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Very small (about 1 nm) and homogeneous Pt-Ir bimetallic clusters were formed in the zeolite
supercage by calcining NaY co-ion-exchanged with PtONH;3)3" and Ir(NH;),CI2* at room tempera-
ture and subsequent reduction treatment with H, at 573 K. These bimetallic clusters were character-
ized by hydrogen and xenon adsorption, X-ray differaction (XRD), ¥Xe NMR spectroscopy, and
ethane hydrogenolysis reaction. Pt-Ir bimetallic clusters showed specific characteristics different
from those of Pt and Ir monometallic clusters and physical mixtures of corresponding monometallic
clusters. The chemical shifts of Pt—Ir bimetallic clusters in *Xe NMR and their catalytic activities
in ethane hydrogenolysis were lower than those of the corresponding physical mixtures of Pt and
Ir monometallic clusters. The activation energies of Pt-Ir bimetallic clusters in ethane hydrogeno-
lysis were smaller than those of monometallic Pt and Ir clusters. The turnover frequencies (TOFs)
of bimetallic clusters in ethane hydrogenolysis are widely different from those of monometallic

clusters. © 1992 Academic Press, Inc.

INTRODUCTION

Bimetallic catalysts are widely used in the
chemical and petroleum industries. During
the last decade such bimetallic catalysts as
Pt-Ir (I-4), Pt-Re (5-8), and Pt—Sn (9, 10)
have replaced the monometallic Pt (11, 12)
catalyst in the naphtha reforming process. It
was reported that bimetallic catalysts often
possess specific characteristics different
from those of monometallic clusters and the
physical mixture of corresponding monome-
tallic clusters (1-10). However, a satisfac-
tory understanding of these special charac-
ters of bimetallic catalysts is not yet to be
found.

In recent years, the effect of the cluster
size on the chemisorptive and catalytic
properties has been investigated, which may
build a bridge between homogeneous and
heterogeneous catalysis. The clusters of the
diameter less than 1.3 nm were prepared

' To whom correspondence should be addressed.

inside the supercage of NaY (13, 14). Elliott
and Lunsford (15) studied Ru—Cu bimetallic
clusters entrapped in NaY. Tebassi ef al.
(I16) characterized Pt-Cu, Ru-Cu, and
Rh~Cu in NaY zeolite. Pt-Mo in Y Zeolites
was also studied by Tri et al. (17). Pt-Re in
NaHY and Pt—Cu in NaY have been studied
by Sachtler and co-workers (18, 19).

A number of physical and chemical tech-
niques are available for the characterization
of bimetallic clusters. However, most of
these physical probe have some limitations.
Although Gronsky and co-workers (20) in-
vestigated the visibility of a 13-atom Pt clus-
ter in the zeolite channel with high-resolu-
tion electron microscopy (HREM), it is still
difficult to characterize very small clusters
with the electron microscopic method (21 ).
Extended X-ray absorption fine structure
(EXAFS) (22-24) studies are very useful for
the study of bimetallic clusters. However,
it is not applicable to all the pairs of metal
elements. For highly diluted Pt—Re clusters
EXAFS cannot be utilized (25). Mdssbauer
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spectroscopy has been used in the charac-
terization of paramagnetic bimetallic cata-
lysts (26, 27). This technique is limited to
nuclei which produce Mdéssbauer signals.

Recently, Fraissard and co-workers
(28-30) have found that the '®Xe NMR of
xenon gas adsorbed on zeolites is a very
sensitive probe of local environment inside
the zeolite channel (28-31). Boudart et al.
(32) and Chmelka et al. (33) used ¥Xe NMR
to characterize the small Pt clusterin Y zeo-
lite. The adsorbed xenon atoms can be more
or less polarized by rapid collisions with the
zeolite wall, other xenon atoms, and other
species present inside the zeolite channel,
or by the adsorption on the zeolite wall. The
magnitude of the polarization is signaled by
the chemical shift of "®Xe NMR. The chemi-
cal shift of ”Xe NMR can thus become a
useful probe to monitor the changes in the
chemical state and the number of active spe-
cies inside the supercage of Y zeolites.
However, the species located inside the
sodalite cage cannot alter the chemical shift,
because a xenon atom of 0.43 nm in diameter
cannot enter through the window of a soda-
lite cage of 0.22 nm in diameter. The change
in the chemical shift caused by the active
species located on the external surface of
the zeolite crystal is also negligible, since
the number of collision of xenon with the
zeolite wall or active species inside zeolite
is much greater than that of xenon collision
with the active species located on the exter-
nal surface. In this way 'Xe NMR provides
a useful information about the physico-
chemical nature of a metallic species within
the supercage of zeolite.

