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MINDO/SR calculations of nickel surface properties
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The MINDO/SR method is used to study surface properties such as the work
function, heat of adsorption and magnetic moment as a function of hydrogen
coverage. A good correlation between theory and experiment is found. Fur-
thermore, a qualitative analysis of surface geometry changes due to hydrogen
chemisorption is presented.
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1. Introduction

Hydrogen plays an important role in catalytic reactions for many industrial
processes of organic molecules where a nickel catalyst is involved. The importance
of Ni-H interactions is manifested in a series of experimental and theoretical
works [1-11] where a single crystal Ni(100) surface is chosen as a model of
hydrogen absorbent.

The present work is a continuation of previous contributions on the chemisorption
and diffusion of a single H atom [12], the physisorption, chemisorption and
dissociation of an H, molecule [13], the interpretation of the UPS difference
spectrum [14] and the processes of hydrogen diffusion, charge transfer, phase
changes, and thermal desorption [15] on a Ni(100) surface which was modeled
by a Niy, cluster. Here, our attention is focused on a qualitative study of some
property changes: work function, heat of adsorption and magnetic moments as
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the coverage increases. A study of how the surface geometry changes due to
hydrogen chemisorption is also presented here.

Our results indicate that in spite of using a cluster with a small number of atoms,
there exists a very good qualitative correlation between the above mentioned
macroscopic properties and the corresponding calculated microscopic ones.

2. Calculational details

As in previous papers [12-16], the method used is the MINDO/SR-UHF [17].
This method is an adaptation of MINDO/ 3 [18] to transition metals. The highlight
features of the method and methodology are:

(a) The two-center resonance integrals, 8;, are proportional to S;/ R, where Sj;
and R are the overlap integral and the internuclear distance, respectively.

(b) Alinear extrapolation procedure is used in order to obtain « and B parameters
that reproduce experimental dissociation energy and equilibrium bond length of
transition metal diatomic molecules. A small adjustment of the Slater-Condon
parameters is done in order to get a sensible cohesive energy for the nickel cluster.

(c) Different parameters for different atomic orbitals, Ohno-Klopman approxi-
mation [19] for two-center repulsion integrals, and a parametric function for the
core-core repulsion [18] were used here.

(d) Special attention was taken in the determination of diatomic molecules and
clusters ground states by calculating many electronic configurations.

The parameters employed here have been presented in detail elsewhere [20]. All
calculations start the SCF process with a density matrix coming from a Nij,
cluster calculation [12-13] using the cluster depicted in Fig. 1. The hydrogen
chemisorption positions are labelled by the latin letter A, B, C, etc., The subscripts

Fig. 1. Ni;, nickel cluster and
y selected adsorption sites
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“X” and “Y” indicate symmetric sites obtained by reflection through the XZ
and YZ planes as shown in Fig. 1. The optimized Ni-H bond distance (1.70 A)
obtained from previous calculations [12] of a single hydrogen atom on the
two-center positions, B, D, F, I of the Niy, cluster were used to carry out
calculations. This Ni-H distance is considered fixed because in previous work
[15] all stable arrangements of two chemisorbed hydrogens, on the same Ni,,
cluster, have almost the same Ni-H equilibrium bond distances as the case of
one single hydrogen [12].

One of the purposes of this work and previous contributions [12-16] is to gather
information about the qualities and faults of the MINDO/SR method and our
surface model (cluster) for studying chemisorption processes to predict catalytic
and surface properties.

3. Changes of surface properties due to coverage

In general, one important aspect in the study of surface science is the effect of
the coverage on surface properties. In order to investigate the effects of hydrogen
coverage on a nickel surface, several calculations were performed with one to
five hydrogens adsorbed over two-fold center sites. Although the adsorption sites
that have been selected might not be the most stable ones [12], we choose them
because the differences in energy between the two-fold center and the four-fold
center (the most stable one) are very small [12]. This is experimentally evident
[6] because the hydrogens are able to diffuse on the surface passing through
four- and two-fold centers [13]. One important advantage of this choice is the
fact that it enables the same cluster from previous work to be used, and this
cluster has a sufficient number of two-fold center sites available for adsorption.

