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Pd L;-Edge XANES Spectra of Supported Pd Particles
Induced by the Adsorption and the Absorption of Hydrogen
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We measured Pd Lj-edge X-ray absorption near-edge structure (XANES) spectra for small Pd particles dispersed
on inorganic oxide supports (SiO, and Al,O3) and the spectra changes induced by the adsorption and the absorption of
hydrogen. When the XANES spectra were measured under the atmosphere of Hy, a new peak appeared at about 8 eV above
the inflection point of the absorption edge. The peak position was invariant but its intensity decreased with the decrease
of Pd particle size. This peak is caused by hydrogen absorption in the Pd particles. Hydrogen at the subsurface region
little affected the Pd L3-edge XANES spectra. A new peak also appeared for the Pd sample accompanied with hydrogen
adsorbed on the surface. The peak energy relative to the edge was independent of the Pd particle size and the peak intensity
increased with the amount of adsorbed hydrogen. The XANES spectra can quantify the adsorbed and absorbed hydrogen
atoms. We presented a model of Pd particles composed of surface, subsurface and bulk atoms.

X-Ray absorption near-edge structure (XANES) is ex-
plained by the electron transition from a core level to unoc-
cupied valence levels or by multiple scattering between an X-
ray absorbing atom and surrounding atoms.!? Since XANES
reflects the electronic and local geometrical structures of an
X-ray absorbing atom, it has been used to determine symme-
try, bond distance and electronic state around the absorbing
atom.

The L, 3-edge XANES spectra of transition metal elements
with unoccupied d states show a strong peak just above the
absorption edge; this is called the white line. As the white
line is assigned to a transition from 2p core level to unoccu-
pied nd states, L, 3-edge XANES has been used to estimate
the density of the unoccupied d-states of X-ray absorbing
atoms;>— the results are used to investigate the electronic
structure of supported Pt small particles.*®

Moreover, the large penetration power of X-rays enables
us to carry out in-situ XANES measurements in the presence
of a reaction gas.*™® Yoshitake et al. studied the change of
electronic states in Pt particles by the adsorption of various
kinds of gas systematically by means of the Pt L, 3-edge
XANES.” When hydrogen adsorbs on highly dispersed Pt
particles on oxide surfaces, the Pt L, 3-edge peaks are broad-
ened to the higher energy side and a new peak appears at about
8 eV from the edge in difference spectra obtained by sub-
tracting the spectra for clean samples from those for samples
adsorbed with hydrogen.®—'* The origin of such H-induced
change of XANES has been discussed in terms of several

mechanisms involving metal-support interaction,”'" Pt-hy-
drogen antibonding,'*'¥ and change of multiple scattering
effects induced by hydrogen adsorption.” In our previous
papers on supported Pt particles, we reported that the photon
energy of the peak in the Pt L3-X ANES difference spectra be- -
fore and after H, adsorption was independent of the amount
of adsorbed hydrogen, the size of Pt particles, and the kind
of supports.’*—'® Moreover the peak intensity was propor-
tional only to the amount of adsorbed hydrogen. Thus we
have proposed that the intensity of the peak in the difference
spectra can be used as a new way to analyze the amount of
adsorbed hydrogen on supported Pt particles in vacuo and
under the conditions relevant to catalytic reactions.!—1®

It is of interest whether or not this method can be extended
to adsorbed hydrogen on other noble metals. In this paper
we will report the change of XANES spectra for small Pd
particles on SiO, induced by hydrogen. In contrast to Pt,
Pd absorbs hydrogen into the bulk to form Pd hydride and
thereby acts as a medium for hydrogen storage. The Pd
hydride systems have also been studied in relation to catalytic
hydrogenation reactions.'* 2% Hydrided Pd catalysts may be
resistant to coke formation.?*?” Davoli et al. measured Pd L3-
edge XANES spectra of Pd films with absorbed hydrogen.?®
A change in the spectral feature induced by absorbed hydro-
gen was observed at 5.6 eV above the white line peak (about
8 eV above the absorption edge). Soldatov et al. compared
the measured spectra with the spectra calculated by multiple
scattering, and concluded that the spectral change induced by
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hydrogen could be explained by a multiple scattering theory
between an X-ray absorbing Pd atom and hydrogen atoms
though hydrogen itself is a weak scatterer.” But there is little
study about Pd L-edge XANES of supported Pd particles
and their interaction with H,. The purpose of this work
is to investigate the change of XANES spectra for small
Pd particles on inorganic oxides upon H, adsorption and
absorption and to develop a new characterization method to
determine the amount of adsorbed/absorbed hydrogen on/in
Pd particles using XANES spectra. ‘

