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Structural change of Pd nanoparticles on aluminum oxide during hydrogen absorption reaction was
directly observed by X-ray absorption fine structure with dispersive optics. Hydrogen pressure depen-
dence of the expansion of the interatomic distance for Pd-Pd bonding in Pd nanoparticles was investigated
by real-time-resolved and in situ observation with a rate of 50Hz at room temperature. It has been

revealed that the Pd nanoparticles show strong hydrogen pressure dependence of the reaction rate and
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the saturated interatomic distance for the hydrogen absorption. Determined reaction order implies that
the rate of the hydrogen absorption reaction is limited by the surface dissociative adsorption step.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Palladium is the classical hydrogen storage material because
of the small activation barrier for the surface adsorption and the
exothermal reaction for the inner absorption. H atoms are absorbed
into the octahedral interstitials of Pd fcc crystal and elongate the
Pd-Pd interatomic distance. Absorption isotherms for Pd-H system
indicate that the hydrogen absorption occurs in the wide ranges of
pressure and temperature. However, there are still open questions
about the kinetics of the absorption process, for example, deter-
mination of the limiting rate step [1-3]. Most of studies about the
kinetics of the hydrogen absorption process deal with the hydrogen
pressure as an observation method. It is important to study from
the viewpoint of the storage material in order to understand the
real interaction between the hydrogen gas and the storage mate-
rial. Direct observation of the atomic and electronic structure of
Pd metal during the hydrogen absorption reaction, which consists
of the surface adsorption and the following inner penetration pro-
cesses, can bring about the new understandings for the metal-gas
interaction.

Pd nanoparticles as hydrogen storage materials have attracted
much attention because hydrogen absorption properties of the
nanoparticles differ from those of the bulk materials [4-8]. Metal
particles with a diameter of nanometers are usually used for the
catalysts with an advantage of the large surface area as a reaction
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field. However, the large surface and interface areas can influence
the electronic and structural properties of the materials and change
the hydrogen absorption property. As for the Pd-H system, the low-
concentration phase shows the solid-solution (o« phase), while the
high-concentration phase shows the metal hydride with largely
expanded lattice (3 phase). Although there is a significant phase
boundary between « and 3 phases in the bulk Pd, the Pd metal fine
particles show smooth change between the two phases. For the
explanation of the characteristic property of hydrogen absorption
in the Pd metal fine particles, surface effect and size effect were
suggested [4,9,10]. Kinetic study for the Pd nanoparticles during
the hydrogen absorption reaction helps us know the origin of the
characteristic property of the nanoparticles.

In this paper, the time-resolved structural change of Pd
metal nanoparticles during hydrogen absorption reaction by X-ray
absorption fine structure (XAFS) spectra with dispersive mode is
presented [11]. The XAFS technique has an advantage for the obser-
vation of the supported materials with a feature of the element
selective and the local sensitive properties. The dispersive mode,
which is constructed by the curved crystal and the space-resolved
detector enables us to obtain the XAFS spectra without any motion
of the optics, which results in the relatively stable and fast deter-
mination of structural parameters [12]. Pressure dependent study
leads to new information about the hydrogen absorption process
in Pd metal nanoparticles.

2. Experiments
All the Pd K-edge XAFS spectra were measured by the dispersive mode at the

bending magnet beamline BL14B1 and BL28B2 of SPring-8 [11,13-15]. These two
beamlines have a similar optics for the dispersive mode. Dispersed X-rays were
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Fig. 1. (a) Pd K-edge EXAFS functions k>x(k) for Pd/Al, 03 before hydrogen dosing (line) and after 60 ms for hydrogen dosing at 200 kPa (dashed line). EXAFS functions were
collected with dispersive mode at 50 Hz and the sampling time for each spectra is 20 ms. (b) Fourier transform intensities of EXAFS spectra in (a).

obtained from a reflection of a curved silicon crystal with a diameter of 2000 mm.
The Si(422) reflection plane was used with the Laue configuration. X-rays with
an energy range over 800 eV were obtained. Gd;0,S(Tb) of 40 wm thickness was
exposed to dispersed X-rays from the sample and emitted lights were collected using
a charge coupled device (CCD) camera (640 x 480 channels, 12 bits). The intensities
in the vertical direction (about 200 channels) were summed up to produce a one-
dimensional spectroscopy. The horizontal focus size of the X-rays was 0.1 mm and
the vertical size is equal to the sample pellet height for accumulating the intensity of
transmitted X-rays. Neither the elimination of the higher harmonics nor the vertical
focusing with total reflection mirrors was operated.

