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Abstract

We have investigated the chemical state around the Mg and Pd atoms in the Mg-Pd
nanoparticles by the Mg K- and Pd Ls-edges NEXAFS techniques without the air oxidation
of the nanoparticles. NEXAFS analyses have revealed that the Mg-Pd nanoparticles possess
metallic Mg and Pd states and the surface of the Mg-Pd nanoparticles is partly oxidized.
Furthermore, both the Mg K- and Pd Ls-edges NEXAFS spectra imply that the Mg-Pd alloy
phases are formed in the Mg-Pd nanoparticles. We have also investigated the variation of
the chemical states around the Pd atom after the cycles of the exposure to the H, gas by the
Pd Ls-edge NEXAFS. The Pd L3-edge NEXAFS analysis has shown that the dissociation of
the Mg-Pd alloy phases has been caused by the cycles of hydrogenation and
dehydrogenation.



1. Introduction

The future energy system using hydrogen as energy carrier is expected as the alternative
energy system to the current energy system. Hydrogen storage materials play important role
as the storage chamber of the hydrogen. Magnesium (Mg) is attractive material for
hydrogen (H) storage because MgH, achieves high hydrogen storage amount of 7.6 wt%.
Furthermore, Mg is lightweight and inexpensive compared with other candidates of the
hydrogen storage materials. There are two problems in application of Mg to the hydrogen
storage system: both hydro-/dehydrogenation reactions of Mg require i) time scale of a few
hours and ii) high temperature condition. These difficulties are attributed to low diffusion
rate of hydrogen inside of Mg and low dissociation activity of H, molecule at Mg surface.
The hydrogen diffusion Kinetics inside of Mg is limited by the MgH- layer. The decrease of
diffusion length is favorable for the complete of hydro-/dehydrogenation of Mg, i.e.
nanomaterial of Mg such as Mg nanoparticle is superior to bulk materials [1, 2]. Moreover,
addition of transition metal as catalyst is effective for improvement of dissociation activity
of the H, molecule. The Mg thin film capped by palladium (Pd) layer can storage hydrogen
at room temperature under 0.1 MPa of the H, gas within several tens of seconds [3]. The Pd
layer can dissociate the H, molecule and also transport hydrogen to the Mg layer via the
Mg-Pd alloy layer between the Mg and Pd layers. In this study, we have investigated the
chemical state around the Mg and Pd atoms in the Mg-Pd nanoparticles by the near Mg K-
and Pd Ls-edges X-ray absorption fine structure (Mg K- and Pd Ls-edges NEXAFS)
techniques. The Mg-Pd nanoparticles consisted of the both Mg and Pd atoms have been
fabricated by the gas evaporation method using He gas. The XAFS measurements have
been carried out without the exposure to the air due to easy oxidizability of the Mg
nanomaterials [4-6]. Furthermore, we have focused on the variation of the chemical state
around the Pd atoms before and after the exposure to the H, gas.

2. Experimental
Fabrication of the Mg-Pd nanoparticles

The Mg-Pd nanoparticles were fabricated by the gas evaporation method using He gas
(purity: 99.99995 %) [7]. The rod shaped Mg and Pd wire were used as the evaporation
sources. These sources equipped in the same evaporation chamber were evaporated
simultaneously under the He gas atmosphere of 9 kPa. The Mg-Pd nanoparticles were
formed by condensation of the Mg and Pd atoms in the He atmosphere and deposited on the
Si(100) substrate. Fig. 1 shows the high-resolution transmission electron microscopy
(HRTEM) image of the Mg-Pd nanoparticles deposited on the Cu micro-grid. The obvious



lattice fringes in Fig.1 represent that the Mg-Pd nanoparticles have the crystal structure.
The size of Mg-Pd nanoparticles was evaluated by the atomic force microscopy (AFM).
The AFM observation was carried out with noncontact mode under the atmospheric
condition. The diameter of Mg-Pd nanoparticles has been evaluated by the height value of
the AFM image because of high resolution in vertical direction of the AFM observation
compared with horizontal one. The size distribution of Mg-Pd nanoparticles is shown in Fig.
1. The average diameter of Mg-Pd nanoparticles was evaluated to be 4.5 nm.
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Fig.1 HRTEM image (left side) and the size distribution of the Mg-Pd nanoparticles (right side).

Mg K- and Pd Ls-edges NEXAFS measurement

The Mg K- and Pd Lz-edges NEXAFS measurements using synchrotron radiation light
source were carried out at BL-10 of the SR center in Ritsumeikan University [8, 9]. A
Golovchenko-type double-crystal monochromator with beryl(10-10) crystal for Mg K-edge
and Ge(111) for Pd Ls-edge was used for the selection of incident X-ray energy. NEXAFS
spectra were obtained by total electron yield (TEY) method with the sample drain current
under high vacuum condition (~ 1x10® Pa). The incident X-ray energy for Mg K- and Pd
Ls-edges NEXAFS measurements was calibrated with the first peaks of the NEXAFS
spectra for MgO powder at 1309.3 eV and metallic Pd at 3174.9 eV, respectively. In the
NEXAFS measurement, the chamber for fabrication of the Mg-Pd nanoparticles was
connected to the XAFS chamber at the BL-10 in order to protect the Mg-Pd nanoparticles
against the air oxidation.

