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ABSTRACT

The enhacement of the thermal dissociative adsorption of a single
HZO molecule on Pt produced by a dislocation fault has been
theoretically studied in relation to electrocatalytic reactions by
means of the extended Hickel method. The Pt(211) surface was
represented by a metal cluster approach.

The comparison of several reactivity descriptor parameters shows
a decrease in activation energy for HED dissociation on stepped
surfaces with respect to the flat ones. This fact and the influence of
an external applied potential are explained on the basis of the
molecular orbital interactions which are involved in chemisorption

bonds of both reactants and products.
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INTRODUCTION

Modelling surface structures always implies working with surfaces
involving an ideal topology. In this case, the sites of each
crystallographic feature become characterized by the number of nearest

(1,2)

neighbour atoms Structurally distinguishable sites should have

different adsorption binding energies (BE) for a particular

(3).

adsorbate Many heterogenecus catalytic reactlions rates have been

also found to display strong structural selectivity(q).

At room temperature and atmospheric pressure the STM of real
single crystal metal surfaces exhibit small flat domalns together with
terraces, steps, corners, kinks and vacancy sites. This situation
becomes more complicated for polycrystalline materials, which involve
the single crystal demains separated by boundaries and a high density
of intrinsic and extrinsic defects. Then, it becomes a rather difficult
task to attempt to describe, under these circumstances, the
distribution energy of different adsorption sites on metal surfaces.
Hence, due to the small dimensions of the homogeneous surface domains
only an energetic effect delocalized over the entire surface becomes
usually evldent“).

To advance in the knowledge of structural effects in
heterogeneous catalysis, it seems to be of practical use to study, in a
separated manner, the effect of the different topological features of a
particular surface on the adsorption energy and adsorbate-substrate
structures. Starting with an ideal single crystal structure the real
metal surface can then be approached step by step by the inclusion of a
new feature, which gradually increase the degree of complexity of the
system. From the low index Miller planes, usually referred to as
singular orientations, the simplest increase in complexity leads to

vicinal orientations defined by a controlled number of surface defects.
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Any metal surface of relevance for heterogeneous catalysis and
electrocatalysis, should imply both structural and thermal stability up
to the melting point when heating in either oxidizing or reducing
ambients. Its stability should be retained even after the

) 1n this

adsorption/desorption cycle of any catalytic poison
respect, one of the simplest examples of an ideal metal surface which
maintains its catalytic properties are those constituted of (211)
vicinal orientations, which have been extensively studied in relation
to their adsorptive properties by means of surface spectroscopies. This
is the case, for instance, of site exchange of adsorbed oxygen on

()

Pt(211) followed by TPD of 1isotopic oxygen the orientation of

S(S)

adsorbed CO on Pt(211) studied through NEXAF , and the chemical

reactivity and oxidation rates of CO and H on Cu(211) investigated by
means of AES(“. These results obtained for adsorbates on well defined
solid surface substrates encourage a theoretical study about the
increase in surface reactivity produced by a dislocation fault as
denoted by semiempirically calculated reactivity descriptor parameters.
In this respect it is of interest to compare previous results, obtained
for the adsorption of H20 on Pt(100) and Pt(111) single crystal
surfaces”) to those obtained on Pt(211). The decrease in activation
energy (AE) for the reaction HZD ———- Had + OHad in the absence of
charge transfer turns out to be more remarkable for negative applied
potentials simulated through the proper shift of the valence orbital

ionization potentia]”).

This fact can be explained throughout the
greater stabilization attained for the H adatom as a consequence of the
unusually large number of d orbitals involved in the Pt-H adscrption
bond (&7,

It should be noticed that Pt(211) as any other ideal single

crystal surface differs from real surface structures. HNevertheless,
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idealized models involving surfaces with a defined number of steps or,
in general, any kind of surface defects, are useful to attempt to
diminish the gap between ideal flat low index crystallographic faces of
single crystals and the complex surfaces that characterize the real

metals.

