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ABSTRACT

We report an in situ, temperature and H» pressure-dependent, characterization of (2.6 + 0.4) nm
palladium nanoparticles supported on active carbon during the process of hydride phase formation.
For the first time the core-shell structure is highlighted in the single-component particles on the basis
of a different atomic structure and electronic configurations in the inner “core” and surface “shell”
regions. The atomic structure of these particles is examined by combined X-ray powder diffraction
(XRPD), which is sensitive to the crystalline core region of the nanoparticles, and by first shell
analysis of extended X-ray absorption fine structure (EXAFS) spectra, which reflects the averaged
structure of both the core and the more disordered shell. In whole temperature range (0—-85 °C), XRPD
the analysis confirms the existence of two well-separated a- and B- hydride phases with the
characteristic flat plateau in the phase transition region of the pressure-lattice parameter isotherms.
In contrast, first shell interatomic distances obtained from EXAFS exhibit a smoother behavior in the
phase transition region, typical for nanostructured palladium. Such difference is explained by distinct
properties of bulk “core” which has crystalline structure and sharp phase transition, and surface
“shell” which is amorphous and absorbs hydrogen gradually without forming distinguishable a- and
B- phases. Combining EXAFS and XRPD we extract, for the first time, the Pd-Pd first-shell distance
in the amorphous shell of the nanoparticle, that is significantly shorter than in the bulk core and
relevant in catalysis. The core/shell model is supported by the EXAFS analysis of the higher shells,
in the frame of the multiple scattering theory, showing that the evolution of the third shell distance
(AR3/R3) is comparable to the evolution of (Aa/a) obtained from XRPD since amorphous PdHx shell
gives a negligible contribution in this range of distances This operando structural information is
relevant for the understanding of structure-sensitive reactions. Additionally, we demonstrate the
differences in the evolution of the thermal parameters obtained from EXAFS and XRPD along the
hydride phase formation.
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1. Introduction

Palladium-based nanomaterials are extensively used as catalysts,'!7 sensors,'® !° bio-sensors,
and in electrochemistry.?!?* In a number of industrial applications, supported palladium nanoparticles
are used to catalyze hydrogenation reactions.?®3* In the presence of hydrogen, they form different
types of hydrides,**® whose relative abundance affects the catalytic performances, especially in
terms of selectivity.?!> #*- 30 Therefore, understanding the structure of palladium hydride phases and
building an atomistic model of hydride phase formation in palladium nanoparticles is a problem of
high scientific interest and industrial relevance.

Bulk palladium exhibits two hydride phases depending on the stoichiometric atomic ratio x of the
PdHx.>! The region 0 < x < 0.03 corresponds to the a-phase, while in the region of x > 0.58 the p-
phase is formed. The coexistence of these phases is observed in the region from 0.03 to 0.58.
Formation of the hydride phase does not change the symmetry of the initial face centered cubic lattice
of the palladium bulk, but leads to an increase of the cell parameter. The latter has a stepwise behavior
at the concentrations corresponding to the formation of a- and - phases, while within each of the
phases it linearly increases with x. Palladium nanoparticles are expected to show different
thermodynamics of hydrogen absorption in comparison to bulk materials due to a considerable
contribution of the surface.*> > Phase separation was also observed in palladium particles down to
nanometer size,>> >* but the relationship between H» equilibrium pressure (Py,) and x loading differs
from bulk and strongly depend on the size and shape of the nanoparticles.* This affects that the
maximum x loading of hydrogen in the B-phase, and the extension of the plateau between a- and -
phases.

In the present work, we focus on the process of hydride phase formation in carbon-supported
palladium nanoparticles (average particle size of 2.6 nm, with 0.4 nm in standard deviation) as a
function of temperature (0 - 85 °C) and Py, (0 - 1000 mbar), by coupling simultaneous X-ray powder
diffraction (XRPD) and extended X-ray absorption fine structure spectroscopy (EXAFS) experiments
with independent volumetric measurements. XRPD allows monitoring the increase of the cell
parameter a during the hydride formation, differentiating between the a- and - hydride phases, but
it is scarcely informative for nanoparticles with size below 1 nm>*>* (that do not contribute to the
Bragg reflections) and to the external shell of nanoparticles (because of disorder effects intrinsic of
surface layers). Being element specific, EXAFS selectively probes the local environment around the
Pd absorbing atom, yielding average Pd-Pd interatomic distances, coordination numbers and Debye-
Waller parameters, and providing important complementary information on the surface of the
nanoparticles,>®” that is merged with the information on the core. Finally, volumetric
measurements®® ® provide quantitative information on the amount of hydrogen absorbed in terms of
average H/Pd atomic ratio, provided that the hydrogen uptake from the support is properly taken into
account.

The synergic coupling of the three techniques highlighted clear differences in the structural and
electronic configuration of the palladium atoms in the shell and in the core of the nanoparticles during
the Pd <» PdHx phase transition. Particularly, XRPD revealed the subsequent formation of two well-
separated a- and - hydride phases with a flat plateau, similar to that obtained for bulk Pd. In contrast,
the contribution of the surface to the first shell EXAFS analysis’ resulted in a smoother evolution of
the Pd-Pd first shell interatomic distance, which evidences the presence of a core-shell structure in
the PdHx nanoparticles. Unlike the previously reported independent XRPD and first shell EXAFS
study,”! performed on similar sized Pd nanoparticles (2.5 + 0.5 nm) and reporting only the starting
(Pd) and final (PdHo.4) points of the of the PdHx system at ambient temperature, we collected more
than hundred points in the Py, -temperature plane by simultaneous XRPD and EXAFS data collection

(the latter analyzed till the fourth shell), which was a crucial step to highlight the core-shell structure.
We have also observed a different behavior of the Debye-Waller parameter in EXAFS and isotropic
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atomic displacement in XRPD fits, which is explained by the fundamental difference of the two
methods.

