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Abstract. The dissociative adsorption of a hydrogen molecule on the nickel(100) surface with
point defects is investigated using the embedded-atom method (EAm). The potential-energy
surfaces (pes) for Hi dissociation on both perfect and imperfect Ni(100) surfaces are presented,
based on total-energy calculations. It is clearly shown that as the Hy approaches the Ni(100)
-surface along the entrance channel, the H-H bond is progressively weakened while the H—metal
bonds begin to form; finally the H; is adsorbed on the surface in the form of two independent H
~ atoms. This dissociation process is affected by the vacancy and impurity ators existing in the
Ni subsirate, The activation barrers (E,) for the dissociation of Ha through various pathways
- are calculated. The barriers for the dissociation of Hy on the perfect Ni(100) surface are found to
be low (about 0.08-0.09 eV, correspondmg to different dissociation pathways), The existence of
vacancies enhances the dissociation of Hy by lowering the activation barrier height and providing
more adsorption sites. However, the impurity -atoms {Cu, Pd} can impede the dissociation of Ho
on the Ni{100) sucface by increasing the activation barrier height. The adsorption heat of Hp
chemisotpﬁon on the contaminated Ni(100} surface is aiso calculated, It is found that the eifects
of impurities on the dissociation of Ha vary with the dissociation pathways and the impurity
sites.

1. Introduction

The dissociative chemisorption of H, on a transition-metal surface has been an attractive
field due to its importance in catalysis. Many experimenta! studies [1-3] have been carried
out on the Hy/Ni system using molecular-beam techniques. It is realized that dissociation
of Hy is likely to occur if it is adsorbed on an Ni surface and that the activation barrier
_height is very low during the adsorption process. For a real surface, some defects, such
as impurities and vacancies, always exist. Investigations of the effects of surface defects
on the adsorption of Hy on Ni have been made experimentally by Rendulic e af [4]. It
is found that the defects and O impurities can generate additional adsorption sites and that
these sites are predominantly active at low temperature. Most theoretical approaches [5-9]
mainly concentrate on revealing the physical mechanism of Hy dissociation on the pure Ni
substrate. At present there are only a few theoretical investigations on the vacancy and
.. impurity effects on the dissociative adsorption of H; on the Ni surface.
Based on the density-functional theory, Daw and Baskes [10] developed a method
- called the embedded-atom method (EAM) as a new approach for calculating the ground-
state properties of a realistic metal system. The EAM has been successfully applied to many
fields of metals, impurities, and alloys including bulk, surface, and liquid properties [10-15].
In the present paper, we apply the EAM to the interaction between the Hy molecule and the
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Ni surface and try to investigate the effects of impurities and vacancies on the dissociative
adsorption of Hz on an Ni{100) substrate. The potential for Hy on the Ni(100) surface
is obtained, based on total-energy calculations. Different adsorption sites and dissociation
pathways are considered.

2. The embedded-atom method and its application to the Hz/Ni system

The basic equations of the EAM are

Eot = Z Fi(pop,i) + % Z Z ®;;(Ri;) | ey
i J LI

pri =Y fiRy) 2)

FARC)

where E\y is the total energy and pp; is the electron density at atom { due to all other
atoms. f; is the electron density of atom j at the site of atom { and Rj; is the distance
between atoms { and j; Fi{pp,;) is the energy to embed atom { in an electron density o,
and ®;; is a two-body central potential between atoms i and j. Equation (2) shows that
the host electron density pp; is assumed to be a linear superposition of contributions from
individual atoms, each of which is assumed to be spherically symmetric.

Mei et al [15] present a simple analytic form of EAM potentials in FCC metals (such as
Cu, Ni, Pd, Au, Ag, Pt) for dynamic simulations, which is valid for any choice of cut-off
distance. All atomic potentials beyond the cut-off distance can be neglected. According to
Mei et al, the total energy for a perfect crystal consisting of N atoms can be written as

E= N[F(p) + -21— Zsmaa(rm)} 3)
p=2 smflm) “

where r,, 15 the distance between a given atom and its mth neighbours and s, is the number
of mith-neighbour atoms. The EAM energy F(p) has the form

' 1
F(p}=—E, [1 - %ln(p/pe)] (0/pe)** + > > Gesm expl—(pm — Dy

&
X [I +(Pn =18 = pug ln(p/pe)] (0/pe)YP )
and the two-body potentiél ¢{r) is taken as

@(r} = —e[l + 8(r/ric — D]exp[—y(r/rie — 1)] (6)

where pm = rp/ri, rp is the distance to nearest neighbours, E. is the cohesive energy,
o = (9B.Qe/E:)'?, B is the bulk modulus, and Q is the atomic volume. The subscript
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¢ indicates evaluation at equilibrium. The parameters 8, ¢, 3, and y are determined
from fitting the atomic electron density, the unrelaxed vacancy formation, and the elastic
constants.”

