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3 Atomic-scale identification of the
electrochemical roughening of platinum

Electrode degradation under oxidizing conditions is a major drawback for large
scale applications of platinum electrocatalysts. Subjecting Pt(111) to oxidation-
reduction cycles is known to lead to the growth of nanoislands. We study this
phenomenon using a combination of simultaneous in situ electrochemical scan-
ning tunneling microscopy and cyclic voltammetry. Here, we present a detailed
analysis of the formed islands deriving the (evolution of the) kinetic-average island
shape. From the island shapes, we determine the densities of atomic-scale defect
sites, like steps and facets, which show an excellent correlation to the different
voltammetric hydrogen adsorption peaks. Thus, we can directly attribute the hy-
drogen peaks to the presence of individual surface sites. This delivers new insights
into the growth and evolution of the nanoislands as well as into the degradation
of real electrocatalysts.

This chapter is based on Jacobse, L., Rost, M.J. & Koper, M.T.M. submitted.
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Chapter 3. Identifying surface sites during the roughening of Pt(111)

Subjecting a platinum electrode to oxidation-reduction cycles (ORCs) is one of
the most commonly performed experiments in surface electrochemistry. This
pre-treatment cleans the platinum surface and results in a reproducible (albeit
typically unknown) surface structure.!=3 It is well-known that the Pt surface un-
dergoes a significant structural transformation during this process, as is most
dramatically illustrated when starting with a well-defined Pt(111) single crystal
electrode.* Understanding the roughening of a Pt(111) electrode by ORCs at the
atomic scale has therefore been a long-standing goal in fundamental electrochem-
istry.

Voltammetric experiments provide a fingerprint of the average surface struc-
ture, as the adsorption and desorption of hydrogen is very sensitive to the atomic
scale surface sites available for this reaction. However, without direct, in situ spa-
tial information, data from cyclic voltammetry (CV) alone have been insufficient
to describe the (evolution of) the surface structure at the atomic scale.*® On the
other hand, spatially resolved data, from ex situlow energy electron diffraction
(LEED)"#, in situ x-ray reflectivity’>'®, and in situ electrochemical scanning tun-
neling microscopy (EC-STM)!7~?3 experiments, have also not been able to explain
the complex evolution of the electrochemical fingerprint signal. By combining
in situ EC-STM with CVs in a single experiment, we have recently demonstrated
that the growth of nano-scale islands, and therefore the electrode roughness, is
directly correlated to the integrated hydrogen desorption in the voltammetric sig-
nal. This integrated correlation, however, is ‘blind’ to the different contributions
from individual local surface geometries/sites.

In this chapter, we extract the kinetic, atomic-scale nanoisland shape (as
a function of the number of applied ORCs) from the EC-STM images and use
these shapes to determine the densities of specific undercoordinated (‘defect’)
sites, like steps, facets, and kinks. Furthermore, we disentangle the hydrogen
desorption region of the CVs, measured in the same experiment, to quantify the
different ‘defect’-related contributions. Correlating these two sets of data allows
for a direct determination of the reactivity of the different sites that are present at
the roughened Pt surface. Therefore, we can pinpoint the individual peaks in the
electrochemical hydrogen adsorption signal to specific surface sites. Additionally,
this information forms crucial input for understanding the stability of platinum
electrodes under potential cycling conditions, and it also provides insight into the
interpretation of the voltammetric features of a wide variety of Pt samples, from
single crystal surfaces to nanoparticles.
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3.1. Electrochemical measurements

3.1 Electrochemical measurements

The desorption of underpotential deposited hydrogen (Hypp, 0 < Uy < 0.4 V)
contains detailed information on the present average atomic surface structure.
Initially, this region only shows a very broad, flat feature related to the hydrogen
desorption from the atomically smooth (111) terraces, as indicated by the black
line in Fig. 3.1. From this starting situation, the sample potential is cycled between
0.06 and 1.35 V (at 50 mV-s™!), leading to the growth of nanoislands as was shown
in Chapter 2. Simultaneously, the electrochemical fingerprint changes drastically,
as shown in Fig. 3.1 from blue to red. The appearance of four distinct new peaks,
labeled A;_4, indicates the formation of new surface geometries.

