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Abstract.

DFT studies on platinum stepped surfaces have been carried out in order to understand the
differences in the electrochemical behavior between the surfaces with (111) and (100)
terraces. Thus, adsorption energies of different species on selected surfaces have been
computed. For the adsorption of Bi and Cu on the Pt(553) and Pt(711) surfaces, it has been
found that that the adsorption energy on the site corresponding to the step decoration for the
Pt(553) surface is ca. 0.5 eV higher than that calculated on the (111) terrace sites. On the
other hand, there is no preferential adsorption site for Cu or Bi on the Pt(711) surface, since
the energy differences between the different sites on this stepped surface with (100) terraces
are very small. CO and OH adsorption on the surface with (100) terraces, namely the Pt(100),
the Pt(711) and the Pt(510) surfaces, have been also investigated. The energy differences
between step sites and terrace sites for both surfaces is very small, ca. 0.2 eV for OH
adsorption and <0.1 eV for CO adsorption. For OH, the preferred adsorption mode is a bridge
mode, whereas the adsorption energy for the on top and bridge configurations of CO are

similar on those surfaces. The comparison with previous DFT calculations indicates that the
1

Page 1 of 29



perturbation created by the step on the (100) terrace is significantly smaller than that created
on the (111) terraces. Thus, the modification of the electrochemical properties produced by
the presence of a step in the (100) terrace is minor, in agreement with the experimental

results.

Keywords: Stepped platinum surfaces, step decoration, OH adsorption, CO adsorption,

electrochemical reactivity.

1. Introduction.

Reactions rates in catalytic and electrocatalytic processes strongly depend on the
nature of the interactions between reactants (or intermediates) and the surfaces exposed by
catalysts, which, in turn, depend on the composition and structure thereof. This is clearly the
case of the reactions involved in fuel cells. Both the oxidation of the possible fuels (hydrogen,
methanol, formic acid, ethanol...) and the reduction of oxygen strongly depend on the
composition and structure of the electrode materials.

For the reactions of fuel cells, platinum is the pure metal with the overall highest
catalytic activity. For that reason, its electrochemical behavior has been extensively studied
[1-3]. When a detailed analysis of the effects of the surface structure in the electrochemical
reactivity is pursued, platinum single crystal electrodes are normally used. This type of
electrodes, with a very well defined structure, are very helpful to demonstrate how the surface
structure affects the reactivity for a given reaction. From the pioneering works of Clavilier, it
was clear that the electrochemical reactivity strongly depends on the surface structure of the
platinum electrode [4-7]. In those studies, the so called low index planes were used, that is,
Pt(111), Pt(110) and Pt(100) surfaces. Those surfaces contain only one type of site, which

help in understanding the elementary steps of those reactions. The presence of only one type
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of site on the surface simplifies the complexity of the system and allows establishing
qualitative and quantitative correlations between site and reactivity [8, 9].

Although low index planes are very useful in fundamental studies, the surface
structure of the real surfaces are far from the ideal low index planes. For practical electrodes,
those composed by nanoparticles, their surfaces contain small ordered domains with a (100)
or (111) symmetry separated by a series of atoms with a low coordination number. Although
the behavior of the long-range ordered (100) or (111) domains can be assimilated to that of
the (111) or (100) surfaces, the behavior of small domains and atoms with low coordination
number cannot be directly correlated to the ideal basal planes. It is clear that more complex
models are required to understand those practical electrodes. The use of stepped surfaces can
help to bridge the gap between real surfaces and low index planes. Stepped surfaces contain
terraces with a (111) or (100) symmetry separated by monoatomic rows of steps with a given
symmetry. The terraces can be used to understand the electrochemical reactivity of the
ordered domains in the nanoparticles. On the other hand, the step sites, which are composed
by atoms with a low coordination number, serve as models for rest of the atoms in the surface
of the nanoparticle. Thus, the different adsorption energy of hydrogen on the (100) and (111)
terraces and the different step sites results in voltammetric peaks at different electrode
potential. These signals have been used to elucidate the surface structure of the nanoparticles
[10, 11]

