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Chapter 1
General Introduction

1.1 Alternative Energy

Stable and reliably supplied energy is required to maintain our comfort in daily
life. Energy sources can be divided three broad categories; (1) chemical or photo
physical energy through oxidizing reactions or absorbing sunlight, (2) nuclear
energy, and (3) thermo mechanical energy in the form of wind or water and so
on [1]. Each energy source has some disadvantages in terms of stability, cost or
safety. While fossil and nuclear resources play the main role in global energy
supply as it stands now, the alternative energy is most needed to keep our lives
for the future because of the depletion of fossil fuel supplies and a public fear of
nuclear accidents. Therefore many researchers all over the world are intensely
studying the techniques to produce energy using solar cells [2], fuel cells [3],
and to store energy utilizing hydrogen storage [4], rechargeable batteries [5] and
high-temperature superconductivity [6] in order to replace of the current energy
infrastructure. The most obvious source of alternative energy is the Sun. Solar
cells make it an open possibility to capture the energy that is freely available from
sunlight and convert it into valuable electric power [2]. Fuel cells directly provide
electric energy from chemical energy with higher efficiency and lower emission
of pollutants than conventional combustion [3]. Rechargeable batteries such as
lithium-ion cells are more and more demanded as the portable energy by today’s
mobile society [5]. High-temperature superconductors have a potential to be the
best materials for energy storage and energy transmission because there are no
resistive losses [6]. Although these candidates have attractive advantages and they
have been intensively investigated for years, each of them has still some difficul-
ties which have to be overcome for practical use. Therefore they have not been
able to play the main role yet.

© Springer Japan 2014 1
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2 1 General Introduction

1.2 The Issues of Hydrogen Utilization as an Alternative
Energy Source

Hydrogen would be an ideal fuel because it is lightweight, highly abundant and
its oxidation product (water) is environmentally benign [4]. To efficiently use
the electric energy captured from unevenly-distributed natural energy including
geothermal heat, tidal power and wind power, the development of highly efficient
energy storage and conversion processes is required. Therefore, attention is
focused on hydrogen as an electric energy-storage medium which enables the
facile storage and transport of the electric energy [7]. However there are chal-
lenges to be overcome using this storage method. Conventional energy storage-
methods are mainly high-pressure gas, liquid hydrogen or hydrocarbons, but these
methods have some disadvantages. For example, it is difficult to treat high-pres-
sure gas without over pressure and the compression itself is dangerous. Liquid
hydrogen, of course, has a higher mass per unit volume than compressed gas, but
the boiling temperature of normal hydrogen is 20 K [8]. Thus the direct loss of
hydrogen occurs through heat transfer from the container. Hydrocarbons which
are liquid at room temperature can be considered as a liquid hydrogen-storage
medium, if they can be hydrogenated and dehydrogenated easily. Even though
hydrogenation and dehydrogenation methods have been extensively studied, these
methods performing under varying conditions have not been developed yet [4]. As
for other storage methods, surface adsorption has attracted much attention. In par-
ticular, carbon species [9-11] and metal-organic frameworks (MOFs) [12—-14] has
been investigated as strong candidates because of their large surface area.

Figure 1.1 shows the storage capacities of carbonaceous adsorbents for
hydrogen at 77 K and 1 bar. The amount of adsorbed hydrogen is proportional to
the specific surface area of the carbon nanotube material and limited to 2 mass%
for carbon materials [4]. MOFs are a class of porous hybrid materials built from
metal ions and organic bridges and their structure and pore characteristics can

Fig. 1.1 Reversibly stored o
amount of hydrogen on
various carbon materials
versus the specific surface
area of the samples. Circles %
represent nanotube samples o
(best-fit line indicated), E
triangles represent other o
nanostructured carbon z
samples [4] T
0 1,000 2,000

Specific surface area (m2 g-1)
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Fig. 1.2 a The single-crystal x-ray structure of MOF-5 illustrated for a single cube fragment
of it cubic three-dimensional extended structure (Zn, blue polyhedron; O, red sphere; C, black
sphere). The large yellow sphere represents the largest sphere that would fit in the cavities with-
out touching the van der Waals atoms of the frameworks. Hydrogen atoms have been omitted.
Hydrogen gas sorption isotherms for MOF-5 at b 78 K and ¢ 298 K [12]

be tuned relative easily by changing metal ions or ligands. For example, MOF-5
(Zn4O (BDC): BDC = 1,4-benzenedicarboxylate), one of the most famous MOFs,
absorbs hydrogen up to 4.5 mass% at 78 K (Fig. 1.2) [12]. Although these high-
surface-area materials show high total amount of adsorption per mass competing
with other hydrogen storage materials, they are inconvenient to be used in our
daily life because they need to be used under high pressure (about 50 bar), or low
temperature (about 77 K). On the other hand, some metals and alloys have the
capability to reversibly absorb large amount of hydrogen, and the metal hydride
as a hydrogen storage material has much higher-safety than any of the other
hydrogen storage candidates. Therefore metal hydrides are said to be the most
promising materials for hydrogen storage [1].

But as metal is large element, their total amount of adsorption hydrogen
per mass are lower than others (Fig. 1.3) and this problem needs to be solved
for practical usage. A mechanism for the reaction of hydrogen with metal is as
follows. Molecular hydrogen is dissociated into hydrogen atoms at the metal
surface before absorption (Fig. 1.4a).

The some hydrogen atoms are initially dissolved in the host metal as a solid
solution (o) phase. As the hydrogen pressure together with the absorption amount
of hydrogen is increased, interaction between hydrogen atoms become locally
important, and the nucleation and growth of hydride (B) phase start. While both
of a and B phases exist together, the isotherms exhibits a flat plateau, the length
of which represents how much hydrogen can be reversibly stored with small pres-
sure change (Fig. 1.4b). Hydrogen is located in not the molecules but the atoms in
the interstitial sites of the host metal lattice. During hydrogen absorption, the host
metal lattice expands. In the pure B phase, the concentration of hydrogen in metal
continuously increases with rising the hydrogen pressure. The two phase region
ends at the critical point T, and the transition from o to § phase is continuous
above this point [4].

In order to discover a more appropriate hydrogen storage metal for practical
usage, basic scientific research is important. One of the most studied hydrogen
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metal atoms, and Hy molecules at the surface. Hydrogen atoms are from physisorbed hydrogen
molecules on the left-hand side and from the dissociation of water molecules on right-hand side.
b Pressure-concentration-temperature plot; values are for LANis [4]

storage metals is palladium (Pd), and it has been found that its hydrogen storage
property is closely related with its electronic state [15, 16]. The band structure of
Pd is shown Fig. 1.5. The characteristic of electronic states in transition metals is
that the Fermi energy is located in the d band. As shown in Fig. 1.5, the Fermi
energy of Pd where the total number of electrons becomes 10 is located in the 4d
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Fig. 1.5 Electronic density of states for Pd [17]

band, because the electron configuration of Pd is 5594410 [17]. On the other hand,
Fig. 1.6 shows the band structure of PdHj . In comparison with Fig. 1.5, we can
see the two new states. The one is generated below 4d band, and the other is gen-
erated at much higher level than the Fermi energy. The middle and bottom panels
in Fig. 1.6 represent the calculated s-like density of state (DOS) for the H and Pd
sites, respectively. It is observed that in the low energy region (ca. 0.1 Ry) the H
site DOS is much higher than the Pd site DOS and a large fraction about 0.5 of the
H states participate in the formation of the low-lying hydrogen(1 s)-palladium(4d)
bonding states. Moreover from the top panel in Fig. 1.6, two electrons are
contained in the lower energy states which are generated by the hydrogen absorp-
tion, and the total number of electrons becomes ten by the highest d peak located
just below the Fermi energy. It should be noted that the DOS of pure Pd and of
PdH above their high d peaks are quite similar and the total number of electrons
below the highest d peak is the same for Pd and PdH (~10), regardless of the sig-
nificant differences in the DOS well below the Fermi energy. Thus, the additional
electron from the absorbed hydrogen raises the Fermi energy. From the calculation
result, it was found that the Fermi energy for a hydrogen concentration of PdHg ¢
achieved the end of d band, [17] and it means that this concentration is enough
to fill the holes in the d bands. Because the hydrogen capacity of Pd is 0.62 H/Pd
under ambient conditions, the number of holes in the d band is related to the hydro-
gen capacity [18-20]. Another issue for practical usage of hydrogen as an alterna-
tive energy source is in the method of hydrogen production. While hydrogen is the
most abundant chemical element in the universe, less than 1 % is exist as molecular
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hydrogen gas. The overwhelming majority exists in water or hydrocarbons [4]. The
clean way to produce hydrogen is, of course, the electrolysis of water as suggested
by Gritzel [2]. However as it stands now, the most of the global hydrogen sup-
ply is obtained by reforming hydrocarbons [21, 22]. This ‘reformed’ hydrogen con-
tains significant quantities carbon monoxide (CO) which poison hydrogen fuel cell
devices. In addition because of the demand of CO removal from car exhaust, CO
oxidation catalysts have been extensively investigated recently [23-30].

1.3 The Advantages in Solid Solution Alloy

An alloy is a “mixture” of more than one element, at least one of which is a
metal element. The development of metallic alloys began in the Far East before
5,000 BC, but what we can call “scientific alloy research” started in the 19th cen-
tury [31]. At that time, thermodynamics was applied to the phase equilibria of
alloys, and the phase diagram was introduced as a basis of modern alloy science
[32, 33]. Subsequently the systematic study of binary alloys was carried out by G.
Tammann et al.

After that, conclusive evidence about the crystal structures of metals and alloys
were found after the discovery of the X-ray [31]. The crystal structure of an alloy
depends on the combination and chemical composition of constituent elements.
There are several types of alloys; for example, “solid solution alloy” where the
constituents are mixed at the atomic level, “eutectic alloy” where solid solution
phases having different compositions coexist, and “phase-separated alloy” and so
on. Because of the possibility of designing physical and chemical properties of
a material by changing the combination and composition of constituents, alloys
have been put in the forefront of materials from early human history up to our
time. In particular a solid solution alloy is able to have continuously controlled
chemical and physical properties by changing chemical compositions. Therefore,
many types of solid solutions have been investigated for their solid-state properties
including superconductivity, magnetism and others. As such for hydrogen storage
materials, solid solution alloys have been eagerly studied. For instance Pd-Silver
(Ag) and Pd—Rhodium (Rh) systems are representative examples which have been
widely investigated for the reaction of hydrogen with metals [34-36]. As stated
previously, Pd is a well-known hydrogen storage metal, and Rh, Pd and Ag are
neighboring noble metals in the 4d transition-metal series. PdAg solid solution
is easily obtained, since Ag and Pd can form solid solution having face-centered
cubic (fcc) structure over the whole composition range as shown in Fig. 1.7a. In
the electronic structure of PdAg, the number of holes in the d band is decreased
with increasing Ag content (Fig. 1.7c). On the other hand as shown in Fig. 1.7b,
Pd and Rh can mix each other at a temperature of above about 900 °C, but they
cannot form solid solution below this temperature. As metallurgy is progressed
and synthetic methods are developed, the solid solution is able to be obtained by
using, for example, quenching technique. When Pd forms a solid solution with Rh,
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Fig. 1.8 The pressure-composition isotherms of a PdyAgjpox [41] and b PdxRhjg_x alloys [36]

the change in the electronic structure of the alloy is different from Pd—Ag system
(Fig. 1.7d). The number of holes in the d band of PdRh solid solution is increased
with increasing Rh content. The hydrogen storage properties, including the capac-
ity and the plateau pressure, in both of PdAg and PdRh solid solutions are con-
tinuously controlled by changing composition (Fig. 1.8). Therefore, since solid
solution has the advantage of being able to continuously tune its properties, it has
been used for creating new materials for the target properties.

1.4 The Possibility of Metal Nanoparticles as Advanced
Materials

Recently, very small particles having size of from a few to several nanometers
have attracted a lot of attention from both scientific and technological viewpoints,
since these nanoparticles show unique properties different from those of the cor-
responding bulk materials.

