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Theoretical study of hydrogen adsorption on FePd face-centered cubic alloy surfaces
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Adsorption of hydrogen on the ordered FePd face-centered cubic (fcc) alloys was investigated using a tight
binding theoretical method and a five-layer slab surface model. The calculations predict that hydrogen is
bonded mainly to Pd atoms, while the metal-metal bonding is almost not affected on the fcc surfaces. The
changes in the electronic structure and bonding in the (100), (110), and (111) surfaces were also analyzed. The
H-surface bond is achieved at the expense of the metal-metal bond. The results are compared with previous
studies on FePd face-centered tetragonal (fct) surfaces and FePd bulk structures.
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I. INTRODUCTION

There are many processes in the petrochemical and fine-
chemical synthesis industry that are carried out over sup-
ported bimetallic catalysis.'

It is well known that the changes in the electronic struc-
ture of a Pd (111) surface, through alloying with an early
transition metal (TM), have dramatic effects on its surface
chemical reactivity.”

Nowadays, great attention has been paid to binary and
ternary Pd alloys.®> Hayashi et al. have reported experiments
where Pd-coated Fe films show practically null permeability
to hydrogen.*”7 That is the reason why interfacial Fe-Pd
studies have a critical technological importance. Further-
more, Fe-Pd multilayers are of particular interest because of
an abnormal Pauli susceptibility of the Pd atoms. There is no
visible interdiffusion of Fe into the Pd layers either. How-
ever, at higher growth temperatures an essential interdiffu-
sion of Fe into Pd has been reported.?

The interactions of hydrogen with the B2TiFe surfaces
and the changes in the electronic structure have been re-
ported by Lee et al.” It is assumed that Pd coating or alloying
will be beneficial for hydrogen uptake because the Pd is a
catalytically active element.'” The absorption of hydrogen on
TiFe surface covered by a Pd monolayer has been studied
using the full potential augmented plane wave method
(FPLAPW). The results show that in all considered cases H
is located below the Pd surface. Furthermore, hydrogen lo-
cated between Fe atoms can cause a weakening of the inter-
atomic bonds.!! Pd and its alloys have been extensively stud-
ied because they absorb hydrogen reversibly.'? It is well
known that Pd adsorbs hydrogen well and forms hydrides
with hydrogen in both the octahedral and tetrahedral sites,
and it does not readily transport oxygen.

Recently, our group has addressed the study of Fe—Pd—H
system. The H-metal interaction is favored at the interface.
The Fe-Fe and Pd-Pd bonds close to H are weakened, while
a H-Fe and H-Pd bond is developed. The strong bonding at
the Fe—Pd interface is almost unaffected by H. Regarding H
diffusion, the first Pd layer stopped any further movement of
the H impurity within the cluster.!® The impurity reduces the
interfacial adhesion. When alloys bulk structures are consid-
ered, hydrogen produces a notorious detrimental effect in the
Pd—Pd bonds in the Fe-Pd face-centered cubic (fcc) phase,
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while for the face-centered tetragonal (fct) phase, the de-
crease in overlap populations (OP) is only about 12% for the
same bond.'* According to our calculations, the H absorption
is a favorable process in both Fe-Pd alloy structures ana-
lyzed. H is more stable when it is located at the tetrahedral
interstitial site in an FePd fct phase. The Pd-H computed
distances are shorter than those of stoichiometric PdH, hy-
dride, while the Fe-H distances in the fcc structure are simi-
lar to those of the high-pressure stoichiometric hydride
(FeH). Both band structures show a lower energy region
where the H contribution is located. No significant changes
in the metal-based bands were observed. !

In this study we compute the electronic structure on the
one of the two stable Fe-Pd 1:1 structure by the extended
Hiickel tight binding method (EHTB). We discuss the inter-
action of the metal surface states with hydrogen and the in-
fluence of the adatom on the electronic structure and metal—
metal bonding.

II. THE SURFACES MODEL

The equiatomic Fe-Pd alloys can develop two stables
structure. One of them, known as the high-temperature
phase, has a fcc crystal structure with a well-known NaCl-
type structure and a lattice parameter ay=3.90 A (see Fig.
1).'® The other Fe-Pd alloy structure is a CuAu(I) type with
lattice parameters a=3.86 A and ¢=3.73 A.'%!7 In metallur-
gical nomenclature, it is known as the L1, phase. The crystal
space group is P4/mmm.