As in the case of the nanoparticles, the reactivity of the stepped surfaces is determined
by the width and symmetry of the terrace and the symmetry of the step site. By changing the
terrace width, the effect of the size of the ordered domain can be studied. For reactions very
dependent on the symmetry of the terrace site, significant effects of the ordered domain size
have been found. For instance, the ammonia oxidation reaction in alkaline media only occurs

at a significant rate on well-ordered Pt(100) electrodes [12]. This fact explains the reactivity
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of the nanoparticle electrodes for this reaction, so that the highest activity is found for
platinum nanoparticles with a significant ratio of large (100) domains on the surface of the
nanoparticles [13]. The presence of the steps also modifies the reactivity of the electrode. For
the surfaces vicinal to the (111) stereographic pole, that is, those containing terraces with
(111) symmetry, significant effects in reactivity of the surface have been found. For those
surfaces, the step sites are the active sites on these surfaces for the oxidation of adsorbed CO
[14], the cleavage of the C-C bond in the ethanol oxidation reaction [15-18], or the formation
of CO in the formic acid oxidation reaction [19-21], whereas the (111) terrace sites have a
negligible activity for those processes. On the other hand, for the surfaces vicinal to the (100)
pole, the reactivity of the (100) domains is much less affected by the presence of the steps.
The only significant exceptions are the ammonia oxidation reaction [12] o the nitrite/nitrate
reduction reaction [22]. For those reactions, an ensemble of sites with (100) symmetry is
probably required, as in the case of dimethyl ether oxidation [23]. For instance, the currents
for formic acid oxidation [24], methanol oxidation [25], ethanol [23], dimethyl ether [23] or
oxygen reduction [26-28] are almost unaffected by the presence of steps on the (100) terraces,
especially for surfaces with long terraces.

In order to understand the aforementioned differences in reactivity, DFT calculations
were carried out to provide explanations for a broad collection of experimental results. Four
processes were considered, because they can serve as models to understand more complex
reactions: the deposition of Bi or Cu, and the adsorption of CO and OH, on different platinum
stepped surfaces with (100) and (111) terraces. OH and CO adsorptions are probes that can be
used to determine adsorption properties of different sites, and are intermediates in fuel cell
reactions, and Bi or Cu deposition can be used as a probe of the modification of the properties
on the terrace created by the appearance of a step. For the surfaces with (111) symmetry

terraces the surface Pt(553) was selected. This surface has five atom-wide terraces separated
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by (111) monoatomic steps and can be named as Pt(s)[S(111)x(111)]. Since the (111) step on
a (111) terrace site defines a (110) symmetry site, this surface can also termed a
Pt(s)[4(111)x(110)]. Two different surfaces, also with 4 atom wide terraces, have been chosen
to study (100) stepped surfaces with (111) and (110) monoatomic steps:

Pt(711)=Pt(s)[4(100)x(111)] and Pt(510)=Pt(s)[4(100)x(110)].

2. Methods

2.1. Experimental methods

Platinum single crystal electrodes were oriented, cut and polished from small single
crystal beads (2.5 mm diameter) following the procedure described by Clavilier and co-
workers [29]. The electrodes were cleaned by flame annealing, cooled down in H,/Ar and
protected with water in equilibrium with this gas mixture to prevent contamination before
immersion in the electrochemical cell, as described elsewhere [30]. Experiments were carried
out in a classical two-compartment electrochemical cell deaerated by using Ar (N50, Air
Liquide in all gases used), including a large platinum counter electrode and a reversible
hydrogen (N50) electrode (RHE) as reference.

The potential program for the transients was generated with an arbitrary function
generator (Rigol, DG3061A) together with a potentiostat (eDAQ EA161) and a digital
recorder (eDAQ, ED401). To avoid any interference of the diffusion of formic acid in the
reaction rate, stationary experiments were carried out using a hanging meniscus rotating disk

configuration at 900 rpm (controlled by a Radiometer CTV 101).

