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Abstract. The catalytic properties of Pd-core/Pt-shell (inverted core/shell) structured bimetallic nan-
oclusters, synthesized by a successive addition method using sacrificial hydrogen, were investigated for
hydrogenation of methyl acrylate. Partial deposition of Pt atoms on the surface of Pd nanoclusters can
enhance the catalytic activity of the Pd atoms remaining in the surface of the inverted core/shell structured

Pd/Pt bimetallic nanoclusters.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —
36.40.Mr Spectroscopy and geometrical structure of clusters — 36.40.Jn Reactivity of clusters

1 Introduction

Recently, much attention has been paid to nanoscience
and nanotechnology leading to nanodevices. Interests in
the nanoscopic materials and their application to catal-
yses have greatly stimulated the research on metal nan-
oclusters [1-5]. Metal nanoclusters stabilized by organic
molecules are now creating a new architecture of mate-
rials different from either conventional bulk materials or
atoms, giving one of the smallest building blocks of matter.
Most of the remarkable properties of metal nanoclusters
are based on a high surface area and a quantum size effect.

Polymer-stabilized metal nanoclusters often act as an
excellent homogeneous catalyst for many organic reac-
tions. For example, palladium nanoclusters obtained by
refluxing an alcohol/water solution of palladium ion in
the presence of poly(N-vinyl-2-pyrrolidone) (PVP) were
used as an active catalyst for selective hydrogenation of
cyclooctadienes [6]. PVP-stabilized noble metal nanoclus-
ters were also effective catalysts for visible-light-induced
hydrogen generation in the electron relay system of EDTA,
tris(bipyridine)ruthenium(II), methyl viologen, and pro-
ton [7]. Poly(acrylic acid)-stabilized silver nanoclusters
had higher catalytic activity than a commercial silver cat-
alyst [8].

Multimetallic catalysts have widely been studied with
a view to improve the quality of catalysts. Many inves-
tigations have focused on bimetallic catalysts to clarify
the correlation of the catalytic behavior or the electronic
structure with the alloy composition. Schmid et al. [9,10]
reported a series of works on the preparation and catalytic
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properties of ligand-stabilized Au/Pd bimetallic nanoclus-
ters by simultaneously dropping solutions of a metal and
hydroxylamine to preformed metal nanoclusters. Au/Pd
bimetallic nanoclusters were much more active than pal-
ladium monometallic nanoclusters as a catalyst for hydro-
genation of hex-2-yne, although gold itself is well know to
be inert to this reaction [10]. Simultaneous reduction of
two kinds of noble metal ions by refluxing alcohol in the
presence of PVP usually gave so-called core/shell struc-
tured bimetallic nanoclusters [11], in which atoms of the
first element form a core and atoms of the second element
cover the core to form a shell. This core/shell structure
has been considered to be controlled by the order of re-
dox potentials of both ions and of coordination ability of
both atoms to PVP. In the case of a pair of palladium and
platinum, Pt forms the core and Pd covers the core form-
ing a shell, thus forming “Pt-core/Pd-shell” as a regular
bimetallic structure.

In contrast the construction of a Pd-core/Pt-shell (in-
verted core/shell) structure is not so easy because Pd-core
clusters can easily be solubilized by a redox reaction with
the Pt ions later added with plans of covering the Pd-core
with Pt atoms. We have succeeded in setting up a novel
method using sacrificial hydrogen to control the core/shell
structure [12]. This method was designed based on the fol-
lowing well-understood facts. Noble metals like Pd and Pt
have the ability to adsorb hydrogen and split it to form
metal hydride on the surface. Hydrogen atoms adsorbed
on noble metals have a strong reducing ability, implying
a low redox potential.

In this paper, we would like to report the details
of characterization of PVP-stabilized Pd-core/Pt-shell
bimetallic nanoclusters, and their catalytic properties for
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hydrogenation of methyl acrylate. To the best of our
knowledge there is no report on catalytic studies of
Pd-core/Pt-shell bimetallic nanoclusters. The catalytic
properties of the inverted core/shell structured bimetal-
lic nanoclusters can be explained by an electronic effect of
adjacent Pt atoms on the surface Pd atoms.

