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Quantum calculations of interaction of the atomic hydrogen with metal (Pd, Ni, Ag, Cu)
clusters with the structure of the fcc [100] surface have been performed. The calculations
have been based on the gradient-corrected methods of the Density Functional Theory.
Fora given position (X,Y) of the hydrogen atom over the metal plane the distance Z from
the plane was optimized in order to obtain the highest binding energy which was defined
as the difference between the total energy of the H-Me cluster and the energy of the
separate H atom and metal cluster. The results of the calculations allowed us to construct
the Potential Energy Surfaces for a series of systems. It appears that the H atom binding
energy along the valley perpendicular to the metal-metal bond varies only slightly. This
suggests easy diffusion of hydrogen along this path. The potential barrier for the
hydrogen diffusion over palladium surface is of the order of 0.17 eV. In the case of Ni, Ag
and Cu we observe potential barriers with a maximum above the metal-metal bond, with
the barrier height 0.68 eV, 0.62 eV and 0.79 eV, respectively. Separate calculations have
been performed for the positively charged clusters. For the case of the charged clusters
the potential barriers are lower than the value for the neutral clusters. The barriers are
0.27 eV for Ni, 0.35 eV for Ag and 0.58 eV for Cu. For Pd the barrier for the positively
charged cluster is 0.5 eV, higher than the value for the neutral case, but for the negatively
charged cluster the barrier is practically 0.The results of calculations for all the cases
considered suggest the possibility of easy, sometimes activationless, diffusion of hydro-
gen atoms over the metal surface.
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A detailed description of the bonding of different atoms and molecules with
transition metals is of primary importance to our understanding the processes in
which the metals play a role of catalyst. An important model of catalysis is
represented by the behaviour of the simplest molecule, H,, dissociating at the
surfaces of the transition and noble metals and their alloys. Subsequent migration of
atomic hydrogen over the metal surface and its reactions with atoms or molecules
adsorbed on the surface form principal parts of mechanism of numerous catalytic
processes.

The literature on catalysis contains a large number of papers on the H atom
interaction with metals, mostly Pd, Pt, Ni, Ag and Cu. The book [1] contains useful
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review of the older theoretical work. In spite of a large number of theoretical papers
on the topic, it is still worth revisiting it. Calculations of electronic properties of
transition metals performed by traditional ab initio methods were not very successful.
An excellent discussion of the results of the calculations of transition metal dimers is
given in the Salahub review [2]. Salahub, Morokuma and other authors advocated the
use of the density functional theory rather than classical Hartree-Fock schemes.
There is a large number of review papers and compilations on this topic and the
proceedings of a relatively recent ACS Symposium [3] can serve as a source of
references. Significant progress in the transition-metal calculations is connected with
the “gradient-corrected” density functionals, sometimes referred to as the nonlocal
functionals [4].

Recent years brought a continuous stream of papers which were devoted to the
problem of hydrogen adsorption on metals, in particular on palladium. Full citation of
all the papers needs probably a separate review. Numerous references are also given
in the recent book by Gross which includes a detailed treatment of hydrogen
interaction with Pd [5] and in the review paper by Efremenko [6]. Anumber of authors
applied the DFT method with local density approximation and generalized gradient
approximation (GGA) and with periodic boundary conditions. For instance Paul and
Sautet [7] and Levvik and Olsen [8] investigated the adsorption of atomic hydrogen
on a palladium [111] surface. GGA calculations are also presented in the papers by:
Dong and Hafner [9], Ledentu et al. [10] and Dong et al. [11]. Okuyama and
coworkers [12] performed a detailed experimental investigation of hydrogen adsor-
ption at Pd [100] surface and penetration into the bulk of Pd.

