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EXAFS data of Pd in zeolite NaY show that after calcination at 500°C and reduction at 350°C
small Pd clusters are formed in the supercages of the zeolite with a compressed Pd—Pd distance of
2.68 A and an average coordination number of CN = 4, corresponding to nuclearity of 6 Pd atoms.
Adsorption of CO results in a significantly increased cluster size and a relaxed Pd-Pd distance of
2.70 A. The average coordination number of Pd (CN = 6) is consistent with Pd clusters of 13 atoms
which are confined in the supercages by the dimension of the windows. The enhanced rate of
coalescence due to CO indicates that CO adsorption weakens not only Pd—Pd bonds in the cluster,
but also the interaction of the cluster with the zeolite. However, no Pd cluster disintegration by CO

adsorption is observed.

1. INTRODUCTION

Carbonyl clusters are known for most
platinum group metals (/), e.g., Ru(CO)s,
Ru,(CO)y, Ruy(CO),,, Os,(CO),, Rhy
(CO),,, Rhy(CO),4, and similar clusters of
Ir. However, carbonyl clusters of Pd and Pt
have been reported only in noble gas matri-
ces below 20 K (2), in molecular beams of
He where Pd,CO and Pd,(CO), were de-
tected (3); or, very recently, in zeolite cages
(4-6). These observations suggest that Pd
and Pt carbonyls can only exist in an inert
environment where the carbonyl clusters
are isolated from each other.

The chemistry of Pd,(CO).(PR,),, where
R represents an alkyl group such as Et, Me,
or Bu, is better known. In organic media
under inert atmosphere, these polynuclear
carbonylphosphine clusters are stable in the
presence of phosphine ligands (7, 8). The
nuclearity m of the clusters varies with the
concentration of phosphine ligands. Upon
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removing phosphine, transformation from
n = 4 ton = 10 is observed (9). Further
abstraction of phosphine leads to even
higher nuclearity, e.g., n = 23 and n = 38
(10, 11). This increase of cluster nuclearity
with decreasing phosphine concentration
suggests coalescence of an unstable Pd,
(CO), species in organic solutions.

The structure of zeolites, particularly
those of faujasite type with well-defined
cages, favors isolation of metal carbonyl
complexes from each other (12, 13). Pre-
viously, we reported that rhenium hydrido-
carbonyls, which are very unstable in solu-
tion, are (meta-} stabie in faujasite cages
because they cannot react with each other
(13). Our recent findings that carbonyl clus-
ters of Pd (4-6) and Pt (/4) can form in
the supercages of NaY zeolite, suggest that
isolation of the encaged species is essential
for their (meta-) stability. It has been re-
ported that Pd (CO), with n = 13 would fit
perfectly into a fauasite supercage, but it
should also be noted that clusters with much
lower nuclearity will be unable to pass
through the 7.5 A cage aperture and, there-
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fore, remain encaged in these zeolite cages.
A lower nuclearity is indeed suggested by
analogy with zeolite-encaged rhodium car-
bonyl clusters, for which extensive docu-
mentation exists (/5-18) Tetra- and hexa-
nuclear clusters Rh,(CO),, and Rhy(CO),,
are formed by treatment of Rh precursors
with a mixture of CO and H,O (5, 19).
However, the analogy of Rh and Pd clusters
is limited; unlike Pd,(CO), which releases
CO at room temperature (4), the Rh(CO),4
clusters encaged in the same zeolite do not
release any observable CO upon purging
with Ar (20). Additionally, no '*CO isotope
exchange takes place below 340 K (/5). Be-
cause the reduction of the Rh** cation gen-
erates protons which display high Brgnsted
acidity, neutralization of the zeolite support
during reduction has a marked effect on the
identity of the carbonyl species formed.
Very recently, IR bands were discovered in
our laboratory due to a new Rh carbonyl
species, possibly Rh,(CO),; with no bridging
CO, formed by reduction of Rh* in the pres-
ence of NH, (20). Van’t Blik et al. (21) and
Bergeret et al. (22) have reported that Rh
particles, supported on Al,O; or zeolite Y,
disintegrate upon CO admission to form sta-
ble RH*(CO),. The authors attribute the
disintegration to the superior strength of the
Rh-CO bond, in comparison to Rh—Rh (23).

