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ABSTRACT: Hydride formation in palladium nanoparticles was studied by Pd K-edge
X-ray absorption spectroscopy in both the near-edge (XANES) and the extended
(EXAFS) regions and by X-ray diffraction (XRD) both in situ as a function of
temperature and hydrogen pressure. In contrast to EXAFS and XRD, which probe Pd—
Pd interatomic distance changes, the direct effect of hydrogen concentration on the
electronic palladium structure is observed in the intensities and the peak positions in the | PdHs
XANES region. By using theoretical simulations, we propose a simple analysis of
hydrogen concentration based on the changes of relative peak amplitudes in the XANES
region, which correlate with interatomic distance changes determined by both EXAFS
and XRD. By the quantitative analysis of XANES difference spectra, we have developed a |
scheme to determine the hydrogen concentration in palladium nanoparticles without
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applying any additional calibration procedures with alternative experimental techniques.

1. INTRODUCTION

Metal nanoparticles (NPs) have been the subject of extensive
experimental' ™® and theoretical’ ™ investigations. Metal NPs
find applications in several fields, such as catalysis,>®'""*
electrochemistry,15 imaging,lé’17 sensing,18 biology,lé_19 and
medicine.””" Synchrotron radiation in general and X-ray
absorption spectroscopy in particular have played a determi-
nant role in understanding the structure and the reactivity of
metal NDs, 6142227

Palladium nanoparticles®® are extensively studied in order to
achieve the best performance of important catalytic reactions:
hydrogenation of petroleum resin,” abatement of hydro-
carbons,>*™* CO and NO, emissions, hydrogenation of
unsaturated hydrocarbons, purification of terephthalic
acid,*>** and synthesis of fine chemicals (e.g., active
pharmaceutical ingredients).>* >’ Palladium absorbs hydrogen,
and palladium hydride formation strongly affects the catalytic
performance of the catalyst.** *' In particular, bulk-dissolved or
subsurface hydrogen, which is more energetic than surface
hydrogen, can hydrogenate surface adsorbates upon emerging
to the surface.*”*> The (P,T) phase diagram and hydrogen
desorption kinetics are strongly affected by the size of the
nanoclusters.”***™*® In small palladium nanoclusters the
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hydride phase is destabilized,*” but the phase separation is
still observed down to 1.5 nm size.*”**™%° Theoretical
simulations indicate that concentration of hydrogen is higher
in the subsurface layers while the core region of palladium
nanoparticle is hydrogen-depleted.>' ~**

Formation of palladium hydride is accompanied by lattice
expansion and thus can be detected by X-ray diffraction
(XRD).>*** Changes of dielectric properties of the medium
during hydrogenation shift the wavelength and the width
plasmonic resonance curves. Indirect nanoplasmonic sensing
calibrated with quartz crystal microbalance measurements was
applied for in situ investigation of isotherms for hydrogen
absorption and kinetics of hydrogen release from small
nanoparticles.** An increase of interatomic Pd—Pd distances
in palladium hydride nanoparticles was also efficiently detected
by extended X-ray absorption fine structure (EXAFS) at the Pd
K-edge.** Unlike other experimental techniques, the Pd L,
edge X-ray absorption near edge structure (XANES) enables
the direct observation of the formation of palladium
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hydrides®>*°~* since new antibonding states form in palladium
hydride which can be detected due to the sensitivity of the L;-
XANES to the unoccupied density of d-electronic states (d-
DOS). Palladium hydride thus gives rise to a signature peak at
~6 €V above the Fermi level.®

It is worth noticing that in the presence of weak
backscattering hydrogen atoms the PdH, phase can be directly
probed by X-ray absorption techniques. This is far to be a trivial
point, as very few examples can be found in the literature where
H atoms should be taken into account in theoretical models to
improve the agreement with the experimental results. This is
the case e.g. of the light NaAIH, alloy for hydrogen storage®
and of cations®®~"* and anions’* in water solution.

In this paper we use XANES, EXAFS, and XRD measure-
ments and theoretical simulations of XANES to quantitatively
determine the evolution of the palladium local atomic and
electronic structures in palladium nanoclusters supported by
Al,O;. Furthermore, we demonstrate how the hydrogen
concentration can be directly determined by the fitting of the
XANES spectra.