2 Experiments
2.1 Preparation

Poly(N-vinyl-2-pyrrolidone) (PVP, average molecular
weight 40,000, 45 mmol as monomeric residue) and palla-
dium(II) acetate (1.21 mmol in 100 mL of dioxane) were
dissolved in 600 mL of ethylene glycol in a 1,500-mL flask.
The pH of mixtures was adjusted to 8 by adding an aque-
ous solution of NaOH (0.1 molL~!) under stirring. The
colloidal solution of Pd(II) hydroxide in ethylene glycol
was stirred at 160 °C for 3 h for preparation of Pd nan-
oclusters with a nitrogen flow passing through the reac-
tion system. The PVP-stabilized Pd nanoclusters in glycol
were washed in an ultrafilter equipped with a membrane
with water and ethanol under nitrogen, and were used as
the cores for preparation of Pd-core/Pt-shell bimetallic
nanoclusters.

The Pd-core nanoclusters (0.2 mmol of Pd) were dis-
persed in 150 mL mixtures of water, ethylene glycol and
ethanol (1:1:1) in a 250-mL flask equipped with a drop-
ping funnel which was charged with a degassed aqueous
solution of potassium tetrachloroplatinate(II) (0.4 mmol
in 100 mL of water). The reaction flask was connected
with a hydrogen balloon and the dropping funnel as well.
Air in the reaction flask was first replaced by hydrogen,
and the Pd nanoclusters were treated with hydrogen un-
der stirring for 2 h. The aqueous solution of potassium
tetrachloroplatinate(II) was added into the reaction sys-
tem drop by drop within about 6 h, and the reaction was
continued for 8 h. The PVP-stabilized Pd-core/Pt-shell
bimetallic nanoclusters, thus produced, were washed with
water and methanol on the ultrafilter, and dried under
vacuum at 40 °C.

2.2 Characterization

PVP-stabilized Pd-core/Pt-shell bimetallic nanoclusters
were dispersed in dichloromethane. The dispersed solu-
tion was degassed by three freeze-thaw cycles, and filled
with a CO gas. Infrared (IR) spectra were measured on
a JEOL JIR-Winspec50 FTIR spectrophotometer. Pd-
core/Pt-shell bimetallic nanoclusters employed here were
characterized by transmission electron microscopy (TEM)
at 100 kV on a Hitachi H-7000 electron microscope. Sam-
ples for TEM were prepared by placing a drop of the
colloidal dispersion of nanoclusters onto a carbon-coated
copper microgrid for high resolution TEM, followed by
naturally evaporating the solvent. The mean diameter was
calculated by counting the diameters of 200 particles with
a magnifier (10 times) on the TEM photograph of 100,000
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magnifications. X-ray photoelectron spectroscopy (XPS)
data were measured with a Kratos AXIS-HS spectrome-
ter (Mg target, 12 kV, 5 mA).

2.3 Catalysis

The catalytic activities of Pd-core/Pt-shell bimetallic nan-
oclusters were evaluated by the rate of hydrogenation of
methyl acrylate. Ethanol dispersions of bimetallic nan-
oclusters (0.3 mL, 2.0 x 10 L=* mmol of total metal) and
ethanol (18.7 mL) were placed in a flask, the atmosphere of
which was replaced in advance with hydrogen at an atmo-
spheric pressure. The mixtures were kept at 30 °C for 2 h
under stirring to activate the catalyst. Then, the ethanol
solution (1 mL) containing 0.5 mmol of methyl acrylate
was added to the mixtures keeping the total pressure at
1 atm. The reaction was traced by hydrogen uptake, with
the initial slope of which the catalytic activities were de-
termined.

3 Results and discussion

3.1 Characterization of Pd-core/Pt-shell bimetallic
nanoclusters

Colloidal dispersions of Pd-core/Pt-shell (inverted
core/shell) structured bimetallic nanoclusters were pre-
pared by covering Pd-core nanoclusters with Pt atoms
successively produced by sacrificial hydrogen adsorbed
on the Pd nanoclusters. Fig. 1 depicts the relationship
between the average particle diameter and the metal
composition of Pd-core/Pt-shell bimetallic nanoclusters.
Particle sizes of Pd-core/Pt-shell bimetallic nanoclusters
are gradually increasing with increasing Pt content, since
all Pd-core/Pt-shell bimetallic nanoclusters are prepared
by using the same Pd monometallic nanoclusters as the
core. The bimetallic nanoclusters are well separated from
each other without heavy aggregation although some
aggregates of two or three particles can be observed at a
relatively high molar ratio of Pt, e.g., at 67 mol% of Pt.
This phenomenon may be caused by the relatively low
PVP/metal ratio at the high total metal concentration
and by the surface property of Pt particles. In fact
the aggregation tendency was observed in the case of
PVP-stabilized Pt monometallic nanoclusters [13].