The number of atoms in particles become few and the surface to volume ratio
becomes large, as the size of nanoparticle decreases (Fig. 1.9) [42]. The one of the
reasons for unique properties in nanoparticles is the “surface effect” where the sur-
face atoms assume a larger role, because the surface atoms have some dangling-
bonds and are in a higher-energy state than the inner atoms [43]. There is another
effect on the properties of nanoparticle. The effect is “quantum size effect”, where
the continuous energy band in bulk material is changed into discrete band structure
as the particle size decreases [44]. Anomalous phase behavior is well known as one
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of the unique properties in nanoparticles resulting from these effects. For example,
phase transition temperatures such as the melting point are significantly changed
with decreasing the particle size [45, 46]. Moreover, fcc Co and fcc Fe nanopar-
ticles are stabilized at ambient conditions, even though these phases only exist at
high temperature in bulk [47-49]. In chemical reactions, gold is one of the most
famous examples exhibiting unique property due to nanosize-effect: although gold
was earlier considered to be chemically inert and to have less catalytic activity, it
turns out to be a highly active catalyst for many reactions such as CO oxidation
when its size become less than 10 nm [50-52]. Metal nanoparticles can be synthe-
sized by in a variety of methods in gas phase, in solution, supported on a substrate,
or in a matrix [43]. The chemical reduction method in solution is the most inten-
sively studied synthetic method. Nanoparticles are produced by chemical reduction
of metal salts dissolved in a solvent with surfactant or polymeric ligands which
passivate the cluster surface. Recently, using this method, not only the size but also
the shape of particles is controlled to change the properties through controlling the
growth rate of different crystallographic facets [53-56] (Fig. 1.10).

As with bulk metals, alloy nanoparticles also greatly extend the range of prop-
erties of metallic nanomaterials, and in recent years much attention has been paid
to alloy nanoparticles as candidates for new functional materials. In alloy nanopar-
ticles, the size of particles is a parameter of changing property in addition to the
composition and combination of constituents. Figure 1.11 shows four main types
of mixing patterns in bimetallic system. Core-shell segregated alloy (Fig. 1.11a)
consists of a shell of one type of metal surrounding a core of another metal
[58, 59]. Segregated alloys (Fig. 1.11c) consist of two kinds of metal subclusters
[60]. Mixed alloys (Fig. 1.11b) can be separated into ordered (left) and random
(solid solution, right) [61].

Multishell alloy (Fig. 1.11d) may present layered alternating shells [62].
Similar to the pure metal nanoparticles, anomalous phase behavior is observed

(d)

Fig. 1.11 A schematic of some possible mixing patterns: a core-shell, b solid solution, ¢
subcluster segregated, d three shell. The pictures show cross sections of the nanoparticles [57]
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Fig. 1.12 Gibbs free energy-temperature—composition diagram in the Bi-Sn system. The solid
and dotted lines indicate the Gibbs free energy of bulk and 10 nm particles, respectively [31]

in alloy nanoparticles. For example, enhanced atom mixing such as spontaneous
alloying at room temperature in Au-Ag and Au-Cu systems were observed [63,
64]. The eutectic temperature (T¢,) is also lowers with decreasing the particle size
similar to melting-point lowering in pure metal nanoparticles.

Figure 1.12 shows the calculation result of Gibbs free energy-temperature-com-
position diagram in the Bi-Sn system [31]. In order to quantify the phase equi-
librium of nanoparticles, not only the Gibbs free energy in the bulk (such as the
volume free energy), but also the surface free energy has to be considered because
of the extremely large surface-to-volume ratio in nanoparticles. Figure 1.12, repre-
sents the decrease of Te, with decreasing the particle size in addition to the melt-
ing-point lowering. Furthermore, the enhancement of the solid solubility in Pb-Sn
alloy nanoparticles has been observed [65]. Although only 10 at.% Sn can mix in
lead at 383 K in bulk, 17 nm alloy nanoparticles contained 56 at.% Sn at the same
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temperature, which is about five times higher than the solubility limit of tin in bulk
lead [65]. Moreover, recently there is a great development in many synthesis meth-
ods easily producing the solid solution nanoparticles, such as AuPt, AuNi, AuFe,
AgPt solid solutions, which can only be obtained in a metastable state in bulk sys-
tems [66-72]. In the nanometer scale, there is a possibility of creating advanced
materials which cannot be obtained in bulk.

1.5 The Structure of This Thesis

The purpose of this thesis is to report the first discovery of metal nanoparticles
having new structure and exhibiting hydrogen storage ability or CO oxidation
activity. This section gives a short overview of the chapters and their intercon-
nections. Chapter 2, “Hydrogen-Storage Properties of Solid Solution Alloys of
Immiscible Neighboring Elements with Pd,” is dedicated to the example of a
AgRh solid solution alloy exhibiting hydrogen-storage properties. Rh and Ag
are the neighboring elements with Pd, which is a well-known hydrogen storage
metal. However, Rh and Ag do not possess hydrogen storage properties. AgRh
solid solution alloys have not explored in the past because they do not mix each
other at the atomic level even in the liquid phase. In Chap. 3, “Systematic study of
the Hydrogen Storage Properties and the CO-oxidizing Abilities of Solid Solution
Alloy Nanoparticles in an Immiscible Pd—Ru System,” it is shown that the com-
positional dependence of the hydrogen storage properties and CO-oxidizing abil-
ity in PdRu nanoparticles. While Pd has face-centered cubic (fcc) structure, Ru
has hexagonal close packing (hcp) structure. Thus the compositional dependence
of alloy’s structure is another topic in this chapter. The first discovery of pure
fcc Ru nanoparticles is given in Chap. 4, “Discovery of the Face-centered Cubic
Ruthenium Nanoparticles: Facile Size-controlled Synthesis using the Chemical
Reduction Method”. In this chapter, it is also reported that the CO-oxidizing
activity over Ru nanoparticles depends on their structure and size. Chapter 5,
“Changeover of the Thermodynamic Behavior for Hydrogen Storage in Rh with
Increasing Nanoparticle Size,” represents the size dependence of hydrogen storage
properties in Rh nanoparticles. The enthalpy of hydrogen storage in Rh nanopar-
ticles was changed from exothermic to endothermic with increasing particle size,
with a critical size between 7.1 and 10.5 nm.
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Chapter 2

Hydrogen Storage Properties of Solid
Solution Alloys of Immiscible Neighboring
Elements with Pd

2.1 Introduction

Atomic-level (solid solution) alloying has the advantage of being able to continuously
control chemical and physical properties of elements by changing compositions and/or
combinations of constituent elements [1-3]. However, solid solution phases in alloys
are limited to specific combinations of elements. Furthermore, most of the combina-
tions have solid solution phases in limited regions of composition and temperature.
Thus, alloys often undergo phase separation from the high-temperature solid solution
state when the temperature is reduced. Even in such cases, we can obtain solid solu-
tion phases at room temperature as a metastable state using a quenching technique
from the high-temperature solid solution phase. However, in certain cases, the constit-
uent elements are immiscible even in a high-temperature liquid phase. In such cases,
solid solution phases have not yet been obtained, because the quenching technique is
not applicable to the phase-separated liquid phase.

Rh, Pd and Ag are neighboring noble metals in the 4d transition-metal series.
Each is well known as an effective catalyst for various chemical reactions [4-7].
If these metals could be mixed in a desired ratio, then their chemical and physical
properties could be enhanced. In the Ag—Pd solid solution system that has com-
plete solid solubility, the hydrogen permeability is most enhanced when the ratio
is Ag:Pd = 24:76. The thin film resulting from this system is used as a hydrogen-
permeable membrane [8]. However, in the other two combinations, namely Pd—Rh
and Ag—Rh, phase separation occurs, with complete insolubility at room tempera-
ture [9, 10]. In the case of Ag—Rh, even in the liquid phase at around 2,000 °C, Ag
and Rh do not mix, and segregated clustering of each element forms. Considering
the band-filling effect in the III-V semiconductors, [11] the Agp sRhg 5 solid solu-
tion alloy is expected to have a similar electronic structure to Pd and resemble Pd
in terms of chemical and physical properties, since Pd is located between Rh and
Ag in the periodic table. For example, one of the well-known unique properties of
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Pd is its hydrogen storage property, which is attributed to its electronic structure;
[12-15] Rh and Ag have no hydrogen storage ability. Does the AgpsRhgs solid
solution alloy actually absorb hydrogen? In this chapter, the author reports the first
example of a AgRh solid solution alloy exhibiting a hydrogen storage property.

Recently, several techniques for stabilizing nonequilibrium phase at ordinary
temperatures and pressures have been attracting attention. Changing the size of
a particle to the nanometer scale appears to be a particularly efficient technique.
For example, various nonequilibrium solid solution alloys such as Au—Pt, Au—Ni,
Au-Fe and Ag—Pt, which exist in solid solution at high temperature or in the liquid
phase, have been easily obtained as metal nanoparticles by solution chemistry
methods [16-23]. This may allow the isolation of novel solid solution alloys even
in the entirely immiscible Ag—Rh system.

2.2 Experiment

2.2.1 Syntheses of Ag.Rhj_, Nanoparticles

In a typical synthesis of AgRh nanoparticles, poly(N-vinyl-2-pyrrolidone) (PVP,
111 mg, MW = 40,000, Wako) was dissolved in ethylene glycol (200 ml) and
the solution heated to 170 °C in air under magnetic stirring. Meanwhile, AgNO3
(8.4 mg, 0.050 mmol, Kishida) and Rh(CH3COO); (14.1 mg, 0.050 mmol,
Mitsuwa) were co-dissolved in deionized water (20 ml). The aqueous solution of
AgNO3 and Rh(CH3COQO)3 was then added to the ethylene glycol. Other AgxRhj_¢
(x = 0.4 and 0.7) nanoparticles were prepared by controlling the molar ratio of
Agt and Rh3* ions. For Agg4Rhqg nanoparticles, AgNO;3 (4.2 mg, 0.025 mmol)
and Rh(CH3COO)s (20.9 mg, 0.075 mmol) were co-dissolved in deionized
water (20 ml). For Agp7Rhg3 nanoparticles, AgNO3 (12.8 mg, 0.075 mmol) and
Rh(CH3COO)3 (7.0 mg, 0.025 mmol) were co-dissolved in deionized water (20 ml).

2.2.2 Characterizations

Transmission Electron Microscopy Analysis

Transmission Electron Microscopy (TEM) images were recorded on a JEOL JEM-
2000EX TEM instrument operated at 200 kV accelerate voltage. The samples dis-
persed with ethanol were drop-cast onto a carbon-coated copper grid and allowed
to dry under ambient conditions.

Synchrotron X-Ray Diffraction Measurement

Synchrotron XRD patterns were measured at the beam line BLO2B2, SPring-8.
The diffraction patterns of the samples sealed in glass capillaries under vacuum
were measured at 303 K. The wavelength is » = 0.55277 A.
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Atomic Absorption Spectrophotometric Measurement

AAS analysis was carried out with a SHIMADZU AA-6300 using samples dis-
solved in nitric acid solution.

Scanning Transmission Electron Microscopy Analysis

High resolution (HR) STEM, high-angle annular dark-field (HAADF) STEM and
energy-dispersive X-ray (EDX) analyses were recorded on a HITACHI HD-2700
STEM operated at 200 kV accelerate voltage at the Naka Application Center,
Hitachi High-Technologies Corporation.

UV-Vis Spectra Measurement

UV-vis absorption spectra were measured for ethanol suspensions of AgiRhj_¢
nanoparticles using a Jasco V-570 spectrophotometer.

In Situ XRD Measurement

The thermal stability of AgpsRhg 5 nanoparticles was investigated by in situ pow-
der XRD analysis measured at the BLO2B2 beamline, SPring-8. The XRD patterns
of the samples sealed in a glass capillary were measured in situ under vacuum
condition at temperature range between 303 K and 573 K. The wavelength is
0.578375(1) A.

Pressure-Composition Isotherms Measurement

PC isotherms were measured at hydrogen pressure range between 0 and ca.
100 kPa at 303 K by a volumetric technique using a pressure-composition-temper-
ature apparatus (Suzuki Shokan Co., Ltd).

Solid-State 2H NMR Spectra Measurement

Solid-state ZH NMR spectra were recorded at 303 K in a fixed magnetic field of 94
kOe and a frequency sweep of 60.94-61.94 MHz, using a BRUKER NMR spectrom-
eter. Each sample was evacuated in a glass capillary for several hours at 373 K, and
then each sample was sealed into a glass capillary with 86.7 kPa of 2H gas at 303 K.

X-ray Photoelectron Spectroscopy Analysis

XPS spectra for samples on an carbon sheet were recorded on a Physical Electronics
PHI 5800 ESCA system with a background pressure of approximately 1 x 10~° Torr.
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2.3 Results and Discussion

TEM images of the synthesized AgxRh;_x nanoparticles were recorded on a JEOL
JEM-2000EX TEM instrument (Fig. 2.1). The mean diameters of the nanoparticles
were determined from the TEM images to be (a) 10.2 4+ 1.0, (b) 12.2 £ 1.6, and
(c) 13.6 £ 1.5, respectively. Numbers that follow the & sign represent estimated
standard deviations. The size distributions were narrow and the mean diameters
were estimated by averaging over at least 300 particles.

