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The self-diffusion coefficients of palladium in PdH, (x = 0, 0.25, 0.5, 0.75, 1) were studied using density
functional theory to obtain the required thermodynamic and kinetic parameters. The enthalpy of
migration decreased from 0.95 eV for Pd to 0.78 eV for PdH. The enthalpy of vacancy formation
exhibited a substantial decrease from about 1.1 eV in Pd to 0.4 eV in PdH, which was ascribed to
successive filling of antibonding states weakening the Pd—Pd bonds. Concurrently, the Arrhenius
pre-exponential was significantly reduced from 4.75 x 10~° cm? s for Pd to 5.67 x 107° cm? s~ for
PdH due to softening of the vibrational modes that determine the entropy of vacancy formation and
initial/transition state frequencies. A linear correlation between the logarithm of the pre-exponential and
the activation energy was interpreted as enthalpy—entropy compensation (Meyer—Neldel rule). The Pd
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self-diffusion coefficients in the hydrides were within 1 order of magnitude of that in pure palladium
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1. Introduction

Palladium exhibits fast dissociation kinetics of molecular
hydrogen at its surfaces and high bulk diffusivity of atomic
hydrogen. Combined, these properties constitute the basis for
the functional properties of Pd-based materials in several
applications. Most notably, Pd-based alloys have been
employed as H, selective membranes for gas separation and
membrane reactors," as well as fiber-optic H, sensors.>
Recently, palladium has also been applied as interfacial electrode
layer in electrochemical energy conversion devices based on
proton-conducting ceramics,” and as hydrogen reservoir and gate
electrode in a protonic solid-state electrochemical synapse.*
Hydrogen absorbs into the octahedral interstitial sites of the
fce structure of palladium and causes expansion of the lattice as
well as changes to the electron and phonon band structures.’
However, exposure to hydrogen can as well result in a range of
structural and microstructural deterioration processes, including
embrittlement, cracking and void formation,®® which may be
ascribed to several aspects. The Pd-H phase diagram exhibits a
miscibility gap below 290 °C between a diluted PdH, phase (o)
and a concentrated phase (B, 1 > x 2 0.6 at room temperature).

Exposure to hydrogen can thus result in phase separation and
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above 200 °C for hydrogen pressures up to at least 107 Pa.

hysteresis in the absorption/desorption isotherms.’ The presence
of hydrogen further leads to increased concentrations of metal
vacancies due to favorable interactions with hydrogen interstitials
through formation of vacancy-hydrogen clusters.'®™"* Despite
their abundance, monovacancies do not spontaneously coalesce
into larger voids due to the significant loss of configurational
entropy that would be associated with clustering.> Void
formation therefore appears to be caused by other factors such
as decohesion related to so-called hydrogen-enhanced local
plasticity.'?

Self-diffusion of palladium is central to most of the afore-
mentioned degradation processes and can govern the degradation
rate and lifetime of the material or device®'* Dissolution of
hydrogen has been reported to result in hydrogen-induced lattice
migration and diffusion creep in palladium."”"” Lacking still are
self-diffusion coefficients of palladium in palladium hydrides,
and a deeper understanding of their dependence on temperature
and composition. Metal diffusion proceeds according to the
vacancy mechanism in palladium, and it is reasonable to expect
the same mechanism to dominate in palladium hydrides
considering their common fcc arrangement of Pd atoms. The
diffusivity follows an Arrhenius behavior and can be expressed as

E,
D = Djexp ( s T) ®

where the activation energy E, comprises the enthalpies of
formation and migration of monovacancies, AHf and AH™,
respectively, kg is the Boltzmann constant, and 7 is temperature.
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Fig. 1 Local structure of a migrating Pd atom in PdH at the initial state
(Pdy), transition state (Pdts) and final state (Pdy). Pd+s is coordinated to four
Pd atoms in a square-planar configuration (Pd,,) and two hydrogen atoms
(Hnn). The local relaxation during migration is shown by superposition of
the atomic positions.

The pre-exponential factor D, can be expressed as
ASY
Dy = fa*v* exp (—V‘b) (2)
kg

where the correlation factor fis 0.7815 for vacancy diffusion in fcc
lattices,'® a is the lattice constant and ASY is the entropy of
formation of monovacancies. As described by transition state
theory," the effective frequency v* is given by the ratio of the
products of the vibrational frequencies at the initial (v;) and
transition state (v/), according to

I 3)

where the imaginary frequency along the migration direction at
the transition state is notably not included.

