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In our previous study, we have proven two ultrathin Pd nanowires can prevent from
Pd embrittlement. In this study, we further demonstrate the material properties of a
larger Pd nanowire. Both classical potential function and density functional theory
calculation were used. The results show once the larger Pd nanowire has interior Pd
atoms, hydrogen atoms can stably stay within the nanowire. Consequently, the hydrogen
embrittlement could happen with a higher probability than two ultrathin Pd nanowires
reported in our previous study.

Keywords DFT; adsorption; dissociation; diffusion; H,; Pd nanowire; molecular
dynamics

1. Introduction

The Palladium (Pd) material has attracted great interest in recent years because it has
broad applications, such as in fuel cells and shape memory alloys and quantum devices
[1-3]. Various kinds of Pd one-dimensional nanostructures have been widely investigated
by experiment [4-6], since Pd nanowires have attracted especially great interest because
they have higher surface-to-volume ratios for potential use in different technologies, such
as gas sensors [7-10], and electronic switch [11]. However, the hydrogen embrittlement
limites the application of Pd material on hydrogen economy for both Pd bulk [12-13]
and nanomaterials. [14—16] When hydrogen atoms diffuse into these materials, the lattices
expand and the materials become more brittle as more H atoms diffuse into Pd materials.
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Table 1
Parameters of tight-binding potential for Pd metal.
A (eV) £(eV) P q ro (A)
0.1746 1.718 10.867 3.742 2.749

Consequently, the development of new Pd nanomaterials is the key issue to prevent Pd
materials from hydrogen embrittlement and the diffusion behaviors at the interfaces of the
nanowire surface to the interior of nanowire and within the nanowire are also critical. In our
previous study [17], the detailed adsorption, and diffusion behaviors of hydrogen molecule
and atom on two ultrathin Pd nanowires were presented. In this study, we further discuss
the diffusion and adsorption behaviors of hydrogen atom on a larger Pd nanowire.

2. Simulation Model

To obtain the lowest-energy structures of Pd nanowire (global minimum structures), the
most important step is to obtain an energetically favorable configuration of the Pd nanowire
before determining the nanowire properties. In our previous study [18], we have developed
a process by combining SABH and the penalty algorithm [19-20] to find the nanowire
structure with the lowest energy. The detailed process can be seen in our previous study
and no detailed introduction is presented in this study.
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Figure 1. (a)—(b) The Pd nanowire were studied in the previous studies, (c) The unit cell structure
of Pd nanowire.
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0.67 eV

AE=0.42 eV

Figure 2. The minimum energy pathway from an isolated H hydrogen atom to the center of the Pd
nanowire. (Figure available in color online)

For the Pd element, the tight-binding many-body potential [21] was used to predict the
structures of the Pd nanowire. The interaction between two Pd atoms depends not only on
the distance between them, but also on their local environment. The interatomic energy of
atom i is thus expressed as follows:

J

1/2
Ei=— Z&zexp[—Zq(rij/ro—l)]} +ZAexp{—p(r,-j/ro—l)} €))
J

where is an effective hopping integral, 7;; is the distance between atom i and j, and ry is the
first-neighbor distance. The parameters are listed in Table I.

After the lowest-energy structure has been found by SABH with the penalty algorithm,
the DFT calculation was used to refine the structure and to find the transition structure
for hydrogen atom diffusion. In all calculations, the generalized Gradient approximation
(GGA) [22] by Perdew and Wang parameterization (PW91) [23] correction were employed.
Spin-polarization was considered in our calculation. The Brillouin zone is sampled with
the Monkhorst-Pack grid [24]. The calculations were carried out by using the (1 x 1 x 6)
Monkhorst-Pack mesh k-points for bulk and surface calculations, respectively. A 300 eV
cutoff energy, which allows convergence to 1 x 10~* eV in total energy, was used.

In this study, adsorption energies were calculated according to the following equation:

AEads = E[slab+adsorbate] - (E[slab] + E[adsorbate]) (2)

where E[gab + adsorbate]> Efslab]> and Ejadsorbate) are the calculated electronic energies of ad-
sorbed hydrogen atom on a Pd wire, a clean Pd wire, and an isolated hydrogen atom,
respectively. The nudged elastic band (NEB) method [25-26] is applied to locate transition
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Figure 3. The (a) variations of energy of the system during the dissociation (MD simulation) of
H atom the Pd nanowire surface with the simulation time steps. The snapshots of variations of H,
dissociation on Pd nanowire surface at (b) 2, (c) 134, (d) 500, (e) 1000, (f) 2000, and (g) 4000 fs. The
bond lengths are given in A. (Figure available in color online)
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states for the diffusion of the H atom, and minimum energy pathways (MEP) are constructed
accordingly.

3. Results and Discussion

For comparison between two ultrathin Pd nanowires reported in our previous study and the
octahedral nanowire, Fig. 1 shows two ultrathin nanowires and octahedral Pd nanowire.
The octahedral nanowire has a hexagonal shape with the radius of 5 A. For two ultrathin
nanowires, it is clear all Pd atoms are located on the surface and no interior atoms are found.
Consequently, one hydrogen atom within these Pd nanowires has more diffusion channels
from interior sites to surface sites.

For octahedral Pd nanowire, the minimum energy pathway (MEP) from an isolated
H hydrogen atom to the center of the Pd nanowire is shown in Fig. 2. The adsorption of
hydrogen atom is exothermic with strong adsorption energy of —2.84 eV. As the hydrogen
atom diffuses into the nearest octahedron site from the surface, the activation energy is
about 0.42 eV. In the first intermedium structure, the hydrogen atom does not occupy the
center of the octahedron. From the first intermedium to the final structure, the value of TS2
is about 0.67 eV, indicating the diffusion barrier of hydrogen atom within the octahedral
Pd nanowire is much lower than that from the interior part to the nanowire exterior surface.
It also imply that once the hydrogen atoms penetrate the interface of interior and exterior
parts of the nanowire, the hydrogen atoms can stably stay within the octahedral Pd wire
and the hydrogen embrittlement may happen when the size of Pd nanowire are larger.

To investigate the detailed H diffusion process within octahedral Pd nanowire, DFT-MD
was conducted. The canonical ensemble (NVT) was considered at 300 K by Nosé-Hoover
thermostat, and the Verlet algorithm was employed to integrate the trajectories of the atoms
with a time step of 2 fs. One H atom was placed at the center of octahedral Pd nanowire
at O fs. Fig. 3(a) shows the relative energy variation with the simulation time steps and the
corresponding morphologies with the H-Pd bond lengths are display in Fig. 3(b)—(g). The
distinct peak of Fig. 3(a) at 134 indicates the system is undergoing the equilibrium process
and the hydrogen atom vibrates at the equilibrium position with the larger amplitude. After
250 K, the profile of relative energy display a regular fluctuation, indicating the H diffusion
takes place very frequently within the octahedral Pd nanowire, but no diffusion from within
the Pd nanowire to the nanowire surface was found during this simulation. According, the
probability for hydrogen atom diffusion from the interior part of nanowire to the surface
is very low, compared with the diffusion within the nanowire. From Fig. 3(b)—(g), it is
clear hydrogen atom moves around near octahedron sites during the simulation at room
temperature.

4. Conclusion

A Pd nanowire slightly larger than two ultrathin Pd nanowires reported previously has
been predicted by SABH method with the penalty method. By the examination of NEB
and DFT-MD, the results show H atom can stably stay within the octahedral Pd nanowire
at room temperature. This indicates the feasibility of applications for larger nanowires at
room temperature is not possibility to avoid the hydrogen embrittlement.
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