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The structure of an alumina-supported platinum-iridium catalyst containing 1.75 wt% each of 
platinum and iridium was investigated by incorporating into the catalyst a small amount (0.1 wt%) 
of “‘Fe as a probe for Mbssbauer spectroscopy experiments. The Miissbauer data are consistent with 
the view that the catalyst contains highly dispersed bimetallic clusters of platinum and iridium, if 
the temperature of exposure of the catalyst to air during its preparation is not too high. Calcination 
in air at a temperature of 260C is very satisfactory in this respect, but a calcination temperature of 
600C is too high. The use of the higher calcination temperature results in oxidation and 
agglomeration of the iridium, with the formation of large crystallites of 110,. Upon reduction, the 
catalyst may then be characterized approximately as a system containing two different types of 
metallic entities, one consisting of highly dispersed platinum or platinum-rich clusters and the other 
consisting of large iridium or iridium-rich crystallites. The results demonstrate the importance of 
preparative conditions in the formation of highly dispersed bimetallic clusters in the platinum- 
iridium system. 

INTRODUCTION 

Supported bimetallic clusters have been 
investigated as catalysts in recent years (I - 
3). One type of bimetallic cluster of interest 
is composed of atoms of two Group VIII 
metals, as exemplified by platinum-iridium 
(2). The presence of platinum-iridium bi- 
metallic clusters with sizes in the approxi- 
mate range of 25-50 A has been demon- 
strated by X-ray diffraction studies on 
silica-supported platinum-iridium catalysts 
(2, 4). However, when the platinum-irid- 
ium clusters are still smaller, it is dill’lcult to 
obtain satisfactory diffraction patterns. The 
lines in the dilfraction pattern are then very 
broad and weak and are not readily distin- 
guished from the background. By contrast, 
Miissbauer spectroscopy studies may be 
conducted on platinum-iridium clusters in 
which virtually all of the metal atoms are 
surface atoms. In principle, such studies 
could be made by incorporating ls5Pt 

1 Present Address: Catalytica Associates, Inc., 3255 
Scott Blvd., 7-E, Santa Clara, California 95051. 

and/or *% Miissbauer isotopes in the cata- 
lysts. Experiments with these isotopes, 
however, are extremely difhcult because of 
short lived sources and the requirement for 
measurements at liquid helium tempera- 
ture. Alternatively, j7Fe can be added to 
platinum-iridium catalysts as a sensitive 
Miissbauer probe of the interaction be- 
tween platinum and iridium (2). The results 
of such an investigation on highly dispersed 
platinum-iridium clusters supported on alu- 
mina are reported in this paper. Catalysts of 
this type are of interest in the reforming of 
petroleum naphthas (2). 

EXPERIMENTAL 

Apparatus and procedure. The gas ad- 
sorption measurements were made in a 
conventional type of apparatus which has 
been described elsewhere (5). Briefly, the 
apparatus consists of a high vacuum system 
capable of being evacuated to a pressure of 
10vs Torr. The amount of gas adsorbed is 
determined volumetrically. After the cata- 
lysts are reduced in flowing hydrogen in the 
adsorption cell at 5WC, the system is 
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evacuated at 450°C and cooled to room 
temperature to obtain an adsorption iso- 
therm. 

The procedure employed in the 
Miissbauer experiments has been described 
previously (6, 7). Briefly, samples weighing 
about 0.3 g were pressed into stainless-steel 
rings at 10,000 psig to form wafers approxi- 
mately 1 mm thick and 2.2 cm in diameter. 
The wafers were contained in a controlled 
atmosphere Mossbauer cell. Provision was 
made for heating the samples to the temper- 
atures employed for reduction or other gas- 
eous treatments. The cell was constructed 
from 304 stainless steel and had beryllium 
windows 0.025 cm thick. The r-ray beam 
was collimated so that it passed only 
through the sample wafer and the beryllium 
windows. Blank experiments on the cell 
with the stainless-steel rings showed no 
resonance absorption peaks. The 
Miissbauer spectra were recorded on an 
Austin Science Associates Miissbauer 
spectrometer using a 57Co-Cr source driven 
with constant acceleration. All isomer 
shifts are reported with respect to this 
source. The minimum linewidth obtainable 
with the spectrometer was 0.27 mm/set, as 
determined with a sodium nitroprusside ab- 
sorber containing 8.7 x 10” 57Fe 
atoms/criP. The isomer shift (6) and quad- 
rupole splitting (A) for the sodium nitro- 
prusside absorber with respect to the 57Co- 
Cr source were -0.11 and 1.69 mm/set, 
respectively, in good agreement with 
values previously reported in the literature 
(8). The computer methods employed in 
analyzing the Mossbauer spectra have been 
described previously (6, 7). 

Some MSssbauer experiments at low 
temperatures requiring the use of liquid 
helium were performed at Stanford Univer- 
sity, courtesy of Professor Michel Boudart. 
The apparatus in Professor Boudart’s labo- 
ratory has been described in the literature 
(9). 

