O; carrier. Since the
acidic centers of Al;O; are generally ac-
cepted to be well dispersed over the Al,Os
surface, the complete titration of these sites
suggests that the basic oxides of Ca, Sr, and
Ba are also well dispersed over the carrier
surface. The MgO doped Al,O; support
was, however, found to retain considerable
acidity, which suggests the preference of
the smaller Mg cation to form a surface
spinel.

To ascertain the ability of these mixed-
oxide supports to stabilize the surface area
of Ir, a series of 29, Ir catalysts was sub-
jected to a 4-hr calcination at 500°C. The
results of these tests are presented in
Table 2. Under these conditions the oxides
of Ca, Sr, and Ba were found to be very
effective in suppressing the oxidative sin-
tering of Ir. The MgO/Al,O; support was
not effective. Since Mg does not form an
iridate, the inability of a MgO/AlO;
support to suppress Ir sintering under
oxygen lends credence to our iridate
stabilization concept.

The suppression of sintering of Ir by
Group ITA-oxide-Al,O; supports indicated
by X-ray diffraction measurements has
been confirmed by H, and CO chemi-
sorption. The results of a comparative CO
chemisorption study are summarized in
Fig. 4. The BaO doped catalyst exhibited
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an initial CO/Ir ratio of 1.14, which de-
creased only slightly to 1.03 following an
8-hr air caleination at 600°C. In the absence
of BaO, the CO/Ir ratio dropped from an
initial value of 1.32 to 0.15 after the same
treatment. The remarkable stabilization of
Ir surface area by the BaO/Al,O; support
was found to be maintained through six
such oxidation—reduction cycles at 600°C.

The oxidative stabilization of Ir surface
area, was found to be critically dependent
upon the Group IITA-oxide coneentration.
This dependence, shown in Fig. 5, suggests
that stabilization of Ir is not achieved until
the acidic sites of the Al,O; support
(325 umole/g) are completely titrated with
BaO. This behavior indicates that a strong
acid-base interaction does not allow BaO
to interact with Ir until the concentration
of BaO is in excess of the Al,O; acidity.
This contention is supported in the case of
a nonaeidic Si0, support which requires a
much lower BaO concentration to initiate
Ir stabilization.

Redispersion of Ir/AlLO; catalysts in the
presence of group I1A-oxides. Under certain
conditions the dispersion of Ir/Ba0O-Al,0;
catalysts was found to be increased by air
calcination. Conditions under which re-
dispersion can be achieved are outlined in
Fig. 6. A partially sintered 19, Ir/Al,O;
catalyst was prepared by air calcining
at 500°C for 2.5-hr. Upon reduction this
catalyst was found to exhibit H/Ir and

0 4 8

CALCINATION TIME IN AIR (HRS)

Fic. 4. Oxidative stabilization of Ir dispersion by
a BaO-Al,O0; support (calcination at 600°C):
CO chemisorption measurements.
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CO/Ir values of 0.51 and 0.34, respectively.
Sufficient aqueous Ba(NQ,), was added at
this point to produce a 12 wit9% BaO phase.
The Ba(NO,): doped catalyst was then air
calcined at 550°C for 4 br to ensure com-
plete decomposition of the nitrite salt. After
this treatment and a subsequent reduction
step the catalyst demonstrated H/Ir and
CO/Ir values of 0.32 and 0.23, respectively.
Further air caleination at 600°C for 6 hr
did not lower the Ir surface area. In the
absence of BaO an Ir/Al,O; catalyst treated
as above would exhibit H/Ir and CO/Ir
values of near 0.05. When the BaO-
stabilized catalyst was reduced and then
was air calcined again at 600°C for 6 hr, a
marked increase in chemisorption was ob-
served. When a reduction—calcination cycle
was repeated three times while maintaining
the total calcination time constant, an even
larger increase in Ir surface area was ob-
tained. Concomitant with the inecreased
chemisorption of the latter sample was the
complete loss of X-ray diffraction lines from
a sintered Ir phase. Reduced Ir/Al:O;
catalysts were also found to sinter more
extensively than samples not reduced prior
to air calcination. An unreduced 19
Ir/AlO; catalyst which was air calcined at
500°C for 6 hr and then reduced exhibited
an H/TIr ratio of 0.68. If the same starting
catalyst is subjected to three reduction-
caleination cycles with each cycle consisting

)_I | T T T
1.0k n e ACID SITES .
2 A NEUTRALIZED
&
w ]
=
Z
= o.54 .
w
2
Z
<T
-
L
o
Ol -
1
0 150 300 450 600