Wonchoba and Truhlar [13] reported the binding energy of the hydrogen atom
with the Ni [100] surface as —64.76 (kcal/mol) for rather large H-Ni distance of
1.83 A. The Monte Carlo simulations of Mattsson and coworkers [14] result in the
activation energy for the hydrogen diffusion process on Ni[100] equal to 0.12 eV. The
same authors [15] calculated the hydrogen adsorption energy —3.38 eV and the
potential barrier for diffusion 0.173 eV by the LDA method. The calculations by the
GGA method yielded —2.76 eV and 0.127 eV, respectively. The calculations per-
formed by Klinke and Broadbelt [16] for Ni [111] surface using the FP-LAPW
(full-potential linearized augmented planewaves) method give the following results:
—2.05 eV for the binding energy and 1.49 A for the H-Ni distance for the “on top”
position, —2.61 eV and 1.62 A for the “bridge” position, —2.89 eV and 1.69 A for the
“fcc hollow” position and —2.87 eV and 1.68 A for the “hcp hollow” position. Lee
etal.[17,18] measured the activation energy for surface diffusion of H atom on the Ni
[100]. They reported 1.2 kcal/mol for temperatures 120-160 K, 3.5 kcal/mol for the
range 160—200 K. In the range from 108 to 125 K and for Ni[111] surface they suggest
the activationless tunnelling mechanism.

In the present paper we investigated the energy surfaces for the H atom inter-
acting with a metal cluster for different positions of the H atom over the fcc
elementary cell. As a result we obtained the paths for easy diffusion of the hydrogen
atom from cell to cell and we found the energy barriers for the diffusion. The height of
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the barrier is of the order 0of 0.2 eV for the Pd surface, from 0.3 eV t0 0.6 eV for Ni and
Agand from 0.6 eV to 0.8 eV for Cu. This results in high mobility of hydrogen atoms
over the metal surfaces investigated.

METHODS OF CALCULATIONS

In the present work the quantum calculations of interaction of the atomic hydrogen with metal
clusters have been performed. The aim of the project was to compare the results for different versions (and
different exchange-correlation functionals) of the DFT calculations and for different metals. The
quantum-chemical calculations were performed using the DFT part of the Gaussian98 suite of programs
[19]. The gradient-corrected methods of the Density Functional Theory have been applied. The list of the
combinations of the gradient-corrected Becke functional for the exchange with different correlation
functionals includes: the Perdew-1986 functional, the Perdew-Wang functional and the Lee, Yang and
Parr (LYP) functional (see [4] for the detailed description and the references). Using the commonly
accepted code words for different functionals (explained, for instance, in the Koch and Holthausen book
[4] and in the Gaussian98 help files) we applied the BP86 and the hybrid functionals B3P86, B3LYP,
B3PWO1. For most of the calculations we used the B3P86 functional. However, some calculations have
also been performed for the local SVWN functional. For all the calculations reported here the LANL2DZ
double-zeta basis set was used. This is the double-zeta set [20] which includes the Los Alamos effective
core potentials due to Hay and Wadt [21].

The calculations of the potential energy surfaces. The calculations reported in this paper cor-
respond to the phase after the H, dissociation into the H atoms. We study the system composed of a
hydrogen atom and a planar Mes metal cluster of the fcc structure ([100] surface). The internuclear
distances between the metal atoms are fixed at the positions of the crystal lattice of the metal. The
calculations have been performed for a large number of physically different positions (X,Y) of the H atom
over the metal cluster. The (X,Y) points were selected inside of the Dirichlet region of the central Pd atom
and then the rules of symmetry of the fcc lattice were applied to cover the whole cell. Thus, outside of the
central Dirichlet region the map does not correspond to the real Pd cluster but rather to the fcc
lattice cell of the [100] surface. For a given (X,Y) point we performed the calculations of the energy of
H-Mes system for different heights Z of the H atom above the metal plane and found the Z ,,, that gives the
lowest energy of the system. The calculations were performed for the lowest possible spin states. After
subtraction of the energy of the separated Mes cluster and H atom we obtain the three-dimensional plot of
the H atom binding energy as a function of its (X, Y) position. The plot of Ey(X,Y,Z,,) forms the Potential
Energy Surface (PES).