2. Materials, Experiments and Methods

2.1. Sample preparation and characterization.

5 wt.% Pd on carbon catalyst supplied by Chimet S.p.A. has been prepared by deposition—
precipitation method’” on activated carbon of wood origin (surface area = 980 m?g’!; pore volume =
0.62 cm’g™!).*> ™ Palladium black sample has been prepared following a procedure similar to that
adopted for the catalyst preparation, but omitting the support, and successively reduced in H» at 120
°C, resulting in a stable bulk Pd° phase.

2.2. In situ X-ray absorption spectroscopy and X-ray powder diffraction setup

Pd K-edge X-ray absorption spectroscopy and X-ray powder diffraction data were collected at the
BMO1B" 7 (Swiss-Norwegian Beamline, successively moved to the BM31 port) of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. The beamline allows a rapid (about 30 s)
plug and play switch between X-ray absorption and X-ray diffraction setups, allowing to measure for
each of the selected Py, -temperature conditions, both EXAFS and XRPD on exactly the same point
of the PdHx phase diagram. A boron glass capillary 1.0 mm in diameter filled with the sample powder
was connected to a remotely controlled gas rig enabling to vary the Py, during the experiment.
Vacuum pump was connected to the system for outgassing, providing a minimal pressure lower than
0.1 mbar. Nitrogen-based gas blower positioned above the sample allowed to control the temperature
from values below 0 °C and up to 150 °C. To remove the surface oxide layer formed on the palladium
nanoparticles exposed to air,”’ initial pretreatment of the sample was performed at 125 °C in 200
mbar of hydrogen for 30 minutes. EXAFS/XRPD data were collected at five different temperatures
from 0 to 85 °C increasing the pressure from 0 to 1000 mbar. Since the temperatures of the gas blower
set-point may differ from the real temperature of the catalyst, we report the temperatures of the
samples. These temperatures were obtained by matching the pressures of the phase transition to the
corresponding point of the Van ’t Hoff plot, derived from the volumetric measurements of this sample
(see Section 2.3 below, Section S4 and Figure S10 of the ESI). The pressure always corresponds to
the absolute hydrogen pressure, which was the only gas used. The pressure steps were chosen in the
way to have more experimental points in the region of a- to B- phase transition. To completely remove
the hydrogen loaded in the sample during the previous isotherm, the sample was outgassed for 30
minutes at 125 °C before each measurement.

X-ray absorption spectra at Pd K-edge were obtained in the transmission mode by continuous
scanning of the double crystal Si(111) monochromator from 24.1 to 25.4 keV taking 5 minutes per
spectrum. Palladium foil was measured simultaneously with each spectrum for energy calibration
using a third ionization chamber. Palladium black powder was used as a reference sample. X-ray
powder diffraction was measured using 0.50544(2) A radiation, selected by a Si(111) channel-cut
monochromator. CMOS-Dexela 2D detector positioned at the distance of 250.24(7) mm from the
sample resulted in in a 20 range from 2 to 52 degrees (dmin = 0.58 A). The values of the photon
wavelength, sample to detector distance and detectors tilts have been optimized by Rietveld
refinement of NIST LaB¢ and Si samples and kept fixed in the refinement of the Pd/C samples. For
better statistics 20 diffraction images and 20 dark images (without X-ray beam) with acquisition time
of 1 second were collected at each experimental point.

X-ray absorption spectra were analyzed in Demeter 0.9.21 package’® including background
subtraction, normalization, energy calibration, and single-shell Fourier analysis. A real space data
fitting in the R-range from 1.5 to 3.2 A was performed to the Fourier-transformed k>-weighted data
in the k-range from 5 to 12 A"!, corresponding to the number of independent points 2AKAR/mt > 7.
The low k-region (2 — 5 A™!) was intentionally excluded from the analysis to minimize the Pd-C
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contribution from interaction of the nanoparticles with the support. The fit included four parameters:
the first shell Pd-Pd interatomic distance (R1), the Debye-Waller factor (c?), energy shift (AEo) and
coordination number (N). The parameters AEo and N were considered as common variables for all
spectra. The value of the passive electron reduction factor So> = 0.83 + 0.03 was obtained by fitting
the spectrum of palladium foil and kept constant in the optimization of all the spectra collected on the
Pd-catalyst. For higher-shell analysis (Section 4.3) the R-range from 1.2 to 5.5 A and k-range from
3.0 to 14.0 A" were used (2AkAR/m > 30). In the fits So*> was fixed to 0.83 and a single AEy was
optimized for all single scattering (SS) and multiple scattering paths; four independent R1, Rz, R3, Ra,
distances were optimized for the four SS paths, with four independent (ci%) parameters, resulting in 9
independent parameters. The coordination numbers of the first four shells in the nanoparticles have
been fixed to the size-dependent values given by the model developed by Calvin et al.”’, see below
Eq. (3). To minimize the number of optimized parameters, guaranteeing stability to the fits, for all
relevant MS paths, the path length and the corresponding 6 parameter were constrained by the values
of Ri and o; as already successfully done in other studies.?*®? For both first shell and higher shells
analyses, the fitting was performed in R-space using theoretical amplitudes and phases calculated by
FEFF6 code.®

2D XRPD patterns were processed by PyFAI** software which executes fast averaging, background
subtraction and integrating of images to obtain I(20) patterns. Rietveld refinement was performed in
Jana2006 code.® Profile parameters were optimized by fitting the diffraction patterns of bare and the
most hydrogenated samples at each temperature. In the final refinement, we optimized of the fractions
of a and B phases and the cell parameters corresponding to each phase.

