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The preparation of Pd clusters was investigated by the sonochemical reduction of [Pd(NH;3),]** complexes on Y-
zeolite in an aqueous solution at 20 °C. Through measurements of the UV-vis and X-ray photoelectron spectra,
[PA(NH;),]** was found to be reduced by radicals formed from 2-propanol sonolysis to yield zero-valent Pd. It was con-
firmed that the binding energy of the Pd 3d core level on the Y-zeolite was shifted to a higher value in comparison with
that of Pd bulk metal. The formation of Pd metal, however, could not be observed by TEM and EXAFS measurements,
implying the formation of ultrafine Pd clusters. On the other hand, the results of XPS analyses for several standard Pd
clusters of ca. Inm prepared by the conventional thermal treatment indicated that the peak values of the Pd core level in-
creased with decreasing particle size. The maximum difference in binding energy between these samples was 0.6 eV at
the Pd 3ds,, core level. This phenomenon was suggested to be attributed to a quantum size effect corresponding to a
splitting of the band structure. In comparison with standard samples, the size of sonochemically formed Pd clusters was
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roughly estimated to be less than 1 nm and composed of several dozen Pd atoms.

Small metal clusters have been found to show unique prop-
erties which are completely different from that in their bulk
state. According to the quantum size effect, for example, it is
well-known that a degenerate band structure is split as the size
of the metal particles decreases, resulting in an increase in the
band gap and a decrease in the electrical conductivity.! Chang-
es in the melting point,” specific heat,> magnetism,* and cata-
lytic activity®® have also been reported in recent years. Metal
clusters having such special physicochemical properties are,
therefore, expected to be new materials which are quite differ-
ent from the bulk state. Thus, the preparation and application
of metal clusters as functional materials, and theories based on
the experimental results are being actively pursued at the
present time.

We have been investigating the reactivities of active radicals
formed from cavitation bubbles with extremely high tempera-
tures, which are generated by high-power ultrasonic irradia-
tion, and have reported that reduction by radicals could be ap-
plied for preparing various noble metal nanoparticles, such as
Pd, Au and Pt.”!' The cavitation is, in general, comprised of
the formation, growth and collapse of bubbles in a liquid.
When the cavitation bubbles are violently collapsing, the in-
sides of the bubbles reach several thousand degrees and several
hundred atmospheres, which are locally generated in a bulk so-
lution and rapidly cooled to ambient temperature in excess of
10'°K/s.'> The application of these extreme and unique condi-
tions has focused on the preparation of new nanostructured
materials, including catalytic, magnetic and semiconductive
materials,'® but there are few reports on the preparation of ul-
trafine metallic clusters with the quantum size effect. Several
methods for preparing supported metallic clusters materials
have so far been reported; i.e., chemical reduction with such
strong reductants as hydrated electrons and NaBH, in solu-

tion,' and a metal evaporation technique in a high vacuum
system.'> Moreover, it was also reported'®!” that small metal
clusters could be prepared by consecutive oxidation-reduction
treatments in a zeolite matrix with regularly ordered pore
structures in the angstrom range, in which the rigid pore plays
a role as a template to prevent metal aggregation under mild
conditions.

In the present study, the development of a new application
of ultrasound in the preparation of ultrafine Pd metal clusters
was investigated by the sonochemical reduction of ion-ex-
changed [Pd(NH;3),]** on Y-zeolite in an aqueous solution. Al-
though the chemical effects of cavitation are generally charac-
terized as a high-temperature reaction system, the reactions
proceeding in a bulk solution apart from the hot cavities could
be regarded as a low-temperature system. Because the reduc-
tion of metal ions with reducing radicals occurs in bulk solu-
tion,”!! the formation of metal clusters would be expected to
occur under such a low temperature condition. In addition, the
zeolite pore matrix acts as a template to prepare Pd clusters.
At first, the reduction mechanism of the [Pd(NH;)4]>" ions
both in a homogeneous and heterogeneous solution is dis-
cussed. For a comparison, several kinds of Pd clusters were
prepared by consecutive oxidation-reduction processes in a
conventional gas-phase reaction system. Characterization of
the prepared materials was carried out mainly by extended X-
ray absorption fine-structure (EXAFS) and X-ray photoelec-
tron spectroscopy (XPS).