THE CALCULATION METHOD

The following three aspects of the calculation procedure deserve
particular comments, namely, the cluster appreach for the metal
surface, the reason for the use cof the extended Hiickel method, and the

simulation of the applied electric potential.

1. The cluster approach
To calculate the energetic parameters related to the dissociative
interaction of H20 molecule on Pt(211) the clusters depicted in Figs. 1

and 2 were used to model the Pt{211) stepped surface, that |is,

(2)

Pt(s)-|3(111)x(100)| in Somerjai's notation Tt consists of a

regular array of monoatomic steps with (100) orientation separated by

(5,8,9)

three atom width terraces having a (111) structure and is

(1)

defined as a vicinal orientation Because of the local nature of

surface interactions, the disturbance in electron distribution caused

: s (10,11)

by the presence of adsorbates is efficiently screened 5

Accordingly, the cluster approach for the metal surface results

particularly useful for studying adsorption at low adsorbate coverages
on ideal surfaces”'m' 12:18),

In order to approach the flat metal surface condition the cluster

size has been chosen sufficiently large to approach the periodicity of

the entire surface and to describe an eguivalent enviroment for each

possible adsorption site. Therefore, none of the Pt atoms directly
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involved in adsorption bonds are influenced by cluster boundaries when

a (P('.)19 cluster for a Pt(111) surface, and a (Pt.)25 cluster for the

7)

Pt(100) surface are used (Fig. 3) However, it is not easy to avoid

boundaries in a vicinal structure. According to the TLXK mode]“).
viclnal surface structures can be analyzed in terms of only three main
features, namely terraces consisting of strips of atomically smooth
low-index planes; ledges made of one atom height steps, and kinks on
the steps. When modelling these surfaces, the cluster approach requires
a large number of atoms in order to represent the different adsorption
sites free of boundary effect. Unfortunately, computational time sets
the cluster size to 24 atoms (Fig. 1) where terraces become influenced
by the cluster boundary. In order to overcome this drawback BE values
calculated on flat surfaces modelled by means of the clusters depicted
in Fig. 3 for terrace sites were compared to those resulting for atoms

at the border and at the bottom of the step (atoms 1 and 2, Fig. 1).

2. The application of the extended Hiickel method

)(17.18)‘

The calculation is based on the EHM (EHM which has been

(7,19,20)

used in previous theoretical catalytic studies The

corresponding input parameters are given in Table 1. Diagonal elements
of the hamiltonian matrix are expressed by the valence orbital

ionization potentials of the atomic orbital (VOIP), while off diagonal

elements are calculated by means of the weighted Hij f'ormula(zn.

The EHM in its original form is useful for advancing in the

understanding of chemical systems(az-au.

It has no limitations such as
those of ab-initio quantum mechanical calculations for extended systems
involving substrate-adsorbate interactions. Both the EHM and related
methods such as ASED(ZS'as)provide reasonable qualitative trends in the

dependence of the system properties as a function of either the applied



- 110 -

potential or the surface structure, although in other cases they fail,
particularly when electrostatic interactions are excluded. This

(27,28)
drawback, however, can be overcome by adding correction terms =
Hence, several approaches for the calculation of the interatomic
repulsion energies are reported in the literature. Thus, according to
Anders et al. (28) the repulsion energy, ER' for each pair of atoms can

be approximated by the equation:

ER = A exp(-rB) (1)
where A and B denote the repulsion parameters, and r is the

corresponding internuclear separation. The value of E, can be

R
determined from the differences in the BE values when inner orbitals
are either taken into account or neglected and has been considered to
be pairwise addltive(as_:m].

For the electrochemical system the potential applied to the
electrode can be simulated by shifting the valence band of the metal
cluster which models the metal surface. This method of simulating the
applied potential is justified in the following section.

A different BE value corresponds to each applied potential. Then,
repulsion terms have to be obtained not only as a function of the
interatomic separation but also of the metal cluster Fermi level shift.