2.2. Computational methods.

Bi and Cu adsorption energies on different surface sites have been calculated for the

stepped surfaces Pt(553) and Pt(711), whereas the low index surface Pt(100) and the stepped
5

Page 5 of 29



surfaces Pt(510) and Pt(711) have been used for calculating the adsorption energy on different
sites for CO and OH. Running Dmol3 [31], adsorption energies were estimated using DFT
under numerical basis sets of double-{ quality plus polarization functions [32], DFT semi-core
pseudo-potentials (which include scalar relativistic effects) [33] and the GGA-RPBE
functional (which was specifically developed for catalysis applications) [34]. Brillouin zones
were sampled, under the Monkhorst-Pack method [35], using grids corresponding to
distances, in the reciprocal space, of the order of 0.04 1/A. Convergence was facilitated by
introducing 0.005 Ha of thermal smearing, although energies were extrapolated to 0 K. The
effects of non-zero dipole moments in the supercells were cancelled by means of external
fields [36].

The Pt(553), Pt(711), Pt(100) and Pt(510) surfaces were modeled by means of periodic
supercells comprising 38, 30, 16 and 42 Pt atoms, respectively, corresponding to metal layer
thicknesses of 9.45, 7.90, 6.04 and 7.90 A, also respectively, and vacuum slabs of 14 A
(figure 1). During optimizations, the bottom 18, 14, 8 and 20 Pt atoms, respectively, were
frozen in their bulk crystal locations, meanwhile the remaining 20, 16, 8 and 22 Pt atoms,
respectively, were completely relaxed joint to the adsorbates. The shortest distances between
adsorbate images were 5.70, 5.70, 5.70 and 8.06 A, respectively. Adsorption energies were
calculated as the energy difference between that corresponding to the adsorbent-adsorbate
complex, after adsorption, and those corresponding to absorbent and adsorbate, before
adsorption. Given that all the investigated supercells are large enough to minimize the
interaction between adsorbate images (the shortest distance between adsorbate images being
5.70 A), adsorbate energies were estimated in gas phase, and the obtained results used as a
fixed reference in each corresponding adsorption energy calculation. For each adsorption site,

the position of each adsorbate atom was optimized during the calculation.
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3. Results.

3.1. Adatom adsorption on (111) steps on (100) terraces and (100) steps on (111) terraces.

The first important difference found in the experimental behavior between the stepped
surfaces with (111) and (100) terraces is the possibility of decoration of the step with a
foreign adatom. It has been shown that some adatoms are able to decorate the step of a (111)
terrace both in electrochemical [37-40] and UHV environments [41-45]. For these adatoms,
the initial stages of the deposition process takes place on the step and the deposition on the
terrace only occurs when the step has been completely decorated. The preference for the step
site in the deposition process has been associated, qualitatively, to the appearance of a dipole
in the step due to the Smoluchowski effect [46]. The perturbation created by a step on a
terrace generates a surface dipole. The upper part of the step has a partial positive charge and
the lower part a partial negative charge. When an electropositive adatom with respect to
platinum, such as Cu or Bi adsorbs on the surface, transfer part of its charge to the platinum
and then the adatom has a partial positive charge [47]. In this way, it has been proposed that
these adatoms will tend to adsorb on the lower part of the step, since it has a negatively
charge. This mechanism that guides the atom to the step decoration site is also possible on the
stepped surfaces with (100) terraces. However, it has been found that preferential step
decoration does not occur on those surfaces, since deposition occurs simultaneously on the
terrace and on the step [48, 49].

These differences are well observed in figures 2 and 3. Figure 2 shows a slow
deposition process of Bi in a 0.5 M H,SO, solution for the Pt(553) surface. This surface
contains 4 atom wide terraces with (111) symmetry and a (110) monoatomic step. The
solution concentration of Bi ions is ca. 10° M. Under such conditions, deposition is purely
controlled by the diffusion of the species from the bulk solution to the surface, since the

