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This paper comprises the results of an Extended Hiickel investigation of dissociative hydrogen 
adsorption on optimized models of the three low-index crystal faces of nickel. The frontier MO's 
approach proves suitable for adsorption studies of this type. Two adsorption forms for hydrogen 
atoms are established — on top of substrate atoms and in the holes of the substrate. Dissociative 
non-activated adsorption of hydrogen atoms on top of substrate atoms is found to be energeti­
cally most favourable. A correlation between the theoretical and ßi and ßo experimental adsorp­
tion forms is established. The heat of adsorption diminishes in the order of diminishing density 
of the crystal face #(111) >  #(100) > #(110). There exist experimental data corroborating this 
result.

The interaction of hydrogen with a nickel surface 
is the subject of many experimental and theoretical 
studies1-9. I t is not common, but for several theo­
retical investigations, that an attempt is made to 
ascertain the applicability of the methods used and 
the adequacy of the applied models. Though it is a 
cumbersome task and the conclusions are often dis­
putable, we consider the adoption of certain criteria 
for the usefulness of the models necessary in cluster 
investigations.

The present investigation is an attempt to study 
the adsorption of atomic and molecular hydrogen 
on model nickel substrates. Theoretical data are 
obtained for the adsorption forms on model sub­
strates which are optimized with respect to certain 
criteria.

The Extended Hiickel method is applied to sub­
strate chains of two to eight nickel atoms and two- 
dimensional substrate models of five and seven 
atoms. I t is difficult to point out the most suitable 
criteria for the cluster approach. We adopt as such 
certain quantities for which experimental data are 
available:

1. Specific energy of derealization [SED]. It is 
defined as the bonding energy per substrate atom 
and may be compared with the cohesion energy of 
nickel 4.4 eV10. SED is an increasing function of the 
number of substrate model atoms N. SED should 
acquire a constant value for atomic aggregates 
which are suitable approximations of the massive 
metal with respect to this criterion.
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2. Orbital energy of the highest occupied mole­
cular orbital £ HOMO, This energy level corresponds 
to the Fermi level at 0 K. ^ HOMO is expected to 
have a constant value with respect to N for the 
appropriate substrate model.

3. Relative positions of sp- and d-bands. I t  is 
known that the wide sp-band overlaps the narrow 
d-band in nickel.

4. Mean electron population of s- and d-AO's per 
one substrate atom. The d-band of nickel is known 
to contain 0.6 vacancies11 and 9.4 electrons.

5. d-band width. It is usually approximated with 
the energy difference between the lowest and highest 
MO's of predominant d-character. The experimental 
values vary from 2.513 to 3.3 eV 12.

The characteristics of the substrate models used 
should agree with these criteria. Agreement and 
consistency are necessary with respect to the follow­
ing variables:
a) Number of substrate atoms in the model — N.
b) Crystallographic direction or plane.

We used the frontier molecular orbitals [FMO] 
approximation, taking into account the interactions 
between the valence MO's of the adsorbate [A] and 
the substrate [S]. These are the highest occupied 
and the lowest unoccupied MO's of A and S. This 
approach allows a considerable reduction of com­
puter time. A theoretical basis for the FMO ap­
proximation is presented in the works of Fukui 
et al.14. We tested the possibilities for its application 
to adsorption processes by carrying out two parallel 
calculations on the same adsorption system: a) by 
accounting for the interactions between all mole-
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cular orbitals of A and S, b) by using the FMO 
approximation. The items of chief interest during 
adsorption, namely the equilibrium adsorption sites 
and distances, the relative positions of the curves 
for atomic and molecular adsorption, and the 
direction of charge transfer are not influenced by 
the choice of the MO basis set. As it should be 
expected there are differences in the values of 
the heats of adsorption, the FMO basis leading to 
lower values and therefore better agreement with 
experimental values. We may conclude that using 
FMO's in the basis is a reasonable approximation in 
adsorption studies.

The FMO's are represented as linear combinations 
of atomic orbitals. The coefficients in the linear ex­
pansions are calculated using the Extended Hückel 
method [EHM] in the approximation of Wolfsberg 
and Helmholz15. The main parameters in these 
calculations are the orbital exponents and the dia­
gonal elements of the effective one-electron Hamil­
tonian — Hü. They are either varied to fit some 
experimental data or chosen on the grounds of 
certain physical considerations. After variation of 
both parameters we chose Slater's exponents for 
Ni(3 d8 4 s2) and H(1 s1). The diagonal matrix 
elements of the interaction matrix Hü were put 
equal to the valence state ionization potentials16. 
They did not differ considerably from the respective 
values derived from experimental data by Moore17.

