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INTRODUCTION

Palladium nanoparticles have been actively studied
in recent decades [1]. Palladium nanoparticles are
intensively studied with the aim of improving such
important catalytic reactions as the hydrogenation of
petroleum resins [2], the neutralization of hydrocar�
bons [3–5] and vapors of CO and NOx, the hydroge�
nation of unsaturated hydrocarbons, the purification
of terephthalic acid [6, 7], and different processes in
the synthesis of fine chemical technology [8–10]. The
main share of palladium consumption falls on the
automotive industry. It is used in the catalysts of the
exhaust system by reducing the contents of harmful
impurities (such as carbon monoxide) in the exhaust
of a vehicle.

As bulk samples, palladium nanoparticles are capa�
ble of absorbing hydrogen to form a hydride phase. As
in bulk samples, α and β phase nanoparticles of palla�
dium are observed, but the corresponding concentra�
tion of hydrogen depends on the size of the nanoparti�
cles [11, 12]. The size of nanoparticles affects not only
the phase diagrams, but also the kinetics of hydrogen
absorption/desorption [12–15]. In small�sized nano�
particles the hydride phase is unstable [16], but differ�
ent phases are observed even in nanoparticles with
sizes of ~1.5 nm [11, 13, 17, 18]. Several theoretical
studies have shown that the concentration of hydrogen
in the near�surface layers of a nanoparticle can be
higher than in its core [19�21]. The formation of pal�
ladium hydride changes the catalytic activity of nano�
particles [22�25]. It is believed that hydrogen is more
energetically active in the inner part of a nanoparticle,
and it is able to hydrogenate reactants upon emerging
on the surface of nanoparticles [13, 26].

In contrast to the hydride phase, the formation of
the palladium carbide phase remains poorly studied.

There are indications that palladium–carbon atomic
bonds are quite strong, and it is impossible to get rid of
them even after prolonged heat treatment [27, 28].

In this work, we analyze the fine structure of X�ray
absorption spectra near the absorption edge (XANES)
for the К�edge of palladium. This method is sensitive
to changes in unoccupied states with p�symmetry with
respect to palladium atoms. Quantitative analysis of
the near�threshold regions of absorption spectra
allows to extract information on the concentration of
hydrogen and carbon atoms inside palladium nano�
particles, and on their location.

EXPERIMENTAL

Experimental X�ray absorption spectra of palla�
dium hydride nanoparticles were registered on the
Swiss–Norwegian BM01b line at the European Syn�
chrotron Radiation Center (ESRF) in Grenoble,
France. The spectra were measured in the passage
mode, using ionization chambers. At the same time,
we measured the X�ray absorption spectrum of a stan�
dard sample of palladium foil, allowing us to control
any possible energy shift. The sample was placed in a
glass capillary with a diameter of 1 mm. During the
experiment, the temperature and pressure of hydrogen
in the capillary was varied, allowing us to obtain differ�
ent degrees of hydrogen saturation for palladium
nanoparticles. A schematic representation of the mea�
surement procedure is shown in Figure 1. The diagram
shows the final compartment of the BM01b synchro�
tron line, controlled by a PC. Capillary 2 with the
sample was placed in holder 1 of the spectrometer. The
sample was palladium nanoparticles on the substrates
of aluminum oxide. Gas heater 3 was placed beneath
capillary 2, and capillary pipe 4 was connected to gas
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unit 5. For simplicity, the capillary in the scheme is
connected to only one side, though in reality it was
connected to both sides. The outputs of the gas system
were connected to vessel 6 filled with hydrogen. A
beam of monochromatic X�ray radiation was emitted
from X�ray source 7 in the direction of the sample.
Input and output detectors (ionization chambers 8
and 9) are arranged on the path of the X�ray beam in
front of and behind the sample and correspond to the
passage scheme. Input and output detectors 8 and 9
measure the X�ray intensity before and after passing
through the capillary and the sample. When switching
from the measuring mode of the X�ray absorption
spectrum to the diffraction mode, a two�dimensional
diffraction detector was placed in front of output detec�
tor 9. Temperature T was controlled by gas heater 3. Gas
system 5 allowed us to pump hydrogen into and out of
the capillary with sample 2. To obtain spectra of X�ray
absorption and diffraction patterns, the temperature
and pressure are fixed as is required in the experiment.
The intensities of X�ray radiation are then automati�
cally measured using detectors at inlet 8 and outlet 9.
A more detailed description of the experimental setup
and measurement procedure can be found in [29].
X�ray absorption spectra for palladium carbide nano�
particles were obtained by our colleagues [28] on the
X10DA (SuperXAS) line of the SLS synchrotron
source (Villigen, Switzerland). Measurements were
made in the passage mode. The experimental EXAFS
spectra were processed using the IFEFIT software
[30]. Processing included background subtraction,
normalization, energy calibration, Fourier transfor�
mation, and fitting using the phases and amplitudes
calculated with the FEFF6 code [31].