The crystal structures of AgxRh;_y bimetallic nanoparticles were investi-
gated by synchrotron X-ray (A = 0.55277 A) powder diffraction at the beam line
BLO02B2, SPring-8. The diffraction patterns of the samples sealed in glass capil-
laries under vacuum were measured at 303 K. Figure 2.2 shows the XRD patterns
of the Ag and Rh, and three compositions of AgRh nanoparticles (Agp7Rhg 3,
AgosRhps and Agp4Rhpg). All the AgRh samples showed diffraction patterns
consistent with single face-centered-cubic structure without signals from pure

(b) (c)

c L] ] ] | - 1
0 5 0 15 20 00 5 10 15 20 00

) 5 10 15 20
Size /nm — Size /nm — Size /nm —

Fig. 2.1 The TEM images and the size distributions of a, d, g Agp4Rho ¢, b, e, h AgpsRhg s, and
¢, f, i Ago7Rho3
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Ag or Rh phases (Fig. 2.2a). The diffraction peaks of AgRh nanoparticles shifted
continuously to the higher-angle side with increasing Rh content in the AgRh
nanoparticles, which is in agreement with the shrinkage of the lattice parameter
due to the smaller unit cell parameter of Rh (Fig. 2.2b). This result strongly sup-
ports the formation of the atomic-level AgRh alloy.

To investigate the composition of Ag and Rh atoms in the nanoparticles, ele-
mental analyses were carried out using AAS and EDX techniques (Table 2.1). The
average stoichiometry from the AAS data was Ag:Rh = 0.51:0.49 and that from
the EDX data was Ag:Rh = 0.49:0.51.

Figure 2.3 shows elemental mapping data for a group of prepared Aggp 5Rhg s nan-
oparticles. Figure 2.3a shows a HAADF-STEM image. Figure 2.3b and ¢ show the
corresponding Ag-L. and Rh-L. STEM-EDX maps, respectively. Figure 2.3d presents
an overlay map of the Ag and Rh chemical distribution. The mapping data (Fig. 2.3d)
provides visually apparent evidence of the formation of AgRh solid solutions.

The author further characterized the AgRh nanoparticles by EDX line scanning
analysis (Fig. 2.4). The line-scan position of the nanoparticle is denoted by the
white line in the inset of Fig. 2.4. The compositional line profiles of Ag and Rh
on a AgpsRhg s nanoparticle show that atomic-level Ag—Rh alloying successfully
occurs (Fig. 2.5).

In order to investigate the change of the optical properties accompanied by the
formation of AgRh solid solution, UV-Vis absorption spectra were measured with

(a) (b)

111

11

200
022
311
222

s

Rh

Ago.sRhos

AgosRhos

Intensity / a. u.

15 20 25 30 35 40 12 13 14 15
20/ degree 20/ degree

Fig. 2.2 a Synchrotron X-ray powder diffraction patterns (20 = 12°-40°) of Ag, Rh, and Ag-Rh
nanoparticles at 303 K, b (20 = 11°-16°)

Tab!e12.1 Rest{lFs of tfhe AAS results EDX results
particle composition o

Ag-Rh bimetallic Ago.4Rho 6 Ago3sRho 62
nanoparticles Ago.51Rho.49 Ago.49Rho 51

Ago.66Rho .34 Ago.e9Rho 31
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Fig. 2.3 The a HAADF-STEM image, b Ag-L. STEM-EDX map and ¢ Rh-L. STEM-EDX map
obtained from a group of prepared AgpsRhg s nanoparticles. d The reconstructed overlay image
of the maps shown in b and ¢ (green Rh; orange Ag). The scale bars correspond to 10 nm (colour
figure online)
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Fig. 2.4 Compositional line profiles of Ag and Rh from a Agp sRhg 5 alloy nanoparticle recorded
along the arrow shown in the STEM image (inset). Ag-L and Rh-L refer to the L electron shells
of the Ag and Rh atoms, respectively. The profiles were obtained by plotting the integrated inten-
sities at the Ag L—shell and Rh L—shell ionization edges



2.3 Results and Discussion 23

=]

2

=

w

& Rh

E AgosRhos
Ag[} sRhos
Ago7Rhos
Ag

! ] 1
300 400 500 600 700

Wavenumber / nm

Fig. 2.5 UV-Vis absorption spectra of AgRh solid solution nanoparticles at various molar ratios
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Fig. 2.6 The in situ XRD patterns of AgpsRhg s nanoparticles measured under vacuum condi-
tion at temperature range between 303 and 573 K. The wavelength is 0.578375(1) A

a Jasco V-570 spectrophotometer. The AgRh nanoparticles (Ag:Rh = 70:30 and
50:50) showed a broad band, in contrast to a sharp band for Ag nanoparticles and
a continuous curve for AgRh nanoparticles (Ag:Rh = 40:60) and Rh nanoparticles.
The surface plasmon peak observed in the solid solution alloys continuously
decrease with increasing Rh content. This is caused by a continuous change of the
Ag electronic state in the solid solution AgRh, indicating the formation of AgRh
solid solution nanoparticles. To further investigate the thermal stability of AgosRhg s
nanoparticles, in situ powder XRD measurements were performed at the beamline
BLO02B2, at SPring-8 (Fig. 2.6). It was found that the prepared Agp sRhg 5 nanoparti-
cles show the original structure up to 573 K.



24 2 Hydrogen Storage Properties of Solid Solution Alloys ...

(@) (b)
120F Ago.sRhos
Ago.7Rho.3 Ago.sRho.s

g 100 . o1 & Ago.sRhos
1

£ sof

g 601

]

]

T 20
4

0 rwrmowwwna® 1

0.00 0.02 0.04 0.06 008 040 400 200 0 -200 -400
HIM &1 ppm

Fig. 2.7 a PC isotherms of (/) Ago4Rhos, (2) AgosRhps, and (3) Ago7Rhg3 nanoparticles
(black circle absorption at 303 K; white circle desorption at 303 K). b Solid-state 2H NMR spec-
tra for (/) Agp4Rhoe, and (2) AgopsRhos, (3) Ago7Rhg3 nanoparticles, and (4) ’H, gas. All the
samples were measured under 86.7 kPa of Hj gas at 303 K

To investigate the hydrogen storage properties of the AgRh nanoparticles,
hydrogen pressure-composition isotherms were measured. Studies on hydrogen
storage properties give important information related to the electronic state of met-
als [24-28]. As shown in Fig. 2.7a, the total amount of hydrogen absorption of
Ago.5Rhg 5 nanoparticles was 0.09 H/M (M = Agp5Rhg5) at ca. 100 kPa, whereas
the absorptions of Agp7Rhg3 and Agp4Rhpe nanoparticles were 0.05 H/M
(M = Agp7Rhg3) and 0.06 H/M (M = Agp 4Rhg ), respectively. The total amount
of hydrogen absorption reached a maximum at the ratio of Ag:Rh = 50:50, where
the electronic structure is expected to be similar to that of Pd. As seen in Fig. 2.7a,
the amount of hydrogen absorption depends on the metal composition of the alloy.
Accordingly, this difference in the amounts of hydrogen absorption implies a dif-
ference in the electronic structures of AgxRhj_x nanoparticles.

Solid-state ZH NMR measurements were performed to investigate the state of 2H
in the AgRh nanoparticles (Fig. 2.7b). In the spectrum of AgpsRhg s nanoparticles,
a broad absorption line with a full width at half maximum of ca. 146 ppm at ca.
—2.3 ppm and a sharp line around 0 ppm were observed. In the spectrum of 2H; gas
(Fig. 2.7b—4), only a sharp line at 3.4 ppm was obtained. On comparison of these
spectra, it is reasonable to attribute the sharp line in the spectrum of the AgysRhg s
particle to free deuterium gas (*Hp) and the broad component to absorbed deuterium
atoms (*H) in the particles. The broad absorption lines of deuterium absorbed inside
the lattices of Agp7Rho3 and Agp4Rhg e nanoparticles were observed at ca. 4.4 and
—132.9 ppm, respectively (Fig. 2.7b—1, 3). These chemical shifts that give rise to the
broad absorption lines suggest that the deuterium atoms inside the nanoparticles per-
ceive the different potentials, and atomic-level alloying occurs in the Ag—Rh system.

The change in the electronic structure due to atomic-level alloying of Rh and
Ag was investigated by XPS measurement (Fig. 2.8). The binding energies were
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Fig. 2.8 The Ag 3d and Rh 3d core-level XPS of AgyRh;_x nanoparticles

Table 2.2 The binding energy of the Ag 3d and Rh 3d

Sample BE(Ag 3d3;2) (eV) | BE(Ag3dsp) (eV) | BE(Rh 3d3p) (eV) | BE(Rh 3dspn)
(eV)

Rh 311.57 306.79

AgpsRhge | 372.85 366.87 311.25 306.39

AgosRhos |373.16 367.17 311.14 306.35

Ago7Rhg3 | 373.32 367.30 311.14 306.36

Ag 373.38 367.39

corrected by reference to the C(1s) line at 284.5 eV. Figure 2.8 shows Ag 3d and Rh
3d core level XPS of samples. The values of Ag 3d and Rh 3d binding energies are
summarized in Table 2.2. In Ag 3d, spectral shift is different from the general shifts
[29]. If silver is oxidized, the binding energy is shifted to lower energy. In Fig. 2.8, Ag
3d binding energies of alloys shifted continuously to the lower energy with increas-
ing Rh content, which is in agreement with the oxidization of Ag. In contrast, Rh 3d
binding energies of alloys shifted continuously to the lower energy with increasing
Ag content, which is in agreement with the reduction of Rh. Thus the electronic struc-
tures of Rh and Ag are approached each other by the solid solution alloying.

2.4 Conclusion

In summary, the author used the chemical reduction method to obtain, for the first
time, solid solutions of PVP-protected AgRh alloys that are intimately mixed at
the atomic level. The atomic-level Ag—Rh alloying was confirmed by means of
EDX, and XRD measurements. It is known that Ag and Rh do not mix but form
segregated clustering of each element, even in the liquid phase at around 2,000 °C
[9]. Consequently, solid solution AgRh alloys cannot be obtained even by means
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Fig. 2.9 Graphical abstraction of hydrogen storage properties of solid solution alloys of immis-
cible neighboring elements with Pd

of quenching techniques, and no knowledge of the structure or the electronic
structure of the alloys was available. Our results contribute to the limited knowl-
edge in this area. Furthermore, the prepared AgRh alloys show hydrogen storage
properties; the AgpsRhgs alloy exhibits the largest amount of hydrogen absorp-
tion in the alloys. However, the H/M value of AgpsRhg s is about half amount of
Pd nanoparticles. From our experimental results, it is conclude that the Agg s5Rhg 5
solid solution alloy has a similar electronic structure to Pd, that is to say, “mod-
ern alchemy”. Following on from the discovery of the AgRh solid solution alloy,
the author envisage the development of new solid solution alloys of immiscible
Ag-Ni, Au—Rh, Cu-Ru, and other systems that exhibit phase-segregated structures
even in high-temperature liquid phase [10, 30, 31] (Fig. 2.9).
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Chapter 3

Systematic Study of the Hydrogen Storage
Properties and the CO-oxidizing Abilities
of Solid Solution Alloy Nanoparticles in an
Immiscible Pd—Ru System

3.1 Introduction

Ru, Rh and Pd are neighboring noble metals in the 4d transition metal series. Every
combination of binary alloy from these elements (Ru—Rh, Rh—Pd and Ru-Pd) does
not form a solid-solution alloy throughout the whole composition range at room
temperature [1-3]. Here, we have succeeded for the first time in mixing Ru and
Pd, which are the elements neighboring Rh, at the atomic level over the whole
composition range using chemical reduction. Solid solution alloying has the
advantage of allowing researchers to discover new properties by changing compo-
sitions and/or combinations of the constituent elements. For example, although Rh
and Ag have no hydrogen storage ability, AgpsRhgs solid solution nanoparticles
exhibit a hydrogen storage property like Pd, which is located between Rh and Ag
in the periodic table [4]. In this chapter, the author focuses on the hydrogen stor-
age and CO-oxidizing abilities as the first property investigation for PdRu solid
solution alloy nanoparticles. As a result, the hydrogen storage property of the alloy
can be tuned by controlling the composition of Pd and Ru. More noteworthy is
that the CO-oxidizing ability of the alloy is extremely enhanced compared with
that of Ru, Rh and Pd monometallic nanoparticles.