A variation of the atomic basis set, used to 
determine the MO's of S, in the cases of a four atoms 
substrate chain and a five atoms (100) plane wras 
tried. Similar results were obtained for a basis of 
[3 d, 4 s, 4 p] and [3 d, 4 s] Slater type atomic or­
bitals of Ni. The places for equilibrium adsorption, 
heats of adsorption, charges and bond orders are 
practically insensitive towards this change in the 
atomic basis set. These results justify the adoption 
of the frontier molecular orbitals approach to ad­
sorption processes, the FMO's of the substrate

being linear combinations of 3 d and 4 s AO's of 
the nickel atoms.

The solution of the secular equation leads to the 
eigenvalues and eigenvectors. The Hückel method 
involves the approximation of the total energy by 
the orbital energy. The energy of stabilization in a 
given reaction, which correlates with the heat of the 
reaction, is then equal to the difference between the 
orbital energies of the products and the reagents. 
This approximation results in considerably high 
absolute values of all energetic quantities — bond 
energies, heats of adsorption etc. I t  is a known 
merit of EHM, however, to reproduce in a satis­
factory way the trends in the changes of energy 
quantities on converting from one system to 
another. This is a sufficient basis to compare the 
heats of adsorption on different crystal faces and 
the stabilities of the different adsorption forms as 
well.

The data for one-dimensional substrates can be 
seen in Table 1. The SED values are practically 
constant for substrates with N ^  4. No better values 
are obtained for larger clusters. The lowest occupied 
molecular orbital has s-character and hence the 
s-band overlaps the narrow d-band for N 6. 
EHOMO, corresponding to the Fermi energy at 0 K, 
does not depend notably on the number of substrate 
atoms. The d-band width has a maximum for N =  4 
or 6, the calculated values being smaller than the 
experimental ones. With respect to mean electron 
population the models built of more than 4 atoms 
prove suitable.

The adoption of the above criteria indicates that 
the four to six atoms chain is adequate. An enlarge­
ment of the substrates will not lead to better 
agreement with the characteristics of bulk nickel.

The results for two-dimensional models, as well 
as experimental data and theoretical data of Fas- 
saert et al. 6 and Blyholder 8, are given in Table 2. 
The characteristics of the models do not differ con-

Table 1. ehm  results for one-dimensional model substrates of a nickel f.c.c. crystal. 
-ßNiNi =  2.49 Ä in the crystal direction [110].

Crystal N Atomic basis se d  e homo d-band p dd
Direction set [eV] [eV] width [eV]

[110] 8 3d, 4s 5.51 -  9.63 1.16
[110] 6 3d, 4s 5.49 -  9.69 1.25 9.33
[110] 4 3d, 4s 5.46 -  9.72 1.26 9.50
[110] 2 3d, 4s 4.95 -  9.65 0.71 9.00
[110] 4 3d, 4s, 4p 5.48 -  9.72 1.26
[100] 4 3d, 4s 5.01 -  9.97 0.13 9.93
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Table 2. EHM results for two-dimensional model substrates of Ni (111), (100), and (110) 
faces. For comparison the theoretical data of Fassaert et al. 6 and Blyholder 8 and ex­

perimental data are listed too.

Crystal N Atomic basis SED gHOMO d-band Pad
Plane set [eV] [eV] width [eV]

(111) 7 3d, 4s 5.49 -  9.27 1.35 9.63
(100) 5 3d, 4s 5.63 -  9.63 1.27 9.59
(110) 5 3d, 4s 5.45 -  9.76 0.72 9.60
(100) 5 3d, 4 s, 4P 5.68 -  9.63 1.26 9.54

Theoretical results
6 (HI) 3d, 4s 4.3 -  7.72 1.67 9.33
EHM (100) 4.5 -  7.66 1.63 9.41

(110) 4.7 -  7.69 1.59 9.46

8 (HI) 3d, 4 s, 4p 3.7 -  7.7 3.3 9.46
CNDO

Experimental data 4.410 -  5.22 is 3.312 9.411
on massive nickel -  4.75 1» 2.513
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Fig. 1. Total energy of hydrogen molecular [M] and atomic 
[A] adsorption complexes on one-dimensional model sub­
strates plotted against the adsorbate — substrate distance 
i?sa- Two different mechanisms of adsorbate attack are 
investigated: (1) — hydrogen atoms situated on top of 
substrate atoms, (2) — Hydrogen atoms above lattice 
holes, e.g. Ai indicates atomic adsorption of mechanism (1).