We have studied the H absorption on the (100), (110), and
(111) surfaces for the fcc alloy structure. The thickness of the
slab (five layers) is such that it approximates the electronic
structure of the 3D solids in the innermost layer. In a recent
calculation we have computed the electronic structure of
Fe-Pd alloys."> The present slab calculation shows a good
agreement with our extended previous calculations, and our
preliminary density functional theory (DFT) calculations
confirm the results. On the other hand, Dominguez et al.
have shown that larger number of atoms do not always im-
prove the calculations of the electronic properties of the crys-
talline surface.'® The surface models are shown in Fig. 1. For
the ideal (111) surface of the fcc phase there are two possible
terminations. It can be either pure Fe or pure Pd (see Fig. 1).
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FIG. 1. FePd alloys structure for fcc phase. Schematic view of
the planes (100) (only the first layer is shown; the second and fourth
layers have changed the Fe and Pd locations with respect to the first
layer); (111) (the third and fourth layers have the same composition
as the first and second layers with a shift of 0.796 A at [110] direc-
tion); and (110). The energy was evaluated on the region inside the
box. The small circle in black indicates the H location.

On the other orientations there are always mixed FePd struc-
tures. We have mapped the H adsorption energy in each sur-
face at 0.01 A steps. After that, the H location was opti-
mized.

III. RESULTS AND DISCUSSION

The most stable plane for the H adsorption is the (110) in
the fce structure (see Table I, where the energies values are
relative to the minimum value for H location). Table I also
shows the corresponding values for the fct structure. In both
structures the AEg, il has almost no change after H inter-
action. This supports the idea of a local effect of H on the
metal-metal bonding. The low-H concentrations explain a
slight effect on the surface energy values. In the case of
alloys the phenomena of surface segregation should be men-
tioned. There are several models of surface segregation that
mainly consider one metal as an impurity while the other
metal acts as a host. Ruban et al. have studied the surface
segregation in TM model alloys.'” When Fe is considered an
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TABLE 1. Relative adsorption and superficial (for pure cluster
and after H interaction) energies of the FePd alloys structure.

AEsurperficial AEsuperﬁcial with H

Structure AE, 4 (relative)  (relative) (relative)

FePd (fcc)

(100) 0.71 1 1

(110) 0.99 0.35 0.351

(111) Fe term. 0.69 0.069 0.072

(111) Pd term. 0.092 0.096
FePd (fct)

(100) 1 0.511 0.512

(110) 0.93 0.104 0.104

(111) 0.50 0.615 0.617

impurity in fcc Pd, it segregates towards the surface; how-
ever, when Pd is the impurity in body-centered cubic (bcc),
Fe does not segregate. The surface composition of alloys has
also been studied using models of nonideal solutions.?”
Segregation-energy calculations in thin films of binary fcc
metal alloys and in bcc TM have been studied both theoreti-
cally and experimentally in recent years. To the best of our
knowledge segregation in ordered FePd alloys has not been
considered.?!??

It can be seen from Fig. 1 that the plane (100) is the more
open surface. The adsorption geometries are different. In the
plane (100), H is located in a bridge position, while for the
(111) and the (110) the top adsorption is preferred. In its
minimum energy H is 0.90 A below the top metal layer at an
Fe-H distance of 1.631 A and a Pd—H of 1.647 A. In the
case of (111) surface, the H is 0.80 A below the top metal
layer which is formed by Fe atoms. H is top-bonded to a Pd
atom (of the second layer) at a Pd-H distance of 1.45 A;
however, H is also close to an Fe (1.59 A). When the (111)
surface is Pd terminated, H is adsorbed at 1.54 A from the
surface, being energetically unstable at lower distances while
not diffuse to the bulk. In pure fcc Pd(111) surface, Paul and
Sautet have reported a Pd-H distance of 1.57 A at the top
site.23 On the (110) surface, H is located 1.60 A above the
plane on top of an Fe atom. The closer Pd-H distance is
252 A,

As mentioned before, the computed Pd-H distance on the
(100) plane is 1.65 A, which is consistent with the sum of
the atomic radii. The optimum Pd—H distance obtained by
LEED for the fcc Pd(111) is 1.78 A; for a surface fcc hollow
site on pure Pd(111) it ranges from 1.78 to 1.80 A, which
corresponds to a vertical height of 0.80—0.85 A for H.2* Ex-
perimental photoemission measurements show that the H at-
oms prefer the hollow site at a bonding Pd-H distance of
1.67 A2 Also, our computed Pd-H distances are close to
those reported by Skottke et al.?> The energy difference be-
tween H on Pd(001)—at 1.6 A above the top metal layer—
and H on the alloy surface yields 0.84 eV, which means a
change of 16.5%.