2.3. Volumetric measurements

Hydrogen sorption isotherms were measured on a commercial volumetric apparatus (Micromeritics
ASAP2020). The instrument was equipped with 4 pressure transducers, allowing to investigate the
sorption process at very low equilibrium pressures (down to 10~* mbar). Prior to the measurements,
the Pd/C powders (1.4 g) were activated on a vacuum line equipped with a turbomolecular pump (P
< 10* mbar): after degassing at 120 °C for 3 h, the sample was subjected to two H>
absorption/desorption cycles at 120 °C in hydrogen (absorption pressure: ~100 mbar, desorption
pressure: dynamic vacuum) to guarantee a full reduction of the palladium nanoparticles. Then the
sample was exposed to 100 mbar of H> and cooled down to room temperature. The sample was
successively transferred inside a glove box (M Braun Lab Star Glove Box supplied with pure 5.5
grade N2, <0.5 ppm O2, <0.5 ppm H20) before being inserted into the measurement cell and degassed
at room temperature for 1 h on the volumetric apparatus. The H> uptake of the (Pd-free) carbon
support was measured in the same conditions adopted for the Pd/C catalyst, after activation in
dynamic vacuum at 120°C overnight. Hydrogen gas (99.9999 vol% purity) was supplied by Rivoira
SpA. The isotherms reported in the following for the Pd/C systems were obtained from the measured
ones after the subtraction of the H> uptake measured in the same conditions for the activated carbon
support.

3. Results

The narrow particle size distribution of the nanoparticles is a fundamental prerequisite for
extracting reliable information from both XRPD and EXAFS data. Therefore, the Pd/C catalyst was
initially investigated by means of high resolution transmission electron microscope (HRTEM: JEOL
3010-UHR instrument operating at 300 kV and equipped with a 2k x 2k pixels Gatan US1000 CCD
camera), to determine in a direct way the average particle size and the particle size distribution. A
representative TEM micrograph is reported in Figure 1, where the palladium particles appear
homogeneously distributed on the carbon support in an isolated form without aggregates. A careful
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analysis of several TEM images containing more than 500 independent particles revealed that the
average size of the palladium particles is 2.6 = 0.4 nm

| — s - BNNARA 4 _(nm

Figure 1. Representative TEM micrograph of the Pd/C sample and corresponding particle size distribution.

In a second step, the formation of the palladium hydride phase as a function of the hydrogen
pressure and temperature was investigated by coupling synchrotron EXAFS and XRPD experiments
(Figure 2) with volumetric measurements (see Sections S2-S4 of the ESI for details in the data
collection), obtained almost simultaneously. The progressive formation of the Pd-hydride phase upon
increasing Py, at constant temperature leads to the expansion of the palladium lattice (i.e. the increase
of the first shell Pd-Pd interatomic distance), because of the insertion of hydrogen in the octahedral
interstitial positions. The increase of the first shell Pd-Pd interatomic distances is observed in the
Fourier-transforms of the Pd K-edge EXAFS spectra (Figure 2a) and leads to a shift of the XRPD
reflections towards smaller 26 angles (Figure 2b).

The whole set of EXAFS data shown in Figure 2a was analyzed with a first-shell Fourier approach
(Section S2). The Pd-Pd distance was found to change along each isotherm as a function of Py,. The
resulting palladium hydride pressure-distance curves are shown in Figure 3a. It is worth noticing that
the lattice expansion process is accompanied by an increase in the Debye-Waller parameter, 62, which
will be discussed in Section 4.4.

In contrast to EXAFS, XRPD is a phase-specific technique. Hence, it enables to analyze separately
the a- and B- hydride phases present in the sample at each point of the isotherm. The relative
concentrations of the a- and - phases and the cell parameters within each phase have been determined
by a 2-phases Rietveld refinement procedure (see Section S3 of the ESI). To plot the structural
isotherms obtained from XRPD in a way directly comparable with the EXAFS data (Figure 3a), we
calculated the averaged cell parameter as a weighted sum

a=((1-n)-a,+n-ag, (1)
where a,, and ag are the refined lattice parameters of the a- and B- phases respectively, and n the
refined fraction of the B-phase. The evolution of the cell parameter as a function of Py, at different
temperature is plotted in Figure 3b.
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Figure 2. Evolution of the k>-weighted, phase uncorrected Fourier-transformed EXAFS data [y(R)| (part a), and XRPD
patterns (part b) during the palladium hydride formation at different temperatures. For all FT-EXAFS spectra the same
color scale has been adopted, which allows to appreciate the intensity reduction of the first shell Pd-Pd contribution (2-3
A range) due to structural (PdH formation) and thermal disorder. Each XRPD pattern has been normalized to its total
scattering area.

Similar sequences were collected through independent volumetric measurements resulting in the
pressure-composition isotherms reported in Figure 3¢, that give information on the stoichiometric
H/Pd ratio (x) at the given Py, and temperature.
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Figure 3. Pressure-R;, pressure-a and pressure-x isotherms obtained from EXAFS (a), XRPD (b), and volumetric
technique (c) for Pd/C at different temperatures (colored scatters) and palladium bulk (Pd-black) at 22 °C (black dashed
line). Solid colored lines correspond to the best fits by a model double-exponential function. The abscissa of part (b) is
the averaged cell parameter defined in Eq. (1). Light gray, white and dark gray regions define qualitatively pure o-,
mixed-, and pure - phases, respectively, for the Pd/C sample.