Experimental

Reagents. The original sample of Y-zeolite (LZY-54 type:
Nas(AlO,)s56(S10,)136) was purchased from Union Showa. Tet-
raamminepalladium(Il) dichloride was obtained from Mitsuwa
Chemicals. Reagent-grade NaCl, Nal, 2-propanol, and Pd black
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were purchased from Wako Pure Chemical Industries. These
chemicals were used without further purification. Argon and oxy-
gen of 99.99% purity from Japan Air Liquid and hydrogen of
99.99999% purity from Nippon Sanso were used in the present
experiments.

Preparation of Pd(NH;),~Zeolite. The ion-exchange of Na—
Y-zeolite with [Pd(NH;)4]*" ions was performed by a convention-
al method; i.e., Y-Zeolite washed with distilled water was sus-
pended in a NaCl solution (0.1 M) and vigorously stirred at 70 °C
for 12 h to obtain a thoroughly ion-exchanged Na*-type zeolite
sample. The sample was washed with distilled water again and
then dried in an oven overnight. To an aqueous suspension of the
sample, an aqueous solution of [Pd(NH;)4]Cl, was slowly added
to yield 5-7wt% of Pd loaded on the zeolite. This ion-exchange
with [Pd(NH;)4]** was carried out at 50 °C for 12 h with stirring.
The sample was then filtered and washed sufficiently with distilled
water until no chloride ion could be detected, which was con-
firmed by the addition of silver ions. The Pd(NH;)s—zeolite ob-
tained was dried at 50 °C in an oven for one day.

Procedure of Ultrasonic Irradiation. Ultrasonic irradiation
was carried out at 20 °C in a water bath using an ultrasonic gener-
ator (Kaijo 4021, 200 kHz, 6 W/cm?) with a 65 mm¢ barium titan-
ate oscillator. Details of the irradiation setup are shown in a previ-
ous report.’ The Pd(NH;),~zeolite powders were added into water
in the reaction vessel (65 mL, 29 mg), and then dispersed with an
ultrasonic cleaner at 28 kHz for 1 min. The solution was bubbled
with argon for 30 min to remove air, and then 0.486 mL of 2-pro-
panol was injected into the solution (corresponding to 100 mM)
using a micro-syringe through the septum. Ultrasonic irradiation
was carried out for 2 h, in which a purge with argon and the addi-
tion of 2-propanol were done every 30 min during irradiation. The
vessel was closed to the atmosphere during the course of irradia-
tion. In order to confirm the sonochemical reduction of [Pd-
(NH3),]?*, ultrasonic irradiation of a homogeneous aqueous solu-
tion of [Pd(NH;),]** (65 mL, 0.2 mM) was carried out in argon at-
mosphere, where 0.486 mL of 2-propanol was injected into the so-
lution through the septum just before irradiation. The irradiated
solution was sampled through the septum by a glass syringe and
then analyzed.

Colorimetric Analysis. The UV-vis absorption spectra of the
irradiated solutions were measured by a spectrophotometer (Shi-
madzu UV-2100). The concentration of [Pd(NH;),]*>* was deter-
mined by an improved colorimetric method using Nal,'’ i. e., the
absorption peak of [PdI,]*~ corresponding to [Pd(NH;),]**, which
was formed in a ligand-exchange reaction between NHj and I°,
was clearly observed at 408 nm by the addition of a saturated Nal
solution into the sample. At the same time, the aggregation of col-
loidal Pd occurred, so that it could be removed easily by filtration.
This colorimetric analysis was carried out for a solution filtered
through a membrane filter with a pore size of 0.2 ym to avoid any
spectrophotometrical interference of formed Pd aggregates after
the addition of the Nal solution. Because the ligand-exchange re-
action between NHj; and I~ was very slow, the absorption spectra
were determined 12 h after adding of the Nal solution. A calibra-
tion was also carried out with a known concentration of [Pd-
(NH3),]** solution.