The computed Fe-H distance is shorter than those of H on
pure bee Fe(110).2627

Let us discuss first the electronic structure of the Fe-Pd
alloy free of hydrogen. In the density of states (DOS) of the
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TABLE II. Electron density, overlap population, charge and distances for FePd high temperature structure

(fce).
Electron density

Structure s )4 d Charge op? Distances (A) Eg (eV)
FePd(100)
Fe-Fe 0.60 0.14 5.95 1.313 0.002 2.758 -7.73
Fe-Pd Fe 0.60 0.14 5.95 1.313 0.473 1.950

Pd 0.91 0.97 9.26 -1.151
Pd-Pd 0.92 0.98 9.25 -1.161 0.053 2.758
FePd(111)
Fe-Fe 0.72 0.05 7.64 -0.413 0.687 2.106 -8.50
Fe-Pd Fe 0.67 0.33 5.15 1.845 0.101 2.640

Pd 0.75 0.76 9.44 -0.949
Pd-Pd 0.77 0.79 9.42 -0.977 0.326 2.106
FePd(110)
Fe-Fe 0.67 0.24 7.44 -0.352 0.152 2.758 -7.93
Fe-Pd Fe 074 022 846  —1433 0485 1.950

Pd 0.83 0.93 9.06 -0.820
Pd-Pd 0.98 091 9.44 -1.332 0.058 2.758

40P: overlap population.

TABLE III. Electron density, overlap population, charge and distances for FePd high temperature structure (fcc) after H adsorption.

Electron density

Structure s P d Charge op? %AOPP Distances (A) Er (eV)

FePd(100)-H

Fe-H H 1.17 0.00 0.00 -0.174 0.098 R 1.631 -7.69
Fe 0.55 0.11 6.00 1.337

Pd-H Pd 0.78 0.92 9.05 -0.749 0.230 s 1.647

Fe-Fe 0.60 0.14 5.95 1.308 0.002 B 2.758

Fe-Pd Pd 0.92 0.98 9.26 —1.153 0.474 s 1.950

Pd-Pd 0.93 0.97 9.30 -1.167 0.053 e 2.758

FePd(111)-H

Fe-H H 1.21 0.00 0.00 -0.216 0.217 ‘e 1.595 -8.47
Fe 0.51 0.14 6.34 1.016

Pd-H Pd 0.69 0.81 9.35 -0.849 0.338 e 1.454

Fe-Fe 0.72 0.05 7.96 -0.434 0.687 s 2.106

Fe-Pd Fe 0.68 0.33 5.21 1.783 0.102 s 2.640
Pd 0.74 0.75 9.44 -0.938

Pd-Pd 0.74 0.75 9.44 -0.938 0.301 -8 2.106

FePd(110)-H

Fe—-H H 1.49 0.00 0.00 —-0.493 0.612 s 1.600 -7.91
Fe 0.53 0.35 5.74 1.375

Pd-H Pd 0.83 0.84 9.20 —-0.882 0.018 cee 2.522

Fe-Fe 0.67 0.24 7.45 -0.369 0.152 cee 2.758

Fe-Pd Fe 0.75 0.22 8.47 —1.441 0.484 cee 1.950
Pd 0.83 0.93 9.06 -0.926

Pd-Pd 0.98 0.83 9.44 -1.333 0.058 R 2.758

4QOP: overlap population.
5% AOP: percentage change in the OP of a specified bond when H is absorbed. The negative signs indicate a decrease in the strength of the
bond.
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reference bulk solids (Fe bce and Pd fec) the metals’ d states
form a band between —12 and —7 eV for Fe and between —13
and —10 eV for Pd.!3 The detailed compositions of states for
the FePd fcc alloy are shown in Table II. In the alloy, the Fe
atoms become positively charged and the Pd and H atoms
negatively charged in all considered surfaces.