To enable a correlation of the CV features to the site densities in the aver-
age atomic-scale island shape determined from the STM images, it is necessary
to disentangle the charge corresponding to these four Hypp peaks. Several ap-
proaches are presented, for single crystalline and nanoparticle samples, in the
literature.?*?” However, especially for very complex surfaces, deconvoluting the
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Fig. 3.1 | Evolution of the electrochemical fingerprint upon surface roughening: Hypp
region of the 170 subsequent (from blue to red) oxidation-reduction cycles between 0.06
and 1.35 V. The CV of the initial, well-prepared Pt(111) surface is shown in black. Four
‘defect’-related peaks, labeled A;_,, are observed during the overall process. The potential
scan rate is 50 mV-s~! and the electrolyte is 0.1 M HCIO,.
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Chapter 3. Identifying surface sites during the roughening of Pt(111)

Hypp region shows some discrepancy with results from other electrochemical
experiments.?#?% One of the underlying reasons for this is that the broad (111)
terrace feature (black line in Fig. 3.1) changes its shape for more narrow terraces
and, overlaps with all four ‘defect’ peaks.?® Thus, the terrace feature is typically
considered to be a background signal.® In our fitting procedure, we therefore also
follow this approach by keeping the terrace contribution constant for all cycles. As
the number of terrace sites is expected to decrease during the surface roughening,
we most likely underestimate the charge related to Hypp at ‘defects’. One could
imagine to further refine the fitting procedure by using additional data from e.g.
regular single crystals or the EC-STM site densities to constrain the fit functions.
Such corrections could prove valuable in a more accurate determination of the
correlation prefactors (vide infra), but are beyond the scope of this study, as here
we aim here for pinpointing certain sites to certain peaks only. Following McCrum
and Janik, the broad terrace feature is fitted with an inverse hyperbolic cosine
function and the A,_, peaks are fitted with gaussians.?® To capture the changing
shape of the A, peak, it is necessary to use a summation of two gaussians. More
information on the fit and its quality is provided in Appendix C.

Figure 3.2A shows the integrated charges of the A;_, peaks in the CVs as a
function of the number of applied ORCs. The overall process can be separated in
different regimes: both the A; and A, peaks increase during the first few ORCs, then
A, disappears while A, keeps increasing continuously. After prolonged cycling,
the Az and A, peaks appear after 36 and 60 ORCs, respectively. The A; and A,
peaks (and their evolution) have been studied in detail and were ascribed to the
presence of {100} and {111} steps at the surface, respectively.*® It is expected
that steps form during the roughening of an atomically flat surface. However,
it is striking that the charge underneath the A, peak is increases continuously,
whereas the A; peak shows a maximum after two cycles, and subsequently decays
to copmletely disappear after 10 ORCs. Based on its peak potential, one expects
the A; peak to be related to the formation of {100} terraces.?*3 The A, peak is
also known as ‘the third hydrogen peak’3'3? Although the exact origin of this peak
is heavily debated, it appears to be related to the presence of (1x2){110} sites at
the surface. Especially for the latter two peaks, it is not clear a priori how and if
the expected atomic geometries are formed on the roughened surface. Finally, it
is important to stress that the A, peak changes shape and peak potential upon
prolonged potential cycling. This could indicate that this peak actually consists of
more than one contribution.
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3.1. Electrochemical measurements
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Fig. 3.2 | Evolution of peak charges and corresponding adsorption site densities: (A)
The integrated charges of the A,_, peaks in the Hypp region shown in Fig. 3.1. (B) The
densities of single vacancies, step sites + {331} facets, {311} + {100} facets, and {110}
facets as counted from the average atomic-scale island shapes in Fig. 3.3B. Note that
{221} and {211} facets (blue in Fig. 3.4) exhibit the same reactivity as ‘separated defects’
(see main text). Further motivations behind grouping (correlating) the various sites are
provided in the main text.
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Chapter 3. Identifying surface sites during the roughening of Pt(111)

3.2 EC-STM site densities

In the following, we discuss the origin of the evolution of the electrochemical
fingerprint signal by the determination of surface site densities extracted from
the average island shapes from the EC-STM images. The result of this analysis is
already shown in Fig. 3.2B for comparison.