reduction process of Bi*" to Bi’ is thermodynamically favorable in this potential window. Due
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to the slow diffusion rate, the changes in the voltammetric profile of the electrode as the
deposition proceeds can be observed. Three characteristic signals can be followed, so that the
deposition site can be identified. In the unmodified voltammogram, the peak at 0.13 V is
associated to the hydrogen adsorption/desorption process on the (110) step sites. The signals
coming from the terrace can be observed in two different potential regions. Hydrogen
adsorption/desorption processes on the terrace take place between the onset of hydrogen
evolution and ca. 0.40 V and give rise to a flat featureless signal. On the other hand, sulfate
adsorption on the terrace sites occurs between 0.3 and 0.6 V [50]. As can be seen, only step
sites are covered in the initial stages of Bi deposition, since the only signal that diminishes is
that corresponding to the (110) step sites. This fact clearly shows that the deposition process
only occurs on the step sites and complete decoration of the step is possible [19, 20, 39].
Additionally, there is a characteristic signature for the deposition of Bi on the (111) terrace,
the appearance of a redox peak at 0.63 V, which has been used to estimate the amount of
(111) terrace sites on any given Pt sample [51]. As can be seen, this signal only appears when
the step sites have been completely covered, that is when the peak at 0.13 V has disappear,
proving that Bi is effectively decorating the step sites. The appearance of this new peak is
parallel to the diminution of the terrace sites, as can be seen in the significant diminution of
the signals related to the adsorption of sulfate on the (111) terrace. A similar behavior can be
observed for Cu deposition on those electrodes [37].

On the other hand, Bi deposition on Pt(11,1,1)=Pt(s)[6(100) x(111)] surface follows a
completely different behavior. On the voltammogram of the Pt(11,1,1) electrode (figure 3),
the signals appearing above 0.3 V are related to the terrace sites far away from the step,
whereas the peak at 0.27 V is related to terrace sites close to the step [52]. Step sites give
contributions at potentials below 0.2 V [53, 54]. As can be seen, there is a significant

diminution of the signal corresponding to the terrace sites in the initial stages of the
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deposition, especially those far away from the step, with a small diminution in the states
below 0.3 V, which can be related to step decoration. Clearly, deposition for this electrode is
occurring both in the step and terrace sites.

In order to understand the origin of these differences, DFT calculations were carried
out. In these calculations, the energy for Bi or Cu adsorption on different sites on the Pt(553)
and Pt(711) surfaces were examined. The different adsorption sites studied for both surfaces
are shown in figure 4. For the Pt(553) surface, fcc and hep hollow sites on different terrace
positions were considered, whereas only hollow sites for the (100) terrace were studied. The
calculated adsorption energies for Bi and Cu on the different adsorption sites are given in
tables 1 and 2. The sites corresponding to step decoration are the fcc4 and H3 for the Pt(553)
and Pt(711) surfaces, respectively. As can be observed, there is a significant difference
between energy for the adsorption on the fcc4 site for the Pt(553) surface and the adsorption
energy on the rest of the sites. The adsorption in this site is ca. 0.5 eV more favorable (for
both Bi and Cu) than that on the remaining terrace sites. This fact implies that the step
decoration is a process energetically favorable. On the other hand, there is no significant
difference in the adsorption energy for the different sites on the Pt(711) surface. For bismuth
the differences between the sites lies within the error of the calculations, whereas for Cu
adsorption is only 0.1 eV. It should be mentioned that the overall energetics of the step
decoration is not determined by the adsorption energy of a single atom, but by that of the
corresponding extended 1D lattice. However, the overall energy of this process is related to
the energy of a single atom adsorption. Also, this energy is related to the initial stages for the
1D lattice formation, and for that reason, it can be used as a parameter to determine the
possible formation of a decorated surface.

The small differences in the adsorption energy of the adatoms between the sites in the

Pt(711) surface is not anticipated a priori. It could be expected that a higher number of nearest
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neighbors would favor deposition on those sites, due to a larger interaction with the surface.
When deposited in the H1 or H2 site, Bi or Cu have 4 Pt nearest neighbor shells, whereas
there are only 3 nearest neighbors for the adatom deposited on the fccl-3 or hepl-3sites.
Thus, the obtained adsorption energy on the (100) terrace plane is more favorable. It should
be highlighted that, in the case of the Pt(553), there is no significant difference between the
fcc1-3 sites and the hepl-3 sites. These sites only differ in the number of atoms in the second
shell, suggesting that the interactions with the nearest neighbors is the main contribution to
the total energy in those sites. For sites that correspond to the step decoration, the H3 and fcc4
sites, the number of Pt nearest neighbors is 5 in both cases. For the Pt(553) surface, there is a
significant increase in the adsorption energy for this site with respect to the terrace sites,
which could be associated to the increase in the number of nearest neighbors. However, such
increase is not observed for the Pt(711) surface. Strain effects can play a role on those cases,
because Bi or Cu adatoms should accommodate to a lattice in which the distances are
different from that of the bulk Bi or Cu metal. Anyhow, the adsorption energy for the fcc4 site
is still lower than that corresponding to the H3 site.

