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ABSTRACT: Palladium can readily dissociate and absorb hydrogen
from the gas phase, making it applicable in hydrogen storage devices,
separation membranes, and hydrogenation catalysts. To investigate
hydrogen transport properties in Pd on the atomic scale, we derived a
ReaxFF interaction potential for Pd/H from an extensive set of
quantum data for both bulk and surface properties. Using this
potential, we employed a recently developed hybrid grand canonical-
Monte Carlo/molecular dynamics (GC-MC/MD) method to derive
theoretical hydrogen absorption isotherms in Pd bulk crystals and nanoclusters for hydrogen pressures ranging from 10−1 atm to
10−14 atm, and at temperatures ranging from 300 to 500 K. Analysis of the equilibrated cluster structures reveals the contributing
roles of surface, subsurface, and bulk regions during the size-dependent transition between the solid solution α phase and the
hydride β phase. Additionally, MD simulations of the dissociative adsorption of hydrogen from the gas phase were conducted to
assess size-dependent kinetics of hydride formation in Pd clusters. Hydrogen diffusion coefficients, apparent diffusion barriers,
and pre-exponential factors were derived from MD simulations of hydrogen diffusion in bulk Pd. Both the thermodynamic results
of the GC-MC/MD method and the kinetic results of the MD simulations are in agreement with experimental values reported in
the literature, thus validating the Pd/H interaction potential, and demonstrating the capability of the GC−MC and MD methods
for modeling the complex and dynamic phase behavior of hydrogen in Pd bulk and clusters.

1. INTRODUCTION

Palladium can dissociate and absorb hydrogen from the gas
phase, making it an extensively studied medium for application
in hydrogen storage devices,1−4 hydrogen separation mem-
branes,5−7 and hydrogenation catalysts.8−13 Hydrogen can be
incorporated in bulk palladium in two distinct PdHx phases,
called the “α” phase and the “β” phase, which differ in hydrogen
concentration.14 At low hydrogen concentrations (∼x < 0.1),
the α phase consists of a solid solution in which hydrogen
atoms occupy random interstitial octahedral sites in the fcc
lattice of palladium. As the hydrogen concentration increases
(∼x > 0.6), a transition to the β phase occurs, marked by an
increase in the fcc lattice constant. The structures of the solid
solution α phase and the hydride β phase only differ by the
hydrogen concentration and the fcc lattice constant. This phase
change displays a characteristic plateau on a pressure−
composition isotherm caused by the miscibility gap (MG)
separating the low concentration α phase and the high
concentration β phase. The extent of the MG and its location
on the pressure−composition isotherm, namely, its dependence
on temperature and pressure, varies between bulk and cluster
systems, and is additionally affected by cluster size15−17 and
preparation method.18 The effects of temperature, pressure,
cluster size, and preparation method must be understood to
optimize the design of Pd-based processes for hydrogen
separation, storage, and catalysis.

Hydrogen sorption by Pd surfaces, clusters, and bulk has
been investigated extensively in numerous experimental and
theoretical studies.19−36 Compared to the bulk, Pd clusters
display a narrower MG characterized by an increased maximum
hydrogen concentration in the α phase, a decreased minimum
concentration in the β phase, and an increased slope in the
isotherm-plateau connecting the phases. The MG continually
narrows with decreasing cluster size,37−39 and in some cases
closes completely,15,16 indicating that there may be a critical
cluster size below which the phase change does not occur.
Using X-ray diffraction (XRD), Pundt and co-workers15 found
that the phase transition occurs in 6.0 nm clusters and does not
occur in 3.8 nm clusters, where both clusters were stabilized by
a surfactant shell. Similarly, Konopsky et al.16 demonstrated by
observing photonic crystal surface waves (PC SWs) that, when
supported on Ta2O5/SiO2, the phase transition occurs in 6.0
nm clusters and does not occur in 2.0 nm clusters.
The existence of the MG in small clusters and the impact of

surface stabilizers or supports remains an open question.
Ingham et al.17 measured lattice expansions via in situ XRD and
found that the MG remains open for naked 6.1 nm, 3.0 nm, and
1.7 nm clusters supported on a weakly interacting Si/SiO2
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substrate. They contend that the increased solubility of the α
phase, and thus the narrowing of the MG, is the result of
surface interactions affecting the hydrogen absorption capability
of the underlying bulk-like core region of the cluster, and that
the nature of the surfactant, polymer, or support used to
stabilize the cluster alters these surface interactions; this
explains why the MG closes in studies conducted on small
clusters with strongly interacting stabilizers. The impact of the
cluster stabilizer is further demonstrated by Suleiman et al.,18

who found that the MG in polymer stabilized clusters occurs
over a wider pressure range than in the analogous surfactant
stabilized clusters, which is related to differing mechanical stain
imparted on the cluster lattice by the stabilizers. Additionally,
Wilde et al.40 utilized a nuclear reaction analysis (NRA)
technique to differentiate between hydrogen uptake in surface,
subsurface, and bulk sites, showing that the increased solubility
of the α phase consists of H atoms absorbed in the cluster’s
bulk-like core volume. This demonstrates that the narrowing of
the MG in clusters cannot be attributed solely to additional
surface and subsurface sites available in clusters compared to
the bulk, as had been previously proposed.37,41

These results, among numerous others, demonstrate the
complex nature of hydride formation in Pd clusters, and
underscore the necessity of an atomic level understanding of
the hydride formation process. Herein, we describe the
development of an empirical reactive force-field, using the
ReaxFF formalism,42 for Pd/H. We have employed this
potential in grand canonical Monte Carlo (GC-MC)
simulations to derive theoretical hydrogen absorption iso-
therms in Pd bulk and clusters (sizes ranging from 1.0 to 2.0
nm), and have analyzed the resulting structural properties to
assess the role of surface, subsurface, and bulk hydrogen
adsorption sites. Additionally, we have conducted molecular
dynamics simulations to investigate the initial kinetics of
hydrogen uptake from the gas phase by Pd clusters, and the
concentration dependence of hydrogen diffusion in bulk Pd.
Together, these simulations enable us to assess both the
thermodynamic and kinetic properties of hydride formation in
palladium on the atomic scale. Furthermore, the Pd/H
parameters developed here are fully transferable with previously
developed Pd/O parameters,43 making the future extension to
Pd/O/H and Pd/C/O/H descriptions straightforward. Such
descriptions will be instrumental in ReaxFF studies of
hydrocarbon oxidation, hydrogenation, and combustion over
Pd-based catalysts.

