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CONSPECTUS: Currently 118 known elements are represented in the periodic table.
Of these 118 elements, only about 80 elements are stable, nonradioactive, and widely
available for our society. From the viewpoint of the “elements strategy”, we need to
make full use of the 80 elements to bring out their latent ability and create innovative
materials. Furthermore, there is a strong demand that the use of rare or toxic elements
be reduced or replaced while their important properties are retained. Advanced science
and technology could create higher-performance materials even while replacing or
reducing minor or harmful elements through the combination of more abundant
elements.
The properties of elements are correlated directly with their electronic states. In a solid,
the magnitude of the density of states (DOS) at the Fermi level affects the physical and
chemical properties. In the present age, more attention has been paid to improving the
properties of materials by means of alloying elements. In particular, the solid-solution-
type alloy is advantageous because the properties can be continuously controlled by tuning the compositions and/or
combinations of the constituent elements. However, the majority of bulk alloys are of the phase-separated type under ambient
conditions, where constituent elements are immiscible with each other. To overcome the challenge of the bulk-phase
metallurgical aspects, we have focused on the nanosize effect and developed methods involving “nonequilibrium synthesis” or “a
process of hydrogen absorption/desorption”. We propose a new concept of “density-of-states engineering” for the design of
materials having the most desirable and suitable properties by means of “interelement fusion”.
In this Account, we describe novel solid-solution alloys of Pd−Pt, Ag−Rh, and Pd−Ru systems in which the constituent elements
are immiscible in the bulk state. The homogeneous solid-solution alloys of Pd and Pt were created from Pd core/Pt shell
nanoparticles using a hydrogen absorption/desorption process as a trigger. Several atom percent replacements of Pd with Pt
atoms resulted in a significantly enhanced hydrogen absorption capacity compared with Pd nanoparticles. AgxRh1−x and PdxRu1−x
solid-solution alloy nanoparticles were also developed by nonequilibrium synthesis based on a polyol method. The AgxRh1−x
nanoparticles demonstrated hydrogen storage properties, although pure metal nanoparticles of each constituent element do not
adsorb hydrogen. AgxRh1−x is therefore considered to possess a similar electronic structure to Pd as a synthetic pseudo-palladium.
The PdxRu1−x nanoparticles showed enhanced catalytic activity for CO oxidation, with the highest catalytic activity found using
the equimolar Pd0.5Ru0.5 nanoparticles. The catalytic activity of the Pd0.5Ru0.5 nanoparticles exceeds that of the widely used and
best-performing Ru catalysts for CO oxidation and is also higher than that of neighboring Rh on the periodic table. Our present
work provides a guiding principle for the design of a suitable DOS shape according to the intended physical and/or chemical
properties and a method for the development of novel solid-solution alloys.

1. INTRODUCTION

Currently 118 known elements are represented in the periodic
table. Of these 118 elements, only about 80 elements are stable,
nonradioactive, and widely available for our society. From the
viewpoint of the “elements strategy”,1 we need to make full use
of the 80 elements to bring out their latent ability and create
innovative materials. Society strongly demands that rare or
toxic elements should be reduced or replaced while their
properties are retained. However, advanced science and
technology could create higher-performance materials even
while replacing or reducing minor or harmful elements through
the combination of more abundant elements.

The chemical and physical properties of the elements are
correlated directly with their electronic states. According to
frontier orbital theory, in a molecule the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are crucial in governing chemical reactions.2

On the other hand, in a solid the magnitude of the density of
states (DOS) at the Fermi level (EF) affects physical properties
such as transport, magnetic, optical, electronic heat capacity,
and thermal properties, etc.3 For example, the group-10
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element palladium exhibits strong paramagnetism depending
on the temperature because of the high DOS at EF and is well-
known as a nearly ferromagnetic metal.4 With respect to the
catalytic properties of Pd, the unoccupied and occupied high
DOS of the 4d band around EF can act as an effective electron
acceptor and donor to many reactants, providing good catalytic
activities in both oxidation and reduction reactions, respec-
tively.5−7 On the other hand, the group-11 metal gold is a good
electronic conductor as a result of the broad 6s band at EF.
However, the inactivity of Au in many catalytic reactions is
considered to originate from a low DOS at EF.
Alloys are ubiquitous in human history, with tools developed