For cluster modelled Pt surfaces, the coefficients A and B are
obtained by substracting the values of BE calculated with the (SdBs?
and the more extended (5p5d6s) basis set. As diagonal terms of the
hamiltonian are modified when applied potentials are simulated, a
different set of repulsion parameters 1is obtained for each

potentla]‘al)‘ Both dependences fit the equation:
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ER = C exp(-rD)exp(-KE) (2)

where r denotes the internuclear distance (in A) for a given pair of
atoms, and E is the applied electrode potential (in V) calculated as
the difference between Hasas and the standard 6s VOIP of Pt in vacuo,
in agreement with the work function-applied potential one to one
correlation.

Following this approach the corresponding repulsion energies,

ER(Pt—O] and ER{Pt—H). were obtalned by using the following approximate

equaticnsu”.
ER(P!.—O) = 35867.970 exp(-5.977 r) exp(-0.067 E), (3)
ER(Pt-H] = 174.354 exp(-3.655 r) exp(-0.148 E), (4)

It becomes evident that this approach makes unnecessary to include
electrostatic repulsion correction terms when O-H bonding is considered
because of the absence of extended internal orbitals in the atoms
involved.

Due to the inclusion of repulsion terms, the Pt-H20 and Pt-H
distances and adsorption configurations have been semiempirically
optimized throughout the geometry furnishing the minimum binding
energy, resulting in a Pt-0 distance of 2.0 ;\ for water adsorption. The
Pt-Pt distance was set at 2.77 ; according to the geometry of the bulk

(32,33)

L3
metal For H20 molecule, an OH bond length of 1.0 A and a HOH

angle of 104.5° were considered.
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3. The simulation of the applied potential

Applied potentials are simulated with the valence band shift

model“sJ by either decreasing or increasing VOIP for positive or

negative charging, respectively, as indicated elsewhere(7'19'20’34’35)A

The resulting shift in d band level of Pt correlates to the actual
electrode charging either negatively or positively. This approach,

although a rather simplified one, has been used in semiempirical

studies of electrochemical systems(7’lg’20'34'35)

ei‘fectws’ﬁ.”. as it reflects the correct trend for the influence of

or surface dopant

the variation of the electrode potential on the properties of the
system. The adsorption sites remain unchanged as the applied potential
was modified within $1.0 V range. As the present calculations are
focussed to investigate trends of variation in the stabilization
energies for different potentials applied to the metal, changes of *1.0
V in VOIP have been arbitrarily correlated to changes of #1.0 V from
the zero pctential, the latter being taken as the standard VOIP of the
metal in vacuo.

The valence band shift model can be justified on the basis of the
follewing experimental facts. The work function of the metal electrodes
and other potential-dependent properties of the electrical double layer

(38-40)

are conserved after emersion from the electrolyte solution and

the work function of the metal in the electrochemical environment and

(41)

the applied potential fullfil a linear dependence with a slope

which is a characteristic of the system. This slope in some cases is

equal to one(41'42).

In the present case, a one to one correlation was
chosen because there is no other experimental evidence in favour of a
different potential scale parametrization. The chosen correlation

furnishes the correct trend in metal d band shifting with the applied

potential.
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MOLECULAR ORBITAL INTERACTIONS INVOLVED IN Hzﬂ—Pt[Zlil ADSORPTION-
DECOMPOSITION REACTION
1. The influence of the surface topography

As it has been previously made for Pt(100) and Pt(111) single
crystal surfaces, HZO molecule and H-atom adsorption sites have been
selected as those which furnishes the minimum adsorption energy for the
system.