2. THEORY AND METHODS

2.1. ReaxFF Potential. Empirical force-field methods, such
as ReaxFF, are computationally inexpensive compared to direct
quantum methods, enabling studies to reach larger length and
time scales. These methods can help bridge the size gap
between macroscopic experimental investigations and studies
utilizing quantum calculations. The ReaxFF potential42 is a
reactive force field comprised of bond-order/bond-length
relationships44,45 combined with polarizable charge descrip-
tions46 to describe covalent, Coulomb, and van der Waals
interactions between atoms in a system. It was originally
developed to treat hydrocarbon systems,42,47 and has been
extended to model multiphase interfaces,48−50 including
dissociative H2 adsorption on Pt51 and Fe.52 ReaxFF is well
suited for investigations of hydride formation in Pd, as the Pd/
H parameters developed here are transferable between gas and

surface species, allowing the potential to model hydrogen
dissociation and absorption across the gas/surface interface.
The details of the ReaxFF potential have been described

previously,42 and are only briefly restated here. Covalent terms
in the interaction potential, such as bond-energy, three-body
valence angle strain, and four-body torsion angle strain, are
calculated as an explicit function of bond order, which is in turn
calculated from interatomic distance using the equation:
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where BOij is the bond-order between atoms i and j, rij is
interatomic distance, ro terms are equilibrium bond lengths, and
pbo terms are empirical parameters fit to experimental or
quantum data. This bond-length/bond-order formalism
produces smooth transitions between σ, π, and ππ bond
character, and can thus be used in simulations involving bond
dissociation and formation during reactive events. Additionally,
electrostatic and dispersive interactions are calculated between
all atom pairs from interatomic distances, regardless of bond-
order. Electrostatic interactions are treated with a self-
consistent electron equilibration method (EEM). This method
determines atomic partial charges from the system config-
uration; the partial charges are then employed in a shielded
Coulombic potential.46 In this study, the ReaxFF parameters
unique to Pd/H interactions were derived using a previously
developed single-parameter optimization scheme,53 which
minimizes deviation between ReaxFF and quantum data in a
training set populated with bulk, surface, and gas phase data for
palladium and hydrogen. The contents of this training set and
the parameter optimization process are described in Section
3.1.

2.2. Monte Carlo Method. We implement a recently
developed43 hybrid grand canonical Monte Carlo/molecular
dynamics (GC-MC/MD) method to investigate hydrogen
absorption in Pd clusters and bulk. For cluster simulations, the
GC-MC/MD method is employed in a TVμH2NPd ensemble
with constant temperature (T), volume (V), hydrogen chemical
potential (μH2), and number of Pd atoms (NPd). Cluster
simulations do not require a variable system volume because
the cluster can expand into a surrounding vacuum space to
accommodate absorbed hydrogen atoms in the metal lattice,
which is not possible in periodic bulk simulations. For periodic
bulk simulations, a TPμH2NPd ensemble, with constant pressure
and variable volume, is required to allow for lattice expansion
upon hydrogen uptake. Hence, we have extended the
previously reported GC-MC/MD method to include stochastic
volume changes in a fixed pressure ensemble, similar to the
GC-MC methods employed to investigate Pd/H systems by
Ray and co-workers54,55 and by Debiaggi and co-workers.56−58

The following MC moves are available in the TVμH2NPd
ensemble: (1) insertion of a hydrogen atom into the system
at a random position, (2) deletion of a randomly selected
hydrogen atom from the system, or (3) displacement of a
hydrogen atom to a new random position in the system. The
same MC moves are available in the TPμH2NPd ensemble, with
the addition of a volume-change MC move that allows the
system volume to cubically expand or contract by a randomly
selected amount.
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The following acceptance criteria, derived from detail-balance
Boltzmann relationships,59,60 were applied for atom insertion,
deletion, displacement, or volume-change moves during a
Monte Carlo step:
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where N is the number of exchangeable atoms in the system
before the MC move, Λ is the thermal de Broglie wavelength of
the exchanged atom, β is the Boltzmann factor given by β = 1/
(kbT), E1 and E2 are the potential energies calculated as a
function of atom configurations in the system before and after
the MC move, V1 and V2 are the system volumes before and
after a volume-change MC move, P is pressure, and μres is the
chemical potential of the hydrogen reservoir. The gas phase
pressures considered here are on the order of ∼1 atm and are
not large enough to significantly affect the bulk system volume
through mechanical stress, and thus the PV term in eq 5 is
negligible. In this study, μres for hydrogen is related to T and P
by the following equation:
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where μH2(T,P
o) is the experimentally determined chemical

potential of H2 at T and Po available from published
thermodynamic tables,61 and Ed is the zero-Kelvin bond
dissociation energy of H2. Since the Pd/H ReaxFF parameters
were derived from DFT-PW91 values for hydrogen adsorption
energies that were calculated relative to gas phase H2, the DFT-

PW91 H2 dissociation energy of 105.1 kcal mol−1 was used for
Ed to remain consistent with the DFT values used for ReaxFF
training. We note that the PW91 functional used here yields
values for hydrogen binding that are typically higher than those
observed experimentally,20,21,32,35 which will shift palladium
hydride phase boundaries predicted by our GC-MC/MD
method to lower hydrogen pressures. This systematic error
does not affect qualitative conclusions drawn from the results
presented herein, but must be taken into account for
quantitative comparisons to experimental values. The relative
extent and impact of this deviation is discussed in detail in
Section 3 where appropriate.
As discussed in a previous publication,43 the GC-MC/MD

method introduces a MD-based energy minimization step after
each MC trial move to allow a structural relaxation in the
system prior to applying the acceptance criteria in eqs 2−5.
This additional step reduces the number of MC iterations
required to reach equilibrium compared to pure GC-MC
simulations; the energy minimization step prevents hydrogen
atoms from being placed in high-energy locations occupied by
metal atoms, thus increasing MC acceptance rates. Here, we
employ a conjugate gradient (CG) relaxation of forces, with a
convergence criterion of 0.5 kcal mol−1 between subsequent
CG steps. The 0.5 kcal mol−1 convergence criteria was selected
because it is tight enough to prevent inserted H atoms from
being placed within the atomic radius of any Pd atom, and is
loose enough to converge in a reasonable time frame. Tighter
and looser convergence criteria impact the computational time
required for the MC run to reach equilibrium, but do not
significantly impact the final equilibrium values.

