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The process of desorption of hydrogen from small palladium nanoparticles is recorded by time-resolved syn-
chrotron X-ray diffraction. Changes in the diffraction profiles corresponding to the transition from the pal-
ladium P phase to the o phase are detected. The model of the continuous change in the size of the 3-phase
region can be excluded, since the full-profile analysis by the Rietveld method did not reveal broadening of the
diffraction peaks corresponding to the palladium crystal lattice during desorption. The theoretical simulation
shows the presence of a surface/core interface with different average cell parameters. However, the near-sur-
face layers of the nanoparticle make a lower contribution to the observed diffraction reflections because of a
worse crystallinity. The cell parameter in the nanoparticle core depends on the hydrogen concentration in the

core itself and in the shell in view of the presence of stresses at the interface.
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1. INTRODUCTION

The formation of the hydride phase of palladium is
one of the most striking examples of a first-order
phase transition in which there is an abrupt change in
the volume of the sample upon the transition from the
pure metallic to the o- hydride phase and from the o
phase to the B phase of palladium hydride. For the
fundamental understanding of such a phase transition,
the Ising model is commonly used [1]. However, the
thermodynamics and Kkinetics of the corresponding
phase transitions in real systems become more com-
plex in view of the effect of microstresses and other
factors [2, 3].

Over the past decades, phase transitions in metal
hydrides were actively studied both theoretically and
experimentally [4, 5]. More recent studies were
focused on nanomaterials [6—10] and revealed that the
existence of individual o and P phases of palladium
hydride are observed in nanoparticles, up to sizes of
about 1.5 nm. It is obvious that the thermodynamics
and kinetics of phase transitions in nanoparticles
largely depend on their shape and size. At the same
time, particular interest in studying the kinetics of
adsorption and desorption of hydrogen is due to their
use in the catalytic industry, where hydrogen is most
reactive when accumulated in the form of B-hydride in
the bulk of nanoparticles [11].

At the same time, reported experimental data of the
kinetics of the atomic and electronic structure of pal-

ladium during phase transitions are currently scarce.
First of all, this is because the processes of hydrogen
adsorption and desorption occur in nanoparticles in
several seconds [12]. Energy-dispersive X-ray spec-
troscopy showed that the process of hydrogen absorp-
tion by palladium nanoparticles at atmospheric pres-
sure lasts for about 0.2 s [13]. Therefore, the character-
istic times of phase transitions are expected at the
same or smaller time scales and their detection is a dif-
ficult experimental task.

In this work, the kinetics of the atomic structure of
palladium nanoparticles during hydrogen desorption
at various temperatures is studied. The kinetics of the
atomic and electronic structures is analyzed by powder
X-ray diffraction using synchrotron radiation. The
diffraction profiles are recorded by a two-dimensional
detector, which makes it possible to achieve the opti-
mal data quality in short measurement times.

2. METHODS

In this work, a sample of an industrial catalyst
based on palladium nanoparticles on a carbon sub-
strate was used [14]. Nanoparticles had the average
diameter D = 2.6 nm and a narrow size distribution
(standard deviation ¢ = 0.4 nm). We previously char-
acterized the sample in detail by the methods of trans-
mission electron microscopy, gas porosimetry, pow-
der X-ray diffraction, and X-ray absorption spectros-
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copy [10, 15—18]. X-ray diffraction patterns were
measured at the BM01B beamline [19] of the Euro-
pean Synchrotron Radiation Facility (Grenoble,
France). A Si (111) monochromator isolated a wave-
length of 0.50544 A from the radiation emitted from a
dipole magnet. A CMOS-DEXELA 2D detector was
located at a distance of 250.24 mm from the sample,
which made it possible to record the angular range

from 2° to 52° (d,;, = 0.58 A). The wavelength of the
incident X-rays, the distance between the sample and
the detector, and the slope of the detector were opti-
mized by the Rietveld method for LaBg and Si samples
and were fixed when specifying the structure of the
Pd/C samples. For the best statistics, 20 diffraction
images and 20 dark images (without the X-ray beam)
with a recording time of 5 s were measured at each
experimental point. Two-dimensional images were
processed by the PyFAI software program [20], which
performs fast averaging, background subtraction, and
image integration for /(20) curves. A full-profile Riet-
veld analysis was performed using the Jana2006 code
[21]. The initial profile parameters were specified by
fitting the diffraction profiles for nanoparticles with-
out hydrogen and with the maximum hydrogen con-
centration at each temperature. In the final fitting, we
optimized the fractions of the oe and § phases and the
cell parameters corresponding to each phase.

