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The adsorption of atomic H on the bimetallic FeNi(111) surface has been studied by ASED-
MO tight binding calculations. The energy of the system was calculated by the atom
superposition and electron delocalization molecular orbital (ASED-MO) method. Seven H
locations on the alloy surface were selected and the hydrogen atom was positioned in their
energy minima configurations.

By ASED-MO calculations, the H atom presents its most stable position when it bonds
on top Fe atom at 1.5 A and, on bridge Fe—Fe at 0.7 A, respectively. In these cases, the
strength of the local Fe—Fe bond decreases 12% and 33% of its original bulk value,
respectively. As a consequence of Fe—H interaction, a decohesion mechanism in the Fe—Fe
bond could be evidenced. On the other hand, the Fe—Ni and Ni—Ni superficial bonds are
slightly modified between 0.4 and 2%. A discussion based on electronic structure studies
using the concept of density of states (DOS) and crystal orbital overlap population (COOP)
curves is presented.

Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

The reaction results show a remarkable improved durability
in catalytic activity as well as selectivity to hydrogen in auto-

While the world’s oil reserves are being rapidly depleted, the
supply of hydrogen remains virtually unlimited and produces
no air pollutants. Hydrogen can be produced from several
sources, reducing our dependence on petroleum.

Hydrogen can be obtained from renewable sources (i.e. bio-
ethanol) through thermal or catalytic processes. A high yield
of hydrogen can be achieved using noble metal based cata-
lysts in auto-thermal reforming of ethanol (ATRE), while a low
hydrogen yield is obtained using non-precious metal catalysts
due to their limited catalytic activity and stability [1-3].

Iron promoted nickel based catalyst has been developed for
high yield hydrogen generation through ethanol reforming [4].

thermal reforming (ATR) is obtained: Over the 10 wt.% iron-
loading nickel catalyst, conversion of ethanol at 99.61% and
selectivity of hydrogen around 115% are kept at 600 °C during
a 30-h test, while that of iron-free sample decreases sharply
from 85.10% to 19.71% on hydrogen selectivity within a 26-h
test. The improved durability is attributed to the synergistic
effect of the NiAl,0,—FeAl,0, mixed crystals that are more
resistant to sintering and oxidation in the oxidative atmo-
sphere of ATR.

The decomposition of a C,H,/CO/H, reactant mixture over
a series of Fe—Ni catalysts has been investigated by Park and
Baker. The co-adsorption of the two carbon-containing gases
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produces major modifications in the behaviour of the bime-
tallic surfaces, resulting in a substantial increase in the
decomposition of the olefin over all the bimetallic powders
with this effect being most pronounced on the iron-rich
systems. The perturbations in the electronic properties of
the bimetallic surfaces are considered to be a contributory
factor to the change in the catalytic action. A reversible
deactivation/reactivation phenomenon was shown to exist for
iron-rich bimetallic catalysts. It was interesting to find that
under the same conditions this behaviour did not prevail with
nickel-rich bimetallic catalysts, which merely exhibited the
traditional irreversible deactivation [5].

Investigations have reported that binary Fe—M catalysts
(M =Ni, Mo, or Pd) supported on high surface area y-alumina
decreased the decomposition temperatures of methane,
ethane, and propane by 400-500°C and yielded 70-90%
hydrogen in the temperature range of 650—800 °C [6,7].

Hirao et al. have investigated the reaction between iron-
—nickel alloys, FegoNijo and FegsNis, and water at high pres-
sures and high temperatures. The reaction of iron—nickel
alloys with water depends on pressure. The authors found
that the amount of hydride formed by the reaction is smaller
in the iron—nickel-water system than in the iron—water
system, although the hydrogen content in iron—nickel
hydride is not significantly different from that in iron hydride.
The results indicate that the existence of nickel in iron tends
to reduce the amount of hydrogen supplied [8].