Sinfelt and co-workers reported that the
bimetallic clusters of Pt and Ir were formed
on silica (20, 24) and alumina (26). Highly
dispersed bimetallic clusters of Pt and Ir
were produced after calcination in air at
573 K, while the oxidative agglomeration of
Ir produced large IrO, crystallites above the
calcination temperature of 773 K (20, 24, 26,
34). Kuijers and Ponec (35) reported that a
pronounced surface enrichment of Pt was
observed in Pt-Ir alloys prepared by evapo-
rating Pt and Ir onto a quartz substrate.
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TABLE 1

Chemical Composition of the Samples

Sample wt% Pt wt% Ir  I/(Pt + Ir)
Pt(4)/NaY 4.0 0.0 0.00
Pt(3)Ir(1)/NaY 3.0 1.0 0.25
Pt(2)Ir(2)/NaY 2.0 2.0 0.50
Pt(DIr(3)/NaY 1.0 3.0 0.75
Ir(4)/NaY 0.0 4.0 1.00

Not any works have been known to us for
characterization of Pt-—Ir bimetallic clusters
supported in NaY. The physicochemical
characteristics of Pt—Ir bimetallic clusters
are varied depending on the size of metal
clusters and the kind of support material.
Therefore, we prepared highly mono-
dispersed (diameter = 1 nm) monometallic
Pt and Ir clusters and a series of Pt—Ir bime-
tallic clusters supported in NaY. '*Xe NMR
spectroscopy, XRD, hydrogen and Xe ad-
sorption, and ethane hydrogenolysis reac-
tion were used to probe the formation of
Pt-Ir bimetallic clusters.

EXPERIMENTAL
Preparation of Clusters in NaY

A NaY zeolite of average diameter of
0.7 um supplied by Strem Chem. Co. was
used as a support. Monometallic Pt and Ir
clusters in NaY (abbreviated as Pt(x)/NaY
and Ir(x)/NaY and x indicates wt%) were
prepared by calcining and reducing
Pt(NH,);"-exchanged NaY and Ir(NH,);
CI>*-exchanged NaY with O, and H, at 573
K, respectively. Pt—Ir bimetallic clusters in
NaY (Pt(x)Ir(x)/NaY) were prepared by
calcining and reducing co-ion-exchanged
NaY with O, and H, at 573 K, respectively.
Ion-exchanged zeolites were filtered and
washed with doubly distilled water until no
AgCl was precipitated when AgNO; was
added to filtrate. The amount of Pt and Ir
exchanged were measured by atomic ab-
sorption spectrometer. Metal loadings and
Ir/(Pt + Ir)ratios in the samples are summa-
rized in Table 1. The ion-exchanged NaY’s
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were dried in a vacuum oven at 298 K, cal-
cined by raising temperature from 298 to 573
K at a rate of 0.5 K/min, and kept at 573 K
for 2 h in the oxygen flow of 1000 ml g™!
min~!. Reduction was subsequently per-
formed with H, (Matheson, UHP grade) at
573 K. Pt(4)/NaY and Ir(4)/NaY previously
calcined and reduced were mixed with an
appropriate ratio and ground in a mortar to
prepare the physical mixtures of monome-
tallic Pt and Ir clusters in N, atmosphere.

X-ray Diffraction

X-ray diffraction (XRD) patterns of the
samples after calcination and reduction
were recorded with Rigaku X-ray diffracto-
meter using CuKea radiation (Ni filtered).