Thus, the calculations are started with one adsorbed hydrogen on the most stable
site which is a two-fold center site (I) [13]. Then progressively more hydrogens
are added to the surface in the most stable remaining sites until saturation on
the cluster surface is reached. For each Nij,H, (n=1,...,5) system, the most
stable multiplicity was obtained. The results of these calculations are presented
in Table 1.

Table 1. Properties of the Ni;,H,, systems (n=0,...,5)

Hydrogen Cluster Charge Total E(HOMO) Heat of Multi-
adsorption on HI charge (a.u.) adsorp. plicity
sites Kcal/mol

— Niya — — -0.1074 — 17

1 Ni, H -0.239 —0.239 -0.1250 —57.6 16
LB Ni,,H, —0.250 —0.422 —0.1395 —52.6 15
LIxB Ni,,H, —0.201 —0.582 —0.1536 —43.6 14

I, Ix, B, Bx Ni, H, —0.179 —0.668 —0.2182 —47.2 15

I, Ix, B, Bx, D Ni, H; —0.118 -0.599 —0.1975 —194 14
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In what follows, a study of the changes of total energies, total spin, electronic
charge transfer, highest occupied molecular orbital (HOMO) energy, diatomic
and monatomic energies are related to the corresponding changes in the heat of
adsorption, magnetic moment and work function.

3.1. Work function

The simplest way to calculate work function changes induced by adsorbates is
by means of a classical model [21-23]. In this model the work function changes
due to the adsorption are interpreted as a consequence of the resulting dipole
layer from the charge transfer between substrate and adatoms. The work function
change AWF is related to the surface adatom density D through the Helmholtz’s
equation

AWF=47Dd, (1)
where d is the dipole moment perpendicular to the surface. For covalent adsorp-
tion with partial ionic character, the variable d is obtained as &7, where & is the
fractional charge transferred by the adsorbate atom and r is the perpendicular
charge separation between the adsorbate and the metallic surface. From the above
expression, it is clear that AWF is directly proportional to the total amount of
charge transferred.

In the third and fourth columns of Table 1, the electronic charge density of a
single hydrogen atom adsorbed on the site I and the total charge of all hydrogens
adsorbed on each one of the Ni,,H, systems are presented. It is observed that
the total electronic charge density carried by the hydrogens is incremented as
the coverage becomes greater while the charge over a single hydrogen decreases
when other hydrogens are adsorbed near by.

Because the Ni-H bond distances are considered to be constant, see sect. 2, a
plot of the total hydrogen electronic charges vs. the number of adsorbed hydrogens
will give information on how the work function changes as the coverage varies
(see Fig. 2). It is evident from Fig. 2 that at small coverages, the variation of the
work function is nearly linear. A similar behavior has been reported experi-
mentally by Christmann et al. [ 24]. If the adsorption patterns shown at the bottom
of Fig. 2, are repeated all over the surface, we might associate the coverage of
6 = 0.5 to the cluster with four hydrogens. Thus, from Fig. 2, we observe that at
coverages close to and smaller than 8 =0.5 AWF starts to behave not linearly,
and for coverages greater than 0.5 the AWF values diminish. These theoretical
trends also match very closely the experimental ones [21, 24].

The work function (WF) is defined as the difference in energy of one electron
in the bulk metal at the Fermi level and at the vacuum level outside the surface
[25]. Based on this definition, another simple way to evaluate the WF changes
is to use HOMO energy. For this reason, the HOMO energy values are listed in
column five of Table 1 and are plotted vs. the number of adsorbed hydrogens in
Fig. 2. The results indicate that the WF has a linear behavior at small coverage
which is in agreement with the above results. As the coverages increases, the WF
becomes larger until it reaches a point, close to saturation, where it starts to
decrease.
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Fig. 2. Total hydrogen charge against the number of adsorbed hydrogens