Palladium is well known as a hydrogen storage metal absorbing hydrogen at
ambient temperature and pressure [5-9]. Many bulk metals have been investigated
as hydrogen storage materials, and it was found that their hydrogen storage prop-
erties are strongly correlated with their electronic structure [10, 11]. To control the
hydrogen storage properties, the influence of alloying with other metals, especially
adjacent 4d metals in the periodic table, on the absorption properties has been
intensively studied [12—15]. However, there are only a few reports on the hydrogen
storage properties in the Pd—Ru system, despite Ru being the second nearest 4d
neighbor to Pd in the periodic table [16—-18].

© Springer Japan 2014 29
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On the other hand, Ru and Rh are well known as good catalysts; e.g., they are
used as CO oxidation or NOyx reduction catalysts [19-23]. Recently, CO oxida-
tion catalysts have been extensively developed because of their importance to CO
removal from car exhaust or fuel-cell systems [24]. Pd, also well known as a valu-
able catalyst, is used as a catalyst for fuel-cell electrodes and exhaust-gas purifi-
cation [25, 26]. However, these Pd catalysts crucially suffer from CO poisoning,
which reduces catalytic activity [27], and therefore CO removal from the system
is indispensable for long-term durability. Moreover, steam-reforming of shale gas
is a popular source of synthesis gas for the generation of various chemical prod-
ucts and is strongly expected to be an important energy source in the near future.
Recently, Ru has also attracted much attention as an effective catalyst for the
steam-reforming reaction of methane which is the main component of shale gas
[28, 29]. Furthermore, the catalytic properties of these platinum group elements
are often enhanced by alloying with other elements [30-32]. Therefore, the Pd—Ru
system is a promising candidate for innovative catalysts.

In addition, the 1:1 PdRu alloy is expected to possess a similar electronic
structure to Rh, because Rh is located between Ru and Pd in the periodic table.
Although Rh has extremely high catalytic activity, it is one of the rarest and most
expensive elements. Compared with Rh, Ru and Pd are much cheaper elements,
and therefore PdRu alloy is a useful material from the viewpoint of the “Element
Strategy” [33]. However, there have been very few reports of PdRu solid solution
alloy so far. The reason originates from the fact that Pd—Ru solid solution alloy
cannot be easily obtained. Pd and Ru are immiscible at the atomic level through-
out the whole composition range in the bulk state, even at high temperatures up to
the melting point of Pd [3]. To obtain the PdRu solid solution alloys throughout
the whole composition range, we focused on metal nanoparticles.

Recently, the nanosize effect has attracted much attention not only for develop-
ing potential applications for electronic, magnetic, optical, and catalytic materi-
als but also for providing an efficient technique for stabilizing a nonequilibrium
phase under ambient conditions [34-39]. In this chapter, the author reports the
first example of PdxRu;_y solid solution alloys over the whole composition range
obtained through the chemical reduction. The hydrogen storage property of the
alloy was observed, and the property was gradually changed with the composition.
More noteworthy is that the CO-oxidizing ability of the alloy extremely enhanced
compared to that of Ru, Rh and Pd monometallic nanoparticles.

3.2 Experiment
3.2.1 Syntheses

Syntheses of PdyRu;_x Nanoparticles

In a typical synthesis of PdRu nanoparticles, poly(N-vinyl-2-pyrrolidone) (PVP,
444 mg, MW = 40,000, Wako) was dissolved in triethylene glycol (TEG, 100 ml,
Wako), and the solution was heated to 200 °C in air with magnetic stirring.
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Table 3.1 Reaction condition for the syntheses of PdxRu;_x nanoparticles

Sample K5[PdCly] (mg) RuCl3-nH>0 (mg) TEG (ml) PVP
(mmol)
Pdo.1Rug 9 32.6 235.6 100 10.0
Pdp 3Rug 7 98.0 180.3 100 1.0
PdosRug s 163.4 131.1 100 1.0
Pdp7Rug 3 228.7 62.4 100 1.0
PdooRug | 293.8 259 100 1.0

Meanwhile, K>[PdCl4] (163.4 mg, Aldrich) and RuCl3-nH,0 (131.1 mg, Wako)
were dissolved in deionized water (40 ml). The aqueous mixture solution of
K5[PdCl4] and RuCls-nH>0O was then added to the triethylene glycol. The solution
was maintained at 200 °C while adding the solution. After the reaction was com-
plete, the prepared nanoparticles were separated by centrifugation.

Other PdxRuj_x (x = 0.1, 0.3, 0.7 and 0.9) nanoparticles were prepared by con-
trolling the molar ratio of Pd** and Ru®" ions. The details of the synthesis condi-
tions for PdyRu;_x nanoparticles are summarized in Table 3.1.

Synthesis of Pd Nanoparticles

In a synthesis of Pd nanoparticles, PVP (555 mg, MW = 40,000, Wako) was dis-
solved in TEG (100 ml, Wako), and the solution was heated to 200 °C in air with
magnetic stirring. Meanwhile, K,[PdCls] (326.3 mg, Aldrich) was dissolved in
deionized water (40 ml). The aqueous solution of K»[PdCls] was then added to the
triethylene glycol. Then the solution was maintained at 200 °C while adding the
solution. After the reaction was complete, the prepared nanoparticles were sepa-
rated by centrifugation.

Synthesis of Ru Nanoparticles

In a synthesis of Ru nanoparticles, RuClz-nHO (783.2 mg) and PVP (111 mg,
MW = 40,000, Wako) were dissolved in TEG (50 ml) at room temperature. Then
the solution was heated to 200 °C and maintained at this temperature for 6 h.
After the reaction was complete, the prepared nanoparticles were separated by
centrifugation.

3.2.2 Catalysts Preparation

To investigate the CO-oxidizing catalytic activity, Ru, Rh, Pd and PdyRu;_x alloy
nanoparticles and a physical mixture (Ru and Pd nanoparticles) supported on
y-Al,O3 catalysts were prepared by wet impregnation. Each nanoparticle (equiva-
lent to 1 wt% of y-Al,O3) was ultrasonically dispersed in purified water. y-Al,O3
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support that had been precalcined at 1,073 K for 5 h was put in each aqueous solu-
tion of nanoparticles and then the suspended solutions were stirred for 12 h. After
stirring, the suspended solutions were heated to 60 °C and dried under vacuum.
The resulting powders were kept at 120 °C for 8 h to remove water completely.

3.2.3 Characterizations

Transmission Electron Microscopy Analysis

Transmission electron microscopy (TEM) images were recorded on a Hitachi
HT7700 TEM instrument operated at 100 kV accelerate voltage. The samples
dispersed with ethanol were drop-cast onto a carbon-coated copper grid and
allowed to dry under ambient conditions.

High Resolution TEM and Selected Area Diffraction Pattern Analyses

High resolution TEM (HRTEM), selected area diffraction pattern (SADP) and
dark field (DF) TEM images were captured using a JEOL JEM-3200FSK TEM
instrument operated at 300 kV. The samples dispersed with ethanol were drop-cast
onto a carbon-coated copper grid and allowed to dry under ambient conditions.

Synchrotron X-ray Diffraction Measurement

Synchrotron X-ray diffraction (XRD) patterns were measured at the beam line
BLO02B2, SPring-8. The diffraction patterns of the samples sealed in glass capil-
laries under vacuum were measured at 303 K. The wavelength is % = 0.55277 A.

Scanning Transition Electron Microscopy Analysis

HRSTEM, high-angle annular dark-field (HAADF) scanning transition electron
microscopy (STEM) and energy-dispersive X-ray (EDX) analyses were recorded
on a HITACHI HD-2700 STEM operated at 200 kV accelerate voltage at the Naka
Application Center, Hitachi High-Technologies Corporation and JEM-ARM?200F
operated at 200 kV accelerate voltage.

In Situ XRD Measurement

The thermal stability of PdpsRugs nanoparticles were investigated by in situ
powder XRD analysis measured at the BLO2B2 beamline, SPring-8. The XRD
patterns of the samples sealed in a glass capillary were measured in situ under vac-
uum condition at temperature range between 303 and 723 K. The wavelength is
0.578375(1) A.
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Pressure-Composition Isotherms Measurement

Pressure-Composition (PC) isotherms were measured at hydrogen pressure range
between 0 and ca. 100 kPa at 303 K by a volumetric technique using a pressure-
composition-temperature apparatus (Suzuki Shokan Co., Ltd).

Solid-State 2H NMR Spectra Measurement

Solid-state 2H NMR spectra were recorded at 303 K in a fixed magnetic field of
94 kOe and a frequency sweep of 60.94-61.94 MHz, using a BRUKER NMR
spectrometer. Each sample was evacuated in a glass capillary for several hours at
373 K, and then each sample was sealed into a glass capillary with 101.3 kPa of
’H gas at 303 K.

X-ray Photoelectron Spectroscopy Analysis

X-ray photoelectron spectroscopy (XPS_ spectra for samples on an carbon sheet
were recorded on a Shimadzu ESCA-3400 X-ray photoelectron spectrometer.

Catalytic Test

The obtained catalyst powders were pressed into pellets at 1.2 MPa for 5 min. The
pellets were crushed and sieved to obtain grains with diameters between 180 and
250 pm. Each supported nanoparticle catalyst (150 mg) was loaded into a tubu-
lar quartz reactor (i.d. 7 mm) with quartz wool. CO/O»/He mixed gas (He/CO/O;:
49/0.5/0.5 ml min~!) was passed over the catalysts at ambient temperature, and the
catalysts were then heated to 100 °C. After 15 min, effluent gas was collected, and
the reaction products were analyzed by gas chromatography with a thermal con-
ductivity detector (GC-8A, Shimadzu, Japan). Catalysts were heated in increments
of 10 °C to a temperature at which CO was consumed completely, and the products
were analyzed at each temperature. After the reaction, the reactor was purged with He
at the reaction temperature, and the catalysts were then cooled to room temperature.

3.3 Results and Discussion

To investigate the composition of Pd and Ru atoms in the nanoparticles, elemen-
tal analyses were carried out using EDX techniques. The average stoichiometries
determined from the EDX data were summarized in Table 3.2 and Fig. 3.1. TEM
images of the synthesized PdiRuj_yx nanoparticles were recorded on a Hitachi
HT7700 TEM instrument (Fig. 3.2). The mean diameters of the nanoparticles
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Table 3.2 Results of the metal composition of PdRu bimetallic nanoparticles

Sample Pd*:Ru** (nominal composition) Pd:Ru (determined from
EDX)
Pdo.1Rug9 1:9 12.8:87.2
Pdp 3Rug 7 3:7 29.7:70.3
PdysRug s 5:5 47.9:52.1
Pd()A7Ru0'3 7:3 73.6:26.4
PdooRug 1 9:1 90.9:9.1
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were determined from the TEM images to be (a) 6.4 £ 1.7, (b) 9.4 £ 1.7,
(c) 12.5 £22,(d) 100 £ 1.2, (e) 8.2 £ 1.6, (f) 8.6 & 1.4 and (g) 9.8 £ 2.6,
respectively. Numbers that follow the + sign represent estimated standard devia-
tions. These mean diameters were estimated by averaging over at least 300 par-
ticles. Nonspherical nanoparticles were observed in Ru-rich nanoparticles; this
is considered to arise from the nature of hcp-structured Ru with ab anisotropic
growth direction as shown in Fig. 3.2a.

First of all, to clarify the structure of the prepared PdRu nanoparticles,
PdosRug s nanoparticles were investigated in detail. Figure 3.3 shows elemental
mapping data for the prepared Pdg s5Rug 5 nanoparticles. Figure 3.3a is a HAADF
STEM image. Figure 3.3b and c are the corresponding Pd-L and Ru-L STEM-
EDX maps, respectively. Figure 3.3d is an overlay map of the Pd and Ru chemi-
cal distributions. The map provides visual evidence of the formation of Pdy s5Rug s
solid solutions. The author further characterized the PdgsRugs nanoparticles by
EDX line scanning analysis (Fig. 3.3e, f). The line-scan position of the nanoparti-
cle is denoted by the white arrow in Fig. 3.3e. The compositional line profiles of
Pd and Ru on a Pdy 5Rug 5 nanoparticle show that Ru and Pd atoms are homogene-
ously distributed over the whole particle.
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Fig. 3.2 The TEM images of a Ru, b Pdo_lRuog, C Pd()A3Ru0_7, d Pd0.5Ru0A5, (3 Pd0'7Ru0‘3, f
Pdo9Rug 1, and g Pd nanoparticles, respectively

These results indicate the formation of atomic-level PdRu alloy. Pd and Ru
have different redox potentials i.e. Pd ion is easily reduced to Pd metal com-
pared with Ru ion. If both Pd and Ru precursors are added to TEG solution before
heating, Pd ions are firstly reduced around 90 °C and Ru ions are subsequently
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reduced around 160 °C by TEG, resulting in the formation of the segregated struc-
ture of Pd and Ru. The point of synthesis for solid-solution structure is to slowly
add these metal precursors into thoroughly heated TEG solution to simultane-
ously reduce these metal ions to metals. In this report, the metal precursor solution
slowly added to TEG heated at 200 °C. The added metal solution turned black in a
moment, indicating that both metal ions are quickly reduced and the difference of
reduction speed is considered to be negligible. As a consequence of the simultane-
ous reduction for Pd and Ru ions, we successfully synthesized the solid-solution
structure nanoparticles.