2.3. Quantum Method. The Vienna ab initio simulation
package (VASP) was employed for all density functional theory
(DFT) calculations.62,63 The generalized gradient approxima-
tion (GGA) was used to treat the exchange-correlation
functional, as implemented by the Perdew−Wang formulation
(PW91).64 Plane-wave basis sets were employed in all
calculations, and were truncated at 450 eV for periodic surface
calculations and 725 eV for bulk calculations. The atomic force
convergence criterion for all structural optimizations was 0.05
eV Å−1. The projector augmented wave method65 (PAW) was
employed to represent core electron regions with valence
configurations of 4d10 for Pd atoms and 1s1 for H atoms. The
Monkhorst-Pack66 (MP) Brillouin zone sampling method was

Table 1. ReaxFF Parameters for Pd/H Interactions

atom ro η χ γ rvdW ϵvdW α γvdW pov/un

Pda 1.8582 6.6477 5.5005 1.0000 2.0113 0.2465 12.5712 6.0083 −13.0000
Hb 0.8930 9.6093 3.7248 0.8203 1.3550 0.0930 8.2230 33.2894 −19.4571

bond De
σ pbe,1 pcov pbe,2 pbo,1 pbo,2

Pd−Pda 90.7003 −0.1661 0.2578 3.0618 −0.0914 5.4665
H−Hb 153.3934 −0.4600 0.7300 6.2500 −0.0790 6.0552
Pd−Hc 67.5406 0.6327 0.2077 0.7493 −0.0547 4.0000

off-diagonal rσ RvdW γ ϵσ

Pd−H 1.5714 1.1103 13.0000 0.1445
angle θo ka kb pval,1 pval,2

Pd−Pd−H 40.0354 9.2882 8.0000 1.0000 2.7288
Pd−H−Pd 0.9367 12.0943 6.6344 1.0000 1.0115
H−Pd−H 25.6680 10.1984 7.6844 1.0000 1.2474
Pd−H−H 83.9156 13.0474 0.9983 1.0000 3.1381

aPalladium atom parameters from ref 43. bHydrogen parameters from ref 50. cUnits: r terms in Å; γ terms in Å‑1; ϵ, D, and ka terms in kcal mol−1; η
and χ in eV; θo in degrees; kb in (1/radians)2; all other terms are dimensionless.
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utilized for periodic calculations. Pd surface calculations used a
3 × 3 × 1 MP k-point spacing in a four-layer 3 × 3 periodic cell
with a 20 Å vacuum layer separating images perpendicular to
the surface. The bottom two Pd layers were fixed during
structural optimizations, while the top two surface layers were
allowed to relax. A 7 × 7 × 7 MP k-point spacing was used for
bulk PdHx calculations with a 2 × 2 × 2 fcc lattice in a triclinic
α = β = γ = 60° unit cell (containing 8 Pd atoms, and x = 1 to x
= 8 H atoms). Cluster and molecule calculations were
conducted in a 45 Å × 45 Å × 45 Å periodic box, in which
the Γ point was considered. The climbing image nudged elastic
band (CI-NEB) method67 was used to identify transition states
for hydrogen migration.

3. RESULTS AND DISCUSSION
3.1. Pd/H Force-Field Development. A DFT training set

consisting of bulk formation energies, surface adsorption
energies, and transition state barriers was used to optimize
the Pd/H interaction parameters shown in Table 1. These
parameters were used in conjunction with previously published
Pd/Pd43 and H/H50 interaction parameters, which are also
provided in Table 1. The ReaxFF general parameters and the
entire Pd/H parameter set are provided in ReaxFF input format
in the Supporting Information. Again, the Pd/H parameters
provided here are fully transferable with the previous Pd/O
parameter set,43 which will allow for the direct extension to a
Pd/O/H description.
Bulk Hydride. The ReaxFF potential was trained to

reproduce hydrogen adsorption behavior in bulk palladium.
Palladium readily forms two phases upon exposure to
hydrogen: a low concentration α phase and a high-
concentration β phase. Both phases consist of H atoms
absorbed interstitially in Pd fcc-octahedral sites, and vary only
in concentration and fcc lattice parameter. The Pd/H
interaction parameters were trained to correctly reproduce
bulk properties related to this phase behavior. The potential
was trained to reproduce lattice expansion upon hydride
formation by fitting against a DFT energy-volume curve for two
stoichiometric PdH structures, shown in Figure 1. One is the
energetically favored NaCl-type structure, in which H atoms
occupy octahedral sites in a fcc Pd lattice. The other is a simple
cubic structure, where a single H atom is placed in the center of
a cubic Pd unit cell. Although the cubic structure is high in
energy and is not experimentally realizable, it is included to
diversify the ReaxFF training set to ensure that the potential
does not improperly favor such high energy structures. For the
NaCl-type structure, ReaxFF predicts an equilibrium lattice
spacing of 4.24 Å and a corresponding formation energy of
−2.56 kcal mol−1, compared to our DFT values of 4.15 Å and
−3.04 kcal mol−1 and the DFT values reported by Grönbeck
and Zhdanov34 of 4.11 Å and −5.3 kcal mol−1. The equilibrium
lattice spacing predicted by DFT for the high concentration β
phase is longer than the experimental17,31 value of ∼4.02 Å.
This variation can be attributed to the PW91 functional, which
yields an elongated Pd fcc lattice spacing of 3.97 Å compared to
the experimental68 value of 3.89 Å. To account for phase
behavior arising from varying hydrogen concentrations, the
potential was additionally optimized against DFT formation
energies for bulk PdHx with x ranging from 0.125 to 1.0, where
the formation energy is calculated relative to gas phase H2 and a
PdH0 bulk where all H atoms have been removed (i.e., an
expanded Pd-fcc lattice). The results, shown in Figure 2,
demonstrate good agreement between ReaxFF and DFT. Both

ReaxFF and DFT predict that the formation energy remains
near −9 kcal mol−1 for concentrations less than ∼x = 0.5, and
that the formation energy becomes significantly less favorable
as additional hydrogen is added to the Pd lattice.