Preparation of Pd—Zeolite via Conventional Thermal Treat-
ments. For a comparison, three types of Pd—zeolite were pre-
pared by the following methods:'® (1) R Treatment: the ion-ex-
changed Pd(NH;),—zeolite of 16—32 mesh was placed in a conven-
tional flow reaction system with a quartz tube, and then reduced
with hydrogen at 400 °C for 2 h [Pd—zeolite (R)]. (2) O-R1 Treat-
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ment: the ion-exchanged Pd(NHj)s—zeolite of 16-32 mesh was
oxidized initially with oxygen 150 °C for 2 h and then reduced
with hydrogen at 400 °C for 2 h [Pd-zeolite (O-R1)]. (3) O-R2
Treatment: the Pd—zeolite (O-R1) was reoxidized with oxygen at
400 °C for 2 h and then reduced with hydrogen at 50 °C for 2 h
[Pd—zeolite (O-R2)]. These treatments were carried out with the
reactant gas at a flow rate of 100 mL/min and a heating rate of 5
°C/min.

Characterization of the Pd-Zeolite. The specimens for
transmission electron microscopy (TEM) analysis were prepared
as follows. A sonochemically prepared sample was added to a
small amount of water and then dispersed by an ultrasonic cleaner
for Imin. This suspension was dropped onto a Cu grid coated
with collodion film and dried in a vacuum. The TEM observations
were carried out with electron microscopes (JEOL JEM 2010-
UHR operated at 200 kV and JEM-100S operated at 100 kV). The
X-ray photoelectron spectra of the Pd-zeolite samples were mea-
sured by a spectrometer (Shimadzu ESCA-850). The Pd-zeolite
samples were pressed into thin wafers (ca. 10 mg/cm?) and placed
on a sample holder using an adhesive carbon tape. An X-ray
source with a magnesium target was operated at 8 kV and 30 mA
under below 2X 10~ Torr (1 Torr =~ 133.322 Pa). The binding en-
ergy was corrected by simultaneously measuring the C 1s binding
energy. After a charge-up correction using the value of the bind-
ing energy of the C 1s level, the binding energy of the Si 2p and Al
2p levels was in good accord with that of the literature. In the
present study, the average of the binding energy of C 1s and its
standard deviation was 287.65 eV and 0.078 eV, respectively,
which was evaluated based on the values of six different samples.
The EXAFS measurements were performed by an in-situ system,
described elsewhere.'® Basically, it consists of a rotating anode X-
ray generator (Rigaku Ru-200), a spectrometer with a bent silicon
(220) crystal by Johansson cut, ion chambers, slits, and counting
electronics by a computer through a CAMAC bus. The X-ray
source with a gold target was operated at 40 kV and 360 mA. Pd-
zeolite samples were pressed into thin wafers and measured by in-
situ EXAFS under each condition of the O-R treatments. The de-
tailed method used for the data analysis has also been described
elsewhere.'®

Results and Discussion

Ultrasonic Irradiation of a [Pd(NH;),]** Solution. A
homogeneous aqueous solution of [Pd(NH;)4]Cl, (0.2 mM)
was transparent, and the color hardly changed upon ultrasonic
irradiation, even in an argon atmosphere. In the presence of 2-
propanol, on the other hand, the solution gradually turned to a
dark-brown color during irradiation. Figure 1 shows the ab-
sorption spectra of the solution during the course of irradia-
tion. A broad absorption band from the visible to the ultravio-
let region clearly emerged upon irradiation, and rapidly in-
creased with increasing irradiation time. In addition, a surface
plasmon peak attributed to ultrafine particles of Pd metal (A =
225 nm)'? was also observed. Although the peak position of
the Pd surface plasmon has been known to be located in the
far-UV, theoretically," it was very difficult to confirm the peak
experimentally because it would be easily hidden when some
coexisting ions and stabilizers, such as a surfactant, are present
in the colloidal solution. Taking into account coexisting sol-
utes in the present experiment,”’ the absorption spectra were
corrected, as shown in Fig. 2. The absorption spectra of the
surface plasmon corresponding to metallic Pd particles were
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Fig. 1. Changes in the absorption spectra of [Pd(NH3),]Cl,

solution in the presence of 2-propanol during ultrasonic ir-
radiation. Conditions; 0.2 mM [Pd(NH3)4]Cl,, 100 mM 2-
propanol; Ar atmosphere; Cell length, 0.5 cm.
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Fig. 2. Absorption spectra of sonochemically formed Pd col-
loid before (a) and after (b) the corrections. Conditions;
same as shown in Fig. 1.

clearly observed. The formed Pd particles were extremely sta-
ble in the colloidal state for more than six months, even in the
absence of stabilizers. Figure 3 shows a transmission electron
micrograph of the Pd nanoparticles formed by ultrasonic irra-
diation. It was observed that spherical Pd particles were
formed. The average size of the particles was about 20-30 nm
with a relatively narrow distribution, although no stabilizer ex-
isted in the solution.