After the NEXAFS measurement for as-fabricated samples, the exposure of the Mg-Pd
nanoparticles to the H, gas has been carried out with the transfer vessel [10]. The transfer



vessel is composed of the gate valve and the small sample chamber. The Mg-Pd
nanoparticle sample was transferred to the sample chamber under the high vacuum and the
sample chamber was separated from the fabrication chamber by closing of the gate valve.
After removal of the transfer vessel from the vacuum chamber, the transfer vessel was
connected to the H, gas supply line and fulfilled by H, gas of 0.2 MPa, then the transfer
vessel was evacuated to vacuum after the exposure to the H; gas for 5 minutes (1 cycle of
the exposure to the H;, gas).

3. Results and Discussion
The Mg K-edge NEXAFS spectrum of the Mg-Pd nanoparticles is shown in Fig. 2. Mg
K-edge NEXAFS represents the chemical state around the Mg atoms inside of the Mg-Pd
nanoparticles. The shoulder structure around 1304 eV can be seen clearly in the NEXAFS
spectrum of the Mg-Pd nanoparticles. Since this shoulder structure is finger print of the
chemical state of the metallic Mg in Mg K-edge NEXAFS [6], Mg-Pd nanoparticles partly
consist of the metallic Mg. The peak structure associated with the chemical state of MgO
around 1309 eV can be also seen in the spectrum of the Mg-Pd nanoparticles. It seems that
the surface of the Mg-Pd N —
nanoparticles is oxidized by the Mg K-edge NEXAFS
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. ] —— simulated spectrum
despite of the high vacuum —— residual spectrum

condition.

If the chemical states around Mg
atom in the Mg-Pd nanoparticles
only consist of the metallic Mg and
MgO, we can simulate the NEXAFS
spectrum of the Mg-Pd nanoparticles

Intensity [arb. units]

by linear combination of the
spectrum for the metallic Mg and
MgO. The simulation of the

NEXAFS SpeCtrum Of the Mg_Pd FEERIRRERI RN RN NI RN RUARRRAARRRUARRRAARRRARRSTA ARRRU AU
1280 1300 1320 1340 1360 1380 1400

Photon Energy [eV]

Fig. 2 Mg K-edge NEXAFS spectrum for the Mg-Pd

metallic Mg and MgO were 0.61 and nanoparticles (black solid line). The simulated spectrum
(orange solid line) is composed of 0.61 and 0.14 times

0.14, respectively. The features of of standard spectrum for metallic Mg and MgO,
NEXAFS spectra of the metallic Mg respectively.

nanoparticles is shown in Fig. 2. The
each fractions of the spectra for



and the MgO are characterized by the shoulder structure at 1304 eV for the metallic Mg and
the peak structure at 1309 eV for MgO, respectively. Hence, the simulation has been done
to vanish the main features of each chemical states. It is difficult to simulate completely the
NEXAFS spectrum of the Mg-Pd nanoparticles by the linear combination of the spectra for
the metallic Mg and the MgO. The residual spectrum is shown at downside in Fig. 2. The
features of the residual spectrum is not similar to that of NEXAFS spectrum for the
oxidation products (Mg(OH),, MgCQsg, ...). It seems that the residual spectrum represents
the interaction with the neighboring Pd atoms, i.e. the chemical state of the Mg-Pd alloy.

Pd Ls-edges NEXAFS is suitable for identification of the chemical state of Pd due to the
sensitivity of the main peak position to the chemical environment around Pd atom [11].
Fig. 3 shows the Pd Ls-edges NEXAFS spectra of the Mg-Pd nanoparticles and metallic Pd.
The energy shift of main peak position of the NEXAFS spectrum for the Mg-Pd
nanoparticles toward higher energy side compared with that of metallic Pd implies the
charge transfer from Pd atom to the other atoms. The main peak position of the spectrum
for the Mg-Pd nanoparticles dose not correspond to that of PdO [11]. It is considered that
the valence electrons of the Pd atom are transfered toward Mg atom and Mg-Pd bond is
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Fig. 3 Pd Ls-edge NEXAFS spectrum for the as-fabricated Mg-Pd nanoparticles. The
NEXAFS spectrum for the metallic Pd is shown as the standard spectrum. The residual
spectrum has been obtained after the subtraction of 0.50 times of the spectrum for the metallic

Pd from that of the Mg-Pd nanoparticles.



formed. On the other hand, the peak structures in the energy range of 3180-3280 eV
correspond to those of metallic Pd. These results represent the existence of the chemical
state of metallic Pd in the Mg-Pd nanoparticles in addition to Mg-Pd alloy state.