Materials. Alumina-supported iridium, 
platinum, and platinum-iridium catalysts 
containing, respectively, 1.75 wt% iridium, 

1.75 wt% platinum, and 1.75 wt% each of 
platinum and iridium were investigated in 
this work. For the purpose of Mossbauer 
spectroscopy experiments, each of the cat- 
alysts contained an amount of 57Fe enriched 
iron (0.1 wt%) which was small compared 
to the amount of platinum and/or iridium 
present. The 5rFe served as a sensitive 
Mossbauer probe for the investigation of 
the state of the platinum and iridium in the 
catalysts. The catalysts were prepared by 
impregnating batches of alumina with solu- 
tions of appropriate compounds of the 
metals, using 0.5 ml of solution per gram of 
alumina. The alumina was obtained from 
Engelhard Industries in the form of l/16 in. 
extrudates (commonly used as a reforming 
catalyst support). The extrudates were 
crushed to ~200 mesh prior to preparation 
of the catalysts. The surface area of the 
alumina was approximately 200 mZ/g. In 
the preparation of the iridium and platinum 
catalysts, solutions of chloroiridic and 
chloroplatinic acids were used in the im- 
pregnations. A mixed solution of the two 
acids was employed in the preparation of 
the platinum-iridium catalyst. Steps subse- 
quent to impregnation in the preparation of 
the catalysts included drying in air at 120°C 
for 16 hr and at 260°C for 4 hr. The 
MSssbauer probe isotope 57Fe was then 
incorporated into these materials by im- 
pregnating them with a solution prepared 
by dissolving iron containing 93% of the 
isotope 51;e in 6 N HNO, (7). The materials 
were then dried again for 16 hr at 120°C and 
1 hr at 260°C in air. For comparison, a 
sample containing only j7Fe enriched iron 
on alumina was prepared in the same man- 
ner. Prior to Miissbauer spectroscopy ex- 
periments, the samples were reduced in situ 
in flowing hydrogen at 500°C for 1 hr. The 
sample containing only 57Fe enriched iron 
on alumina is designated as sample A in this 
paper. The platinum, iridium, and bimetal- 
lic platinum-iridium catalysts containing 
57Fe which have been described in this 
paragraph are designated as samples B, C, 
and D, respectively. A physical mixture of 
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samples B and C was prepared by tumbling 
the powders together in a vial and is desig- 
nated sample B-C. Catalysts prepared in 
the same manner as samples B, C, and D 
except for the use of a calcination tempera- 
ture of 600°C instead of 260°C were also 
investigated in the present work, and are 
designated as samples B-600, C-600, and D- 
600. Two catalyst samples designated B- 
Hz0 and B-Ir were prepared by contacting 
sample B (platinum-alumina catalyst con- 
taining “‘Fe) in its finally reduced form 
with, respectively, water and a chloroiridic 
acid solution. Subsequent drying and re- 
duction steps were identical to those em- 
ployed in the preparation of sample B. 

RESULTS 

Chemisorption Results 

The metal catalysts investigated in this 
work consist of very small metal clusters or 
crystallites dispersed on alumina. Esti- 
mates of metal dispersion, defined as the 
ratio of surface metal atoms to total metal 
atoms in the clusters or crystallites, may be 

obtained from chemisorption data. Hydro- 
gen chemisorption isotherms obtained at 
room temperature on platinum-iridium, 
iridium, and platinum catalysts containing 
57Fe (samples D, C, and B, respectively) 
are shown in Fig. 1. The isotherms are 
approximately linear over the range of pres- 
sures employed in obtaining the data. The 
linear pressure dependence is associated 
with a weakly bound fraction of the total 
chemisorption. An estimate of the strongly 
bound fraction is commonly made by ex- 
trapolating the linear part of the isotherm to 
zero pressure, since saturation with regard 
to the strongly chemisorbed component is 
attained at equilibrium pressures very 
much lower than those corresponding to 
the measured isotherm. An alternative 
method of estimating the amount of 
strongly chemisorbed hydrogen, which was 
not employed in the present investigation, 
involves determination of the amount of 
hydrogen retained on the catalyst after 
evacuation of the adsorption cell at room 
temperature (4). The evacuation is com- 
monly conducted for a period of 10 min, 
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FIG. 1. Hydrogen chemisorption isotherms at room temperature for alumina-supported platinum- 
iridium, iridium, and platinum (samples D, C, and B, respectively). The platinum-iridium catalyst 
contained 1.75 wt% each of platinum and iridium, while the other two catalysts contained 1.75 wt% of 
either platinum or iridium. AU of the catalysts were calcined in air at 260°C and reduced in hydrogen at 
500°C in their preparation, and contained 0.1 wt% iron (enriched with Ve) as a probe for MSsshauer 
spectroscopy studies. 
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which results in a final pressure of approxi- 
mately 10m6 Torr. The amount of hydrogen 
retained is taken as the difference between 
the original isotherm and a second isotherm 
determined after the evacuation step. The 
strongly chemisorbed hydrogen determined 
in this manner is typically about 75% of the 
amount determined by extrapolation of the 
original isotherm to zero pressure. 