Figure 3.3A shows parts of the EC-STM images after 0, 4, 8, 15, 28, 50, and 170
ORCs. These images have been selected from the full set of 230x230 nm? images
(see Fig. 2.2 and Ref. [33]), which have been measured with constant tip and sample
potential (0.45 and 0.4 V, respectively). With a pixel density of 2.25 A-pixel™!,
our images are not directly atomically resolved. In addition, considering the
surface roughness and tip convolution, full atomic resolution would be extremely
challenging. Nonetheless, the average atomic-scale island shape representative
for a certain number of ORCs can be determined by a careful and detailed data
analysis, described in Appendix C. In brief, the images are corrected for drift
and height offset; approximate island centers are determined by treshold and
watershed functions; and island boundaries are determined by a combination of
Laplace filtering and the construction of Voronoi cells. In the next step, height
profiles of all individual islands present in one EC-STM image are averaged, using
the local maximum as island center. Finally, the average island shape is fitted with
an fcc lattice, taking into account the main step directions on the surface.

From repeated experiments (see Appendix C) we argue that the shapes of the
islands on our wide terraces are not affected by the step edges present. Thus,
any asymmetry deviating from the threefold symmetry of the Pt(111) surface
originates from the shape of the STM tip. To minimize this imaging artefact, the
fitting procedure imposes a threefold island symmetry. In Chapter 2, we have
already shown that the area visualized in our EC-STM images can be used to
describe the roughening of the entire Pt(111) surface. Except for the first cycles,
when the island density is rather low, the analysed areas typically contain between
400 to 500 individual islands. Because of the large number of averaged islands,
the resulting island structure is considered to be representative of the statistical
growth shape after a certain number of ORCs.3* Note that such growth shapes
differ from classical Wulff shapes in thermodynamic equilibrium.

The results of the fitting procedure for the EC-STM images in Fig. 3.3A are
depicted in Fig. 3.3B. The full series of island structures is provided as a movie in
Appendix D. From the atomic island structures it is now possible to determine the
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EC-STM site densities
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Chapter 3. Identifying surface sites during the roughening of Pt(111)

densities of the different sites at the surface. Detailed descriptions and counting
rules for the various surface geometries can be found in Appendix C, but we
provide here the general considerations. Due to the symmetry of the Pt(111)
surface, we distinguish three different directions in the surface plane as shown in
Fig. 3.4A-C. In the following, we will refer to these directions according to the step
site geometry at the corresponding side of the island: {111} steps are found at
the {111}-side (Fig. 3.4A) and {100} steps at the {100}-side (Fig. 3.4C). Step edges
in the third direction, oriented at midangle between these two densely packed
directions, are typically described as ‘100% kinked’.3® As these steps have a {112}
geometry, we label this as the {112}-side (Fig. 3.4B). Note that for the {111}-side,
a rectangular {110} step unit cell is used for counting. This simplifies the site
assignment of the total surface, as the {110} unit cell is orthogonal to the step
direction.

Additionally, the spacing between ‘defects’ (steps) in the different layers is
known to have a significant effect on their electrochemical reactivity.? Step edges
that are separated by less than two terrace atoms (as on the (221) and (211) sur-
faces) bind hydrogen stronger, indicated by a more positive peak potential, than
wider spaced step edges. To capture this effect, we consider: (1) step edges sep-
arated by more than two terrace atoms (‘separated defects’, e.g. {110} and {100}
steps); (2) step edges separated by two terrace atoms (‘wide facets’, e.g. {221} and
{211} facets); (3) step edges separated by one terrace atom (‘narrow facets) e.g.
{331} and {311} facets); and (4) adjacent step edges (‘low index facets’, e.g. {110}
and {100} facets). Unit cells of the steps and facets for both the {111}- and {100}-
side are shown in Fig. 3.4A and C, respectively. The terrace width is also taken
into account at the {112}-side (see Fig. 3.4B) and when counting corner and kink
sites as explained in Appendix C. Finally, we also take into account that terrace
sites that are adjacent to a ‘defect’-site could exhibit a different reactivity. Corner
and kink sites occur not only at very low density, but also show a large variation in
density between between subsequent ORCs. Sites related to the {112}-side occur
at slightly higher densities than kinks, but again with large variations. These varia-
tions are most likely fitting artifacts. In the rest of our analysis, we will, therefore,
group all different ‘defect’ sites according to the two most prominent island sides
(i.e. the {111}- and {100}-side) and the four different terrace widths (facets) shown
in Fig. 3.4A-C. The densities of these eight different groups of sites as a function
of cycle number are shown in Fig. 3.4D. It is important to note that kinks at the
{111}-side are, due to their geometry, classified as belonging to the {100}-side and