4. Discussion

4.1. The PdHx phase diagram for Pd/C

The pressure-structure isotherms shown in Figure 3ab are very similar to the pressure-composition
curves obtained from volumetric measurements (Figure 3c), which give information on the H/Pd ratio
at a given temperature and pressure. All the diagrams are characterized by three distinct regions: (1)
a pre-plateau region, relative to the formation of the a-phase (light gray region); (ii) the plateau,
corresponding to the phase transition from the solid solution to the B-phase (white region); (iii) a post-
plateau region, where the solid solution of hydrogen in the metal hydride is formed (dark gray
region).’® As widely reported for bulk palladium, the pressure corresponding to the plateau increases
with the temperature, and at the same time the miscibility gap of the solid solution with the hydride
phase decreases.3®: 40:86-94

As a consequence of the nanometric size,*® 7! 8% %° for palladium nanoparticles the hydrogen-uptake
and the lattice parameters at the end of each plateau is lower than that for bulk palladium at similar
temperatures, e.g. at 22 °C only PdHo4 was obtained in Pd/C vs PdHos for palladium black. In
contrast, the thermodynamic of hydrogen absorption seems not to be influenced by the nanometric
size of the palladium particles. Indeed, the enthalpic and entropic values obtained from the Van ’t
Hoff plot reported in Figure S10 (AH =—36.9+3.7 kJ'-molu '; AS =92.0+9.2 J-K !*molu> ') are close
to those reported in the literature for bulk palladium (AH = —37.2 kJ'molm!; AS = 92.5
J-K molnz1),* and in agreement with the values reported in the literature for nanometric palladium
particles.3% 36 40. 45,46, 33,90.93.96-98 The absence of a clear dependence of the entropic/enthalpic terms
on the palladium particle size and shape has been previously reported,®> ** 46 and explained in terms
of an enthalpy-entropy compensation effect in H-absorption in both palladium bulk and
nanoparticles.*’

4.2. Evolution of the Pd-Pd distances in the core and shell of the PdHx nanoparticles

As a general tendency, the palladium nanoparticles undergo a less sharp phase transition than bulk
palladium, which was explained in the literature by size and shape dispersion phenomena.’® This
effect is evident when comparing the structural and compositional isotherms obtained at 22 °C for
Pd/C (blue scatters in Figure 3) and palladium black (dashed line in Figure 3). However, the first shell
EXAFS data themselves (Figure 3a) exhibit a less defined plateau than the corresponding XRPD data
(Figure 3b). The plateau of the isotherms obtained by EXAFS are spanned in a wider pressure range
with respect to the same plateau observed by XRPD at all the investigated temperatures. This
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discrepancy is absent for palladium black, suggesting that it is a characteristic feature of the sample,
and not of the method.

The systematic difference in the behavior of the first shell EXAFS and XRPD data can be better
appreciated by plotting the evolution of the first Pd-Pd distance obtained by EXAFS (R1) as function
of the cell parameter a obtained by XRPD for all the different pressures and temperatures, as shown
in Figure 4a. For palladium black, the data can be fitted by a straight line of the type Ri = m X a
(dashed line in Figure 4a), where the fitted value of m = 0.71 £ 0.01 agrees with that expected from
the geometric relationship between the cell parameter and the interatomic distance in a face centered
cubic lattice, given by 1/+/2 = 0.707. A minor difference between V2R and « is originated from
systematic error associated to each method (e.g. error in determining sample-to-detector distance in
XRPD, calculated phases and correlation between Eo and R; in EXAFS, etc.). To minimize this
systematic error, we corrected the a values obtained for the nanoparticles by factor 0.996 determined
comparing XRD and EXAFS data obtained on Pd metallic bulk. A larger deviation from this linear
law is observed for palladium nanoparticles in Pd/C. In particular, in the regions corresponding to
pure a- and B- phases, the first shell R; values obtained from EXAFS grow faster than the cell
parameter obtained by XRPD, while during the phase transition an opposite behavior is observed. To
emphasize this difference, in Figure 4b, the first shell R; and a values have been plotted as a function
of the H/Pd ratio x determined from the volumetric measurements reported in Figure 3c.
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Figure 4. (a) Interatomic first shell distance R, obtained from EXAFS vs. cell parameter a obtained from XRPD. The
plot contains all the data measured at different temperatures in the pressure range from 0 to 1000 mbar. The different
colors of the scatters correspond to different temperatures; the color scheme is kept the same as in Figure 3. Cross scatters
refer to palladium black, and the black dashed line is a linear fit of these data. Three red dashed lines emphasize the
relation between EXAFS and XRPD for the nanoparticles in the three different regions. (b) Evolution of the XRPD cell
parameter (left axis, red triangles) and EXAFS interatomic distances (right axis, blue squares) with the increase of
hydrogen loading in the palladium nanoparticles at 22 °C.

The observed discrepancy can be accounted for by considering that the palladium hydride
nanoparticles do have a core-shell structure, with a crystalline core that contributes both to the Bragg
reflections in the XRPD patterns and to the first shell Pd-Pd distance obtained by EXAFS, and an
amorphous shell that contributes only to the latter observable. Similar models of core-shell palladium
hydride nanoparticles have been previously discussed, but did not have explicit experimental
evidences. 0 4 46 88.99. 100 1t hag also been shown that for nanoparticles with average size of 1 nm,
which do not give well-defined Bragg peaks due to the lack of long range order,>* > the a-p phase
separation does not exist and the pressure-composition isotherms lack the plateau region.>?> A similar
behavior should be expected for an amorphous shell of Pd hydride nanoparticle, but cannot be
measured directly. Nevertheless, the theoretical R{"!'(Py,) pressure-distance isotherm of the shell

can be derived from the available data, by using the XRPD pressure-a isotherm, a(Py,), as
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representative of the core, and the EXAFS isotherm, REXAFS (Py,) as the average of the core and shell
contributions, according to the following expression:
CR{M(Py,) = RE¥AFS(Py) — (1 C) % a(Py,), 2

where C is the fraction of atoms located in the amorphous shell. This value was set to 0.6 based on
the detailed analysis of EXAFS spectra,’® which indicated that the fraction of palladium atoms located
in the amorphous surface for Pd nanoparticle of 2.6 nm size is about 60%. In addition, the crystalline
size determined from XRPD (full widths of the Bragg peaks) does not change significantly along the
hydride phase formation at all studied temperatures, which indicates that the ratio between core and
shell can be fixed for all experimental points. The resulted theoretical isotherm (22 °C) for the
amorphous shell of the nanoparticle is shown in Figure 5a together with the two experimental curves
that have been used to obtain it. As expected, the shell absorbs hydrogen gradually, and the
corresponding isotherm does not result in a well-defined phase transition. The similar simulated
isotherms, assuming the shell fraction of 50 and 70% is shown in Figure S11.

