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ABSTRACT: We have synthesized and characterized
homogeneous solid-solution alloy nanoparticles of Pd
and Rh, which are immiscible with each other in the
equilibrium bulk state at around room temperature. The
Pd−Rh alloy nanoparticles can absorb hydrogen at
ambient pressure and the hydrogen pressure of Pd−Rh
alloys for hydrogen storage is dramatically decreased by
more than 4 orders of magnitude from the corresponding
pressure in the metastable bulk state. The solid-solution
state is still maintained in the nanoparticles even after
hydrogen absorption/desorption, in contrast to the
metastable bulks which are separated into Pd and Rh
during the process.

The hydride of palladium-based alloys has been intensively
investigated in various fields of fundamental science and

technology for developing hydrogen storage, purification filters,
isotope separation, and electrodes for metal hydride batteries.1

In particular, Pd−Rh has been studied as a hydrogen-storage
material for many years.1,2 A crucial problem in the Pd−Rh
system is that Pd and Rh are immiscible with each other in the
thermal equilibrium over the entire composition range; rather,
the alloys form a segregated domain structure at around room
temperature.3 Consequently, alloys composed of Pd and Rh
have been obtained only as a metastable state by quenching
from extremely high temperatures above 1000 K,2a−c and the
obtained alloys absorb a larger amount of hydrogen than does
Pd, which has a high hydrogen-storage ability.1 However, the
equilibrium hydrogen pressure for hydride formation (Pd−Rh−
H) increases greatly with increasing Rh content and the
pressure reaches as high as 1000 MPa by 50 atom %

replacement of Pd with Rh atoms.2d Furthermore, the
metastable Pd−Rh alloys are not stable and are readily
separated into two phases of Pd and Rh upon hydrogen
absorption/desorption.2a,b

It is well-known that metal nanoparticles show different
chemical and physical properties from bulk metals because of
their unique properties, based on their high surface-to-volume
ratio and quantum size effects.4 In particular, nanosized metals
show characteristic phase behaviors, such as a lowering of their
melting point5 or spontaneous alloying.6 Because the hydrogen-
storage properties of a metal are strongly related to its
electronic state, metal nanoparticles are expected to show
specific hydrogen-storage properties that depend on their
structure or size.7 Here, we report the nanosize-induced
stabilization of solid-solution alloys where Pd and Rh are
homogeneously mixed at the atomic level and a dramatic
lowering of the equilibrium hydrogen pressure by more than 4
orders of magnitude from the corresponding pressure in the
bulk state. Furthermore, the solid-solution state is maintained
in the nanoparticles even after hydrogen absorption/
desorption, although the bulk alloys are separated into two
phases of Pd and Rh during the process.
Poly(N-vinyl-2-pyrrolidone) (PVP)-protected Pd−Rh nano-

particles were prepared by a polyol method. An aqueous
solution of Pd(NO3)2 and RhCl3 was added to an ethylene
glycol solution with PVP, and the mixture was heated at 368 K
for 1 h with vigorous stirring. The atomic percentage of Rh in
the Pd−Rh nanoparticles was estimated to be 46% by ICP−
MS. A TEM image of the obtained Pd−Rh nanoparticles is
shown in Figure 1a. It was found that the synthesized
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nanoparticles have a good crystalline structure and the mean
diameter was estimated to be 2.9 ± 0.6 nm. Pd−Rh
nanoparticles showed a powder X-ray diffraction (XRD)
pattern originating from a single face-centered cubic (fcc)
lattice (Figure 1b). The crystal size was estimated to be 2.5 nm
from the Scherrer equation, which is consistent with the mean
diameter from the TEM image. The diffraction peaks of Pd−Rh
nanoparticles were observed between those of Pd and Rh
nanoparticles, and the lattice constant of Pd−Rh nanoparticles
was estimated to be 3.880 Å from the Le Bail fitting of the
diffraction pattern, while those of Pd and Rh nanoparticles were
3.969 and 3.802 Å, respectively. These results strongly support
the formation of an atomic-level Pd−Rh alloy over the whole
inside of the particle.
We also investigated the elemental distribution of Pd and Rh

in Pd−Rh nanoparticles. Figure 2a shows a high-angle annular

dark-field STEM (HAADF−STEM) image. Figures 2b and 2c
show the corresponding Pd−L and Rh−L STEM−EDX maps,
respectively. Figure 2d presents an overlay map of the Pd and
Rh chemical distribution. These mapping data show that the
obtained Pd−Rh nanoparticles form a homogeneous solid-
solution alloy, where Pd and Rh are mixed at the atomic level.
It is known that hydrogen atoms permeate inside a metal or