To determine the interatomic distances, fitting was
performed in real space in the range of 1.5 to 3.0 Å,
using weighted k2 spectra in the range of 5 to 12 Å–1.
The interatomic distances (RPd–Pd), the Debye–Waller
factor (σ2), the energy shift (ΔE0), and coordination
number were used as the fitting parameters in approx�
imating the spectra obtained upon hydrogen absorp�
tion. In analyzing the palladium foil spectra, a value of

0.82 was obtained for factor  and used for all nano�
particles. The parameters ΔE0 and N were common to
all of the fitted spectra. This approach allowed us to
perform simultaneous fitting of a number of spectra
and to reduce the number of variable parameters.

The Debye correlation model was used to reduce
the number of independent parameters, allowing us to
describe the temperature dependence of the Debye–
Waller parameter σ2 (T) [32] for the fitting of the des�
orption spectra obtained by varying temperature.

RESULTS AND DISCUSSION

Palladium nanoparticles were synthesized via wet
impregnation [11, 27, 28]. The gamma phase of alu�
minum oxide Al2O3 and silica SiO2 with pore volumes

S0
2

of 180 and 300 m2/g were used as the porous substrate.
In addition, a solution of Pd(NH3)4(NO3)2 was used as
the precursor. The samples were annealed at varying
parameters of temperature and annealing time and
then cleansed of surface oxidation in a hydrogen
stream. A sample for detailed analysis was synthesized
on a substrate of alumina. Annealing was done at
250°С for 5 hours.

The oxygen was purified in an atmosphere of pure
hydrogen at a temperature of 250°С for 5 hours. Pow�
der�like samples were black in color. Preliminary anal�
ysis of the samples was performed by means of trans�
mission electron microscopy and X�ray diffraction.
We used a JEM�2010F FasTEMm FEI microscope
manufactured by JEOL.

To obtain high quality images of palladium nano�
particles on an aluminum substrate, the electron
microscope was operated in the Z�contrast mode at a
voltage of 200 kV. Measuremnets were made with the
electron microscope both before and after the nano�
particles were saturated with hydrogen. A series of
transmission electron microscopy images containing
~100 different nanoparticles was analyzed to estimate
the average particle size. The resulting average particle
size was 9.5 nm. Most of the particles were nonspher�
ical, due possibly to their partial agglomeration. The
absorption and desorption of hydrogen had no effect
on the shape or size of the particles.

An alternative analysis of the average crystallite size
was performed via XRD. The distribution of crystallite
size was obtained by analyzing the broadening of the
peak corresponding to the (111) reflections of palla�
dium. This analysis was performed using the
L&TGSD software package [33], in which the FW
1/5/4/5 M method is implemented. It is based on
measuring the peak width at heights of 1/5 and 4/5 of
entire peak height. The resulting average crystallite
size was 5.2 nm, which is smaller than the average size
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Fig. 1. Experimental setup for measuring X�ray absorption
spectra for the K�edge of palladium in palladium nanopar�
ticles. The notation is explained in the text.
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of nanoparticles obtained according to transmission
electron microscopy. This indicates that the region of
coherent scattering of nanoparticles was less than was
visually determined by electron microscopy. This
effect could also be due to nanoparticle agglomera�
tion. The size distribution of the crystallites is shown in
Fig. 2.

The experimental X�ray absorption spectra are
shown in Fig. 3. In saturating the nanoparticles with
hydrogen, the maxima of the spectra shift to lower

energies due to the increasing Pd–Pd interatomic dis�
tance. According to EXAFS analysis, the interatomic
distances for pure nanoparticles were 2.74 ± 0.01 Å. It
is worth noting that an absolute error on the order of
0.01 Å is usual for EXAFS analysis [34, 35], and rela�
tive changes ΔR in the interatomic distances can be
determined with much greater accuracy [36, 37].
More than 15 different interatomic distances can thus
be successfully determined in the range of 2.74 to
2.81 Å. After isobaric desorption, the interatomic dis�
tances fell to 2.75A, testifying to the reversible nature
of the hydride phase.

Along with the changes in the interatomic dis�
tances, a 0.001 Å2 increase in the Debye�Waller factor
was observed for the hydride phase. Such an increase
(at constant temperature) suggests that the hydride
phase is more disordered. On the one hand, this disor�
der could be chaotic; on the other hand, it could be
due to the formation of structures with saturated
hydrogen shells and hydrogen�depleted metal cores.
Such model structures have been obtained in some
theoretical studies [19�21]. In the latter case, we can
reduce the Debye–Waller factor with a series of adjust�
ments to the fitting procedure. This scheme was dem�
onstrated for pure palladium nanoparticles [38].