The orbital composition of Fe and Pd atoms shows little
change after H adsorption. However, in the FePd(100)-H
case the Pd 5s and 4d orbitals change by =~-0.15 and
~-0.25, respectively (see Tables II and III). The Fe atoms
change their electronic orbital population a little in the (100)
plane. However, in the (111) and (100) cases the 4s and 3d
populations decrease by =0.2 and =1.7, respectively (see
Tables II and III).

Let us discuss the DOS plots of Fig. 2. In comparison
with the hydrogen free alloy, they show that the most promi-
nent feature is a hydrogen-induced split-off state below the d
metal band (see the arrows in Fig. 2) which is more visible
on the (111) plane. This state is more developed in the Pd
projection in all the surfaces [see Fig. 2(c)]. The total DOS
for (100) and (110) surface is almost the sum of the indi-
vidual contributions. The (111) Pd terminated surface present
a total and Pd projected DOS similar to the Fe terminated
surface [see Fig. 3(a)]. The Fe projection changes with a
broadening in the d states.

Regarding the bonding, Fig. 4 shows the crystal orbital
overlap population (COOP) curves for metal-metal atoms
close to H and the metal-H bonds. The interaction between
Pd and H is stronger in (100) and (111). The more important
Fe-H interaction occurs on the (110) surface. The Fe-Pd
intermetallic bond is similar in (100) and (110), while almost
no bonding is present in the (111) surface. The Pd-H and

?

-15 20

Fe-H interaction is always almost bonding. The metal-metal
bonds do not change when H is present; only a weakening in
Pd—Pd bond is observed in the (111) surface. H is bonded to
Pd in the (100) and (111) with similar OP. In the case of the
(111) Pd terminated surface there are no Fe—H bonds where
the Pd—H bond OP has the higher value of all the considered
surfaces. The COOP plots also show that H resides on the Pd
surface because it does not alter the Fe-Fe OP. The Fe—-H
bond is not developed in the (100) plane (see also Table III).

In a previous paper” we studied the adsorption of H on the
fct alloy surfaces. The most stable plane for the H adsorption
is the (100), which is close in energy to the (110).

The H is located at 0.80 A above the top metal layer.
However, in the (110) case, the H is located 0.80 A below
these metal layers. The H adsorption on the plane (111) plane
is almost 50% less stable in energy than in the former planes.

The orbital compositions of Fe and Pd atoms show little
change after H adsorption. However, in the FePd(110)-H
case the Pd 5s orbital changes by =~-0.30. The Fe atoms
remain the same except in the (111) case, in which the 4p
and 3d populations decrease by 0.15 and 1.00, respectively.

The total DOS for the planes (100) and (110) are similar,
the (111) case being much more dispersed. The total DOS for
(110) surface is almost the sum of the individual contribu-
tions.

Regarding the bonding, the interaction between Pd and H
is stronger than that of Fe and H. There is almost no Fe—H
bonding on (100) and (110) surface; however, in the (111)
plane, the Fe-H OP (overlap population) is 1/3 of the Pd
-H OP. The intermetallic bond is more affected than in the
former case.

The present calculations allow us to predict the preferable
surface location of H and orbital composition of electronic
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Hayashi et al. have experimentally determined that Pd-
coated Fe films have almost null H permeability.?® In our
previous calculation using a Fe-Pd interface, we have shown
that the energy barriers for H diffusion from Pd to Fe are
quite high?® and prevent H migration to the bulk of Fe. Our
present calculations have shown that Pd terminated (111)
surface only adsorbs H, while the interaction with the Fe
layer is almost null. As in pure Pd surfaces our results dem-
onstrate that there are several forms of activated H bound to
the catalytic surface.’°

The atomic charges on hydrogen atoms and Pd—H and
Fe—H bonds occupation reflect generally the adsorption ge-
ometries, and are very similar for similar coordination com-
plexes on different crystal faces. These data indicate rather
local bonding character of hydrogen interaction. The ener-
getic differences for similar coordination positions on differ-
ent crystal faces arise from the hydrogen-induced changes in
the interatomic bonds between nearest palladium atoms.

