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To understand how the constituent atoms participate in the hydrogenation of Pd-based alloys at ∼0.1 MPa of
hydrogen pressure (PH2 ), we investigated the electronic states in Pd-M (M = Ru, Rh, Ag, and Au) alloys and
their hydrides element-selectively by using x-ray absorption spectroscopy at the L2,3 edges. Spectral changes
near the absorption edge demonstrate that both Pd and M atoms form bonds with H atoms in the Pd-M (M =
Ru and Rh) alloys even at PH2 ∼ 0.1 MPa. This is a striking result because high pressures of more than 1 GPa
are required for the hydrogenation of Rh and Ru pure metals. In contrast, only Pd atoms bond with H atoms
and the M-H bond is absent in the case of Pd-M (M = Ag and Au) alloys. Therefore, the hydrogen-induced
changes in the electronic states differ between Ms with fully occupied d shells and Ms with partially occupied
d shells. This study reveals that the thermodynamic hydrogenation properties of Pd-M alloys can be determined
by a combination of the formation of the M-H bond and lattice expansion or compression by alloying Pd metal
with M .
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I. INTRODUCTION

Palladium (Pd) is an important material for the hydrogen
absorbing alloys [1,2]. Molecular H2 dissociates at the surface
of Pd, the atomic H occupies octahedral sites in the fcc lattice of
Pd metal, and Pd monohydride (PdH), which has a NaCl-type
structure, is formed. At room temperature, the β phase of PdHx

(x ∼ 0.6) coexists with the α phase of PdHx(x � 0.1), which is
present as a solid solution, at an equilibrium hydrogen pressure
of PH2 � 1 kPa. The coexistence is observed as a plateau of
PH2 in the P -x curve. The high activity of Pd with hydrogen
is of great interest, because other d metals with more than
half-filled d shells such as Ru and Rh are hydrogenated at
PH2 values exceeding 1 GPa to form the β phase [3,4]. The
difference in molar enthalpy at the hydrogenation, �Hplat, of
Pd is estimated to be −40 kJ/mol H2 [1]; the negative value
�Hplat is indicative of the high stability of the β phase of PdHx

compared with that of the α phase.
The excellent hydrogen absorbing properties of Pd metal

are modified by alloying Pd with another transition metal M .
In the case of M = Rh, PH2 increases rapidly with increasing
Rh content, and the hydrogen content x of the β phase of the
Pd-Rh alloy slightly increases [5]. This trend of PH2 indicates
that �Hplat also increases and the sign of �Hplat eventually
becomes positive [see Fig. 9(b)]. Consequently, the Pd1−yRhy

alloy with Rh content y � 0.1 is no longer hydrogenated at
pressures lower than PH2 ∼ 0.1 MPa. In the case of M = Ag,
PH2 decreases with increasing Ag content [6]. This result is
due to a decrease in �Hplat, so that the hydrogenation of the
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Pd-Ag alloy is more reactive than that of Pd metal; however,
the β phase of the Pd-Ag alloy absorbs a lesser amount of
hydrogen atoms than pure Pd. The plateau corresponding to
the coexistence of α and β phases at PH2 vanishes in the P -x
curve at an Ag content greater than y = 0.24 of the Pd1−yAgy

alloy; pressures much higher than PH2 ∼ 0.1 MPa are required
to achieve hydrogenation of the Pd-Ag alloy to absorb the same
amount of hydrogen in the β phase of pure Pd at 300 K.

Alloying Pd with the neighboring Rh or Ag metals in
the fifth row of the periodic table, the average number
of 4d electrons decreases or increases, respectively, in the
alloy with respect to the number of pure Pd. Therefore,
interpretations based on the rigid-band model have been
widely used to understand the hydrogenation property of
transition-metal alloys [7–10]. However, the nonsystematic
behavior of the hydrogenation as a function of Rh and
Ag content demonstrates that the rigid-band model is an
oversimplified interpretation of the hydrogenation properties;
the intrinsic H absorbing property of each M atom probably
influences the hydrogenation of the Pd-M alloys. However, it
is not fully understood how Rh and Ag atoms participate in
the hydrogenation of the Pd-M alloys.