From the data reported in Figure Sa, it emerges that the R; distance is shorter in the amorphous
shell than in the bulk core at any investigated Py,. This difference is small at low Py, (AR < 0.005
A) and progressively increases with the hydrogen uptake (A R; = 0.014 A). The pressure-distance
isotherms obtained for the shell of the nanoparticles (Figure 5b) indicate that the shell part absolutely
lack the plateau region at high temperatures. This agrees with the observation done on 1 nm Pd
particles exhibiting only the amorphous phase.? In addition, figure emphasize the changes in the
slope of the isotherms in the mixed phase region which are most strongly observed at high
temperatures. The origin of such slope may be due to the fact that the critical temperature, above
which no a- and - phases do not exist, is lower in the shell than in the core. However, within the
quality of the data we cannot prove or disprove this hypothesis.
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Figure 5. (a) Pressure-distance isotherms of core and shell of the palladium hydride nanoparticle plotted as a function of
Ri. Full curves correspond to the experimental pressure-structure isotherms at 22 °C, as obtained from XRPD data (black)
and EXAFS data (dark grey). The dashed line is the theoretical curve, obtained by applying Eq. (2) in the hypothesis of
60% of atoms contributing to the shell (C = 0.6, see scheme), and accounts for the behavior of palladium hydrides in the
shell of the nanoparticle. (b) Simulated pressure-distance isotherms for the shell part of the nanoparticles at different
temperatures. The similar simulated isotherms, assuming the shell fraction of 50 and 70% is shown in Figure S11.

As a final comment, it could be argued that, besides the amorphous shell, ultra-small nanoparticles
below 1 nm can also contribute to EXAFS, while escaping from detection by XRPD. However, in the
present study, this contribution can be neglected for two reasons: (i) the fraction of particles with
diameter below 2 nm is negligible (inset in Figure 1), (ii) there are less atoms inside a 1-nm particle
than in the shell of a 2.6 nm particle, which further reduce their effect on the resulting EXAFS
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spectrum.®> 1! This means that the discrepancies observed between the EXFS and the XRPD data
(Figure 4) are actually due to a core-shell effect and not to a size-heterogeneity effect.

4.3. Higher-shell EXAFS analysis

To further confirm the discrepancy between the results obtained from XRPD and first shell EXAFS
analyses, and to support our crystalline core / amorphous shell model we report additional higher
shell EXAFS analysis on the 22 °C isotherm data for Pd black (Figure 6a) and Pd nanoparticles
(Figure 6b) Indeed, higher-shell analysis of EXAFS data provides intermediate-range structural
information, being so intermediate between the short range order selectivity of the first shell EXAFS
analysis and the long range order typical of XRD technique. To highlight the different behavior of
first and higher shells, we have performed EXAFS-analysis in extended R-range from 1.2 to 5.5 A,
using the whole k-range available: 3.0-14.0 A!. All contributions with an intensity higher than 0.05
(with respect to the SS first shell Pd-Pd) and with effective path length smaller than 6 A were taken
into account (see Figures S4 and S5). The decrease of coordination numbers in the nanoparticles with
respect to the bulk was taken into account using an equation:””

3R; 1 (Ry\3
Nnano,i = [1 ~3D + 2 (3) ]Nbulk,i (3)
where R; is the effective path length of each path, and D is mean particle size (for the bare

nanoparticles, we determined D = 2.4 £ 0.8 nm which is close to the size provided by TEM and
XRPD). The so obtained Nnanio,i values were kept fixed in the fits.
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Figure 6. Evolution of the 1% (blue squares) and 3™ (red circles) shells determined by EXAFS for Pd black (a) and Pd
nanoparticles (b) during hydride phase formation at 22 °C. The XRPD data is shown as black dashed line.

Figure 6 shows the relative evolution of the interatomic distances for the first and third shells. The
figure reports ARi/Rio = (Ri—Ri0)/Rio values, being R; the Py, -dependent distance of the i-th shell,
being R; o the corresponding value for the pure metallic phase and being i = 1 and 3. The dashed line
reports the equivalent Aa/ap = (a—ap)/ap values extracted from XRPD, with obvious meaning. It is
clearly seen that for the Pd black sample the same relative elongation is observed for AR;/R;,
AR3/R30, and Aa/ayp (Figure 6a). Conversely, in the case of the nanoparticles (Figure 6b), the
elongation of the 3™ shell distance is bigger than that of the 1*' shell and has a similar behavior as
XRPD data. The corresponding AR>/R> 0, AR4/R4,, curves, referring to the 2" and 4™ shells are not
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shown in Figure 6 because their contribution to the oscillatory EXAFS function is much smaller and
fully overlapped by the contribution of much stronger MS paths falling in the same R-region (see
Figure S4). These facts result in bigger error in their determination.

It is worth underlying that XRPD is still fundamental in giving solidity to our core/shell model
because, the error associated to the determination of @ by XRPD is much smaller than that related to
the determination of R3; by EXAFS.