The preformed metal cores of the first element are of-
ten oxidized by the metal ions of the second element added
for making the shell, when the metal ions of the second el-
ement have a higher redox potential than those of the first
element. X-ray photoelectron spectroscopy of the evapo-
rated sample of Pd-core/Pt-shell bimetallic nanoclusters
was measured in order to determine the valency of both
elements. Palladium species of the bimetallic nanoclusters
had a 3ds/, binding energy of 335 eV. This is consistent
with a metallic state of Pd [14], indicating the O-valency of
Pd in Pd-core/Pt-shell bimetallic nanoclusters. Platinum
species had a 4f7 /5 binding energy of 71 eV, showing the
0-valency of Pt.
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Fig. 1. Average diameter of Pd-core/Pt-shell bimetallic nan-
oclusters as a function of the platinum content.

An FT-IR spectrum of adsorbed CO (IR-CO) is useful
for exploring the surface metal composition of bimetallic
nanoclusters. Pd and Pt nanoclusters have been studied
by this method [15,16]. Bradley et al. [17] studied the
structure of Cu-Pd bimetallic nanoclusters by the IR-CO
method as well as X-ray absorption spectroscopy. Fig. 2
shows IR spectra of CO adsorbed on Pd-core/Pt-shell
bimetallic nanoclusters investigated here as well as those
of monometallic Pd and Pt nanoclusters. Monometallic
Pd nanoclusters (Fig. 2a) have a strong absorption band
at 1941 cm ™', assignable to a bridging adsorption band
of CO adsorbed on the Pd surface, and a weak band at
2052 cm ™!, assignable to a linear adsorption band of CO
adsorbed on the Pd surface. In contrast monometallic Pt
nanoclusters (Fig. 2b) have a strong band at 2062 cm™!,
assignable to CO adsorbed in linear type on the Pt sur-
face, and a very weak and broad band centered at about
1860 cm ™!, assignable to CO on a bridging site on the
Pt surface. Fig. 2c shows the IR-CO spectrum of Pd-
core/Pt-shell (1/1) bimetallic nanoclusters prepared by
depositing Pt on the Pd core. Only the spectral feature of
CO adsorbed on the Pt monometallic nanoclusters, i.e., a
strong band at 2068 cm ™! and a very weak broad band at
1892 cm ™!, can be observed, while that derived from CO
adsorbed on Pd at 1941 cm~! (Fig. 2a) completely disap-
peared, proving that the Pd core was completely covered
by a Pt shell. In contrast, physical mixtures of Pd and
Pt monometallic nanoclusters with a Pd/Pt ratio of 1/1
show spectral features of CO adsorbed on the Pd and Pt
monometallic nanoclusters, respectively (Fig. 2d).

3.2 Catalysis of Pd-core/Pt-shell bimetallic
nanoclusters

A colloidal dispersion of Pd nanoclusters acts as an effec-
tive catalyst for hydrogenation of olefins. The Pd/Pt (4/1)
bimetallic nanoclusters with a regular core/shell (Pt-
core/Pd-shell) structure have much higher catalytic ac-
tivity than Pd monometallic nanoclusters [11]. Thus, the
next question is how the catalytic activity of Pd-core/Pt-
shell (inverted core/shell) structured bimetallic nanoclus-
ter is. Fig. 3 depicts the relationship between the metal
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Fig. 2. Fourier transform infrared spectra of CO adsorbed on

PVP-stabilized nanoclusters: (a) Pd, (b) Pt, (c) Pd-core/Pt-

shell (1/1), and (d) physical mixture of Pd and Pt.