An explanation of this WF increases with the coverage may be given by the
effects of the electronic charge transfer from the adsorbent (cluster) to the
adsorbates (hydrogens). This transfer creates an electrostatic potential that is
opposed to the extraction of an electron from the cluster. The electron withdrawal
from the nickel cluster is essentially from the sp-orbitals since the d-orbital
population remains almost constant [15]. In addition, the HOMOs are formed
by H(s) and Ni(sp) orbitals spread out through the cluster, therefore, they are
directly affected by the electronic sp-withdrawing. Thus, there is a good correlation
between charge transfer at small coverage and HOMO stability, because, a larger
charge transfer corresponds to a larger HOMO energy. Another feature which is
important to account for is the WF change close to saturation (6=1). In a
previous paper [15], it was proposed that the interaction of two adsorbed hydro-
gens on a Ni,, cluster is due to charge separation in the zones close to adsorption
sites. In other words, the adsorption of a hydrogen atom produces a region of
influence around its adsorption site, so, if a second hydrogen atom is adsorbed
near by, they should interact through the cluster according to the separation
distance between them. Thus, the adsorption of another hydrogen atom on the
Ni,H, cluster to reach saturation (Ni;4Hs) conduces to a greater H-H indirect
interaction because of the following facts:

(a) There are smaller H-H distances in Ni,;Hs (2.50 A) than in Ni,,H, (3.53 A).

(b) More than one hydrogen atom is directly attached to a nickel atom (hydrogens
on sites B and D are bound to the nickel atom number 1, and those on sites D
and B, are bonded to the atom 5).
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These facts lead to a decrease of the total charge transfer, as shown in Fig. 2,
which causes also a dwindling of the HOMO energy as indicated in Fig. 3.

In conclusion, the two models (total charge transfer and HOMO energy), used
here to study WF changes have a similar behavior with the coverage, except an
unexpected increase of the Nij,H, HOMO energy which is explained in the
following section by studying mono- and diatomic energies.

3.2. Heat of adsorption

The hydrogen adsorption over a Ni,, cluster may be represented by the reaction
Ni;,+n/2H,- Ni;,H,.

In general, the heat of adsorption, ABE, is related to the energy of the molecules
involved in the chemisorption by the following equation:

ABE =2/n(E(Ni,,H,) — E(Niy)) - E(H,), (2)

where n is the number of adsorbed hydrogens. E(Ni,,H,), E(Ni,,), and E(H,)
are the total energies of the Ni,H,, Ni,4, and H, systems respectively.

In column six of Table 1, the ABE values are presented and are then plotted
against the number of adsorbed hydrogens as shown in Fig. 4. It is observed that
at small coverages ABE moderately decreases as the number of adsorbed hydro-
gens increases until a coverage value greater and close to 0.5 is reached, where
ABE rapidly diminishes. Experimental results [24] also indicate that at very small
coverage the heat of adsorption diminishes but with increasing coverage ABE is
maintained almost constant until it reaches a point where it suddenly decreases.
This abrupt ABE change has been interpreted by Christmann et al. [24] and in
previous papers [15-16] as the filling of the B, state that appears in the TPD
spectra and corresponds to a coverage of # =0.5[21]. In general, the behaviour
of the heat of adsorption with coverage is similar to that obtained experimentally.
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Nevertheless, in our cluster the observed changes due to the hydrogen adsorption
are more pronounced.

An analysis of ABE changes caused by the hydrogen coverage is carried out by
considering the energetic interactions between the atomic species that form the
adsorbate and adsorbent. The total diatomic energies between Ni atoms ( E (Ni-
Ni)), H atoms (E(H-H)), and Ni and H atoms ( E(Ni-H)) are presented in Table
2. In addition, the total monoatomic energies for the Ni (E(Ni)) and H (E(H))
atoms are also included. The E(Ni-Ni) and E(Ni) values are calculated with
respect to the corresponding ones of the clean cluster (Niy,). In a similar way,
the E(H) values are evaluated with respect to the corresponding free hydrogen
atom energies. At this point, it is good to have in mind, according to Eq. 2, the
necessary energy to dissociate a hydrogen molecule. In order to analyze in an
easy way these results, in Fig. 5, a plot of the total diatomic and monoatomic
energies vs. the number of adsorbed hydrogens is presented. The positive values
of E(Ni-Ni), E(Ni) and E(H) indicate an energetic instability with respect to
the clean cluster and free hydrogens, respectively. On the other hand, negative
values of E(Ni-H) show that there is a strong stabilization owing to the Ni-H
interaction. It is good to note that the E(H-H) term makes a small contribution
to the ABE decrease, hence, it indicates that the coverage influence in BE values
is not a consequence of the direct H-H interaction but a series of effects that are

Table 2. Diatomic and monoatomic energies (a.u.)