from alloys defining much of our history from early civilization.
They have been at the forefront of technological advancement
in our history, as alloying allows us to improve the mechanical
properties of useful metals. In the present age, more attention
has been paid to improving physical properties by alloying.
Thus, alloying is a useful method for improving not only
structural but also physical properties. In general, there are two
types of alloy, namely, phase-separated and solid-solution types.
The former is not suitable for continuous control of chemical
and physical properties, and the latter is more favorable because
the constituent elements of a solid solution are randomly and
homogeneously distributed. However, the majority of the bulk
alloys are phase-separated under ambient conditions, where the
constituent elements are immiscible with each other.8 We face a
serious challenge in developing a variety of alloy materials
because we cannot freely choose the combination of elements.
To overcome the challenge of the bulk-phase metallurgical

aspects, we have focused on the nanosize effect. Metal
nanoparticles are known to show different chemical and
physical properties from bulk metals because of their high
surface-to-volume ratios and the quantum size effect.9,10 In
particular, nanosizing provides different phase behavior from
the bulk, such as melting point depression11,12 or spontaneous
alloying13,14. For example, the melting point of Au (1610 °C)
decreases with a decrease in the mean diameter, and the
melting temperature of sub-3 nm nanoparticles is ∼300 K lower
than that of bulk Au.11 In addition, in Au−Ag and Au−Cu
systems, where the solid solution is the thermodynamically
stable phase, spontaneous alloying was observed at room
temperature.13,14 Very recently, nonequilibrium synthetic
techniques have allowed us to obtain unknown materials with
a thermodynamically unstable/metastable phase. For example,
novel face-centered-cubic (fcc) Ru was discovered in the
nanometer region, while hexagonal close-packed (hcp) is the
only phase in bulk Ru.15 Thus, a decrease in size alters the
thermodynamic properties, causing deviations from the phase
diagram of the bulk metal. Nanosizing is considered to be a
powerful tool in creating novel solid-solution alloys that do not
exist in equilibrium in the bulk state.
Here we propose a new concept of “DOS engineering” for

the design of materials with the most desirable and suitable
properties by means of “interelement fusion”. For example, in
CO adsorption on the transition-metal surface, the adsorption
property is generally explained in terms of two bonding
forms:16 CO σ donation to the unoccupied metal eg orbitals
and metal π back-donation from the occupied metal t2g orbitals
to CO. Therefore, to create an efficient CO adsorbent, we
should design a material with a high DOS at the unoccupied eg
and occupied t2g orbitals. For high-performance catalysts in
oxidation and reduction reactions, a high DOS of unoccupied
and occupied states, respectively, around EF is required. From

this point of view, the reason Pd and Pt show high catalytic
activities for both oxidation and reduction reactions originates
from the higher DOS of both occupied and unoccupied orbitals
compared with other metals, such as Ag or Au (Figure 1). In
addition, EF of Pd or Pt is located at the highest DOS
composed mainly of d bands, which also contributes to the
efficient catalytic properties.

To date, a d-band theory has been proposed for catalytic
design, which is based on tuning of the location of the d-band
center.18,19 Hence, the design of not only the location of the d-
band center but also the suitable DOS shape according to the
intended chemical and physical properties is very important;
this is DOS engineering. To manipulate the shape of the DOS
freely, we need to use not only d-group elements but also every
available element, including the s, p, and f groups by means of
interelement fusion (Figure 2).
In this Account, we introduce three novel solid-solution

alloys created by approaches involving nonequilibrium syn-
thesis or a process of hydrogen absorption/desorption. The
PdPt and AgRh solid-solution alloys exhibit enhanced hydrogen
storage properties, and PdRu solid-solution alloys showed
enhancement of the catalytic properties for CO oxidation.