FMOLES Ba0/y A1203 (SiOz)

Fia. 5. Effect of BaO concentration on Ir surface
area stabilization (air treated, 4 hr, 500°C, 150 umole
Ir/g) : X-ray measurements.
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Fic. 6. Oxidative redispersion of supported iridium
catalysts in the presence of BaO.

of a 0.5-hr hydrogen reduction at 500°C
followed by a 2.0-hr air calcination at
500°C, the H/Ir ratio is lowered to 0.13.
This corresponds to a fivefold increase in
the extent of sintering over the catalyst not
reduced prior to calcination. The increased
rates of sintering and redispersion of Ir
brought about by first reducing and then
air calcining Ir/AlyO; and Ir/BaO-Al,O,
catalysts suggest that mobile iridium oxide
species are more readily generated from
iridium metal crystallites than from IrO,
crystallites. This suggestion is strengthened
by considering the chemical transforma-
tions occurring during the chemical vapor
transport of Ir under oxygen atmospheres
(88, 40). The vapor transport of Ir is known
to proceed by the generation of a gaseous
IrO; intermediate. It has further been
established that IrQO; () is more readily
generated from Ir metal than from IrO.,.
The observed increase in dispersion in the
above Ir/Ba0O-Al;O; system is consistent
then with the capture of molecular iridium
oxide species (possibly IrO;) by well-
dispersed BaQ traps, thereby producing
immobile surface barium iridates. Sub-
sequent reduction of the stable surface
iridates thus yields a more highly dispersed
Ir phase than present initially.
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Fig. 7. Transmission electron micrographs of model Ir/ALO; and Ir/Ba0-Al,O; catalysts
calcined under 209; oxygen. (A) Ir/Al;:O;—500°C, 1.0 hr; (B) Ir/Al.03—600°C, 0.5 hr; (C)
Ir/Al,05—700°C, 0.3 hr; and (D) prepared by doping (B) with BaQ, reducing, and then recalcin-
ing at 600°C for 0.5 hr.

Transmission Electron Microscopy Studies
of Model Ir/Al,O; and Ir/Ba0O-Al,0;
Catalysts

Inspection of the electron micrographs of
oxygen-calcined model Ir/Al,O; catalysts,
Figs. 7A to 7C, shows several interesting
features. It is clear that the size of some of
the IrO, particles increases appreciably over
the range 500 to 700°C. A further feature is
the presence of a large number of very small

crystallites, <20 A, in size. Finally, there
is virtually no evidence in any of the
micrographs of two particles interacting to
give a ‘““‘dumbbell” shape, which might be
expected if particle growth occurred via a
fusion of migrating crystallites.
Comparison of micrographs of specimens
which were oxygen calcined at 600°C for
30 min (Fig. 7B) with those which were
subsequently calcined for a further 30 min
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Fig. 8. (A-D) Particle size distribution curves obtained after the respective sample treatments

outlined in Fig. 7.

at this temperature after first forming a
BaO surface phase and then reducing
(Fig. 7D) shows some profound differences
in the sizes of the IrO, particles. We find
that BaO not only has prevented further
sintering, but also has induced considerable
redispersion of the Ir component. In a
separate experiment a sample of a BaO/
Al;0; support was calcined under oxygen
at 700°C for 2.0-hr. Upon examination of
this specimen no evidence of BaO particle
formation was observed. We may therefore
conclude that under the conditions used in
these experiments one is only observing the
growth of Ir in Ir/Ba0O-Al:O; catalysts.

A more quantitative appreciation of the
growth characteristies of Ir can be obtained
from a detailed analysis of the crystallite
size distribution after the various treat-
ments, Figs. 8A to 8D. It is clear from these
plots, which were obtained from measure-
ment of over 500 particles after each treat-

ment, that in calcined Ir/Al,O; systems we
are dealing with a bimodal distribution of
IrO; crystallite sizes. The largest fraction of
crystallites in all cases is between 10 and
30 A. Comparison of Figs. 8A to 8C shows
that as the temperature increases the
separation between smallest and largest
particles gets wider and the number of
small crystallites formed increases. These
findings are consistent with the notion that
crystallite growth occurs by a molecular
migration mechanism, which predicts that
large crystallites increase in size at the
expense of smaller crystallites.

