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Abstract

Electronic structure modeling is carried out for bulk PdH system with implications for
some surface effects. The calculation is performed under the frame work of density
functional theory. The results provide new insight into the charge state of H inside Pd.
The H is slightly negatively charged over the composition range studied in this paper, and
the negative charge around the proton increases with an increasing loading in hydrogen.
By studying the behavior of H at the “bridging” site, which is also important to surface
configuration, this paper helps explain why the effective charge observed in H drift
experiments is different from the static charge state.
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1. Introduction

The palladium hydride system has been an interesting yet perplexing topic of multi-
disciplinary research for many years [1-3]. Unlike ordinary metal alloys, where a fairly
good understanding is achieved through relatively straightforward concepts, metal
hydrides pose a number of problems. First, hydrogen is usually much smaller and lighter
than the host metals, and hence its motion in the host metals generates some unexpected
effects. Second, a hydrogen atom is a stronger attractor of electrons than most metal
atoms. Therefore the bonding nature between hydrogen and metals is different from a
normal metal bond. There are numerous other issues facing the palladium hydride
system, which is finding an increasing importance in various applications. For example
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more and more attention is focused on fuel cell systems as a promising power system for
the future. The unique hydrogen storage property of Pd plays an important role in fuel-
cell development. The phenomena of hydrogen adsorption and resulting catalytic
properties of hydrogenated Pd surfaces are on one hand a fundamental issue for the
theoretical understanding of basic surface physics and catalytic chemistry, while on the
other hand, very significant for technical applications such as hydrocarbon industry.

Yet despite extensive research carried on the topic over the past 50 years, some
fundamental properties of the PdH system are still not well understood. Such problems
include the charge state of hydrogen and charge transport of both electron and H ion in
Pd, which are addressed here.

2. Charge transport and the charge state of hydrogen in Pd

Charge transport in palladium hydride (and metallic hydrides in general) is complicated
in that it involves both electrons and H ions. First the electron transport of PdH is
complex and not anticipated as is manifested by the unusual electric resistance change
versus the H/Pd ratio, illustrated conceptually in Fig. 1. As shown, the normalized
resistance as a function of loading x, i.e., H/Pd atomic ratio, first increases and then
decreases [4]. The resistance finally undergoes an oscillation at ultra high loading [5].
Because the mobility and the number of electrons in PdH are orders of magnitude higher
than those of the H ion, electron transport dominates these resistance changes. The initial
increase in the resistance (up until x ~ 0.65) is relatively easy to understand from an
alloying point of view. Or, in other words, the added H in the lattice creates scattering
centers, increasing the resistance. The subsequent drop for x > 0.65 is not well
understood thus far, typically being thought to be associated with the formation of new
band states. The oscillation region shown in Fig. 1 has only recently been reported and
has not yet been explained theoretically.

In addition to resistivity studies, considerable research has been dedicated to probing the
nature of H transport (e.g. diffusion and drift) in Pd. These drift experiments [6-7]
strongly suggest that H drifts in Pd in the form of a positive ion with a fractional charge
number of ~ +0.5. This observation, combined with the decrease of the paramagnetic
susceptibility with H loading, seems to strongly support the notion of a proton model in
which the hydrogen is viewed as donating its electron to the unfilled Pd d-shell.
However, such a proton model seems oversimplified in terms of experiments like
electronic specific heat [8]. Because the electronic specific heat is directly proportional to
the size of the Fermi surface, the proton model should predict a progressively smaller
electronic specific heat as the H loading is increased. However the contrary is found in
the related nickel hydride. Moreover from a chemistry point of view, H can more easily
acquire an electron than most metal atoms because of its relatively large electro-
negativity (See Table 1).



Some previous band structure calculations [9-11] have been carried out to elucidate the
charge state of H in Pd. The studies include PdH and PdH, »5, where unit cells can be
easily defined. The general conclusion is that the H is slightly negatively charged in spite
of the filling up of the Pd d-bands. Without further study, this result has appeared to
contradict some of the observations cited above.

The main focus of the present research is various improvements over previous band-
structure calculations: More hydride compositions and proton locations are considered in
this paper. The numerical results also suggest a way to reconcile the conflicting picture
of a negative H ion inferred from electronic-structure calculations with the positive
charge inferred from the hydrogen drift experiment.

3. Model and calculation

The electronic structure calculation is carried out in the framework of the density
functional theory (DFT). A full-potential linearized augmented plane wave (FLAPW)
package, WIEN2K [12], is used extensively in the calculation. The muffin tin (MT)
radius for Pd was chosen between 1.45 to 2.0 a.u., while that for H was varied between
1.2 to 1.8 a.u., with the ratio between the two MT radii kept around 1.2, as suggested
from P. Blaha [13] for metal-hydrogen bonds. The radii were changed over the above
ranges so as to insure that a marked difference in the electronic structure with different
radii is not artificially introduced. In computing the relative charge around H at different
locations and loading levels, a single hydrogen MT radius of 1.5 is used. One significant
improvement of the present calculation versus earlier band structure studies is the use of
generalized gradient approximation (GGA) as compared to the local density
approximation (LDA) used by previous investigators. The functional of Perdew-Berke-
Ernzerhof [14] is selected in the current GGA calculation.