RESULTS AND DISCUSSION

Interaction of hydrogen with palladium clusters. Figure 1 shows the results of
the calculations for H-Pd system using the B3P86 model. The upper part of the figure
shows the three dimensional plot of the H atom binding energy E;, as a function of the
(X,Y) coordinates of the hydrogen atom over the Pd surface cell. The unit of X, Y
coordinates is 1.945 A. The lower plot shows the optimized geometry of the H-Pd
system: the optimized Z coordinate is plotted as a function of the (X,Y) coordinates:
Zopt(X,Y). On the energy surface of Fig. 1 we observe deep valley (marked white and
very light grey) where the H atom binding energy is much lower than anywhere else in
the cell. The valley is perpendicular to the Pd—Pd bonds and halves the bond. The
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Figure 1. (Upper part) Three-dimensional plot of the binding energy of the single H atom in different

positions over the elementary surface cell (fcc [100]) of palladium. (Lower part) A 3-D plot of
the optimized distance of the H atom over the Pd cell, Z . The unit on the X and Y axis is 1.945

A . The color coding of the energy and the distance scale is given in the Figure. The calculations
have been performed by the DFT/B3P86 method.

crossection of the energy surface along the direction Y = 1-X perpendicular to the
bond is given in Fig. 2 together with the plots for different DFT versions and
functionals.

The range of the coordinate in the cell is —1 < X < 1. From X =0.5 (over the Pd—Pd
bond centre) up to X =0.96 (or 0.04 in the other direction) the energy is practically
constant. A slight variation in energy, of the order of 0.01 eV, is certainly below the
accuracy of the calculations. Between X =0.96 and X =1 (or between X = 0.04 and
X =0) the energy increases slightly, by about 0.17 eV. Crossing this barrier means that
the H atom is transferred to another surface cell. Hence, the barrier along the line
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Y = 1-X can be interpreted as the activation barrier for diffusive movement of the H
atoms over the surface of palladium. The activation energy for the H atom diffusive
motion at the surface is about 0.17 eV, i.e. 3.9 kcal/mol. with the barrier width about
0.08 A. Both the thermal mechanism and quantum-mechanical tunnelling give very
significant probability of the barrier crossing. The Boltzmann factor exp(—AE/kT) at
temperatures 300 K, 600 K i 900 K is 0.0014, 0.037 and 0.11, respectively. The
exponential factor in the Gamow formula for the tunnelling probability is 0.9667.

The optimum distance Z of the H atom from the Pd plane (lower part of Figure 1)
varies quite significantly over the positions in the cell. The ,,on top” position (X =0,
Y = 0) is characterized by relatively large distance Z = 1.52 A. The ,,on bridge”
position (X =0.5,Y =0.5) shows a shorter distance Z = 0.98 A. The movement of the
H atom from the ,,on bridge” point along the Y = 1-X line towards the cell edge is
characterized by a steady decrease of the Z distance. In the vicinity of the cell edge (at
the top of the barrier, X=0, Y=1) the Z distance falls down to 0 A. This means that at
the foot of the barrier the H atom, which is placed very close to the Pd surface plane,
can choose one of the two possible paths: either migrate at the surface crossing the
barrier of about 4.0 kcal/mol or migrate under the surface with similar barrier.
Okuyama et al. [12] estimated the barrier for the subsurface diffusion of the H atom
as about 1.1 kcal/mol. Paul and Sautet [7] in their calculations of the hydrogen
adsorption on a Pd [111] surface give somewhat different estimations. They obtained
7.6 kcal/mol for the subsurface penetration and roughly estimate 3.5 kcal/mol for the
surface diffusion. Due to very low barriers the both paths are possible. Finally, it is
worth mentioning that our result for the activation barrier for surface diffusion is very
close to the measured activation energy of the H-atom bulk diffusion in Pd which is
5.3 kcal/mol [22].