In this paper, we have investigated the d electronic states
of Pd-M alloys (M = Ru, Rh, Ag, and Au) before and
after hydrogenation by using x-ray absorption spectroscopy
(XAS) at the L2 and L3 edges. The XAS profile at the L2,3

edges is capable of detecting the reconstruction of the d and
s unoccupied electronic structures above the Fermi energy
(EF) due to hydrogenation [11–13]. XAS has the advantage
that the partial electronic structures of Pd and M can be
distinguished by tuning the photon energies to the absorption
edges of these elements. Therefore, XAS analysis allows us
to discuss the element-selective influence of the constituent
atoms on the hydrogenation of the Pd-M alloys. We have also
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performed first-principles calculations to elucidate the spectral
changes due to hydrogenation. Finally, the hydrogenation
properties of the Pd-M alloys are discussed based on the
relationship between the element-selective electronic structure
and thermodynamic properties.

II. EXPERIMENTAL PROCEDURE

Pd-M (M = Ru, Rh, Ag, and Au) polycrystalline alloys
were synthesized by the arc melting method. The obtained
ingots were cut and formed into disks 0.3 mm in thickness. The
actual composition of each alloy was evaluated by electron-
probe microanalysis. The disk was hydrogenated under a flow
of H2 gas at 0.1 MPa and room temperature. X-ray diffraction
was measured in situ to monitor volume expansion during the
hydrogenation process. The lattice constant linearly increased
from 3.8907 to 4.090 Å on the hydrogenation from Pd metal to
PdH monohydrides [14]. This trend allows us to suppose the
relationship between the hydrogen content x and the volume
expansion: x = (aMH − aM )/0.20, where aM and aMH are the
lattice constants before and after hydrogenation, respectively,
in units of Å. Applying the same relationship to the Pd-M
alloys, we evaluated the hydrogen content of each alloy. Lattice
constants of the fcc structure consisting of disordered Pd and
M atoms were used as the input values for this estimation.

XAS measurements at the L2,3 edges of the 4d elements
were performed on BL-11 of Hiroshima Synchrotron Research
Center (HSRC) [15]. XAS spectra at the Au L2,3 edges were
measured on BL39XU of SPring-8 [16]. Spectra at the Pd
L2,3 edge were recorded using the conversion electron yield
(CEY) method, whereas partial fluorescence yield (PFY) was
employed to measure spectra at the L2,3 edges of other Ms
by using a silicon drift detector. Samples were exposed to a
flow of 95%He+5%H2 gas during the XAS measurements
on BL-11 to avoid hydrogen desorption. On the other hand,
samples were enclosed in an H2 atmosphere at 0.1 MPa during
the XAS measurements on BL39XU for the same purpose.
Using XRD measurements, we confirmed that significant
hydrogen desorption did not occur; that is, more than 90%
of the initial hydrogen content remained in the sample after
the XAS measurements. It should be noted that CEY is a
surface-sensitive technique, which has a probing depth on the
order of several tens of nm, and this depth is significantly
thinner than the probing depth of PFY, which is typically on
the order of μm. Hydrogen-induced changes were observed
in both spectra obtained by CEY and PFY. This observation
ensures that hydrogen atoms occupy the whole part of the
sample, and that severe segregation does not occur.

The density of states (DOS) of the M hydrides and XAS
profiles were calculated using first-principles calculations
based on density functional theory with the all-electron full-
potential linear augmented plane-wave method [17]. Exchange
and correlation were treated with the generalized gradient
approximation. Uniform k-mesh sets of 40 × 40 × 40 with
the improved tetrahedron method were used for integration
in the Brillouin zone. Spin-orbit interaction is included self-
consistently. The muffin-tin sphere radii were set to 1.1 Å
for M and 0.85 Å for H. The transition probability per unit
time based on Fermi’s golden rule was calculated in order
to simulate the XAS spectra. The transition matrix elements
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FIG. 1. XRD patterns of the polycrystalline Pd0.99Ru0.01 disk
(black) and its hydride (red). A Cu Kα x ray was used for the
measurements.

were calculated only taking into account the electric dipole
transitions. The effect of core hole potential was ignored in
these calculations.