2. PDPT SOLID-SOLUTION FORMATION BY A
PROCESS OF HYDROGEN
ABSORPTION/DESORPTION: THE ENHANCED
HYDROGEN STORAGE CAPACITY OF PD

Pd and Pt are catalysts in many important industrial
applications, including fuel-cell technology, organic synthesis,
and automobile catalytic conversion.5−7,20−22 These applica-
tions require nanosized Pd and Pt, which have high surface-to-
volume ratios and unique electronic states that enhance their
chemical and physical properties compared with those of the
bulk. Certain types of nanostructured materials, such as core/
shell or dendritic structures, can be obtained as nanoparticles
but not as bulk phases.23−25 In contrast, there are few reports
regarding the structure of solid-solution alloy nanoparticles,
where there is a homogeneous mixture of Pd and Pt at the
atomic level.26 The scarcity of reports regarding nanostructured
homogeneous Pd/Pt alloys originates from the fact that Pd and
Pt intrinsically segregate and form a domain structure.27In this
section, we demonstrate the formation of a novel solid-solution
alloy where Pd and Pt are mixed at the atomic level via a
process of hydrogen absorption/desorption (PHAD) as a
trigger for Pd core/Pt shell nanoparticles (Figure 3).28

Pd/Pt core/shell nanoparticles consisting of a 6.1 nm Pd
core and a 1.1 nm Pt shell were used.28 Inductively coupled
plasma mass spectrometry (ICP-MS) showed that 21 atom %
Pt was included in the Pd/Pt nanoparticles. Figure 4 shows the

Figure 1. Band structures of Pd, Pt, and Au around the Fermi level.17
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in situ powder X-ray diffraction (XRD) patterns of the Pd/Pt
core/shell nanoparticles during the PHAD at 100 °C. Under
vacuum (0 kPa), the XRD pattern of the Pd/Pt core/shell
nanoparticles consisted of two kinds of fcc patterns, and the
diffraction peaks from the Pt shell were observed at the higher-
angle side.28,29 During the PHAD at 100 °C, the diffraction
peaks of the Pd/Pt core/shell nanoparticles did not change,
even though hydrogen absorption properties were observed. In
contrast, during hydrogen desorption, the diffraction patterns
from the Pd core and Pt shell portions disappeared, and a single
fcc lattice pattern emerged as the hydrogen pressure was
decreased. The lattice constants for the core and shell portions
were determined separately by Le Bail pattern-fitting analysis
(Figure 4c,d). During the hydrogen absorption process, the
lattice constants in the Pd core and Pt shell remained
unchanged between 0 and 101.3 kPa, indicating that the
core/shell structure of the bimetallic nanoparticles was
maintained. In contrast, during desorption, the lattice constant
of the shell portion hardly changed, while that of the core
portion became smaller with decreasing hydrogen pressure, and
the overlap patterns coalesced into a single fcc lattice at 0 kPa.
This result strongly suggests that the core/shell structure
changes to a solid-solution structure with a single fcc lattice
following PHAD treatment at 100 °C. High-resolution

transmission electron microscopy (TEM) and nanospot
energy-dispersive X-ray spectroscopy (EDX) demonstrated
that the resulting PdPt nanoparticles formed a solid-solution
alloy in which Pd and Pt were homogeneously mixed at the
atomic level.28

The hydrogen absorption properties of metal nanoparticles
are strongly correlated with their structure and the electronic
state.30−36 In order to investigate the hydrogen absorption
properties of the novel PdPt solid-solution nanoparticles with
varying alloy compositions obtained from the precursor core/
shell nanoparticles via PHAD, we measured their hydrogen
pressure−composition (PC) isotherms at 30 °C (Figure 5).
Bulk Pt shows no ability to absorb hydrogen,37 but when 8
atom % Pd was replaced with Pt in the nanoparticles, the
amount of hydrogen absorption increased. A further increase in
the percentage of Pt atoms resulted in a decrease in the
hydrogen concentration, and the amount of absorbed hydrogen
for the Pd0.50Pt0.50 solid-solution nanoparticles became smaller
than that for Pd nanoparticles. These results demonstrated that
the hydrogen storage capabilities of PdPt solid-solution
nanoparticles can be controlled by changing the alloy
composition on the basis of band filling of the PdPt solid-
solution alloys. This discovery of a homogeneous solid-solution
alloy of Pd and Pt will contribute substantially to catalysis and
other material fields. Moreover, the PHAD method may enable
us to design and construct novel alloys that have not been
obtained to date as solid solutions.