The dependence of the rate of the production of biogas
upon the concentration of nickel and iron at sub-toxic
concentration and monitored its composition as amount of
hydrogen, methane and carbon dioxide have been investi-
gated by Aresta et al. The results of the investigations show
that the addition of any of the listed metals to the sludge may
cause the production of a higher amount of biogas and influ-
ence the methane or carbon dioxide percentage. Conversely,
the effect on the hydrogen production depends upon the
metal added, the age of the active sludge used, and its adap-
tation to the substrate. As a general feature, during the
acidogenesis phase, nickel reduces, while iron increases, the
percentage of dihydrogen in the biogas [9].

NiFe alloys coatings were electrochemically deposited on
cooper net supports. The results are discussed in detail with
emphasis on routes to increase the iron content and the
surface roughness. The NiFe-3 alloy (with a molar concen-
tration of Ni*":Fe?" of 4:6 in plating bath) was found to be
the best suitable cathode material. The iron content of the
obtained alloys increases with the content of iron in elec-
trolyte [10].

Energy of metal-metal (Me—Me) and metal-hydrogen
(Me—H) bonds in hydrogen-free and hydrogen-charged fcc
iron, nickel, and iron—nickel alloys are ab initio calculated. It
is shown that short-range decomposition of Fe—Ni solid
solution and difference in Fe—H and Ni—H bonds are respon-
sible for splitting of y reflections in the X-ray diffraction
patterns, which is at variance with the common interpreta-
tion in terms of a hydrogen-caused y* phase. X-ray diffraction
measurements confirm the absence of miscibility gap in the
FeNi—H solid solution and its occurrence in Ni—H. Results of
calculations are consistent with the absence of H-H pairs in
pure nickel [11].

In this paper we studied by ASED-MO tight binding calcu-
lations, the H chemisorption on the FeNi(111) alloy surface.
We also analyzed the electronic structure and bonding during
the adsorption phenomena. The theory and model are
described in the next section.

2. Theoretical method and adsorption model

Our calculations were performed using the ASED-MO method
an approximate molecular orbital tight binding scheme [12].
This method captures well the essential orbital interactions in
chemisorption. The interaction between the H atom and the
FeNi(111) surface was studied using a two dimensional slab of
finite thickness, so as to better simulate the semi-infinite
nature of the metallic surface. A three-layer slab was
employed as a compromise between computational economy
and reasonable accuracy. The FeNi(111) surface was repre-
sented by 108 atoms (50:50) distributed in three layers (FCC
arrangement) of 36 atoms (see Fig. 1(a)).

The adsorption energy E, 45 values were calculated from the
energy difference:

a [111]

N

e

Fig. 1 — (a) The FeNi(111) slab. (b) Schematic top view of the
H adsorption sites on the FeNi(111) surface.
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Eaqs = Er(FeNi/H) — Ex(FeNi) — Er(H) (1)

where FeNi/H, H and FeNi refer to H atom-on-slab system,
the free H atom and the bare iron—nickel surface, respectively.
The density of states (DOS) and the crystal orbital overlap
population (COOP) curves for the FeNi—H system were calcu-
lated in order to analyze the atom-surface interactions using
the YAeHMOP code [13]. The COOP curve is an energy-resolved
plot of the overlap population-weighted density of states.
Integration of the COOP curve up to the Fermi level gives the
total overlap population (OP).

3. Results and discussions

Seven H locations on the alloy surface were selected and the
hydrogen atom was positioned in their energy minima
configurations. The adsorption sites for the H on the FeNi(111)
surface are shown in Fig. 1 (b). Table 1 presents the adsorption
minimum energy and the corresponding surface—H distance
for each sites. For such absorption sites, the total energy
difference is negative, then, the adsorption is favourable in all
sites. We can see that sites 1 and 3 are the most stables and
corresponding to H located, on Fe top site and on the Fe—Fe
bridge site, respectively. The energy difference between sites 1
and 3 is 0.11 eV while the equilibrium distances from H to the
surface are 1.50 A and 0.70 A, respectively.