III. RESULTS AND DISCUSSION

A. Hydrogen absorbing property of the Pd-M alloys

XRD patterns of a polycrystalline Pd0.99Ru0.01 disk and its
hydride are shown in Fig. 1 as an example of hydrogenation.
Both diffraction patterns are assigned as fcc structures because
x-ray scattering from hydrogen atoms is very weak. The pattern
of the hydride shifts to lower angles due to volume expansion
of hydrogenation. The width of the Bragg peak becomes ∼1.2
times broader after hydrogenation, which is induced by the
local strain of Pd/Ru atoms around hydrogen atoms. The
composition dependence of the lattice constant of the Pd-M
alloys is summarized in Fig. 2. The hydrogenation-induced
volume expansion is also displayed in this figure. The lattice
constant changes linearly by alloying Pd with Ms. Alloying
with Au, Ag, and Pt metals expands the lattice constant,
whereas other Ms (Cu, Rh, and Ru) decrease the lattice
constant. This systematic trend is attributed to Vegard’s law
based on the relative difference of the atomic radius of M with
respect to Pd.

The large volume expansion due to hydrogenation is clearly
shown in Fig. 2. As mentioned in the previous section,
we evaluated the hydrogen content of each alloy under
the conditions of PH2 ∼ 0.1 MPa and 300 K based on the
hydrogen-induced volume expansion: x = (aMH − aM )/0.20.
The inset of Fig. 2 summarizes the hydrogen content, x, as
a function of M content, y. The average error for x, which
is calculated from the full width at half maximum of Bragg
peaks, is estimated to be ∼2%. The value of x moderately
decreases with increasing y for Cu, Ag, and Au contents. In
the case of the Pd-Rh alloy, a sudden drop in x occurs when
y reaches ∼0.15; this drop appears after a slight increase in x

with increasing Rh content up to y = 0.12. A steep decrease
in x is observed in the case of the Pd-Ru and Pd-Pt alloys. The
steep decrease and sudden drop in x correspond to the fact that
PH2 increases with increasing M content and exceeds 0.1 MPa.
The slight increase in x compared with that of pure Pd has been
reported not only for the Pd-Rh alloy but also for the Pd-Ru
alloy; hydrogen content up to x = 0.8 has been observed in
the Pd0.98Ru0.02 alloy by the magnetic susceptibility [7] and
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FIG. 2. Lattice constant of Pd-M alloys as a function of M content
y. Open symbols represent the lattice constants before hydrogenation,
and closed symbols denote the lattice constants after hydrogenation.
Solid and broken lines are guides for the eye. The inset shows
hydrogen content x as a function of y. The hydrogen content, x, was
evaluated from the hydrogen-induced expansion of lattice constants.

voltammogram [18] measurements. However, a Pd-Ru alloy
with additional hydrogen content was not obtained in our
sample preparation.

B. DOS and calculated XAS spectra

Figure 3 shows the DOS of Ag, Pd, Rh, and Ru mono-
hydrides together with those of the pure metals. To examine
the influence of hydrogen occupancy on the element-selective
electronic structure in the Pd-M alloys, we calculated the DOS
of Ru, Rh, Ag, and their monohydrides by assuming fcc and
NaCl-type crystal structures, respectively. The same lattice
constants for PdH (4.090 Å) and the fcc structure of the Pd
lattice (3.8907 Å) were used for our calculations of MH and M ,
respectively. Our calculations of Pd and PdH well reproduce
the results of the earlier theoretical work [19]. The large DOS
near the EF mainly consists of a 4d component originating
from the overlap of M 4d orbitals of neighboring sites. We
refer to this as the 4d band hereafter.

Changes in the DOS due to hydrogenation are summarized
as follows.

(i) Bonding and antibonding states appear below and above
the 4d band. These states consist of hybridization between M

s,p,4d, and H 1s components. The bonding and antibonding
states of RuH, RhH, and PdH are located at ∼EF − 7 and
∼EF + 5 eV, respectively. Concerning AgH, the bonding and
antibonding states appear at lower-energy levels.

(ii) The 4d band narrows. This is caused by reduced overlap
between M 4d orbitals due to the hydrogenation-induced
volume expansion.
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FIG. 3. Total DOS of (a) AgH, (b) PdH, (c) RhH, and (d) RuH
(red, thick lines) together with the DOS of pure metals (black, thin
lines). The vertical lines indicate the Fermi energy, EF.

(iii) The Fermi energy, EF, changes with respect to the 4d

band. EF moves to the higher-energy part of the 4d band, and
the EF of PdH is located above the 4d band [19].