Experimental

Sample Preparation. SiO, (Nippon Aerosil, Aerosil 300; sur-
face area:300 m* g ') and AL,O3; (Nippon Aerosil, Alon C; surface
area:100 m? g =) were used as supports. High dispersion Pd/SiO,
samples were obtained by an ion-exchange method. In the ion-
exchange method, the pH of aqueous suspensions of SiO, was reg-
ulated to be 9.1 by adding an aqueous solution of NHj3 in order to
exchange protons of hydroxyl groups on SiO, by ammonium ions.
Then the supports were impregnated with an aqueous solution of
[Pd(NH3)4]Cl, (Sockawa Chemical Co.), followed by filtering and
washing with water until the filtrate pH becomes 7.0. The obtained
samples were dried at 393 K and calcined at 573 K in a flow of
O,. The Pd loading was 1.0 wt%. A high dispersion Pd/Al,O3 was
obtained by using an impregnation of [Pd(acac),] (Hacac = acetyl-
aceton) acetone solution with Al,O3, which was then dried at 393
K and calcined at 573 K. An impregnation method using an aque-
ous solution of Pd(NO3), was employed to prepare low dispersion
Pd/SiO; and Pd/Al, O3 samples, followed by calcination at 673 K
in air.

The samples thus obtained were placed in a U-shaped Pyrex
glass tube combined in a closed circulating system, and calcined
with oxygen of 13.3 kPa at 573 K, followed by reduction with hy-
drogen of 13.3 kPa and evacuation at temperatures given in Table 1.
The amounts of adsorbed hydrogen and CO relative to Pd atoms
in the particles (H.a/Pd and CO/Pd) were determined from irre-
versible uptakes of hydrogen and CO at 293 K, respectively. The
method proposed by Boudart et al.>” was adopted for the adsorption
measurement of hydrogen on Pd particles. The hydrogen uptake
was measured at Pyp = 13.3 kPa. The equilibrium pressure was
determined when no change in the H, pressure was observed for
more than 1 h. After the first hydrogen adsorption measurement, the
system was evacuated for 1 h at room temperature. During the evac-
uation at room temperature, absorbed hydrogen was removed, while
the adsorbed hydrogen remained on the surface. Then the second
hydrogen uptake was measured and the irreversible hydrogen up-
take was regarded as the difference of the two values. Chemisorbed
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CO was also measured similarly. The ratio of absorbed hydrogen
to Pd in the particles was estimated by the second hydrogen uptake
measurement at room temperature because the absorbed hydrogen
was removed by the evacuation at room temperature, >

XANES Measurements and Analysis. Pd Ls;-edge XANES
spectra were measured in a fluorescence mode at BL-11B of the
Photon Factory in Institute of Materials Structure Science, High
Energy Accelerator Research Organization (KEK-IMSS-PF). The
storage ring was operated at 2.5 GeV and the ring current was
300 mA. The synchrotron radiation was monochromatized by a
Ge(111) double-crystal monochromator.*” The higher harmonics
were eliminated using a Ni-coated total reflection mirror. The es-
timated energy resolution near Pd L;-edge was about 0.7 eV. The
fluorescence detection (Ir) was carried out by using a gas-flow pro-
portional counter®® filled with Kr/C,Hs = 90/10 mixed gas. The
1900 V bias was applied to the electrode of the proportional counter.
The incoming X-ray (Ip) was monitored by the photocurrent from a
metal mesh placed before the samples. The sample was treated in a
closed circulating system and transferred to a cell with two Kapton
windows (25 pm) without contacting air, then stored in a N filled
reservoir till the measurement. Those cells were placed in a high
vacuum chamber (5—8 x 10~° Torr, 1 Torr = 133.322 Pa) which is
installed with the fluorescence detector. The XANES spectra of the
supported Pd particles were measured under three different condi-
tions, i.e., under vacuum, in the presence of 13.3 kPa of hydrogen,
and after subsequent evacuation at room temperature for 1 h, which
are denoted as Pd/SiO,(VAC), Pd/SiO,(H;), and Pd/SiO>(EVAC),
respectively. The X-ray absorbance, ut was obtained from collected
data I and [y by Eq. 1:

=1/l M

The pre-edge background subtraction was carried out by extrap-
olating the data in the pre-edge region (3096—3165 eV) to higher
energy with a straight line and the data was normalized by the edge
height. The inflection point of the absorption edge of Pd powder
(3172.8 eV) was used for energy calibration.

We discriminated between the effects of adsorbed and absorbed
hydrogen, using the behavior of absorbed hydrogen that is easily
removed by room-temperature evacuation.

EXAFS Measurement. Pd K-edge EXAFS spectra of Pd/SiO,
samples were measured at BL-10B in the Photon Factory in a
transmission mode at room temperature. The synchrotron radiation
was monochromatized by a Si(311) channel-cut monochromator at
BL-10B. The estimated energy resolution near Pd K-edge was about
7 eV. The incident and transmitted X-ray intensities were detected
by ion chambers filled with Ar gas for Iy and with Kr gas for /. The
voltages applied to electrodes were 500 V. The EXAFS data were
analyzed using the Rigaku EXAFS (REX). The analysis involves

Table 1. Amounts of Adsorbed/Absorbed Hydrogen and Adsorbed CO per Pd Atom on Pd/SiO; and Pd/Al,O3

Support Precursor Loading Reduction H,/Pd CO/Pd Ha/Pd
wt% temp/K

SiO,

Aerosil 300 [Pd(NH3)4]Cl, 1.0 573 0.74 0.44 0.33

Aerosil 300  [Pd(NH3)4]Cl, 1.0 773 0.56 0.32 0.45

Aerosil 300 Pd(NOs3), 0.9 673 0.29 0.12 048

Aerosil 200 Pd(NOs), 2.3 773 0.12 0.07 0.54

AlLO;

Alon C [Pd(acac)] 0.81 573 0.81

Alon C PA(NO3), 2.3 773 0.20
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preedge extrapolation, background removal by a spline smoothing
method to extract EXAFS oscillation.*” Then EXAFS data were
Fourier transformed from k space(30—140 nm™") to  space. An
inverse Fourier transformation was performed in the range of 0.17—
0.30 nm to filter out the Pd—Pd first nearest neighbor contribution.
The data were analyzed by a curve fitting procedure to obtain the
coordination number N, bond distance r and Debye—Wallor factor
o, Ep using Eqs. 2 and 3:

Ky (k) = K*NF(k)exp (—20°k*) sin (2kr + ¢ (k) /r*,  (2)

where k is the wave number of a photoelectron and is expressed by

Eq. 3.
k=1/2m/R(E — Ey), 3

where m is the mass of an electron, and E and E, are X-ray photon
energy and threshold energy for photoemission, respectively. The
backscattering amplitude F(k) and phase shift ¢ (k) for Pd—Pd bond
were extracted from the EXAFS data of Pd foil with r(Pd—Pd) =
0.276 nm and N = 12. ¢ and E, are tentatively set to 0.006 nm
and 0 eV. The degree of fitting was estimated by the R factor (R)
described below.

Ri= \/ S Glons(8) — eat(K))? / \/ S Zows(K)? )

Results

H; Adsorption and Absorption and CO Adsorption.
H,q/Pd (number of adsorbed hydrogen per Pd atom), CO/Pd
(number of adsorbed CO per Pd atom) and H,,/Pd (number
of absorbed hydrogen per Pd atom) are given in Table 1. Al-
though there is a correlation between the H,4/Pd and CO/Pd,
H,4/Pd is always larger than CO/Pd, because the amounts
of adsorbed CO and H, at saturation are different from each
other and the CO adsorbed on Pd surface involves both lin-
ear and bridge types, as previously reported. Hag/Pd has
been used as a measure of metal dispersion or fraction of
surface-exposed metal atoms, assuming a stoichiometry of
H,4/Pds = 1 (Pd:surface Pd atoms).**3* Since we found
that Pd particles similarly prepared took a spherical shape
on SiO, by TEM in a previous work and the averaged par-
ticle size derived from TEM agreed with that obtained from
H,4/Pd,*® we estimated.the size of Pd particles from the
H,4/Pd values assuming a spherical shape of the particles
(Table 2). The amounts of absorbed hydrogen (H,,/Pd) de-
creased with a decrease of particle size, as shown in Table 1.
The relation between H,,/Pd and H,4/Pd in this work well
corresponds to the literature data.*”