alloy lattice as individual atoms, and these interstitial hydrogen
atoms produce an expansion in the metal lattice.1 To elucidate

the lattice expansion following hydrogen absorption in Pd−Rh
nanoparticles, we performed in situ XRD measurements at the
BL02B2 beamline in SPring-8.8 As shown in Figure 3, the

position of the diffraction peaks of the Pd−Rh nanoparticles
shifted continuously to lower angles in response to increasing
hydrogen pressure. The hydrogen-pressure dependence of the
lattice constants was determined from the Le Bail fitting of the
diffraction patterns, and the change in lattice constant (Δa)
with the absorption/desorption of hydrogen is shown in Figure
3 inset. During the process of hydrogen absorption, the lattice
constants increased with increasing hydrogen pressure for the
Pd−Rh nanoparticles, which indicates that the Pd−Rh atoms
within the lattice are forced apart. This behavior can be the
consequence of hydrogen atoms penetrating the inside of the
Pd−Rh lattice and expanding it. The lattice constant for a
hydrogen pressure of 101.3 kPa at 303 K is increased by 0.06 Å
relative to the value under vacuum. The lattice constant
decreases with hydrogen desorption, and the lattice constant
returns to the same value as in the pristine sample. The change
in lattice constant (Δa) with the absorption/desorption of
hydrogen suggests the occurrence of hydrogen-storage
capability in Pd−Rh alloys at a mere 101.3 kPa induced by a
nanosize effect.
We performed solid-state 2H NMR measurements to

investigate the states of 2H in Pd−Rh solid-solution nano-
particles. The sharp lines at around 0 ppm and broad
absorption line were observed for Pd−Rh nanoparticles (Figure
4a). In the spectrum for 2H2 gas (Figure 4d), only a sharp line
at 3 ppm was observed. By comparison of these spectra, it is
reasonable to attribute the sharp components in the spectrum
of the Pd−Rh particle to free deuterium gas (2H2) or deuterium
atoms diffusing and/or exchanging with free deuterium on the
particles’ surface, and the broad component to absorbed
deuterium atoms (2H) in the particles. It is reported that the
absorption lines of deuterium absorbed inside the lattices of Rh
and Pd nanoparticles were observed at −108 and 36 ppm,
respectively (Figure 4b,c).7a,b The broad absorption line
centered at ca. −30 ppm, originating from 2H inside the Pd−

Figure 1. (a) TEM image of Pd−Rh nanoparticles. (b) XRD patterns
of Pd, Pd−Rh, and Rh nanoparticles.

Figure 2. (a) HAADF−STEM image, (b) Pd−L STEM−EDX map,
and (c) Rh−L STEM−EDX map of Pd−Rh nanoparticles. (d) The
reconstructed overlay image of the maps shown in (b) and (c) (blue,
Pd; red, Rh).

Figure 3. In situ powder XRD patterns of Pd−Rh nanoparticles upon
the process of hydrogen absorption/desorption. Black, blue, green, and
red lines correspond to XRD patterns measured under vacuum, 6.6,
46.6, and 101.3 kPa, respectively. Inset shows the increase in the lattice
constant (Δa) estimated from the Le Bail fitting of the diffraction
patterns on hydrogen absorption/desorption. Closed and open circles
show the lattice constants upon the process of hydrogen absorption
and desorption, respectively.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja305031y | J. Am. Chem. Soc. 2012, 134, 12390−1239312391



Rh lattice, covers the range containing peaks for Pd and Rh
nanoparticle samples (Figure 4a). These specific chemical shifts
imply a difference in the electron density around the 2H nuclei
that is caused by changes in the occupancies of valence
electrons as a result of hybridization of the valence bands.9 The
specific chemical shift of Pd−Rh nanoparticles also demon-
strates that atomic-level alloying occurs in the Pd−Rh system
and deuterium in the nanoparticles perceives the different
potentials depending on the metal species. It should be again
noted that Pd−Rh nanoparticles absorb hydrogen in so low
pressure as 101.3 kPa, although bulk Pd−Rh does not have
hydrogen-storage capability at this pressure.
We measured hydrogen pressure−composition (PC) iso-

therms for the Pd−Rh solid-solution nanoparticles at 303 K. As
shown in Figure 5, the total amounts of hydrogen