Concerning the reconstruction of the electronic state after
hydrogenation, it is well known that the electron density
around the H atom in a metal hydride becomes noticeably
higher than that around an isolated H atom. The attractive
electrostatic potential of the proton causes the bonding state
accommodating two electrons, where the charge density is
spherically distributed (s character) around the proton [20,21].
However, the total number of 4d electrons is almost unchanged
after hydrogenation, which is in contrast to the drastic changes
in the location of EF with respect to the 4d band. The increase
in the number of 4d electrons in the muffin-tin spheres is
estimated to be ∼0.1 or less. The extra electrons around the
proton originate from the interstitial charge density of the M s

and p conduction electrons that are mainly distributed outside
of the muffin-tin spheres. Therefore, the number of electrons
in the muffin-tin spheres does not change significantly.
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FIG. 4. Calculated XAS profiles of (a) RuH, (b) RhH, (c) PdH,
and (d) AgH at the M L3 edge (red, thick lines) together with XAS
of pure metals (black, thin lines). The vertical lines indicate the
absorption edge E0 determined from the energy gap between the
2p3/2 core level and Fermi energy of the M . The inset in panel (d)
displays calculated profiles of Ag and AgH at the Ag L2 edge.

In Fig. 4, the calculated XAS profiles of pure metals and
monohydrides at the M L3 edge and Ag L2 edge are plotted for
comparison with the results of experiments. Photon energies of
Fig. 4 are simply plotted as relative energies with respect to the
energy gap between the 2p3/2 core level and the Fermi energy
of the pure metal (M). The following three modifications are
recognized in the XAS profile as resulting from the H-induced
reconstruction of the electronic structure: (i) suppression of
the white line (WL), labeled as A; (ii) the appearance of a new
peak, labeled as B; and (iii) the shift of the absorption edge.
Because the integrated intensity of the WL corresponds to the
number of 4d holes [22], the suppression of WL indicates that
the number of unoccupied states in the 4d band near the EF

decreases after hydrogenation. The new peak B, which appears
about 7 eV above the absorption edge, is attributed to the
antibonding states consisting of the M 4d and H 1s orbitals.
The shift of the absorption edge due to the hydrogenation
is estimated to be +0.4 eV at the Pd L3 edge, whereas the
shift is small in the cases of Rh and gives a negative value
for Ru. The spectral change of Ag significantly differs from
those of Ru, Rh, and Pd. WL does not exist in the profile
of Ag because the 4d band is fully occupied. However, our
calculations predict that a prominent peak should appear near
the absorption edge after hydrogenation if AgH is formed.
According to the DOS of AgH, this new peak should be
assigned to peak B, corresponding to the antibonding state,
because the antibonding state appears near the EF.

C. XAS profile at the L2,3 edges of the 4d and 5d elements

Experimental results of XAS spectra are shown in Figs. 5–8.
Figure 5 shows hydrogenation-induced changes in the XAS
spectra of pure Pd and Pd-M alloys at the Pd L2,3 edges.
Three changes predicted by the calculation were observed in
the experimental XAS profiles as a result of the H-induced
reconstruction of the local electronic states around Pd: (i)
suppression of WL, labeled as A; (ii) the appearance of a new
peak, labeled as B; and (iii) the shift of the absorption edge
to higher energy, as plotted in the inset of Fig. 5. These three
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FIG. 5. XAS spectra of Pd, Pd-M alloys and their hydrides at
the Pd L2,3 edges. Thin (black) lines and thick (red) lines represent
the spectra of alloy and hydrides, respectively. The inset in the right
panel summarizes the energy shift of the absorption edge E0 at M

L2,3 edges after hydrogenation.

changes are observed at the Pd L2 and L3 edges of all samples,
indicating that Pd atoms bond with the H atoms in each alloy.
The bond corresponds to hybridization of electronic orbitals
between M d, p, s, and H 1s electrons due to bonding and
antibonding states.