The crystal structure of PdgsRug s nanoparticles was investigated by synchro-
tron XRD analysis at the beamline BL02B2, SPring-8. The diffraction patterns
of the samples sealed in glass capillaries under vacuum were measured at 303 K.
Figure 3.4a and b show the XRD patterns of Ru, Pd and PdRu nanoparticles. As
shown in Fig. 3.4a, Ru and Pd nanoparticles showed a powder XRD pattern origi-
nating from a single hexagonal close-packed (hcp) and face-centered cubic (fcc)
lattice, respectively, as well as those bulks. By contrast, Pdy sRug s nanoparticles
have an XRD pattern comprising two components diffracted from fcc and hcp lat-
tices, where the positions of the diffraction peaks differ from those of Ru (hcp)
or Pd (fcc) monometallic nanoparticles (Fig. 3.4b). From the Rietveld refine-
ment of the diffraction pattern for PdysRug s nanoparticles, the lattice constants
for the two components were refined to be a = 3.852(1) A for the fec lattice and
a =2.7227(8) A and ¢ = 4.381(2) A for the hcp lattice (Fig. 3.4c). The lattice
constant of the fcc component is smaller than that of Pd (a = 3.8925 A), and the
lattice constants of the hcp components are larger than those of Ru (a = 2.7056 A,
¢ = 4.2793 A). These results strongly support the formation, in both fcc and hcp
phases, of atomic-level Pdg sRug 5 alloys.

The structure of solid solution PdgsRug 5 nanoparticles was further character-
ized by TEM; i.e., the author determined whether fcc and hep phases exist sepa-
rately as individual nanoparticles or coexist in a single nanoparticle. Figure 3.5a
shows a bright field (BF)TEM image of a Pdy sRug s nanoparticle. The nanoparti-
cle is polycrystalline with small grains. Figure 3.5b is the SADP of the Pdj 5Rug 5
nanoparticle in Fig. 3.5a. The d-spacings from diffraction spots A and B were cal-
culated to be 2.24 and 1.69 A, respectively. Taking into account d-values obtained
from the XRD pattern, the diffraction spots of A and B correspond to fcc (111)
(d-spacing of 2.24 A) and hep (012) (d-spacing of 1.61 A) lattices, respectively.

Figures 3.5c and d are dark-field (DF)TEM images obtained for diffrac-
tion spots A and B, respectively. Figure 3.5¢ and d show fcc (111) and hep (012)
grains, respectively, and it is seen that each grain is located in a different position.
These results clearly demonstrate that the fcc and hcp phases coexist in a single
Pdy sRug s solid solution nanoparticle.

Nanoparticles of the other compositions were also investigated by similar meth-
ods, including elemental mapping and XRD measurements.

Figure 3.6 shows elemental mapping data for the prepared PdsRuj_x nanopar-
ticles. Figure 3.6a, c, e and g are HAADF-STEM images of Pd\Ruj_x nanoparti-
cles. Figure 3.6b, d, f and h are the overlay maps of the corresponding Pd-L (blue)
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Fig. 3.3 a HAADF-STEM image, b Pd-L. STEM-EDX map and ¢ Ru-L. STEM-EDX map
obtained for a group of prepared Pdg sRug 5 nanoparticles. d Reconstructed overlay image of the
maps shown in panels b and ¢ (blue Pd; red Ru). f Compositional line profiles of Pd (blue) and
Ru (red) for the Pdg sRug 5 nanoparticle recorded along the arrow shown in the STEM image e

and Ru-L (red) STEM-EDX maps of PdsRu;_x nanoparticles. These maps pro-
vide visual evidence of the formation of PdyRu_y solid solutions.

The crystal structures of PdyRuj_x bimetallic nanoparticles were also investi-
gated by synchrotron XRD at the beam line BLO2B2, SPring-8 (x = 0.57803 A),
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Fig. 3.4 a Synchrotron XRD patterns (20 = 12°-37°) of Ru, Pd and PdysRup s nanoparticles
at 303 K; b close-up of the 26 = 12.5°-19° region. ¢ The diffraction pattern of PdysRug s nano-
particles (red circle) at 303 K and calculated pattern (blue line). The bottom lines show the dif-
ference profile (gray) and the fitting curves of the fcc component (green) and hcp component
(orange). The radiation wavelength is 0.57803(2) A

as with PdgsRug s nanoparticles. Figure 3.7a shows the XRD patterns of the Pd
and Ru, and PdsRu;_x nanoparticles. While the Pd nanoparticles showed the fcc
diffraction pattern, the Ru nanoparticles showed the hcp diffraction pattern. The
dominant diffraction patterns of PdyRuj_x nanoparticles change from the fcc
pattern to the hcp pattern with increasing Ru content in the PdRu nanoparticles.
The crystal structures of PdsRuj_x were also determined by the Rietveld refine-
ment. The refinement results were summarized in Figs. 3.8, 3.9, 3.10, 3.11, 3.12
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Fig. 3.5 a BFTEM image of a PdysRug s nanoparticle, b SADP of (a), ¢ DFTEM image of a
Pdj 5Rug s nanoparticle. Part of the fcc(111) diffraction spots was selected as the image-forming
diffraction vector, as indicated schematically by A (green circle) in (b). d DFTEM image of a
Pdo sRug s nanoparticle. Part of the hep(012) diffraction spots was selected as the image-forming
diffraction vector, as indicated schematically by B (orange circle) in (b)

and 3.13. From the refinement results, the structures of PdyRuj_x nanoparticles
(0.3 <x <0.7) consisted of both fcc and hep structures.

To further investigate the structure of alloy nanoparticles, the change of the lat-
tice parameter was focused on as a function of metal compositions. Figure 3.7b
shows the lattice constants of PdyRu;_x nanoparticles estimated from the Rietveld
refinements of the XRD patterns. Because both of the fcc and hep structures are
close-packed structures, the square root of the lattice parameter a in the hcp com-
ponent is in accordance with the lattice parameter a in the fcc component (See
in Fig. 3.14). As shown in Fig. 3.7b, the lattice constants increased linearly with
increasing the Pd content (x). The linear correlation between the lattice constant
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Fig. 3.6 The HAADF-STEM images of a PdyjRupg, ¢ Pdp3Rup7, e Pdp7Rugp3, and
g PdpoRug 1; The reconstructed overlay images of Pd-L. STEM-EDX maps and Ru-L. STEM-
EDX maps obtained for groups of prepared PdyRuj_yx nanoparticles (blue Pd; red Ru) (b)
Pdo.1Rug 9, d Pdp 3Ruq 7, f Pdy 7Rug 3, and h Pdg 9Ruq |
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Fig. 3.7 a The synchrotron XRD patterns (20 = 12°-45°) of PdyRuj_x nanoparticles at 303 K.
The radiation wavelength is 0.57803(2) A. b The dependence of the lattice constant on the metal
composition in PdyRuj_x nanoparticles at 303 K. Circle (red) the lattice constant a of the hcp
component, filled circle (red) the lattice constant ¢ of the hcp component, filled up pointed trian-
gle (blue) the lattice constant of the fcc component (color figure online)

hcp component  Lattice constant a = 2.7056(2) A
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Fig. 3.8 The diffraction pattern of Ru nanoparticles (red circle) at 303 K and calculated pattern
(blue line). The bottom lines show the difference profile (gray) and the fitting curves of the hcp
component (orange)

and the alloy composition follows Vegard’s law, which is an approximate empiri-
cal rule proposing a linear relation, at constant temperature, between the crystal
lattice constant of an alloy and the concentrations of the constituent elements [40].
Furthermore in the Pd composition range of 30-70 %, the lattice constants a in fcc
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Fig. 3.9 The diffraction pattern of Pdg jRug ¢ nanoparticles (red circle) at 303 K and calculated
pattern (blue line). The bottom lines show the difference profile (gray) and the fitting curves of

the hcp component (orange)
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Fig. 3.10 The diffraction pattern of Pdy 3Rug 7 nanoparticles (red circle) at 303 K and calculated
pattern (blue line). The bottom lines show the difference profile (gray) and the fitting curves of
the fcc component (green) and hcp component (orange)

and the square root of the lattice constant a in hcp components at the same metal
composition have almost same value. This result means that the metal composi-
tions in coexisting fcc and hep phases have almost same values, and these values
correspond to the average stoichiometry determined from the EDX data. These
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Fig. 3.11 The diffraction pattern of Pdg7Rug 3 nanoparticles (red circle) at 303 K and calculated
pattern (blue line). The bottom lines show the difference profile (gray) and the fitting curves of
the fcc component (green) and hcp component (orange)
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Fig. 3.12 The diffraction pattern of PdgoRug ; nanoparticles (red circle) at 303 K and calculated
pattern (blue line). The bottom lines show the difference profile (gray) and the fitting curves of

the fcc component (green)

results strongly support the formation of the atomic-level PdRu alloy over the
whole composition.

To further investigate the thermal stability of PdysRug s nanoparticles, in situ
powder XRD measurements were performed at the beamline BL02B2, at SPring-8
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Fig. 3.13 The diffraction pattern of Pd nanoparticles (red circles) at 303 K and calculated pat-
tern (blue line). The bottom lines show the difference profile (gray) and the fitting curves of the

fcc component (green)
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Fig. 3.14 The comparison of the fcc with hep structures
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Fig. 3.15 The in situ XRD patterns of PdysRug s nanoparticles measured under vacuum condi-
tion at temperature range between 303 and 573 K. The wavelength is 0.578375(1) A

Fig. 3.16 The PC
isotherms of PdyRu;_4
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(Fig. 3.15). It was found that the prepared Pdy sRug 5 nanoparticles show the origi-
nal structure up to 573 K.

Studies on hydrogen-absorption properties of the metal nanoparticles give
important information related to the structure and the electronic state [10, 11]. To
investigate the hydrogen-absorption properties accompanied by the addition of Ru
atoms to Pd nanoparticles, PC isotherms of PdyRu;_x nanoparticles were meas-
ured at 303 K. As shown in Fig. 3.16, the hydrogen concentration of PdRu nano-
particles decreased with increasing Ru content. 30 at.% replacement of Pd with Ru
results in a reduction of more than half of the total amount of hydrogen absorption
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Fig. 3.17 The synchrotron in situ XRD patterns of a PdysRugs, b Pdg7Rug3 and ¢ PdyoRug
nanoparticles. The radiation wavelength was 0.57803(2) A

at ca. 100 kPa (0.2 H/Pdg7Rug3). With the further addition of Ru atoms, the
amount of absorbed hydrogen decreased to 0.1 H/M below x = 0.5 (Fig. 3.16
inset). This drastic reduction in hydrogen absorption suggests a change in the
thermodynamic behavior for hydrogen storage in PdRu nanoparticles with metal
composition. It was confirmed that the solid-solution structures of Pd-Ru nanopar-
ticles are maintained before and after hydrogen treatment by XRD measurements
(Fig. 3.17).

Figure 3.18 shows the temperature dependences of PC isotherms in PdyRuj_x
nanoparticles. As shown in Fig. 3.18a, Pd nanoparticles exhibited an exothermic
reaction with hydrogen analogously to Pd bulk [5-9], i.e., Pd nanoparticles absorb
hydrogen at 303 K more than at 423 K. The reaction of hydrogen with PdyoRug
nanoparticles was also exothermic. The tendency of temperature dependence of
PC isotherms further changes with metal composition and finally the PdysRug s
nanoparticles can absorb more hydrogen at 423 K than at 303 K. These results
show that the enthalpy of hydrogen absorption for the PdyRuj_x nanoparticles var-
ied from exothermic to endothermic as the Ru content increased. This phenom-
enon might be caused by the change in electronic state of Pd with increasing Ru.
The significance of this work is the success in continuously controlling the ther-
modynamic parameters for the reaction of PdyRu;_x with hydrogen by atomic-
level alloying.