composition and the catalytic activity of Pd-core/Pt-shell
bimetallic nanoclusters for hydrogenation of methyl acry-
late. Since Pt have low activity and Pd have high activ-
ity for hydrogenation as described above, Pd-core/Pt-shell
bimetallic nanoclusters were thought to have the activities
just between the two corresponding monometallic nan-
oclusters. However, the catalytic activities of Pd-core/Pt-
shell bimetallic nanoclusters are lower than those expected
at the molar ratio of less than 50 mol% of Pd, and are
higher than those expected at the molar ratio more than
50% of Pd. The increment of catalytic activity from the
linear correlation can be explained by an electronic effect
of the neighboring Pt on the surface Pd. When the Pd
core particles is mostly covered by Pt atoms, the number
of surface Pd atoms decreases, resulting in decrease of the
catalytic activity. In contrast, when only the small amount
of Pt atoms deposit on the surface of the Pd nanocluster
particle, catalytic activities of the Pd atoms still remain-
ing on the surface of particles increase by an electronic
effect of the neighboring Pt which has been deposited on
the surface of particles.

To examine the effect of the surface structure on catal-
yses, catalytic activities were normalized by division by
the number of surface Pd atoms, which was estimated by
the atomic ratio of Pd based on XPS data and the av-
erage diameter of particles measured by TEM. Thus, the
catalytic activity of a Pd atom on the surface was calcu-
lated by dividing the total catalytic activity (R) by the
number of surface Pd atoms. The number of surface Pd
atoms can be calculated on the basis of both the degree of
dispersion (D) of Pd-core/Pt-shell bimetallic nanoclusters
and the ratio of Pd in the surface layer (Cspq) determined
by surface intensities ratios between Pd and Pt based on
XPS data. The degree of dispersion can be calculated by

(d—2.76 x 2)°

D=1- = (1)



212

Catalytic activity / Hy-mole M-mol Lo 71

0 20 40 60 80 100
Cpq/ mol%

Fig. 3. Relationship between catalytic activity and metal com-
position of PVP-stabilized Pd-core/Pt-shell bimetallic nan-
oclusters for hydrogenation of methyl acrylate.

where d is the diameter of the particle (A) and the num-
ber 2.76 is the radius of platinum in A. The normalized
catalytic activity (Rspq) is then calculated by equation (2)

Repg = R/D x Cspg- (2)

Fig. 4 exhibits the relationship between the metal compo-
sition of bimetallic nanoclusters and the normalized cat-
alytic activity. The activity of a surface Pd atom (nor-
malized activity) is almost constant for Pd-core/Pt-shell
bimetallic nanoclusters between 30 and 80 mol% of Pd,
and is higher than that of Pd monometallic nanoclus-
ters. This could be attributed to the enhancement of the
catalytic activity of surface Pd atoms by an electronic
effect by the neighboring Pt. The similar increment of
catalytic activity of the surface Pd atom by the neigh-
boring Pt has been observed in Pt-core/Pd-shell (regular
core/shell) structured bimetallic nanoclusters as described
before [11]. Thus, even the surface Pt atoms depositing on
the Pd nanoclusters can increase the catalytic activity of
the remaining surface Pd atoms by contact with Pt atoms.

4 Conclusion

Polymer-stabilized Pd-core/Pt-shell (inverted core/ shell)
structured bimetallic nanoclusters were synthesized
by addition of Pt ions into the dispersion of Pd-core
hydrides prepared by treatment of Pd-core nanoclusters
with molecular hydrogen. Structures of Pd-core/Pt-shell
bimetallic nanoclusters have been confirmed by FT-IR
spectra of adsorbed CO molecules. The IR-CO method
has shown that Pd-core/Pt-shell bimetallic nanoclusters
are not mixtures of monometallic Pd and Pt nanoclus-
ters, but consist of a single particle containing both
elements. In Pd-core/Pt-shell (1/1) bimetallic nanoclus-
ters the Pd-core was partially covered by a Pt shell.
The catalytic properties of Pd-core/Pt-shell bimetal-
lic nanoclusters were investigated for hydrogenation of
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Fig. 4. Normalized catalytic activity as a function of metal
composition of PVP-stabilized Pd-core/Pt-shell bimetallic
nanoclusters.

methyl acrylate under mild conditions. The presence of
Pt atoms on the surface of Pd particle in the inverted
core/shell structured Pd/Pt bimetallic nanoclusters can
enhance the catalytic activity of Pd atoms on the surface.
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