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Abstract, The dissociative adsorption of Ha on Cu(100) is studied by using the embedded-
atom method (EAM). The molecular orientation dependence and the impurity effects have been
investigated. It is found that the most favourable molecular orientation for Hz dissociation is
to keep the H-H axis parallel to the surface. In this case, the corresponding activation barrier
is lowest. Calculations show that when an impurity atom is present in the Cu substrate, the
chemisorption properties near the impurity atom are affected. Ni and Pd can promote the Hz
dissociation by lowering the activation barrier height; Ag, however, impedes the Ha dissociation
since the activation barrfer is lifted. Various H; dissociation pathways are discussed and the
comesponding potential-energy surfaces (PESs) are presented.

1. Introduction

The dissociative adsorption of hydrogen molecules on copper surfaces has received
considerable attention both experimentally and theoretically [1-11]. It has been found that
hydrogen dissociation on the Cu surface is a typical activated process. The key parameter
characterizing this dynamical process is the barrier height of activation. Experimental
measurement [1,2,12] are made by using the molecular-beam technique to obtain the
activation barrier height. Theoretically, one needs to calculate the adiabatic potential-energy
surface (PES) to deal with this subject [3,6,8-12]). To our knowledge, most of the previous
theoretical investigations {5, 6, 9—11] assumed that H, dissociates on a subsirate of pure metal
without any impurities and defects and the H-H axis is always kept parallel to the surface.
However, it is practically impossible to remove all the impurities or defects in a real crystal
sample. Furthermore, in many industrially impertant catalytic reactions, some foreign atoms
must be intentionally deposited on a given substrate to form a composite catalyst [13, 14]
for special use. Besides, the molecular axis orientation in real adsorption processes is not
always parallel to the surface. Obviously all these effects on the chemisorption properties
should be considered in a more reasonable calculation. Recently, the present authors have
successfully extended the embedded-atom method (EAM) [15-17] to treat the interaction
between hydrogen molecule and a contaminated Ni surface [18]. The defect effect on the
hydrogen dissociation process has been investigated. The results show that the EAM can
be conveniently applied to treat molecules near the metal surfaces. Encouraged by this
success, in the present paper, we give the calculations for H, dissociation on the Cu(100)
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surface. Various dissociation pathways, different molecuiar orientations and impurity effects
are considered.

The paper is organized as follows. First the EAM and its extension to the molecule—
surface system is briefly outlined in section 2. Then in section 3, the results for Hy adsorption
on the Cu{100) surface are presented with discussion of the effects of molecular orientation
and impurity, and finally, in section 4, the main conclusions are summarized,

2. The theoretical model and computational details

The basic equations of EAM are

1
Bw=_ Flm)+53 3 5(Ry) (1
i JooiiE]
pri= D Pi(Ry) )
JG#D

where Eyy is the total energy and pg, is the electron density at atom i due to all other
atoms. p; is the electron density of atom j at the site of atom #, Ry; is the distance between
atoms i and j, F;{ps,) is the energy to embed atom i in an electron density oy, and ¢;;
is a two-body central potential between atoms i and j.

When we apply the BEAM to the present work, a theoretical model is chosen as one
hydrogen molecule outside a finite slab of Cu afoms, which consists of six atomic (100)
planes, each plane includes 121 Cu atoms. In the slab an impurity atom, which is Ni,
Pd or Ag, is assumed to exist substitutionally. The function Fy(p) and the pair potential
Pnn(R) used are quoted from Mei et al [17], here the subscript M represents metal atoms.
According to [15], the electron density for each metal atom is given as a sum of s and d
contributions

plr) = Nops(r) + (N — No)pa(r). 3

where N is the total number of outer electrons, N; is a parameter which corresponds to the
s-like content of the atomic electron density and g, and gy are taken from the calculations
of Clementi and Roetti [19].

In order to apply the EAM to Hr-metal interaction, the two-body potentials of ¢y
and ¢y must be determined. Within the framework of the EAM, the total energy of Ha
is given by E},‘I’: = 2[Fulp) + -f,;de_H(r)]. Since the exact value of E‘l_‘f: can be obtained
experimentally, ¢y gi(r) can be written as

$ren(r) = Eg(r) — 2Fu(p) 4
where the function F(p) is taken of the form {15]

Fu(p) =bi1p + b2+ 1/(bap + bs). &)
The potential gy a(r) is assumed to be

ap(1 4 ayr™)e™"
- .