Surface Adsorption Energies. The Pd/H interaction
parameters were optimized for hydrogen adsorption on
Pd(111), Pd(110), and Pd(100) surface and subsurface sites.
Adsorption energies were calculated relative to the clean surface
and a gas phase H2 molecule:

Figure 1. Bulk lattice expansion−compression curves for fcc and cubic
PdH phases calculated with (a) DFT and (b) ReaxFF. (Insets) The
structures of the (a) NaCl-type PdH phase and the (b) cubic PdH
phase.

Figure 2. DFT and ReaxFF PdHx formation energies for hydrogen
concentrations varying from x = 0.125 to x = 1. Energies are calculated
relative to the PdHx (x = 0) structure (i.e., an expanded Pd-fcc
structure) and gas phase hydrogen: Eform = [E(PdHx) − E(PdH0)]/NH
− 1/2E(H2). The insets depict orthogonal unit cells that are
chemically equivalent to the triclinic unit cells employed for
calculations on the PdH0.25 and PdH1 systems.
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= + − −E E N E E(1/2 ) H ads Pdads clean H H2 / (7)

where Eclean is the energy of the clean Pd surface, NH is the
number of H atoms in the cell, EH2 is the energy of a gas phase
H2 molecule, and EH/Pd‑surf is the energy of the H-adsorbed
surface. Adsorption models including one adsorbed H atom
resulted in a 0.11 monolayer (ML) coverage in the 3 × 3
periodic cell. We also included surface models with two H
atoms adsorbed in adjacent hollow sites, resulting in a 0.22 ML
coverage. This ensures that the potential can properly describe
interactions between adsorbed hydrogen atoms on the Pd
surface, allowing the potential to properly describe variable
hydrogen coverages.
The resulting adsorption data, summarized in Figure 3,

demonstrate the feasibility of the ReaxFF potential for
describing hydrogen adsorption on Pd surface, subsurface,
and bulk sites. At 0.11 ML, the potential yields binding energies
of 16.15 kcal mol−1 and 16.82 kcal mol−1 for adsorption in fcc
and hcp hollow sites, respectively, compared to the DFT values
of 17.67 kcal mol−1 and 16.54 kcal mol−1. There is a repulsive
interaction between H atoms adsorbed in adjacent fcc−fcc or
hcp−hcp sites, reflected by lower binding energies per H atom;
the respective ReaxFF adsorption energies are 28.36 kcal mol−1

(14.18 kcal mol−l per H atom) and 28.35 kcal mol−1 (14.17 kcal
mol−l per H atom). These energies are in agreement with our
respective DFT values of 30.72 kcal mol−1 and 30.71 kcal
mol−1, and with those reported by Lopez et al.,32 who
calculated DFT-PW91 adsorption energies for fcc hollow sites
of 15.45 kcal mol−1 and 28.59 kcal mol−1 (14.29 kcal mol−l per
H atom) at 0.22 and 0.66 ML coverage, respectively. As stated
in Section 2.2, the PW91 functional generally overbinds
hydrogen on the Pd surface compared to experimental data,
which is evident in the experimental fcc hollow site binding
energies of 10.75 kcal mol−1 per H atom at low coverage and
9.23 kcal mol−1 per H atom at high coverage.20,21 This
systematic error is on the order of ∼5 kcal mol−1, and can be
empirically corrected by adjusting the ground state energy of

H2 to fit experimental data. We did not apply this correction,
since a change in the gas phase H2 energy reference will not
affect qualitative adsorption trends.

Dissociation and Migration Barriers. In order to model the
kinetic properties of hydride formation, the ReaxFF potential
was trained to reproduce DFT-NEB barriers for hydrogen
dissociation, surface to subsurface migration, and bulk diffusion.
The ReaxFF potential energy surfaces for these processes are
shown in Figure 4. As seen in Figure 4a, ReaxFF predicts that
H2 dissociation on the Pd(111) surface proceeds through a
physisorbed H2 precursor state that has an adsorption energy of
7.81 kcal mol−1 relative to the gas phase, which precedes a
dissociation barrier of 4.93 kcal mol−1. The stability of the H2
physisorbed state is reflected in the DFT data shown in Figure
3, in which we identified a local energy minimum for H2
adsorption on a bridge site. This dissociation path is in
qualitative agreement with the DFT-PW91 dissociation path
reported by Lopez et al.32 and reproduced in Figure 4a, which
shows a precursor state with an adsorption energy of 7.1 kcal
mol−1 and a corresponding dissociation barrier of 2.1 kcal
mol−1. Figure 4b shows the ReaxFF barrier for H migration
from a surface fcc hollow site to a subsurface octahedral site.
ReaxFF predicts a subsurface diffusion barrier of 11.71 kcal
mol−1, in agreement with our DFT barrier of 10.42 kcal mol−1.
Finally, the potential was trained to reproduce the diffusion
barrier for H migration in bulk Pd from an octahedral site to a
tetrahedral site. The potential predicts adsorption energies of
4.95 kcal mol−1 and 1.67 kcal mol−1 in bulk octahedral and
tetrahedral sites, respectively, in agreement with the respective
DFT values of 3.86 kcal mol−1 and 1.64 kcal mol−1. As seen in
Figure 4, the potential yields a barrier of 6.38 kcal mol−1, in
agreement with the DFT barrier of 5.12 kcal mol−1. These data
for adsorption and migration in bulk Pd are also in agreement
with the DFT barrier of 5.07 kcal mol−1 reported by Grönbeck
and Zhdanov,34 and the experimental diffusion barrier of 5.85
kcal mol−1 reported by Hara et al.28 Together, the agreement
between ReaxFF and DFT for surface and bulk data

Figure 3. Hydrogen adsorption energies in Pd bulk and on Pd(111), Pd(110), and Pd(100) surfaces. Calculated relative to gas phase hydrogen: Eads
= Eclean + NH(1/2EH2) − EH‑ads/Pd . (Insets) Optimized structures for H adsorption at the indicated surface sites.
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demonstrates the Pd/H potential’s ability to properly model
hydrogen dissociation and migration on the Pd surface,
migration from Pd surface sites to subsurface sites, and
diffusion in bulk Pd.
3.2. Monte Carlo Simulations of Palladium Hydride