In Fig. 2 data are shown on the chemi- 
sorption of carbon monoxide at room tem- 
perature on the same platinum-iridium cat- 
alyst for which hydrogen chemisorption 
data are presented in Fig. 1. Isotherm A is 
the initial isotherm obtained on the cata- 
lyst, while isotherm B is a second isotherm 
obtained after evacuation of the adsorption 
cell at room temperature in the manner 
described in-the preceding paragraph. The 
difference isotherm A - B is the strongly 
chemisorbed carbon monoxide, which in 
this case is within about 10% of the amount 
estimated by extrapolation of isotherm A to 
zero pressure. The determination of the 
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FIG. 2. Chemisorption of carbon monoxide at room 
temperature on the same platinum-iridium catalyst 
(sample D) for which hydrogen chemisorption data are 
presented in Fig. 1. Isotherm A is the original iso- 
therm, while isotherm B is a second isotherm deter- 
mined after evacuation of the adsorption cell to ap- 
proximately lOWE Torr subsequent to the completion of 
isotherm A. The difference isotherm A - B is obtained 
by subtracting isotherm B from isotherm A, and 
represents the strongly chemisorbed fraction. 

strongly chemisorbed fraction by the two 
different methods thus appears to give 
values in better agreement than is the case 
for hydrogen chemisorption. 

Data were also obtained on the chemi- 
sorption of oxygen at room temperature on 
the catalysts. The results of the experi- 
ments on chemisorption of hydrogen, car- 
bon monoxide, and oxygen are summarized 
in Table 1. The quantities H/M, CO/M, 
and O/M represent, respectively, the num- 
ber of hydrogen atoms, carbon monoxide 
molecules, and oxygen atoms chemisorbed 
per atom of metal (Pt, Ir, Fe) in the cata- 
lyst. The values of H/M and O/M were 
determined by extrapolation of adsorption 
isotherms to zero pressure, as illustrated in 
Fig. 1 for hydrogen. The values of CO/M 
were determined from difference isotherms 
of the type labeled A - B in Fig. 2. If we 
adopt adsorption stoichiometries of one hy- 
drogen or oxygen atom, or one carbon 
monoxide molecule, per surface metal 
atom, the values of H/M, CO/M, and O/M 
provide a direct measure of metal disper- 
sion. We then note some differences in 
metal dispersion for a given catalyst as 
determined with the different gases. The 
values of CO/M are lower than the values 
of H/M and O/M and may be an indication 
that part of the chemisorbed carbon mon- 
oxide consists of the bridged structure, in 
which two surface metal atoms are required 
for each adsorbed molecule. Except for 
iridium catalyst C, the values of H/M and 
O/M are nearly equal. The value of H/M in 
excess of unity for the iridium catalyst is 
consistent with other observations in hy- 
drogen chemisorption on iridium-contain- 
ing catalysts (4), and suggests that some 
surface atoms in the metal clusters (perhaps 
atoms at edges and comers) may adsorb 
more than one hydrogen atom. 

The values of H/M in Table 1, rounded 
off to the nearest tenth, indicate metal dis- 
persions of 0.9, 1.0, and 1.0, respectively, 
for the platinum, iridium, and bimetallic 
platinum-iridium catalysts (samples B, C, 
D), if we assume that the value in excess of 
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TABLE 1 

Summary of Chemisorption Data on Et, Ir, and F’tIr Catalysts Containing 5rFe 

Composition (wt%)” Sample Air calcination 
temperature (“C) 

HIM* CO /Mb O/M* 

0.1 Fe, 1.75 Pt 

0.1 Fe, 1.75 Ir 

0.1 Fe, 1.75 Et, 1.75 Ir 

B 260 0.86 0.54 0.78 
B-600 600 0.95 0.86 

C 260 1.29 0.78 0.90 
C-600 600 0.04 0.09 

D 260 1.00 0.68 0.90 
D-600 600 0.57 0.56 

a The catalysts all consist of metal clusters or crystallites supported on alumina and contain 0.1 wt% Fe 
(enriched with We) in addition to the platinum and/or iridium. The srFe is present as a probe for Miissbauer 
spectroscopy experiments. The catalysts were all reduced in Hz at 500°C and evacuated at 450°C prior to 
chemisorption measurements at room temperature. 

