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A simple quantum chemical theory of dissociative adsorption is introduced and applicd to the chemisorption of hy-
drogen on copper. Hydrogen is predicted to chemisorb more readily on the stepped (311) surface than on either of its

compcient low index faces.

The results of experiments utilizing a variety of
techniques indicate that the structure of the surface
plays an important role in the chemisorption of hy-
drogen on metals. For example, surface potential
studies involving evaporated metal films and single
crystal faces provide ample evidence for this conclu-
sion [1]. LEED studies indicate that hydrogen chemi-
sorbs readily on platinum (111) surfaces with (100)
and (117) steps, but not on the individual (100) and
(111) platinum crystal faces [2]. Molecular beam and
permeation studies indicate that the activation energy
for dissociative adsorption of hydrogen on copper de-
pends on the crystallographic characteristics of the
surface {3].

The increased activity of the Pt (111) surfaces with
(111) steps was highlighted recently when the results
of a molecular beam investigation of hydrogen—deu-
terium exchange on such surfaces were interpreted to
mean that they are three or four orders of magnitude
more efficient in promoting exchange than the parent
(111) face [4]. However, this interpretation has prov-
en controversial [S] and there is a clear need to elu-
cidate the role that steps play in the chemisorption
process..

It is the purpose of this note to introduce a simple
theoretical model which predicts significant differ-
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ences between adsorption on certain stepped surfaces
and their unstepped counterparts. In this model the
diatom-—solid interaction potential, U, is expressed
as a sum of interactions between the diatom AB and
the individual solid atoms, i.e., as a sum of three-body
potentials. It is further assumed that the admolecule
atoms and the solid atoms can all be treated as one-
electron atoms. Then the three-body potential U; be-
tween the diatom and the ith solid atom can be equat-
ed to the difference between a three-atom London—
Eyring—Polyani—Sato (LEPS) potential {6] and the
diatom singlet potential, 14 5. We thus write
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where lu;; and 3u;,; denote the lowest singlet and
triplet potential curves, respectively, of the diatom &I,
The model is an extension of the simple LEPS va-
lence bond approach for constructing potential sur-
faces for bimolecular reactions. In the limit where the
distance between the atoms of the admolecule is in-
finite, it reduces to the pairwise additive model for
adatom—solid interactions. McCreery and Wolken [7]
have also extended the LEPS approach to diatom—
solid interactions, formulating the interaction as a
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single, simplified, four atom, LEPS potential and rep-
resenting the surface by a static, periodic, background
potential.

We have used our model to investigate the disso-
ciative adsorption of hydrogen on copper. The lowest
singlet and triplet pairwise potentials are represented
by Morse

Luin) = luo {exp[-2 lﬁ(r—ro)] — 2exp [—lﬁ(r—ro)] }
and anti-Morse
3u(r) = 1 3ug {exp[~2 3p(r—ry)] +2 exp[-3p0r—ry)]}

functions, respectively. Accurate functions of this
type have been reported for the hydrogen molecule
[8]. The parameters of the singlet pairwise H—Cu po-
tential function were adjusted so that the adatom—
solid potential conforms with the experimental heat
of adsorption data [1] which pertain to the (100),
(110) and (111) faces and to the stepped (311) face.
The latter consists of (100) terraces, two atomic rows

wide, separated by (111) steps, one atomic layer high*.

Bond strengths on the low-index faces are found
to increase with the adatom’s local coordination num-
ber. The maximum bond energy sites on these faces
are thus found to be those with the maximum num-
ber of nearest neighbors. As expected, binding is more
uniform on the close-packed (111) surface than on
any of the other surfaces. The presence of the steps
on the (311) surface makes a significant difference to
the binding energies of the sites on the component
(100) and (111) facets. Their effect is to increase the
strength of the bonds formed with many of these
sites. Roughly speaking, the nearer the site to the bot-
tom of the step, the stronger is the bond formed with
the adatom and the more sensitive is the bond to the
direction of approach of the adatom. The maximum
bond energy calculated for the (311) surface exceeds
that calculated for the (110)surface by less than 2
kcal/mole, but exceeds those calculated for the (100)
and (111) surfaces by substantial amounts. The calcu-
lated maximum bond energies are in the order (311)>
(110) > (100) > (11 1)#.

Interaction potentials were calculated for various

* The final parameter values are lug = 0.316 eV, rg = 2.34 &
and 18=143 AL,

# Their values (in eV) are, (100):2.17: (110):2.49; (111):1.91;
(311):2.56.
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approaches of a hydrogen molccule, held fixed at its
ground state equilibrium distance, toward cach of the
copper surfaces. The atom—solid and diatom—solid
potential curves were then used in conjunction with

a model formulated by Lennard-Jones [9] to estimate
activation energies for dissociative adsorption. We ad-
justed two of the parameters of the triplet pairwise
H—Cu potential function until the calculated mini-
mum activation energy on the (110) surface agreed
with the observed value, after subtracting the zero-
point energy of the hydrogen molecule®. Using these
parameters, we calculated attractive H,—Cu(s) poten-
tial curves for the four surfaces under investigation
and the correct order [3] for the activation energies
on the low index faces? .

The calculated minimum activation energies are in
the reverse order to the calculated maximum H-—Cu(s)
bond cnergies. This is consistent with the suggestion
[3] that the Hy—Cu(s) potential is not as sensitive to
the details of the surface as the H—Cu(s) potential in
their crossing region. The order of the activation ener-
gies can then be understood simply in terms of small
shifts of the atomic potential relative to the molecu-
lar potential. It is therefore no surprise that the effect
of the steps on the (311) surface is to substantially
lower the activation energies for approaches towards
most of the sites on the two facets of the (311) sur-
face as compared with the approaches towards the
component faces. However, it should be noted that
the lowest activation energies for the (311) surface
are obtained when the hvdrogen molecule approaches
sites above the (100) facet not very far from the pro-
jection of the bottom of the step on the uppermost
(311) plane, along paths normal to the (311) face.
Dissociative adsorption is predicted to proceed with-
out activation on this surface.

The present results for hvdrogen—copper interac-
tions differ from those of a recent extended Hiickel
czlculation of hydrogen—nickel interactions {10] in
that the latter predict that the bond energy on the
(100) face decreases as the coordination number in-
creases and that edge sites on stepped surfaces are the
most active. These differences may be due in part to

* The final parameter values are given by 3ug = 0.6 1, 38
=1.5%g.
#+% The calculated minimum values (in ¢V) are, (100):6.48;
(110):0.09; (111):0.70.
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the greater participation of metal d-orbitals in hydro-
gen—nickel chemisorption; however, recent experi-
ments [11] indicate that hydrogen is highly coordi-
nated on Raney nickel. Full details of our calculations
and results will be reported at a later time.

We would like to thank Dr. Alan Gelb for his con-
tribution to the initial phase of this work.
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