Summarizing the available evidence, it
can be inferred that palladium carbonyl clus-
ters encaged in supercages of NaY exist,
but their nuclearity is at present unknown.
Conclusions based solely on analogy with
rhodium carbonyl clusters are not reliable
because the Pd—CO bond strength is appar-
ently weaker than the Rh-CO bond
strength. 1t is further unknown whether bare
Pd, particles in NaY have the same nuclear-
ity prior to admission of CO as the Pd,(CO),
clusters responsible for the characteristic
FTIR spectra reported previously. It cannot
be ruled out, at present, that CO admission
might either disintegrate larger Pd, clusters
or, conversely, that highly mobile and un-
stable carbonyl intermediates of low nucle-
arity promote Ostwald ripening, i.e., in-
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crease the size of more stable Pd, nuclei
at the expense of less stable ones. EXAFS
results of Moller and Bein show that bare Pd
clusters of low nuclearity can be prepared in
NaY by reduction at low temperature (24,
25); the genesis of highly dispersed Pd in-
NaY has been studied in fair detail by TPO,
TPR, and TPD techniques (26, 27). The goal
of the present study is twofold: (1) establish
the nuclearity of Pd clusters after admission
of CO in NaY supercages and (2) compare
it with the nuclearity of the bare Pd particles
prior to admission of CO.

1I. EXPERIMENTAL
a. Sample Preparation

Three 5 wt% Pd/NaY samples were
studied with EXAFS spectroscopy. lon
exchange was carried out by adding
Pd(NH,),(NO3), solution (0.01 M) dropwise
to aslurry of NaY (LZY-52, Union Carbide)
at 20°C. The slurry was stirred for an addi-
tional 24 h. After filtration, the sample was
washed with deionized water to remove
NOjs ions. Each sample was calcined from
20 to 500°C at 0.5°C/min in a flow of O, (2000
ml/min per gram of sample) and maintained
at 500°C for 2 h. Under these calcination
conditions, ammine ligands are oxidized to
completion and all water molecules are re-
moved. The sample was subsequently
purged with Ar at 500°C for 20 min prior
to cooling down to 20°C for reduction. For
simplicity, each sample will be referred to
as T,/t, i.e., reduction at 7, (°C) for ¢ min.
Reduction was performed in an H, stream
by increasing the temperature from 20°C to
T, at 8°C/min. The samples were purged
with Ar for an additional 20 min at 7, after
reduction. 7,/t/CO refers to further treat-
ment with CO after 72/¢. The sample 500/
480 was prepared individually. The sample
350/20/CO was prepared from the same
batch as 350/20. After loading 350/20 (half
of the batch) to a sample holder in a drybox,
the remainder of the sample was sealed in
the reactor with teflon stopcocks. The sam-
ple was then placed in a flowing stream of
CO for 10 min at room temperature. This
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F1G. 1. Normalized EXAFS x(k) functions of reduced
Pd/NaY samples; (a) T, = 500°C, ¢t = 480 min; (b) T,
= 350°C, t = 20 min; (c) same as (b) after admission
of CO at room temperature and He purging at room
temperature for 20 min.

sample was then purged with He at 21°C for
20 min and is referred to as 350/20/CO. As
mentioned above, each sample was sealed
in a quartz reactor after the gas treatment.
Samples were pressed into pellets (400 mg
for each sample) in a drybox under circulat-
ing N, atmosphere and placed into individ-
ual aluminum sample holders. These hold-
ers were sealed with Kapton film. Each
sample holder was stored in a vial sealed
with parafilm. The vials were further sealed
in a N, environment in jars with parafilm
before transportation to the synchrotron.

b. EXAF'S Data Collection

EXAFS data, following the Pd K-edge at
24350 eV, were collected at X18b of NSLS
at Brookhaven National Laboratory. The
ring energy is at 2.5 GeV. Typical filled cur-
rent is 200 mA. The monochromator Si(111)
crystal was detuned by 30% during data col-
lection. A stainless-steel cell, especially de-
signed for transmission EXAFS measure-
ments at liquid nitrogen temperature, is
used. Aluminum sample holders are
attached to a die which fits perfectly in the
center of acylindrical cavity. Directly above
the cavity is a stainless-steel liquid nitrogen
dewar with a vacuum jacket for insulation.
Liquid nitrogen temperature was main-
tained throughout the data collection. Both
ends of the cavity are sealed by stainless-

steel flanges with copper gaskets. The win-
dow of each flange is epoxy sealed with Kap-
ton film. During data collection, cold nitro-
gen gas flows through the cavity to maintain
an inert atmosphere. Water circulates con-
tinuously through the jackets at both ends
of the cavity to prevent condensation of
moisture on the Kapton window.