Formation. We applied the optimized Pd/H potential in GC-

MC/MD simulations to assess the extent of hydrogen uptake in
Pd bulk and clusters as a function of hydrogen pressure and
temperature. Each Pd cluster simulation began with a clean Pd
cluster in a 50 Å × 50 Å × 50 Å simulation box. Three spherical
Pd cluster models of varying size were studied, and were
constructed from the optimized fcc bulk structure. The clusters
were approximately 1.0 nm, 1.5 nm, and 2.0 nm in diameter,
and consisted of 43, 135, and 321 Pd atoms, respectively. A
geometry optimization of the Pd clusters prior to the GC-MC/
MD simulations was not necessary, as hydrogen induced
restructuring of the cluster will occur during the MD relaxation
steps of the simulation. Bulk simulations were initiated from an
orthogonal fcc lattice consisting of 108 Pd atoms with an
optimized Pd−Pd lattice spacing. The GC-MC/MD algorithm
added, moved, and removed hydrogen atoms until the system
reached thermodynamic equilibrium, at which point the
chemical potential of hydrogen in the simulation box and the
hydrogen reservoir are equal. This is demonstrated in Figure 5,
which depicts the equilibration of both a cluster and a bulk MC
simulation. For cluster simulations, equilibrium is reached when
the system energy and the number of hydrogen atoms
converges, as seen in Figure 5a. Figure 5b shows the same
equilibration for bulk simulations, in which the system volume
must also converge. As seen in the figure, the MC simulations
typically required between 5000 and 10 000 MC iterations to
converge, and were considered converged if the total energy
fluctuation normalized by the number of Pd atoms in the
system was less than ∼5 kcal mol−1 over the final 1000 MC
iterations. The converged system reflects the equilibrium
hydrogen concentration and phase structure at the temperature
and pressure specified by the chemical potential of the
hydrogen reservoir.

Surface, Subsurface, and Bulk Hydrogen Loading. The
GC-MC/MD method was used to assess the degree of
hydrogen loading at surface, subsurface, and bulk-like sites in
the Pd clusters. For each cluster, GC-MC/MD simulations
were conducted at 300 K and at pressures ranging from 10−14

atm to 10−1 atm. We analyzed the final structure of each
simulation to assess the degree of hydride formation in the
surface, subsurface, and bulk-like regions of the Pd cluster as a
function of hydrogen pressure. First, we calculated the radial
distribution of hydrogen atoms in each cluster from the final
atomic coordinates of the equilibrated system. Figure 6 shows
the local density of hydrogen atoms as a function of radial
distance from the center (r = 0) of a 2.0 nm cluster at varying
H2 pressures. As expected, the H/Pd ratio progressively
increases as the hydrogen pressure is increased; surface sites
are first occupied at low hydrogen pressures, followed by
subsurface sites, and then bulk sites. The figure shows the onset
of hydrogen uptake in the bulk-like region of the cluster at
10−11 atm, and the formation of the hydride phase by 10−9 atm.
This demonstrates the enhanced hydrogen binding of the Pd
surface compared to the bulk, in agreement with experimental
results37,69 and with previous MC results obtained by Wolf et
al.55 and by Ruda et al.57

To further assess whether a phase transition occurs in the
cluster, we determined the number of hydrogen atoms in the
surface and bulk-like regions of the cluster by radially
integrating the local hydrogen densities. This results in the
data shown in Figure 7, which shows the total number of
hydrogen atoms within a specified radius from the cluster
center. As seen in the figure, there is a clear distinction between
hydrogen loading in the bulk-like region and the surface

Figure 4. DFT (blue) and ReaxFF (red) activation barriers for (a) H2
dissociation on the Pd(111) surface (DFT potential energy surface
reproduced from ref 32), (b) H migration from a Pd(111) surface fcc
site to a subsurface octahedral site, and (c) H migration from an
octahedral site to a tetrahedral site in the bulk. (Insets) Initial
structures, transition states, and final structures.
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regions. The distinction between surface and subsurface regions
is less clear due to the fact that the cluster models are not
perfectly spherical and contain corner, edge, and facet sites that
slightly vary in distance from the cluster center, which can be
seen in the insets of Figure 7. This makes it difficult to
distinguish between atoms adsorbed in the subsurface layer and
atoms adsorbed on surface sites that are closer to the cluster
center. Nevertheless, there is still a clear distinction between
the bulk and surface regions, which is demonstrated by the
pronounced increase in the number of hydrogen atoms near the
surface of each cluster, marked by a dashed line in the figure.
Using this distinction, the H/Pd ratio in the bulk-like region of
each cluster can be determined as a function of pressure, thus
deriving absorption isotherms that reflect hydrogen uptake in
the cluster’s bulk-like region. This allows for the varying phase
behaviors of the bulk and surface regions to be assessed
independently, as will be discussed in the following section.
Hydrogen Absorption Isotherms. Hydrogen absorption

isotherms are shown in Figure 8a for bulk simulations at
varying temperatures, and in Figure 8b,c for cluster simulations
with varying cluster sizes. As seen in Figure 8a, the bulk
simulations yield a clear plateau characteristic of the α to β

phase transition at 300 K, 400 K, and 500 K. At 300 K, the
simulations yield a maximum H/Pd ratio in the α phase, αmax,
of 0.02, and a minimum H/Pd ratio in the β phase, βmin, of
0.54, in agreement with the respective experimental values of
αmax = 0.03 and βmin = 0.55 reported by Yamauchi et al.22 for
hydrogen uptake in Pd-black at 303 K. At 400 and 500 K, αmax
increases to 0.06 and 0.07, respectively, and βmin decreases to
0.50 and 0.47, respectively. This qualitatively reproduces the
experimentally observed MG narrowing with increasing
temperature. We note that the isotherm-plateau predicted by
ReaxFF occurs at pressures much lower than those determined
experimentally,22,26 which is caused by the overprediction of
the hydrogen binding energy noted in the previous sections. At
300 K, the GC-MC/MD method predicts a plateau at PH2 ∼ 5.5
× 10−11 atm, as opposed to the experimentally observed plateau
near ∼10−3 atm. Using eq 6, these two hydrogen pressures at
300 K result in chemical potentials of μH = −63.2 kcal mol−1

and μH = −58.3 kcal mol−1, respectively. This is within the ∼5
kcal mol−1 overbinding error of the DFT-PW91 method used
to train the ReaxFF potential, thus accounting for the
discrepancy in plateau pressures. As stated above, the disparity
between the hydrogen binding energies predicted by ReaxFF