vice versa.3®
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3.2. EC-STM site densities
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Fig. 3.4 | Unit cells and time evolution of ‘defect’ site densities derived from average
nanoisland structures: (A-C) Representative unit cells for the {111}, {112}-, and {100}-
side step/facet geometries, respectively. The structures range from ‘separated steps’ (top)
to ‘lowindex facets’ (bottom). All counting rules and unit cells for other possible structures,
as well as all individual site densities are provided in Appendix C. (D) Site densities for
the ‘separated defects’ & ‘wide facets’ (left), and ‘narrow facets’ & ‘low index facets’ (right)
for both the {111}- and {100}-side (solid and dashed lines respectively).
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Chapter 3. Identifying surface sites during the roughening of Pt(111)

Figure 3.4D shows that, initially, only ‘separated defects’ form, whereas the
different kinds of facets only appear after prolonged potential cycling (after 16, 27,
and 55 ORGCs for ‘wide’, ‘narrow’, and ‘low index’ facets, respectively). This is in
line with the observations in Chapter 2, where we described that the nanoislands
first nucleate and (mainly) grow laterally, before growing in height. Height growth,
while keeping the island base fixed, leads to the formation of facets. Although the
islands are rather symmetric, the formation of facets is initially seen at slightly
higher intensity at the {111}-side. This is because the unit cell of a {110} step is
longer than that of a {100} step. The number of terrace sites on the island (see
Appendix C) first increases, but starts decreasing when facets are formed. Includ-
ing also the (original) terrace sites that are not part of the island, a continuous
decrease is observed.

3.3 Correlating site densities to reactivity

Equipped with both the evolution of the disentangled electrochemical fingerprint
and the ‘defect’ site densities, we now correlate these two sets of data to each other.
We start the discussion with the simplest case, i.e. the situation between 10 and
30 ORCs. In this regime of the roughening process, the A, peak is the only ‘defect’
feature in the CV. The absence of the A; peak around 0.27 Vindicates that there are
no {100} steps at the surface. If the {111}-side is, under all conditions, significantly
more stable (lower free energy) than the {100}-side, we should observe triangular
nanoislands composed of only {111}-sides. However, the images in Fig. 3.3B, e.g.
after 15 ORCs, clearly show extended 100-type step lengths existing in the island
shape. The site densities in Fig. 3.4D also clearly indicate substantial densities of
{100} step sites. The only way to explain the significant step length at the {100}-
side of the island without the actual formation of {100} step sites is by assuming
that these step edges are in reality ‘roughened’* and thereby composed of small
segments of {110} steps as illustrated in Fig. 3.5. This hypothesis is supported
by literature data on the roughening of Pt(11 10 10), a surface which naturally
contains regular {100} steps. These data show that {100} step edges are highly
unstable during the ORCs: their voltammetric feature diminishes quickly upon
potential cycling (almost completely during the first ORC) and is replaced by
a {110} feature.® Similar observations were made by Rodes and Clavilier, who

* Note that, strictly speaking, step roughening occurs already at each temperature unequal to 0 K,
as there is always enough entropy to place a kink into a step: one only has to increase the step
lengths.®
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3.3. Correlating site densities to reactivity