3. SYNTHETIC PSEUDO-PD: AGRH SOLID-SOLUTION
NANOPARTICLES EXHIBITING HYDROGEN
STORAGE CAPABILITIES

Rh, Pd, and Ag are neighboring 4d transition metals with fcc
structures, and all are used as efficient catalysts for a variety of
important chemical reactions.38−40 In light of the band-filling
effect of the III−V compound semiconductors,41 we expected
that the Ag0.5Rh0.5 solid-solution alloy would possess an
electronic structure and chemical/physical properties similar
to those of Pd, since Rh and Ag are located on either side of Pd
in the periodic table. For instance, Pd is well-known to exhibit a
high hydrogen storage capability, which is related to its
electronic structure;42,43 if the hybridization of d orbitals and
the band-filling effect can occur with AgRh solid-solution alloys,
then Ag0.5Rh0.5 would also be expected to absorb hydrogen like
Pd. A problem arises, however, because the Ag−Rh system is
immiscible even above the melting temperature of Rh (1964
°C), that is, Rh and Ag (like oil and water) cannot mix at the

Figure 2. “Interelement fusion” strategy for innovative functional materials based on “DOS Engineering”.

Figure 3. Structural change from the initial Pd core/Pt shell bimetallic
nanoparticles into a PdPt solid solution by PHAD at 100 °C. TEM
images show that aggregation between particles does not occur and
that the particle size is maintained before and after the PHAD.
Reprinted from ref 28. Copyright 2010 American Chemical Society.

Accounts of Chemical Research Article

DOI: 10.1021/ar500413e
Acc. Chem. Res. 2015, 48, 1551−1559

1553

http://dx.doi.org/10.1021/ar500413e


atomic level.44 For this reason, solid-solution alloys of Ag and
Rh had not previously been obtained, and the structure and
properties of the alloys had not been investigated.
To obtain the AgRh solid-solution alloy nanoparticles, we

adopted a modified polyol method. In our original method, the
point of synthesis to obtain a solid-solution phase was to
simultaneously reduce the both metal ions to metals. Hence, we
added the metal precursors slowly to a fully heated ethylene
glycol (EG) solution (Figure 6). Mixing both Ag+ and Rh3+

ions with the EG solution prior to heating has a marked impact
on the rates of reduction of Ag and Rh ions because Ag+ is

more easily reduced than Rh3+, and as a result, Ag and Rh
nanoparticles form as a phase-segregated mixture. To avoid
phase segregation, we modified the synthesis by slowly adding
the solution containing Rh3+ and Ag+ to hot EG at 170 °C. The
heated EG solution rapidly turned black, indicating that the Ag+

and Rh3+ ions were rapidly reduced, so the difference in the
rates of reduction could be considered negligible. This rapid
simultaneous reduction of Ag+ and Rh3+ precursors in hot EG
allowed the synthesis of AgRh solid-solution nanoparticles.45

The solid-solution structure of AgRh nanoparticles was
investigated using XRD, X-ray photoelectron spectroscopy
(XPS), and scanning TEM (STEM)−EDX techniques. The
AgxRh1−x nanoparticles adopted a single fcc structure over the
whole composition range, and the lattice parameter decreased
continuously with increasing Rh content. The STEM−EDX
maps show visual evidence of alloying (Figure 7).
Furthermore, the prepared AgxRh1−x nanoparticles showed

hydrogen storage properties. Although the amount of hydrogen
absorption of Ag0.5Rh0.5 was less than that of Pd nanoparticles,
the Ag0.5Rh0.5 alloy, which was expected to have a similar
electronic structure to Pd, exhibited the largest amount of
hydrogen absorption of the alloy system.45