Grmlr) =

(6)
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Table I, Parameters used in the calculation (b = 13.5, by = —4.0986, by = 34,9288,

by = (.244).

Cu Ni Pd Ag
a@ 10832 9.30 12.85 12.80
a 4.85 21.85 20,95 2.5329
az 1.486 2.18 2.10 2.0
as 3.09 3.94 3.86 2,7889
N 11 10 10 31

N, 1021 0.85[15] 065 [15] 1.0 [21]

The parameters in equations (5) and (6) are determined by fitting the experimental
adsorption heat and bond length of H atoms on metal surfaces. It is found that the two-body
potential ¢hy.p (r} of equation (6) combined with the function Fi(p) gives a good description
of the H atom on Ni, Pd, Cu and Ag surfaces [20]. With the above considerations, the EAM
can be directly applied to the system of H; outside a metal surface. Taking the interaction
energy of a free Hy molecule with the Cu(100) surface infinitely far away (Ej: + EE)) as
zero, the potential energy of H, on the Cu surface is obtained as Ef),, — (Ey: + E&,)-
The cut-off distance in our calculation is taken as 4.0 A. The values of parameters used in
the calculation are given in table 1.

3. Results and discussion

3.1. Molecular dependence

Figure 1 shows the various pathways and different molecular orientations for H, dissociation
on the Cu(100) surface which have been considered in the present work., The angle @
between the H-H axis and the surface normal is defined in figure I(b). Figure 2 is the
calculated potential-energy surface (PES) for H, dissociation via the pathway shown in
figure 1(a). In this configuration, the H-H axis is kept parallel to the surface (8 = 90°)
during the adsorption process. It can be clearly seen that there is an entrance channel for
H. adsorption on the Cu surface. When H; is infinitely far away from the surface, the
H-H distance is 0.74 A and the potential energy for Hy/Cu(100) is zero (no interaction
between them). As Hz approaches the surface, the H-H bond is progressively weakened
while the H-metal bonds are formed. This is an activated process and the calculated barrier
height is 0.62 eV. The calculated H-Cu bond is 1.8 A and the adsorption heat is 0.42 eV
(9.66 kcal mol~!). These results are in good agreement with the experimental measurements
[1,22].

Figure 3 is the potential-energy surface (PES) for H; adsorption on Cu(100) via the
pathway shown in figure 1(c). In this case, the activation barrier is 0.58 eV, slightly lower
than that of figure 2. The adsorption heat is 0.43 ¢V and the H-Cu bond length is 2.08 A.
Comparing with figure 2, figure 3 has a lower activation barrier and 2 higher adsorption heat,
therefore, H, might dissociate a little more easily via this pathway than that of figure 1(a).

As mentioned above, in real adsorption cases, the direction of the H-H molecular axis
could not be always ir the surface-paraliel orientation but might deviate from it in varying
degrees. Figure 4 gives the PES for the configuration which is same as that shown in
figure 2 except the angle & = 70°. It can be seen that the activation barrier is lifted from
0.62 eV to 0.70 eV. The adsorption heat decreases to —0.08 eV. A higher activation barrier
and a negative adsorption heat mean that the corresponding adsorption process occurs with
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(e)

Figure 1. Vartous dissociation pathways for Hy on the Cu(1Q0) surface. The solid circles
represent Cu atoms; the small empty circles are H atoms. The two H stoms extend (a) from top
site to bridge sites, (b) from top site to centre sites, (¢} from bridge site to centre sites, {d) from
centre site to top sites, () from bridge site to top sites, (f) from centre site to bridge sites. The
angle ¢ between the H-H axis and the susface normal is shown in (b).

difficulty. This resuit can be easily understood by noting the fact that while the Hy molecules
dissociate in a practical process of dissociative adsorption, H-metal bonds must be formed
simultaneously. The bond energy of H-Cu is 2.57 eV [23] which is approximately half
the Hs dissociation energy (4.72 eV). Therefore, two H-Cu bonds are needed to form in
order to compete with the H-H iateraction. However, when the H-H axis deviates from
the surface-paralie} orientation (particularly in the case of 6 = (°, H-H axis normal to the
surface), only one stable H-Cu bond could be formed, which makes dissociation of the Hs
more difficult.