It has been reported that there are three different regions in
the aqueous sonochemical process: 1) The inside of the col-
lapsing cavitation bubbles where several thousand degrees and
several hundred atmospheres are produced. Here, water vapor
is pyrolyzed into H atoms and OH radicals. 2) The interfacial
region between the cavitation bubbles and the bulk solution
where the temperature is lower than that inside the cavitation
bubbles, but still high enough for thermal decomposition of
solutes to occur. 3) The bulk solution at ambient temperature
where the reactions of solute molecules with OH radicals or H
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Fig. 4. Changes in the concentration of [Pd(N H;)4*" during
ultrasonic irradiation in the absence (H) and presence (@)
of 100 mM 2-propanol.

atoms, which escaped from the interfacial region, take place.
In previous reports, we have proposed that locally generated
cavitation bubbles initiate the following chemical reactions:

H,O — °OH + °H (1)
(CH;),CHOH + *OH(*H) — (CH3;),"COH + H,O(H,) (2)
(CH3;),CHOH — pyrolysis radicals 3)
Pd(NH;),** + reducing radicals — — Pd “)

where Eqgs. 1 to 3 indicate the sonochemical formation of re-
ducing radicals, such as H atoms, 1-hydroxy-1-methylethyl
radicals and pyrolysis radicals,”!' respectively, and Eq. 4 indi-
cates the reduction of [Pd(NH;),]** by such reducing radi-
cals. In fact, it has been reported that 1-hydroxy-1-methyleth-
yl radicals, as shown in Eq. 2, are also formed by irradiation
with ultraviolet?' and jrays? of an aqueous solution of 2-pro-
panol, whose radicals are well-known to act as a high-potential
reducing agent.

Figure 4 shows the change in the concentration of
[Pd(NH;),]** ions during ultrasonic irradiation in the absence
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and presence of 2-propanol. In the presence of 2-propanol, the
concentration of these ions rapidly decreased with an increase
in the irradiation time, and the initial rate of reduction was esti-
mated to be 2.1 pM/min at an initial [PA(NH;),)*" concentra-
tion of 0.2 mM. In comparison with the sonochemical reduc-
tion of [PAC1,]*>" ions, ' the rate of [Pd(NH;)4]** reduction was
found to be extremely slow. Misik and Riesz?* have identified
by a spin trapping ESR method that various types of radicals
are formed in the sonolysis of organic compounds. In the
sonolysis of 2-propanol, pyrolysis radicals, such as CH; and
CH;CHCHj; radicals, were also reported to be formed [corre-
sponding to Eq. 3]. In the present study, we consider that 1-
hydroxy-1-methylethyl radicals formed from the abstraction
reaction,?* as represented in Eq. 2, are one of the most impor-
tant radicals for reducing the [Pd(NH;)4]*" ions. The reasons
are that the [Pd(NH;),]*" reduction by H atoms formed in wa-
ter sonolysis did not take place (Fig. 4) and that the rate of
[PA(NH;)4]*" reduction was extremely slow compared to that
of the formation of pyrolysis radicals, which could be roughly
estimated from the sonochemical reduction of [PdCl]*~
ions.! It was also found that the direct reduction of
[Pd(NH;)4]** with water did not take place in the interfacial re-
gion, because the reduction did not occur in the absence of 2-
propanol. This result was supported by a property of
[Pd(NH;)4]*" ions based on the Gibbs adsorption equation: be-
cause [Pd(NH;),]** is a hydrophilic compound, such a mole-
cule cannot accumulate at the interface of the bubbles. These
obtained results suggest that the reduction of [PA(NH;)4*"
with a reducing radical proceeds in the bulk solution main-
tained at ambient temperatures.