Figure 5. Equilibration of GC-MC/MD with (a) varying H/Pd ratio in a 2.0 nm Pd cluster at 300 K and 10−1 atm, and with (b) varying volume in
Pd bulk at 300 K and PH2 = 10−7 atm, where Erelative = Esystem − Eclean − NHμres. (Insets) Initial and final system structures.
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and experiment is the result of a systematic error in the
hydrogen energy reference, and does not impact relative trends
in hydrogen binding.
Absorption isotherms for 1.0 nm, 1.5 nm, and 2.0 nm Pd

clusters are shown in Figure 8b,c. The H/Pd ratios shown in
Figure 8b were derived using the radial distribution data shown
in Figure 7, and reflect the number of hydrogen atoms in the
bulk-like region of the cluster divided by the total number of Pd
atoms in the cluster. The clusters display an increased hydrogen
concentration in the solid solution α phase, and a decreased
hydrogen concentration in the hydride β phase compared to
the bulk. As cluster size decreases, the α phase concentration
increases and the β phase concentration decreases, resulting in
a narrowed MG and a sloped plateau connecting the phases, in
agreement with experimental observations.15,22,26,37 Although
the cluster plateaus are sloped and narrowed compared to the
bulk, each plateau retains a clear inflection point indicative of a
α to β phase transition. Figure 8(c) shows the total H/Pd
ratios, which reflect hydrogen uptake by both the surface and
bulk-like regions of each cluster. As seen in the figure, there is a
high affinity for adsorption on the cluster surface, making it
difficult to discern the isotherm-plateau behavior observed in
the bulk-like region. This suggests that the cluster surface
becomes saturated with adsorbed hydrogen at low hydrogen
pressures, and the surface remains covered despite any phase

transition in the bulk-like region below. Figure 8b correspond-
ingly shows that the phase transition occurs in the bulk-like
region of the clusters, indicating that the narrowing MG with
decreasing cluster size is not simply the result of an increased
ratio of surface to bulk sites, in agreement with the
experimental observations of Eastman et al.31 and of Wilde et
al.40

Lattice Expansion. In addition to an increased H/Pd ratio,
the α to β transition is principally marked by an increased Pd−
Pd lattice spacing. To investigate this behavior, we determined
the average Pd−Pd lattice spacing for each cluster as a function
of hydrogen pressure, as shown in Figure 9. This was
accomplished by calculating the Pd−Pd radial pair distribution
function, g(r), from the final atomic coordinates of the
equilibrated GC-MC/MD cluster simulations. As seen in the
figure, the peaks in the pair distribution function retain the
characteristic fcc lattice spacing of the clean cluster, and
broaden at higher hydrogen pressures. As such, the equilibrium
fcc lattice spacing was approximated by taking the weighted
average over the first g(r) peak. The resulting lattice spacings,
shown in Figure 9, demonstrate a discernible increase in the fcc
lattice constant as H2 pressure increases, indicating that the
phase transition occurs in all three clusters. The maximum
lattice spacing of the α phase increases and the minimum lattice
spacing of the β phase decreases with decreasing cluster size.

Figure 6. Final structure and local hydrogen densities relative to the center of the Pd cluster after GC-MC/MD simulations at T = 300 K and P = (a)
10−1 atm, (b) 10−9 atm, (c) 10−11 atm, and (d) 10−13 atm. (Insets) Whole structure (left) and cross section (right) of the final cluster structures after
GC-MC/MD.
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This is in agreement with the experimental XRD trend in lattice
expansion reported by Ingham et al.,17 who likewise found that
the phase transition occurs in naked clusters that are as small as
∼1.7 nm in diameter. The lattice parameters for bulk
simulations are also summarized in Table 2, which contains
the minimum and maximum lattice parameters obtained for the
α and β phases at 300 K, 400 K, and 500 K. The minimum bulk
lattice parameter of the β phase decreases with increasing

temperature, indicating the closure of the MG as the system
approaches the critical temperature. As expected, the maximum
and minimum lattice parameters in the clusters approach the
values obtained for the bulk as cluster size increases.

Discussion. These results help clarify the role of surface and
bulk-like regions during hydride formation in Pd clusters. We
observe that the phase transition occurs in the bulk-like region

Figure 7. Radial distribution of hydrogen atoms in (a) a 1.0 nm Pd
cluster, (b) a 1.5 nm Pd cluster, and (c) a 2.0 nm Pd cluster after GC-
MC/MD simulations at 300 K and at P = 10−15 atm (purple), P =
10−13 atm (orange), P = 10−11 atm (magenta), P = 10−9 atm (dark
green), P = 10−7 atm (blue), P = 10−5 atm (light green), P = 10−3 atm
(red), P = 10−1 atm (black). (Insets) Cross section of the center of the
cluster exposing a (100) facet after GC-MC/MD at 10−11 atm and
10−3 atm.

Figure 8. Hydrogen absorption isotherms for (a) Pd bulk, (b) the
bulk-like region of Pd clusters at 300 K, and (c) the entire Pd cluster
(including hydrogen in both bulk and surface regions) at 300 K. The
dashed line in (a) is an estimated delineation of the α/β phase
boundary.
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of Pd clusters, and that the MG remains open for naked clusters
as small as 1.0 nm in diameter. This supports the conclusion of
both Wilde et al.,40 who found that the enhanced hydrogen
uptake in the solid solution phase occurs in the bulk-like region
(as opposed to at surface sites), and with Eastman et al.,31 who
found that the narrowing MG in clusters cannot be attributed
to a varying phase behavior in the surface/subsurface region. It
also supports the conclusions of Ingham et al.,17 who argue that

the closing of the MG in small clusters reported in the
literature15,16 is the result of surface strain affecting absorption
in the bulk-like region of the clusters. Our results show that the
surface of the Pd cluster becomes saturated with hydrogen even
at low pressures, and that the experimental trends related to
cluster size are retained when these sites are excluded from the
absorption isotherms, indicating that the size-dependent
absorption behavior is associated with the bulk-like region of
the cluster, in agreement with Wilde et al.40 Although increased
uptake occurs in the cluster bulk, it can be attributed to the
effects of adsorbate bonding at the cluster surface. Ingham et
al.17 posit that Pd−Pd bonds between the surface and bulk-like
region are weakened by Pd-adsorbate bonds on the surface. As
surface Pd atoms form bonds to adsorbates, fewer electrons are
available to fill Pd−Pd bonding orbitals between surface and
subsurface Pd atoms. Such weakening of subsurface Pd−Pd
bonds allows the bulk region to more easily expand to
accommodate hydrogen absorption, thus making hydrogen
absorption in the bulk more favorable. Since smaller clusters
have a larger surface to volume ratio, this effect becomes
increasingly more important as cluster size decreases, leading to
a narrowed MG for smaller clusters. This effect will be
magnified by strongly interacting cluster-stabilizers,18 such as
polymer matrices, surfactants, and oxide supports, thus leading
to the complete closure of the MG in small clusters. The
agreement between the literature and the results of the MC
simulations demonstrates the applicability of the Pd/H
potential, as well as the feasibility of the GC-MC/MD method