X-ray diffraction during hydrogen desorption from
palladium nanoparticles was measured with a time
resolution of 3 scans per second in the temperature
range from 273 to 293 K (0—20°C). Higher tempera-
tures were not used, since the characteristic hydrogen
desorption time for them was less than 1 s and the time
resolution of the facility was not sufficient for the
effective detection of this process. Lower temperatures
were not used because of the formation of an ice shell
on the capillary surface contributing to the diffraction
data. Initially, the sample was in a pure hydrogen
atmosphere at a pressure of 500 mbar. Then, hydrogen
was evacuated in a time less than 0.3 s through an open
fast pneumatic valve. For all studied temperatures,
changes in the diffraction profiles were saturated in a
time of about 10 s.

To calculate diffraction data, we considered four
hydrogen distribution models: (i) a particle without
hydrogen, (ii) a wuniform PdH,s distribution,
(iii) hydrogen in the inner region (core) with the
PdH, 5 stoichiometry, and (iv) hydrogen in the near-
surface layers (shell) with the PdH, 5 stoichiometry.
The diameter of the palladium nanoparticle was 3 nm,
or 960 atoms. All models were optimized within the
electron density functional theory using the VASP 5.2
software package [22, 23]. The size of the plane wave
basis was determined by the parameter ENCUT =
240 eV; the first-order Methfessel—Paxton method
with a smearing width of 0.2 eV (ISMEAR = 1,
SIGMA = 0.2) was used to determine the population
of orbitals. For relaxation of the structure, the quasi-
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Newtonian method was used (IBRION = 1); the
whole particle was placed in a supercell with an edge
length of 40 A, which was fixed during the optimiza-
tion (ISIF = 2). The convergence in energy within the
self-consistency cycle was better than 0.1 meV. The
geometry relaxation was considered complete when
the energy between successive deformation cycles was
less than 0.01 eV, which required 200 cycles of geomet-
ric iterations on average (about 30 days on a 6-core
Intel Original Core i7 X6 5930 K processor @ 3.5 GHz
(Haswell), 64 GB DDR4). After the optimization, the
resulting models were used to calculate diffraction pat-
terns by the Debye method [24].

3. RESULTS AND DISCUSSION

Examples of experimental diffraction patterns
measured at 273 K are shown in Fig. 1 and make it
possible to estimate the quality of data measured with
an exposure of 0.3 s. The shape and positions of the
peaks of the diffraction profiles correspond to the data
obtained earlier for palladium nanoparticles under
steady-state conditions [15—18, 25, 26], indicating
that a gradual transition from the palladium hydride
phase to a pure metallic state occurs during hydrogen
desorption. The sample at the initial time and after
10 s is in pure single-phase states, whereas intermedi-
ate two-phase states can be observed on diffraction
patterns measured in 2 and 4 s after hydrogen is
pumped out of a capillary (Fig. 1).

The full-profile analysis of all diffraction patterns
obtained was carried out for the quantitative analysis
of the kinetics of the atomic structure of the palladium
nanoparticles during hydrogen desorption. As a result,
the cell parameters and relative concentrations of the
o and 3 phases were determined. Figure 2 shows the
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Fig. 1. (Color online) Diffraction profiles varying in the
process of hydrogen desorption at a temperature of 273 K.
The numbers indicate the time in seconds that elapsed
after the opening of the pneumatic valve for the evacuation
of hydrogen from the capillary.
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Fig. 2. (Color online) Results of the full-profile analysis of
a series of diffraction patterns measured in the course of
hydrogen desorption at a temperature of 273 K. The cell
parameters determined for the (curve with squares) o
phase, (curve with circles) B phase, and (black open
squares) averaged cell parameters. Red triangles denote

the fraction of the B phase (right axis of ordinates).

results of the full-profile analysis for a series of diffrac-
tion patterns measured at a temperature of 273 K, at
which the phase transition kinetics is the slowest.