Fig. 3.5 | Step ‘roughening’ example: Example of a (mass conserved) step ‘Toughening’
to minimize the number of {100} step sites. Such step structures are necessary to explain
the island symmetry in combination with the presence of only one ‘defect’ peak in the
CVs between 10 and 30 ORCs, see Fig. 3.2.

studied the electrochemical behavior of various single crystal surfaces with {100}
step edges as a function of annealing/cooling conditions and potential cycling.3”

The ‘roughened’ hexagonal islands (Fig. 3.5) will only be preferred over trian-
gular islands if the step sites at the {100}-side are stabilized somewhere during
potential cycling. This expectation is supported by DFT calculations, which in-
dicate that Pt(100) is more stable than Pt(110) at high potentials (>0.9V for the
surface oxide and >1.05 V for adsorbed O/OH).3® Unfortunately, the step edge
‘roughening’ is not captured in our fitting results. The reason for this is both
the averaging process for the determination of the average island shape and the
limited resolution of our EC-STM images. The study by Rodes and Clavilier has
shown that when ‘separated’ step edges are roughened, the increase in charge of
the A, peak is twice the decrease in charge of the A, peak.?” This is ascribed to the
formation of two kink sites from one step site. Thus, in our correlation analysis
we argue that each ‘separated’ {100} step site contributes double to the A, peak.
The facets at the {100}-side and their ‘roughening’, which could also contribute to
the A, peak, are discussed below.
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Chapter 3. Identifying surface sites during the roughening of Pt(111)

Let us now focus on the A3 and A, peaks, which appear after further potential
cycling. Their ‘late’ appearance indicates that they are related to the formation
of specific facets due to the height growth of the nanoislands. This is confirmed
when inspecting the average island shape after 28 ORCs in Fig. 3.3B: all standard
step and kink sites are present, but the A3 and A, peaks do not yet contribute to
the CV. The charge of the A3 peak is clearly correlated to the density of {311} facet
sites (correlation coefficient r=0.92, see Appendix C). This is in line with the A3
peak potential (~0.32 V), which is slightly higher than that of {100} step sites.?
Interestingly, this correlation must also mean that the {311} facet is stable enough
to withstand the step edge ‘roughening’, which occurs for the ‘separated’ {100} step
sites. Indeed, roughening experiments of Pt(311) by thermal or electrochemical
adsorption of oxygen do not show any formation of {110} step/kink sites. The
stabilization of straight step edges for narrow terraces can be ascribed to the
repulsive interaction between step edges of equal sign®® and has been observed
before for stepped Pt surfaces. Literature data is not consistent on the stability
of the {211} facet. Thermal oxidation experiments indicate that this step edge
also withstands step ‘roughening’®’, but potential cycling experiments suggest
the opposite.*? As the {211} facets appear 10 cycles before the emergence of the
Aj peak, we conclude that also this facet must roughen and thus contribute to the
A, peak instead. Most likely, the {100} facets contribute as well to the A; peak.?
Indeed, the summation of the densities of {311} and {100} facets (the green line in
Fig. 3.2B) leads to a slightly higher correlation coefficient (0.93, see Appendix C).

As the A4 peak appears later than the Az peak, it is expected that this peak is
related to the formation of facets that are even narrower than the {311} facets.
Considering the peak potential, these sites are likely formed at the {111}-side of
the islands. Nonetheless, the correlation between the {110} facets (yellow line in
Fig. 3.2B) and the A, charge is rather low (r=0.54). Upon closer inspection (see
Appendix C), it becomes clear that this is mainly due to the large variation in the
density of {110} facets between subsequent cycles. After applying a moving aver-
age filter (averaging over 5 data points) to the {110} facet density, the correlation
coefficient is significantly increased (r1=0.93, see Appendix C).

The A, peak for the roughened surface is much broader than for a regularly
stepped single crystal. This complicates the separate identification of {111}-side
facets, as these features overlap in our CVs. The better correlation between the
A, charge and the site densities when the {331} facet sites are included (r=0.88
vs 0.76)confirms this overlap. The correlation analysis also indicates that the
‘wide facets’ are better described as ‘separated defects), i.e. the adjacent terrace
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3.3. Correlating site densities to reactivity

sites do not contribute to the A, peak (see Appendix C). This suggests that the
small facet-related features as observed for Pt(221) and Pt(211), are actually due
to the terrace width distribution of these surfaces.?® The summation of all sites
contributing to the A, peak (all ‘separated defects’ and the {331} facets) is shown
as the red curve in Fig. 3.2B.