Cluster E(H-H) E(Ni-H) E(Ni-Ni) E(Ni) E(H)

Ni,,H — —0.37633 +0.14387 +0.03242 +0.07130
Ni,H, +0.00726 —0.75937 +0.26466 +0.09286 +0.14743
Ni, H; +0.01296 —1.13768 +0.43863 +0.09751 +0.24198
Ni; H, +0.02045 —1.54946 +0.58377 +0.13249 +0.33643

Ni, H; +0.01666 -1.83917 +0.67817 +0.19824 +0.46007
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transmitted through the cluster, see variation of E(Ni-Ni), E(Ni) and E(H)
shown in Fig. 5. Similar results have been reported for the adsorption of two
hydrogen atoms on the same nickei cluster [15].

The E(Ni-Ni) increase with the coverage, see Fig. 5, may be account for the fact
that according to these results, previous [12], and experimental ones [26], the
Ni-Ni bonds are constituted of sp-orbitals and the electronic charge transfer is
in fact coming from the nickel sp-orbitals. This charge transfer gives rise to a
decrease of the Ni-Ni bonding population which produces a weakening of the
Ni-Ni bonds respect to the nickel clean cluster.

In order to visualize in more detail the ABE behavior in the region close to
saturation, a plot of variation of the diatomic and monoatomic energy changes
vs. the number of hydrogen atoms adsorbed is presented in Fig. 6. Let us analyze
what occurs when the fourth hydrogen is adsorbed: AE(Ni-Ni) and AE(Ni)

04}
ozk BHE (Ni-Ni)
3- f— [ I—
= 00F * AE(H-H)
S
QO
c
L
.02 -
w
-04 N ) . . ,
| 2 3 )

Fig. 6. Diatomic and monoatomic
Number of Hydrogen Atoms energy changes with the coverage



Calculations of nickel surface properties 145

terms cancel each other, AE(H) remains constant, and, therefore, E(Ni-H) is
responsible for the ABE increase shown in Fig. 4. A similar increase in the HOMO
energy is also observed, as shown in Fig. 3. If the fifth hydrogen is adsorbed, the
dominant term E(Ni-H) decreases, yielding the ABE diminishing shown in Fig.
4 and consequently the decrease of HOMO energy depicted in Fig. 3. Therefore,
there is a correlation between the E(Ni-H) and the HOMO energy which may
be explained by the fact that as HOMOs as Ni-H bonds in all clusters are made
up of Ni(sp) and H(s) orbitals.

3.3. Magnetic moment

It is well-known that the magnetic properties of transition metals are related to
the number of spin up and spin down electrons. For this reason in these calcula-
tions we take special care to obtain the most stable multiplicities for each one
of the clusters, see the last column in Table 1. The multiplicity value for the Ni,,
cluster is 17 which gives a spin magnetic moment of about 1.1. u. This value is
high compared to experimental results for the bulk (0.56 wg) [27]. Two main
causes may be responsible for this high value of magnetic moment: (i) the tendency
of HF calculations to be biased in favor of states with high multiplicity [28], for
example, ab-initio calculations [29] for a Nig cluster produce a magnetic moment
of 1.3 wp; (ii) there is experimental evidence of an enhancement in the magnetic
moment for surface nickel atoms [30-31]. Recent calculations using a modified
SCF-Xa-SW [32-33] and slab-type methods [34-35] lead to values of magnetic
moment close to the experimental value. On the other hand, slab-type calculations
[36] reveal that the magnetic moment for Ni(100) and Ni(110) monolayers results
to be 0.86 .z and 0.96 . respectively, and density functional theory calculations
[37] report values of 1.14 and 0.80 wp for Ni;; and Ni,s clusters, respectively.

It is experimentally known that nickel magnetization decreases after hydrogen
chemisorption [25] which indicates a pairing of the surface electrons with the
electron of the adsorbed hydrogen. In order to easily analyze the effect of hydrogen
chemisorption, in Fig. 7, a plot of the fraction of the added electrons from
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hydrogen which are paired vs. the number of adsorbed hydrogens, is presented.
Although, the number of hydrogens is small, it is observed that the resultant
saturation fraction of paired electrons (0.6) is close to the experimentally reported
value (0.7) [25].