The adsorption of HZO molecule at a top site is favoured due to

the directional characteristics of the corresponding 3a, orbital which

1
is involved in the adsorption bond through its delocalization on the
d-band of Pt. However, new adsorption sites which imply 1linear
coordination are defined when a dislocation fault appears, as now
adsorption on the border of the step (atom 1) and adsorption on the
trench (atom 2) should be considered. In additien, water can adsorb in
a perpendicular configuration regarding either the (111) plane or the
Pt (100) plane. Accordingly, four different configurations for adsorbed
water (Fig. 4a) can be compared to linearly adsorbed water on Pt(100)
and Pt(111) far from the step, in order to choose the adsorption sites
most energetically favoured (Table 2). The water adsorpticn at the step
border, where a quasi-Pt(100) site is involved, appears to be the most
likely one in coincidence with the greater BE of H20 cn Pt(100) than
on either Pt(111) or Pt(211) (Table 2). Nevertheless, it should be
noted that the calculation procedure discriminate slightly between a
tilted or a perpendicular configuration for the adsorbate when
regarding the terrace (111) plane as reference. There are also several
surface sites on the Pt(211) structure where the H atom can be
adsorptively stabilized (Fig. 4b). Hollow (3-3) sites are energetically
favoured for adsorption on ter'r‘ace(” (Table 2). Otherwise, for

adsorption al the trench different distances either parallel to the
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terrace between H atom and Pt (atom 1), or perpendicular to the second
Pt(111) surface, define distinguishable sites for H atom adsorption
(Fig. 4b).

When sites Ha. Hb' HC and H, are compared, the lowest adsorption

energy comes out for the Pt (atom 1)-H atom distance equal to 1.6 A

d

parallel to the topmost surface (HC). This geometry defines a tilted
bridge adsorption bonding on the Pt(100) plane, and a distorted hollow
(3-3) bonding on the Pt(111) plane (Fig. 4b). Both adsorption sites
cooperate to the stabilization of the adsorbed H atom. This extre
stabilization energy justifies the enhancement of the BE values for the
H atom adsorption at the step (Table 2).

The H-atom adsorbs at the bottom of the step (trench) because of
the extra orbital simultaneous interactions resulting between the H
atom and the top and bottom Pt atoms of the step as depicted in Fig. 5.
Accordingly, the specific geometry of the Pt(211) site allows the

participation of d 2, d_, d 2 2 and d orbitals in the adsorption
z X X -y vz

Y
interaction, in either an individual or a multicentric manner (Fig. 5).
It should be also noticed that neither dx2_y2 nor dxy orbitals are
involved in bond formation when H adsorbs on a different type of
surface sitem]. This situation brings about a stabllity for adsorbed H
atoms which becomes greater than that found in flat surfaces. Perhaps,
H-atom adsorption site can be better described as a bicoordination
structure emerging in the (100) strips, throughout Pt atoms 1 and 2
(Fig. 1). This is in agreement with the higher sticking probability for
H-atoms on Pt(100) than on PL(111), i.e. Pt(100) offers the most
favourable adsorption site for H atoms.

The conclusion that H-atoms adsorbed at step sites involve a much

more complex interaction than those occupying terrace sites has also

been derived from PAX data (Photoelectron spectroscopy of adsorbed Xe),
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which provide information about local variation of the electrostatlc

(a3)

potential at the atomic scale In this case the "local work

function" decreases 1.0 eV at the step sites resulting from a Pt(111)

(44)- This decrease in the absolute value of the ionization

surface
potential results in a localized shift of the d-band of Pt upwards
favouring the adsorption of H-adatom through an electron transfer from
the metal to the adsorbate. As it is already known the lower the
surface electrostatic potential the lower the activation barrier for

charge transfer onto adsorbed specles(M).

Accordingly, those
situations involving adsorption at the step should imply an induced
enhancement of the H20 molecule dissociation by the metal surface
structure itself.