A powdered v-Al,0; was used in the impregnation method with dilute aque-
ous palladium nitric acid, Pd(NO3),. Following drying and calcination at 500°C,
Pd(4 wt%)/Al,05 sample was prepared. Evaluated mean diameter is 5-6 nm. The
samples were reduced by hydrogen in the sample cell at 400°C. Before the XAFS
observation, the sample cell was evacuated over 30 min at room temperature in
order to ensure the complete pure metal phase. After closing the valve connected to
the vacuum line, hydrogen gas was stored in another inlet line. An opening signal
from the valve connected to the inlet line was used to start the XAFS measurement.

The XAFS measurement of Pd nanoparticles on Al,O3; during H, dosing was
operated at room temperature by 50 Hz rate (sampling time for one spectrum is
20 ms) with the real-time-resolved mode. No data accumulation by the repetition
of the reaction was adopted. Because the absorbed H atoms in the Pd lattice largely
elongate the interatomic distance of Pd-Pd bonding, we can observe the atomic
structural change of Pd nanoparticles even at the high frame rate. All experiments

were operated in situ.

3. Results and discussion

Fig. 1(a) demonstrates extended X-ray absorption fine struc-
ture (EXAFS) spectra for Pd/Al,03 taken with dispersive mode
before and after the hydrogen dosing at room temperature [11].
It is recognized that, even in the case of 50Hz rate, the oscilla-
tion in the extended region is distinctly observed. The oscillation
wavelength contracts after the hydrogen dosing, indicating the
Pd-Pd interatomic distance is expanded by the hydrogen absorp-
tion. Expansion of the interatomic distance of the Pd-Pd nearest
neighboring configuration is clearly shown in the Fourier transform
intensities in Fig. 1(b). We cannot clearly detect higher configura-
tions beyond the nearest neighboring shell in the Fourier transform
intensities because the Pd atoms form metal nanoparticles. In
order to analyze structural parameters, EXAFS curves were fitted
in back-Fourier transform space [11,16]. Fourier and back-Fourier
transforms were operated with the ranges of 3.0-12.0A-! and
1.8-2.9 A, respectively. Pd metal foil was employed as the reference
sample. Free parameters were coordination number, interatomic

distance, and Debye-Waller factor. Those values of parameters for
the reference sample at room temperature are estimated to 12,
2.75A, and 0.006 A2, respectively.

Fig. 2 shows the time-resolved observation of the expansion of
the Pd-Pd interatomic distance for the Pd nanoparticles with the
hydrogen pressure dependence at room temperature. This figure
clearly demonstrates that the hydrogen absorption rate strongly
depends on the surrounding hydrogen pressure. As the hydrogen
pressure increases, the reaction rate also increases, indicating the
non-zero order of the chemical reaction rate. At the highest hydro-
gen pressure of 200kPa in the figure, it takes only 50 ms for the
complete expansion of the Pd-Pd interatomic distance. The mono-
tonic slope of the value of the interatomic distance may be related
with the result that Pd undergoes smooth change from a to 3
phase in nanoparticles. The Pd nanoparticles directly change to 3
phase without duration time of coexistence of o and 3 phases. The
figure also indicates that the saturated value of the interatomic
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Fig. 2. Hydrogen pressure dependence of the change of the Pd-Pd interatomic dis-
tance for Pd/Al, 03 at room temperature. The interatomic distances were determined
from the EXAFS spectra measured by the dispersive mode at 50 Hz. Operated hydro-
gen pressure is 15 kPa (solid circle), 30 kPa (open circle), 90 kPa (solid triangle), and

200 kPa (open triangle).
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Fig. 3. Hydrogen pressure dependence of the chemical initial reaction rate k. The
data are fitted to determine the reaction order. The reaction order is estimated to
0.97 + 0.07.

distance also depends on the surrounding hydrogen pressure. As
the hydrogen pressure increases, the saturated value of the inter-
atomic distance increases. Although a sudden change to [3 phase
occurs in the bulk Pd, nanoparticle Pd shows a smooth change to
3 phase with a change of hydrogen pressure. The observed two
hydrogen pressure dependences which are the reaction rate and
the saturated interatomic distance clearly suggest that the inter-
atomic distance directly reflects the hydrogen absorption property
of the Pd nanoparticle.

