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Pt single crystal surfaces in electrochemistry
and electrocatalysis

Juan M. Feliu®* and Enrique Herrero

In this review, recent advances in the use of platinum single-crystal surfaces in electrochemistry are
addressed. The starting point is the voltammetric characterization in a supporting electrolyte because
the profile can be used as a fingerprint of the surface, allowing the surface quality and solution
cleanliness to be established. The signals appearing in these voltammograms have been assigned to the
adsorption of H, OH, and the anions in the supporting electrolyte. Then, the distinctive behavior of
the Pt(111) electrode regarding the adsorption of species and the electrocatalysis in comparison with the
other single-crystal surfaces is discussed. For the H/OH adsorption, the (111) ordered domain is the only
one in which both processes appear in different potential windows. For the remaining ordered domains,
steps, and kinks, both processes overlap, giving rise to signals that correspond to the competitive
adsorption/desorption of OH and H. This fact implies that OH may be adsorbed on the surface at
potentials as low as 0.15 V, which is a paradigm shift in the up-to-now prevailing understanding of the
electrochemical behavior of platinum electrodes and has important implications for the elucidation of
the mechanism of electrocatalytic reactions. The effects of this new knowledge on the proposed
reaction mechanisms for the oxidation of CO and small organic molecules and the reduction of oxygen
and hydrogen peroxide are discussed in detail. Since the elucidation of the reaction mechanisms
requires in many cases the use of computational modeling, the conditions that the models should fulfill
to reach valid conclusions are discussed. Relevant examples, which highlight the importance of the local
structure of the interphase in the electrochemical behavior are given.

The use of single-crystal electrodes not only allows the surface structure dependence of electrochemical reactions to be demonstrated and analyzed but is also
of vital importance in elucidating reaction mechanisms. For that, a combination of experimental and theoretical results is used. Thus, the results obtained

from them have important and practical applications. However, the experiments should be carried out properly and the analysis of the results should take into
account all the relevant species and parameters of the interphase. In this review, the most relevant aspects of the electrochemical and electrocatalytic behavior

of platinum single-crystal electrodes are dealt with, emphasizing the adsorbed species and properties of the interphase that affect the electrocatalytic behavior.

Introduction

have been found." On the other hand, a clear understanding
of the surface structure effects on electrochemistry and electro-

Electrochemical reactions take place at the electrode|electrolyte
interphase. During these reactions, a specific interaction
between the electrode and some of the species involved in the
reaction is frequently detected. In these cases, an important
dependence of the reaction rate on the surface composition
and structure of the electrode is found. Since the alteration of
the composition of the electrode is easily implemented, this
dependence was the first one to be studied, and good correla-
tions between the activity and the properties of the materials
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catalysis required the use of model electrode surfaces with a
controlled structure. For that, single-crystal electrodes have
become essential tools to study the surface structure dependence
of the electrochemical reactions. Moreover, for reactions in which
several electrons are exchanged, multiple reaction pathways are
common. Under these circumstances, not only the reaction rate
but also the relative rate of the different pathways will change
depending on the surface structure, creating a complex scenario.
Thus, the simplification of the surface structure brought about
by using single-crystal electrodes has allowed for untangling the
reaction mechanisms and the understanding of how surface
structure affects electrochemical reactivity.
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Among single-crystal electrodes, platinum has been the
most studied metal because it has the best electrocatalytic
properties of all pure metals. For this reason, the properties
of new materials are usually compared to those of platinum.
Additionally, it is known that electrocatalytic reactions are
structure sensitive, and thus the reference behavior is that of
single crystal electrodes. The correct use of platinum single-
crystal surfaces in electrochemistry required the development
of the flame annealing technique by Clavier.> From that point,
the knowledge of how the surface structure of the electrode
affects electrocatalysis has advanced significantly, and detailed
reaction mechanisms have been proposed by using them.
Moreover, the experimental results have been complemented
by computational modeling, since single-crystal surfaces can be
implemented in density functional theory (DFT) calculations.
In this respect, experiments should be carried out properly
so that the observed differences are a real consequence of the
different surface structures. Likewise, all the possible species at
the interphase and the different adsorption properties of the
single-crystal surfaces should be considered when analyzing
the results. Also in the modeling, all the species relevant to the
reaction should be included. In this review, all these factors will
be analyzed, so that a correct interpretation of the results can
be made.