Most puzzling is the observation that there is no surface site in the adatom
islands that, after appearing during the first two cycles, disappears completely
after 10 ORCs, as suggested by peak A;. Importantly, the islands are only one
atom high when this peak is present, which excludes that it originates from the
formation of some kind of facet site. One could imagine that this peak is related to
the presence of ‘separated’ {100} step sites which did not yet ‘roughen’, e.g. due to
a very small island size. However, if that would be true, this peak would reappear
once a new layer nucleates on top of an existing island, i.e. after 9, 16, 30, and 55
ORCs. This is not the case. Thus, we conclude that this peak must be related to
some surface site that is not present in the adatom islands at all. Furthermore, it
is also unlikely that this peak originates from a surface miscut. This would neither
explain why it increases during the first cycles, nor that the charge is 2-3 orders of
magnitude larger than what would be expected for such a signal. In conclusion,
we need a surface site that is solely present in the very beginning of the roughening
process.

As the surface roughening is (almost completely) mass conserved*!, we
observed in Chapter 2 (see also Appendix B) that vacancies form simultaneously
with the adatom islands. These small vacancies are extremely difficult to resolve
in STM and will, especially at low coverages, not contribute to the average island
structure. If we neglect the small amount of dissolving Pt under our experimental
conditions, the number of single vacancies must be the same as the number of
adatoms forming the average island shape. This implies the existence of addi-
tional ‘defect’ features in the form of terrace atoms that are immediately adjacent
to a vacancy site. Note that the nucleation of single vacancies into vacancy islands
of specific sizes will play a role in the expected current densities. The total elec-
trochemical signal resulting from ‘defects’ adjacent to a vacancy site can thus be
described by:

j vac < Aisland : (P terrace)ﬂn)
juac < Aisland : (1 —2- Aisland)f(n) ’ (3.1)

where j,,. is the expected current density due to vacancy-related steps, Ajuna
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Chapter 3. Identifying surface sites during the roughening of Pt(111)
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Fig. 3.6 | Vacancy site formation: (A) Comparison between the charge of the A, peak
(black) and the expected vacancy signal (red) according to Eq. 3.1 for single vacancies
and vacancy islands of 3 and 7 atoms. (B) Affected vacancy edge sites (red) for single
vacancies and vacancy islands of 3 and 7 atoms. The arrows at the single vacancy indicate
the two nonequivalent directions. Note that two two different island orientations exist for
the n=3 vacancy island.
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3.3. Correlating site densities to reactivity

is the adatom island coverage, P4 is the probability that the adjacent site
was originally a terrace site (i.e. not a vacancy or adatom site), and f(n) is the
number of adjacent terrace sites per vacancy site that has to be present to form a
vacancy island of size n (i.e. f(1)=6, f(3)=3, f(7)=%). Note that the distribution
and existence of single vacancies and vacancy islands in a Pt(111) surface can
be significantly more complicated, as this surface is on the verge of forming a
reconstruction.*>7

Figure 3.6A shows the expected vacancy signal (red) for the formation of single
vacancies and for vacancy islands of 3 and 7 atoms (so-called magic clusters*?)
together with the charge underneath the A; peak (black). The corresponding
structures are shown in Fig. 3.6B. The best correlation to the charge of the A; peak
(r=0.96) is obtained when we take into account the formation of single, isolated
vacancies. This signal is also shown as the black curve in Fig. 3.2B. Considering
the simplicity of our approach, the level of correlation is remarkable. When the
A, peak reaches its maximum, the distance between the vacancies would only
be 3-4 atoms. At these (and higher) coverages, one would expect to observe the
nucleation of vacancy islands. Thus the total signal would become a weighted
average of the different curves shown in Fig. 3.6A, leading to an additional tail
after more ORCs. On the other hand, individual vacancy formation is likely to
occur within (larger) vacancy islands. In any case, we can conclude that the A,
peak is related to the formation of vacancy sites, although the full explanation will
likely be more complex than our simple model.