Table 2.  Particle Sizes Estimated from Adsorption of
H,(H,4/Pd) and EXAFS Coordination Number
H.qa/Pd d*/nm d**/nm
0.74 1.6 1.0+0.8
0.56 2.2 1.2+14
0.29 4.0 1.6:£2.0
0.12 9.5 N.D.

d*: from H adsorption, d**: from EXAFS, N.D.. The size
could not be determined by EXAFS.
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Results of EXAFS. The EXAFS oscillations and
their Fourier transforms for Pd/SiO,(VAC), Pd/SiO,(H,),
and Pd/SiO,(EVAC) are shown in Figs. 1 and 2, respec-
tively. The curve fitting results are tabulated in Table 3.
In Pd/Si0,(VAC) with H/Pd = 0.74, 0.56, 0.29, and 0.12,
the Pd—Pd distances (0.2754-0.002 nm) were similar to that
for Pd bulk (0.276 nm). The structural parameters such as
coordination number, distance and Debye—Wallor factor for
Pd/Si0,(EVAC) are the same within the limits of error as
those of the Pd/Si0,(VAC).

We estimated the average size of Pd particles from the
coordination number using a Greegor and Lytle method as-
suming the spherical shape.®” In the present study, the co-
ordination numbers of Pd/SiO,(EVAC) were used for the
estimation. The results are given in Table 2. The particle
sizes derived from the EXAFS coordination numbers are a
little smaller than those estimated from the adsorption of hy-
drogen (H,4/Pd), but both values are compatible if the error
bars are taken into account.

In Pd/SiO,(H,) samples, the Pd-Pd distances increased
compared with those for Pd/SiO,(VAC); this distance in-
creased from 0.275 nm for Pd/SiO,(VAC) up to 0.284 nm
for Pd/SiO,(H,) with H,q/Pd = 0.12. The increase of Pd-Pd
distance in Pd/SiO,(H,) is due to the Pd lattice expansion
induced by the hydrogen absorption. The Pd—Pd distance
in bulk PdH, (x = 0.6) is known to be 0.2855 nm, which
is similar to the values for Pd—Pd in Pd/SiO,(H,) with
H,q/Pd =0.12. The Pd-Pd distances in the Pd/SiO, sam-
ples with H/Pd = 0.75 and 0.56. Increased after hydrogen
absorption, indicating that small Pd particles can absorb hy-
drogen. Interestingly, the increase in the Pd—Pd distance
becomes smaller with the smaller Pd particle size. When
the samples were evacuated at room temperature for 1 h
(Pd/SiO,(EVACQC)), the Pd—Pd bond distances decreased to
0.275-0.277 nm shown in Table 3, indicating that the ab-
sorbed hydrogen in all the samples was removed by evacua-
tion at room temperature.

XANES Spectra of Pd/SiO; under Interaction of Hy-
drogen. Figures 3, 4, 5, and 6 show Pd L3-edge XANES
spectra for the Pd/SiO, samples with the dispersions (Hag/Pd)
of 0.74, 0.56, 0.29, and 0.12, respectively. Each figure con-
tains three sets of the XANES spectra for Pd/SiO,(VAC),
Pd/Si0,(H>), and Pd/SiO,(EVAC). The white line peak for
Pd/Si0,(VAC) before exposing to H; increased with the de-
crease in particle size. The white line is caused by the transi-
tion from 2p to unoccupied 4d states of Pd. If the transition
dipole moment is the same, the intensity of the white line
peak indicates the amount of unoccupied d states of the Pd
atoms.“® The results in Figs. 3, 4, 5, and 6 indicate that
the electron density of d-states for Pd particles decreases
with the decrease of the particle size, which agrees with
the literature.’® After exposing Pd/SiO,(VAC) to hydrogen,
the white line peak decreased and the absorption coefficient
around 3181 eV increased instead. Especially in low disper-
sion samples, a new definite peak appeared at about 3181 eV
in the presence of gas phase H, (Figs. 5 and 6). The new
peak decreased in height and is broadened with the increase
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Pd K-edge EXAFS oscillations (y(k)) for Pd/SiO, with the dispersion (Hae/Pd) of 0.74 (a), 0.56 (b), 0.29 (c), and 0.12 (d);