Preparation and Characterization of the Pd-Zeolite.
An aqueous suspension of the Pd(NH;)4-zeolite containing 100
mM 2-propanol was irradiated with high-power ultrasound.
The color of the Pd(NH;)4—zeolite powders gradually changed
from white to dark gray during irradiation. Figure 5 shows the
XPS spectra for the Pd 3d core level of the zeolite sample be-
fore and after irradiation. Before irradiation, the binding ener-
gy corresponding to divalent Pd ions (Pd(Il)) was clearly con-
firmed (Pd 3d;/, 344.1 eV and Pd 3ds, 339.0 eV). The intensi-
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Fig. 5. X-ray photoelectron spectra of Pd 3d core level be-
fore (a) and after (b) the irradiation in the presence of 2-
propanol.
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ty of both peaks decreased upon ultrasonic irradiation, and new
peaks were observed at 342.6 eV and 336.9 eV. These chemi-
cal shifts to lower energy by ca. 2 eV support the progress of
[PA(NH;)4]*" reduction into zerovalent Pd (Pd(0)) upon irradi-
ation. On the other hand, the reduction did not proceed in the
absence of 2-propanol, similar to the homogeneous solution
mentioned above, indicating that the reduction of [PA(NH;)4**
in a heterogeneous solution also proceeded with reducing radi-
cals and no thermal reduction near the cavitation hot bubbles
occurred. Therefore, the reduction of [Pd(NH;)4]** on the zeo-
lite occurred at an ambient temperature of around 20 °C. In
the present 200 kHz sonication system, because the size of the
resonance bubbles is considerably smaller than those formed
by a horn-type ultrasonic oscillator at 20-40 kHz frequency,
the lifetime of the bubbles is considered to be relatively short.?
Thus, we speculate that the mechanical effects and direct ther-
mal effects generated from collapsing bubbles would be small.
Furthermore, the formation of cavitation bubbles is difficult to
take place in a zeolite pore with an effective diameter of less
than 1.2nm. XPS depth analyses of the samples were carried
out by argon sputtering. These results indicated that the
[Pd(NH3),]*" ions in the zeolite pore were not sufficiently re-
duced, even in the presence of 2-propanol. Presumably, the re-
ducing radicals formed from 2-propanol sonolysis could not
easily diffuse into the zeolite micro-pore or the radicals would
vanish due to recombination reactions and quenching with the
walls.

Charge-up phenomena in the XPS measurements were ob-
served for all elements (Al, Si, O, Pd and C) because of the in-
sulating property of the zeolite skeleton. In addition, a differ-
ential charging phenomenon was recognized in the Pd analysis
as follows: the binding energy corresponding to the Pd 3d core
level on zeolite was still shifted to a higher energy by ca. 0.9
eV relative to that of bulk Pd, even if a charge-up correction
was performed. Such differential charging phenomena are of-
ten observed when fine metal particles with electronic conduc-
tivity are supported on a metal oxide insulator. The chemical
shift of the observed binding energy would be considered to be
due to a change in the interaction of electron transfer etc. Re-
cently, Bukhtiyarov et al.? reported that the binding energy of
the Ag 3ds), core level in Ag supported on a-Al,O; shifted to a
lower energy relative to that of the bulk Ag state. In the Pd
species prepared by sonochemical reduction, it was also
proved that the binding energy of zero-valent Pd was much
more distinctly shifted to higher values compared to that of the
bulk state of metallic Pd. This phenomenon is discussed in de-
tail in a later section.

Figure 6 shows a TEM photograph of the Pd-zeolite after ul-
trasonic irradiation in the presence of 2-propanol. In the TEM
picture, regularly ordered pore structures of Y-zeolite with an
average pore diameter of ca. 1.2 nm were clearly observed
over a wide range, while Pd particles could not be recognized
on the surface of the zeolite. An electron diffraction analysis
also showed no clear diffraction pattern attributable to Pd met-
al. However, the reduction of [PA(NH;)4]>" on the zeolite sur-
face was confirmed from the results of an XPS analysis. The
size of the Pd clusters formed was therefore considered to be
less than the diameter of the zeolite pore. The characterization
by TEM analysis was found to be very difficult, because the ul-
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Fig. 6. TEM photograph of the sonochemically prepared Pd—
zeolite in the presence of 2-propanol.
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Fig. 7. Radial distribution functions of (a) Pd(NH3),—zeolite,
(b) irradiated sample of (a), (¢) PdO powder, and (d) Pd
foil.

trafine Pd particles were located on and inside the insulating
zeolite skeleton.