29xe¢ NMR Measurement

2Xe NMR spectra were obtained at
296 K with Bruker AM 300 instrument op-
erating at 83.0 MHz for '®Xe. Each spec-
trum was taken after acquisition of 100 to
5000 pulse transients with a repetition time
of 0.5 s. The chemical shift was referenced
with respect to the chemical shift of xenon
gas extrapolated to zero pressure. For '?Xe
NMR experiments, all the samples were
pretreated in a Pyrex flow reactor which
was connected to an NMR tube. The final
pressure after outgassing was less than 1 x
1075 Torr in every case. About 400 mg of
sample was transferred from the reactor to
the NMR tube in situ. The NMR tube was
then sealed off with a flame. Next, 400 Torr
of xenon gas (Matheson, 99.995%) was in-
troduced into the sample tube through a ver-
tical Pyrex stopcock at 296 K. The NMR
tube containing the sample and xenon gas
was then cooled in the NMR probehead to
obtain low-temperature '?Xe NMR spectra.
The '”Xe NMR spectra of physical mixtures
were obtained after the physical mixtures
were re-reduced with H, at 573 K and evacu-
ated at 673 K for 1 h.

Hydrogen and Xenon Adsorption

The adsorption isotherms of hydrogen
and xenon were obtained at 296 and 310 K,
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respectively, after hydrogen preadsorbed
during reduction was evacuated at 673 K
and 1 x 1073 Torr for 1 h. The total number
of hydrogen and xenon atoms adsorbed per
metal atom was determined by extrapolating
the linear portion of the isotherm to zero
pressure. The sample was then evacuated at
296 K and 1 x 1073 Torr for 1 h, and a
second adsorption isotherm of hydrogen
was obtained. The difference between the
two adsorption isotherms extrapolated to
zero pressure represents the irreversible
chemisorption of hydrogen. A second ad-
sorption isotherm of xenon was obtained
from the sample preadsorbed with irrevers-
ible hydrogen.

Ethane Hydrogenolysis Reaction

Ethane hydrogenolysis reaction was car-
ried out in a continuous-low microreactor
at atmospheric pressure using helium as a
diluent. H, (Matheson, UHP grade) and He
(UHP grade) were further purified by pass-
ing through an oxytrap at room temperature
followed by a molecular sieve trap. Ethane
(Matheson, purity > 99.5%) was used with-
out further purification. The experiment was
carried out in the temperature range be-
tween 528 and 603 K. H,/C,H, mole ratio
was 4 and the total flow rate of reactant
mixture (containing 10% C,H,, 40% H,, and
50% He) was 100 ml min~!. The amount of
sample used was 100 mg. In our experimen-
tal conditions the reaction rate was propor-
tional to the amount of catalysts indicating
the absence of external mass transfer limita-
tions. The conversion was kept low (<5%)
throughout the experiments in order to oper-
ate under differential reactor conditions.
Immediately after sampling of products at
120 s on stream, ethane and H, were re-
placed with He. These experiments were
repeated at various reaction temperatures
to calculate the activation energy. The de-
crease of initial catalytic activity due to de-
activation was negligible. The extent of de-
activation was only about 1% of the initial
activity. Products were analyzed with an
on-line gas chromatograph (HP 5890A)
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F1G. 1. X-ray diffraction patterns of NaY (A), Pt(4)/
NaY (B), Pt(3)Ir(1)/NaY (C), PtQ)Ir(2)/NaY (D),
Pt(D)Ir(3)/NaY (E), and Ir(4)/NaY (F). Corresponding
ion-exchanged NaY’'s are reduced at 573 K after
calcining at 573 K (—) and 773 K (———-).

equipped with a 6-ft Porapak Q column and
an FID detector.