To investigate the further hydrogen storage properties, the numerical values of
the thermodynamic parameters of hydrogen absorption in PdyRuj_x nanoparticles
were estimated. In the hydrogen storage metals exhibiting an exothermic reaction
with hydrogen, there are two phases through the reaction with hydrogen. One is
the solid solution phase (o phase; M + H) of metals and hydrogen and the other
is the hydride phase (f phase; M — H) with a metallic bond. The phase transition
from o phase to B phase takes place with an accompanying plateau pressure in
the PC isotherm. From Fig. 3.16, plateau-like behavior was observed in PC iso-
therms of Pd, Pdg9Rug 1 and Pdy7Rug 3 nanoparticles. This implies that these three
kinds of nanoparticles were transformed from o phase to  phase and the other
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Fig. 3.18 The temperature dependences of PC isotherms in a Pd, b PdpgRug 1, ¢ Pdg7Rug3, d
Pdj 5Rug s nanoparticles

nanoparticles remain in o phase under a hydrogen pressure of 0.1 MPa. When the
phase transition was treated as a chemical reaction, the author obtains

2 MHe, 4 Hy = ﬁMHcﬂ + AHyop

where AH,_.g is the heat of formation, Cy is the maximum hydrogen concentra-
tion in the o phase and Cg is the minimum hydrogen concentration in the f phase
[10, 11]. Cy and Cp correspond to the start and end of the plateau region, respec-
tively. As shown in Fig. 3.16, plateau-like region were observed in both Pd and
Pdo9Rug 1 nanoparticles. An equilibrium pressure in this region is correlated with
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Table 3.3 The heat of formation (AH,_ g) and standard entropy (AS,— g/R) of hydride phase of
Pd bulk, Pd nanoparticles and Pdy9Rug | nanoparticles

Sample AHg_ g (kJ/mol Hp) ASqp/R
(mol Hp)~!

Pd (Bulk) [41] —40 —10

Pd nanoparticles —32.81 —-9.34

Pdp9Rug ; nanoparticles —18.74 —4.91

the AH,_,p and the entropy change (AS,_.p) for the phase transition from the o
phase to the  phase. In the case where one mole of hydrogen gas is consumed in
the reaction, the thermodynamics are described below [41],
lnﬂ _ AHoz—)ﬂ _ ASu—>/3
Py RT R
where P is the equilibrium hydrogen pressure and Py is the standard hydrogen
pressure (0.1 MPa). From the Eq. (3.1), AHy_.p and AS, . were calculated and
the results are summarized in Table 3.3. Both AH,_.g and AS,_.p for Pd nanopar-
ticles are larger than those of Pd bulk. Furthermore those thermodynamics param-
eter increases with increasing Ru content. The AH, g is correlated with the bond
strength between the metal and hydrogen in the  phase. As previous report has
shown [42], this result also shows that the Pd nanoparticles have a larger AH, g
value than Pd bulk. This implies that the bond strength between Pd and H atoms
becomes weaker with decrease in particle size. On the other hand, the AH, .p
value is remarkably increased in Pdg9Rug ; nanoparticles. The more the Ru con-
tent increases, the weaker the bond strength of M—H in the alloy. This phenomenon
suggests a change in the electronic states of metals because of the formation of a
solid solution alloy. The ASy_.g during the hydride formation comes mainly from
the entropy loss of the hydrogen gas. The larger AS, . in Pdyg9Rug | nanoparti-
cles indicates that the hydrogen atoms possess a larger entropy compared with that
in Pd nanoparticles. In other words, hydrogen atoms in the nanoparticles retain a
part of the freedom in the gaseous state, implying that atomic arrangements or lat-
tice defects in nanoparticles are statically or dynamically disordered because of the
formation of a solid solution structure. From these results, the author succeeded
in controlling the hydrogen absorption properties and electronic structure of
PdxRuj_x nanoparticles by metal composition over the whole composition range.
Solid-state 2H NMR measurements were performed to investigate the state of
2H in the PdyRuj_y nanoparticles (Fig. 3.19). In the spectrum of Pd nanoparticles,
a broad absorption line at 31 ppm and a sharp line around 0 ppm were observed.
In the spectrum of 2H, gas, only a sharp line around 0 ppm was obtained. On
comparison of these spectra, we can attribute the sharp line observed in the Pd
nanoparticles to free deuterium gas (*H,) and the broad component to absorbed
deuterium atoms (*H) in the particles. Deuterium absorbed inside the lattice of
PdxRu;_x alloy nanoparticles also produced broad signals. Chemical shift values
of the broad lines observed in PdxRuj_x are summarized in Fig. 3.19b. Pd hydride
shows the lowest-field shift of the H atoms. The d band in Pd hydride is almost

3.1
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Fig. 3.19 a The solid-state 2H NMR spectra for PdRu;_x nanoparticles and 2H, gas. All of the
samples were measured under 101.3 kPa of >H, gas at 303 K. b The chemical shift position of
the broad absorption lines in PdyRu;_x nanoparticles

filled [5], and so the d spin correlation is weakened, and the Knight shift is the
dominant factor in the NMR shift of 2H in Pd hydride. In contrast, for the Pd con-
tent of 70 and 90 at.%, the observed lines are markedly shifted upfield. This shift
can be explained by the 2H s electron’s being polarized by the d spin paramagnet-
ism of the PdRu nanoparticles arising from the formation of a hydride (Pd—Ru—H).
Because a large number of holes exist in the d band of Pd—Ru, the spin correlation
between the conduction electrons of the Pd—Ru hydride is large enough to cause
spin polarization in the 2H s electrons in the Pd—Ru hydride. The marked decrease
in the shift value upon adding Ru to Pd from x = 1.0 to 0.7 can be explained by
the increase of the effect from the paramagnetic spins in the d band.

With the further addition of Ru atoms (under 50 at.%), the shift value of the
broad absorption lines, originating from 2H inside the Pd—Ru lattice, jumped to
near 0 ppm and became almost independent of the metal composition. This sud-
den change observed at x = 0.5 corresponds to the changeover of thermodynamic
behavior from exothermic to endothermic and destabilization of the hydride phase
that were observed in the PC isotherms. From the present result of NMR shift val-
ues, we conclude that remarkable changes in the electronic structure of PdyRuj_
take place at x = 0.5 and between x = 0.9 and 1.0.

To investigate the CO-oxidizing catalytic activity, PdyRuj_x alloy, Rh nano-
particles and a physical mixture (Ru and Pd nanoparticles) supported on y-Al,O3
catalysts were prepared by wet impregnation method. The catalysts were heated
in increments of 10 °C to a temperature at which CO was consumed completely,
and the products were analyzed at each temperature. Figure 3.20 compares the CO
conversions for 1 wt% of each nanoparticle supported on y-Al,Os.
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Fig. 3.20 Temperature dependence of CO conversion in Ru (cross red), Rh (filled square
green), Pd (filled down pointed triangle blue), Pdy sRug 5 solid solution (filled circle orange) and
Ru + Pd mixture (filled up pointed triangle purple) nanoparticles supported on y-Al,O3

The temperatures corresponding to 50 % conversion (T50) of CO to CO; for
PdosRug s, Ru, Rh and Pd catalysts were approximately 125, 165, 165 and 195 °C,
respectively. The temperatures for 100 % conversion (T1gp) of CO to CO, were
140, 170, 170 and 200 °C, respectively. From these results, it is clear that the
PdosRug s nanoparticles have the highest activity for 50 and 100 % conversions
of CO to CO;,. Pdps5Rup 5 shows a 30-40 K lower conversion temperature com-
pared with the most efficient CO-oxidation catalyst, Ru. In addition, the conver-
sion temperature was lower than that for the most expensive precious metal, Rh.
That is, Pdgy 5sRug 5 nanoparticles are more efficient CO-oxidation catalyst than Rh.
On the other hand, the conversion property of the physical mixture of Ru and Pd
nanoparticles differs totally from that of PdpsRugs. The physical mixture of Ru
and Pd nanoparticles shows the same conversion property as that of Ru nanoparti-
cles because the Ru nanoparticle is better and dominant in the CO-oxidation reac-
tion compared with the Pd nanoparticle. These results demonstrate a novel strategy
to create functional materials on the basis of inter-elemental fusion. The extreme
enhancement of the CO-oxidizing ability observed for PdysRug s alloy is consid-
ered to originate from a new electronic state realized by the atomic-level alloying
of Pd and Ru.

In order to further investigate the catalytic activity of PdiRuj_x nanoparti-
cles, the temperature dependence of CO conversion for each metal composition
nanoparticle was measured. Figure 3.21 shows the metal composition depend-
ence of the CO conversion in PdyRuj_x nanoparticles supported on y-Al,O3, The
Tso and Tjgp in all of the alloy nonoparticles are lower than those in pure Ru or
Pd nanoparticles, and those temperatures reached a minimum at the ratio of
Pd:Ru = 50:50. From these results, it is revealed that the Pdg 5Rug 5 nanoparticles



3.3 Results and Discussion 51

100

80 C ]
i 200 .
180 ]

) ]
Ewa‘: .

140[-® ]

40

CO conversion | %

120 - 4
TG (U i N T
0O 20 40 60 80 1004

Pd % 1

20

iR | 1 1 1 1 1 | 's
s 4

40 150 160 170 180 190 200 210 220 230 240
Temperature / °C

110 120 130

-

Fig. 3.21 Temperature dependence of CO conversion in PdyRuj_x nanoparticles supported on
v-AlLO3. x = 0 (down pointed triangle red), 0.1 (square orange), 0.3 (up pointed triangle yel-
low), 0.5 (filled circle green), 0.7 (filled up pointed triangle blue-green), 0.9 (filled square light
blue), and 1.0 (filled down pointed triangle blue). The inset is the metal composition dependence
of Tsg

have the highest activity for 50 and 100 % conversions of CO to CO;. This kind of
inverse volcano type behavior for CO oxidation has been reported in many types
of alloy nanoparticle catalysts such as Au—Pd [43] and Au—Ag [44, 45]. It has been
reported that the CO-oxidation reaction takes place between chemisorbed spe-
cies (Langmuir—Hinshelwood mechanism), and thus O + CO co-adsorption was
considered as the initial states of the oxidation reaction [46—48]. The position of
the d-band center, relative to the Fermi level is an important parameter controlling
adsorption of O and CO or activation energy barriers for CO oxidation [49, 50].
By the atomic-level alloying, the d-band center of PdgsRugs is considered to
change to a favorable condition for CO and O coverage and/or high reactivity of
CO with O atoms on the bimetallic surface. In addition, it has been reported that
defect sites can also significantly affect the catalytic activity [43]. The coexistence
of both fcc and hcp domains in a Pd-Ru single particle is considered to gener-
ate defect structures with vacancies in the domain boundaries, leading to the high
reactivity of CO with O atoms. A theoretical calculation to clarify the mecha-
nism and the correlation between metal composition and the CO conversion for
PdyRu;_ nanoparticles is currently in progress.

To confirm that the solid solution structure was maintained in the nanoparticles
before and after the catalytic reaction, the HRSTEM, high-angle annular dark-field
(HAADF) STEM and EDX analyses were measured by JEM-ARM200F oper-
ated at 200 kV accelerate voltage. Figure 3.22 shows elemental mapping data for
the PdgsRug s catalyst after the CO-oxidizing reaction. Figure 3.22a and b are a
BFSTEM image and HAADF STEM image, respectively. Figures 3.22c, d and
e are the corresponding Pd-L, Ru-L and Al-K STEM-EDX maps, respectively.
Figure 3.22f is an overlay map of the Pd, Ru and Al chemical distributions. As
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Fig. 3.22 a BF STEM image, b HAADF-STEM image, ¢ Pd-L. STEM-EDX map, d Ru-L
STEM-EDX map and e AI-K STEM-EDX map obtained for 1 wt% of PdgsRug 5 nanoparticle
supported on y-AlrOs3 after measuring CO-oxidizing catalytic activity. f Reconstructed overlay
image of the maps shown in panels ¢, d and e (blue Pd; red Ru; orange Al)

Fig. 3.22f shows, a nanoparticle is supported on y-Al,O3 and the nanoparticle
maintain the solid solution structure after the reaction. The novel PdRu nanostruc-
tured materials have not only high catalytic activity but also high durability for the
CO-oxidation reaction.
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The change in the electronic structure because of atomic-level alloying of Ru
and Pd was investigated by XPS measurement (Figs. 3.23, 3.24). XPS spectra for

samples

on a carbon sheet were recorded using a Shimadzu ESCA-3400 X-ray

photoelectron spectrometer. The binding energies were corrected with reference to
the C(1s) line at 284.5 eV. Figures 3.23, 3.24 show the Pd 3d and Ru 3p core-level
XPS spectra of samples. The Pd 3d and Ru 3p binding energies are summarized in
Table 3.4. The Pd 3d binding energies of the alloys shifted to higher energy with
increasing Ru content, which is in agreement with the oxidization of Pd. By con-
trast, the Ru 3p binding energies of alloys shifted to lower energy with increasing
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Table 3.4 Binding energies of Pd 3d and Ru 3p

Sample BE(Pd 3d3) (eV) | BE(Pd 3dsp) (eV) | BE(Ru 3pyp) (eV) | BE(Ru 3p3p)
(eV)

Pd 340.65 335.38

PdpsRugs |340.80 335.51 484.00 461.75

Ru 484.24 461.99

Pd content, which is in agreement with the reduction of Ru. Thus, the XPS spectra
for PdyRu;_4 nanoparticles indicate that the electronic state of PdyRu;_x nanopar-
ticles differs from those of Ru and Pd nanoparticles and that electrons of Pd atoms
slightly transfer to Ru atoms. This electronic transfer may also be responsible for
the catalytic enhancement, which would be consistent with d-band theory sug-
gested in previous reports [50, 51].