Regarding the electronic structure, we calculated the
density of states (DOS) and the crystal orbital overlap pop-
ulation (COOP) curves for the FeNi/H system in order to
analyze the adsorbate—surface interactions. Fig. 2(a) shows
the DOS plots for the FeNi(111)/H system. The alloy d states
form a band starting at —14 eV with a bandwidth of 7 eV. If we
compare with the total DOS of the isolated FeNi(111) surface
(Fig. 2(b)), the more noticeable difference is the small peak that
appear at about —15.5 eV that corresponds to the H state after
adsorption. The small contribution of the H to DOS is due to its
low concentration. A major view is shown in Fig. 2(c) that
presents a plot of the H state projection. The Fermi energy of
the metal surface moves slightly, because of the finite thick-
ness of the slab and electron transfer between slab and
adsorbate.

Tables 2 and 3 present the atomic orbital occupation and
the OP values for the atoms that participate in the FeNi—H
interaction. For the H adsorption on site 1, the hydrogen atom
bond on top Fe; with an OP of 0.645. The COOP curves for the

Table 1 — Minimum energy position and the

corresponding hydrogen-surface distances for the H
adsorption sites on the FeNi(111) surface.

H adsorption site  C—surface distance (A)  Energy (eV)
1 1.5 -5.87
2 15 —5.45
3 0.7 -5.76
4 1.2 -5.31
5 11 —5.50
6 0.9 —5.60
7 0.9 —5.38

FeNi-H FeNi H
5|
) E
&,
2 -0
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=]
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154
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20
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Fig. 2 — (a)Total DOS for the FeNi(111)/H system, (b) total
DOS for the clean FeNi(111) surface and (c) projected DOS
for H on the FeNi(111) surface.

Fe—H interaction are shown in Fig. 3(a), as we can see it
corresponds to a bonding interaction. The Fe—H interaction
mainly involves p, and s orbitals of Fe; whose populations
increase 82% and decrease 16%, respectively, comparing with
the clean surface (see Table 2). The d,. and p, populations of
Fe; decrease to about 9% and 6%, respectively; while the rest of
the Fe; orbital populations is modified less than 2%. The
Fe;—Fey OP decrease to about 12% after the H adsorption; the
Fey major changes are noticed in p, (40%), dy, (8%) and p, (6%)
atomic orbitals whose populations decrease comparing with
the clean surface. We can conclude that the changes are due
to the Fe;—H interaction that is mainly formed at expense of
the Fe;—Fey neighbouring bond (see Table 3). There is observed
an electron transfer from Fe and Ni nearest neighbours to the
H atom. The Fe—Ni and Ni—Ni nearest neighbouring bonds are
slightly modified after H location, the Fe—Ni bond strength is
fortified to about 1% and the Ni—Ni bond strength decrease to
about 0.4% after the H adsorption. The major changes are
observed in s, py and p, Ni orbital whose populations decrease
less than 3%. No evidence of Ni—H interaction is observed. The
presence of nickel in the alloy composition could reduce the H

Table 2 — Atomic orbital occupations for the H atom and
their neighbouring atoms.

S Dx Py Pz dy —y? dz dxy A dyz

H on top Fe
Fe; 0.501 0.080 0.031 0.232 1.158 1.037 0.990 1.288 1.150
Fe; 0.583 0.082 0.019 0.037 1.134 1.106 0.994 1.310 1.062
Ni; 0.846 0.309 0.306 0.295 1.890 1.866 1.863 1.911 1.909
H 1459

H on bridge Fe—Fe

Fe; 0.520 0.080 0.023 0.105 1.141 1.122 0.995 1.277 0.945
Fey 0.522 0.082 0.023 0.105 1.115 1.121 0.995 1.307 0.969
Ni; 0.839 0.311 0.307 0.299 1.888 1.866 1.863 1.917 1.910
H 1521

Isolated Fe—Ni surface

Fe; 0.594 0.081 0.033 0.042 1.134 1.133 0.994 1.313 1.157
Fe;y 0.594 0.080 0.031 0.039 1.173 1.091 0.990 1.286 1.155
Ni; 0.833 0.312 0.308 0.301 1.891 1.863 1.863 1.917 1.910
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Table 3 — Metal-H interactions and major changes in the

metallic OP values.