According to the data presented in Fig. 2, a phase
transition occurs during hydrogen desorption from
palladium nanoparticles similar to that observed in
quasistatic measurements, where the hydrogen pres-
sure gradually changes from pure vacuum to 1 atm [ 10,
15, 16, 18, 27]. At the same time, the coexistence of
palladium o- and B-hydride phases is detected at cer-
tain times during the observed structural changes. The
results of the full-profile analysis of diffraction data for
various temperatures (Fig. 3) indicate the temperature
dependence of the phase transition time. Figure 3a
shows the change in the average cell parameter a cal-
culated by the formula

a=(0-n)-a,+n-a, @))

where a, and gg are cell parameters in the o and f3
phases, respectively, and » is the fraction of the
phase.

The mechanism of hydrogen desorption from pal-
ladium hydride nanoparticles is also actively discussed
in the literature. In particular, in a number of works
[12, 28, 29], a model of the core—shell type is pro-
posed, in which a hydrogen-depleted core and a
hydride shell are formed during hydrogen desorption.
However, the results of our full-profile analysis show
that the profile parameters of the pseudo-Voigt func-
tion remain almost unchanged during the entire
desorption process. A possible reason for this behavior
should be the small size of nanoparticles, in which the
coexistence of two phases within one particle would be
difficult. Thus, the phase transition in the volume of
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Fig. 3. (Color online) Kinetics of changes in the atomic
structure of palladium nanoparticles determined from the
X-ray diffraction data. (a) Change in the average cell
parameter calculated by Eq. (1). (b) Change in the concen-
tration of the B phase of palladium hydride in the sample.

each individual particle occurs abruptly, in much the
same way as bulk palladium. Theoretical calculations
below demonstrate that this statement is true only in
part. Regions with different average interatomic dis-
tances can be distinguished even in a small nanoparti-
cle because of a nonuniform hydrogen distribution.
However, the stresses at the interface tend to equalize
these values.

The changes in the cell parameter for different tem-
peratures observed over diffraction have two stages.
The first is the release of hydrogen from the surface of
the nanoparticles. At the same time, in the inner
region (core), the hydrogen concentration varies only
slightly. As we show below, the observed diffraction
data are mainly affected by the crystalline core, while
changes in the shell of the nanoparticles contribute
less. The first stage is longer for low temperatures (in
the interval of 0—1.5 s for 0°C) than for high ones. The
second stage is characterized by a sharp decrease in the
cell parameter and the fraction of the § phase. For a
temperature of 20°C, the second phase begins almost
immediately after the start of the experiment. This
process corresponds to the diffusion of hydrogen
atoms in the near-surface layers and the subsequent
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Fig. 4. (Color online) Experimental diffraction patterns for
pure palladium and palladium hydride nanoparticles at a
hydrogen pressure of 1 bar in comparison with those cal-
culated for optimized structures with Pd and PdH|, 5 stoi-

chiometries. The inset shows the nanoparticle model used
to optimize the structure, as well as to calculate the diffrac-
tion patterns and the radial distribution function (see

Fig. 5).

phase transition of the core to the o phase. The delay
in the release of hydrogen atoms from the core is
explained by the presence of stresses in the lattice at
the interface between the inner region of the nanopar-
ticles and the outer surface layers. A slower diffusion
compared to the dissociation of hydrogen molecules
was previously observed in experiments with palla-
dium membranes [30]. We confirm below the pres-
ence of internal stresses in small palladium nanoparti-
cles using the ab initio simulation.
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Figure 4 shows the experimental and theoretical
diffraction patterns for pure palladium nanoparticles
and those with the maximum hydrogen concentration.
The reflections on the theoretical diffraction pattern
for Pd nanoparticles are slightly shifted toward lower
angles with respect to the experimental data by
approximately 0.15°, which is due to an error of 1-2%
in the cell parameters determined by the electron den-
sity functional method and to the effects of the size of
the basis set. When hydrogen is included in the palla-
dium structure, the interatomic distances increase and
the diffraction maxima shift toward smaller angles,
which is reproduced well by theoretical calculations.