*The quantities H/M, CO/M, and O/M represent, respectively, the number of hydrogen atoms, carbon 
monoxide molecules, and oxygen atoms chemisorbed at room temperature per atom of metal M (Et, Ir, Fe) in the 
catalyst. The values of H/M and O/M were determined by extrapolation of the linear regions of the adsorption 
isotherms to zero pressure, as illustrated in Fig. 1. The values of CO/M were determined from difference 
isotherms of the type labeled A-B in Fig. 2, and represent the amounts retained after the adsorption cell is 
evacuated at room temperature for 10 min to approximately 10eB Torr subsequent to completion of the initial 
isotherm. 

unity for the iridium catalyst is indicative of 
a dispersion of 1.0. If we also consider the 
carbon monoxide and oxygen chemisorp- 
tion data, we obtain a measure of the de- 
gree of uncertainty in specifying the metal 
dispersion. If a range of values is used to 
characterize the metal dispersion of each of 
the catalysts, the platinum-iridium catalyst 
calcined at 260°C (sample D) has a metal 
dispersion in the approximate range of 0.7- 
1.0. Similarly, the platinum and iridium 
catalysts calcined at 260C (samples B and 
C) have metal dispersions in the approxi- 
mate ranges of, respectively, 0.5-0.9 and 
0.8-1.0. Increasing the calcination temper- 
ature from 260 to 600C in the preparation of 
the platinum catalyst (see data on sample 
B-600) appears to have little effect on the 
metal dispersion and may actually increase 
the dispersion slightly. In marked contrast, 
a similar increase in calcination tempera- 
ture in the case of the iridium and plati- 
num-iridium catalysts (see data on samples 
C-600 and D-600, respectively) results in a 
marked decrease in metal dispersion. In the 
case of iridium-containing catalysts, the 
loss of metal dispersion is due to oxidation 

and agglomeration of the iridium, with the 
formation of large crystallites of IrOl. This 
has been demonstrated clearly by X-ray 
diffraction data (2, 4). On subsequent re- 
duction, the catalysts exhibit large crystal- 
lites of iridium. The dispersion of the irid- 
ium catalyst decreases by at least an order 
of magnitude when the calcination tempera- 
ture is increased from 260 to 600°C. In .the 
case of the platinum-iridium catalyst, the 
decrease in total metal dispersion is less 
pronounced since the platinum in the cata- 
lyst remains highly dispersed. 

Miissbauer Spectroscopy Results 

As indicated earlier in the paper, each of 
the catalysts in this investigation contained 
a small amount of iron (0.1 wt%) enriched 
with the Mossbauer isotope j7Fe. The 
Mossbauer resonance is sensitive to the 
environment of the jF’e nuclei in the cata- 
lyst, and hence the jTFe serves as a probe to 
provide information on the catalyst. Spec- 
tra for various catalyst samples of interest 
in this investigation are shown in Figs. 3, 4, 
5, and 6. Parameters associated with the 
Miissbauer resonance were derived from 
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FIG. 3. Miissbauer spectra at 25°C on alumitia- 
supported platinum-iridium, iridium, and platinum 
catalysts containing a small amount of Fe (0.1 wt%) 
enriched with Te as a Miissbauex probe. ‘l%c cata- 
lysts (samples B, C, D) a the same as those for which 
hydrogen chemisorptioc data are presented in Fig. 1. 
The Mbssbauer spectrum on the alumina-supported 
iron sample (sample A) containing 0.1 wt% Fe en- 
riched with We serves as a reference for com@arison 
with the spectra on the catalysts. 

the spectra by a computerized data analysis 
procedure which has .been described previ- 
ously (6). Values of Miissbauer parameters 
of the 5rFe derived from room temperature 
spectra on the various supported catalysts 
containing platinum and/or iridium and on 
a sample of alumina containing only the 
iron are summarized in Table 2. In the 
determinatian of the parameters in Table 2 
the Mossbauer spectra, i.e., the spectra of 
Figs. 3, 5, and 6, were treated as two line 
spectra. The parameters include the isomer 
shift 6, the quadrupole splitting A, and the 
ratios of the areas (A,/AJ and widths 
( W2/ WJ of the two lines in the spectra. 

Mossbauer spectra at 25°C are shown in 
Fig. 3 for alumina-supported platinum, irid- 
ium, and bimetallic platinum-iridium cata- 
lysts containing 5rFe (samples-B, C, and D, 
respectively) and for alumina containing 
only the iron (sample A). A sbectrum (not 
shown in Fig. 3) was also obtained on 