Data analysis was performed with the
University of Washington software pack-
age. The k range from 4 to 14 in x data is
used for Fourier transform. The R window
used for inverse transform is from 2.0 to 3.0.
A 0.025-mm Pd foil and PdO powder were
used as reference structures for the EXAFS
data analysis. The coordination number
(CN) of Pd in the reference foil is taken as
12, and the Pd-Pd bond distance (R) in the
foil is assigned to 2.75 A. In the PdO power
reference, CN = 4 and R, the distance of
Pd-0, is 2.01 A.

11I. RESULTS

The normalized EXAFS x(k) functions
are shown in Fig. 1. Traces a, b, and ¢ corre-
spond to 500/480, 350/20, and 350/20/CO,
respectively. Sample 350/20 shows the low-
est amplitude of the three. The k*-weighted
Fourier transforms of the EXAFS signals in
R-space are shown in Fig. 2. Trace a corre-
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a 500/480
b 350/20
c 350/20/CO

Fourier Transforms

FiG. 2. k>-weighted Fourier transforms of EXAFS
function of reduced Pd—NaY samples: (a) T, = 500°C,
t = 480 min; (b) T, = 350°C, + = 20 min; (c) same as
(b} after admission of CO at room temperature and He
purging at room temperature for 20 min.
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sponds to sample 500/480; trace b 350/20;
and trace ¢ 350/20/CO. The main peak in
each trace represents the Pd—Pd contribu-
tion. Trace a has the highest amplitude.
Compared to trace c, trace b has a signifi-
cantly smaller amplitude. Qualitatively, this
means that the Pd atoms in sample 350/20
have, on average, fewer coordinating Pd
neighbors than the Pd atoms in sample 350/
20/CO.

The contribution from first nearest neigh-
boring Pd atoms, shown in Fig. 3, is ob-
tained by reverse Fourier-filtered transform
of the main peak for each corresponding
trace in Fig. 2. Visual comparison reveals
again that the amplitude is highest for sam-
ple 500/480, and much smaller for sample
350/20, particularly in comparison to that of
sample 350/20/CO.

These data were fitted with a combination
of a Pd-Pd shell (Pd foil reference) and a
Pd-O shell (PdO powder reference) using
EXCURVE (28). Satisfactory fits were ob-
tained for samples 500/480 and 350/20/CO,
without including the Pd-O shell. However,
it was necessary to use a two-shell fit for
sample 350/20. These curve fits are shown in
Fig. 2. The optimized parameters obtained
from the fittings are listed in Table 1. Sample
500/480 has a Pd—Pd bond distance of 2.71
A and coordination number of 7.8. Sample
350/20 has a slightly shorter Pd-Pd distance
(Rpaps = 2.68 A) and smaller CN of 4.0.
The sample 350/20/CO, i.e., after admission
of CO to the same batch of 350/20 at 21°C
and purged with He at the same temperature
for 20 min, however, retains a CN of 6.0 and
Rpypg of 2.70 A.

IV. DISCUSSION

From the EXAFS results it is obvious that
the sample which was reduced at 500°C for
8 h contains large Pd particles compatible
with the dimensions of the supercages. The
coordination number of 7.8 is consistent
with the 41-atom cluster of Pd which com-
pletely fills the supercage. Pd-Pd bond dis-
tances from second nearest neighbors to fur-

o

ther neighbors extending to 7 A are
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FiG. 3. Curve fittings to the inverse Fourier trans-
forms of the first peak of the radial distribution func-
tions as shown Fig. 2.

observed in Fig. 2. This is expected, as pre-
vious X-ray studies by Gallezot et al.
(29-31) showed the formation of large Pd
particles by reduction of Pd/NaY at such
high temperatures.

Previous temperature-programmed re-
duction and desorption studies (26, 27), as
well as X-ray diffraction studies (29, 317),
showed that the dispersion of Pd in NaY
is strictly determined by the pretreatment
conditions. After calcination at 500°C, Pd?*
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TABLE 1

EXAFS Parameters for PANaY after Different Treatments

Sample Pd-Pd Pd-O

N R Aot x 100 N R Aot x 100
500/480 7.8 2.71 0.47
350/20 4.0 2.68 1.5 1.2 2.17 1.1
350/20/CO 6.0 2.70 0.61

Note. N, average coordination number (*10%). R, interatomic distance (= 0.01 A). Ac2, thermal and static

disorder relative to reference compound.