These DFT results clearly indicate that the different behavior of the stepped surfaces
with (100) and (111) terraces has a thermodynamic origin. Adsorption on the (110) step sites
in (111) terraces is energetically favorable when compared to the (111) terrace sites, whereas
the energy of adsorption on the (111) step site in (100) terraces is very similar to that on the
(100) terrace. Thus, the experiments in figures 2 and 3 can be easily explained. The deposition
process on those surfaces is controlled by the diffusion rate of Bi species from the bulk
solution to the surface. As aforementioned, it can be considered that the Bi ions reaching the
surface are immediately reduced to Bi” in the electrode potential window in which those
figures are recorded, giving rise to a Bi adatom on the surface. The deposition process can

take place in any site of the surface. However, the higher adsorption energy of the fcc4 site
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guides the diffusion of the Bi or Cu adatom towards the fcc4 site, which is the most
energetically favorable site. In this position, the adatom will remain trapped because of the
higher adsorption energy, giving rise to a step-decorated surface. This mechanism assumes
that the barrier for the adatom diffusion is low, so that the adatom has reached the most
favorable position before the next deposition event takes place. On the other hand, for the
stepped surfaces with (100) terraces, the differences in the adsorption energy are very small,
and therefore, adatoms are not trapped for the sites corresponding to the step decoration and

no preferential adsorption takes place.

3.2.OH adsorption on stepped surfaces with (100) terraces.

The observed electrocatalytic behavior for the electrodes vicinal to the (100) pole does
not differ, in general, from that observed for the Pt(100) electrode. For instance, the measured
currents and intrinsic activity for the oxidation of formic acid on those electrodes is almost
equal to that observed for the Pt(100) electrode [24]. For this particular reaction, the Pt(100)
electrode is very active and the presence of steps does not alter this high activity. Only for
surfaces with (100) terraces and a high step density, a clear diminution of the activity is
observed. For other reactions, such as methanol or ethanol oxidation the reactivity of this
series of stepped surfaces is also very similar. This is in contrast to that observed for the
surfaces with (111) terraces, for which significant changes are observed [15, 21, 25]. The
similar behavior of the stepped surfaces with (100) terraces clearly indicates that the general
reactivity of the step and (100) terrace sites is comparable. Since all these reactions are
structure sensitive, which implies that the involved species in the rate determining step of the
reaction mechanism are adsorbed, it can be concluded that the adsorption properties of the

step and (100) terrace sites are very similar.
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In order to demonstrate that, OH species have been used as test species to calculate
adsorption energies using DFT on the Pt(100), Pt(711) and Pt(510) surfaces. Figure 5 shows
all the different adsorption sites considered in the calculation. For the OH adsorption on the
Pt(100) electrode, top (T) and bridge (B) sites have been considered. Since the O-H bond does
not lie normal to the surface, there can be an effect of the OH plane direction in the adsorption
energy. For that reason, several orientations of the OH bond with respect to the surface were
calculated. In general, the effect of the OH bond direction in the adsorption energy is very
small for the Pt(100) surface (the difference is always below 0.02 eV) and lies within the error
of the calculations. This fact clearly suggests that the adsorbed OH species can rotate freely
when it is adsorbed on the surface. Probably, the exact position of the OH plane will depend
on the interactions through hydrogen bonds with the solvent water.