The binding energy for hydrogen atom as predicted by different DFT models is
shown in Figure 2. The figure shows the results for the DFT calculations with
gradient-corrected hybrid functionals: B3P86, B3PW91 and B3LYP, for gradient-
corrected DFT with the “pure” BP86 functional and for the local DFT with the SVWN
(combination of the Slater exchange and Vosko-Wilk-Nusair correlation [4]) fun-
ctional. The level of the binding energy and the geometry of the surface are slightly
different for different methods, but for all the PES surfaces we observe the flat valley
perpendicular to the Pd—Pd bond (Y = 1-X) ending with low and narrow energy
barrier.

In Figure 2 we compare the energy variation along the line Y = 1-X for different
computational models. The different methods result in the shift of the energy plateau
atthe bottom of the valley but the height of the barrier is roughly the same, of the order
0f0.2-0.3 eV. It is interesting to note that the hybrid functionals predict more narrow
barrier than the remaining two functionals. However, the general conclusion holds for
all the models: the valley Y =1-X and its symmetric counterparts provide the easy
diffusion path for atomic hydrogen on the palladium surface and the path
endings at edge of the Pd cell provide the channels for the H atom penetration
beneath the metal surface.
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Figure 2. Comparison of the H atom binding energy along the direction Y = 1-X (perpendicular to the
Pd-Pd bond) in elementary Pd cell. X axis unit corresponds to 1.945 A. The calculations were
performed using the DFT method with the exchange-correlation functionals as labeled in the
figure.

The obvious disadvantage of the calculations shown in Figs. 1, 2 is the planar
shape of the metal cluster. To verify the calculations it is necessary to consider the
influence of the atoms of the subsurface layer. However, as it was mentioned in the
introduction, the calculations of the interaction of adsorbed atoms with the metal
transition surface have to be performed by the most advanced methods, preferably the
non-local DFT. This, in turn, limits the number of the metal atoms in the cluster to a
relatively small number. Therefore we selected such clusters which illustrate the
effect of the subsurface atoms but the cost of the calculations is still acceptable.

Figure 3 in the upper part shows the PES for H atom in contact with the cluster
denoted as Pd; Pd; constructed as follows. In the elementary fcc cell the centres of
the vertical sides are occupied by the metal atoms. We cut 4 atoms from the surface
layer that form the square and one of the subsurface atoms placed under the centre of
the square. The geometry of the Pd, Pd, cluster is shown in the upper part of Figure 3.
The Figure presents the binding energy of the H atom in different positions (X,Y)
above the metal cluster. The middle part of the Figure shows the fragment of the PES
from Figure 1, for the planar Pds cluster, transformed to the coordinate system of the
upper figure.
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Figure 3. Energy surfaces for H atom binding energy in different positions over the parts of the Pd
surface elementary cell. The upper part shows the energy surface for the H atom over the
Pd,_Pd, cluster (the structure with one subsurface Pd atom), the middle part shows the energy
surface for the planar Pds cluster in the coordinate system of the upper figure. X axis unit
corresponds to 1.375 A. The lower figure shows the energy difference of the surfaces of the
upper and middle figure.

The PES of the upper and the middle part of Figure 3 exhibit quite similar
geometry. The maximum energy appears at the vortices of the square, directly above
the Pd atoms. The valleys of the minimum energy and the paths of easy diffusion of
hydrogen atom are placed along the square symmetry axis parallel to the edges.
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However, there is significant energy difference between the PES for the Pd, Pd; and
Pds systems. The H-Pd, Pd, energy surface is shifted down and the shift results from
the presence of the subsurface Pd atom. The lower part of the Figure shows the energy
difference between the H-Pd, Pd; and H-Pds systems. In the central part of the
square, where the influence of the subsurface Pd atom is the most significant, the
energy difference is between —1.1 eV and —0.9 eV (-25.37 and —20.75 kcal/mol).