Figures 6 and 7 show XAS spectra of Pd-Rh alloys at the
Rh L2,3 edges and the spectra of Pd-Ru alloys at the Ru L2,3

edges, respectively. The intensity of the WL is larger than that
of the Pd L2,3 edges because of the reduced number of 4d

electrons in Rh and Ru atoms. The suppression of WL and
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FIG. 6. XAS spectra of the Pd-Rh alloys at the Rh L2,3 edges.
Thin (black) lines and thick (black) lines represent the spectra of
alloys and hydrides, respectively.
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FIG. 7. XAS spectra of the Pd-Ru alloys at the Ru L2,3 edges.
Thin (black) lines and thick (red) lines represent the spectra of alloy
and hydrides, respectively.

the newly formed peak B are as hydrogen-induced changes,
and these are similar to the spectral changes at the Pd L2,3

edges. As summarized in the inset of Fig. 5, the absorption
edge moves towards lower energy or is unchanged at the Rh
and Ru L2,3 edges after hydrogenation, which is in contrast to
the remarkable positive shift at the Pd L2,3 edges.

These spectral changes reveal that, by alloying Pd with
Ru or Rh, Rh-H and Ru-H bonds are formed even under
PH2 ∼ 0.1 MPa. The appearance of Ru-H and Rh-H bonds
in the Pd-M alloys is a striking result of this study because
high pressures of more than 1 GPa are required for the
hydrogenation of Rh and Ru pure metals. The excellent
reproducibility of the experimental XAS profiles at the Rh L3

edge by the calculated spectra based on the Rh monohydrides
demonstrates that the partial electronic states of Rh in the alloy
are mostly similar to the electronic state of their monohydrides.
In the Pd0.95Rh0.05H0.7 alloy, the Rh atoms bond with four or
five neighboring H atoms at octahedrally coordinated sites,
which yields a nearly same electronic structure due to the
coordination around the Rh atoms in Rh monohydride with
the NaCl structure. On the other hand, we note that the
experimental profiles at the Ru L2,3 edges exhibit a small
decrease in the WL intensity and a low-intensity B peak;
compared with the calculated profile at the Ru L3 edge
(see Fig. 4), the changes in the experimental profile are
suppressed. The weak changes indicate that the Ru atoms in
the Pd-Ru alloy are surrounded by fewer H atoms than the
number of H atoms around Pd and Rh atoms, and Ru atoms
probably form weak bonds with H atoms. We speculate that H
atoms preferentially occupy Pd-rich sites in the Pd-Ru alloy,
because the Ru-H bond is less stable than the Pd-H and Rh-H
bonds.

As shown in Fig. 8, hydrogenation-induced changes in the
XAS spectra at the Ag L2 edge differ from those in the XAS
profiles at the L2,3 edges of other 4d elements. The oscillating
profile above the edge moves to the lower-energy direction,
which is due to the volume expansion after hydrogenation.
The experimental profile after hydrogenation does not exhibit
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FIG. 8. XAS spectra of the Pd-M (M = Ag, Au) alloys at the (a)
Ag L2, (b) Au L3, and (c) Au L2 edges. Thin (black) lines and thick
(red) lines represent the spectra of alloy and hydrides, respectively.

a peak in contrast to the fact that our calculations predict the
appearance of peak B near the absorption edge. The small
spectral change and the absence of peak B are also observed in
the results at the Au L2 and L3 edges. Therefore, the electronic
states of Ag and Au atoms are not influenced by hydrogen
occupation. In the case of elements with fully occupied d

shells such as Ag and Au, H atoms do not bond with Ag or Au
atoms, and only Pd atoms bond with H atoms in the alloys at
PH2 ∼ 0.1 MPa.

As shown in Fig. 5 and in the inset of the same figure, the
absorption edge at the Pd L2,3 edges shifts to higher energy,
and this behavior is not observed at the L2,3 edges of Rh and
Ru. To understand the remarkable shift in the absorption edges,
we paid attention to how the changes in the DOS affect the
profiles near the edge. This is a valid approach because the
experimental observation of the shift is well reproduced by
the calculated spectra of Pd, as shown in Fig. 4. According to
the DOS of Rh and Ru and their monohydrides, EF is located
within the 4d band, and high densities near the top of the 4d

band remain unoccupied before and after hydrogenation. The
presence of high unoccupied densities near the top of the 4d

band results in the steep rising edge of the WL. In the case of
Pd, the EF of Pd moves above the 4d band after hydrogenation,
and consequently the 4d band of PdH is fully occupied. The
fully occupied 4d band of PdH yields a different absorption
profile near the rising edge. Only low and uniform densities
remain above the EF of PdH, giving rise to the moderate slope
of the rising edge near the absorption edge [12]. The difference
between the moderate and steep slope at the rising edge
results in the remarkable positive shift of the absorption edge.
Therefore, the position of the absorption edge is determined
from the H-induced change in the 4d band.
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D. Relationship between hydrogenation properties
and the element-specific electronic structure