dotted line: Pd/SiO,(VAC), solid line: Pd/Si0,(H,); broken line: Pd/SiO,(EVAC).

of dispersion (Figs. 3 and 4). The peak diminished by evac-
uation at room temperature, as shown in Figs. 3, 4, 5, and 6
for Pd/SiO,(EVAC). On the other hand, the white line peak
intensity increased by the evacuation at room temperature.
For the samples with low dispersions (H,q/Pd =0.12 and
0.29), the intensity of the white line reverted to that for the
corresponding Pd/Si0,(VAC) samples. On the other hand,
the white line peaks for the higher dispersion samples were
smaller than those for the corresponding Pd/SiO,(VAC) sam-
ples—due to the influence of chemisorbed hydrogen. Simi-
lar changes in XANES spectra were found for two Pd/Al,O3
samples with three different treatments. Namely, exposure
of Pd/A1,03(H,q/Pd = 0.20) to H, gas created a sharp peak at
3181 eV which decreased by the evacuation at room temper-
ature. On the other hand the Pd/Al,O5 with Hyg/Pd =0.81
(higher dispersion) showed a broad peak after the introduc-
tion of H, which was present even after the evacuation at
room temperature.

To clarify these changes in XANES spectra, we

took difference spectra.  Figure 7 shows the differ-
ence spectra obtained by subtracting the spectra mea-
sured before hydrogen introduction (Pd/SiO,(VAC)) from
those for Pd/SiO,(EVAC). The difference spectra between
Pd/Al,03(VAC) and Pd/Al,O3(EVAC) were also included
in the figure. The new peak at about 3181 eV (about 8 eV
above the inflection point of the edge) appeared in the differ-
ence spectra. The peak energy was independent of particle
size and kind of support. Because the room temperature
evacuation removes the absorbed hydrogen in the Pd bulk,
the changes in these difference spectra are considered as the
ones induced by the adsorbed hydrogen. The peak is denoted
as ads-peak. The ads-peaks well correspond to the peaks in
the Pt L-edge difference spectra between before and after Hy
adsorption on Pt particles.'®'” The photon energy of the ads-
peaks relative to the edge energy in Pd difference spectra is
almost the same as that of the peaks observed in Pt Ls;-edge
difference spectra for the supported Pt samples.'s'” There-
fore, the ads-peaks in the Pd particles may have the same
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Fig. 2.  Fourier transforms of k°-weighted EXAFS for

Pd/SiO, with the dispersion of 0.74 (a), 0.56 (b), 0.29

(c), and 0.12 (d); dotted line: Pd/SiO,(VAC), solid line:

Pd/Si0,(H,); broken line: Pd/SiO2(EVAC).

Table 3. Best-Fit Results for the EXAFS Data of
Pd/Si0,(VAC), Pd/Si0,(H,), and Pd/SiO,(EVAC)

H/Pd N R/nm o/nm AEo/eV R:!%
VAC 71 0.2754+0.02 0.009£0.001 1£+4 23
074 H; 6x1 0.281£0.02 0.009+£0.001 1+3 0.9
EVAC 5#1 0.27740.02 0.007+0.001 0+4 2.3
VAC 941 0.275£0.02 0.007£0.001 0£3 1.1