sample B-C, a physical mixture of sam- 
ples B and C. The two line (quadrupole 
split) spectrum for sample A and the corres- 
ponding Miissbauer parameters for this 
sample in Table 2 are characteristic of high 
spin ferrous ions in oxides (7), which indi- 
cates that the iron in the sample is reduced 
only to the ferrous state with hydrogen at 
500°C. There is no evidence for the presence 
of iron in the metallic state. The large 
linewidths and the differences in intensity 
of the lines suggest that the iron has a 
number of different- environments. The 
spectra from samples B, C, and D in Fig. 3 
are very different from that for sample A. 
Correspondingly, the Mossbauer parame- 
ters in Table 2 for samples B, C, D, and B- 
C contrast markedly with those for sample 
A. These results are indicative of differ- 
ences in the chemical environment of the 
iron. The presence of platinum and/or irid- 
ium leads to a marked decrease in the 
amount of iron which exists as ferrous ions 
in the samples. The iron is therefore 
present in a different chemical state which 
is characterized by an intimate association 
with highly dispersed clusters of platinum 
and/or iridium. The evidence for associa- 
tion of the iron atoms with platinum in 
samples similar to B has been discussed 
previously- in some detail (10). Briefly, in- 
corporation of iron atoms into the platinum 
clusters is indicated by the agreement of the 
isomer shift for iron in the catalyst with that 
for iron in a PtFe bulk alloy of similar 
composition. In addition, it was found that 
the iron in sample B, after reduction at 
5OOC, exhibited a unique chemical behav- 
ior in that it could be reversibly oxidized 
and reduced at room temperature. This 
property appears to be characteristic of 
iron in association with metals such as 
platinum and palladium (6, 7, 9, 10). It is 
not observed when the iron is present by 
itself on alumina. Sample C containing irid- 
ium and iron exhibite.dthe same reversible 
oxidationqeduction behavior indicating 
the incorporation .of ‘the iron into the irid- 
ium clusters. The isomer shift for sample 
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TABLE 2 

Summary of M&batter Parameters for Reduced Et, Ir, and PtIr Catalysts Containing SrFe 

Composition (wt%)O Sample* Isomer shift 
8 (mm/set) 

Quadrupole 
splitting 
(mm/W 

0.1 Fe A 
0.1 Fe, 1.75 Et B 

B-600 
B-HzOd 

0.1 Fe, 1.75 Ir C 
c-600 

0.1 Fe, 1.75 Et, 1.75 Ir D 
D-600 
B-Ird 

0.1 Fe, 1.75 Pt mixed B-C” 
with 0.1 Fe, 1.75 Ir 

1.20 1.69 1.01 1.32 
0.53 0.82 1.71 2.41 
0.55 0.86 1.90 2.73 
0.53 0.83 1.71 2.38 
0.58 0.97 1.18 1.58 
1.22 1.86 0.98 1.38 
0.56 0.89 1.16 1.38 
0.57 0.92 1.50 2.16 
0.57 0.86 1.13 1.40 
0.57 0.92 1.28 1.79 

a The concentrations of metallic components of interest, expressed as wt% of the total mass of material, which 
includes the metallic elements shown and the alumina carrier. The 5’Fe fraction of the 0.1 wt% Fe present in all 
cases serves as a Miissbauer probe of the catalyst. The composition listed as 0.1 Fe (sample A) is a reference 
material in which Fe is dispersed on alumina with no platinum or iridium present. 

b Samples A, B, B-H&, C, D, and B-B were all calcined in air at 260°C in their preparation, while samples B- 
600, C-600, and D-600 were calcined at 600°C. 

c The ratios of the areas (A,/AJ and widths ( W,/ WJ of the two lines in the Miissbauer spectra in Figs. 3,5, and 
6. The subscript 1 refers to the line corresponding to the lower Doppler velocity. 

d Catalyst samples prepared by contacting sample B in its finally reduced form with water (designated B-H,O) 
or with a chloroiridic acid solution (designated B-k), followed by drying and reduction steps identical to those 
employed in the preparation of the original sample B. 

e physical mixture of equal portions of samples B and C. 

C, however, was not in good agreement 
with the value of 0.38 mm set-l (8) ex- 
pected for dilute iron in iridium alloys. This 
difference may reflect an unusual chemical 
state for iron which is associated with sur- 
face iridium atoms in clusters. A similar 
situation has recently been reported and 
discussed for iron-ruthenium catalysts 
(II). 

The Mossbauer parameters for sample D 
differ from those for samples B and C, 
which indicates that the iron atoms in sam- 
ple D are not associated exclusively with 
either the platinum or the iridium in the 
catalyst. Furthermore, the area and line- 
width ratios (AZ/A, and W,/ WJ for sample 
D ditfer from those for the physical mixture 
B-C, which indicates that the iron atoms 
in sample D are not simply distributed 
between platinum clusters and iridium clus- 
ters with the platinum and iridium being 

totally isolated from each other. The data 
on Miissbauer parameters are consistent 
with the view that catalyst D consists of 
bimetallic platinum-iridium clusters with 
iron atoms incorporated therein. 