. We use equations (5) and (6) to describe the Ni(100) substrate and find that a sat1sfactory
descnptlon of surface features such as the surface energy and the surface relaxations
[16] can be obtained. Consider a slab of (100) swface, which consists of 36 Ni atoms
and has a substitutional impurity or a vacancy existing in it. In order to study the
interaction between H; and such an Ni substrate, we need to determine the functions
Fu(p), Pu_u(Ri;), dniei(Ri;) and ¢u.i(R;;); here subscript I denotes the impurity atoms,
which are chosen as Cuo and Pd in.the present paper. The electron density for each metal
atom is taken from the calculations of Clementi and Roetti [17] and is given as a sum of s
and d contributions according to [10]

p(r) = Nups(r) + (N — Ny)py(r) ' 7

where  is the total number of outer electrons; N is an empirical parameter that corresponds
to the s-like content of the atomic electron density. The pair potential between atom A and -
- atom B is obtained as [10]

. 7 Z NZs(r) ' '
Paop = Zalr)Zs(r) o : (8)
; roo
where Z(r) is the effective charge; A and B can be H, Ni, or impurity atom. The function

Fu(p) is given by [10]
 Fus(o) =010 + by + 1/(b3p + be) - ©

where o is the electronic density of atoms in the range of the cut-off distance including Ni
and another H atom. The two-body potential of H-H can be written as

bn-s(r) = Ef (1) = 2Fiu(0) o - (10)

where E is the total energy of the Hz molecule in ground state.

The total energy for the Ha/Ni system can be obtamed by (3). The potential energy of
H, on the Ni surface is obtained by E;_ﬁ‘; N (E ERD. In our calculations, the cut-off
distance is taken as 4.0 A which lies between the thu'd- and fourth-neighbour distances of
Ni.

3. Results and discussion

When an H, molecule approaches a metal surface, it can be adsorbed on different sites
and the dissociation of Hy can occur through various pathways. The cases we ‘choose to
investigate are shown in figare 1. The H-IT axis is kept parallel to the substrate surface
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(b)

(e)

Figure 1. Various dissociation pathways for H2 on the Ni{100} surface. The solid circles
represent Ni atoms, the large empty circle represents a vacancy or impurity atom. The small
empty circles are H atoms, The two H atoms extend (@) from an on-top site to bridge sites, (&)
from an on-top site to centre sites, (¢) from a bridge site to centre sites. '

during the adsorption process. It is found that the activation barrier is lowest for this
mpolecuiar orientation [18].

First we look at the adsorption of Hz on the perfect Ni{100} surface before we proceed to
studying the impurity and vacancy effects. The calculated potential-energy surface is shown
in figure 2. The dissociation path is that two H atoms extend from an on-top site to the
adjacent bridge sites. 1t can be clearly seen that there is an entrance channel of adsorption
for Hy approaching the substrate. When H; is infinitely far away from Ni(100), the potential
energy is zero {no interaction between Hy and Ni). As Hy approaches the surface, the H-H
bond is gradully weakened while the H-Ni bonds begin to form. Finally, the molecule is
adsorbed on the Ni surface in the form of two independent H atoms. In this dissociation
process, there is a low barrier whose height is only 0.09 eV. The experimental result of
Rendulic et al [4] is 0.06 eV, but the dissociation path is not known. The theoretical
calculations performed by Harrison and Andersson [9] give a value of 0.1 €V, which is
very close to our result. Then the H-H distance increases to 2.5 A, the potential energy
is lowest, and the two independent H atoms are adsorbed on two bridge sites on Ni(100).
The corresponding H-Ni bond length is 1.73 A and the adsorption heat is 1.12 eV. This is
in good agreement with experimental measurements [19-211].