concentration H/M at 101.3 kPa were 0.22, 0.23, 0.29 H/M
for Pd, Rh, Pd−Rh nanoparticles, respectively, which
demonstrates that the atomic-level Pd−Rh alloying results in
a larger amount of hydrogen storage in Pd−Rh nanoparticles. It
is well-known that the hydrogen concentration increases with
the number of 4d-band holes.1 A relationship between band
filling and hydrogen concentrations has been reported in the
case of Pd−Rh bulk alloys.1,2c The amount of 4d-band holes of
Pd−Rh bulk alloys at the Fermi level increases by mixing a Rh

atom, which has one less electron than the Pd atom; thereby,
the hydrogen concentration of Pd−Rh bulk alloys increases
with increasing Rh content. In our experimental results, the
increase in the hydrogen concentrations originates from the
band-filling control.
Bulk Pd−Rh alloy existing as a metastable state is known to

absorb hydrogen at the extremely high pressure of 1000 MPa.2d

Interestingly, the Pd−Rh alloy nanoparticles in this report can
absorb hydrogen even at 101.3 kPa, that is, the H2 pressure for
hydride formation in the present Pd−Rh nanoparticles is
decreased by more than 4 orders of magnitude from the
corresponding pressure in the bulk state. To investigate the
origin of specific hydrogen storage induced by a nanosize effect
for the Pd−Rh system, the temperature dependence of the
plateau pressure of the absorption isotherms was examined at a
hydrogen concentration of H/M = 0.25.10 From the van’t Hoff
plots of H2, the enthalpy −ΔHα→β and entropy ΔSα→β changes
were estimated to be −22.6 kJ (H2 mol)

−1 and −71.1 J (H2

mol)−1 K−1, respectively. In bulk Pd−Rh, the enthalpy
−ΔHα→β change tends to decrease with increasing Rh contents
and the change is reported to be −19.4 kJ (H2 mol)−1 for the
bulk with Rh-25 atom %.2e The relatively large enthalpy
−ΔHα→β change of the nanoparticles implies that the nanosize
provides favorable environment to form stable hydrides. The
entropy ΔSα→β change during the hydride formation comes
mainly from the entropy loss of hydrogen gas,11 and the value
of the entropy change is known to be basically constant for bulk
hydrogen storage alloys.1 In fact, the entropy ΔSα→β change of
Pd−Rh bulks with Rh-5−25 atom % is reported to be −93 to
−95 J (H2 mol)−1 K−1.2e The smaller −ΔSα→β value in the
nanoparticles indicates that hydrogen atoms possess a relatively
larger entropy in nanoparticles than in bulk Pd−Rh. In other
words, hydrogen atoms in the nanoparticles retain a part of the
freedom in the gaseous state, implying that atomic arrange-
ments in nanoparticles are statically or dynamically disordered.
A more important consideration is that a small loss of entropy
causes hydride formation under a low hydrogen pressure.
It has been reported that the metastable bulk Pd−Rh solid

solutions easily separates into two phases of Pd and Rh upon
applying hydrogen treatment.2a,b,10 In contrast, the solid-
solution state is still maintained in the nanoparticles before/
after the measurements of PC isotherms or the H2 treatment.

10

The stable Pd−Rh mixture in the nanoparticles may allow not
only for a facile and efficient hydrogen absorption/desorption
performance, but also for effective catalysts in various reactions
related to hydrogen.
In summary, we have synthesized and characterized size-

controlled alloy nanoparticles where Pd and Rh are
homogeneously mixed at the atomic level by a polyol method.
The Pd−Rh alloy nanoparticles can absorb hydrogen at
ambient pressure without separation into two phases of Pd
and Rh and the nanosize contributed to the drastic drop in the
equilibrium hydrogen pressure for hydride formation by more
than 4 orders of magnitude from the corresponding pressure in
the bulk state. The new findings in this report provide valuable
insight for further developments of hydrogen-storage materials.
In addition, these successfully obtained alloys are expected to
show high activity or high durability as a catalyst for organic
synthesis or in various applications, as a result of the mixing of
Pd and Rh at the atomic level.

Figure 4. Solid-state 2H NMR spectra for the samples of (a) Pd−Rh,
(b) Rh, (c) Pd nanoparticles under 86.7 kPa of deuterium gas at 303
K, and (d) 2H2 gas at 303 K. Inset shows expanded spectra.

Figure 5. PC isotherms of Rh (blue), Pd (red), and Pd−Rh (green)
nanoparticles. H/M means the number of hydrogen atoms divided by
the total number of metal atoms.
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