In order to understand the local structures around the Pd at-
oms and to estimate the size of the Pd clusters, the EXAFS
spectra were measured for the samples before and after irradia-
tion.”” Fourier transforms of the EXAFS spectra are shown in
Fig. 7, where the peaks are slightly displaced from the true in-
teratomic distances because of the phase shift, and the filtered
ranges of transformation are 30—-110 nm™! for a), b), and c)
and 29-125 nm ™! for d). The results show no distinct peaks
due to Pd metal crystals in the Fourier transform of the EXAFS
spectrum for the irradiated sample.

An analysis of the X-ray photoelectron spectrum was car-
ried out to obtain further information about the Pd species on
the zeolite formed in the sonochemical reduction of
[PA(NH;)4]*". Since the X-ray photoelectron spectrum reflects
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Fig. 8. X-ray photoelectron spectra of Pd 3d core level sup-
ported on zeolite samples prepared by conventional gas
phase methods. (a) R treatment, (b) O-R1 treatment, (c)
O-R2 treatment.

the local electronic states of the observed atoms, a spectral
change and a chemical shift of the core level peak should be
observed when the electronic states of the Pd atoms changed.
For a comparison, Pd-zeolite samples were also prepared by
conventional methods [(1) R treatment, (2) O-R1 treatment,
and (3) O-R2 treatment],'¢ and the relation between the size of
the Pd particles and the XPS data was investigated. Figure 8
shows the X-ray photoelectron spectra of the Pd 3d core level
of these reference samples. The sample obtained by the R
treatment, which is one of the most conventional procedures,
had a binding energy of 335.3 eV for the Pd 3ds,, core level. It
was found that the value for the Pd—zeolite was shifted to a
lower energy relative to that of the Pd bulk state (Pd 3dsp:
335.95 eV). Mojet et al. reported that the electron density of
the Pd particles supported on Na—zeolite is slightly high rela-
tive to that of pure Pd, resulting in a shift of the binding ener-
2y.?® Our results could also be explained on the basis of such
effects. Because all Pd samples were supported on Y-zeolite in
this experiment, this R treatment sample could be regarded as
the standard Pd value. It is clearly confirmed in Figure 8 that
both peaks of the samples with O-R1 and O-R2 treatments
were shifted and broadened more remarkably compared to that
with the R treatment.

The data obtained by the EXAFS and XPS measurements
are summarized in Table 1, where Fourier transforms (FT) of
the EXAFS spectra were carried out to obtain the radial distri-
bution functions. From the Pd—Pd and Pd—N scatterings, the
best-fit values of structural parameters were estimated by the
inverse FT for each main peak in the FT. In this table, R is the
bond distance and N is the average coordination number of the
Pd atoms. As references, the data for the unirradiated sample
and the standard Pd foil are also given in Table 1. In the radial
distribution functions for the unirradiated sample, a predomi-
nant peak was observed at R = 0.208 nm, which probably cor-
responds to the Pd-N bond between the Pd** ions and the ni-
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Table 1. Results of EXAFS and XPS Analyses for Pd Species on Zeolite

EXAFS data XPSV/eV

Samples

Bond R/nm N Pd 3d3/2 Pd 3d5/2
Pd(NH;),~Zeolite Pd-N 0.208 5.9 344.08 339.03
Pd foil (or black) Pd-Pd 0.275 12.0 341.18 335.95
R treatment 340.65 335.27
O-R1 treatment Pd-Pd 0.275 9.6 340.71 33541
0O-R2 treatment Pd-Pd 0.275 6.8 343.10 335.87
Sonochemically prepared - — - 342.62 336.87

a) Charge-up was corrected with binding energy of C Is.

observed.