With the purpose to understand in more detail the hydrogen chemisorption effects
on the magnetism, in Table 3, the sp- and d-spin densities for each atom of the
Ni H, (n=0,...,5) clusters are presented. The more important features and
conclusions are enumerated as follows:

(a) Thespin density on d orbitals is maintained nearly constant after the hydrogen
adsorption. Each atom has a d-spin density of about 1 which is consistent with
a d°(sp)' configuration of the nickel atoms [13].

Table 3. Atomic spin densities for Ni,H, (n=0,...,5). For each nickel atom, the following two
rows correspond to d- and sp-spin densities respectively. Atoms 15-19 are hydrogens

Atom Ni,, Ni,H NiH, Ni, H, Ni,,H, Ni H,
1 -0.999 —0.991 —0.991 -0.992 —0.994 ~0.993
—0.103 —0.114 ~0.010 —0.022 —0.004 -0.023

2 ~0.992 —0.983 —0.982 —0.975 —0.980 ~0.980
—0.143 —0.022 —0.016 0.047 ~0.017 —0.007

3 —0.992 —0.989 —0.989 —0.981 —0.908 —0.980
—0.143 —0.016 —0.011 0.128 —0.017 —0.007

4 —0.997 -0.997 —0.989 —0.989 —0.990 -0.990
—0.318 ~0.315 0.003 0.025 —0.012 0.107

5 —0.999 -0.991 —0.990 —0.992 —0.994 -0.993
—0.103 —0.114 —0.014 -0.022 ~0.004 -0.023

6 -0.992 —0.989 -0.989 -0.981 -0.980 —0.980
—0.143 —0.016 0.003 0.128 -0.017 —0.007

7 -0.992 —0.983 —0.982 —0.975 —0.980 —0.980
—0.143 —0.022 —0.005 0.047 —0.017 —0.007

8 -0.997 —0.997 ~0.994 —0.989 —0.990 —0.990
~0.318 -0.316 —0.057 0.025 -0.012 ~0.107

9 —0.993 —0.994 —0.994 -0.992 —0.994 —0.994
—0.131 —0.056 ~0.001 0.095 —0.007 0.033

10 —0.993 -0.995 —0.994 —0.985 —0.994 —0.994
—0.131 —0.052 0.002 0.158 —0.007 0.033

1 —0.990 —0.989 ~0.990 —0.993 —0.994 —0.993
~0.104 —0.074 —0.023 0.000 —0.009 0.039

12 —0.990 ~0.989 —0.993 —0.993 -0.993 —0.993
—0.104 —0.074 —0.006 0.000 —0.009 0.039

13 ~0.990 —0.987 —0.992 —0.991 —0.993 —0.993
~0.104 —0.073 —0.003 0.026 —0.009 0.039

14 —0.990 —0.987 —0.988 —0.991 -0.993 —0.993
—0.104 -0.073 —0.017 0.026 —0.009 0.039

15 — 0.001 0.002 0.026 —0.003 ~0.003
16 — —_— 0.011 0.066 0.006 0.121
17 - — — 0.066 0.006 0.121
18 - - — — ~0.003 —0.033

19 _ _ — — — 0.199
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(b) The magnetic change caused by the hydrogen adsorption is a consequence
of variation in the sp-spin density.

(c) The sp-spin is spread out through the cluster with a tendency of being
concentrated on the edge atoms.

(d) The hydrogen adsorption changes the spin density not only on the nickel
atoms where hydrogens are directly adsorbed but all over the cluster.

(e) The hydrogen atoms have a small contribution to the total spin density.

(f) The d-spin densities on the nickel atoms has the same sign. This suggests
that spin correlation of electrons with different spin is not explicitly taken into
account in our MINDO/SR-UHF calculations. In fact, this is a fault of all
Hartree-Fock type approaches where the Coulomb hole correlation is not
included, and only the exchange correlation is considered.

Recently other calculations for magnetic moment changes due to hydrogen
chemisorption in nickel surfaces have been performed [32, 38]. In these calcula-
tions a considerable reduction of the magnetic moment is reported, which is not
observed in our calculations. However, the comparison of different metallic cluster
calculations has to take into account the fact that cluster properties, including
magnetic ones, change with the size and geometry of the cluster [32, 37, 39-42].