In this subsection, we discuss the relationship between the
thermodynamic hydrogenation properties and the element-
specific electronic structure of the Pd-M alloy. Our first-
principles calculations evaluate the energy difference, �Q,
between M and MH. By subtracting the Gibbs free energy of
hydrogen gas, −15.87 eV/H atom at 300 K from �Q, the en-
thalpy of formation, �HMH, is estimated as a thermodynamic
parameter from the following reaction; M + 1

2 H2 + �HMH =
MH. The evaluated values of �HMH are plotted in Fig. 9(a).
Only the reaction of Pd with hydrogen gives a negative value
of �HMH; other M metals yield positive values of �HMH.
The negative �HMH of Pd is demonstrated by the exothermic
nature of the hydrogenation reaction.

The calculated values of �HMH demonstrate that the for-
mation of M-H bonds (M = Ru, Rh, and Ag) is endothermic,
and the M-H bonds are energetically unstable compared
with the stability of Pd-H bonds. Our results of XAS reveal
that both Rh-H and Ru-H bonds exist together with the
Pd-H bonds in the Pd-Rh and Pd-Ru alloys, even at PH2 ∼
0.1 MPa, so that endothermic reactions due to the formation of
Rh-H or Ru-H bonds compensate for the exothermic reaction
for the formation of the Pd-H bonds in the Pd-M alloy.
Therefore, an increase in the number of Rh-H or Ru-H bonds
increases the enthalpy of the reaction, �Hplat. Consequently,
the hydrogenation of Pd-Rh and Pd-Ru alloys eventually
becomes endothermic, as illustrated in Fig. 9(b).

On the other hand, the values of �Hplat for the Pd-Ag
and Pd-Au alloys decrease with increasing Ag or Au content,
which is the opposite trend of the hydrogenation of the Pd-Rh
alloy. The XAS spectra at the Ag and Au L2,3 edges reveal
that Ag and Au atoms do not form bonds with H atoms in
the alloy; only Pd atoms form bonds to H atoms. Because
the number of Pd-H bonds decreases with increasing Ag or
Au content, the H content, x, linearly decreases as shown in
the inset of Fig. 2. To understand the origin of the enhanced
negative �Hplat, it is valuable to note that �Hplat of the
Pd-Cu alloy increases with increasing Cu content, which is
the opposite trend to those of the Pd-Ag or Pd-Au alloys [23].
The different behavior between Cu, Ag, and Au alloys is

surprising because Cu also has a closed 3d shell and Cu-H
bonds are probably not present in the Pd-Cu alloy by analogy
with the behavior in the Pd-Ag and Pd-Au alloys. One of the
hints for understanding this opposite behavior is the lattice
expansion (compression) that occurs on alloying Pd with ele-
ments with a larger (smaller) atomic radius. As shown in Fig. 2,
the lattice parameter of the Pd-M alloy linearly increases with
increasing Ag and Au contents, whereas the lattice parameter
linearly decreases with increasing Cu contents because Cu
has smaller atomic radius than Pd. Therefore, we concluded
that the initial lattice expansion of the Pd-Ag and Pd-Au
alloys has an influence on the enhanced negative �Hplat.
Because occupation of hydrogen atoms typically causes a
∼5% expansion of lattice constant of the alloys, a significant
amount of elastic energy is exhausted during hydrogenation.
Therefore, the initial lattice expansion due to alloying with Ag
and Au probably yields an energetic gain for the formation of
Pd-H bonds in the alloy with respect to the energy required
for a Pd-H bond in pure Pd. The changes in the enthalpy can
also be understood by considering the changes in the effective
electron density of the alloy, because importance of the low
electron density for the hydrogenation has been proposed by
the effective medium theory [26]. Ag and Au atoms do not
bond with hydrogen; however, occupation of these atoms can
be seen as expanding the Pd lattice and thereby decreasing the
Pd electron density per volume unit. The lower electron density
compared with that of Pd probably gives energetic gain to the
hydrogenation of Pd-Au and Pd-Ag Alloys. Finally, we note
that our interpretation is similar to the previous work of Fujitani
et al. [27]. They have discussed the relationship between the
equilibrium hydrogen pressure and lattice parameters for the
ZrMn2−xMx (M = V, Fe, Co, and Ni) system.