Mossbauer spectra obtained at very low 
temperatures (18-23.5”K) on samples B, C, 
and D are shown in Fig. 4. At these temper- 
atures the samples become ferromagnetic 
and the spectra exhibit magnetic hyperfme 
splitting. As a result, the spectra consist of 
six lines instead of two. While the six lines 
in the spectra of Fig. 4 are not very pro- 
nounced, they are nonetheless real, as dem- 
onstrated by the computer analysis of the 
data. The positions of the lines from this 
analysis are shown above the spectra in 
Fig. 4. The magnitude of the magnetic field 
experienced by the j7Fe nuclei can be deter- 
mined from the separation of lines in the 
spectrum (12, 23). Magnetic fields derived 
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FIG. 4. Low temperature (1%23.5oK) Miissbauer spectroscopy data on the same catalysts (samples 
B, C, D) used in obtaining the room temperature Miissbauer spectroscopy data in Fig. 3. The data 
exhibit magnetic hypertine splitting because of the ferromagnetic character of the samples at the low 
temperatures. The splitting leads to spectra consisting of six lines. The magnitude of the splitting varies 
for the different catalysts, indicating differences in the local magnetic fields at the 5rFe nuclei. The 
positions of the six lines determined by computer analysis of the data are shown above each of the 
spectra. 

from the separation of the outermost of the 
six lines of the hyperfine spectra in Fig. 4 
are given in Table 3. Since the internal 
magnetic field is different for each of the 
three samples, which differ with regard to 
the metal or metals (platinum and/or irid- 
ium) present, the results provide additional 
evidence that the iron atoms are associated 
with these metals. In studies on bulk PtFe, 
IrFe, and PtIrFe alloys, it has been ob- 
served (24, 25) that the magnetic fields at 
the iron nuclei are much smaller for IrFe 
than for PtFe. In addition, these studies 
showed that the magnetic fields for PtIrFe 
alloys were intermediate between those for 
PtFe and IrFe alloys. The same trend is 
found with samples B, C, and D in Table 3, 
which is consistent with the view that the 
iron atoms in sample D are incorporated in 

bimetallic clusters of platinum and iridium. 
It is of interest to note that the magnetic 
field at the j7Fe nuclei in the platinum 
catalyst (sample B) is similar to that re- 
ported for highly dispersed PtFe alloys on 
carbon (9) and for bulk PtFe alloys (15). 
However, the fields at the YFe nuclei in the 
iridium and platinum-iridium catalysts 
(samples C and D) are much larger than 

TABLE 3 

Magnetic Fields Derived from Magnetic Hyperfbre 
Structure 

Sample and composition 
(wt %) 

B (0.1 Fe, 1.75 Pt) 
C (0.1 Fe, 1.75 II) 
D (0.1 Fe, 1.75 F’t, 1.75 Ir) 

Temperature 

(“K) 

21 
23.5 
18 

Magnetic field 
We) 

325 
260 
29s 
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FIG. 5. Miissbauer spectra at 25°C on alumina-supported platinum-iridium, iridium, and platinum 
catalysts which were calcined in air at a temperature of 600°C in their preparation (samples D-600, C- 
600, and B-600, respectively). The catalysts have the same elemental compositions as the catalysts for 
which Mkbauer spectra are shown in Fig. 3, but exhibit structural differences due to the higher 
calcination temperature (600 vs 260°C) employed in their preparation. 

those observed with bulk IrFe and PtIIFe 
alloys (14, 15). The data thus indicate a 
strong effect of the degree of metal disper- 
sion on the magnetic properties of the IrFe 
and PtIrFe systems which is not observed 
with the PtFe system. 

In the preparation of iridium-containing 
catalysts, the temperature of calcination in 
air is critical, as was noted in the previous 
section on chemisorption results. 
Miissbauer spectra at 25°C are shown in 
Fig. 5 for platinum, iridium, and bimetallic 
platinum-iridium catalysts (samples B-600, 
C-600, and D-600, respectively) which were 
prepared by calcination in air at 600°C prior 
to the final reduction in hydrogen at 500°C. 
Sample B-600 gives a spectrum similar to 
that of sample B in Fig. 3, and the 
Miissbauer parameters for these samples in 
Table 2 are also similar. These results indi- 
cate that sample B-600 also consists of 

platinum clusters with iron atoms incorpo- 
rated therein. However, sample C-600 
gives a spectrum which is very different 
From that presented for sample C in Fig. 3. 
The spectrum for sample C-600 is nearly 
identical to that of sample A in Fig. 3, in 
which the iron exists in the ferrous state. 
The iridium in sample C-600 is not present 
as highly dispersed clusters, as can be seen 
from the chemisorption data in Table 1. We 
conclude that the poorly dispersed iridium 
crystallites (dispersion ~0.1) are not asso- 
ciated to a significant extent with the iron in 
the sample. Hence sample C-600 behaves 
like a sample containing no iridium. The 
Mossbauer parameters in Table 2 are con- 
sistent with this statement. The spectrum of 
sample D-600 resembles that of sample B in 
Fig. 3 more closely than it resembles the 
spectrum of sample D. The MSssbauer pa- 
rameters in Table 2, especially the ratios 



136 GARTEN AND SINFELT 

I I I I I 

0.92 - 
L 1 I I I I 

-2.0 -1.0 0 1.0 2.0 3.0 

VEL (IWSEC) 

FIG. 6. Mossbatter spectra at 2Y’C on catalyst samples B-H,0 and B-Ir prepared by contacting 
platinum-alumina catalyst (sample B of Figs. 1, 3, and 4) in its final reduced form with, respectively, 
water and a chloroiridic acid solution. The subsequent drying and reduction steps in the preparation of 
samples B-H& and B-Ir were identical to those employed in the preparation of sample B. The 
platinum and iridium contents of sample B-k are the same as those of sample D. 