The effect of added BaO on the growth of
iridium crystallites can be seen from a com-
parison of Figs. 8B and 8D. Clearly BaO
suppresses the growth process, probably
by trapping migrating iridium oxide surface
species. BaO, however, has little effect on
the escape process of such species from the
Ir erystallites so that the net effect is that
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TABLE 3

Sintered Ir/AlO; Catalysts—A Comparison
of X-Ray, H; Chemisorption, and TEM Measure-
ments

T°Ct X-rayc Crystallite size (A) H.
~———————————— chemisorp-
TEMs« tion®
Min Max Av
270 <50 <10 <10 <10 <10
500 173 <10 150 34 30
600 211 <10 280 68 62

¢ Model Ir/Al,O; catalyst.
® Treatment time, 4 hr in air.
©29% Ir/Al;O; catalysts.

all crystallites decrease in size, i.e., redis-
persion occurs.

Average Ir ecrystallite sizes calculated
from X-ray diffraction and H, chemisorp-
tion measurements on 29, Ir/Al,O; cata-
lysts and TEM measurements on a model
Ir/AlO; catalyst system are compared in
Table 3. The three methods all indicate
that the fresh Ir/Al:O; catalysts exhibit
extremely well-dispersed iridium phases.
After 500 and 600°C air calcinations, the
average Ir crystallite sizes calculated from
H, chemisorption data and observed in
TEM measurements were found to be in
very good agreement. The bimodal distribu-
tion of iridium erystallites causes X-ray
line-broadening measurements to predict
anomalously large average iridium crystal-
lite sizes. Good agreement was observed
between the largest IrO. crystallites seen
in TEM micrographs and those calculated
from X-ray line-broadening data. The
generally good agreement in crystallite
sizes determined by chemisorption mea-
surements on conventional Ir/Al,O; cata-
lysts and TEM measurements on model
Ir/Al,O; catalysts strongly indicate the
applicability of model systems in observing
the sintering behavior of conventional
catalysts.
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Controlled Atmosphere Electron Microscopy
Studies of Model Ir/Al,0; and Ir/BaO-
Al 05 Catalysts

The use of CAEM enabled us to follow
the growth of IrQ, crystallites in real time.
When reduced Ir/Al,O; specimens were
heated 1n 5 Torr O, the first signs of
significant erystallite growth were observed
at 440°C and appeared to slow down after
about 2 hr. The largest IrO, crystallites
present at this stage were about 100 A in
diameter. As the temperature was gradually
raised to 750°C, several features of the
crystallite growth process became apparent.
The growth rate of IrO, crystallites in-
creased and the time required to reach a
limiting size decreased. The crystallites
tended to be irregularly shaped and rela-
tively dense. It was also noticeable that at
any given temperature the crystallites were
divided into two distinct size ranges, e.g.,
at 700°C about 59, of the particles were
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Fia. 9. Effect of oxidation (5 Torr Oz) on growth
(redispersion) of Ir/Al:O; (upper curve) and Ir/
BaO-Al:O; (lower curve) catalysts. The asterisk, *
(numbers in brackets), indicates the largest particle
size observed at a given temperature.
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~400 A in diameter, whereas the majority
were <50 A. Since the resolution of this
technique is limited to 25 A, precise quanti-
tative estimates of IrO; crystallites below
this size are not possible. During the growth
sequences no crystallite mobility was ob-
served and crystallites remained as discrete
entities rather than tending to stick
together in the form of dumbbells or chains.

Quantitative measurements were made
from photographs taken during the periods
where IrQ, ecrystallites were growing at
constant rates. These results are presented
graphically in the upper half of Fig. 9.
There is very good agreement between the
sizes of the largest crystallite formed in
these experiments with those found from
X-ray and TEM investigations under
similar calcination temperatures. This find-
ing would appear to suggest that the
partial pressure of oxygen does not have
an appreciable effect on the extent of Ir
sintering since there was a 30-fold difference
in oxygen partial pressure between these
investigations.

When similar experiments were per-
formed on a presintered Ir/Al,O; model
catalyst in the presence of BaO, the be-
havior of the IrQ, crystallites was quite
different. Although the morphology of the
particles was identical to that described
above for the Ir/Al,0; system, the growth

TABLE 4

Redispersion of Iridium Particles Supported on
Alumina in the Presence of Barium Oxide After
Reduction in Hydrogen At 500°C Followed by
Oxidation in Oxygen At 600°C

Cycle No. Redispersion rate  Largest
(A/Min)e particle size
4)
0 — 250
1 —-7.1 110
2 —4.15 25
3 —2.6 <25

¢ The redispersion rate (under 5 Torr O,) was
measured by CAEM.
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characteristics of the crystallites changed
dramatically. In this case the IrO, crystal-
lites decreased in size when heated in
oxygen over the range 417 to 672°C. At
still higher temperatures some increase in
size was observed, but the rate was drasti-
cally reduced compared to when BaO was
absent. The effect of increasing temperature
on this behavior appears to parallel that
observed in the Ir/Al,O; system, the time
period over which crystallite shrinkage
oceurred becoming shorter as the tempera-
ture was raised. Quantitative measurements
of this phenomenon are shown graphically
in the lower half of Fig. 9, where it can be
seen that the optimum conditions for
redispersion are near 600°C.