The cross sections of the H-Pd4 Pd; and H-Pds surfaces along the square
symmetry axis show that our conclusion about easy diffusion of the hydrogen atom is
still valid. The H-Pdscurve has a maximum of0.17 eV (3.92 kcal/mol) at the centre of
the square. The H-Pd,_Pd, plot shows a smaller maximum (0.05 eV or 1.15 kcal/mol)
at the centre and slightly higher maximum (0.15 eV or 3.46 kcal/mol) at the square
edge. This means that for the both cases the H atom can move along the axis with very
small activation barriers and the presence of the subsurface metal atom does not
decrease the H atom surface mobility.

The last figure of the Pd series shows the results for the charged structures: H" and
H interacting with the planar Pd cluster. Figure 4 shows the comparison of the PES
for H-Pds system (upper part), H"—Pds system (middle part) and H —Pds system
(lower part) calculated for the B3P86 functional. The results are rather surprising.
The first problem appears when the reference energy level is considered. In the case
of the neutral cluster the sum of the energy of isolated H atom and Pds cluster is, of
course, the obvious choice. Equally obvious choice of the reference energy for the
positively charged cluster is isolated proton H" and Pds. The Mulliken charge
analysis shows however that the H atom at the distance 1.5 A above Pd has the partial
charge +0.19 e for the neutral cluster, +0.24 e for the positively charged cluster and
+0.15 e for the negatively charged cluster. The excess charge of hydrogen is
delocalized over the metal atoms. For larger distances the partial charge on the
hydrogen is very close to 0. Moreover, the sum of energy of the isolated H and Pd{ is
by 7.6 €V lower than the sum for isolated H" and Pds. Similar effect, with 4.1 eV
energy difference, was observed for the negatively charged cluster. Hence, the energy
ofisolated neutral hydrogen and Pd§ or Pd5 was assumed as the reference energy for
the charged clusters.

Figure 4 shows that the geometry of the PES is similar in all three cases: the neu-
tral, positively charged and negative cluster. We note rather significant differences in
energy but in all cases we observe the valley of the lowest energies perpendicular to
the Pd—Pd bond. The potential barrier for the hydrogen atom is 0.17 eV (3.92 kcal/mol),
for the positively charged cluster the barrier is slightly higher, 0.5 eV (11.53 kcal/mol),
but there is practically no barrier for the case of the negatively charged cluster.

Interaction of hydrogen with nickel clusters. The energy surface for the hyd-
rogen atom interacting with the planar Nis cluster is shown in Figure 5, in the upper
part. There are significant differences between the PES geometry for nickel and
palladium. The H atom binding energy is much higher for the Ni surface. The energy
minimum —11.1 eV (-256 kcal/mol) appears at the position 4-fold hollow at the edge
of the cell. At the centre of the Ni—Ni bond (bridge) the binding energy is —10.4 eV
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Figure 4. Energy surfaces for H atom binding energy in different positions over the upper right quarter of
the Pd surface elementary cell. The calculations have been performed for the electrically
neutral cluster (upper figure), the positively charged cluster H'Pds (medium figure) and the
negatively charged cluster H Pds (lower figure).

(-240.3 kcal/mol). The possible path for the hydrogen migration is perpendicular to
the Ni—Ni bond and halves the bond. The plot of the PES crossection along the line
(Y =1-X) is shown in Figure 11. In contrast with the Pd case, the maximum appears
at the bridge position. The energy barrier for motion along the line is 0.68 eV
(15.60 kcal/mol).
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Figure 5. (Upper part) Three-dimensional plot of the binding energy of the single H atom in different
positions over the elementary surface cell (fcc [100]) of nickel. (Lower part) A 3-D plot of the
optimized distance of the H atom over the Ni cell, Z ,,. The unit onthe X and Y axisis 1.762 A.

The optimum distance of the hydrogen atom from the Ni surface is plotted in the
lower part of Figure 5. The shortest distance to the surface, 0.2 A, appears at the 4-fold
hollow position, at the energy minimum.