ions are located in sodalite cages. Subse-
quent reduction at low temperature (e.g.,
200°C) leads to atomically dispersed Pd in
sodalite cages. These Pd atoms are unable
to dissociatively adsorb H,; therefore a low
H/Pd ratio is observed. With increasing re-
duction temperature, these atoms move into
supercages, where they agglomerate to par-
ticles capable of adsorbing hydrogen; the H/
Pd ratio thus passes through a maximum at
a reduction temperature of 350°C. A similar
dependence on the reduction temperature is
observed for the FTIR intensity of adsorbed
CO in the bridging mode (5). Therefore, it
can safely be assumed that in sample 350/20
the overwhelming majority of the Pd parti-
cles will be located in supercages.

The most striking result of the present
study is the change of Pd particle size
induced by CO, as demonstrated by the
EXAFS spectra of samples 350/20 and 350/
20/CO. For example, 350/20, the coordina-
tion number of 4.0, suggests an average par-
ticle of 6 atoms such as a regular octahe-
dron, and concomitantly, there is a
significant Pd—Pd bond contraction (2.68 A
for 350/20 vs 2.75 A for bulk Pd). Addition-
ally, the Pd particles in this sample are
highly disordered, as indicated by the value
of Ao?. On the other hand, the particle size
in the 350/20/CO sample shows a substantial
increase with respect to 350/20. With allow-
ances for experimental error (=20%), this
coordination number of 6.0 is consistent
with a 13-atom particle, which could be ei-

ther a cubooctohedron (CN = [12 X 5 + 1
= 12}/13 = 5.5) or an icosahedron (CN =
{12 x 6 + 1 x 12)/13 = 6.5). In addition,
the Pd—Pd bond length is found relaxed from
2.68 A in sample 350/20 to 2.70 A in sample
350/20/CO. Corresponding to the increase
of particle size, disorder is much lower (2.5
times) in sample 350/20/CO than in sample
350/20, as follows from the value of Ag2.
Our previous FTIR study showed that ad-
sorbed CO on Pd clusters can be partially
purged off at room temperature by inert gas
such as Ar (4). In the present investigation,
He gas was used to purge CO at 21°C for 20
min at the end in the preparation of 350/
20/CO. The sample was further exposed to
circulating N, gas in drybox in the process
of making a pellet. Even though CO may be
partially retained in the sample 350/20/CO,
it is not reliable to obtain the number of CO
in this ex situ experiment. In addition, due
to the much stronger back-scattering poten-
tial of Pd in comparison to C or O and the
high coordination of Pd-Pd for 350/20/CO,
the inverse Fourier transform of the first
peak can be fitted reasonably well by one
term without including C and O. However,
for sample 350/20, the coordination due to
Pd in the first shell is so low that the contri-
bution of O to the EXAFS becomes impor-
tant. Based on our previous TPD results, the
coordinating O atoms, which contributed to
the first peak, originate from the interaction
of small Pd primary particles with supercage
walls, rather than from an interaction of iso-
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lated Pd atoms with the walls (26, 27). Iso-
lated Pd atoms in sodalite cages prevail only
at low reduction temperatures, e.g., 200°C.
The interatomic distance contraction for
sample 350/20 is in accordance with results
on other extremely small and isolated metal
clusters (32, 33). EXAFS data of Ni and Cu
metal clusters on amorphous carbon sub-
strates, prepared by vapor deposition, dem-
onstrate that the interatomic metal-metal
distances in the cluster contract with de-
creasing particle size (34). A recent EXAFS
study by Yokoyama et al. also showed sub-
stantially shorter Pd—Pd bond distances
(2.69 A) for small Pd clusters on silica sup-
port than for the bulk metal (35). This phe-
nomenon is rationalized assuming a more
free-atom-like configuration of the metal
atoms as the cluster size decreases (36, 34).

The fact that after CO adsorption the nu-
clearity of Pd, clusters is found increased
shows that the prevailing phenomenon is not
disintegration of bare Pd clusters, but an
enhanced coalescence. Potential causes of
this phenomenon must be discussed: Prior
to CO adsorption, the small Pd clusters are
probably stabilized by interaction with zeo-
lite walls. They also share the zeolite cages
with Na*™ and H* ions; interaction of Pd
with these ions is conceivable. The analo-
gous system of Ir, clusters with Mg?* ions
has been theoretically analyzed by van San-
ten (37). As a result of these interactions,
Pd clusters are expected to be polarized. In
fact, electron deficient Pd metal particles,
even partially approaching Pd*, have been
reported on zeolite supports (38, 39). Evi-
dence for the interaction of protons, both
with bare Pd clusters and with Pd carbonyl
clusters, has been obtained recently (6). The
Pd, H; adducts manifest themselves as elec-
tron-deficient Pd particles of high catalytic
activity (40); an interaction of Pd with
charge-compensating zeolite ions has been
suggested by recent FTIR results of CO ad-
sorbed on Pd particles in CaNaY and Mg
NaY, both with free zeolite protons and
after their neutralization with NH, (47). An
effect of cations on the catalytic activity of
supported Pd particles has also been re-
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ported to be essential in methanol synthesis
42).