0 05 1 15 Rca,A 001 ' sa'
Fig. 2. Total energy of adsorption complexes of hydrogen 
atoms [A] and a molecule [M] on Ni (111) as a function of 
Rsa. (1)> (2), (3) — different mechanisms of adsorbate 
attack. Ax indicates atomic adsorption according to me­
chanism (1); Mo — molecular adsorption of mechanism (2), 
etc.
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Fig. 3. Total energy of adsorption complexes of hydrogen 
atoms and a molecule on Ni(100) plotted against .Ksa- For 
explanation of the notation see the text to Figure 2.

siderably from those of the respective chains. This 
fact justifies their use as models of the different 
crystal faces for adsorption studies. They yield 
more possibilities for the orientation of the adsorbate 
[A] relative to the substrate [S],

The model chain for the crystal direction of 
highest crystallographic density [100] has the best 
characteristics compared to massive nickel.

Figure 1 gives a plot of the total energy E t  of 
adsorption complexes as a function of the adsorb­
ate — substrate distance Rsa- The figure gives re­
sults for adsorption on a four atoms chain and for 
two different adsorbate attacks — 1 and 2, 1 refer­
ring to attack above atoms of the substrate, 2 — to 
attack in the lattice holes. Molecular Mi and M2, 
and atomic Ai and A2 adsorption are investigated. 
The bond distance in H2 is assumed equal to that 
of Ni-Ni in the substrate for adsorption in the form 
of atoms. The results in Fig. 1 show that dissociative 
adsorption with hydrogen atoms, situated above 
the lattice atoms — Ai — is energetically most 
favourable, Rsa at equilibrium being 1 A. Potential

Fig. 4. Total energy of adsorption complexes of atomic 
and molecular hydrogen on Ni(110) as a function of Bsa- 
Explanation of the notation may be found in the text to 
Figure 2.

curves for atomic and molecular adsorption on the 
two-dimensional models are represented on Figs. 2, 
3 and 4 for (111), (100), and (110) respectively. 
Similar adsorbate attacks are investigated. Non- 
activated dissociative chemisorption proves ener­
getically favoured in all cases. Localization of 
hydrogen atoms above the nickel atoms is most 
favourable irrespective of the crystal face. R^a in 
these cases is also independent on the crystal face 
and equals 1 Ä. The heat of adsorption complexes 
decreases on diminishing the density of the crystal 
planes 0(111) >  0(100) > 0(110). This result 
agrees with the data of Christmann21 and Lapujou- 
lade18 who report a similar trend in the isosteric 
heats of hydrogen adsorption on the three low- 
index crystal planes of Ni. Our data indicate that 
adsorption in the form of molecules is more sensitive 
towards changes in the substrate. The preferred 
adsorption sites and i?sA at equilibrium vary for the 
different crystal faces. The heat of molecular ad­
sorption changes in a similar manner as that of 
atomic adsorption with the crystal planes.
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The data on the two-dimensional models do not 
contradict those for the one-dimensional chains. In 
addition the plane models make possible the in­
vestigation of a greater variety of adsorption sites.

The following adsorption forms are obtained in 
the order of decreasing stability:
1. Dissociative adsorption on top of the substrate 

atoms.
2. Dissociative adsorption, leading to hydrogen 

atom incorporation in the substrate surface.
3. Molecular adsorption above nickel atoms.
4. Molecular adsorption above Ni-Ni bonds.

Our data do not allow to choose one of the two 
molecular adsorption forms as more favourable than 
the other. There is no experimental evidence to our 
knowledge, allowing to distinguish between them.

Adsorbed atoms carry negative residual charge, 
adsorbed molecules are slightly positively polarized.

The theoretically defined adsorption forms can be 
connected with experimentally determined adsorp­
tion forms. Mass-spectrometric and thermodesorp- 
tion studies 1~4<21 give evidence that hydrogen is 
adsorbed on nickel in the form of molecules and 
atoms, the dissociation during adsorption being 
non-activated. Adsorbed atoms may exist in two 
adsorption forms — the more stable ß2 and the less 
stable ßi form. ß2 hydrogen atoms can be connected 
with adsorption on top of Ni atoms [form 1 above], 
and ßi — with hydrogen atoms above holes in the
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