Table 3 gives the calculated adsorption energies for the different sites on the different
surfaces. For the stepped surfaces, values for two different OH orientation are given: the -i
configurations are those in which the hydrogen atom of the OH species is pointing towards
the lower part of the step whereas in the -o configurations, the hydrogen atom is pointing
towards the upper part of the step. Due to the anisotropy of the surface, the difference
between the -0 and -i configurations for some adsorption sites can be larger than that observed
for the Pt(100) surface, especially in the sites close to the step. For the Pt(100) surface, (table
3) the most favorable site for the OH adsorption is the bridge site, whose the adsorption
energy is ca. 0.4 eV higher than that measured for top sites. In the stepped surfaces, the same
trend can be found and the energy difference between both adsorption geometries in terrace
sites is also very close to 0.4 eV. It should be remarked that the adsorption energy on the rows
2 to 4 in bridge positions is ca. 2.6 eV, the same value found for the Pt(100) surface, which
indicates that the perturbations caused by the step do not affect significantly the terrace sites,

even for such small terraces.
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When the energy for adsorbed OH on the step is calculated, the adsorption on the step
atoms for the Pt(711) is more favorable (ca. 0.3 eV) than in terrace sites, both for top an
bridge sites. Again, the most favorable position for the adsorption of OH is a bridge site, in
which both atoms are in the step row. The difference in adsorption energy between terrace
and step sites is lower than that found for surfaces with (111) terraces, for which the
difference was between 0.5 and 0.8 eV, depending on the step symmetry [55]. This difference
in the adsorption energy for OH can be related to the electrochemical behavior of these
electrodes. For the Pt(100) electrode in perchloric acid solutions, OH adsorption occurs at ca.
0.42 V, which is very close to the potential of zero total charge of the electrode [53]. On the
other hand, the signals corresponding to OH adsorption on the step sites (for stepped surfaces
vicinal to the (100) pole) appear at potentials below 0.15 V, which represent an electrode
potential difference of at least 0.27 V, which is very close to the calculated energy difference
[53]. A similar situation is observed in alkaline solutions [56], where OH adsorption on the
steps occurs above 0.45 V and the adsorption of OH on the steps is occurs below 0.15 V [56].
These differences in electrode potential are in agreement with those obtained here, which
suggest that the presence of explicit water do not alter the relative values of the adsorption
energy for OH on the different sites.

For the Pt(510) surface, there is no preference for the adsorption of OH on the step,
since the adsorption energy is the same, within the error, for all the bridge sites. Moreover,
adsorption on top sites on rows 1 (the step line) and 4 have also comparable energies. This
behavior is due to the open nature of the step. In this type of step, the Pt-Pt distance in the step
line is V2 times that found in the step with (111) symmetry. This fact prevents the adsorption
of OH in a bridge configuration bonded to two atoms in the step line. The only way to adsorb
close to the step is in a bridge configuration in the site B12 or on top in site T1. For the site

B12, the adsorption energy is very close to that measured in the remaining bridge sites and
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similar to that measured on the Pt(100) surface and the B12 site on the Pt(711) surface. For
the T1 site, the adsorption energy for this site is ca. 0.4 eV higher than that observed for on
top sites on the terrace, as observed for the other surface, and this value is comparable to that
observed for a bridge site on the terrace. These results clearly indicate that the perturbation

caused by the step is restricted to the atoms in the step line.

3.3.CO adsorption on stepped surfaces with (100) terraces.

CO is another molecule that can be used to probe the adsorption and reaction
properties of steps. In fact, it appears as a reaction intermediate in the oxidation of small
organic molecules such as formic acid, methanol or ethanol. For this molecule, the obtained
results are similar to those obtained for OH adsorption. On the Pt(100) plane (table 4), the
energies are similar for top and bridge sites, in agreement with the FTIR spectra obtained in
electrochemical environments [57]. In the FTIR spectra, both bands corresponding to bridge
and on top CO have similar intensities. When step are introduced, the adsorption energies are
only affected for the sites on the step. However, the energy increase on those sites are around
0.1 V, which can be considered the error of these calculations. The only exception is the T1
site on the Pt(510) surface, which has an adsorption energy which is ca. 0.15 eV higher than
in the rest of the positions. Again, in this case, the difference can be assigned to the open
nature of the step line. For CO, there is no significant energy difference between the top and
bridge modes, so there is a small increase in adsorption energy for the top position in the step
(ca. 0.1 eV). On the other hand, there is no possibility of adsorption on a bridge site with the
two atoms on the step. In conclusion, the perturbation in the surface energy caused by the
presence of the step on the (100) terrace does not modify significantly the CO adsorption

energy, unlike the results obtained for the surfaces vicinal to the (111) pole [58].
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4. Concluding remarks.