056 H; 941 0.283+0.02 0.008+0.001 0+2 0.8
EVAC 10£1 0.2764+0.02 0.007+0.001 043 1.1

VAC 1141 0.275+0.01 0.00740.001 0+2 0.2

0.29 H, 11#£1 0.283+0.01 0.008+0.001 342 03

EVAC 111 0.276+0.01 0.007+0.001 1+3 0.8

VAC 1242 0.275+£0.02 0.0074+0.001 —1+4 14

0.12 H, 12+2 0.284+0.02 0.008+0.001 0+3 1.0

EVAC 12+2 0.275+0.02 0.007+£0.001 —2+4 1.5
VAC: Pd/SiO; in vacuo (without exposure to Hp). Hj: Pd/SiO;

under 13.3 kPa of Hy. EVAC: Pd/SiO; exposed to 13.3 kPa of
H; and subsequently evacuated at room temperature for 1 h.

origin as the peaks found in hydrogen-adsorbed Pt particle
samples. In the case of Pt particles, the peak intensity was
proportional to the H/Pt value.'*!” We plotted the intensity
of the ads-peak against H,4/Pd in Fig. 8.

Figure 9 shows the difference spectra obtained by
subtracting the spectra of Pd/SiO,(EVAC) from those
of Pd/SiO,(H,), together with corresponding spectra for
Pd/AL,O3. The difference spectra are considered to indi-
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Fig. 3. Normalized Pd Ls-edge spectra for Pd/SiO,
(Haa/Pd = 0.74); (a) Pd/SiO2(VAC), (b) Pd/SiO,(Hy), (c)
Pd/SiO,(EVACQ).
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Fig. 4. Normalized Pd L3-edge XANES spectra for Pd/SiO,
(Haa/Pd = 0.56); (a) Pd/SiO2(VAC), (b) Pd/SiOx(Hy), ()
Pd/SiO,(EVAC).

cate the change in the XANES spectra caused by hydrogen
absorbed in the Pd bulk. The peak in the difference spectra
appears at about 3181 eV (about 8 eV above the inflection
point of the edge). This peak is denoted as abs-peak. The
position of the abs-peaks referred to the edge position does
not depend on the particle sizes and the kinds of support.
The abs-peak appears at almost the same position as that of
the ads-peaks. But, the abs-peaks are sharper than the ads-
peaks. The abs-peak shows a relatively high intensity for the
lower dispersion samples (H,q/Pd = 0.12 and 0.29 for SiO,
and H,q/Pd = 0.2 for AlO3) and the abs-peak for the higher
dispersion becomes weaker and broader than that for lower
dispersion. '

Discussion

Pd is known as a metal which absorbs many hydrogen
atoms in the bulk to form hydride PdH,. A disordered solu-
tion called a-phase is formed under low H, pressure at room
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Fig. 5. Normalized Pd L3-edge XANES spectra for Pd/SiO,

(Haa/Pd = 0.29); (a) Pd/SiO2(VAC), (b) Pd/SiO,(Hy), (¢)
Pd/SiOL(EVAC).
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Fig. 6. Normalized Pd L;s-edge spectra for Pd/SiO,
(Haa/Pd = 0.12); (a) Pd/SiO2(VAC), (b) Pd/SiO:(Hy), (c)
Pd/SiO2(EVAC).

temperature.’ The Pd-Pd distance increases little in the -
phase. Athigher H, pressures, a-phase is transformed to 3-
phase hydride and Pd—Pd distance is expanded to 0.2855 nm.
The ratio of absorbed hydrogen to Pd at saturation is nearly
0.6 at room temperature. In the case of dispersed Pd particles
where the fraction of surface Pd atoms is large, the amount
of absorbed hydrogen atom per Pd atom (H,,/Pd) is found to
decrease 3319 Boudart and Hwang measured hydrogen ab-
sorption isotherms for Pd/SiO, with different particle sizes®
and concluded that the H,,/Pd decreased as the dispersion of
Pd particles increased. They claimed H,,/Pd would converge
to zero at dispersion = 100%. Bonivardi et al. found that hy-
drogen solubility was suppressed with the larger dispersion
of Pd particles.*® But they reported that the H,,/Pd became
constant (H,, /Pd = 0.3) at a dispersion larger than 0.6.