The hydrogen pressure dependences of the reaction rate and
the saturated interatomic distance were plotted in Figs. 3 and 4.
Under the assumption that the absorption reaction is constructed
by the one chemical reaction step, the chemical reaction order was
estimated from the inverse of the half-changed time and was deter-
mined to 0.97 £ 0.07. Normally, the hydrogen absorption process
consists of the two reaction steps: the surface dissociative adsorp-
tion and the inner diffusive penetration. Because the hydrogen in
the gas phase is evaluated as H», if the absorption reaction rate is
limited by the surface adsorption step, the chemical reaction order
is evaluated to 1. On the other hand, if the hydrogen absorption
reaction is limited by the inner diffusion step, because the diffusion
is operated by H atom, the chemical reaction order is evaluated to
2. In this study, the determined chemical reaction order is almost
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Fig. 4. Hydrogen pressure dependence of the saturation value of the Pd-Pd inter-
atomic distance after the hydrogen dosing.

one, indicating the reaction rate of the hydrogen absorption of the
Pd nanoparticle is limited by the surface dissociative adsorption
step. The hydrogen pressure dependence of the saturation value of
the interatomic distance shows a curve with upper convex as seen
in Fig. 4. This resembles Sieverts’ law showing hydrogen concen-
tration has square-root dependence on pressure. Because this law
usually holds for low-concentration metal-hydrogen systems, the
Pd nanoparticles in the high-concentration hydride phase may have
some properties of the low-concentration solid-solution phase.

In the case of the bulk Pd surface, although the hydrogen absorp-
tion kinetics under low pressure has been widely studied, the
high-pressure experiments around the atmospheric pressure such
as this study are seldom conducted [1,17]. For the clean surface
of Pd, it was pointed out that the inner diffusion step limits the
rate of the hydrogen absorption reaction [1]. Because the absorbed
hydrogen largely elongates the interatomic distance of Pd in the
hydride phase, it is deduced that the hydrogen diffusion step is
more critical than the case of the low pressure study. Therefore,
the hydrogen diffusion step should limit the reaction rate for the
hydrogen absorption reaction in the high-pressure region. How-
ever, the surface dissociative adsorption step is the key process for
the hydrogen absorption reaction in this study. Two reasons are
considered for the change of the step limiting rate. One is the dif-
ference of the surface in nanoparticle and the single crystal. There
are many steps and kinks in the surface of nanoparticle, which may
change the surface dissociative adsorption property of Pd nanopar-
ticles [18]. Another is the change of the diffusive penetration rate of
the hydrogen in the nanoparticles. Because the size of the particles
isananometer range, the penetration mechanism can be influenced
by the size [8]. In order to examine these assumptions, we will try
the size-dependent study of the hydrogen reaction kinetics of Pd
nanoparticle in the future.

4. Conclusion

Local structural change of Pd nanoparticles on alumina sur-
face during hydrogen absorption was continuously observed by
X-ray absorption fine structure spectroscopy with dispersive mode.
In situ and real-time-resolved observation enabled us to pre-
cisely determine the Pd-Pd interatomic distance even in the case
of 50Hz study. Pd nanoparticles directly change to the hydride
phase in 50ms at 200kPa of hydrogen pressure. In the hydro-
gen pressure dependence study, both of the reaction rate and
the saturation value of the interatomic distance depend on the
surrounding hydrogen pressure. Kinetic analysis reveals that the
surface dissociative adsorption process limits the rate of the hydro-
gen absorption reaction for the Pd nanoparticle.
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