2. EXPERIMENTAL METHODS

X-ray absorption and diffraction measurements were carried out
at the Swiss-Norwegian Beamline (BMO01B) of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. We
used a glass capillary 1.0 mm in diameter which was filled with
about 50 mm Pd/ALO; powder, fixed from both sides by
quartz wool (see Figure S1). The capillary was installed in a
metal sample holder and was connected to a remotely
controlled gas rig enabling to control the hydrogen pressure
using accurate pneumatic valves. A scroll pump was connected
to the system to be able to evacuate the sample, and the
minimal pressure obtained in the experiment was about 1 mbar.
The capillary was open from the both sides, which enabled us
to tune hydrogen pressure without affecting the position of the
sample inside the capillary as the pressure gradient was acting
equally from both sides. Temperature was controlled by means
of a gas blower, positioned under the sample. According to the
specific calibration datasheet of the heater, the range of the
constant temperature flow was larger than the horizontal beam
size. The size of X-ray beam was 1.0 mm X 0.3 mm. In each of
the selected points of the pressure—temperature space, both X-
ray absorption and diffraction measurements were performed.
Pd K-edge EXAFS data were collected in transmission mode
using ionization chambers in the energy range of 24.1-25.4
keV employing a Si(111) monochromator in the continuous
scanning mode. Pd foil was measured simultaneously with the
sample as a reference compound to monitor possible energy
drift.”

Before each absorption measurement, five diffraction patterns
were recorded by the CMOS-Dexela 2D detector. Both the
wavelength A = 0.513 23 A and the sample-to-detector distance
Dgp = 343.25 mm were calibrated using a silicon powder model
sample. This setup allowed collecting diffraction patterns with
20 values between 5° and 40°. Subsequent averag}ng and
integration were carried out using Fit2D software’® while
WinPLOTR code included in the FullProf Suite”” was
employed for the peak fitting.

EXAFS data were processed by the IFEFFIT package,”®
including background removal, normalization, energy shift
correction, Fourier transformation, and fitting using theoretical
amplitude and phase functions calculated by the FEFF6 code.”
Single-shell real-space fit between 1.5 and 3.0 A was performed

to k*-weighted normalized data in the k-range of S—12 A™". The
fit was performed with the following variable parameters: the
Pd—Pd interatomic distance (Rpg_py), the Debye—Waller factor
(6%), energy shift (AE,), and coordination number (N). The
parameters AE, and N were considered as common variables
for all spectra. To reduce the number of variable parameters,
the fit of the spectra measured during isobaric heating was
performed applying the temperature dependence 6*(T) of the
Debye correlation model.*® The value of the reduction factor
So? = 0.82 was used the same as in Pd foil.

Theoretical simulations of the K-edge XANES spectra were
performed using the full multiple scattering approach with the
Hedin—Lundqvist exchange correlation potential®’ imple-
mented in the FEFF8.4 code’”® The simulations were tested
for the atomic clusters with radii from 3 to 10 A, and
convergence was reached already at 7.5 A. Quantitative analysis
of the experimental Pd K-edge XANES spectra was performed
using the multidimensional interpolation approach® realized in
Fitlt 3.01 code.**

3. RESULTS AND DISCUSSION

3.1. Sample Characterization. Palladium nanoparticles on
Al,O; support were prepared by the incipient wetness
impregnation method as described elsewhere. 08586 prelimi-
nary characterization was performed by means of transmission
electron microscopy (TEM) in Z-contrast mode using a JEM-
2010F FasTEMm FEI electron microscope (manufactured by
JEOL) operated at 200 kV with an extracting voltage of 4500 V.

TEM measurements shown in Figure 1 identified the average

size of palladium nanoparticles D = 9.5 nm counting 100

Figure 1. TEM images of the palladium nanoparticles deposited on
AL, O;. Scale bars are 20 nm.

particles (see Figure S2 in Supporting Information). No
difference in size distribution before the experiment and after
hydrogen absorption and desorption was observed.

The crystalline size distribution was also obtained by
analyzing fwhm of Pd (111) reflection using a L&TGSD
programs7 which realizes the FW'/(/*/;M method by
measuring the width at 1 s and 4/ s height of the peak (for
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Figure 2. (a) Experimental (P,T) conditions. Scattered points correspond to the (P,T) conditions at which both EXAFS and XRD data were
collected. Blue diamonds and red triangles correspond to isothermal hydrogen absorption and isobaric hydrogen desorption, respectively. (b)
Difference Pd K-edge XANES spectra of the palladium nanoparticles at 50 °C and at different hydrogen pressure from point 2 to point 3 obtained
after subtracting the spectrum of bare palladium nanoparticles (taken at point SO °C). Arrows indicate increasing hydrogen pressure. For better

visualization, conventional XANES spectra were multiplied by 0.2.
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Figure 3. Correlation between the Pd—Pd interatomic distance obtained from EXAFS (squares, black solid line) and the ratio I,/I; of XANES first
peaks intensities (triangles, red dashed line). Blue and orange colors correspond to & + f8 and /3 phases of the palladium hydride, respectively.

details, see Supporting Information). We obtained the average
nanocrystalline size of 5.2 nm (see Figure S3). It is less than
suggested by microscopy, since the coherent scattering regions
could be smaller than the average grain size visualized by TEM
due to the partial agglomeration of the nanoparticles.