Changes in the structure of nanoparticles with dif-
ferent hydrogen distributions were analyzed using the
radial distribution function (RDF). The RDF was cal-
culated for each atom in optimized structures. Then,
the RDF was averaged for the inner region with a
diameter of 2.4 nm (hereinafter referred to as the core)
and for the outer region containing approximately two
near-surface layers (hereinafter, the shell). A diameter
of 2.4 nm for the separation into the core and the shell
was chosen because this region contains about half of
the total number of the palladium atoms in a nanopar-
ticle with a diameter of 3 nm. Figure 5a shows the aver-
aged pairs of RDFs for four models of nanoparticles
with hydrogen. The data obtained carry important
information about the distribution of the o and
phases of palladium in the nanoparticle. The common
result for all models is the reduced Pd—Pd distances in
the shell compared to the core. In addition, the width
of the RDF in the shell for all models is much larger
than that in the core, which indicates the structural
disorder because of the relaxation of near-surface
atoms.

8 (b) Calculated XRD
7 -
~ 6
E 5k
=] -
s 4L PdH,
3 =
~ 3
2 -
1 -
O - | | | 1 | :| | 1
11 12 13 14 15 16 17

20 (deg)

Fig. 5. (a) Calculated radial distribution functions for structures of optimized palladium nanoparticles with a diameter of 3 nm.
Solid and dotted lines are averaged radial distributions for the inner region of a nanoparticle with a diameter of 2.4 nm and for
near-surface layers, respectively. Detailed description of hydrogen distribution models is given in the main text. (b) Calculated
Debye diffraction patterns for models of nanoparticles shown in panel (a).
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At the release of all hydrogen atoms from the shell
(the transition from PdH, 5 to PdH, ;/Pd), the average
interatomic distance in the shell changes by 0.05 A. At
the same time, the Pd—Pd distance inside the core also
changes in view of the arising stresses at the interface.
This change is about 0.01 A. Then, with the hydrogen
redistribution from the core to the shell (the transition
from PdH,, 5/Pd to Pd/PdH,, 5), the Pd—Pd distance in
the core decreases to 2.79 A, which is approximately
0.02 A larger than that in the core of a pure Pd
nanoparticle. Finally, the Pd—Pd distances in the pure
palladium nanoparticle decrease to 2.77 A in the core
and to 2.75 A in the shell.

Figure 5b shows the calculated diffraction patterns
for the models under discussion. Despite successive
phase transitions in the shell and core, the diffraction
profiles have a very close width, and their shifts corre-
spond mainly to the changes in the Pd—Pd distances in
the core of the nanoparticles. The smaller effect of the
shell on the diffraction data can be explained by the
worse crystallinity of the shell because of surface relax-
ation. Thus, the main contribution to the experimen-
tal diffraction data comes from the crystal core. In this
case, the cell parameter in the core depends to a large
extent on the hydrogen content in the core and to a
lesser extent on the presence of hydrogen in the shell.
The effect of interatomic distances in the shell on the
cell parameter in the core of a small nanoparticle is
explained by the large relative area of the interface
between the two phases and the stresses at the inter-
face.

4. CONCLUSIONS

In this work, hydrogen desorption from nanoparti-
cles palladium with a diameter of about 3 nm has been
studied. The cell parameter and the ratio between the
o and B phases of palladium have been determined
from the full-profile analysis of diffraction patterns
measured with a time resolution better than 0.3 s for
temperatures of 0—20°C. At low temperatures, two
stages have been found in the kinetics of the decrease
in the cell parameter. In the first stage, hydrogen
escapes from the near-surface layers of the nanoparti-
cle, which leads to small changes in the average cell
parameter of the nanoparticles. In the second stage,
hydrogen is released from the core with the phase tran-
sition of the core from the o phase to the § phase.
Using the geometric optimization of nanoparticles
with different hydrogen distribution inside, the pres-
ence of two regions in the nanoparticle—the shell and
the core—has been established. In this case, the
Pd—Pd in-shell distances are always smaller than the
in-core distance, which leads to the presence of a
potential barrier for hydrogen to escape from the core
and confirms the time delay of the phase transition
observed in the experiment. Because of the violation
of the crystallinity of the shell, which is noticeable in
the broadening of the radial distribution function of

BUGAEYV et al.

atoms, the main contribution to diffraction reflections
comes only from the core of nanoparticles.

This work was supported by the Russian Science
Foundation (project no. 17-72-10245).
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