IV. CONCLUSIONS

In this paper, we have investigated the d electronic states
of Pd-M alloys (M = Ru, Rh, Ag, and Au) before and after
hydrogenation by using XAS at the L2,3 edges. The relation-
ship between the thermodynamic hydrogenation property of
the Pd-M alloy and the element-selective electronic structure
has been discussed. Spectral changes near the absorption edge
demonstrate that both Pd and M atoms form bonds with H
atoms in the Pd-M (M = Ru and Rh) alloys, whereas only Pd
atoms form bonds with H atoms in the Pd-M (M = Ag and
Au) alloys. Therefore, the effect of hydrogen on each M differs
between the fully occupied and partially occupied d shells of
the M . The existence of Ru-H and Rh-H bonds in the Pd-Ru
and Pd-Rh alloys is a striking result of this paper, because
Ru and Rh pure metals cannot be hydrogenated under PH2 ∼
0.1 MPa. To summarize, the thermodynamic hydrogenation
property �Hplat of the Pd-M alloys is determined by two
phenomena as follows: (i) an increase in the number of M-H
bond changes the negative value of �Hplat to positive values,
and (ii) lattice expansion (compression) due to alloying Pd
with M reduces (elevates) the values of �Hplat.
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Electrochem. Commun. 20, 175 (2012).

[19] D. Papaconstantopoulos, B. Klein, E. Economou, and L. Boyer,
Phys. Rev. B 17, 141 (1978).

[20] P. Vargas and N. E. Christensen, Phys. Rev. B 35, 1993
(1987).

[21] C. Elsässer, J. Zhu, S. G. Louie, M. Fähnle, and C. T. Chan,
J. Phys.: Condens. Matter 10, 5081 (1998).

[22] B. Qi, I. Perez, P. H. Ansari, F. Lu, and M. Croft, Phys. Rev. B
36, 2972 (1987).

[23] S. Luo, D. Wang, and T. B. Flanagan, J. Phys. Chem. B 114,
6117 (2010).

[24] H. Noh, T. B. Flanagan, T. Sonoda, and Y. Sakamoto, J. Alloys
Compd. 228, 164 (1995).

[25] H. Noh, W. Luo, and T. B. Flanagan, J. Alloys Compd. 196, 7
(1993).

[26] J. K. Nørskov, Phys. Rev. B 26, 2875 (1982).
[27] S. Fujitani, I. Yonezu, T. Saito, N. Furukawa, E. Akiba, H.

Hayakawa, and S. Ono, J. Less Common Metals 172, 220 (1991).