RESULTS
X-ray Diffraction Study

X-ray diffraction (XRD) patterns were ob-
tained for NaY and Pt(4)/NaY, Pt(3)Ir(1)/
NaY, Pt(2)Ir(2)/NaY, Pt(DIr(3)/NaY, and
Ir(4)/NaY prepared by calcining and reduc-
ing the corresponding ion-exchanged NaY
at 573 K, respectively. The XRD patterns
of Pt/NaY, Ir/NaY and Pt-Ir/NaY are al-
most the same as that of NaY as shown in
Fig. 1, indicating that the size of the metal
cluster is too small to be determined by the
XRD technique. However, Pt(4)/NaY and
Ir(4)/NaY prepared after calcination at
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773 K and reduction at 573 K have a strong
diffraction peak at the 26 value of 39.80° and
40.64°, respectively. Pt(2)Ir(2)/NaY pre-
pared by calcining and reducing co-ion-
exchanged NaY at 773 and 573 K, respec-
tively, have a strong peak at the 26 value of
40.0°, which is located between the 26 value
of Pt(111) peak (39.80°) and the 26 value
of Ir(111) peak (40.64%, indicating that the
metal clusters of diameter greater than 4 nm
(lower limit of resolution in XRD method)
were formed on the exterior surface of NaY
or within the zeolite lattice if metal aggre-
gates are occluded inside locally damaged
supercages without the long-range destruc-
tion of the zeolite crystal structure.

Hydrogen and Xenon Adsorption

The results of hydrogen and xenon ad-
sorption are shown in Table 2. The number
of hydrogen atom adsorbed irreversibly per
metal atom (H/M);,.,) was nearly equal to
unity for all the samples calcined and re-
duced at 573 K.

The xenon adsorption isotherms of NaY,
Pt(4)/NaY, Ir(4)/NaY, Pt(2)Ir(2)/NaY, and
Pt(4)/NaY preadsorbed with hydrogen
(Pt(4)-H/NaY) are shown in Fig. 2. The xe-
non adsorption isotherms of NaY and Pt(4)-
H/NaY gave a straight line with an intercept
of almost zero. On the other hand, the xenon
adsorption isotherms of Pt(4)/NaY, Ir(4)/
NaY and Pt(2)Ir(2)/NaY showed a curvature
below 50 Torr. This result can be explained
by two kinds of Langmuir adsorption iso-

TABLE 2

Hydrogen and Xenon Adsorption Data

Sample (HIM)jpey. Amount No. of Xe No. of

of Xe adsorbed® metal

adsorbed? atoms/

cluster
Pt(4)/NaY 0.95 23 x 1075 38 x 1072 36
Pt(3)Ir(1)/NaY 0.93 2.0 x 1075 3.3 x 1072 41
PH2)Ir(2)/NaY 0.93 19 x 1075 32 x 1072 44
Pt(1)Ix(3)/NaY 0.97 1.9 x 107° 3.2 x 1072 44
2.1 x 1075 3.4 x 1072 39

Ir(4)/NaY .99

4 mole/g-sample.
b atoms/supercage.



FORMATION OF Pt-Ir BIMETALLIC CLUSTERS IN NaY

0.8

o
o
T

>

Xenon Atoms per Supercage
o o
9 >

| A S
/7
ff
r
0 50 100 150 200 250 300
Xenon Pressure / Torr

0

F1G. 2. The adsorption isotherms of xenon on NaY
(0), Pt(4)/NaY (A), Pt)Ir(2)/NaY (), Ir(4)/NaY (A),
and Pt(4)-H/NaY (@) at 310 K.

therms (36): one for weak adsorption on the
zeolite support and the other for strong ad-
sorption on the metal cluster. The adsorp-
tion of xenon on the metal cluster was satu-
rated at the point where the isotherm
becomes linear. An intercept obtained by
the extrapolation of the linear region
(50-250 Torr) of the isotherm to zero pres-
sure will privide the amount of xenon ad-
sorbed on the metal clusters as a monolayer
when the adsorption temperature is much
higher than the boiling point of xenon, as
was in our case. Strong adsorption of xenon
on the metal cluster did not appear in the
adsorption isotherm of xenon adsorbed on
Pt(4)/NaY preadsorbed with hydrogen
(Pt(4)-H/NaY), as shown in Fig. 2. Thus,
the chemisorbed hydrogen species do not
allow a direct strong interaction of xenon
with the metal cluster.