Figure 9. Pd−Pd pair distribution functions, g(r), after GC-MC/MD equilibration in (a−d) a 2.0 nm cluster, (h−i) a 1.5 nm cluster, and (m−n) a
1.0 nm cluster. The g(r) represented by a black line corresponds to the Pd−Pd pair distribution of the clean cluster prior to GC-MC/MD. (e,j,o)
Average fcc lattice constants derived from pair distribution functions for (e) the 2.0 nm cluster, (j) the 1.5 nm cluster, and (o) the 1.0 nm cluster.

Table 2. Maximum and Minimum Recorded H/Pd Ratios
and Lattice Parameters in Bulk Simulations at 300 K, 400 K,
and 500 K

300 K PH2 (atm) H/Pd ratio lattice parameter (Å)

α 1 × 10−13 0.0 3.97
αmax 2.4 × 10−11 0.02 3.99
βmin 5 × 10−11 0.54 4.15
β 1 × 10−1 0.88 4.24
400 K PH2 (atm) H/Pd ratio lattice parameter (Å)

α 1 × 10−9 0.0 3.97
αmax 5.5 × 10−7 0.06 3.99
βmin 2.5 × 10−6 0.51 4.13
β 1 × 10−1 0.66 4.18

500 K PH2 (atm) H/Pd ratio lattice parameter (Å)

α 1 × 10−7 0.0 3.97
αmax 2 × 10−4 0.07 3.99
βmin 8 × 10−4 0.47 4.12
β 1 × 10−1 0.56 4.16
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for investigating the thermodynamic stability of hydride phases
in Pd bulk and clusters.
3.3. Molecular Dynamics Simulations of Hydrogen

Dissociation and Diffusion. In addition to thermodynamic
properties, the kinetics of hydrogen uptake and diffusion have
been extensively investigated,3,5,28,29,70−73 as a detailed under-
standing of hydrogen transport properties in Pd is essential to
designing Pd-based devices with optimal absorption−desorp-
tion kinetics. The Pd/H potential developed here utilizes
hydrogen parameters that are invariant between hydrogen in
the gas phase, adsorbed on the surface, or dissolved in the bulk.
This allows the potential to model dissociative hydrogen
adsorption and diffusion into the bulk, which can help assess
the kinetic properties of hydrogen transport at an atomistic
level. To demonstrate this, we applied the Pd/H potential in
molecular dynamics simulations to investigate the kinetics of
hydrogen uptake by clusters of varying size, as well as to derive
diffusion coefficients for hydrogen diffusion in the bulk at
varying concentrations and temperatures. These results are
compared to experimental studies, demonstrating the capa-
bilities and limitations of the Pd/H potential for describing
kinetics. MD simulations in this study were conducted in the
NVT ensemble using the velocity Verlet method74 with a time
step of 0.25 fs. A Berendsen thermostat75 with a damping
constant of 100 fs maintained temperature control throughout
the simulation.
H2 Dissociation and Absorption in Pd Clusters. To model

the kinetics of hydrogen dissociation and absorption in clusters,
we conducted MD simulations for a duration of 250 ps, in
which each simulation began with a H2 gas phase surrounding a
single Pd cluster. This was conducted for three spherical cluster
sizes: a 1.0 nm cluster consisting of 43 Pd atoms, a 1.5 nm
cluster consisting of 135 Pd atoms, and a 2.0 nm cluster
consisting of 321 Pd atoms. The ratio of Pd to H atoms in the
simulation cell affects the overall amount of hydrogen that can
be absorbed by the clusters. Correspondingly, we populated
each simulation cell with a stoichiometric 1:1 Pd/H ratio to
ensure that the cluster can become saturated with H atoms.
Also, the pressure of hydrogen in the gas phase affects the
kinetics of hydrogen absorption. Therefore, the dimensions of
the simulation cells were chosen such that each Pd cluster was
exposed to an equivalent initial hydrogen pressure. The initial
simulation pressure was estimated from the number of
hydrogen molecules in the gas phase using the ideal gas law,
yielding a pressure of ∼5.4 MPa in cubic simulation cells with
side-lengths of 38 Å, 56 Å, and 75 Å for the 1.0 nm, 1.5 nm, and
2.0 nm clusters, respectively. A temperature of 1250 K was
employed for all simulations, which was selected because it is
high enough to allow rapid dissociation and diffusion in the
time frame of the simulation, yet is still below the melting point
of Pd metal. The populations of H2 molecules and H atoms
either present in the gas phase or adsorbed on the Pd cluster
were recorded at 25 fs intervals, allowing the hydride formation
process to be tracked as a function of simulation time.
Hydride formation in Pd clusters proceeds through a core−

shell mechanism, in which a hydride shell forms at the surface
and progresses toward the center of the cluster.29 Hydride
formation is limited by hydrogen diffusion through the hydride
shell to the metallic core, and the size-dependent kinetics
described by this model have been investigated theoretically by
Zhdanov et al.70 and experimentally by Langhammer et al.29