4.4. Short and long scale disorder

Both thermal and structural disorder affect both XRPD and EXAFS data, reducing the intensity of
the signals at high q or k values, respectively.'®? Consequently, the disorder has been considered in
the data analysis, by optimizing the isotropic atomic displacement (Uiso) in XRPD and the Debye-
Waller parameter (6°) in EXAFS. For the data collected at 22 °C, the optimized Uis, is about 0.005
A? for all the patterns in both pure metal and a- and p- hydride phases of the Pd nanoparticles (green
squares in Figure 7). Indeed, Uiz, describes the oscillation of an atom around its crystallographic
position, and is almost insensitive to the crystallographic phase (note that similar Uiy, values have
been obtained for the bulk Pd black phase along the whole isotherm, grey stars). In contrast, the 6°
obtained from EXAFS analysis is not constant, but increases with Py, (blue diamonds in Figure 7).
For both nanoparticles (blue diamond) and Pd black (black crosses), the 6> parameter does not change
in the region below 10 mbar, this fact is explained considering that the a-phase contains a very low
amount of hydrogen, which does not contribute significantly to the structural disorder. An almost
step-wise increase of 62 is then observed in the phase transition region around 20 mbar, corresponding
to the coexistence of the a- and PB- hydride phases, that are characterized by different Pd-Pd
interatomic distances. This abrupt change of ¢? with the hydrogen uptake can be explained by
considering that o? reflects the variation in the interatomic distance between the neighboring atoms
and includes thermal disorder and static disorder effects.!®® This effect is even more pronounced for
palladium black (black crosses in Figure 7), because the difference in the Pd-Pd interatomic distances
in the a- and B- hydride phases is bigger for bulk palladium than for the nanoparticles and because
the phase transition occurs in a narrower Py, interval. Finally, the o? in the pure p-phase does not go

back to the starting value due to the significant fraction of hydrogen atoms (x = 0.4 or 0.6 for
nanoparticles or bulk, respectively) incorporated in the interstitial sites of the palladium lattice. Such
H atoms create local distortions of the environment of each Pd atoms (that is observed by EXAFS
with an increase of 6), but since such distortions do not have long range order, they are not detected
with diffraction methods. A more detailed discussion on the EXAFS o parameter increase in the
solid solutions can be found in the literature.!%4-1%7

The logical challenge that arises from the discussion reported above, would be to perform the
Fourier-analysis of the EXAFS spectra using the separate contributions for the a- and - phases, as it
was done in the XRPD refinement. Indeed, such approach should decrease the values of Debye-
Waller parameter in the region of the phase transition. However, in this particular case, such analysis
does not give reliable results because there is a strong correlation between |Rg - Rq| and 6%, where R,
and Rg are the first shell Pd-Pd interatomic distances within each of the phases. This correlation
cannot be resolved, because it is limited by the standard resolution of the local structure distortion by
EXAFS!'® due to too small value of [Rg — Rg| for the measured Ak interval (the Rietveld-refined
difference |Rg — Ry| in the phase transition region is below 0.07 A (see Figure S7 of the ESI), while
the spatial resolution of our EXAFS data is 7/(2kmax)®® > 0.1 A).
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Figure 7. Evolution of the Debye-Waller parameter o (as determined by EXAFS) for the palladium nanoparticles (blue
diamonds) and palladium black (black crosses highlighted by dashed line) upon the hydride phase formation at 22 °C,
versus Ui (as determined by XRPD analysis) for the palladium nanoparticles (green squares) and palladium black (grey
starts highlighted by dotted line).

5. Conclusions

In this study, we have investigated the process of hydride formation in wide pressure and
temperature ranges in carbon-supported Pd nanoparticles having an average size of (2.6 = 0.4) nm,
by coupling volumetric measurements with simultaneous EXAFS and XRPD experiments. The
synergic use of the three techniques allowed constructing the PdHx phase diagram for Pd
nanoparticles. During the hydride phase formation, a systematic difference was observed in the
evolution of the first shell Pd-Pd interatomic distances as determined by EXAFS and XRPD showing
a difference of AR; = 0.014 A between core and shell in the B-phase. This difference was shown to
be a characteristic feature of the PdHx nanoparticles. This is the first structural direct evidence of the
presence of a core/shell structure in palladium nanoparticles. The crystalline PdHx core contributes
to both XRPD and EXAFS, while the amorphous shell does not contribute to XRPD but is probed by
EXAFS. The core exhibits the sharp phase transition and the flat pressure-structure plateau in the
isotherms typical of bulk palladium, while the shell exhibits a much smoother behavior. The
core/shell model is further supported by the analysis of the evolution of the 3™ shell interatomic
distance in the EXAFS data, that exhibits a behavior closer to that observed by XRPD rather than to
that of the EXAFS 1 shell.

In addition, we observed for both Pd nanoparticles and bulk palladium samples a different behavior
of the 6? parameter determined by EXAFS with respect to Uis, from XRPD along the hydride phase
formation. This difference was explained by the fundamental difference between the long- and short-
range disorder contributing to XRPD and EXAFS, respectively. Increased local disorder of the
palladium hydride solid solution leads to higher 6* in EXAFS, while XRPD shows similar Uiso
parameter for both dehydrogenated material and hydride phases.

For all the results stated above, the simultaneous in situ EXAFS and XRPD data collection was
mandatory to highlight the discrepancies between the core and the shell parts of the nanoparticles.
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This operando structural information is relevant for structure-sensitive reactions,'®!'* as we have

been able, for the first time to determine the actual structure of the active, amorphous catalyst surface.
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S1. TEM analysis.