024116-7

https://doi.org/10.1016/S0925-8388(01)01532-8
https://doi.org/10.1016/S0925-8388(01)01532-8
https://doi.org/10.1016/S0925-8388(01)01532-8
https://doi.org/10.1016/S0925-8388(01)01532-8
https://doi.org/10.1103/PhysRevLett.111.215503
https://doi.org/10.1103/PhysRevLett.111.215503
https://doi.org/10.1103/PhysRevLett.111.215503
https://doi.org/10.1103/PhysRevLett.111.215503
https://doi.org/10.1103/PhysRevB.93.064103
https://doi.org/10.1103/PhysRevB.93.064103
https://doi.org/10.1103/PhysRevB.93.064103
https://doi.org/10.1103/PhysRevB.93.064103
https://doi.org/10.1016/0925-8388(95)01875-1
https://doi.org/10.1016/0925-8388(95)01875-1
https://doi.org/10.1016/0925-8388(95)01875-1
https://doi.org/10.1016/0925-8388(95)01875-1
https://doi.org/10.1021/jp073484v
https://doi.org/10.1021/jp073484v
https://doi.org/10.1021/jp073484v
https://doi.org/10.1021/jp073484v
https://doi.org/10.1016/0022-5088(80)90089-2
https://doi.org/10.1016/0022-5088(80)90089-2
https://doi.org/10.1016/0022-5088(80)90089-2
https://doi.org/10.1016/0022-5088(80)90089-2
https://doi.org/10.1021/ja107362z
https://doi.org/10.1021/ja107362z
https://doi.org/10.1021/ja107362z
https://doi.org/10.1021/ja107362z
https://doi.org/10.1063/1.4896857
https://doi.org/10.1063/1.4896857
https://doi.org/10.1063/1.4896857
https://doi.org/10.1063/1.4896857
https://doi.org/10.1088/0953-8984/14/25/311
https://doi.org/10.1088/0953-8984/14/25/311
https://doi.org/10.1088/0953-8984/14/25/311
https://doi.org/10.1088/0953-8984/14/25/311
https://doi.org/10.1103/PhysRevB.57.3881
https://doi.org/10.1103/PhysRevB.57.3881
https://doi.org/10.1103/PhysRevB.57.3881
https://doi.org/10.1103/PhysRevB.57.3881
https://doi.org/10.1016/0038-1098(89)90776-X
https://doi.org/10.1016/0038-1098(89)90776-X
https://doi.org/10.1016/0038-1098(89)90776-X
https://doi.org/10.1016/0038-1098(89)90776-X
https://doi.org/10.1088/1742-6596/190/1/012070
https://doi.org/10.1088/1742-6596/190/1/012070
https://doi.org/10.1088/1742-6596/190/1/012070
https://doi.org/10.1088/1742-6596/190/1/012070
https://doi.org/10.1103/PhysRevB.53.1
https://doi.org/10.1103/PhysRevB.53.1
https://doi.org/10.1103/PhysRevB.53.1
https://doi.org/10.1103/PhysRevB.53.1
https://doi.org/10.2116/analsci.24.835
https://doi.org/10.2116/analsci.24.835
https://doi.org/10.2116/analsci.24.835
https://doi.org/10.2116/analsci.24.835
https://doi.org/10.1107/S0909049599011243
https://doi.org/10.1107/S0909049599011243
https://doi.org/10.1107/S0909049599011243
https://doi.org/10.1107/S0909049599011243
https://doi.org/10.1143/JPSJ.81.064707
https://doi.org/10.1143/JPSJ.81.064707
https://doi.org/10.1143/JPSJ.81.064707
https://doi.org/10.1143/JPSJ.81.064707
https://doi.org/10.1016/j.elecom.2012.04.022
https://doi.org/10.1016/j.elecom.2012.04.022
https://doi.org/10.1016/j.elecom.2012.04.022
https://doi.org/10.1016/j.elecom.2012.04.022
https://doi.org/10.1103/PhysRevB.17.141
https://doi.org/10.1103/PhysRevB.17.141
https://doi.org/10.1103/PhysRevB.17.141
https://doi.org/10.1103/PhysRevB.17.141
https://doi.org/10.1103/PhysRevB.35.1993
https://doi.org/10.1103/PhysRevB.35.1993
https://doi.org/10.1103/PhysRevB.35.1993
https://doi.org/10.1103/PhysRevB.35.1993
https://doi.org/10.1088/0953-8984/10/23/012
https://doi.org/10.1088/0953-8984/10/23/012
https://doi.org/10.1088/0953-8984/10/23/012
https://doi.org/10.1088/0953-8984/10/23/012
https://doi.org/10.1103/PhysRevB.36.2972
https://doi.org/10.1103/PhysRevB.36.2972
https://doi.org/10.1103/PhysRevB.36.2972
https://doi.org/10.1103/PhysRevB.36.2972
https://doi.org/10.1021/jp100858r
https://doi.org/10.1021/jp100858r
https://doi.org/10.1021/jp100858r
https://doi.org/10.1021/jp100858r
https://doi.org/10.1016/0925-8388(95)01905-7
https://doi.org/10.1016/0925-8388(95)01905-7
https://doi.org/10.1016/0925-8388(95)01905-7
https://doi.org/10.1016/0925-8388(95)01905-7
https://doi.org/10.1016/0925-8388(93)90562-2
https://doi.org/10.1016/0925-8388(93)90562-2
https://doi.org/10.1016/0925-8388(93)90562-2
https://doi.org/10.1016/0925-8388(93)90562-2
https://doi.org/10.1103/PhysRevB.26.2875
https://doi.org/10.1103/PhysRevB.26.2875
https://doi.org/10.1103/PhysRevB.26.2875
https://doi.org/10.1103/PhysRevB.26.2875
https://doi.org/10.1016/0022-5088(91)90451-9
https://doi.org/10.1016/0022-5088(91)90451-9
https://doi.org/10.1016/0022-5088(91)90451-9
https://doi.org/10.1016/0022-5088(91)90451-9