Self-diffusion coefficients of palladium in palladium hydrides
are not readily attainable by conventional experimental methods
due to the limited stability of the materials at the temperatures
required for appreciable diffusion to occur. However, density
functional theory (DFT) calculations can be used to directly
obtain the required thermodynamic and kinetic parameters
according to the above set of equations.”® Accordingly, the
present work provides self-diffusion coefficients in palladium
hydrides including the underlying contributions from both
formation and migration of vacancies, as illustrated in Fig. 1.
Furthermore, the study provides detailed insight into the
relationship between the self-diffusion coefficients and the
physical properties of the materials, notably lattice dynamics
and electronic structure.

2. Methods

DFT calculations were performed using the projector augmented
wave method implemented in the Vienna ab initio simulation
package (VASP) and the generalized gradient approximation due
to Perdew, Burke and Ernzerhof (GGA-PBE).”"** The calculations
were carried out with a plane wave cut-off energy of 500 eV and
an electronic convergence criterion of 10~° eV. In addition to Pd
and PdH, PdH, (x = 0.25, 0.5, 0.75) were constructed as special
quasirandom structures,? in line with the disordered nature of
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interstitial hydrogen at ambient and elevated temperatures. A
I'-centered 2 x 2 x 2 Monkhorst-Pack k-point grid was used for
the 4 x 4 x 4 supercells containing 256-512 atoms. Migration
barriers were calculated using the climbing image nudged elastic
band (CI-NEB) method.>* The atomic positions were relaxed
until the residual forces were within 0.02 ev A~ (0.03 ev A™*
for selected CI-NEB calculations). Vibrational frequencies were
obtained with the finite displacement method and harmonic
approximation.

The vacancy formation enthalpies AH' were determined
from vacancy formation energies (AE") and zero-point energy
(ZPE) contributions from H and Pd according to

AH' = AEf + nAZPE, + IAZPEpy (4)

where n and [ are the number of hydrogen and palladium atoms
adjacent to the vacancy, respectively. The ZPE contribution from
changes in the vibrational frequencies of the Pd atoms /AZPEpq
was determined to be insignificant and not considered further,
e.g., —6 meV for a the 12 coordinated monovacancy in Pd.
Vibrational entropies were calculated from the vibrational
frequencies of the atomic species according to

Svib = kB E (exp(g)l — ln(l — eXP(‘ﬁ/))) (5)

J
where f; = hv;/kT and v; are the vibrational frequencies. The

entropy of formation of the vacancies was calculated
according to

ASSy, = IASY + nASE (6)

where ASY was calculated as the difference in vibrational
entropy for a Pd atom adjacent to a vacancy and a bulk Pd
atom. Additional computational details have been reported
previously."?

3. Results and discussion

The optimized lattice parameters showed a linear expansion
with hydrogen content according to Vegard’s law, from 3.94 A
for Pd to 4.13 A for PdH (ESIt Fig. S1). The enthalpy of vacancy
formation exhibited a strong dependence on composition,
decreasing from about 1.1 eV in Pd to 0.4 eV in PdH
(Fig. 2(a)). While the zero-point energy contribution to AH'
was essentially zero from the Pd atoms adjacent to the vacancy,
there was a substantial contribution from hydrogen due to its
low mass. Notably, the magnitude of AZPE increased as a
function of hydrogen content, and the total contribution
eventually amounted to half of the vacancy formation enthalpy
for PdH with six hydrogen atoms adjacent to the vacancy. The
vacancies are stabilized by clustering with interstitial hydrogen,
but the considered vacancies in PdH,, ,5 were associated with an
average of only one hydrogen atom. These vacancies may
therefore be further stabilized by clustering with additional
hydrogen atoms. Still, vacancy-hydrogen clustering is less
important at higher temperatures where -configurational
entropy prevails. For instance, vacancy clusters with 1-2
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Fig. 2 Contributions to the self-diffusion coefficient as a function of PdH, composition: (a) enthalpy of vacancy formation AH' and contribution from
zero-point energy AZPE per H. (b) Enthalpy of migration AH™ and average bond lengths to nearest Pd and H at the transition state, and minimum distance
between Pd,, and adjacent hydrogen atoms. (c) Pre-exponential factor Dg and the contribution from entropy of vacancy formation AS, and effective
frequency v*, with temperature-dependent variables shown for 298 K and 1000 K. The error bars are standard deviations for five different vacancy sites in
(a) and the corresponding four transitions states in (b) (ESIt). Lines are guides to the eye.

hydrogen atoms were found to predominate above approximately
160 °C in palladium.™

The origin of the large variation in enthalpy of vacancy
formation for PdH, ;5 and PdH (Fig. 2(a)) can be understood
from the electronic structure of the materials. Fig. 3 shows the
electronic density of states of the palladium hydrides and the
corresponding Fermi levels. Notably, the Fermi level is shifted
to higher energies from PdH, ;s, resulting in a destabilization
of the system by successive filling of antibonding states,
specifically d band Pd t,,—t,, according to previous analysis.*”
As these antibonding states are filled, it becomes increasingly
easy to form vacancies.