3.4 Conclusion

In summary, the author first obtained PdyRuj_ solid solution alloy nanoparticles
over the whole composition range through the chemical reduction method, although
Ru and Pd are immiscible at the atomic level in the bulk state. From the XRD and
TEM analyses, it was found that the structure of PdyRu;_4 changes from fcc to hep
with increasing Ru content. The structures of PdiRuj_x nanoparticles in the Pd
composition ranges of 30-70 % consisted of both fcc and hcp structures, and both
phases coexist in a single particle. In addition, the amount of hydrogen absorption
depends on the metal composition of the alloy; the hydrogen capacities of PdyRu;_y
nanoparticles are decreased with decreasing Pd content. And The reaction of hydro-
gen with the PdyRuj_y nanoparticles changed from exothermic to endothermic as
the Ru content increased. Accordingly, this difference in the amounts of hydrogen
absorption implies a difference in the electronic structures of the PdyRuj_x nano-
particles. Furthermore, the prepared PdRu nanoparticles exhibit extremely enhanced

Miscible in nanoparticle

Fig. 3.25 Graphical abstraction of Pd—Ru
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CO-oxidizing catalytic activity; PdosRups nanoparticles showed the highest
catalytic activity, and this activity is also higher than that of Rh. In addition, from
the point of view of elemental strategy [33], the 1:1 PdRu solid solution alloy is
expected to act as a more efficient catalyst than Rh. Although Pd and Ru are cheaper
than Rh, the catalytic activity of Pdg 5Ruq s is higher than that of Rh. This work pro-
vides a novel strategy on the basis of inter-elemental fusion to create highly efficient
functional materials for energy and material conversions (Fig. 3.25).
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Chapter 4

Discovery of the Face-Centered

Cubic Ruthenium Nanoparticles:
Facile Size-Controlled Synthesis Using
the Chemical Reduction Method

4.1 Introduction

The majority of metals have one of the three basic structures: body-centered cubic
(bee), hexagonal close-packed (hcp) or face-centered cubic (fcc). In the periodic
table, the canonical hcp-bce—hcp—fece structural sequence is well known as the
atomic number increases across the transition metal series, and the relative stabil-
ity of the structures is determined by the total electronic energy of the metals [1].
The study of pressure—temperature (P-T) phase diagrams for the bulk metals have
been extensively investigated, [2—11] but when the size is reduced to nano-dimen-
sions it has been reported that the phase diagrams for metals change considerably
from the bulk [12-14]. For example, fcc Co and fcc Fe nanoparticles are stabilized
at ambient conditions, even though these phases only exist at high temperature in
bulk [15-17].

Recently Ru, a 4d transition metal which adopts a hcp structure at all tempera-
ture ranges in bulk, has attracted much attention as a CO oxidizing catalyst due to
its high catalytic activity [18-22]. CO oxidation catalysts have been extensively
investigated recently because of their potential application for CO removal from
car exhaust or for preventing CO poisoning in fuel cell systems [23-30]. In this
chapter, the author reports the first example of fcc-structured Ru and also dem-
onstrates a facile synthesis method to control the size of the nanoparticles. The
structure and size-dependent catalytic activity of CO oxidation was observed over
Ru nanoparticles.

© Springer Japan 2014 59
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Table 4.1 Reaction conditions for the syntheses of fcc and hcp Ru nanoparticles

Sample Structure Size (nm) Metal precursor/(mmol) Solvent/(ml) PVP
(mmol)
A Fcc 24+£0.5 Ru(acac)s/2.1 TEG/500 10.0
B Fce 3.5+0.7 Ru(acac)s/2.1 TEG/200 10.0
¢ Fce 39408 Ru(acac)3/2.1 TEG/100 5.0
D Fcc 54+1.1 Ru(acac)s/2.1 TEG/25 1.0
E Hep 22405 RuCls - nH,0/2.1 EG/500 10.0
F Hep 35+£06 RuCl3 - nH,0/2.1 EG/200 10.0
G Hcep 394+0.6 RuCls - nH,0/2.1 EG/100 5.0
H Hcep 5.0+ 0.7 RuCls - nH,0/2.1 EG/25 1.0

4.2 Experiment

4.2.1 Syntheses of Ru Nanoparticles

Uniformly-sized fcc and hcp Ru nanoparticles with sizes ranging from 2 to
5.5 nm were prepared by chemical reduction methods using RuCl3 - nH,O and
Ruthenium(IIT) acetylacetonate (Ru(acac)3) as the metal precursors and poly
(N-vinyl-2-pyrrolidone) (PVP) as the stabilizing agent. Ethylene glycol (EG) and
triethylene glycol (TEG) acted as solvents and the reducing agents for the synthe-
sis. Phase control was achieved by varying both the type of metal precursor and
solvent, and size control was achieved through adjusting the concentration of rea-
gents and the PVP stabilizer used for the synthesis (Table 4.1). In a typical syn-
thesis of fcc Ru nanoparticles having a diameter of 2.4 nm, Ru(acac)z (2.1 mmol)
and PVP (10 mmol, in terms of monomer unit) were dissolved in TEG (500 ml) at
room temperature. The solution was then heated to 200 °C and maintained at this
temperature for 3 h. After the reaction was complete, the prepared nanoparticles
were separated by centrifugation. The syntheses of fcc and hcp Ru nanoparticles
larger than 3.5 nm were performed based on this method, but an adequate amount
of PVP was added into the reaction solution after 3 h heating to adjust the relative
amount of PVP to be similar to the smaller sized nanoparticles.

4.2.2 Catalysts Preparation

To investigate the CO-oxidizing catalytic activity both fcc and hcp Ru nanoparti-
cles supported on y-Al,Os3 catalysts were prepared by wet impregnation. Each nano-
particle (equivalent to 1 wt% of y-Al,O3) was ultrasonically dispersed in purified
water. y-Al,O3 support that had been precalcined at 1,073 K for 5 h was put in each
aqueous solution of nanoparticles and the suspended solutions were stirred for 12 h.
After stirring, the suspended solutions were heated to 60 °C and dried under vac-
uum. The resulting powders were kept at 120 °C for 8 h to remove water completely.
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4.2.3 Characterizations

Transmission Electron Microscopy Analysis

TEM images were recorded on a Hitachi HT 7700 TEM instrument operated at
100 kV accelerate voltage. The samples dispersed with ethanol were drop-cast
onto a carbon-coated copper grid and allowed to dry under ambient conditions.

High Resolution TEM Analysis

HRTEM images were captured using a JEOL ARM 200F STEM instrument oper-
ated at 200 kV. The samples dispersed with ethanol were drop-cast onto a carbon-
coated copper grid and allowed to dry under ambient conditions.

X-Ray Diffraction Measurement

The crystal structures of Ru nanoparticles were investigated by powder XRD anal-
ysis collected on a Bruker D8 Advance diffractometer (Cu K, radiation).

In Situ XRD Measurement

The thermal stability of fcc Ru nanoparticles were investigated by in situ powder
XRD analysis measured at the BLO2B2 beamline, SPring-8. The XRD patterns
of the samples sealed in a glass capillary were measured in situ under vacuum
condition at temperature range between 303 K and 723 K. The wavelength is
0.578375(1) A.

Catalytic Test

The obtained catalyst powders were pressed into pellets at 1.2 MPa for 5 min. The
pellets were crushed and sieved to obtain grains with diameters between 180 and
250 pm. Each supported nanoparticle catalyst (150 mg) was loaded into a tubu-
lar quartz reactor (i.d. 7 mm) with quartz wool. CO/O,/He mixed gas (He/CO/O,:
49/0.5/0.5 ml min~"') was passed over the catalysts at ambient temperature, and
the catalysts were then heated to 100 °C. After 15 min, effluent gas was collected
and the reaction products were analyzed by gas chromatography with a thermal
conductivity detector (GC-8A, Shimadzu, Japan). Catalysts were heated in incre-
ments of 10 °C to a temperature at which CO was consumed completely, and the
products were analyzed at each temperature. After the reaction, the reactor was
purged with He at the reaction temperature, and the catalysts were then cooled to
room temperature.
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4.3 Results and Discussion

TEM images for the synthesized samples were recorded on a Hitachi HT7700
TEM instrument operated at 100 kV. TEM images in Fig. 4.1a—h show the
formation of uniform Ru nanoparticles having a diameter of 2.2-5.4 nm with nar-
row size distributions. The mean diameters and distributions were summarized in
Table 4.1, which were estimated by averaging over at least 200 particles.

The crystal structures of Ru nanoparticles were investigated by powder X-ray
diffraction (XRD) analysis collected on a Bruker D8 Advance diffractometer (Cu
K, radiation). Figure 4.2 shows the patterns of each prepared Ru nanoparticle. The
trend in the XRD patterns correlates well with the TEM images, as the line widths
of the diffraction peaks become sharper with increasing the particle mean diam-
eter size. One of the most noteworthy outcomes in this study is that the structure
of Ru nanoparticle is controllable only by choosing adequate combinations of a
metal precursor and a reducing agent. All the Ru nanoparticles synthesized with
Ru(acac); and TEG adopt a fcc structure, while the Ru nanoparticles synthesized
with RuCl3 - nH>0O and EG have a hcp structure. While several calculation stud-
ies reported the possibility of fcc phase of Ru, [31, 32] to the best of the author’s
knowledge, this is the first report of a synthesis of fcc Ru.

The structures of prepared nanoparticles were also confirmed through HRTEM
analysis. Typical examples of both fcc and hep nanoparticles are shown in Fig. 4.3.
Figure 4.3b is a hcp Ru nanoparticle recorded along the (100) direction. It clearly
shows the ABABAB... stacking sequence of hcp. On the other hand, Fig. 4.3a is
a Ru nanoparticle representing (111) fcc planes. The single particle is a five-fold
symmetry twinned nanoparticle having decahedral structure, which consists of five
tetrahedrons. The decahedral structure is well known as a typical structure of fcc

Fig. 4.1 The TEM images of
synthesized Ru nanoparticles;
a24,b3.5,¢39,d54,
e2.2,f3.5 g39and

h 5.0 nm
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Fig. 4.2 The XRD patterns for face-centered cubic Ru nanoparticles (A-D) and hexagonal
close-packed Ru nanoparticles (E-H) at room temperature. The radiation wavelength is 1.54 A
(CuKy)

Fig. 4.3 a The HRTEM image of a fcc nanoparticle in sample D. The inset is an illustration of
the decahedral structure. b The HRTEM image of a hcp nanoparticle in sample H. The inset is an
illustration of hcp lattice viewed along the (100) direction. Scale bars are 1.0 nm
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Fig. 4.4 The in situ

XRD patterns of fcc Ru
nanoparticles measured
under vacuum condition at
temperature range between
303 and 723 K. The
wavelength is 0.578375(1) A

Intensity / a. u.
Temperature

a1

20 25 30
20 / degree

metal nanoparticles, such as Au, Ag and Pd. [33, 34] From these results, it was
confirmed that the crystal structure of Ru nanoparticles is controllable by adjusting
the synthetic precursors.

To further investigate the thermal stability of fcc Ru nanoparticles, in situ pow-
der XRD measurements were performed at the beamline BL0O2B2, at SPring-8
(Fig. 4.4). It was found that the prepared Ru nanoparticles show the fcc structure
at a wide range of temperatures and are stable up to 723 K.