A characteristic peak appeared at about 8 eV above the
edge in the Pd L3-edge XANES spectra of a hydrogen-ab-
sorbing Pd thick film.?® We found the peak at the same photon
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Fig. 7. Pd Ls-edge difference spectra for Pd/SiO, obtained
by subtracting the spectra for Pd/SiO,(VAC) from those for
Pd/SiO,(EVAC); (a) Haa/Pd = 0.74, (b) Haa/Pd = 0.56, (c)
Haa/Pd=0.29, (d) Haa/Pd =0.12 and corresponding spectra
for Pd/Al, O3 with (e) Hag/Pd =0.81, (f) Haa/Pd = 0.20.
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Fig. 8. Plots of the intensity of the ads-peak induced by
adsorbed hydrogen against the dispersion (Haq/Pd).

energy in the Lz-edge XANES spectrum for the Pd particles
on Si0; with H,g/Pd = 0.12 when they absorbed hydrogen.
The peak position did not depend on the particle size or kind
of support, indicating that the abs-peak is originating from
the transition to a localized state such as Pd—H antibonding
similar to the XANES peak in the chemisorbed hydrogen on
Pt particles.'*!” The peak height was a little smaller than
that for the Pd films. The intensity of the abs-peak in the
difference spectra between the spectra for Pd/SiO,(H,) and
Pd/Si0,(EVAC) decreased with the decrease of particle size
and the abs-peak almost disappeared in the case of Pd/SiO,
with H,q/Pd = 0.74. Furthermore, the intensities of the abs-
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Fig. 9. Pd Ls-edge difference spectra for Pd/SiO, obtained
by subtracting the spectra for Pd/SiO,(EVAC) from those
for Pd/SiO>(Hy); (a) Haa/Pd = 0.74, (b) Haa/Pd = 0.56, (c)
H.q/Pd=0.29, (d) Haa/Pd = 0.12 and corresponding spectra
for Pd/Al,05 with (e) Haa/Pd = 0.81, (f) Haa/Pd = 0.20.
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peaks between Haq/Pd = 0.29 and 0.12 were quite different.
To explain the change of spectra, we assume that only bulk
Pd atoms a few layers deeper than the surface give the abs-
peak in the difference spectra. Hydrogen atoms located in
intermediate layers between surface and bulk, called subsur-
face hydrogen atoms, do not modify the XANES spectra. We
calculated the number of the bulk Pd atoms in the particle
using a model shown in Fig. 10 where the Pd atoms at the
location three layers deeper than the surface are regarded as
the bulk Pd atoms, i.e., one-subsurface-layer model. The
number of the bulk Pd atoms (Pdy), the number of total Pd
atoms (Pd;), the number of surface Pd atoms (Pd;), and the

&

No. of shells® N=2 N=4 N=8 N=24
NS
N, 0.74 0.56 0.29 012
N,
N 0.03 0.16 0.46 0.77
t

* except the central atoms

Fig. 10. Models for Pd particles describing three regions
(surface, subsurface and bulk), and the fractions of surface
Pd atoms (Pd./Pd;) and bulk Pd atoms (Pd,/Pd;).
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number of subsurface Pd atoms (Pdgs) are related to each
other.

Pd, = Pd, +Pd; + Pd,
Pd, /Pd; = H,q/Pd, G)

Figure 11 shows correlation between the intensity of abs-
peaks and the fraction of the bulk Pd atoms (Pd,/Pd,) calcu-
lated based on the model of Fig. 10. The peak intensity for
H-absorbed Pd film which can be regarded as Pdy,/Pd; =1
is also plotted using the literature data.®® We also plotted
the peak intensity for H-absorbed Pd/Al,O5; samples. We
can find a linear relation between the abs-peak intensity and
Pd,/Pd; in Fig. 11 irrespective of the kind of support. We
also calculated other models with different numbers of near
surface layers. Figure 11 includes the plots for no subsur-
face and two-subsurface-layer model where Pd atoms deeper
than two layers and four layers were regarded as bulk atoms,
respectively. In the no subsurface-layer model, we did not
obtain a linear relation between the intensity of abs-peak and
Pdy/Pd; as shown in Fig. 11. Although the two-subsurface-
layer model could give a linear correlation between them,
the line did not go through the bulk value (Pd,/Pd; = 1).
These results indicate that surface (top layer) and subsurface
(second layer) Pd atoms interact with hydrogen atoms in a
different manner from the bulk part of Pd atoms.