When a substitutional impurity atom Cu is present on the Ni(100) surface {we denocte
this as Ni(Cu)(100}), the corresponding potential-energy surface for Hy dissociation through
the pathway of figure 1(a) is shown in figure 3. It is found that the activation barrier
height is lifted from 0.09 eV to 0.51 eV due to the existence of the impurity atom Cu, The
‘H-Cu bond length is 1.76 A and the B-Ni bond length is 1.99 A. The results shows that
H-Ni bond is elongated by the Cu impurity. The adsorption heat for H; on Ni{Cu}(100)
is 0.70 eV. This is very close to the value for H, adsorption on the Cu surface {22]. Both
experimental and theoretical results [9,23-26] for H» on Cu surface indicate that this is an
activated process. The barrier height is about 0.6-0.7 V. From figure 3 we can see that the
dissociative adsorption of Hy is remarkably influenced by the Cuv impurity presented on the
adsorption site. Figure 4 is the potential-energy surface for H, adsorption on Ni(Pd}(100).
The dissociation path is also shown in figure 1{g). It is found that the presence of a
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Figure 2. A two-dimensional representation of the interaction potential for Hz/Ni(100). The

dissociation pathway is the two H atoms extending from an on-top site to the adjacent bridge
sites.

substitutional impurity atom Pd also lifts the activation barrier height (from 0.09 eV to
0.12 eV). The adsorption heat for H, on Ni(Pd){(100} is 1.15 eV, which is much closer

to that on pure Ni(100).- Compared with the Cu impurity, the influence of Pd on the H,
adsorption is much less remarkable. : -
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Figure 3. Potential-energy surface for Ha on the Ni(Cu)(100) surface. The Cu atom is an
impurity in the host Ni. The dissociation pathway is shown in figure [(a).
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Potential energy V)

Figure 4. Potential-energy surface for Hz on the Ni(Pd)(100) surface. The Pd atom is an
impurity in Ni, The H; dissociation pathway is the same as in figure L(a).

Table 1. Activation barriers (E;) for Hy dissociation on different substrate surfaces, Ni(100)
with a Cu impurity atom is denoted as Ni(Cu)(100), Ni(100) with a Pd impurity atom is denoted
as Ni{Pd)(100). E, is ineV.

On-top site to centre sites  Bridge site to centre siteg On-top site to bridge sites

Perfect Ni100)  0.09 0.08 0.09
Perfect PA(100)  0.13 0.11 0.12
Perfect Cu(100)  0.65 060 0.63
Ni(Pd)(100) 0.13 0.10 0.12
Ni(Cu)(100) . 0.1 D44 0.51

For H, adsorption on other sitgs and dissociation through other pathways, we have
calculated the activation barrier height, and the results are listed in table 1. The barrier
height for Hy adsorption on the (100} surface of pure Ni, Pd, and Cu substrates are also
listed for comparison. From table 1, we can see that for perfect Ni(100) the dissociation of
the H, molecule has almost the same barrier height for all three listed pathways, although
that from bridge site to the adjacent centre sites appears the most favourable pathway. The
presence of an impurity atom (Cu or Pd} causes an increase of the activation barrier height
for all three dissociation pathways. The impurity effects on different pathways are somewhat
different, and a different impurity has a different effect. It can be seen from table 1 that the
influences of Cu are more significant than those of Pd.

The most important reason why the impurity atoms (Pd and Cu) can increase the
activation barrier height of H, dissociation on Ni surface is their different electronic
configurations. The atomic electron densities used here are taken from calculations by
Clementi and Roetti [17], which were based on single-determinant Hartree—Fock theory and
therefore do not allow the proper mixing between given electronic configurations (3d%4s?,
3d°4s', 3d'° for Ni, for example). In order to obtain the proper configuration of each metat
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atom, Daw and Baskes [10] define an empirical parameter N;, and the atomic electron
density of each metal atom is given as a sum of s and d contributions according to (7).
For a given metal N; is determined by fitting the heat of solution of impurity atoms in it.
The calculated values of N, for Ni, Pd, and Cu are 0.85, 0.65, and 1.0, respectively. So
the effective electronic configuration is 3d%1545%%5 for the Ni atom, 4d%355s%%5 for Pd, and
3d'%4s! for Cu. Harris and Andersson [9] pointed out that the d holes (unfilled d bands)
can open up an escape route for the s electrons as the Hy molecule penetrates the outer
tails of the wave functions of the metal electrons.. This s—d electron transfer dramatically
reduces the Pauli repulsion between an Hy molecule and a metal substrate. The repulsion
is responsible for the activation barrier. Therefore, the bigger the d hole is, the lower the
barrier height will be. Here the unfilled fraction of the d band for Ni is 0.85, that for Pd is
0.65, and that for Cu is 0.0, so Ni gives the lowest barrier and Cu gives the highest one.
If Cu or Pd were present in the host Ni substrate as an impurity atom, it would certainly
bring some characteristics of Cu or Pd and the activation barrier height for H dissociation
taking place near the impurity site would be increased.

