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Recently, metal nanoparticles have attracted much attention as
a new type of hydrogen storage alloy.1,2 Because hydrogen storage
properties of metals are strongly related to their electronic states,3

the hydrogen storage properties of metal nanoparticles are quite
different from those in bulk metals.1,2 In previous reports, the
hydrogen solubility as the hydride (Pd-H) phase in Pd nanoparticles
having a diameter of 2-3 nm was observed to be smaller than that
of bulk Pd, which has a high hydrogen storage ability.1a-c On the
other hand, Pt nanoparticles with a diameter of 3.2 nm exhibit
hydrogen storage ability, although bulk Pt never does so.1d This
striking difference prompted us to look for possible exploitation
of these nanoparticles. We, therefore, prepared core (Pd)/shell (Pt)
nanoparticles for a study of their absorption properties.

The core/shell nanoparticles can be regarded as a kind of phase
separation of an alloy into a core surrounded by the shell composed
of a metal. The core/shell boundary has been observed to bring
about interesting physical and chemical properties that have
important technological applications.4-6 Due to the modification
of the structure and electronic states, such as atomic arrangements
and chemical potentials of the interfacial region, we anticipate,
therefore, that the hydrogen absorption properties can be quite
different to the pure metals nanoparticles. With the lack of any
published results on the hydrogen absorption properties of core/
shell-type nanoparticles, it is difficult to predict what kinds of
hydrogen absorption properties can be expected.

Here, we study Pd/Pt bimetallic nanoparticles (Pd/Pt nanopar-
ticles) with a Pd core/Pt shell structure. In this case, do the Pd/Pt
nanoparticles absorb hydrogen, as expected? Where is the hydrogen
trapped inside the core/shell-type nanoparticles, that is, the Pd core,
the Pt shell, or the interface between the Pd core and Pt shell? In
this work, in order to clarify the hydrogen absorption behavior of
Pd/Pt nanoparticles, we obtained the hydrogen pressure-composi-
tion (PC) isotherms and performed solid-state2H NMR measure-
ments of Pd/Pt nanoparticles. As a result, we found that the Pd/Pt
nanoparticles can absorb hydrogen, and the absorbed hydrogen lies
at the interface between the Pd core and the Pt shell, as illustrated
in Figure 1. This report gives the first information about hydrogen
absorption properties of core/shell-type nanostructured materials.

Poly(N-vinyl-2-pyrrolidone) (PVP)-protected Pd nanoparticles
were prepared by stepwise growth.7 The coating of these nanopar-
ticles was performed by an improved variation of the reported
hydrogen sacrificial protective method.8 From the results of
transmission electron microscopy (TEM) measurements, the mean
diameters of the Pd and Pd/Pt nanoparticles were determined to be

6.1 ( 0.8 and 8.1( 0.9 nm, respectively (Figure S1). From the
difference of the mean diameters between the Pd and the Pd/Pt
nanoparticles, it was found that the Pt shell part of the Pd/Pt
nanoparticles is composed of ca. four atomic layers. We also
confirmed the core/shell structure by means of high-resolution
transmission electron microscopy (HRTEM) and nanospot energy-
dispersive X-ray spectroscopy (EDS) (Figure S2). The atomic
percentage of Pt in the Pd/Pt nanoparticles was estimated to be
21% by ICP-MS spectrometry. The powder X-ray diffraction
(XRD) pattern measured at the BL02B2 in SPring-8 for Pd/Pt
nanoparticles consisted of two kinds of face-centered-cubic (fcc)
patterns (Figure S3), indicating that core Pd and shell Pt portions
retain their original structures.

The PC isotherm for Pd/Pt nanoparticles measured at 303 K is
shown in Figure 2. We evaluated the number of hydrogen atoms
per M atom, H/M (M) Pd0.79Pt0.21). The hydrogen concentration
in the Pd/Pt nanoparticles was found to increase with hydrogen
pressure, as was the case for Pd nanoparticles, and the total amount
of hydrogen absorption at ca. 101.3 kPa was 0.23 H/M, compared
with 0.22 H/Pd in Pd nanoparticles. It was, therefore, determined
that the Pd/Pt nanoparticles can absorb almost same amount of
hydrogen to Pd nanoparticles.