The results presented here clearly show the difference in behavior of the platinum
stepped surfaces with (100) terraces and those with (111) terraces. A clear effect in the
adsorption energy is observed for the step decoration of Bi or Cu or in the OH and CO
adsorption on the step depending on the terrace symmetry. Using these species, it has been
possible to determine the effects of the perturbation created by the step on the surface. Thus,
OH or CO is preferentially adsorbed on the step sites and the energy difference with respect to
(111) terrace sites is between 0.5-07 eV [55]. For the stepped surfaces with (100) terraces, the
differences are much smaller: ca. 0.2 eV for OH adsorption and negligible values for CO. If
CO and OH probe the sites in the upper part of the step, the deposition of Bi or Cu can be
used to test the modifications in the lower part of the step (step decoration), since this is the
preferred site for the adsorption. Again, there is a significant difference between the surfaces
with (111) and (100) terraces. The adsorption energy in the sites corresponding to step
decoration is ca. 0.5 eV higher than in the rest of (111) terrace sites, whereas the difference
between the step site and the (100) terrace sites is 0-0.1 eV. These results clearly indicate that
the perturbation in the energy of the surface created by the presence of a step in a (100)
terrace is small.

The perturbation created by the step can be explined by the Smoluchoswki effect [46].
Figure 6 displays the calculated electrostatic potentials mapped on electron density
isosurfaces (for isosurfaces of the same density value p = 0.01 e/A%) for Pt(553) and Pt(711).
As can be seen, in both cases, the upper part of the step has a clear positive charge
concentrated in the row of atoms on the step whereas a negative charge can be inferred for the
terrace part of the step although more evenly distributed. However, the magnitude of this
effect, in terms of electrostatic potential, is almost the double for the Pt(553) surface than that

calculated for the Pt(711) surface. Therefore, figure 6 suggests that the Smluchowski effect is
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the origin of the catalytic behavior of the steps and the parameter that can be used to explain
changes in behavior.

In addition, electron density changes are related to work function changes, which are
in turn related to another important electrochemical property: the potential of zero charge
(PZC) [59]. For gold single crystals, the work function changes for the stepped surfaces with
(100) terraces are much smaller than those measured for the surfaces with (111) terraces. This
is a consequence of a larger surface dipole created by the presence of the step on a Au(111)
terrace, which is almost one order of magnitude higher than that measured for a vicinal
Au(100) surface [60, 61]. These results are also consistent with the suggested conclusion,
supported by figure 6.

Thus, the whole of the above described results and conclusions clearly indicate that the
perturbation generated by a step on a (100) terrace is small, and therefore, small
electrocatalytic changes are expected on those stepped surfaces. And, in fact, the observed
electrocatalytic behavior for the stepped surfaces with (100) terraces was very small. If the
adsorption properties of the step sites are similar to those of the terrace, the possible
interaction with reactants and/or intermediates is comparable and therefore, similar
electrocatalytic behavior is found. This is true for the reactivity of small molecules, such as
oxygen [26-28] or formic acid [24]. A clear example is the oxygen reduction reaction in
alkaline media. For this reaction, the most active surface is the Pt(111) electrode, and the
presence of the steps diminishes its activity, so that the activity of the Pt(553) electrode is 4
times smaller than that of the Pt(111) surface. For the surfaces with (100) terraces, the
difference between the Pt(100) electrode and the Pt(711) is only 1.2 times [28].