AZ/AI and Wz/ WI, show evidence of differ- 
ences between samples D and D-600. The 
iridium in sample D-600 is largely present in 
the same poorly dispersed form as the 
iridium in sample C-600, as has been found 
from X-ray diffraction studies of similar 
samples. Sample D-600 thus can be charac- 
terized approximately as consisting of 
highly dispersed platinum clusters incorpo- 
rating iron atoms and separate iridium crys- 
tallites of much lower dispersion which are 
not associated with iron atoms to a 
significant extent. This characterization is 
consistent with the chemisorption data in 
Table 1. The Mijssbauer data on sample D- 
600, coupled with the chemisorption data 
on this sample in Table 1, show that calci- 
nation of alumina supported platinum-irid- 
ium in air at 600°C is unsatisfactory for the 
formation of highly dispersed bimetallic 
clusters of platinum and iridium. 

Miissbauer spectroscopy data on an alu- 
mina-supported platinum-iridium sample 
prepared by a sequential impregnation pro- 

cedure are of interest in providing informa- 
tion on the tendency of platinum and 
iridium to form bimetallic clusters. As 
indicated in the experimental section of this 
paper, the sample was prepared by contact- 
ing the platinum-alumina catalyst contain- 
ing 5?Fe (sample B) with a chloroiridic acid 
solution after the hydrogen reduction step. 
On the basis of the evidence presented 
earlier, the sample; prior to contact with 
the chloroiridic acid solution, may be char- 
acterized as containing highly dispersed 
platinum clusters with iron atoms incorpo- 
rated therein. After drying and reduction 
steps identical to those employed in the 
preparation of samples B, C, and D, the 
resulting material (designated as sample B- 
Ir) had the same elemental composition as 
sample D. Another sample prepared in ex- 
actly the same manner, except that water 
was substituted for the chloroiridic acid 
solution, served as a reference material 
(designated as sample B-HzO). MSssbauer 
spectra at 25°C on these samples are pre- 
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sented in Fig. 6. The spectrum and 
Mossbauer parameters of sample B-H,0 
are similar to those of sample B (Fig. 3 and 
Table 2). Sample B is therefore unaffected 
by its treatment with water. The spectrum 
of sample B-Iris similar to that of sample D 
in Fig. 3, and the Mossbauer parameters in 
Table 2 are also similar. The data indicate 
that platinum clusters associated with iron 
are altered by addition of iridium to the 
sample. We conclude that the added irid- 
ium is incorporated in the platinum clus- 
ters to give PtIr clusters containing the iron 
probe atoms. If the added iridium was 
present as separate iridium clusters in sam- 
ple B-B, the Miissbauer spectrum should 
have been the same as that of sample B- 
Hz0 or sample B. These results provide a 
good illustration of the propensity of plati- 
num and iridium atoms to mix and form 
bimetallic clusters, rather than to form 
monometallic clusters consisting exclu- 
sively of atoms of one or the other of the 
two metals. 

DISCUSSION 

Evidence for the presence of bimetallic 
clusters of platinum and iridium dispersed 
on silica has previously been obtained by 
X-ray diffraction studies for catalysts in 
which about one-fourth to one-half of the 
total number of platinum and iridium atoms 
are present in the surface of the clusters 
(2, 4). However, it becomes very difficult 
to extend the studies to catalysts with metal 
dispersions approaching unity. The lines in 
the diffraction pattern are very broad and 
weak in such highly dispersed catalysts, 
and become indistinguishable from the 
background. Furthermore, alumina-sup- 
ported platinum-iridium catalysts have the 
additional complication that the diffraction 
pattern of the alumina interferes with that 
of the platinum-iridium clusters. In view of 
these considerations, the investigation of a 
highly dispersed, alumina-supported plati- 
num-iridium catalyst by Mossbauer spec- 
troscopy is of particular interest. The work 

complements the earlier X-ray diffraction 
studies on silica-supported platinum-irid- 
ium catalysts. 