The presence of “subsurface” hydrogen with different na-
ture from the bulk hydrogen has been demonstrated by kinet-
ics, TDS, LEED, He scattering, ARUPS and theoretical work
and the subsurface hydrogen is considered to be in a distinct
intermediate state for the transformation of chemisorbed hy-
drogen(surface) to absorbed one(bulk).**> The TPD spec-
tra revealed that subsurface hydrogen on Pd(110) surface

0.4
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. o
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0-0 1 I " ] " 1 P
0.0 0.2 0.4 0.6 0.8 1.0
Pd,/Pd,
Fig. 11. Plots (filled square) of the intensity of abs-peak of

Pd/SiO, against Pdy/Pd; calculated from the one-subsur-
face-layer model of Fig. 10. The Pdy/Pd; values calculated
from no subsurface-layer (open square) and two-subsur-
face-layer (open triangle) models are also plotted. Filled
circle indicates peak intensity estimated from the spectra in
Ref. 28. Filled triangles indicated the correponding inten-
sity of abs-peak for Pd/Al,O5 against Pd,/Pd; based on one-
subsurface-layer model.
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have a different desorption energy from the energies for
chemisorbed and absorbed hydrogen.*® The Pd—H bond in
the subsurface region may be different in bond length and
electronic structure from that in the bulk region. In fact the
present EXAFS data for the Pd particles with smaller sizes
which had surface and subsurface hydrogen atoms showed
the smaller Pd—Pd bond expansion. The multiple scattering
calculation for absorbed H-Pd particle suggested that the abs-
peak appears only when the Pd—Pd distance was expanded
and hydrogen had a positive charge.”® Thus it is concluded
that the abs-peak originates from the hydrides dissolved in
the bulk part of Pd particles (from the third layer), that the
interaction of subsurface and surface hydrogen with Pd is
different from that of the bulk hydride, and that subsurface
hydrogen atoms do not change the Pd L;-edge XANES spec-
tra.

On the other hand, the difference spectra between
Pd/Si0,(VAC) and Pd/SiO,(EVAC) show the change origi-
nating from the hydrogen atoms adsorbed on the Pd surface.
It was found that the ads-peak by the surface hydrogen atoms
appeared at 8 eV above the edge (Fig. 7). The energy of the
ads-peaks was independent of the particle size and kind of
support. The peak position of the ads-peaks was similar to
that of the abs-peaks but the shape of the ads-peaks was
relatively broadened. A similar peak has been observed
in the Pt L, 3-edge XANES spectra for hydrogen-adsorbed
Pt particles.’®!” The ads-peaks at 8 eV above the edges in
the white lines at Pt and Pd L3-edges can be explained by
the multiple scattering scheme. Ohtani et al. calculated the
XANES of hydrogen-adsorbed Pt particles using the multi-
ple scattering theory and found that the peak appears when
the charge transfer occurs from Pt 6s to H 1s."Y They also
calculated Pd particles with adsorbed hydrogen®® and found
that the adsorption of hydrogen changes the XANES spectra
but the spectra are not so sensitive to the electron structures
of the Pd and adsorbed H atoms, in contrast to the Pt case.
It was found that there is a positive correlation between the
ads-peak intensity and the Pd dispersion, as shown in Fig. 8.

Conclusions

1. A new peak (abs-peak) in the XANES spectra for hydro-
gen absorbed Pd particles was observed. The peak intensity
increased with the size of Pd particles, which indicates that
absorbed hydrogen atoms in the Pd bulk can be quantified by
the abs-peak in XANES.

2. The Pd-H bonding in the subsurface region did not
contribute to the abs-peak.

3. A new peak (ads-peak) at 8 eV higher than the edge in
difference spectra was also observed for hydrogen-adsorbed
Pd/SiO, and Pd/Al,0s;. The ads-peak corresponds to that
found in small Pt particles.

4. The ads-peak intensity had a positive correlation with
the Pd dispersion (H,4/Pd) and the amount of adsorbed hy-
drogen at the Pd surface.

5. A model of Pd particles composed of surface, sub-
surface and bulk for the adsorption and absorption of
hydrogen was presented by the analysis of the Pd Lj-

XANES of H-Adsorbed and Absorbed Pd Particles

edge XANES spectra for Pd/SiO,(VAC), Pd/SiO,(H;), and
Pd/SiO,(EVACQ).
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