Voltammetric characterization of
platinum single crystal electrodes

Voltammetric profiles of the platinum single-crystal electrodes
have been used as fingerprints for their characterization since
they are strongly dependent on the surface structure. Thus,
distinctive signals can be associated with the presence of (111),
(100), and (110) terraces or steps, as has been extensively
described.”” These electrochemical signals are not only impor-
tant because they allow for the characterization of the surface
quality and cleanliness, but also because they correspond to
surface processes that take place at different potentials. These
processes have to be taken into account if the reactivity of these
surfaces for different electrocatalytic reactions is to be analyzed
and rationalized. Fig. 1 shows the voltammetric profiles of
representative platinum single-crystal surfaces in perchloric
acid, sulfuric acid, and sodium hydroxide solutions. In all
cases, these signals correspond to the adsorption of hydrogen,
or the anion present in the electrolytic solution. For sulfuric
acid solutions, the adsorbed anion is sulfate, whereas in per-
chloric acid or sodium hydroxide solutions adsorbed OH gives
rise to part of the signals. It should be highlighted that the
interaction of perchlorate anions with the surface is non-
specific (that is, it is purely coulombic), and thus, hydroxyl
anions are the species specifically interacting with the surface.

It should be stressed that these voltammetric profiles are
stable upon cycling between 0.06 V and 0.8-0.9 V (all electrode
potentials are potentials are referred to the RHE scale unless
otherwise stated). The presence of impurities in the solution
leads to the diminution of the characteristic signals upon
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Fig. 1 Voltammetric profiles of the low index planes of Pt (Pt(100), Pt(110),
and Pt(111)), two stepped surfaces, Pt(322) and Pt(554) containing (111)
terraces and (100) and (110) steps, respectively, and a polycrystalline Pt

electrode in different electrolytes. Electrodes were cooled down in a H,/Ar

atmosphere after flame annealing. Scan rate: 50 mV s,

cycling.® This is especially evident for the sharp peaks observed
for the Pt(111) or Pt(100) electrodes in the different media.
Fig. 2 shows the voltammetric profiles of a Pt(111) electrode in
perchloric and sulfuric acid solutions with different amounts of
uncontrolled impurities. As can be observed, those impurities
adsorb on the surface, blocking progressively the surface and
preventing the hydrogen and anion adsorption. Since the
presence of these impurities can alter the electrochemical
behavior of the electrodes, it is strongly recommended to stop
the experiment and clean the cell again.
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Fig. 2 Evolution upon cycling of the voltammetric profiles of a Pt(111)
electrode in 0.5 M H,SO4 and 0.1 M HCIO, with different levels of
impurities. Scan rate: 50 mV s%.
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As Fig. 1 shows, the voltammetric profiles of the different
platinum surfaces are very sensitive to the surface structure.
However, the electrochemical signals do not contain any
chemical specificity. Thus, the identification of the process
responsible for the signals requires the use of other techniques.
The first technique that allowed for the identification of the
species is the charge displacement method.”” In this method,
a neutral probe, N, which adsorbs strongly on the surface,
replaces the adsorbed species generating a transient current
during its adsorption process. Thus, if hydrogen is adsorbed on
the surface, the measured current will be positive, because it
corresponds to an oxidative process:

Pt-H+N - Pt-N+H' +e” (1)

On the other hand, a negative current will be measured when
an anion is displaced according to:

Pt-A + N — Pt-N + A" + ne~ )

As a neutral probe, the most commonly used molecule is CO.
CO adsorbs strongly on the surface in a process in which
electrons are not exchanged,'® and is only oxidized at E >
0.4 V. Thus, it can be used to probe the species below those
potentials. Iodine can also be used,” but in this case, the
potential region where adsorbed iodine does not suffer any
redox process is restricted to 0.8-0.9 V. Anyhow, the displaced
charges can be used to build the curve of the electrode total
charge vs. potential. The total charge at a given potential is
defined as the charge required to build the interphase and
includes the charge related to the adsorption processes and the
charge on the electrode metal."* This latter charge is normally
known as the free charge. On platinum, due to the presence of
significant adsorption processes, the adsorption charge domi-
nates over the free charge, so that, as a first approximation, the
displaced charge at a given potential is minus the total charge.
Thus, the total charge curve can be calculated from the integral
of the voltammetric profile using the displaced charge at a
given potential as an integration constant, as shown in Fig. 3.
Using this strategy, the adsorbed species on the Pt(111) elec-
trode have been identified. In perchloric or sodium hydroxide
media below 0.4 V, the surface is covered by adsorbed hydrogen,
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Fig. 3 (A) CO displaced charge at 0.24 V for the Pt(311) electrode in 0.1 M
HClO,. (B) Voltammetric profile (left axis) and total charge curve (right axis)
for the Pt(311) electrode in 0.1 M HClO4. The red points indicate the
displaced charge used as integration constants for the charge curve. Scan
rate: 50 mvV s~2.
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whereas, at E > 0.6 V, adsorbed OH is responsible for the
measured current. In this sense, the Pt(111) electrode is the
only one in which both processes appear separated by a so-
called double-layer region where no species are specifically
adsorbed on the electrode surface. On the other hand, in
sulfuric acid solutions, the final stages of hydrogen desorption
at £ > 0.30 V overlap with the initial stages of sulfate adsorption.
Additionally, the sharp spike observed at ca. 0.45 V corresponds
to a disorder/order transition on the sulfate adlayer.">"* As in any
disorder/order transition, it is very sensitive to the presence of
defects or impurities on the surface, and thus the spike intensity
can be used as an indicator of the quality of the surface and its
cleanliness.