After the H-Pt(211) and the HZO-PHEHJ adsorption have been
considered it is possible Lo choose a probable reaction pathway for the
heterogeneous decomposition of H20 without charge transfer which allows
the comparison to the reaction undergoing on Pt{100) and Pt({111) in
order to analyze the influence of the Pt topography on the adsorption
energy of reactants and products (Table 2). In going from the initial
to the finmal state the chemisorption energy of the system iIncreases
(Fig. 6) according to the gradual medification of water structural
parameters. The resulting energy/distance profile is comparable to a
reaction coordinate, and in this case the highest BE difference as
referred to the initial adsorbed system can be regarded as the
activation energy (AE} of the reaction.

The calculation method is not adequate to decide the reaction
pathway involving the lowest energy values for the water decomposition
reaction. However, a similar path can be postulated on each surface
structure in order to analyze comparatively the energy involved in

going from the initial to the final state c¢n Pt(211), Pt(111) and
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Pt(100), after selecting the adsorption sites of minimum energy for
both the initial and final adscrbed systems. Thus, the reaction pathway
refers to the simplest one that can be postulated in order to go from
the initial to the final adsorbed configurations. The energy
corresponding to the stabilization of products has a considerably
influence on AE values.

Although calculations for HZD molecule and H atom BE and water
decomposition AE on flat Pt single crystal surfaces have been already
made(7). they have been improved now by introducing changes in both the
adsorption distances and the dissociation mechanism, which lead to a
lowering of the activation energy. Both the primitive and the improved

pathways proposed for H,0 decomposition on Pt(111) and on Pt(100) are

2
comparatively depicted in Figs. 7a,b. Thus, in the primitive pathway,
when the HZD molecule OH bond lies parallel to the metal surface, its
stretches out to dissociation, yielding a stable adsorbed H-atom when
localized onto the energetically favoured adsorption site(”. For the
improved model the Pt-H adsorption distance which corresponds to the
reactive OH bond parallel to the surface is 2.0 oA i.e. the H-atom is
too far from the metal surface to be stabllized by coordination.
Torsional movement of water molecule, without angular deformation goes
forward until the remaining OH bond locates perpendicular to the metal
surface. Then, the stretching of the reactive OH bond furnishes the
H-atom stabilization in the most favourable adsorption site, i.e. a
hollow 3-3 site for Pt(111) or a bridge site for Pt(100). For this new
configuration an increase in OH bond length occurs simultaneously with
the shortening of the Pt-H bond distance. Then, according to the
improved model, the AE decreases for Pt(111) and Pt(100) surfaces and

the trend in AE variation remains as in the primitive approach, i.e.

Pt(100)<Pt(111). It should be noted that in all cases the highest
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energy intermediate is obtained before the equilibrium configuration
for the Pt-H has been reached. Total energy of the adsorbed system
decreases for increasingly important Pt-H interaction.

For a similar HZO dissociation pathway on Pt(211), repulsive
interactions between the H and the Pt atom located at the border of the
step (atom 1 in Figs. 1 and 2) calculated according to equation (3)
result in a greater stretching of the Pt-H bond during the O-H angular
deformation to avoid an enhancement of the energy of the distorted HZD
molecule adsorbed on the Pt(211) surface which would yield a misleading

AE value. In this case for the simple H,0 mclecule deformation scheme

2
described in the present work, the lowest energy reaction pathway
corresponds to a constant Pt(atom 1)-H distance of about 1.8 : This
figure becomes compatible with the minimum value of repulsive energy
effects, and the most efficient Pt-H interaction at the reactive site
(Fig. B6). For the uncharged Pt surface the maximum energy corresponds
to the structure indicated by number 7, that is when the OH bond begins
to stretch out. For further OH bond stretching the Pt-H interaction
gradually increases so that the lowering of the energy of the adsorbed
system is observed. Due to the convergence of several orbital
interactions, and in agreement with the local surface potential
decrease, the H-adatom stabilization energy becomes considerably
greater for stepped Pt(211) surfaces lowering the value of AE and
producing the enhancement of the HZO molecule thermal dissociative

reactivity (Table 2).