The peak potential of the A; peak suggests that its signal originates only from
{100} sites. As the correlation prefactor is close to two (see the y-axes of Fig. 3.6A
and the discussion below), it is tempting to argue that the vacancies lead to the
formation of equal amounts of both {100} and {110} step sites. Although a step
edge description is probably not directly valid for single vacancies, it is clear
that these sites have two nonequivalent sides, as indicated in Fig. 3.6B. Upon
nucleation of vacancyislands, ‘step roughening’ could occur such that the vacancy-
related ‘defects’ now only contribute to the A, peak. However, with the limited
information we have on the vacancy sites, it seems impossible to disentangle this
signal. Nevertheless, Fig. 3.2 indicates that during the first ~20 cycles, the number
of sites contributing to the A, peak is underestimated (see also Appendix C). The
discrepancy is largest during the first three ORCs and then diminishes, which
hints at a relationship to the formation of vacancy (island) sites.
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The analysis above shows that site densities extracted from EC-STM images
are in very good accordance with the evolution of the cyclic voltammetry during
the surface roughening. Finally, it is interesting to look at the prefactors of the
correlations, which are worked out and shown in detail in Appendix C. In the
traditional picture of adsorption/desorption of a single hydrogen atom at each
‘defect’ site, one would expect all prefactors to be unity.3”*%-5! However, recent
studies demonstrate that the ‘defect’ features in the Hypp region are actually not
just adsorption/desorption of hydrogen, but rather a replacement of hydrogen
atoms by hydroxyl groups.>>°3 As a result, the expected transferred charge per
surface site is somewhat larger than 1 e~. Experimental results point in this
direction, albeit without quantification, for widely spaced {110} step edges®*.
However, it is not directly clear to what extent these values are affected by the
applied fitting procedure. Our prefactors for the A; and A, peaks (1.07 £ 0.07 and
1.46 + 0.04 e /site, respectively) match these expectations. The prefactors for
the A3 and A4-peaks (0.56 & 0.02, and 0.77 £ 0.06 e /site, respectively), on the
other hand, seem to be too small. However, this can be explained by our fitting
procedure, in which we keep the terrace contribution constant. Single crystal
experiments show that the broad (111) terrace feature changes shape, i.e. loses
intensity mainly at high potentials, due to the formation of narrow terraces.??
This leads to an underestimation of the ‘defect’-peaks, in particular the A3 and
A, peaks, which appear with narrowing terraces. Finally, one should be aware
of the limitations of counting absolute site densities from the EC-STM images.
As it is impossible to fully correct for tip convolution effects, there will always
be some uncertainty in the determined densities; the size of the islands will be
slightly overestimated, whereas the depth of the ‘holes’ in between the islands is
not fully resolved. Another uncertainty comes from the step edge ‘roughening,
which is also not directly measured. Finally, the available literature data for kinked
surfaces is not sufficient to rigorously proof that the corner and fully-kinked step
‘defects’ contribute equally to the {100} and {110}-related CV features. This was
an underlying assumption of grouping the site densities as performed in Fig. 3.4D.
Thus, although the current values of our prefactors are in the right range, they
should be interpreted with some care.
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3.4 Conclusions

In this chapter, we have shown that the complex evolution of the electrochemical
fingerprint of a Pt(111) surface upon ORCs can directly be explained from the (evo-
lution of the) densities of various surface sites. Thus, our analysis provides direct
evidence for the electrochemical response of individual ‘defect’ sites. It provides a
solid background for the interpretation of the electrochemical response not only
of rough (e.g. polycrystalline) platinum surfaces in general, but also for nanopar-
ticles, and even regularly stepped single crystal surfaces. The atomic description
of the roughening process also leads to a better understanding of the stability of
specific atomic geometries under potential cycling conditions. These insights
form valuable input for the further development of platinum electrocatalysts that
exhibit both a high activity and a long lifetime.
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