The electronic structure of Ag0.5Rh0.5 nanoparticles was
investigated using a combination of hard XPS (HAXPES)
experiments and first-principles calculations.46 Ag, Rh, and
AgRh nanoparticles with similar sizes were used for the
HAXPES experiments. In the core-level XPS spectrum of AgRh
solid-solution nanoparticles, signals originating from Rh or Ag
oxide were not observable.45,46 The valence band (VB)
HAXPES spectrum and calculated results for the Ag0.5Rh0.5
nanoparticles did not correspond to a simple linear

Figure 4. (a, b) In-situ powder XRD patterns of Pd/Pt nanoparticles upon PHAD at 100 °C. (c, d) Lattice constants estimated by Le Bail fitting to
the diffraction patterns measured during the (c) hydrogen absorption and (d) desorption processes. (Pd core and Pt shell, black circles; core portion,
red circles; shell portion, blue circles; PdPt solid solution, green square.) Reprinted from ref 28. Copyright 2010 American Chemical Society.

Figure 5. (a) PC isotherms of Pd, Pd0.92Pt0.08, Pd0.85Pt0.15, Pd0.79Pt0.21,
and Pd0.50Pt0.50 solid-solution nanoparticles at 30 °C. The metal
compositions of the PdPt nanoparticles were estimated by ICP-MS.
Isotherms were measured according to the direction of the arrows. H/
M shows the hydrogen-to-metal atomic ratio. (b) Dependence of H/
M on the PdPt solid-solution alloy composition at 101.3 kPa.
Reprinted from ref 28. Copyright 2010 American Chemical Society.
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combination of the spectra for pure Ag and Rh nanoparticles
(Figure 8a,b). The differences between the spectrum of the
alloy nanoparticles and the linear summation of the Rh and Ag
spectra indicate that hybridization of the orbitals occurred in
the AgRh alloy nanoparticles.
As the electronic structure of the VB near the Fermi edge is

more important for catalysts, the VB structures of the Ag0.5Rh0.5
alloy and Pd nanoparticles were compared in the binding
energy (Eb) range of 0−3.5 eV (Figure 8c). The VB structures
of the Ag0.5Rh0.5 alloy and Pd nanoparticles are very similar over
this Eb range. The remarkable similarity provides the hydrogen
capacity of the AgRh solid-solution alloy. The corresponding
intensity of the Ag0.5Rh0.5 alloy nanoparticles was found to be
about half that of the Pd nanoparticles in the energy range of
interest.46 This result was surprisingly accurate and quantita-
tively corresponded to the experimental result that the total
amount of absorbed hydrogen of Ag0.5Rh0.5 alloy nanoparticles
was about half of that of Pd nanoparticles.45 These findings

provide a guideline for the design and development of solid-
solution alloys with interesting properties on the basis of DOS
engineering.

4. SYNTHETIC PSEUDO-RH: PDRU SOLID-SOLUTION
NANOPARTICLES HAVING ENHANCED CO
OXIDIZING ABILITY

Ru, Rh, and Pd are neighboring 4d transition metals that are
located in order of increasing atomic number in the periodic
table, and in the bulk state Pd and Ru cannot form a solid-
solution alloy over the whole metal composition range until
both metals are liquid.47 Therefore, PdRu solid-solution alloys
cannot be easily obtained. We reported the first example of the
synthesis of solid-solution alloy nanoparticles of Pd and Ru, the
elements neighboring Rh, throughout the whole range of metal
compositions using a chemical reduction method.
Rh and Ru are used as valuable catalysts for many important

reactions, such as the reduction of NOx and the oxidation of

Figure 6. Schematic illustration of the synthesis of AgxRh1−x nanoparticles.

Figure 7. (a) High-angle annular dark-field STEM image of a group of prepared Ag0.5Rh0.5 nanoparticles. (b) Overlay image of the EDX maps shown
in (c) and (d) (green, Rh; orange, Ag). (c) Ag and (d) Rh L-shell STEM−EDX maps. The scale bars correspond to 10 nm. Reprinted from ref 45.
Copyright 2010 American Chemical Society.