trogen atoms in the amine ligands. The R of the Pd—Pd bonds
in the Pd-zeolite was independent of the processes of the oxi-
dation—reduction treatments, and was equal to that in an infi-
nite Pd crystal. On the other hand, the N of the Pd atoms de-
creased due to these treatments from 9.6 to 6.8, the values of
which are much smaller than that in a Pd foil (V = 12.0). The
discrepancy between these values is attributed mainly to the
difference in size of the Pd particles, i. e., N in small particles
is smaller than that in large crystals because of the high pro-
portion of surface atoms. The sizes of the clusters were esti-
mated using the coordination number for the magic Pd clus-
ters, which are known to be stable clusters with a polyhedron
structure. In the case of Pd metal, the atoms are packed in a
face-centered cubic structure, and the magic number is report-
ed to be 13 (1-shell), 55 (2-shell), 147 (3-shell), 309 (4-shell)
and 561 (5-shell).” The average of the coordination numbers
(N) in the magic clusters can be calculated to be 5.5, 8.0, 8.9,
9.6 and 10.0, respectively. In comparison with the N values
obtained in the present EXAFS measurements, the average di-
ameter of Pd clusters with N = 6.8 and 9.6 could be roughly
estimated to be about 0.6—1.0 nm (between 1- and 2-shell) and
1.8 nm (4-shell), respectively. It is clear that the size of the Pd
clusters prepared by the hydrogen reduction processes decreas-
es in the order of (R treatment) > (O-R1 treatment) > (O-R2
treatment).

The X-ray photoelectron spectra were characterized accord-
ing to the Pd size estimated by the EXAFS analyses. It was
found that the binding energy of the Pd 3d core level was shift-
ed to a higher energy and the peak became broadened as the
size of the Pd particles decreased. Schierbaum et al.*® recently
reported results obtained by XPS analysis during the course of
Pt vapor deposition on a clean TiO,(110) surface under a vacu-
um. They found that, in the initial period of the Pt deposition,
there was a relation between the vaporization time (presum-
ably affecting the size of Pt particles) and the measured bind-
ing energy of the Pt 4f core level, in which small Pt particles
below the level of the TEM resolution were formed. Accord-
ing to their report, the peak of Pt 4f was observed to be more
broadened and shifted to a higher energy in the earlier stages
of Pt deposition. On the other hand, with respect to Pd parti-
cles, Vedrine et al.*! and Shpiro et al.*? previously reported that
the peak position of Pd 3d was independent of the particle size.
We therefore speculate that the size of the Pd particles men-
tioned in their reports would be relatively larger (compared to
that of Pt particles), and thus the peak shift was not clearly ob-
served.

b) No Pd-Pd bond was

It was confirmed in the present experiments that the peaks
of the Pd 3d core level shifted to a higher energy and broad-
ened with a decrease in the particle size. This result was in
good agreement with the tendency for Pt reported by
Schierbaum et al., as mentioned above. Therefore, we as-
sumed that the peak shift can be attributed to the quantum size
effect of the Pd clusters. Xu et al.? recently revealed, further-
more, that a metal-to-nonmetal transition, i.e., a change in the
electronic conductivity, occurred in the case of Pd clusters on
TiO,, when the Pd clusters consisted of less than ca. 300 at-
oms. This transition appears more distinctly with smaller Pd
cluster sizes. Thus, the peak shifts of the Pd 3d core level in
the present X-ray photoelectron spectra might be explained by
the appearance of the quantum size effect. This shift is pre-
sumably due to the fact that electrons in the core level are
strongly restricted by the atomic nucleus of Pd.**

The results from the present study suggest that the forma-
tion of metal clusters can be confirmed by the degree of the
peak shift in the X-ray photoelectron spectrum. A spectral
analysis of the sonochemically prepared Pd-zeolite indicates
that the average size of the Pd clusters on the zeolite surface is
roughly estimated to be less than 1nm and composed of several
dozen Pd atoms. It was suggested that the characterization of
the Pd clusters could be qualitatively performed by XPS analy-
ses by considering the quantum size effect. The sonochemical
reduction process appears to be a promising method for pre-
paring metal clusters, because radical reactions in a bulk solu-
tion proceed at lower temperatures. Further improvements,
such as choosing more active organic additives, easily-reduc-
ible metal precursors, and supports with a larger pore size,
would be necessary for preparing various functional materials.
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