Variations of the activation barrier height {E,) and the adsorption heat (Ejy) with Ha
dissociation pathways and H-H axis orientations are shown in table 2. It can be seen that
ail the dissociation paths considered fall roughly into two categories: one has a higher
activation barrier and a lower adsorption heat, while the other has a lower activation barrier
and a higher adsorption heat. For any pathway the activation barrier is lowest in the case of
g = 90°, i.e. the H-H axis parallel to the surface. This is in accord with the experimental
observations [3]. For & = 90°, the calculated E, is either 0.58 eV or 0.62 eV for different
dissociation pathways, which is also in agreement with other theoretical calculations (0.5
0.7 eV) 5,10, 11]. As the angle & decreases from 90° to 63°, the activation barrier increases
monotonical for afl pathways. The variation of E; is in the range of 0.58-0.74 V. The
experimental value [1] of E, for H, dissociation on Cu surface published recently is 0.622 eV
which agrees well with our results, When 6 = 65°, the adsorption heat for all pathways
becomes negative, this means that in this case the total energy of the Hy/Cu system is
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Figure 2. Potential encrgy contours for Hz adsorption on Ca(100) via the pathway of fizure 1(a).
The angle # between the H-H axis and the surface normal is 90°. The contours are in eV with
0.1 eV intervals.
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Figure 3. Potential energy contours for Hy adsorption on Cu(1Q0) via the pathway of figure 1(c),
6 = 90°. The contours are in eV with (.1 eV intervals,

higher than the sum of that of an isolated Hy and a Cu(100) substrate, therefore the Hj
is difficult to dissociate unless it is excited or perturbed by other exotic energies. It is
noted from table 2 that the dissociation pathway from bridge site to the adjacent centre sites
gives the highest adsorption heat and almost the lowest activation barrier for any molecular
orientations, therefore, we can conclude that this would be the most favourable pathway for

H; dissociation on the Cu(100) surface.
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Figure 4, Potential energy contours for Hz adsorption on Ca(100) via the pathway of figure 1(a),
g = 70°. The contours are in eV with 0.1 eV intervals,

Table 2. Variations of the activation barrier (£,) and the adsorption heat (Eas) with Hp
dissociation pathways and the molecular orientations. The unit of E; and Egy is eV,

]

90° 85° BO® 758 70° 65°

top site Ey 0.62 0.63 065 068 071 04
o centre sites  Egg 0.42 0.33 028 013 -007 -029
top site Ea 0.62 0.63 064 066 070 074
to bridge sites  Ey 0.42 0.38 028 013 -008 -029
bridge site Eq 0.62 0.63 065 066 068 072
1o top sites Eug 0.38 0.33 019 001 -0.1% =039
bridge site Ey 0.58 0.59 06 062 064 (.68
to centre sites  Euq 0.43 042 036 026 013 —-0.03
centre site E, 0.58 0.59 060 061 064 067
to bridge sites  Eyg 042 039 030 018 003 -0.12
centre site £y 0.58 0.59 0681 062 065 067
to top sites Ey 0.40 0.36 025 011 ~004 -020

3.2, Impurity effects

In this section, we will discuss the effects of impurities on H; dissociation on the Cu(100)
surface. The possible impurity sites we assumed are shown in figure 5. One dissociation
path (from top site to two adjacent bridge sites) as shown in figure 1{a) is chosen to be
investigated as a representative. The H-H axis is kept parallel to the surface.