The number of xenon atoms saturated on
a metal cluster will depend on the size and
shape of the cluster. It has been reported
that the shape of the platinum cluster in the
supercage is almost spherical (32). The num-
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ber of saturated xenon atoms will be the
maximum number of xenon atoms (m) that
can contact the surface of metal cluster.
From the molecular models of xenon and
metal cluster in the supercage, for Pt clus-
ters consisting of 26-55 atoms in the su-
percage, m may be assumed to be 4 because
only one xenon atom of 0.43 nm size can be
in contact with the cluster through a su-
percage aperture of 0.74 nm in diameter. For
a Pt cluster smaller than this size range,
xenon will be able to enter the supercage
containing the cluster, and therefore m will
become greater than 4. The m-values thus
obtained are approximately 7 for the cluster
of 13 Pt atoms, 6 for the cluster of 17 Pt
atoms, and 5 for the cluster of 19 Pt atoms.
With the result of xenon adsorption, the av-
erage number of metal atom per cluster (N)
can be obtained as

N=mM/X,

where M is the total number of metal atoms
in the sample and X is the number of xenon
atoms adsorbed on metal cluster corre-
sponding to the strong adsorption on the
metal clusters in the sample. Previous stud-
ies (32, 33) and our TEM study (37) indi-
cated that Pt clusters in NaY are almost
monodisperse and that the average diameter
of Pt clusters is about 1 nm. The value of
N thus-obtained can check the assumption
used for m. Using successive iteration with
a new value of m until N and m are in
agreement, one can obtain the value of N in
a self-consistent manner. For example, the
amount of strong xenon adsorption on Pt(4)/
NaY was 2.3 (+0.1) x 10°° mole per
g-sample (corresponding to 3.8 (+0.2) X
1072 Xe atoms per supercage for X as shown
in Table 2). The M value of Pt(4)/NaY is
0.34 Pt atoms per supercage (2.7 Pt atoms
per unit cell of zeolite Y). Starting with the
assumption that the average number of Pt
atom per cluster (V) is close to 17, the m-
value is 6 Xe atoms per cluster, as men-
tioned above. Then, we can obtain N = m
M/X =6 X 0.34/(3.8 x 10~2) = 54 Pt atoms
per cluster. This result is not consistent with
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FiG. 3. Low-temperature Xe NMR spectra of bi-
metallic Pt(2)Ir(2)/NaY catalyst under 400 Torr of xe-
non at 296 K.

the assumption of 6 for m. With another m
value of 4, we can obtain N = 36 Pt atoms
per cluster, which is consistent with m =
4. The numbers of metal atoms per cluster
obtained by this method are summarized in
Table 2. This assessment showed that the
metal clusters contain about 40 atoms in all
the samples containing 4 wt% of total metal
loading of Pt and Ir.

129%e¢ NMR Data

Figures 3, 4, and 5 show the low-tempera-
ture ®Xe NMR spectra of Pt(2)Ir(2)/Nay,
1: 1 physical mixture and 3 : 1 physical mix-
ture of Pt(4)/NaY and Ir(4)/NaY, respec-
tively. The ¥Xe NMR spectra of bimetallic
Pt(2)Ir(2)/NaY catalyst show only one NMR
peak with decreasing NMR recording tem-
perature. However, physical mixture sam-
ples have two ¥Xe NMR peaks arising from
Pt(4)/NaY and Ir(4)/NaY. Figure 6 shows
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FIG. 4. Low-temperature '¥Xe NMR spectra ob-

tained from 1 : 1 physical mixture of Pt(4)NaY and Ir(4)/
NaY under 400 Torr of xenon at 296 K.
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F1G. 5. Low-temperature '®Xe NMR spectra ob-
tained from 3 : 1 physical mixture of Pt(4)NaY and Ir(4)/
NaY under 400 Torr of xenon at 296 K.
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FIG. 6. The PXe NMR chemical shifts of the physical
mixtures of Pt(4)/NaY and Ir(4)/NaY (A) and bimetallic
catalysts containing 4 wt% of total metal loading (@)
as a function of Ir/(Pt + Ir).