Bond OP
H on top Fe

Fe—Fey 0.229
Fe—Ni; 0.178
Ni;—Niy 0.265
Fe—H 0.645
H on bridge Fe—Fe

Fe—Fey 0.175
Fe—Ni; 0.178
Fen—Ni; 0.177
Ni;—Niy 0.264
Fe—H 0.244
Fen—H 0.243
Isolated Fe—Ni surface

Fei—Fep 0.262
Fe—Ni; 0.176
Fey—Ni; 0.174
Ni—Nij 0.266

accumulation. Nickel can prevent H deposition by reducing
catalytic activity for the reaction of H on the surface [8,9]. A
study reveals that Ni and Fe may act as either competing or
cooperative catalyst components in Ni—Fe based steel alloy.
During partial oxidation of methane it is resulted in suppres-
sion of Ni catalytic activity in favour of Fe. Interaction between
Ni and Fe during non-oxidative conversion leads to coopera-
tive effect; the activity of bimetallic catalyst increases as
compared with monometallic one [14].

For the H adsorption on site 2, the H atom locates on
Fe,—Fey bridge site, the Fe—H interactions are formed and both
Fe;—H and Fe;—H OPs are similar and smaller than the Fe;—H
OP when the H is located on top Fe;. A comparison of the Fe—H
OPs can be seen in Fig. 3(a) and (b). After adsorption, the most
affected are the p,, p,, dy, and s orbitals of both Fe; and Fey
whose populations modified between 60—63%, 25—31%,
16—18% and 12—-13%, respectively. The population of the rest
of both Fe; and Fey; orbitals is modified less than 5% (see Table

Fe-H

Energy (eV)
o

-18 a b

- coor + - CooPrP +

Fig. 3 — COOP curves for the Fe—H interaction, when the H
atom is (a) on top Fe and (b) on bridge Fe—Fe.
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Fig. 4 — COOP curves for the Fe—Fe interaction, (a) before H
adsorption, (b) after H adsorption (H on top Fe atom) and (c)
after H adsorption (H on bridge Fe—Fe).

2). The Fe;—Fey OP decrease to about 33% due the Fei—H and
Fey—H interactions formed on the FeNi(111) surface (see Table
3). There is observed an electron transfer from Fe nearest
neighbours to Ni and H atoms. The neighbouring Fe;—Ni; and
Fey—Ni; bonds strength increase less than 2% and the Ni;—Niy
bond strength decrease to about 0.8%. As a consequence of the
formed Fe—H interactions, we observed a small Ni—Ni bond
weakening while Ni atoms increase its bonding with neigh-
bouring Fe atoms after the H adsorption. Ni—H interaction is
not observed.

A detrimental effect on the Fe—Fe bonds is observed after the
H adsorption on the FeNi(111) surface. We have reported a Fe—Fe
bond weakening between 12 and 33% for the studied two major
adsorption sites. Fig. 4 shows a comparison plot of the Fe—Fe
superficial bond, before and after the H adsorption. The inte-
gration of the Fe—Fe COOP curves up to the Fermi level gives
smaller total overlap populations for the H chemisorption’s
systems (Fig. 4(b) and (c)) compared with the clean surface
(Fig. 4(a)) confirming the Fe—Fe bond weakening after adsorption.

4, Conclusions

We have analyzed at theoretical level, the adsorption of H on
FeNi(111) by tight binding calculations. Different sites on the
surface were selected in order to establish the preferential H
adsorption location and the optimum H-—surface distance.
The two most stable sites for H on FeNi(111) are those where H
bonds on top Fe at 1.50 A to the surface and the H bonds on the
Fe—Fe bridge site at 0.70 A above the surface.

We found that the minimum energy site corresponds to the
H bonding on top Fe. Fe—H bond is formed on the FeNi surface
and the interaction is mainly due to the overlaps between the
H s orbital with the p,, s, d. and p, Fe orbitals. As a conse-
quence, it is observed a Fe—Fe bond weakening of 12%. On the
other hand, when the His located on the Fe—Fe bridge site, the
Fe—H interactions weaken the Fe—Fe nearest bonds to about
33% with mainly participation of p,, p,, s and dy, Fe orbitals. In
general, after H adsorption, the Fe—Ni and Ni—Ni bonds are
slightly affected. The Ni—H interaction is not evidence on the
FeNi(111) surface.
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