The calculated potential-energy surface for Hy dissociation on an Ni-contaminated
Cu(100) surface is shown in figure 6. One impurity atom Ni is assumed to locate at
site 1 of figure 5. In contrast to that shown in figure 2, the activation barrier in figure 6
decreases remarkably from 0.62 eV to 0.22 eV due to the existence of Ni. The adsorption
heat is 0.86 €V which is higher than that of pure Cu. This means the impurity Ni promotes
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Figure 5. Different impurity sites in the Cu{100) substrate,

the dissociation of adjacent H;. When the impurity atom is Ag instead of Ni, the changes
of adsorption property that occur are opposite to the case of Ni, as shown in figure 7. The
activation barrier is lifted from 0.62 eV to 0.79 eV, while the adsorption heat is decreased
from 0.42 eV to 0.22 eV. Thus, the existence of impurity Ag essentially impedes the
dissociation of Hs on the Cu surface.
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Figure 6. Potential energy contours for Hp dissociation on Ni-contaminated Cu(100) via the
pathway of figure 1{a), & = 90°. The contours are in eV with 0.1 eV intervals.

The calculated activation barriers and the adsorption heats for other impurity sites are
listed in table 3 with the results obtained for impurity Pd as well. It is shown that the
existence of Pd impurity can also enhance the H; dissociation by lowering the activation
barrier height and lifting the adsorption heat. Comparing with Ni, however, the influence
of Pd on H; dissociation is less significant. From table 3, it can be seen obviously that as
the impurity atom moves away from site 1, the effects on H; dissociation decrease rapidly.
When the impurity is located at site 4 or the sub-layer sites 5 and 6, the adsorption of H»
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Figure 7, Potential energy contours for Hy dissociation on Ag-contaminated Cu{100} via the
pathway of figure 1(a), & = 30°. The contows are in €V with 0.1 eV intervals.

Table 3. Activation barriers E, and adsorption heats Eyy for Hy dissociation on the Cu(100)
surface with an impurity atom substitutionally located at different sites. The unit of E, is eV.

Impurity site

1 2 3 4 5 6

Cu(Ni) E, 0.20 0.60 061 062 062 062
Ea 0.86 0.41 042 042 042 042
Cu(Pd) Ey 0.47 0.61 061 062 062 062
Eg 0.55 0.40 042 042 042 042
Cu(Ag) Ey 0.79 0.65 064 062 062 062
Ea 0.22 0.24 039 042 042 042

is almost the same as that on a pure Cu surface, i.e. the impurity effect is negligible. This
result is similar to the previous findings [18] and the reasons are explained therein.

As to the reasons that different impurities on the Cu surface behave differently, we think
the maost plausible explanation is their different electronic configurations. According to the
values of N and N, listed in table 1, the effective electronic configurations for Ni, Pd and Cu
are 31545085 4493555065 and 3d"4s! respectively. It is found [5,6, 18] that the d holes
(the unfilled fraction of d bands) are responsible for the decrease of the activation barriers.
Here, the number of d holes for Ni, Pd and Cu is 0.85, 0.65 and 0.0 respectively, therefore,
the impurity Ni and Pd would give lower activation barriers than Cu. On the other hand, the
electronic configuration of Ag is 4d'05s!; the d-hole is zero, which is the same as that of Cu.
However, their radius density distributions are different as shown in figure 8. It is known
[5] that the activation barrier originates from the Pauli repulsion between the closed shell
of Hy and the s electrons of the metal in the process of Hy approaching the metal surface.
It can be seen from figure 8 that the density of s electrons of Ag is higher than that of Cu
in the region where s electrons are significant, which results in a stronger Pauli repulsion
and a slightly higher activation barrier as Hy approaches the Ag contaminated Cu surface.
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Figure 8. Electron density distributions of Cu and Ag atoms.

4. Conclusions

Following earlier theoretical studies of Hy dissociative adsorption on Ni(100), we have
presented the recent calculations for Hy on the Cu(100) surface. The molecular orientation
dependence and the impurity effects are investigated. It is found that the activation barrier
height is lowest in the case where the H-H axis kept parallel to the surface. The existence
of the impurity atoms Ni and Pd can promote the dissociation of H,, while the Ag impurity
has the opposite effect. The influence of the impurity on H, dissociation decreases rapidly
as the impurity atom moves away from the adsorption site.

The agreement of the present results with the experimental measurements and other
theoretical calculations indicates that the EAM potential describes fairly well the molecule—
surface interactions, and can be easily extended to future investigations of molecule—surface
dynamics.
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