TEM micrographs were taken by Jeol 3010-UHR microscope operated at 300 kV and equipped
with a 2k x 2k pixels Gatan US1000 CCD camera. The particle size analysis was performed
using Image] software by counting more than 500 particles. The representative TEM
micrograph and obtained particle size distribution is shown in Figure S1, which duplicates the
Figure 1 of the main text.
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Figure S1. (a) TEM micrograph of 5%Pd/C sample. (b) Particle size distribution of palladium nanoparticles.

S2. EXAFS analysis

Formation of palladium hydride phase has two major effect on the X-ray absorption spectra. First,
changes in the unoccupied electronic states of palladium induced by mixing with the unoccupied
states of inserted hydrogen atoms!* modifies the XANES part of the spectra (Figure S2a). Second,
increase of the Pd-Pd interatomic distance results in the smaller period of EXAFS oscillations (Figure
S2b). In the current work we focus on the Fourier-analysis of the EXAFS part. Single shell Fourier-
analysis was performed using Demeter software.® All spectra were aligned in energy according to the
reference spectrum of palladium foil which was measured simultaneously at each step. Then, the Eo
energy was selected for each spectrum at the maximum of the first derivative. After background
subtraction and normalization, the y(R) functions were extracted for each spectrum (Figure S2b).

(b)

09F

o8y ——0 mbar 20 mbar
——1mbar —— 25 mbar
0.7 ——10 mbar —— 100 mbar

—— 17 mbar —— 1000 mbar

OO e e e e e T 0.05

ol A A

03}

ey / \4 \V4
o1 /

0.0k

Normalized p-x
X1y PZI[eWION

-0.05

24350 24“100 24450 é é “t é é } é é 1‘0 1‘1 1‘2 1‘3
Energy (eV) k(A"
Figure S2. (a) Evolution of difference XANES spectra and (b) k*-wieghted (k) oscillatory functions of EXAFS spectra

taken during the hydride formation in palladium nanoparticles at 22 °C. For better visualization the spectra for only
selected hydrogen pressure are shown.
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Figure S3. k>-weighted, phase uncorrected, Fourier-transform of EXAFS spectrum of bare palladium nanoparticles at 22

°C. Black and red solid lines correspond to the modulus and imaginary part of experimental y(R) respectively, the first-
shell best-fit data are shown by dashed lines.

A

The k-region for the analysis was taken from 5 to 12 A'l. The region of k < 5 was excluded to
reduce the possible contribution of the interaction of the palladium atoms with the support. To
enhance the signal at large k, the data were weighted by k*. The Fourier-analysis of the spectrum of
the palladium foil gave the value of the amplitude reduction factor S5 = 0.83 + 0.03. This value was
then fixed and used to determine the coordination number, N, for the spectra of the nanoparticles. At
the first step, we checked that the coordination number does not change significantly in the whole
range of the studied pressures and temperatures, and in the second step all spectra were analyzed
simultaneously, and the value of coordination number was assumed to be the same for all spectra.
This allowed us to decrease the number of variables and a correlation between coordination number
N and Debye-Waller parameter, 6°. The obtained value of N =9.3 + 0.4 is consistent with the average
particle size.® The two other fitting parameters were the zero energy shift, AEo, and the first shell Pd-
Pd interatomic distance, Rpq.pa. The evolution of the Rpy.pq was then used to plot pressure-distance
isotherms shown in Figure 3a of the main text. The example of the fitted data in R space is shown in
Figure S3.

The theoretical y(k) functions of all scattering paths used for higher-shell EXAFS analysis are
demonstrated in Figure S4. The corresponding y(R) functions (here k-range from 3 to 14 A was
used) are shown in Figure S5.
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Figure S4. k’>-weighted theoretical (k) functions for all scattering paths used in the higher-shell EXAFS fitting.
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Figure S5. k?>-weighted, phase uncorrected, Fourier-transform of each theoretical scattering path. The color-scheme is
used the same as in Figure S4, dashed line corresponds to the experimental data for metallic palladium black.

S3. XRPD analysis

The quality of the experimental XRPD patterns can be appreciated in Figure S6, referred to the
isotherm at 22 °C. XRPD patterns were analyzed using Jana2006 code.’ In order to reduce the number
of variable parameters, at the first step we have performed Rietveld refinement for the initial and final
points of each isotherm, which correspond to bare palladium (in vacuum) and B-hydride phase (Py,
= 1000 mbar) respectively. The profile parameters obtained from these initial refinements were then
fixed for the patterns corresponding to all intermediate steps, leaving only the following free
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parameters: zero angle shift, cell parameters of a- and - phases, and the relative concentration of a-
and - phases. At the final step the zero angle shift was fixed to the average value of the refined values
obtained along the whole set of patterns, and the refinement procedure for all data was repeated. This
procedure gives stability to the refined lattice parameters of the a- and - phases (a, and ag,
respectively). In order to allow, along the isotherms, a direct comparison between the average Rpq-pd
measured by EXAFS and the structural data obtained from Rietveld refinement (Figure 3 of the main
text), the averaged cell parameter was calculated as a weighted sum: a = (1 —n)-a, +n-ag,

where 7 is a fraction of B-phase determined together with a, and ag by Rietveld refinement. Example
of the refined XRPD pattern is illustrated in Fig.S5a.
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Figure S6. Evolution of XRPD patterns during hydride formation in the palladium nanoparticles at 22 °C. The patterns
for the selected pressures are highlighted by colors as in the Figure S2.