3.2. Experimental Pd K-Edge EXAFS and XANES. Figure
2a illustrates the changes of hydrogen pressure and temperature
during the experiment. To remove surface oxygen, palladium
nanoparticles were exposed to 1 bar of pure hydrogen for 30
min at 150 °C (point 0), then evacuated (point 1), and cooled
down to 50 °C in a vacuum (point 2). Two series of EXAFS
spectra were collected: (1) during isothermal hydrogen
absorption (points 2—3) at 50 °C and stepwise increasing
hydrogen pressure from 107> to 1 bar and (2) during isobaric
hydrogen desorption (points 3—0) at 1 bar of H, and stepwise
increasing temperature from 50 to 150 °C with steps AT = §
°C.

The EXAFS analysis (vide infra) showed that during the
isothermal absorption of hydrogen the Pd—Pd interatomic
distances increased from 2.74 + 0.01 to 2.81 + 0.01 A. Despite
the fact that the absolute error in determining interatomic
distances by EXAFS is about 0.01 A,'**® the relative changes
AR can be determined with much better accuracy,**° typically
better than 0.005 A, so more than 15 different distances can be
trustfully resolved in the 2.74—2.81 A interval. After the isobaric
desorption the Pd—Pd interatomic distances decreased to 2.75
+ 0.01 A. The expansion data of Pd lattice during hydrogen
uptake were also observed in XRD by fitting the Pd (111) peak.
The interatomic distances increase from 2.74 to 2.79 A, which
is less than the increase of the distances obtained from EXAFS
(Figure S6). This difference is remarkable, and it may stem
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from an effect of lower hydrogen concentration in the core of a
nanoparticle than in the surface region.SI_S‘3 However, at high
hydrogen concentrations Pd (111) reflection overlaps with the
one of Al,O; substrate, which could have affected the fitting
results (see Supporting Information).

Lattice expansion associated with the palladium hydride
phase in supported palladium nanoparticles was observed even
at low (10 mbar) hydrogen pressures. During the isothermal
hydrogen absorption at 50 °C the most intense lattice
expansion was registered for the hydrogen pressure between
40 and 100 mbar. The interatomic distances obtained for the
spectra taken at T = 50 °C and P = 1000 mbar correspond to
the expansion of palladium lattice by 2.5%. The most intense
lattice contraction during the isobaric hydrogen desorption at
1000 mbar H, occurred after heating above 100 °C. The Pd—
Pd interatomic distance at 150 °C and 1000 mbar hydrogen is
the same as in initial bare palladium nanoparticles (within the
accuracy of the method), so the observed hydride formation
was reversible.

The coordination number decreased from 12 in Pd foil to 9.8
in the nanoparticles. The Debye—Waller factor increased by
0.001 A* for the hydride phase, which suggests an
inhomogeneous hydrogen distribution inside the palladium
nanoparticle. This redistribution may be either disordered,
caused by a statistical population of octahedral interstices by
hydrogen atoms, or core—shell-like, similarly to the one
observed in theoretical calculations for the metal.'™>* In the
case of the core—shell-like structure, the Debye—Waller factor
can be decreased by the refinements of the fitting procedure as
was demonstrated for bare palladium nanoparticles.”* Because
of the changes in d-density of electron states under hydride
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Figure 4. Difference theoretical Pd K-edge XANES spectra (a) for palladium cluster with variable interatomic distances without hydrogen atoms and
(b) with hydrogen concentration taken into consideration. Dashed line corresponds to experimental difference spectrum of palladium hydride at
1000 mbar. The final spectrum (bold red) corresponds to PdH, s with Pd—Pd interatomic distance r = 2.81 A. For better visualization, conventional

XANES spectra were multiplied by the factor of 0.2.
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Figure S. Hydrogen concentration as a function of (a) pressure and (b) temperature determined by quantitative XANES fitting. Dashed lines are for
demonstrative purposes only. Blue and orange colors correspond to a + § and f phases of the palladium hydride, respectively.

formation, Pd L;-edge XANES spectra were usually considered
as a main source of information on hydrogen concentration.
However, acquisition of soft X-ray Pd Lj-edge spectra is
experimentally more demanding in the in situ conditions under
H, pressure. Therefore, we use Pd K-edge XANES which
reflects the changes in the unoccupied electronic p-states
during hydride formation.”>

Figure 2b shows the changes of near-edge region of
absorption spectra. The peak B at 24 388 eV for the bare
palladium shifts to the lower energies with the increase of
hydrogen pressure. The peak A at 24 364 €V also shifts to the
lower energies, and its intensity increases relatively to the
intensity of the peak B. Theoretical calculations of the
palladium electronic structure indicated that the increase of
peak A intensity is associated with the mixing of Pd d-states
with hydrogen s- and p-unoccupied states (see Figure S8). As
we show below, the relation of intensities of these peaks can be
used for qualitative analysis of the palladium hydride formation.