We can obtain the NEXAFS features of Mg-Pd alloy state as the residual spectrum after
the subtraction of the NEXAFS spectrum for the metallic Pd from that of the Mg-Pd
nanoparticles. The NEXAFS features for the Mg-Pd alloy state are shown in Fig. 3 as the
residual spectrum. The subtractions have been done to vanish the main feature of the
NEXAFS spectrum for the metallic state of Pd (3174.9 eV). Pd Ls-edge NEXAFS spectrum
of Mg rich Mg-Pd nanoparticles is also shown in Fig. 6 as the reference spectrum. The
atomic ratio of Mg/Pd for the Mg rich Mg-Pd nanoparticles has been estimated to be 6.5 by
the X-ray fluorescence analysis using the synchrotron radiation. The consistence of the
shape of the NEXAFS features between the residual spectrum and the Mg rich Mg-Pd
nanoparticles represents that the Mg-Pd nanoparticles possess the Mg rich Mg-Pd alloy
phase before the exposure to the H; gas.

The variation of the chemical state of the Mg-Pd nanoparticles after the cycles of the
exposure to the H; gas has been investigated by the Pd L3-edges NEXAFS. Fig. 4 shows the
Pd Ls-edge NEXAFS spectra of the Mg-Pd nanoparticles after the cycles of the exposure to
the H, gas. The main peak position of the NEXAFS spectrum for the Mg-Pd nanoparticles
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Fig. 4 The variation of the Pd Ls;-edge NEXAFS spectra for the Mg-Pd nanoparticles before

and after the exposure to the H, gas.



shifts slightly toward low energy side as the cycles of exposure to the H, gas (inset figure in
Fig. 4), although the shape of the NEXAFS spectrum does not vary significantly. These
continuous peak shifts imply the increase of the fraction of metallic Pd in the Mg-Pd
nanoparticles by hydrogenation and dehydrogenation.

In order to investigate the variation of the chemical state of the Mg-Pd alloy before and
afer the exposure to the H, gas, the NEXAFS spectrum for the metallic Pd has been
subtracted from the each spectra in Fig. 4 and the residual spectra after the subtraction are
shown in Fig. 5. The residual spectra in Fig. 5 represent the Mg-Pd alloy phase in the
Mg-Pd nanoparticles. In addition to residual spectra, Pd Ls-edges NEXAFS spectra of Mg
rich and Pd rich Mg-Pd nanoparticles are also shown in Fig. 6 as the reference spectra. All
spectra are normalized with respect to heights of the edge jump. Comparison between the
Mg rich and Pd rich Mg-Pd nanoparticles reveals that the peak features at 3177.6 eV and
3181.2 eV are associated with Mg rich and Pd rich Mg-Pd alloy phases, respectively. The
variation of the chemical state of the Mg-Pd alloy phases is clearly seen in relative intensity
between the peak features at 3177.6 eV and 3181.2 eV. The relative intensity of the peak at
3177.6 eV is higher than the that of the peak at 3181.2 eV in the spectrum for the Mg-Pd
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Fig. 5 The variation of the Pd Ls-edge NEXAFS spectra for the Mg-Pd alloy states before and
after the exposure to the H, gas. The NEXAFS spectra for the Mg-Pd alloy states have been

obtained after the subtraction of the spectrum for the metallic Pd from the spectra in Fig. 4.



nanoparticles before the exposure to the H, gas. This relativity of the intensities between
the peaks at 3177.6 eV and 3181.2 eV varies gradually as the cycles of the exposure to the
H, gas. Finally, the relative intensities of the two peaks are comparable in the spectrum for
the Mg-Pd nanoparticles after 5 cycles of the exposure to the H; gas.

These results indicate that the cycles of the hydrogenation and dehydrogenation of Mg
atoms cause the dissociation of the Mg-Pd alloy phases. The Mg-Pd alloy phases improve
the diffusion of the hydrogen atoms between the Mg and Pd phases [3]. We speculate that
when the hydrogen atoms penetrate into the alloy phases, the Mg-Pd bodings in the alloy
phases are broken due to the high affinity between H and Mg atoms. Consequently, the
hydrogen atoms settle inside the Mg-Pd alloy phases as MgH, and the excess Pd atoms
form the metallic Pd phases or the Pd rich Mg-Pd alloy phases.

4.  Conclusions

The nanoparticles composed of the Mg and Pd atoms (Mg-Pd nanoparticles) have been
fabricated by the simultaneous evaporation of the Mg and Pd sources under the He
atmosphere. The average size of the Mg-Pd nanoparticles evaluated by the AFM
observation is 4.5 nm. The Mg K- and Pd Ls-edges NEXAFS measurements have been
carried out with the synchrotron radiation without the exposure to the air in order to
investigate the chemical states around the Mg and Pd atoms in the Mg-Pd nanoparticles.
The Mg K- and Pd Ls-edges NEXAFS investigations represent that the large part of Mg-Pd
nanoparticles consist of metallic Mg and Pd states. Both the Mg K- and Pd Ls-edges
NEXAFS spectra indicate the formation of Mg-Pd alloy phases in the Mg-Pd nanoparticles.
The variation of the chemical state of the Mg-Pd nanoparticles before and after the cycle of
the exposure to the H, gas has been investigated by the Pd Lz-edge NEXAFS measurements.
It is apparent that the Mg rich Mg-Pd alloy phases dissociate with the cycle of the
hydro-dehydrogenation and the domain of metallic Pd phases increase gradually.
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