Figure 6 shows similar surfaces for the positively charged cluster, H Nis. The
reference energy for the plot is assumed as the sum of energy of the isolated proton H"
and the Nis cluster. The geometry of the energy surface Ey(X,Y) and the optimum
distance surface Z,,(X,Y) are very similar in the neutral and charged case. It is
interesting to note that the potential barrier is somewhat lower in the charged cluster

case: 0.27 eV (6.23 kcal/mol). This suggests easier surface diffusion of proton than
the neutral species.
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Figure 6. (Upper part) Three-dimensional plot of the binding energy of the proton H in different

positions over the elementary surface cell (fcc [100]) of nickel. (Lower part) A 3-D plot of the
optimized distance of H" over the Ni cell, Z,. The unit on the X and Y axis is 1.762 A

Interaction of hydrogen with silver clusters. The energy surface for the hyd-
rogen atom interacting with the planar Ags cluster is shown in Figure 7, in the upper
part. The geometrical shape of the PES for HAgs is closer to nickel than palladium
while the numerical values of the binding energy are closer to the latter case. The
energy minimum —2.85 eV (—65.7 kcal/mol) appears at the position 4-fold hollow at
the edge of the cell. At the centre of the Ag—Ag bond (bridge) the binding energy is
—2.23 eV (-51.4 kcal/mol). The possible path for the hydrogen migration is perpen-
dicular to the Ag—Ag bond and halves the bond (Y = 1-X). The maximum of the

potential barrier appears at the bridge position. The energy barrier for the motion
along the line is 0.62 ¢V (14.3 kcal/mol).
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Figure 7. (Upper part) Three-dimensional plot of the binding energy of the single H atom in different
positions over the elementary surface cell (fcc [100]) of silver. (Lower part) A 3-D plot of the
optimized distance of the H atom over the Ag cell, Z_ .. The unit on the X and Y axis is 2.045 A.

> “opt*

The optimum distance of the hydrogen atom from the Ag surface is plotted in the
lower part of Figure 7. At the energy minimum (the 4-fold hollow position) the
hydrogen atom can be built in the metal plane — the optimum distance is 0 A.

Figure 8 shows the energy and optimum distance surfaces for the positively
charged cluster, H" Ags. The reference energy for the plot is assumed as the sum of
energy of the isolated hydrogen H and the Ag? cluster. Atlarge distances between the
H atom and the Ag plane the Mulliken partial charge on the hydrogen is very close to
0. Moreover, the reference energy of H and Ag? is by 7.05 eV lower than the value for
H' and Ags. This might be connected with the spin states of the metal clusters: the
Ag? state is assumed as the singlet and the Ags is the doublet. The geometry of the
energy surface E,(X,Y) and particularly the optimum distance plot Z,,(X,Y) are
strikingly similar in the neutral and charged case. The barrier for the motion of the
hydrogen on the charged cluster is very low: 0.35 eV (8.1 kcal/mol).
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Figure 8. (Upper part) Three-dimensional plot of the binding energy of the proton H in different

positions over the elementary surface cell (fcc [100]) of silver. (Lower part) A 3-D plot of the
optimized distance of H" over the Ag cell, Z . The unit on the X and Y axis is 2.045 A.

Interaction of hydrogen with copper clusters. The energy surface for the
hydrogen atom interacting with the planar Cus cluster is shown in Figure 9, in the
upper part. The geometrical shape of the PES for HCus is very similar to the HAg s
case and the numerical values of the binding energy are of similar range. The energy
minimum —3.39 eV (-78.2 kcal/mol) appears at the position 4-fold hollow at the edge
of the cell. At the centre of the Cu—Cu bond (bridge) the binding energy is —2.6 eV
(—=60.0 kcal/mol). The possible path for the hydrogen migration is perpendicular to
the Cu—Cu bond and crosses the centre of the bond (Y = 1-X). The potential maximum
appears at the bridge position. The energy barrier for the motion along the line is the
highest of the four metals considered: 0.79 eV (18.2 kcal/mol).
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Figure 9. (Upper part) Three-dimensional plot of the binding energy of the single H atom in different

positions over the elementary surface cell (fcc [100]) of copper. (Lower part) A 3-D plot of the
optimized distance of the H atom over the Cu cell, Z . The uniton the X and Y axisis 1.785 A.