Figure 8. (a) VB HAXPES spectra and (b) calculated spectra corresponding to Ag0.5Rh0.5 (red) and the linear combination of the Ag and Rh spectra
(0.5 Ag + 0.5 Rh, black). The difference spectrum (green) indicates the extent to which the spectrum of the alloy deviates from the linear
combination. (c) VB HAXPES spectra of Ag0.5Rh0.5 alloy nanoparticles (enlarged, red) and Pd nanoparticles (black) in the Eb range of 0−3.5 eV.
Reprinted with permission from ref 46. Copyright 2014 American Institute of Physics.
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CO.48−51 Recently, because of the growing importance of CO
removal from fuel-cell systems or car exhaust, many researchers
have extensively developed CO oxidation catalysts.52 Pd is also
widely used as an efficient catalyst for exhaust gas purification
and for polymer electrolyte fuel cell electrodes.53,54 However,
the Pd catalyst is easily poisoned by CO, which blocks surface
binding sites and decreases the catalytic activity,55 and it is
therefore necessary to remove CO molecules from the system
to optimize the efficiency. Furthermore, Ru has received much
attention recently because it is a useful catalyst for the steam-
reforming reaction of methane.56,57 Methane is a main
component of shale gas, and the share of synthesis gas
obtained from the steam-reforming of shale gas has been
growing. Because alloying with other elements often enhances
the catalytic properties of these platinum-group metals,58,59 the
PdRu solid-solution alloy is expected to be a highly active
catalyst for many applications.
On the basis of the results from the Ag−Rh system, the

Pd0.5Ru0.5 alloy was also anticipated to have an electronic
structure similar to that of Rh because Pd and Ru are located on
either side of Rh in the periodic table. Although Rh is a very
attractive element exhibiting highly effective catalytic activity, it
is extremely expensive because of its scarcity. Pd and Ru are
considerably cheaper than Rh, and thus, a PdRu alloy which
mimics or improves on the properties of Rh is an important
target in terms of the “elements strategy”.1

PdxRu1−x nanoparticles were obtained using a similar
synthetic method as for the AgxRh1−x nanoparticle synthesis.
The solid-solution structure of Pd and Ru was confirmed using
TEM, XRD, XPS, and STEM−EDX measurements.60 The sizes
of the PdxRu1−x nanoparticles were similar, and the STEM−
EDX maps showed visual evidence of the solid-solution
structure (Figure 9a). The compositional line profiles of Ru
and Pd on a Pd0.5Ru0.5 nanoparticle indicated that Pd and Ru
atoms were dispersed homogeneously throughout the whole
particle. With increasing Pd metal composition, the structure of
the PdxRu1−x nanoparticles changed from the Ru hcp lattice to
the Pd fcc lattice. From the Rietveld refinement of the XRD
patterns, the structures of PdxRu1−x nanoparticles (0.3 ≤ x ≤
0.7) included both hcp and fcc structures.60 However, the metal
ratios of Pd and Ru in the coexisting hcp and fcc structures
were approximately same and were consistent with the average
composition obtained from the EDX data. In addition, the
lattice constants of both structures followed Vegard’s rule.
These results clearly showed that Pd and Ru were mixed at the
atomic level over the whole metal composition range.60

The PdxRu1−x solid-solution nanoparticles show higher
catalytic activity for CO oxidation than Ru or Pd nanoparticles.
Figure 9b presents a comparison of the CO oxidation results for