In order to investigate the catalytic activity of the synthesized nanoparticles for
CO oxidation, the Ru nanoparticles were supported on y-Al,O3 by a wet impreg-
nation method. The catalysts were heated in increments of 10 °C to a temperature
at which CO was consumed completely, and the products were analyzed at each
temperature. The temperature dependencies of CO conversion in Ru nanoparticles
supported on y-AlpO3 are summarized in Fig. 4.5. Figure 4.6 compares the CO
conversions for 1 wt% of each nanoparticle supported on y-Al,O3. In hep Ru nan-
oparticles, the temperature for 50 % conversion of CO to CO, (Ts0) increased with
increasing particle size, a trend which is similar to Au or Rh nanoparticles. [35, 36]
Conversely, in fcc Ru nanoparticles, Tso decreased with increasing particle size,
which is similar to the trend observed for Pt nanoparticles. [37] Above 3 nm, the
novel fcc Ru nanoparticles are more reactive than the conventional hcp Ru nano-
particles. It has been reported that the mechanism for CO oxidation with hcp Ru
begins first with the oxidation of Ru (001) into a few RuO, (110) layers, and the
CO oxidation occurs on RuO; (110). [38—40] The fcc (111) is also a close-packed
plane in common with the hcp (001). Although hcp nanoparticles are not com-
pletely enclosed with only close-packed planes, fcc nanoparticles generally tend
to be enclosed by (111) planes because the fcc (111) planes have the lowest sur-
face energy. [41] Therefore, fcc Ru surface could be more reactive than hep Ru for
CO oxidation. However the size dependences are different. This tendency might
result from the differences in the formation process of oxide layers, the adsorption
behavior of CO or the activation energy, due to the differences of electronic states
or surfaces in fcc and hep structures. Further studies including theoretical calcula-
tions are required to understand the oxidation mechanism for fcc Ru.
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Fig. 4.5 The temperature dependencies of CO conversion in Ru nanoparticles supported on
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4.4 Conclusion

In summary, the author reports the first synthesis of fcc Ru nanoparticles and their
facile synthesis method. While hcp is the only phase in bulk Ru, the fcc phase was
obtainable as a nanoparticulate phase. The structure of Ru nanoparticles is con-
trollable by choosing adequate combinations of the Ru precursor and a reducing
agent. All of the Ru nanoparticles synthesized with Ru(acac); and TEG adopt a
fce structure, while the Ru nanoparticles synthesized with RuCls - nH,0 and EG
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have a hcp structure. In addition, Ru nanoparticles supported on y-Al,O3 exhibit
structure and size-dependent catalytic activity of CO oxidation. From the present
results, other metal nanoparticles have a possibility to adopt unknown structures in
bulk state, providing unique and valuable properties which are different from the
conventional materials.
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Chapter 5

Changeover of the Thermodynamic
Behavior for Hydrogen Storage

in Rh with Increasing Nanoparticle Size

5.1 Introduction

Research into the reaction of hydrogen with metals has attracted much attention
because of potential applications as effective hydrogen storage materials, as per-
meable films, or as catalysts for hydrogenation [1-3]. Nanometer-scale materi-
als as hydrogen storage materials have been investigated recently [4-9] because
nanoscale dimensions cause significant changes in material properties from the
bulk materials, due to quantum size effects and high surface area to volume ratios
[10-12]. For instance, Pd is one of the famous hydrogen storage metals, the total
amount of hydrogen absorption of Pd nanoparticles was decrease with decreasing
particle size [13]. Although Ag and Rh cannot mix each other at the atomic level
in bulk state and both of them do not absorb hydrogen, AgRh solid-solution alloy
was obtained as nanoparticles and the alloy exhibited hydrogen storage property
[14]. Moreover, bulk Ir and Rh metal do not absorb hydrogen, but nanoscale Ir
and Rh do absorb hydrogen with the hydrogen capacity increasing with decreasing
particle size [15, 16]. While the hydrogen absorption properties of bulk and sub
10 nm Rh particles have been investigated, there is no report for sizes of ~10 nm.
Furthermore, the temperature dependence of hydrogen uptake for Rh nanoparti-
cles has not been reported. Temperature dependence in the reaction of hydrogen
with metals gives thermodynamic information which provides a good design guide
for hydrogen storage materials. In this chapter, the author presents the hydrogen
storage properties of Rh nanoparticles having a diameter of ~10 nm and the tem-
perature dependences of hydrogen absorption by Rh nanoparticles with various
particle sizes.
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5.2 Experiment

5.2.1 Synthesis of Rh Nanoparticles Having a Diameter of ~10 nm

Uniformly sized Rh nanoparticles having a diameter of ~10 nm were prepared
by a chemical reduction method using RhCl3-3H>O as the metal precursors and
poly(N-vinyl-2-pyrrolidone) (PVP) as the stabilizing agent. Ethylene glycol (EG)
was used as both the solvent and the reducing agent. RhCl3-3H;0 (5.0 mmol) was
dissolved in 20 ml water (solution 1). PVP (5.0 mmol, in terms of monomer unit)
was dissolved in 200 ml EG (solution 2). Solution 2 was heated to 196 °C with
stirring, and then solution 1 was added into heated solution 2 over 10 min. The
mixed solution was maintained at this temperature for 1.5 h. After the reaction
was complete, the prepared nanoparticles were separated by centrifugation. The
smaller Rh nanoparticles were prepared by following the previous report [16].

5.2.2 Characterizations

Transmission Electron Microscopy (TEM) Analysis

Transmission electron microscopy (TEM) images were recorded on a JEM-200CX
or Hitachi HT7700 TEM instruments operated at 200 or 100 kV accelerate volt-
age, respectively. The samples dispersed with ethanol were drop-cast onto a car-
bon-coated copper grid and allowed to dry under ambient conditions.

X-Ray Diffraction (XRD) Measurement

X-ray diffraction (XRD) patterns were measured using a Cu K, radiation source
(Bruker D8 Advance diffractometer).

Pressure-Composition (PC) Isotherms Measurement

Pressure-composition (PC) isotherms were measured at hydrogen pressure range
between 107> and ca. 10~' MPa at 303 and 373 K by a volumetric technique
using a pressure-composition-temperature apparatus (Suzuki Shokan Co., Ltd).

Solid-State 2H NMR Spectra Measurement

Solid-state ’H NMR spectra were recorded at 303 K in a fixed magnetic field of 94 kOe
and a frequency sweep of 60.94—61.94 MHz, using a BRUKER NMR spectrometer.
Each sample was evacuated in a glass capillary for several hours at 373 K, and then
each sample was sealed into a glass capillary with 86.7 kPa of 2H gas at 303 K.
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5.3 Results and Discussion

The TEM images for the prepared particles (Fig. 5.1) showed the formation of
uniform nanoparticles with narrow size distribution. The mean diameters of
the nanoparticles were determined from the TEM images to be (a) 2.4 + 0.5,
(b)4.0£+0.7,(c) 7.1 £ 1.2, and (d) 10.5 &£ 0.8 nm, respectively. Numbers that fol-
low the + sign represent estimated standard deviations. The mean diameters and
distributions were estimated by averaging over 200 particles.

The crystal structure of the prepared particles was investigated by powder XRD
(Fig. 5.2). The prepared samples show a diffraction patterns which are consistent
with bulk Rh pattern. The broad peaks in the powder XRD supported the forma-
tion of a nanomaterial, and the crystal grain size of 10.5 &+ 0.8 nm sample was
calculated to be 10.5 nm through the Scherrer equation, which corresponds well

Fig. 5.1 TEM images of i AR S ST | ) T e L R
a24+05b4.0+0.7, (a]. _.-,;‘ S s SN G le :_,'-" rE
¢7.14+ 1.2, and Ee

d 10.5 + 0.8 nm

Fig. 5.2 The powder XRD
patterns of the prepared
nanoparticles with a diameter
of 2.4 nm (blue), 4.0 nm
(green), 7.1 nm (yellow), A 2.4 nm
10.5 nm (red) and bulk Rh 3
(black). The 26 ranges from g 4.0 nm
30.0° to 89.0° (color figure @ \
online) g AN / ~ T4 nm
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Fig. 5.3 a Solid-state 2H
NMR spectrum of 10.5 nm
Rh nanoparticles. b Spectrum
for 2H» gas was also
measured for reference. Both
spectra were measured at a Rh (2H)

pressure of 0.087 MPa of 2H,
gas at 303 K
—— (a)
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with the TEM image. The XRD data indicates that prepared Rh sample consists of
single crystalline nanoparticles.

Solid-state 2H NMR measurement was performed to investigate the state of
’H in the 10.5 nm Rh nanoparticles (Fig. 5.3). In the spectrum of Rh nanopar-
ticles, a broad absorption line at ca. —120 ppm and a sharp line at ca. O ppm
were observed. In the spectrum of 2H, gas, only a sharp line at ca. 0 ppm was
obtained. On comparison of these spectra, it is reasonable to attribute the sharp
line in the spectrum of the Rh nanoparticles to free deuterium gas (*Hp) and
the broad component to absorbed deuterium atoms (*H) whose motions are
restricted to within the Rh lattice. This result is the same as solid state “H-
NMR previously reported for smaller Rh nanoparticles, so therefore it was
found that the larger 10.5 nm Rh nanoparticles also have hydrogen storage
capabilities.

To investigate the hydrogen storage properties of the Rh nanoparticles based
on particle size, the hydrogen PC isotherms were measured on four samples with
particle sizes from 2.4 to 10.5 nm. Hydrogen absorption properties of metals give
important information related to the electronic state of the metals [17-22]. As
shown in Fig. 5.4, the total amount of hydrogen absorption of prepared 10.5 nm
Rh nanoparticles at 0.1 MPa hydrogen pressure at 303 K was 0.067 H/Rh, and this
value is less than that of smaller Rh nanoparticles. This result follows previous
report that the total amount of hydrogen absorption of Rh nanoparticles decreased
with increasing particle size [16]. The most noteworthy outcome is the change in
temperature dependence of the hydrogen storage properties. Rh nanoparticles hav-
ing a diameter 7.1 nm or less can absorb more hydrogen at 303 K than at 373 K.
Conversely the Rh nanoparticles having a diameter 10.5 nm can absorb more
hydrogen at 373 K than at 303 K. This result shows that the enthalpy of hydrogen
absorption for the Rh nanoparticles was changed from exothermic to endothermic
as particle size increased.
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Fig. 5.4 Temperature dependences in PC isotherms of Rh nanoparticles having a diameter of
a24,b4.0,c7.1,and d 10.5 nm, respectively (blue filled circle absorption at 303 K, blue circle
desorption at 303 K, red filled square absorption at 373 K, red square desorption at 373 K) (color
figure online)

To further investigate, the numerical values of thermodynamics parameters
of hydrogen absorption in Rh nanoparticles were estimated. At low hydrogen
pressures, the hydrogen absorption behaviors of Rh nanoparticles were obeyed

Sieverts law,
\/P / 0 = Kx,

where p is the hydrogen equilibrium pressure, p’ = 0.1 MPa, Ky is Sieverts constant
and x = H/M. The temperature dependence of Ky is approximately given by [23]

InKg = —ASs/R + AHg/RT.

The heat of solution (AHg) of hydrogen in Rh nanoparticles which was estimated
through above formulas was summarized in Table 5.1. The AHg were increased
with increasing the particle size, and the value of AHg changed from minus to plus
between the particle size 7.1-10.5 nm.



74 5 Changeover of the Thermodynamic Behavior for Hydrogen Storage in Rh ...

T}able 5&1 The Size (nm) 2.4 4.0 7.1 10.5
thermodynamic parameters
of hy deg’en absgrpﬁon ok AHs (kV/mol H) —123 | —47 ~19 69
nanoparticles
Fig. 5.5 Temperature 0.12
dependences in PC isotherms
of bulk Rh (blue filled circle 0.10
absorption at 303 K, blue
circle desorption at 303 K, & o
red filled square absorption at ="
373 K, red square desorption g
at 373 K) s 0.06
H
~ 0.04
T
0.02
oo0WW
0.00 0.04 0.08 0.12
H/Rh

This phenomenon might be caused by the change in electronic state of Rh
with increasing particle size. The electronic state of 10.5 nm Rh nanoparticles
appears to be in an intermediate state between that of bulk and nanoscale par-
ticles, which is greatly affected by nanosize effect. From the point of view of
electronic state, the 10.5 nm particles have unique hydrogen storage property
which is considered as a property in boundary region between bulk and nano-
size region. As a reference, the hydrogen PC isotherms of bulk Rh are shown in
Fig. 5.5.

5.4 Conclusion

In summary, the author investigated the hydrogen storage properties of Rh in the
boundary region between bulk and nanoscale. The enthalpy of hydrogen absorp-
tion in Rh nanoparticles was changed from exothermic to endothermic with
increasing particle size, and the critical size is between 7 and 10 nm. The ther-
modynamics of hydrogen storage in metal nanoparticles could be tuned by con-
trolling the particle size. In addition, from the point of view of materials science,
materials in this boundary region should be expected to have unique properties
(Fig. 5.6).
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Fig. 5.6 Graphical abstraction of changeover of the thermodynamic behavior for hydrogen stor-
age in Rh with increasing nanoparticle size
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