The optimum distance of the hydrogen atom from the Cu surface is plotted in the
lower part of Figure 9. At the energy minimum (the 4-fold hollow position) the
hydrogen atom can be built in the metal plane — the optimum distance is 0 A.

Figure 10 shows the energy and optimum distance surfaces for the positively
charged cluster, H Cus. The reference energy for the plot is assumed as the sum of
energy of the isolated hydrogen H and theCu 3§ cluster. At large distances between the
H atom and the Cu plane the Mulliken partial charge on the hydrogen is very close to 0
and the reference energy of Hand Cu { (the singlet) is by 6.88 eV lower than the value
for H" and Cus (the doublet). The geometry of the energy surface E,(X,Y) and
particularly the optimum distance surface Z,(X,Y) are very similar in the neutral

and charged case. The barrier for hydrogen motion for the charged cluster is 0.58 eV
(13.4 kcal/mol) and, like in the Niand Ag cases, is lower than that for the neutral cluster.
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Figure 10. (Upper part) Three-dimensional plot of the binding energy of the proton H' in different
positions over the elementary surface cell (fcc [100]) of copper. (Lower part) A 3-D plot of the
optimized distance of H' over the Cu cell, Zop- The unit on the X and Y axis is 1.785 A.

CONCLUSIONS

Figure 11 summarizes the results. The binding energy of the H atom along the
crossection Y = 1-X is shown for all the metals considered: Pd, Ag, Cu and Ni. The
former three curves correspond to the left ordinate scale, the latter to the right scale.
The results of calculations suggest the possibility of easy diffusion of hydrogen atoms
over the metal surface. The activation barriers are very low, from almost 0 to about
0.8 eV. The lowest barriers appear for Pd, in accordance with the experimental results,
and suggest practically activationless movement of the hydrogen atom over the Pd
surface. The barriers for Cu, Ag and Ni are within the range 0.6 to 0.8 eV. The result is
of importance for understanding of chemical reactions proceeding at the metal



1118 W.M. Bartczak, S. Romanowski and J. Stawowska

v
{ | X
=20 T T v T ¥ T T ] MYy
- g——E——g__y— OHAg, ]
a5 | -~ B ] 95
= TOr . 2 {:I__.E:":'_ '&._ﬂ ':l.__ ] =
'--: h B3 - ] v e B |
o -0 el OHCu o 1 -10.0
T N a. ]
S .35 i I B "'"-t-é"—"'—"-"f‘-'l-"----+—? -10.5
= T | @ HNi, . :
= I e
Z 4.0 - . -11.100
= 1?“*-_.,__: - ..]. - - - ""’t
= 45 F + HPd, 1 -11.5
50 [ L I " 1 L L 1 L i 120
.0 (.2 1.4 (i 0.8 1.0

Coordinate X (Y=1-X]

Figure 11. Comparison of the H atom binding energy along the direction Y = 1-X (perpendicular to the
metal-metal bond) in the cells of Pd, Ni, Ag and Cu. The curves for Pd, Ag and Cu correspond
to the left ordinate scale, the curve for Ni to the right scale.

surface, in particular the processes of heterogeneous catalysis on metals. The mobile
hydrogen atom and, as it results from our preliminary calculations not reported in this
paper, mobile oxygen atom, carbon monoxide molecule, hydroxyl radical, etc., can
easily move over the catalyst surface and react with other species, including larger,
immobile molecules. It is worth noting that the diffusion processes proceed in quasi
2-dimensional space where the random encounter probability is much higher than in
3-dimensional space. This can in part explain the role of the metal catalyst in
heterogeneous catalysis as a medium not only lowering the activation barriers for
chemical reactions, but also a medium facilitating the probability of contact of
reacting species.
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