4. Geometrical modifications

From a practical point of view, calculations of nickel clusters with optimization
of Ni-Ni distances are not considered here. Nevertheless an analysis of the bond
orders and diatomic energy changes may be used to predict trends for the
internuclear distances. Here we use an arrangement of two hydrogen atoms
(G-G,) [15] which may be associated with the maximum coverage of 1 [4].

In Table 4, the Ni-Ni bond order changes (BO) and the diatomic energy changes
Table 4. Changes of bond orders (BO) and diatomic

energies (DE) for a Ni,, cluster upon the adsorption
of H, on G-G, centers

Nickel atoms BO DE (a.u.)
1- 2 —0.062 —0.0250
1- 4 —-0.029 —0.0040
1- 5 —0.045 —-0.0223
1- 9 —0.065 —-0.0148
1-12 ~0.042 —0.0057
2- 7 +0.034 +0.0016
2-9 +0.006 +0.0030
2-13 +0.064 +0.0148
4-12 -0.005 —0.0001
9-10 —0.038 —-0.0065
9-13 —0.033 —0.0041

11-14 —0.062 —0.0203
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(DE) between the nearest neighbor nickel atoms in the Ni,,H,(G-G,) cluster
with respect to the corresponding ones in the Ni,, cluster are presented. Here,
only the necessary pairs of nickel atoms are depicted because the others may be
obtained by symmetry. As expected, a very good correlation between the bond
order changes and the corresponding diatomic energy changes exists. The results
indicate that bond order changes for all atoms bonded to nickel atoms attached
to two hydrogens (1 and 5) are negative. This means that the bond distances
between atoms 1 and 5 and their nearest-neighbors have a tendency to be longer.
On the surface, only the 2-7 bond distance type would be shorter. Bonds between
the edge surface atoms and the underlayer atoms tend to be tighter except those
that do not have hydrogens chemisorbed on them. The effect of the adsorption
goes beyond the toplayer since all bonds between atoms in the underlayer have
a tendency to be longer.

A rough picture of how the surface changes as the chemisorption occurs is shown
in Fig. 8. Here the dashed circles correspond to the shifted nickel atoms after
hydrogen chemisorption and the arrows indicate the direction of the shifting. It
is easy to see that all surface nickel atoms have a tendency to move away from
the site where hydrogen is chemisorbed, see top view Fig. 8a. In the side view,
Fig. 8b it is shown how the nickel atoms bonded to the two hydrogens move
above up the XY plane and the edge atoms (2, 3, 6 and 7) are displaced below
this plane.

The displacement of the nickel surface atoms may be cuased by the charge transfer
to the hydrogens. As we explained in Sect. 3.2, the electronic charge transfer
involves Ni(sp) electrons apart from the Ni-Ni bonds are sp-type. Therefore,
this redistribution of charge produces a weakening of the Ni-Ni bonds in the
region close to the hydrogen adsorption giving rise to a displacement of the nickel
atoms above the surface.

As can be seen, this qualitative analysis reveals a reconstruction of the surface
atoms of the cluster. Demuth [43] and Christmann et al. [44] report that the
adsorption of hydrogen does produce a reconstruction of a Ni surface. These
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Fig. 8. Displacements of cluster nickel atoms upon hydrogen chemisorption: a top view; b side view
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theoretical trends about the weakening of the nickel surface bonds also correlate
well with recent experimental field ion microscope (FIM) results by Wada et al.
[45]. They observed that the adsorption of hydrogen in polycrystalline nickel
causes a reduction of the evaporation voltage which is attributed to a decrease
of the surface binding energy. It should be noted that the tendency of the nickel
atoms to be separated may be of great importance for the process of diffusion
into the bulk [46-47].

Conclusion

It has been shown that a very simple model of the surface with a limited number
of sites and a quite rapid calculational method (MINDO/SR) may be successfully
used to qualitatively study the variation of surface properties with coverage. It
is known that the property values of a cluster may be different from those of an
infinite well-defined surface, for example, catalytic reactivity [39-41, 48, 49],
ionization potential [42], electrochemical potential [50] and band structure [S1].
However, a cluster with a reasonable number of atoms conserves some property
trends which are analogous to actual surfaces.
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