correlation between Ir content (Ir/(Pt + Ir))
and the 2Xe NMR chemical shifts of Pt(4)/
NaY, Ir(4)/NaY, the physical mixtures of
Pt(4)/NaY and Ir(4)/NaY, and a series of
bimetallic Pt—Ir/NaY. The chemical shift
of Pt(4)/NaY (Ir/(Pt + Ir) = 0), 126.4 ppm,
is much larger than that of Ir(4)/NaY (Ir/
(Pt + Ir) = 1), 92.5 ppm. The chemical
shifts of Pt—Ir/NaY decrease with increas-
ing the ratio of Ir/(Ir + Pt) to 0.5. How-
ever, the chemical shifts of Pt—Ir/NaY con-
taining Ir more than 50 mole% do not
change very much. The chemical shifts of
Pt)Ir(2)/NaY (r/(Pt + Ir) = 0.50) and
Pt(DIr(3)/NaY (Ir/Pt + Ir) 0.75) are
slightly smaller than that of monometallic
Ir(4yNaY (Ir/(Pt + Ir) = 1). The chemical
shifts of physical mixtures decrease with
increasing the Ir/(Pt + Ir) ratio. This pat-
tern in the chemical shifts of physical mix-
tures is different from that of bimetallic
Pt-Ir/NaY and similar to that of ideal phys-
ical mixture, which should be a diagonal
line connecting the chemical shift of Pt(4)/
NaY and Ir(4)/NaY.

Ethane Hydrogenolysis Reaction

i

The reaction temperature was chosen at
558 K such that Pt(4)/NaY catalyst is not
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active and the deactivation due to the forma-
tion of coke is negligible. Turnover fre-
quency (TOF) was calculated by the ex-
pression

TOF = C/W,

where C is the number of ethane molecules
reacted per unit time and W is the number
of surface metal sites measured by the hy-
drogen chemisorption as shown in Table 2.
As the Ir/(Pt + Ir) ratio increases, the
TOFs of bimetallic clusters containing 4
wt% of total metal loading of Pt and Ir and
physical mixture samples of Pt(4)/NaY and
Ir(4)/NaY increase in a different manner,
as shown in Fig. 7. The TOFs of physical
mixture catalysts are always greater than
those of bimetallic Pt-Ir/NaY catalysts con-
taining the corresponding amounts of Pt and
Ir. The influence of temperature on the ac-
tivity of the catalysts was studied in the tem-
perature range between 528 and 603 K. The
Arrhenius plots for all the catalysts give
straight lines, as shown in Fig. 8. The activa-
tion energies are listed in Table 3. The acti-
vation energies of Pt-Ir/NaY bimetallic
clusters are smaller than those of monome-
tallic Pt(4)/NaY and Ir(4)/NaY clusters.
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FiG. 7. TOFs of the physical mixtures of Pt(4)/NaY
and Ir(4)/NaY (A) and bimetallic catalysts containing
4 wt% of total metal loading (@) as a function of Ir/
(Pt + Ir) in ethane hydrogenolysis at 558 K.
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FiG. 8. Arrhenius plot of ethane hydrogenolysis
catalyzed over Pt(4)/NaY (+), Pt(D)Ir(1)/NaY (*),
Pt(2)Ir(2)/NaY (@), Pt(DIr(3)/NaY (x), and Ir(4)/NaY
(A).

DISCUSSION

If we can assume that adsorption stoichi-
ometry between H and metal atoms is 1,
(H/M),,., ratios observed are consistent
with clusters of about 1 nm in diameter,
which is in agreement with xenon adsorp-
tion results (Table 2). The TEM micro-
graphs of the samples calcined and reduced
at 573 K revealed the formation of about
I-nm clusters inside the zeolite crystallites
(37). Sachtler and co-workers (38, 39) re-
ported that platinum clusters prepared after
calcining and reducing Pt ion-exchanged
NaY at 573 K were located in the zeolite
supercage. Almost the same amounts of xe-
non adsorbed on the metal clusters indicate
that the approximately same number and

TABLE 3

Activation Energy of Ethane
Hydrogenolysis Reaction

Catalyst Activation energy (KJ/mol)
Pt(4)/NaY 257.5 £ 4.2
Pt(3)Ir(1)/NaY 2104 = 1.7
Pt2)[r(2)/NaY 226.8 + 2.1
Pt(DIr(3)/NaY 234.4 + 2.5
Ir(4)/NaY 2453 = 2.9

size of metal clusters were formed inside the
zeolite supercage of our samples. There-
fore, the chemical shifts in the '¥Xe NMR
spectra of the samples containing 4 wt% to-
tal metal loading of Ir and Pt are mostly
attributed to the nature of metal cluster
itself.