The solid-state2H NMR measurement for Pd/Pt nanoparticles
under 86.7 kPa of deuterium gas at 303 K was performed to
investigate the absorption site of deuterium inside the nanoparticles.9

As shown in Figure 3a, a broad absorption line with a full width at

† Kyushu University.
# JST PRESTO.
‡ JST CREST.
§ Osaka Prefecture University.
¶ RIKEN SPring-8 Center.

Figure 1. Image of hydrogen storage of Pd/Pt nanoparticles. (green)
hydrogen, red) Pd, blue) Pt).

Figure 2. PC isotherms of Pd (blue) and Pd/Pt nanoparticles (red) at 303
K. Isotherm was measured according to the direction of the arrows.

Published on Web 01/15/2008

1818 9 J. AM. CHEM. SOC. 2008 , 130, 1818-1819 10.1021/ja078126k CCC: $40.75 © 2008 American Chemical Society



half-maximum (fwhm) of 107 ppm and a sharp line around 0 ppm
were observed. In the spectrum for2H2 gas (Figure 3d), only a
sharp line at 3.35 ppm was obtained. By comparison of these
spectra, it is reasonable to attribute the sharp component in the
spectrum of the Pd/Pt particle to free deuterium gas (2H2) and the
broad component to absorbed deuterium atoms (2H) in the particles.
In the 2H NMR spectra for Pd and Pt nanoparticles having a
diameter of 5.1 nm under 86.7 kPa of2H2 gas,10 we could see
absorptions at 34 and-36 ppm, respectively, with a sharp
component around 0 ppm, indicating the existence of deuterium
absorbed inside the lattice of the Pd or Pt nanoparticles.10,11These
absorption lines are narrower than that for the core/shell particle;
that is, the fwhm values of the spectra for Pd and Pt nanoparticles
are 20 and 95 ppm, respectively. It is characteristic that the shifts
of the absorption lines for Pd and Pt have opposite signs to each
other relative to the position of the deuterium gas peak. The wide
absorption for Pd/Pt particles covers the range containing peaks
for Pd and Pd nanoparticle samples. This result indicates that the
deuterium disperses inside both Pd and Pt lattices. However, the
highest intensity was observed between the peak positions for Pd
and Pt samples, implying that most of the deuterium is concentrated
in the interfacial region between the Pd core and the Pt shell in
Pd/Pt nanoparticles. From these results, it can be concluded that
the atomic arrangements or chemical potential around the core/
shell interface boundary is different from those of Pd or Pt
nanoparticles, which implies that such the hetero-interface provides
favorable environment for metal-hydride formation. As a result,
hydrogen atoms gather particularly around the hetero-interface in
the Pd/Pt nanoparticle.

Bearing in mind that the XRD patterns of the Pd/Pt nanoparticles
were hardly dependent on hydrogen pressure, the interfacial region
between the Pd core and the Pt shell can absorb hydrogen without
lattice expansion, in contrast to that of the core portion of Pd (Figure
S3).

In summary, we have investigated the hydrogen absorption
behavior of Pd/Pt nanoparticles with a core/shell-type structure. It
was revealed that most of the absorbed hydrogen atoms are situated
around the interfacial region between the Pd core and the Pt shell
of the Pd/Pt nanoparticles, indicating that the core/shell boundary
plays an important role in the formation of the hydride phase of
the Pd/Pt nanoparticles. It is hoped that the results obtained in this
study will provide a clue for the creation of highly concentrated
hydrogen storage materials.
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Figure 3. Solid-state2H NMR spectra for the samples of (a) Pd/Pt, (b) Pt,
and (c) Pd nanoparticles under 86.7 kPa of deuterium gas at 303 K and (d)
2H2 gas at 303 K.
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