The approach of adding a small amount 
of the Miissbauer isotope j7Fe as a probe to 
investigate the nature of the platinum and 
iridium in the catalyst has been found to be 
very useful. Previous studies of alumina- 
supported palladium and platinum catalysts 
to which a small amount of 51;e was added 
provided good evidence that the iron was 
intimately associated with the palladium or 
platinum in the catalyst (6, 7, 10). This 
finding has been corroborated for the plati- 
num- and iridium-containing catalysts of 
the present investigation and serves to vali- 
date the use of j7Fe as a probe. In the 
present work we are concerned with the 
additional matter of distinguishing iron as- 
sociated with platinum clusters from iron 
associated with iridium clusters, and more 
importantly with distinguishing either of 
these from a situation in which iron is 
associated with atoms of both platinum and 
iridium in a bimetallic cluster. The 
Mossbauer parameters in Table 2 derived 
from spectra at 25°C and the hyperline 
magnetic fields in Table 3 derived from the 
hyperfine splittings in the low-temperature 
spectra clearly distinguish the situation in 
which iron is associated with platinum from 
one in which it is associated with iridium. 
In the respect that parameters such as the 
isomer shift, the quadrupole splitting, and 
the hyperfine magnetic field for the plati- 
num-iridium catalyst calcined at 260°C are 
intermediate between the values for the 
platinum and iridium catalysts calcined at 
the same temperature, it seems reasonable 
to state that the data are consistent with the 
existence of bimetallic platinum-iridium 
clusters in the former. The possibility that 
the spectra and Miissbauer parameters for 
the platinum-iridium catalyst reflect an av- 
erage of contributions from separate plati- 
num and iridium clusters, each of which has 
j7Fe atoms incorporated therein, must be 
considered. The fact that the area and line- 
width ratios (AZ/A1 and W,/W,) for the 
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Mossbatter spectrum on the physical mix- 
ture of platinum plus 5rFe on alumina and 
iridium plus 57Fe on alumina (sample B- 
C) are significantly different from those of 
the bimetallic platinum-iridium catalyst 
containing j7Fe (sample D) argues against 
this possibility. Close examination of all 
aspects of the data favors the existence of 
bimetallic platinum-iridium clusters. The 
data on the platinum-iridium catalyst pre- 
pared by sequential impregnation are per- 
haps more convincing in this regard. In this 
experiment a platinum catalyst in which 
j7Fe atoms are intimately associated with 
the platinum clusters is contacted with 
chloroiridic acid to incorporate iridium in 
the catalyst. Afier the resulting material is 
dried and reduced, a Mossbauer spectrum of 
the j7Fe in the final material is different from 
what it was in the original platinum catalyst 
and nearly identical to that of the j7Fe in the 
platinum-iridium catalyst prepared by 
coimpregnation. This is verified by the 
Miissbauer parameters in Table 2, thus 
providing evidence of effective interaction 
between the original platinum clusters con- 
taining j7Fe atoms and the added iridium. 
The formation of bimetallic platinum-irid- 
ium clusters on contact of the iridium with 
the platinum catalyst is therefore indicated. 
If there were no interaction between the 
platinum and iridium, the spectrum and 
parameters would not have changed; i.e., 
they would have been identical to the spec- 
trum and parameters for the original plati- 
num catalyst. The preparation of a plati- 
num-iridium catalyst by coimpregnation of 
alumina with chloroplatinic and chloroiridic 
acids should be at least as favorable for 
interaction between platinum and iridium 
as a preparation involving a sequential pro- 
cedure of the type just described. There- 
fore, we conclude that bimetallic platinum- 
iridium clusters will normally exist in either 
type of preparation, if the temperature of 
exposure of the catalyst to air during its 
preparation is not too high. In general, the 
catalyst may be exposed to air at tempera- 
tures lower than about 375°C without harm, 

but exposure to air at temperatures higher 
than about 450°C should be avoided (2, 4). 

When the temperature of exposure of 
platinum-iridium catalysts to air is too 
high, either in their original preparation or 
in subsequent use, the iridium undergoes 
oxidation and agglomeration to form large 
crystallites of IrO,. X-ray diffraction data 
on platinum-iridium-silica and platinum- 
iridium-alumina catalysts calcined in air at 
500°C show IrO, crystallites with sizes of 
290 and 260 A, respectively (2, 4). On 
subsequent reduction in hydrogen, the cat- 
alysts may be characterized approximately 
as systems containing two different types of 
metallic entities, one consisting of highly 
dispersed platinum or platinum-rich clus- 
ters and the other consisting of large irid- 
ium or iridium-rich crystallites. The 
MSssbauer spectroscopy data on platinum- 
iridium catalysts calcined in air at 600°C in 
their preparation are entirely in accord with 
this picture. 

To summarize briefly, the Miissbauer 
spectroscopy results in the present paper 
provide evidence for bimetallic platinum- 
iridium clusters in catalysts in which virtu- 
ally all of the platinum and iridium atoms 
are surface atoms. These results, in con- 
junction with chemisorption results and X- 
ray diffraction data, have provided an effec- 
tive characterization of platinum-iridium 
catalysts over a wide range of metal disper- 
sions . 
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