The 1:1 and 3:1 physical mixture of
Pt(4)/NaY and Ir(4)/NaY have only one
NMR peak at 296 K, as shown in Figs. 4 and
5. However, two NMR peaks attributed to
monometallic Pt and Ir clusters appeared at
163 K. The NMR peaks at 144.0 and 126.4
ppm in Fig. 4 are originated from Pt clusters
in Pt(4)/NaY and Ir clusters in Ir(4)/NaY,
respectively. Similarly, the NMR peaks at
146.3 ppm and 127.2 ppm in Fig. 5 are also
attributed to Pt and Ir clusters, respectively.
The difference of 2.3 ppm in the chemical
shifts between Pt clusters in two physical
mixture samples is believed due to the dif-
ference of xenon concentration in each sam-
ple as the sample cell was cooled into the
NMR probe head, because the amount of
samples is slightly different inside NMR cell
due to the difficulty of in sitru transferring
powder samples completely to the NMR
cell. The observation of two NMR bands
at low temperature is consistent with the
results of Ryoo ef al. (40) and Yang et al.
(41), indicating that the exchange of xenon
between separated Pt and Ir cluster is not
fast enough to show only a single averaged
129X e NMR signal at 163 K. The distance
between the crystallites of physical mixture
becomes longer than the flight distance of
the xenon during the NMR measurement
time at 163 K because of the lower diffusiv-
ity of xenon atom. However, the Xe NMR
spectrum of bimetallic Pt(2)Ir(2)/NaY
shows only one peak at 163 K. This suggests
that Pt(2)Ir(2)/NaY consists of Pt—Ir bime-
tallic clusters or consists of monometallic
Pt and Ir clusters closely separated which
cannot be distinguished by '¥Xe NMR at
163 K. According to the result of de Menor-
val et al. (28) the chemical shift of Xe
adsorbed on Y zeolite increased linearly
with the number of ions on which xenon
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atoms adsorb. The approximately same size
and number of metal clusters are present
inside the zeolite supercages of Pt(4)/NaY,
Ir(4)/NaY, and Pt-Ir/NaY, as shown in Ta-
ble 2. Therefore, if bimetallic Pt—Ir/NaY
clusters consist of monometallic Pt and Ir
clusters closely separated, the chemical
shifts of Pt-Ir/NaY bimetallic catalysts
should follow the average chemical shift cal-
culated from the chemical shifts of monome-
tallic Pt and Ir clusters, represented as a
dotted line in Fig. 6. However, the chemical
shifts of Pt-Ir/NaY bimetallic sample are
considerably lower than those of physical
mixture samples. These results indicate that
surface Pt atoms are replaced with Ir atoms
which has a chemical shift lower than Pt to
form a bimetallic cluster of Pt and Ir. The
change in the electron band structure due
to the formation of bimetallic cluster might
cause the xenon atoms adsorbed on bimetal-
lic clusters to be polarized less than xenon
atoms adsorbed on Pt clusters, resulting in
the lower chemical shifts of bimetallic
clusters.

The chemical shifts of physical mixtures
are deviated from a dotted line in Fig. 6.
The surface area of the physical mixture
becomes larger than that of Pt(4)/NaY or
Ir(4)/NaY arising from the formation of new
external surface by crushing. Therefore, the
number of supercage itself and clusters in-
side the supercage decrease, resulting in the
chemical shifts of physical mixture samples
lower than the weight-averaged chemical
shift of Pt(4)/NaY and Ir(4)/NaY, because
the metal clusters on the exterior surface of
the zeolite contribute to polarizing xenon
atoms much less than those inside the zeo-
lite structure.