Figure S7b shows how the cell parameters of the a- and B- phases, and the average cell parameter
increase with increasing hydrogen pressure. Two phases were used in the refinement procedure even
in the regions of hydrogen pressure below 1 mbar and above 100 mbar where only single phase is
expected. As the result, the concentration of the f-phase in the low-pressure region of less than 5%
was obtained which should be considered as a precision limit of the determination of phase
concentration for this sample. Concentration of a-phase in the high pressure region was less than 2%.
Due to high instability of a, in the high pressure region its value was fixed for all patterns in the 30-
1000 mbar range.
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Figure S7. (a) Example of refinement procedure for the XRPD pattern taken at 22 °C under 20 mbar hydrogen pressure.
The patterns are shown after the subtraction of the contribution of the carbon support, which was performed during the
Rietveld refinement. (b) Results of the Rietveld refinement of the 22 °C isotherm data. Blue and red curves correspond
to cell parameters in a- and B- phases respectively. Black curve with stars represent a weight-averaged cell parameter.

Williamson-Hall analysis was performed to analyze size-induced and strain-induced broadening of
the XRPD peaks width.® * Experimental peaks were fitted by a pseudo-Voigt function, which is by
definition a linear combination of a Lorentzian function L, and Gaussian function G: V' = yL + (I-
n)G. The fitted value of the Lorentzian component # was varied from 95 % at 20 = 13° to 98 % at 20
= 50° which indicates the dominant Lorentzian contribution to the integral peak breath. The
Williamson-Hall plot is presented in the Figure S8 experimental data corresponding to the angular
dependency of the XRPD peak FWHM was fitted by a linear curve, based on the equation:

FWHM cos(0) = %’1 + 4¢sin(0), where D is the average particle size, K is the shape factor, and € is

a micro-strain due to imperfection and distortion in the crystal structure. The value K = 0.9 was taken,
considering the spherical shape of the particles. The instrumental broadening was neglected. The
obtained values of the particle size and micro-strain are: D = 2.5 nm and € = 0.003 %. The former
value being in agreement with the TEM study.
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Figure S8. Williamson-Hall analysis for bare palladium nanoparticles at 22 °C.

S4. Volumetric measurements

The pressure-composition isotherms for the Pd/C sample were measured in a temperature range
from —13 to 110 °C. The initial data are shown in Figure S9a where the contribution of the carbon
support affect the shape of the curves at high pressures. The hydrogen adsorption on carbon, used for
supporting the nanoparticles, was measured separately. Figure S9b demonstrates that the amount of
hydrogen adsorbed in carbon is linearly proportional to the hydrogen pressure. The final data after
subtraction of this contribution, and recalculated from mmol/g to the H/Pd are shown in the Figure
S9c. In addition, the pressure-composition isotherms were corrected by the amount of hydrogen
adsorbed at low pressure, which correspond to the formation of a hydrogen layer on the surface of
the nanoparticles, and not to the formation of the hydride.

The nanometric dimension of the palladium particles resulted in much lower hydrogen uptake of
about PdH 4 in B-phase region in respect to PdHg ¢ reported for bulk palladium.!%!? This fact indicates
a lower number of interstitial sites per gram of material related to the higher surface to volume ratio
of the palladium nanoparticles with respect to the bulk.!> Nevertheless, the lower uptake in the
palladium nanoparticle has been also related to the lower critical temperature that can be predicted
for palladium nanoparticles with respect to bulk Pd.!'"!® The plateau pressure obtained at 22 °C is
also close to that reported for the palladium nanoparticles of size < 8 nm, that are known to be
characterized by absorption pressures close to that of bulk palladium, differently from nanoparticles
with larger sizes.!!"!®
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Figure S9. H, absorption isotherms for Pd/C sample (a), H> absorption in carbon support (b), and PdH pressure-
composition isotherms after subtraction of carbon contribution, surface adsorption, and recalculated from mmol/g to H/Pd
ratio.

The plateau pressures were chosen in the middle of the plateau region and were used to make a Van
’t Hoff plot represented in Figure S10. Van ’t Hoff allowed us to compare the thermodynamic of the
absorption on this sample with the one obtained for other palladium-based systems.!® The enthalpic
and entropic values obtained for the Pd/C catalyst (AH = —37 + 4 kJl'molimx'; AS = 92 £ 9
J’ K molm ') were close to those reported for the bulk palladium, as measured by calorimetric
measurements (AH =—37.2 kJ-molnz !; AS = 92.5 J-K “moln, 1)!® and for palladium nanoparticles.'
13-18,20-23 Then, after the determination of the plateau pressures for the pressure-distance isotherms
obtained by EXAFS and XRPD (Figure 3 of the main text), we were able to determine the real
temperature of the sample inside the capillary in the X-ray measurements. To simulate the pressure-
composition isotherms for the same temperatures as EXAFS and XRPD data presented in the Figure
3 of the main text, the following equation was used:

In(p’ (x)) = In(p,(x)) + yIn(p,(x))
1+y

where p; (x) and p,(x) are experimental isotherms measured at temperatures T; and T,, p’(x)
1/T'-1/14
1/T, —1/Tr "

)

is a simulated isotherm for the desired temperature 7', and y =
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Figure S10. Van ’t Hoff plot combining volumetric (solid line, circles), EXAFS (dotted line, diamonds), and XRPD
(dashed line, squares) data.
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The identical behavior of the Van ’t Hoff plots obtained from EXAFS and XRPD indicates that
there are no significant changes in enthalpy and entropy for core and shell of the nanoparticles. This
result correlates with the fact that there is no clear dependence of the entropic/enthalpic terms on the
particle size and shape.!® 17-2° A linear dependence of AH on AS was also verified in the previous
studies, suggesting an enthalpy-entropy compensation effect in H-absorption in Pd based systems,
both bulk and nanoparticles.'®
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Figure S11. Determination of Pd-Pd distances in the shell of the nanoparticles at 20 °Cassuming that the fraction of the
shell is equal to 50% (a), 60% (c) and 70% (e). Corresponding isotherms for all temperatures are shown in parts (b), (d)
and (f) correspondingly. Parts (c) and (d) are the same as parts (a) and (b) of Figure 5 in the main text.
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