The migration enthalpy AH™ showed less variation with
composition in comparison to the formation enthalpy, ranging
from 0.95 eV for Pd to 0.78 eV for PdH (Fig. 2(b)). Moreover, the
non-monotonic behavior as a function of hydrogen content
indicates at least two competing effects. These can reasonably
be ascribed to two structural features with opposite impact on
AH™: while the distance between the migrating Pd atom and its
nearest neighbors at the transition state (Pdys-Pd,,,) increases
with hydrogen content, the Pd,, atoms are simultaneously
pushed closer to adjacent hydrogen atoms, especially for
PdH, s and PdH, s (Fig. 2(b)). The latter aspect is subject to
the presence of hydrogen at sites along the direction to which
the Pd,,, atoms are pushed, and therefore leads to a rather large
variation in AH™ for these compositions. In the case of PdH,
the expanded lattice appears to lead to less steric constraints of
this kind.

The pre-exponential factor D, and its major contributions
from the effective frequency v* and entropy of vacancy formation
ASE, are shown in Fig. 2(c). The entropies of vacancy formation
were determined from the vibrational frequencies of the nearest
neighbor palladium and hydrogen atoms. On the other hand,
the effective frequencies were determined from the vibrational
frequencies of nearest neighbor Pd atoms (at the initial and
transition state), while hydrogen was considered to be free to
rearrange during the migration event.>® The entropy of vacancy
formation exhibited a steep decrease for PdH which could be
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Fig. 3 Electronic partial density of states for PdH, with the Fermi level
indicated by red lines. The Fermi level in PdH was referenced to zero and
core-level Pd states were used for alignment across compositions.

associated with changes in the vibrational entropies of both
palladium and hydrogen atoms upon vacancy formation (ESIt
Fig. S2). In particular, the contribution to AS%;, from Pd switched
from positive to negative between PdH, ;5 and PdH, most likely
due to the weakening of the bulk Pd-Pd bonds as the antibonding
states were filled. The contribution to ASY;, from the hydrogen
atoms was negative for all compositions since the Pd-H bonds
were shortened and the vibrational frequencies of hydrogen
increased adjacent to the vacancy (ESIt Table S3). The effective
frequency showed a limited variation of 1.5 orders of magnitude
as a function of hydrogen content. Notably, the effective frequency
followed the same trend as AH™, which may be understood from
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Fig. 4 Correlation between the pre-exponential factor Dg (298.15 K) and
activation energy (AH; + AH,,) for PdH, with linear fit.

the relationship between the bond lengths and dynamics of the
palladium atoms at the transition state. Combined, these
contributions resulted in a pre-exponential for PdH that is five
orders of magnitude lower than for Pd and PdH, up to x = 0.5. The
vacancy formation entropy showed relatively little variation with
temperature, which translates to a minor non-linearity in the
Arrhenius behavior of the diffusion coefficients.

Correlations between the pre-exponential factor Dy and the
enthalpic terms in the activation energy were considered based
on the observation of so-called enthalpy-entropy compensation
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(Meyer-Neldel rule) in a wide range of thermally activated
processes. In particular, enthalpy-entropy compensation has
been reported for self- and impurity diffusion in metals and on
metal surfaces,””*® hydrogen diffusion in minerals,® and oxygen
diffusion in perovskite oxides.>® As shown in Fig. 4, a linear
correlation was obtained between log D, and the activation energy.
The correlation with log D, was similar for AH; while it was not
evident for AH,. The compensation effect has been largely
ascribed to softening of low-frequency modes at the transition
state relative to the initial state based on diffusion studies in
silicon and aluminum.>" In the present case, however, the change
in Dy was mainly determined by the change in the entropy of
vacancy formation, which in turn had a significant contribution
from the vibrational entropy of hydrogen (ESIf Fig. S2). The
contribution to D, from the relative softening of the vibrational
modes at the transition state, ie., the change in effective
frequency, was less pronounced (Fig. 2¢ and ESIt Table S3).