According to the standard PdH phase diagrams for the bulk
systems”> and that obtained for the palladium nanoparticles by
indirect nanoplasmonic sensing® and thermogravimetric
analysis,”* our results shown in Figure 3 indicate the pure f3
phase formation. It is also evident that the intensity ratio I,/I
of the first near-edge peaks correlates with the interatomic
distance obtained from EXAFS. This tendency was also
predicted by theoretical simulations.”> The simple utilization
of experimental XANES by measuring only first peaks
intensities makes this technique very useful for in situ
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measurements of relative changes of hydrogen concentration
in palladium hydride under varying external conditions.
Nevertheless, such analysis gives only relative changes of H
concentration in palladium nanoparticle. In the next section we
show that the absolute values can be determined by
simultaneous theoretical fitting of EXAFS and XANES spectra
with variable hydrogen concentration.

3.3. XANES Simulations and Fitting Procedure.
Theoretical simulations (Figure 4) illustrate the role of
hydrogen in the spectral shape of Pd K-edge XANES. Utilizing
difference spectra, we have demonstrated that the spectra,
calculated using a simple model of palladium clusters with
formal increase of only lattice parameter, are not in agreement
with the experimental data, which is evident from the difference
spectra (Figure 4a).

To simulate the hydrogenated samples, hydrogen atoms were
included in the cluster model. Different hydrogen concen-
trations, from bare Pd to PdH,, were simulated by placing H
atoms in octahedral interstitials of the Pd lattice with the given
probability using a Monte Carlo approach.”® To obtain proper
statistical distribution, 1000 different hydride structures were
randomly generated for each concentration. XANES spectra
were then calculated for each structure and consequently
averaged. The calculated spectra for such model reproduce all
experimental features including the monotonic increase of the
ratio I,/Iy and the shift of the first near-edge peaks to the lower
energies.

dx.doi.org/10.1021/jp500734p | J. Phys. Chem. C 2014, 118, 10416—10423
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To obtain the concentration of hydrogen at each
experimental point in Figure 2a, difference XANES spectra
were further analyzed by the multidimensional interpolation
approach® of Fitlt 3.01 code.*® Theoretical spectra for bare Pd,
PdH, 5, and PdH,; with Pd—Pd interatomic distances of 2.75,
2.78, and 2.81 A, respectively, were taken as interpolation
nodes. The interpolation polynomial was constructed as r + x +
7 + &* + r«, where the parameters r and x correspond to
interatomic distance and hydrogen concentration, respectively.
The fit was performed for both conventional XANES and
difference spectra, yielding similar results.

Figure S illustrates the hydrogen concentration obtained by
quantitative fitting XANES data taken at different H pressures
during isothermal hydrogen absorption. We have determined
that the highest hydrogen concentration x in PdH,, obtained for
the spectrum taken at 50 °C and 1000 mbar of hydrogen was
equal to 0.36 + 0.03. The data points were highlighted by two
dashed lines with different slope. The intersection point of
these lines at x & 0.3 corresponds to the transition to f-phase
of palladium hydride. The obtained concentrations and the
point of phase transition are consistent with the results

btained by indirect nanoplasmonic sensing*® and thermogra-
o y p g g
vimetric analysis.”*

4. CONCLUSIONS

The hydride phase formation in the palladium nanoparticles
was studied in situ by near-edge and extended X-ray absorption
spectroscopies above Pd K-edge. Although EXAFS analysis
reveals the changes in Pd—Pd interatomic distances under
hydride phase formation, it does not allow determining the
absolute values of hydrogen concentration in PdH, nano-
particles. Therefore, we have suggested a new approach to
evaluate the absolute values of hydrogen concentration in
palladium nanoparticles during hydrogen absorption/desorp-
tion process using X-ray absorption data. By theoretical analysis
of Pd K-edge XANES spectra, we have shown that the presence
of hydrogen atoms in Pd lattice has a direct effect on the shape
and the intensities of first near-edge peaks of the spectrum, so
that the ratio of these intensities can be used for the fast and
simple qualitative estimation of hydrogen concentration in Pd
nanoparticles. Absolute values of hydrogen concentration in the
palladium nanoparticles during hydrogen absorption/desorp-
tion were obtained by fitting experimental XANES with
theoretical spectra for models generated using the Monte
Carlo approach. The obtained results indicate a nonlinear
dependence of the Pd—Pd interatomic distances upon the
hydrogen concentration during the f-phase formation.
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