One of the extensions beyond previous studies is the explicit consideration of the so-
called “bridging” site, designated in Fig. 2. This site, along with the two others, namely
the “on-top” site and the “hollow” site, play an important role in the surface catalytic
chemistry of Pd (100) surface. We consider the bridging site here for one additional
reason. The drift of hydrogen through interstitial hopping inside a Pd metal matrix is a
dynamic process, and hydrogen atom must pass through one of two possible sites: the
bulk tetrahedral site or the bridging site. Because the path through the bridging site is the
shortest, it is of special interest to probe the electronic structure for H located at this site.

Also, PdH, of three different compositions x, namely PdH, s, PdH s, PdH are studied
when the H is at the octahedral site. This was done to investigate the change of charge
density around H as loading progresses. A careful choice of the super-cell was necessary
for PdHy 5, which has not previously been reported in the literature.

From a simple qualitative picture, we should expect less charge around the H when the
hydrogen fraction, x, decreases, because the electron around the H has to be shared by



more Pd. From Table 2, this is indeed what happens. However, the magnitude of change
is less than what is expected from the simple consideration of work function, electron
affinity and electro-negativity. Because the electron affinity of a single H, 0.702 eV, is
much smaller than the work function of a Pd metal, 5.12 eV, electron tends to shift away
from H when the H composition x is small. However, the DFT result at PdH, »5s does not
show much of this tendency. Our explanation is that in our calculation the H is always 8-
coordinated in all three loadings, and intercepts roughly the same portion of Pd orbits.
Therefore, the change in the charge state is quite small although the loading has been
significantly altered.

The charge density distribution in one of the (100) planes is given in Figs. 3-5,
respectively, for each of the three cases. The hydrogen is slightly negatively charged in
all of these cases and the change is hardly noticeable. To represent these cases, the charge
state can be labeled as H>, where 8- is often a small fraction. In the case of octahedral H,
for example, 6 ~ 0.1-0.2. (See Table 2.) This result collaborates the pseudopotential LDA
result of Chan and Louie [11], and is a strong evidence for the formation of negatively
charged H in Pd.

Next we turn to the question of how to reconcile this static picture with the notion of a
fractionally charged positive H ion found in drift experiments. We postulate that the
effect is associated with the dynamic nature of the proton hopping process. When an
electric field is applied to the H™ at the octahedral site, the proton hopping (tunneling)
process will be assisted in the direction of the field. Therefore, the hydrogen drift (or in
other words, an electric field assisted tunneling process) is characterized as that of a
proton, i.e., a +1 charge, at the octahedral site. However, in hopping from one octahedral
site to another, the proton must follow a path through either the tetrahedral site or the
bridging site, and the charge state at these two locations will also affect the time average
charge of the hydrogen in a drift experiment. The path through the bridge site is the
shorter of the two available and received our primary attention. The charge density plot at
this site is given in Fig. 6. Table 2 shows that the proton is roughly charged with 0.6 more
electrons at the bridging site than at the octahedral site. This implies that proton carries an
effective electron cloud of -0.6 with it as it goes though the bridging region when
drifting. Hence the net proton charge manifested in the overall drift experimentis 1 - 0.6
~ 0.4, matching the typical value of 0.5 expected from drift measurements within the
experimental and computational uncertainties.

Strictly speaking, the path through the octahedral site also needs to be considered because
the proton tends to have a lower energy there as compared to the bridging site. This study
is a work in progress and we will report those results later. Overall our study serves as a
qualitative understanding of some problems in the transport properties of the palladium
hydride system.



4. Conclusions

A detailed FLAPW electronic structure calculation has been carried out for H at various
sites and compositions of PdH,. These results generally confirm and expand the previous
numerical studies as regard to the charge state of H in Pd, and also provide a qualitative
explanation for why H drifts like a partially charged positive ion under the influence of
an electric field.
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Fig. 1. Normalized resistance R/Ry versus loading x, where Ry is the initial resistance

without loading.
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Fig. 2. The small ellipsoid near the upper-left corner is the location of the bridging site.



Fig. 3. The charge distribution in one (100) plane of PdHy,s. The labeling of the
horizontal axes is percentage. The distance between the Pd atoms is about 2.8 angstrom.
The scale for the vertical axis is electron charge per atomic unit volume. The H/Pd ratio
in this particular (100) layer is 1:2, but that in the nearest-next-neighbor layers is 0 and
thus the bulk H/Pd ratio is 1:4.
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Fig. 4. The charge distribution in one (100) plane of PdHso. The scales of axes are the
same as those in Fig. 3. The H/Pd ratio in this particular (100) layer is 1:1, but that in the
nearest-next-neighbor layers is 0 and thus the bulk H/Pd ratio is 1:2.



Fig. 5. The charge distribution in one (100) plane of PdH. The scales of axes are the same
as those in Fig. 3.






Electron Affinity | lonization Energy | Electronegativity Electronegativity
(eV) (eV) (Pauli Scale) (Allred-Rochow Scale)
Pd Atom 0.518 7.76 2.2 1.35
H Atom 0.702 13.6 2.2 2.2
Work function of Pd Metal 5.12 eV

Table 1. The work function of Pd metal and some related constants for atomic Pd and H.




Case | PdH,,s PdH,s PdH PdH (bridging)
Charge (e unit) 1.13 1.18 1.22 1.81
5 0.13 0.18 022 0.81

Table 2. Charge and corresponding & (defined by H) in the H muffin-tin spheres in
different compositions and locations. The radius of the muffin-tin sphere is taken as 1.5
Bohr.