The diffusion coefficients are summarized for the given
hydride compositions in the Arrhenius plots in Fig. 5(a). PdH
exhibits a distinctly lower activation energy, but also a significantly
lower pre-exponential factor than the other compositions, and
the resulting diffusivity is higher than that of Pd below 400 °C.
The calculated diffusion coefficient of pure palladium is in
reasonable agreement with experimental values, although both
the pre-exponentials and the activation energies are somewhat
different (Fig. 5(a), inset). These discrepancies may be
associated with the anomalous non-linear elastic behavior of
palladium with a transition at around 600 °C,** or intrinsic
surface errors in the vacancy calculations.*® The obtained
enthalpies of formation and migration of vacancies in Pd are
in good agreement with similar computational studies.**
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Fig. 5 Arrhenius plot of the diffusion coefficients for fixed PdH, compositions (a) and for isobaric conditions (b). The inset in (a) shows a comparison
between the calculated self-diffusion coefficient in pure Pd and experimental values from °3Pd impurity diffusion in single- and polycrystalline Pd by
Peterson®® and Fillon.*” The shaded regions for PdHg »5 and PdHg 5 in (a) are within the Pd—H miscibility gap. The dotted lines in (b) are guides to the eye.
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In evaluating the diffusion coefficients in palladium
hydrides, it may be most relevant to consider isobaric condi-
tions. As shown in Fig. 5(b), the considered compositions
correspond to a single temperature at the given H, pressures,
outside of the miscibility gap in the Pd-H phase diagram.?’
Here, the presence of hydrogen results in an increased
diffusion coefficient at all temperatures as long as the
hydrogen content is appreciable. The largest difference in
diffusivity between Pd and its hydrides is obtained for
PdH at the lowest temperatures. For instance, the diffusivity
of PdH at 0 °C is the same as that of Pd at 109 °C. Overall, it
is reasonable to assert that the self-diffusion coefficients
are within 1 order of magnitude of that of pure palladium
above 200 °C for hydrogen pressures up to at least 10” Pa
(100 bar).

The softening of the vibrational modes of the palladium
lattice upon hydride formation is well established, for instance
in PdHge6.>% It may be noted that the calculations of the
vibrational frequencies of hydrogen in the disordered structures,
ie.,, PdHy,s, PdHos and PdH,;s, revealed anharmonicity
that may be best described as asymmetry in the potential
energy profile for hydrogen (ESIt Fig. S4).° The disorder
resulted in distortion of hydrogen to off-center positions,
while hydrogen adjacent to metal vacancies relaxed to well-
defined positions with more symmetric potential energy
profiles.

Hydrogen embrittlement of palladium reflects the tendency
for elastic breakdown and crack formation due to reduced
ductility and enhanced localized plasticity in regions saturated
with hydrogen.?® The formation of voids has therefore been
ascribed to local enrichment of hydrogen that leads to
decohesion due to the impaired mechanical properties.'
Accordingly, void formation at grain boundaries may be caused
by segregation of hydrogen and vacancy-hydrogen clusters in
these regions.>'*> Hydrogen can additionally affect the
microstructural features of palladium such as increased dis-
location densities,® presumably influenced by chemical
expansion and associated strain. While void formation may
be further facilitated by microstrain, abundant monovacancies
and clusters,""*? the present work implies that enhanced
vacancy diffusion is not a major factor in void formation.

The detrimental changes in mechanical properties upon
hydride formation may be suppressed by addition of alloy
elements. For instance, the expanded lattice and increased
plasticity of palladium-silver alloys suppress the miscibility
gap and internal stresses associated with the o/f phase
transition.’®** At the same time, alloying with Ag leads to
filling of the Pd d band,** and can thereby advance the filling
of antibonding states upon hydrogen incorporation. Thus,
alloying that leads to improved mechanical properties in rela-
tion to the o/p phase transition may also increase the suscepti-
bility of the a-phase towards decohesion in regions locally
enriched in hydrogen. Further studies are required for quanti-
tative assessments of the role of alloy elements and the degree
of d-band filling on the mechanical properties of palladium
hydrides.

13684 | Phys. Chem. Chem. Phys., 2021, 23, 13680-13686

View Article Online

Paper

4. Conclusions

The self-diffusion coefficients in the palladium hydride system
exhibited a complex relationship between the hydrogen content
and several concurrent changes in the physical properties of the
materials, including bond lengths, unit cell volume, lattice
dynamics, and electronic structure. In particular, the overall
reduction in the enthalpies of formation and migration of
vacancies with increasing hydrogen content was accompanied
by a softening of the lattice vibrations that resulted in a
significant reduction of the pre-exponential factor. Furthermore,
the logarithm of the pre-exponential was determined to correlate
linearly with the activation energy of diffusion, which was inter-
preted as enthalpy-entropy compensation. The resulting self-
diffusion coefficients were therefore lower than previous
estimates based solely on changes in the vacancy concentration.*®
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