Zhdanov et al. used Monte Carlo simulations to demonstrate a
power-law relationship relating the time required to reach

hydrogen saturation when forming a hydride phase to cluster
size: t1/2 ∼ dZ, where t1/2 is half the time required to reach
saturation in the cluster, d is the cluster diameter, and Z is a
proportionality constant. They predict that Z = 2.0 in the ideal
case of diffusion limited hydride formation, and that Z increases
to as much as 3.0 depending on diffusion dynamics and cluster
geometry. This is corroborated by the experimental results of
Langhammer et al., who compared hydride formation rates in
samples containing clusters with average diameters of 1.81 nm,
2.47 nm, and 5.35 nm, finding that Z = 2.9 at 303 K.
We conducted MD simulations, summarized in Figure 10, to

determine whether the power law relation for the size-

dependent kinetics of hydrogen absorption is retained by the
Pd/H potential. Since these simulations were conducted at high
temperatures, we expect that the small dissociation barrier (∼2
kcal mol−1) will be readily overcome, and that the higher
subsurface diffusion barrier (∼10 kcal mol−1) will be rate
limiting. As seen in the figure, the Pd/H potential yields a value
of Z = 1.92, in agreement with the power-law scaling predicted
by Zhdanov et al. for diffusion limited hydrogen uptake in Pd
clusters. This, in conjunction with the experimental result of
Langhammer et al., supports the core−shell model for hydride
formation in clusters, in which the rate-limiting step is
hydrogen diffusion to the metallic core through a growing
hydride surface shell.

Hydrogen Diffusion in Bulk Pd. To derive diffusion
coefficients for hydrogen diffusion in bulk Pd, we conducted
NVT-MD simulations in which hydrogen was initially loaded in
a fcc lattice at varying concentrations. The simulation box

Figure 10. (a) Initial and (b) final structure of a 250 ps NVT-MD
simulation of hydrogen adsorption at 1250 K in a 2.0 nm cluster. (c)
Number of hydrogen atoms adsorbed from the gas phase normalized
by the total number of hydrogen atoms. Arrows mark the time
required to reach half of the final hydrogen saturation point, t1/2 .
(Inset) t1/2 plotted against cluster diameter.
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consisted of 256 Pd atoms in a cubic cell with periodic
boundary conditions in all three directions. Octahedral sites
were randomly populated with 8, 64, or 128 H atoms, yielding
H/Pd ratios of 0.03, 0.25, and 0.5, respectively. A conjugate
gradient energy minimization was performed prior to each
simulation to allow the simulation cell size and hydrogen
coordinates to relax, thus mitigating simulation artifacts caused
by high energy contacts in the initial geometry.
Diffusion coefficients were calculated from the average mean-

square displacement (MSD) of hydrogen atoms, which was
determined from the atomic coordinates of the system that
were archived after every 0.025 ps. Diffusion coefficients were
calculated from the slope of the MSD curve using the well-
known relation: MSD = 6Dt, where D is the diffusion
coefficient and t is time. This is summarized in Figure 11 for
all three hydrogen concentrations at 500 K, 550 K, 650 K, and
750 K. The apparent diffusion barrier can be determined using
an Arrhenius relationship: D = Do exp[−Ed /(RT)], where D is
the diffusion coefficient determined from the MSD data, Do is
the Arrhenius pre-exponential factor, Ed is the apparent
diffusion barrier, R is the gas constant, and T is temperature.
This is demonstrated in Figure 12, where a linear regression
was employed to determine the pre-exponential factor and
hydrogen diffusion barrier at each concentration. The results,
tabulated in Table 3 along with experimental comparisons,
show that the diffusion barrier increases from 6.87 kcal mol−1 at
H/Pd = 0.03, to 7.55 kcal mol−1 and 8.32 kcal mol−1 at H/Pd =
0.25 and 0.5, respectively. As shown in Figure 12, the diffusion
coefficients increase with decreasing hydrogen concentration,
moving toward the experimentally determined28 dilute limit
shown in the figure. Despite approaching the experimentally
determined dilute limit, the Pd/H potential still systemically
under-predicts hydrogen diffusion coefficients compared to the
experimental barriers reported Hara et al.28 However, the
magnitude of this deviation can be attributed to the fact that
ReaxFF overpredicts the hydrogen diffusion barrier, shown in
Figure 4, by ∼2 kcal mol−1, which is within the expected
accuracy of the ReaxFF method. The agreement between
ReaxFF and experiment demonstrates that the Pd/H potential
can be used to derive hydrogen diffusion properties in bulk Pd
over a variety of temperatures and concentrations.
Together, the MD results presented above demonstrate that

the ReaxFF potential can accurately represent the interaction
between hydrogen and Pd both at the gas/surface interface and
in the bulk. This demonstrates the capabilities of the potential
for investigating the kinetic properties of hydrogen uptake and
diffusion in both cluster and bulk systems.

4. CONCLUSION
Palladium can readily dissociate and absorb hydrogen from the
gas phase, making it a candidate for use in hydrogen storage
devices, separation membranes, and hydrogenation catalysts.
Optimizing the design of these devices requires an extensive
knowledge of both kinetic and thermodynamic influences
affecting hydrogen transport at the atomistic scale. To aid this
effort, we derived a ReaxFF interaction potential for Pd/H from
an extensive set of DFT data for both bulk and surface
properties. Using this potential, we conducted GC-MC/MD
simulations to derive theoretical hydrogen absorption iso-
therms in Pd bulk and clusters, thus assessing the contributing
roles of surface, subsurface, and bulk regions during the size-
dependent transition between the solid solution α phase and
the hydride β phase. We determined that the narrowing

hydrogen miscibility gap in Pd clusters of decreasing size is
related to an increased solubility in the bulk-like region of the
cluster, and that the miscibility gap remains open for naked
clusters at small as 1.0 nm in diameter, in agreement with
previous experimental observations.17 Additionally, we con-

Figure 11. Mean-square displacements of hydrogen during MD-NVT
simulations of PdHx bulk for (a) x = 0.03, (b) x = 0.25, and (c) x =
0.5.
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ducted NVT simulations of the dissociative adsorption of
hydrogen from the gas phase, and of hydrogen diffusion in the
bulk. The size-dependent kinetics of hydrogen absorption from
the gas phase, as well as bulk diffusion coefficients, determined
from these simulations are in agreement with experimental
results,28,29 demonstrating the capability of the ReaxFF
potential for modeling hydrogen transport between gas and
solid phases. The corroboration between experiment and
ReaxFF both validates the Pd/H interaction potential for
treating the complex phase behavior of PdH, as well as
demonstrates the ability of ReaxFF to assess thermodynamic
and kinetic influences on phase behavior at the atomic scale
through GC-MC and MD methods.
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