The discussed different behavior of the steps on the (111) and (100) terraces also
affects the behavior of the Pt(100) and Pt(111) electrodes. The large difference in the

reactivity of the steps in the (111) terrace with respect to the terrace sites explain why the
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reactivity of the real Pt(111) electrode is, for some reactions, governed by the number of
defects, which behave in a similar way to step sites. Thus, it has been proposed that some
reactions on a real Pt(111) electrode occurs only on the defects, such as CO oxidation [62],
CO formation from formic acid [19, 20] or the cleavage of the C-C bond in ethanol oxidation
[15, 16]. Since those reactions does not occur on the ideal Pt(111) plane, the number of
defects clearly affects the reactivity, and significant differences can be observed between
Pt(111) electrodes with different quality. On the other hand, such effects of the defects on the
(100) plane have not been observed. It should be highlighted that after the flame annealing
process, the surface of the Pt(100) electrode is reconstructed forming an hexagonal structure.
This reconstruction is lifted during the cooling of the electrode in the H, atmosphere, which
leads to a significant amount of defects formed in the surface, as STM results demonstrate
[63, 64]. In spite of the higher number of defects present on this electrode with respect to the
Pt(111) electrode, the preparation conditions and number of defects have a very small effect

on the electrochemical behavior of this electrode.
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Table 1. Binding energy for Bi and Cu atoms on the different sites for the Pt(553) surface.

Site Binding energy/eV
Bi Cu

feel 3.04 2.67
fcc2 3.10 2.67
fce3 3.06 2.68
fcc4 3.52 3.17
hepl 3.05 2.66
hep2 3.04 2.64
hep3 3.02 2.64

Table 2. Binding energy for Bi and Cu atoms on the different sites for the Pt(711) surface.

Site Binding energy/eV

Bi Cu
H1 3.74 3.20
H2 3.80 3.22
H3 3.77 3.37
H* 3.35
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Table 3. Binding energy for OH on different surfaces.

Pt(100) Pt(510) Pt(711)
Site | Binding [eV] | Site Binding [eV] | Site | Binding [eV]
T 2.17 | Tl 255 | Tl 2.36
B 2.59 | Tlo 2.59 | T20 2.40

T20 2.19 | T2i 2.13
T3i 2.13 | T20 2.11
T30 2.12 | T3i 2.16
T4i 2.21 | T30 2.14
T4o 2.21 | Bli 2,80
B12i 2.68 | Blo 2.81
B12o 2.63 | B2i 2.53
B23i 2.55 | B2o 2.51
B230 2.53 | B3i 2.58
B34i 2.61 | B3o 2.55
B34o 2.60 | B12 2.55
B45i 2.52 | B23 2.50
B450 2.52 | B34 2.27
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Table 4. Binding energy for CO on different surfaces.

Pt(100) Pt(510) Pt(711)
Site | Binding | Site | Binding | Site | Binding
[eV] [eV] [eV]

T 1.72|T1 1.93|Tl 1.80
B 1.77| T2 1.72| T2 1.66
T3 1.61|T3 1.67

T4 1.73 Bl 1.81

B12 1.76 | B2 1.72

B23 1.65|B3 1.78

B34 1.79 | B12 1.71

B45 1.83|B23 1.80

B* 1.76 | B34 1.68

B* 1.30
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Pt(55 3)

Pt(10 0) Pt(510)

Figure 1. Periodic supercells used in the DFT calculations. The blue atoms were frozen in
their bulk crystal locations, whereas the white and gray atoms were allowed to relax, with the
adsorbates, during the calculations. In order to facilitate the visual perception of the step
location, atoms being mirror images of others in their respective cell are also represented in

black.
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Figure 2. Bi deposition on the Pt(553) electrode from 0.5 M H,SO4+10” Bi". Cycles 1, 2,

3,4,5, 10 and 15 are shown.
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Figure 3. Bi deposition on the Pt(11 1 1) electrode from 0.5 M H2$O4+10'2 Bi". Scans 1, 10,

20 and 30 are shown.
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Figure 4. Site identification for the deposition of Bi or Cu on (A) the Pt(553) and (B) Pt(711)

surfaces.
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ACCEPTED MANUSCRIPT

Figure 5. Site identification for the adsorption of OH or CO on (A) the Pt(100), (B) Pt(711)

and ©) Pt(510) surfaces.
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Pt(5 5 3)

Figure 6. Electrostatic potentials [Ha/e] mapped on electron density isosurfaces, both of them

corresponding to the density value p = 0.01 e/A’.
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