2. Changes in the thermal dissociative adsorption energy with the
applied potential.

The AE barrier for HEO molecule thermal decomposition on Pt(100)
and Pt(111) changes when the VOIP values are shifted by applying an
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external potential. Negative applied potentials produce specifically a
reinforcement in the charge transfer mechanism of stabilization of
water decomposition products i.e. adsorbed H and OH, which results in a
decrease of the AE. This simple although approximate procedure for the
applied potential simulation has been justified by several
authors(7’15’18'20’34'35)

The influence of the applied potential either by shifting it
positively or negatively, exhibits the same trend on the dissociative
adsorption reactivity of Pt(211) as that already reported for Pt(100)
and Pt(111) (Table 3), although the charge transfer to the H-adatom on
the step becomes in this respect the most sensitive variable for the
first surface structure owing to the confluence of non local and lecal
ionization potential changes at this site.

Negative charging shifts the Fermi level upwards resulting in a
non local effect that reinforces the local specific characteristics of
the dislocation. The greater the H-atom stabilization, the lower the
value of AE. Otherwise, the positive charging, as it displaces the
Fermi level downwards, produces the opposite effect (Table 3, Fig. 8)
Furthermore, it should be noticed that owing to the strong H-atom Pt-d
orbital interaction on the stepped Pt(211) surface, displacements of
metal-d band levels become sufficiently large to change the geometry of
the intermediate from structure number 7 to structure number 8 (Fig. 6,
Table 4). This change in the geometry is the consequence of the
requirement of a longer O-H bond stretching to stabilize the H atom by
locating it near the metal surface as the d band energy level

decreases.
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CONCLUSIONS

The reactivity of stepped Pt(211) surfaces for thermal
dissociation of a single Hgo molecule into adsorbed OH and H was
semiempirically analyzed in comparison to flat Pt(100) and Pt(111)
surfaces. Calculated energies for the postulated intermediate state
geometries demonstrate a lower energy of the activated complex on
stepped than on flat surfaces.

The increase in the reactivity for the reaction on stepped
Pt(211) can be Justified through the greater stabilization of the
H-atom resulting from the disscciation of a KZO molecule due to its
coordination on the most energetically favoured adsorption Pt site.
Accordingly, the greatest capability of the step for the dissociatlion
of the water molecule 1is compatible with extra orbital H-atom
stabilizing interactions.

Results derived from the EHM calculations are in agreement with
PaX measurements which show that the defect induced enhancement of the
catalytic activity of metal surfaces, particularly for Pt(211), is due
to a localized work function decrease in the step sites, which is
absent on terrace sites, and results in a lowering of the activation
barrier when charge transfer onto adsorbed species is involved.

The results of the present calculations alsc point out the
possibllity of adsorbate induced restructuring effects at the metal
surface level. There are a few examples of electrochemical reactions at
the submonolayer and monclayer levels which can produce severe
modifications at single crystal noble metal electrodes (Pt and Au) in
acid solutions caused by a single electroadsorption/electrodesorption
cycle involving atoms (H, O, C”HS-SO)' Comparable effects have also
been observed for the same polycrystalline and preferred oriented metal

(51-54)

electrode/electrolyte solution interfaces Therefore, although
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the present calculations do not provide quantitative information
involving surface restructuring, the adsorbate induced restructuring
offers an interesting pathway which deserves further work to envisage a
molecular level explanation of the precedent experimental facts. The
adsorbate induced metal surface restructuring probably reflects the

importance of lateral bonding forces at the adsorbate/substrate system.
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TABLE 1.- Parameter used in the EHM calculation

Orbital Hii (eV) Ky By <y
5d Pt -12.890 6.013 2.616 0.6334
6s Pt -10. 000 2.554

Ep Pt - 5.475 2.554

is H ~-13.600 1. 300

2s 0 -32.300 2.275

2s 0 -14.800 2.275

Hii = valence orbital ionization potential at the ADi

By By = exponents in the STO.

[¢]
n

1" 2

coefficients in the double zeta d orbitals of Pt.

0.5512
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