Of course in real adsorption cases, the impurity atom may not be at the site we have
assumed. The variations of the impurity position are shown in figure 5. For each possible
impurity position (here we just take account of the Cu impurity), we calculated the activation
barrier and the adsorption heat for Hy dissociation from the on-top site to the adjacent bridge
sites. The results are listed in table 2. It is found that as the impurity atom moves away
- from the adsorption site, Le. position 1 in figure 3, the effects decrease rapidly. When Cu
is located on site 4 or site 5, the adsorption of Hj is just like that on pure Ni(100); the
effect of the impurity atom is almost negligible, i.e. the impurity atom can only affect the
adsorption of H; close to itself. This is because the d bands are relatively narrow and the
d wave functions are relatively well localized about the metal atoms. So, near the impurity
{Cu) site only, the d orbitals are fully occupied and the s~d transfer is reduced.

Figure 5. Different impurity sites on the Ni(100) surface. -

Table 2. Activation sz.lrriers {Ey4) and adsorption heat (E,q) for H; dissociation on the Ni(100)
surface corresponding to an impurity (Cu) at different sites.

Site 1 2 3 - -4 35

E, (V) 051 020 019 009 Q.09
Ey V) 070 - 097 097 L15 I.13
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The potential-energy susface for Hp approaching a vacancy in Ni(130) is shown in
figure 6. The dissociation pathway we choose to investigate is the same as in figure 1{a).
It can be seen-that an H; can approach the surface, experiencing a very slight repulsion,
then surmount a low barrier (0.07 €V) and dissociate into two independent H atoms. There
are two adsorption sites: one is on the surface (the distance from the surface is zero), the
H-H bond length is 1.8 A, and the H-Nj bond is 1.6 A; the other is above the surface, the
H-H distance is 2.5 A, and the B-Ni bond length is 1.8 A. The two adsorption sites have
equal adsorption heat (1.17 V). For H; dissociation on Ni(100) through other -pathways

(figure 1{b) and figure 1(c)), the calculated barrier height is 0.08 eV. Comparing with
the perfect Ni(100) (figure 2), we can conclude that the existence of vacancy reduces the
_activation barrier height and provides more adsorption sites. This can be easily understood
if we carefully investigate the process of Hy adsorption on metal surfaces. The bond energy
of the H, molecule is 4.6 eV, which is approximately twice the bond energies of most
metal-H dimers: In order to compete with the H-H interaction, the metal-H interaction
must have a value of about 2 eV, which requires that the proton of H be very close to the
metal atom. As the H; molecule gradually penetrates the outer tails of the wave function
of the metal electrons, the Pauli repulsion between the s electrons of the metal atom and
the ‘occupied’ Hy Loy orbital prevents the H atoms from approaching close enough to the
Ni substrate atoms. Once the H; melecule surmounts this barrier, the H-H interaction is
rapidly weakened and the H-Ni bond is formed. The presence of a vacancy in the Ni surface
provides a hole of electron density, which acts as an entrance route for Hy approaching the
substrate. Therefore the Hy can approach close to Ni atoms along this path experiencing
lower Pauli repulsions.
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Figure 6. Potential-energy surface for Hz on the Ni{vac)(100) surface. There is a vacancy on
the Ni surface. The Hz dissociation pathway is the same as in figure 1(a).
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4. Swmmary

In the present paper, we have investigated the effetts of impurities and vacancies on the |
dissociative adsorption of H; molecule on the Ni(100) surface. From the calculatlons the
tfollowing can be concluded.

(a) The presence of the substitutional impurity atom (Cu or Pd) increases the activation
barrier height. The effect of Cu is more significant than that of Pd. As the impurity
atom moves away from the adsorption site, the correspondmg influence on H dissociation
decreases rapidly.

(b) The vacancy can reduce the barrier height and provide more adsorption sites.

The above conclusions provide insights into poisoning or promoting the dissociation
reactions of Hy on Ni(100). The presence of impurity atoms such as Cu or Pd investigated
here impede the H, molecule’s dissociation on the Ni surface by increasing the activation
barrier height. The reason is that they have fewer unfilled d orbitals. It can be expected
that the fully occupied d band atoms such as Ag and Ap may also poison H» dissociation
on the Ni substrate. If the Hs molecule approaches close to the substrate and experiences -
smaller Pauli repulsion, the dissociation of Hy is promoted because the activation barrier is
lower. A vacancy in the surface presents an entrance path for Hx approachmg the substrate;
therefore, it promotes the d1ssomat10n of Ha.
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