It appears that adsorption of CO on Pd,
clusters not only weakens metal-metal
bonds, resulting in a relaxation of the Pd—Pd
distance, but it also lowers the extent of
interaction between cluster and zeolite
walls, protons, and Na* ions. Concomi-
tantly, carbonyl clusters are formed which
initially will have the same nuclearity as the
bare cluster. But the activation energy for
cluster migration through supercage chan-
nels will be lower for small carbonyl clusters
than for bare Pd clusters. The primary car-
bonyl clusters are unstable, as follows from
the evidence with clusters in organic solu-
tion; they tend to coalesce with each other.
Because the actual cluster sizes after metal
reduction are distributed around the average
value, the smaller particles will easily pass
through the cage windows of 7.5 A. Migra-
tion and coalescence will cease once the
clusters have reached a critical size, pre-
venting their migration through cage aper-
tures. With this migration and growth mech-
anism, it is conceivable that some Pd
clusters consist of more than 13 atoms, as
primary Pd carbonyl clusters will also mi-
grate to the larger immobilized Pd clusters.
It is therefore not surprising that remote Pd
shells at distances as far as 7 A from absorb-
ing Pd atoms for 350/20/CO become visible
in Fig. 2. As pointed out prevously, CN =
5.5and CN = 6.5 correspond to the cubooc-
tohedron and icosahedron, respectively. A
coordination number of 6 from our fit of the
first Pd—Pd shell still suggests to us that Pd,;
clusters prevail in sample 350/20/CO. Pre-
viously, we showed that a Pd carbonyl clus-
ter with 13 Pd atoms will completely fill a
zeolite supercage with the linear CO ligands
actually pointing through cage windows (4).
The Pd-Pd bond length slightly increases
from 350/20 to 350/20/CO, although this in-
crease remains within experimental error.
Nevertheless, it seems logical that, as a re-
sult of the coalescence, Pd—Pd bonds are
relaxed. Their length increases from 2.68
to 2.70 A. The large Pd clusters after the
admission of CO are more ordered than the
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primary Pd metallic clusters before the in-
troduction of CO.

While no reason exists to exclude Ost-
wald ripening as another cause contributing
to the growth of particles, there is no evi-
dence for any disintegration of Pd clusters
as a consequence of CO adsorption. In this
respect Pd clusters appear to be different
from Rh clusters. This is in accordance with
the different chemical natures of Pd and Rh.
Rh*(CO), is a thermodynamically stable
species, especially in proton-rich environ-
ment, but Pd carbonyls of low nuclearity
appear to be unstable (43, 8); they have been
detected only in systems where they were
isolated one from another (2, 4-6).

Pd clusters even smaller than those in
the present study were reported in another
EXAFS study, where much lower reduction
temperatures were used (44, 45). Under
those conditions, even Pd trimers were ob-
served, but no contraction of the Pd-Pd.
Presumably, adsorbed hydrogen was re-
tained at low temperature; EXAFS data of
supported Pd by Moraweck et al. (46) and
Davis et al.(47) show that the Pd—Pd lattice
expands in Pd hydrides. With Pd particles
as small as trimers, the distinction between
adsorbed hydrogen and hydride hydrogen
will vanish. Our reason for using a higher
reduction and desorption temperature,
350°C, was that our previus TPR work had
shown the necessity to ascertain complete
desorption of strongly chemisorbed H from
Pd particles (26,27). This is imperative for
obtaining a reliable Pd—Pd bond distance
characteristic of pure metallic clusters.

The present EXAFS results clearly dem-
onstrate CO-induced Pd particle growth in
the supercages of zeolite NaY. Future work
must address two additional questions: (1)
Is Pd particle growth irreversible upon re-
moving adsorbed CO? (2) Does CO induce
migration of isolated Pd atoms from sodalite
cages to supercages?
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