Ethane hydrogenolysis reaction requires
the active sites comprising of adjacent metal
atom ensembile. If the catalytically active Ir
atoms are diluted with inactive Pt atoms, the
probability of forming an active Ir ensemble
will decline sharply. This is the concept of
the geometric effect. Another concept, elec-
tronic effect, is based on the assumption
that the nature and strength of a chemical
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bond between an adsorbate atom and a sur-
face atom are influenced by the neighbors
of the surface atom. This electronic effect
was partially realized in the nonlinear de-
crease of chemical shift of ”Xe NMR as
discussed above. The TOFs of physical mix-
ture catalysts linearly increase with the con-
tent of Ir. However, TOFs of bimetallic
Pt-Ir/NaY catalysts are lower by 2.5-5
times than those of corresponding physical
mixture catalysts. As can be seen in Fig.
7, the addition of Pt leads to a significant
decrease in the activity of Pt-Ir bimetallic
catalysts. TOFs of Pt(2)Ir(2)/NaY and
Pt(DIr(3)/NaY are greater by about 2.5 and
6.5 times than that of Pt(3)Ir(1)/NaY, re-
spectively. These results can be explained
by the geometric effect of Pt-Ir bimetallic
cluster such that the probabilities of finding
Ir atom as a neighbor of Ir atom are about
6, 24, and 56% in Pt(3)Ir(1)/NaY, Pt(2)Ir(2)/
NaY, and Pt()Ir(3)/NaY, respectively. Ac-
tivation energy data show that new, more
active sites are more preferentially exhib-
ited when Pt is added to Ir. Also, the TOF
plot shows Pt preferentially covers the sur-
face. These are consistent with the idea that
as Ptis covering the flat surface, what is left
are the more active Ir corners and edges.
However, this kind of covering effect of Pt
is not observed in the physical mixture cata-
lysts as expected. Smale and King (42) re-
ported that bimetaltic Ru-Cu/SiO, catalysts
have different activation energies in the eth-
ane hydrogenolysis reaction. They interpre-
ted the changes in activation energy as an
electronic effect of Cu on Ru. The activation
energies of Pt—-Ir/NaY bimetallic catalysts
are smaller than those of monometallic
Pt(4)/NaY and Ir(4)/NaY, which suggests
the existence of electronic interaction due
to the formation of Pt—Ir bimetallic clusters.

CONCLUSIONS

Hydrogen and xenon adsorption and
XRDresults indicated that very small (about
1 nm in diameter) metal clusters of approxi-
mately the same size were formed inside the
zeolite supercage for Pt(4)/NaY, Ir(4)/NaY,
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and a series of Pt-Ir/NaY bimetallic cata-
lysts containing 4 wt% of total metal loading
of Pt and Ir after calcining and reducing at
573 K. Low-temperature '®Xe NMR spec-
tra of bimetallic Pt(2)Ir(2)/NaY showed only
one NMR peak, while the NMR spectra of
the physical mixtures of Pt(4)/NaY and Ir(4)/
NaY showed two 'Xe NMR peaks origi-
nated from separated monometallic Pt and
Ir clusters at 163 K, respectively. The chem-
ical shifts in ®Xe NMR spectroscopy and
catalytic activities in ethane hydrogenolysis
reaction (TOFs) of Pt-Ir/NaY bimetallic
samples were lower than those of corre-
sponding physical mixtures of Pt(4)/NaY
and Ir(4)/NaY. With increasing the Ir con-
tent in Pt—Ir/NaY samples, the chemical
shifts decreased and the catalytic activities
(TOFs) increased, which resulted from the
coverage of surface Pt atom by Ir atom. The
activation energies of Pt-Ir/NaY catalysts
were smaller than those of Pt(4)/NaY and
Ir(4)/NaY catalyst and the TOFs of bime-
talic Pt-Ir catalysts are much smaller than
those of the physical mixture containing
the corresponding amounts of Pt and Ir,
which indicates the existence of electronic
interaction between Pt and Ir in Pt-Ir/
NaY.
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