As in pure Pd or Fe surfaces, the COOP curves show that
in the metal-H system the predominant Pd—H or Fe—H
bonding character is contained in the split-off bond below
the metal band.

(100) Eg

(110) t,EFE I,f".': Fe-Pd-H]
ﬂ ; |
1 HEY
* "tV’Fe-Pd
: 3 (©)
H " 1

[Fe-Pd-H Fe-Pd
N ARYAAA

- COOP +

K 5
Energy (eV)

FIG. 4. Metal-metal and metal-H COOP curves for the fcc struc-
tures with H adsorbed. Fe-Fe and Fe-H (a); Pd-Pd and Pd-H (b);
Fe-Pd and Fe-Pd-H (c). The scale in (111) and (110) planes has
been magnified for better viewing.
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IV. CONCLUSIONS

The adsorption on four FePd alloys surfaces was con-
sidered. H is adsorbed on top of the (110), (111) fcc surf-
aces and bridged on the (100) surface. In the case of fcc
alloy surface, the adsorption alloy is in a bridge position. The
Pd-H and the Fe-H distances are in agreement with experi-
ment results in pure metals.

The H develops small split-off states below the d-metal
bands. The metal-metal OP bonds do not change in the fcc
surfaces. In the other stable alloy structure (fct) the interme-
tallic Fe—Pd bond decreases 27%, while the Pd—Pd bond
decreases 70% when H is adsorbed. The geometrical array
makes possible the hybridization of Fe and Pd in the fct
(111) surface.

We have not considered surface segregations or recon-
structions on the surface because, according to experimental
data, there is no visible interdiffusion of Fe into the Pd
layer.® Except for Pd(111) terminated surface, the H is lo-
cated below the surface plane, which is similar to that re-
ported for TiFe surfaces covered by a Pd monolayer.'?

Regarding H reactivity in the hydrogenation of unsatur-
ated C—C bonds on TM catalysis, further investigations are
under progress. That research will include variable H cover-
age and temperature effects.
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APPENDIX:

The calculations were carried out using the atom superpo-
sition and electron delocalization tight-binding method
(ASED-TB) formalism.3! This semiempirical method is an
improvement of the extended Hiickel tight binding (EHTB)
method.3>-%7

The adiabatic total energy difference is defined as follows:

PHYSICAL REVIEW B 71, 235422 (2005)

AEtotal = E(FePdH) - [E(FePd) + E(H)] + 2Erepu]siom

where E is the total energy of the system (including electro-
static repulsion).

Although the ASED-TB method is quite approximate, the
analysis of orbital interactions by this technique seems to be
reasonably reliable. Our group has used this methodology in
previous calculations for the Fe-H system.’¥~4? In a recent
paper, we have computed, under the ASED approximation,
the H trajectories in gamma-Fe.*} Our results match qualita-
tively those from ab initio calculations of Elsisser et al. in
iron hydrides.* The structure and properties of bulk bcc Fe,
fcc Pd, and FePd alloys were calculated in order to establish
the reliability of the methodology employed, as well as to
determine suitable converged values of computational pa-
rameters to be used in the subsequent determination of the
hydrogen position. The strength of ASED or EH is in fact its
transparency, not accuracy, and the main objective of this
work is to provide a qualitative picture of H interaction on
the Fe-Pd fcc surfaces. Our recent DFT calculation for the
H-Fe(bee) (Ref. 45) interactions have shown an excellent
agreement with our previous EH calculations.’ In a recent
paper we have computed, under the ASED approximation,
the H diffusion trajectories in fcc Fe. Our trajectories show a
good agreement in shape and energy barriers with those re-
ported by Elsisser et al.**

Preliminary DFT calculation of our group predicts the
same H localizations in Fe, Pd, and Fe-Pd alloys as the
approximate method of the present paper.*® In a similar man-
ner, cluster calculations with EH method show that the ener-
getics of the most stable adsorption at the zero-coverage
limit is very close to that at higher coverage, in agreement
with coverage dependencies obtained at the DFT level of
theory.?°

The calculations were implemented with the YAEHMOP
program.*’ All k-space integrations were performed in the
irreducible wedge of the first Brillouin zone (BZ). Within
this zone 75 k points for fcc alloy and 60 k points for the fct
alloy were used. The k-points set were generated according
to the geometrical method of Ramirez and Bohm.*84
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