The theoretical XANES spectra were calculated
with full multiple scattering using the Hedin–Lun�
dquist exchange�correlation potential implemented in
the FEFF8.4 code [31, 40]. Test calculations for
atomic clusters with radii from 3 Å to 10 Å showed that
the spectra converge at a cluster atomic radius of 7.5 Å.
XANES fitting of experimental data was performed via
multivariate interpolation [41], implemented in the
Fitit 3.01 code [42].

As is known from the literature, X�ray absorption
spectra for the L3�edge of Pd are very sensitive to the
presence of hydrogen, due to changes in the electron
states with d�symmetry relative to Pd atoms (during
hydrid phase formation). Such XANES spectra are
usually regarded as the only source of direct informa�
tion on the presence of hydrogen atoms in the struc�
ture. However, measuring the absorption spectra for
light edges is a more difficult experimental task, espe�
cially when measurements in situ under hydrogen
pressure are required. This is why we showed that the
spectra of the К�edge of palladium, which reflect the
change in the electronic states with p�symmetry with
respect to palladium atoms, are also sensitive to the
formation of the hydride phase [43]. Theoretical cal�
culations indicate that the increase in the intensity of
the first edge maximum in the absorption spectra is
associated with the mixing of unoccupied d�electron
states of palladium and the s� and p� unoccupied states
of hydrogen. We showed in [29] that the relative inten�
sity of first edge maxima can be used for rapid qualita�
tive analysis of palladium hydride phase formation.

Geometrical models for calculating theoretical
absorption spectra were constructed using Monte
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Fig. 2. Crystallite size distribution in the region of coherent
scattering, obtained using data from X�ray diffraction.
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Fig. 3. Experimental X�ray absorption spectra behind the
K�edge for palladium nanoparticles at different hydrogen
pressure. The insert shows the near�threshold region of the
spectra. The arrows indicate the direction corresponding
to the increase in the concentration of hydrogen. The dot�
ted line represents the spectrum of pure nanoparticles.
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Carlo methods to allow for the statistical distribution
of hydrogen and carbon atoms. Preliminary analysis
showed that when averaging two series consisting of
more than 200 spectra, the difference between the
averaged spectra is negligible. Around 1000 different
geometric configurations were thus generated for each
predetermined concentration, calculated on a super�
computer, and then averaged. To monitor the accuracy
of the geometric models, the distribution of the num�
ber of hydrogen atoms was tested around the central
(absorbing) palladium atom. In all cases, this distribu�
tion proved to be close to normal. The spectra calcu�
lated in this manner repeat all of the experimental
characteristics, including the increase in the relative
intensity of IA/IB, the changes in the pre�edge region,
and the shift of the first peak toward lower energies
(Fig. 4).

To obtain hydrogen concentrations, the difference
spectra for each experimental spectrum were fitted by
means of multivariate interpolation using the Fitit
3.01 code [42]. Theoretical spectra for pure palladium
and hydrides of PdH0.3 and PdH0.5 with different inter�
atomic distances (2.75 Å, 2.78 Å, and 2.81 Å) were
used as nodes for constructing the interpolation poly�
nomial. The interpolation polynomial of the second
order relative to the interatomic distances was con�
structed in the form r + x + r2 + x2 + rx, where param�
eters r and x correspond to interatomic distance and
hydrogen concentration. To verify the results, fitting

was performed for both difference spectra and the
original spectrum. It led to identical results. The
resulting concentration values were consistent with
those obtained using such alternative techniques as
thermogravimetric analysis [44] and plasmon reso�
nance [12]. The absorption spectrum of palladium
carbide nanoparticles was modeled in a similar fash�
ion. The simulation results are shown in Fig. 5.

CONCLUSIONS

We have presented a scheme for analyzing the
hydride and carbide phase in palladium nanoparticles,
based on X�ray absorption spectra behind the К�edge
of palladium. It was shown that a correct description
of the experimental spectra requires direct consider�
ation of the carbon and hydrogen atoms in the theoret�
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Fig. 4. Fitting of the experimental difference spectra.
Experimental XANES spectra (top) and difference spectra
(bottom) for pure and hydrogenated nanoparticles are
shown by solid lines. The dashed curve shows the differ�
ence spectrum calculated with allowance for hydrogen
atoms. The dashed�and�dotted curve shows the difference
spectrum calculated with a formal increase in the inter�
atomic distances Pd–Pd to values corresponding the pal�
ladium hydride. The ordinates are arbitrary values.
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Fig. 5. Changes in (a) experimental and (b) theoretical
XANES absorption spectra behind the K�edge in the for�
mation of palladium hydride and carbide phase in nano�
particles of palladium.
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ical model, and of their statistical distribution. The use
of multivariate interpolation reduces the number of
calculated spectra. Our scheme allows us to obtain
quantitative values for the concentrations of hydrogen
and carbon in palladium nanoparticles. A similar
approach can be extended to a number of objects con�
taining impurities and defects of different types in
unknown concentrations.
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