The effeet of treating Ir/BaO-Al,Os
specimens under three consecutive reduc-
tion—oxidation eyeles where the oxidation
step was maintained at 600°C is summa-
rized in Table 4. It is apparent that con-
secutive treatments do bring about a
reduction in crystallite size although the
rate of redispersion decreases with each
cycle. The size of crystallites listed is not
the average size but rather those of the
larger crystallites present, and after the
third eycle these were below the resolution
of the microscope (25 A).

From the CAEM investigation several
conclusions can be made, probably the
most significant one being that in neither
crystallite growth nor redispersion processes
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were IrO, crystallites observed to move on
the Al,0; surface, which suggests that both
these processes occur by a molecular
migration mode. The introduction of BaO
onto the Ir/Al,O; system not only sta-
bilizes the catalyst but also induces redis-
persion of large Ir crystallites, this process
predominating at temperatures below
700°C and having the maximum effect
at 600°C.

Recently Ruckenstein and Dadyburjor
(42) have suggested that the failure to
observe migration of crystallites in certain
systems with CAEM (43-44) was due to a
resolution limitation. Whereas this argu-
ment holds true for particles less than 25 A
in diameter, it has been demonstrated that
in systems where crystallite migration
occurs such motion is temperature depen-
dent and as a consequence a temperature
would be reached where IrQ, particles
larger than 25 A would exhibit mobility
(46—46). These conditions were never at-
tained in the present investigation even
though the sintering temperature was
varied by 300°C. We must therefore con-
clude that crystallite migration does not
play a role in the Ir/Al,O;~oxygen system
at temperatures below 750°C.

The dependence of Ir sintering rate on
temperature is presented in the form of an
Arrhenius relationship in Fig. 10. From the
slope of this line it has been possible to
derive an apparent activation energy of
16.5 & 2 kecal/mole for the growth of Ir
on Al;O; in the presence of oxygen. There
is obviously a large difference between the
activation energy obtained by this approach
and that derived from chemisorption
(49 +£ 5 keal/mole) measurements. The
reason for this discrepancy becomes appar-
ent when one considers the bimodal nature
of the particle size distribution curves. It
is clear that during sintering while some
crystallites are growing a greater number
are decreasing in size, and this effect leads
to anomalous growth rates from a chemi-
sorption approach. In CAEM studies one
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is actually measuring the growth of larger
particles so this method removes any
ambiguity and thus affords the true particle
growth rate. It is interesting to compare the
value of F, of 16.5 keal/mole obtained here
with the value of 16 keal/mole reported by
Kirier and Jaffee (47) for the evaporation of
iridium forming IrO; () in fast flowing air.
This agreement seems to imply that the
sintering energetices of the Ir/Al,O;—oxygen
system are governed by the generation of an
iridium oxide species (possibly IrQ;) and
not by the subsequent diffusion of such
species over the support surface.

SUMMARY

Group ITA-oxides of Ca, Sr, and Ba have
been found to stabilize the Ir surface area
of Ir/Al.O; catalysts under oxygen atmo-
spheres at high temperatures. Oxidative
stabilization is consistent with the forma-
tion of an immobile surface iridate via the
reaction of a mobile, molecular iridium
oxide species with a well-dispersed Group
ITA-oxide. In support of this view, Mg,
which does not form an iridate, was in-
effective. The surface iridates are readily
reduced to Ir metal and the corresponding
Group IIA-oxide.

In the presence of a Group IIA-oxide,
presintered Ir/AlO; catalysts can be re-
dispersed under oxygen at relatively high
temperatures. Redispersion most likely
occurs by the formation of molecular
iridium oxide species which migrate over
the Al,O; surface and ultimately become
captured and immobilized by a well-
dispersed Group ITA-oxide. Reduction of
the stable surface iridate yields a more
highly dispersed Ir phase than initially
present.

Finally, fCAEM ?measurements have
clearly shown that Ir/Al;O; catalysts sinter
and Ir/BaO-Al,O; catalysts redisperse un-
der an oxygen atmosphere by a molecular
migration mechanism. This finding is the
first direct verification of the atomic
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migration model outlined by Flynn and
Wanke (14).
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