1 wt % γ-Al2O3-supported PdxRu1−x, Rh, and a physical mixture
of Ru and Pd nanoparticles. The temperatures for 50%
conversion of CO to CO2 (T50) for Pd0.5Ru0.5, Rh, Ru, and
Pd catalysts were approximately 125, 165, 165, and 195 °C,
respectively. These results clearly show that the Pd0.5Ru0.5
nanoparticles exhibited higher activity for CO oxidation than
other catalysts. While Ru was the most efficient CO oxidation
catalyst, Pd0.5Ru0.5 converted CO to CO2 at a temperature 30−
40 K lower than that for Ru. Furthermore, Pd0.5Ru0.5 showed a
lower conversion temperature than Rh, which is the most
expensive precious metal, indicating that Pd0.5Ru0.5 nano-
particles are a more effective catalyst than Rh for the CO
oxidation reaction. On the other hand, the physical mixture of
Ru and Pd nanoparticles showed completely different catalytic
properties from PdRu alloy nanoparticles, exhibiting almost the
same activity as that of Ru nanoparticles because the Ru
nanoparticles have higher activity than Pd nanoparticles and are
dominant for this reaction. These results further confirm that
interelement fusion strategy is a viable method for creating
novel nanomaterials with enhanced properties while potentially
offering further advantages such as reduced cost. The greatly
enhanced catalytic ability of the PdRu alloy, like the hydrogen
absorption properties of the AgRh alloys, is considered to result
from the novel electronic structure arising from the formation
of the solid-solution alloy of Pd and Ru.
Figure 9c shows the metal-composition dependence of the

CO conversion in PdxRu1−x nanoparticles supported on γ-
Al2O3. The catalytic activities of all of the alloy nanoparticles
are higher than those of pure Pd or Ru nanoparticles, and the
activity is maximized at the Pd0.5Ru0.5 composition. The
oxidation state of Ru has been reported to affect the catalytic
activity of CO oxidation,61 but the inverse-volcano-type
behavior of T50 for PdxRu1−x nanoparticles suggests that the
oxidation states of Ru are not the dominant factor for CO
oxidation activity in this system.
There have been several reports that CO oxidation occurs

between adsorbed species in accordance with the Langmuir−
Hinshelwood mechanism. By this mechanism, the first state of
the reaction is considered to be the coadsorption of CO and
O,62,63 and to control the adsorption behavior and the
activation energy for the reaction, the d-band center relative
to the Fermi energy becomes a significant parameter.64,65 As
continuous control of the electronic structure of the PdRu
solid-solution alloy with the metal composition was observed, it
is considered that the d-band center in Pd0.5Ru0.5 becomes
optimized for the absorption of O and CO and/or has a lower
activation energy for the CO oxidation reaction.
We have also observed that PdRu solid-solution nano-

particles have a higher three-way catalytic activity than Rh

Figure 9. (a) Overlay image of the EDX maps of Pd and Ru for Pd0.5Ru0.5 nanoparticles. (b) Temperature dependence of the CO conversion by Ru
(red), Rh (green), Pd (blue), Pd0.5Ru0.5 solid solution (orange), and Ru + Pd mixture (black) nanoparticles supported on γ-Al2O3. (c) Metal-
composition dependence of T50 (in °C). Reprinted from ref 60. Copyright 2014 American Chemical Society.
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nanoparticles.66 From the viewpoint of the “elements
strategy”,1 the 1:1 Pd−Ru solid-solution alloy acts as a more
highly efficient catalyst than Rh, and the cost reduction results
from the use of the cheaper elements Pd and Ru rather than
Rh. Therefore, this work allowed us to create highly effective
functional materials based on the novel strategy of interelement
fusion.

5. CONCLUSION AND FUTURE PROSPECTS
This Account has focused on our recent efforts to establish
“DOS engineering” for innovative functional materials based on
the “interelement fusion” strategy. We have also demonstrated
the development of synthetic methods for functional solid-
solution alloy nanoparticles by approaches involving non-
equilibrium synthesis or a process of hydrogen absorption/
desorption. In the past two centuries, many methods have been
developed to create alloys. In the future, the interelement
fusion strategy will potentially be used to make full use of the
80 stable elements, allowing for the tuning of suitable DOS
shapes for important catalytic applications such as fuel-cell
electrocatalysis, exhaust gas purification, and steam -reforming
of shale gas. Currently, the developments of these catalysts are
mainly based on costly rare elements, and through the DOS
engineering approach we hope to create higher-performance
materials even while replacing or reducing minor or harmful
elements through the combination of more abundant elements.
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