For Pt(100), the charge curve in HCIO, or NaOH solutions
changes its sign at ca 0.4 V, in the middle of the voltammetric
signals. This fact implies that H and OH adsorption processes
overlap. Thus, at 0.1 V the surface is covered by a monolayer of
adsorbed hydrogen, whereas at 0.6 V, an OH layer covers the
electrode.' In sulfuric acid solutions, the voltammetric profile
shows an intense peak at 0.36 V which is related to the
competitive adsorption between sulfate and hydrogen. A simi-
lar situation is observed for the Pt(110) electrode, where the
characteristic peaks contain contributions both from adsorbed
OH and H. For this electrode, the voltammetric profile is very
sensitive to the annealing conditions due to the presence of
surface reconstructions.”®*® Thus, when the electrode is cooled
down in reductive conditions, the (1 x 2) reconstruction is
obtained and the profile has two main peaks. On the other
hand, electrodes cooled down in the presence of CO present a
voltammogram with multiple peaks, characteristic of the
(1 x 1) structure (Fig. 4).

The presence of steps on the different terraces also gives rise
to distinctive signals. Steps with (110) or (100) symmetry on the
(111) terraces result in the appearance of peaks at potentials
below 0.45 V, as shown in Fig. 1. The peak potential of these
step signals depends on the pH and the cation present in the
solutions."”"'® Thus, for surfaces with (111) terraces and (110)
steps a new peak at 0.125 V in perchloric or sulfuric acid

H,+Ar
—CO

1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08

A/H2+Ar

Fig. 4 Voltammetric profile for the Pt(110) electrode in 0.1 M HClO4
cooled down in different atmospheres. Scan rate: 50 mV s,
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solutions and at 0.28 V in NaOH appears on the voltammetric
profile. The charge under this peak is proportional to the step
density.’®*° On the other hand, the characteristic peaks for
(100) steps on (111) terraces appear at ca. 0.26, 0.32, and 0.45 V
for the perchloric acid, sulfuric acid, and NaOH solutions,
respectively. In any case, the process giving rise to the peaks
is the replacement of adsorbed hydrogen, which is present on
the step sites at low potentials, by adsorbed OH in perchloric
acid solutions, as recent Raman spectroscopy results have
demonstrated.>® The presence of steps on the (100) terraces
also modifies the voltammetric profile. Although the peaks are
less defined than those on the (111) terraces, peaks at low
potentials for the steps appear for all the electrolytes.*

The voltammetric profile of a polycrystalline electrode is the
result of the contribution of the different sites on the surface,
as has been thoroughly described.?*** Thus, the peak at 0.125 V
in sulfuric or perchloric acid media and that at 0.28 V in NaOH
contains the contributions of the (110) symmetry sites, as
observed for the Pt(110) and the stepped surfaces containing
(110) symmetry steps (Fig. 1). The short-order domains with
(100) symmetry give rise to the peaks at 0.28, 0.32, and 0.44 V in
sulfuric acid, perchloric acid, and NaOH, respectively, which is
the same potential for the signal of the (100) steps on the (111)
terraces. On the other hand, long-range (100) ordered domains
contribute with signals above the peak for the (100) short-order
domains. The contribution of the (111) ordered domains can
only be observed in sulfuric acid media because the adsorption
of sulfate gives rise to a wave around 0.5 V. For the other two
electrolyte solutions, the flat voltammetric profile obtained
in all the electrolyte solutions between 0.06 and 0.35 V, makes
impossible its analysis only using the voltammetry.

The uniqueness of the Pt(111) behavior
The adsorption of H and OH

The (111) surface of the fcc metals is the one in which the
surface atoms have the highest coordination number, 9. The
surface atoms on the (100) plane have a coordination number
of 8, and this number is lower for the atoms on the (110) plane
or in the steps. This implies that the surface energy of the (111)
surface is the lowest. Since electrocatalysis is based on the
interaction of reactant species or intermediates with the sur-
face, the different surface energy results in different electro-
catalytic behavior. A clear example of the effect of the surface
energy is observed in the adsorption of H and OH. As men-
tioned before, the Pt(111) electrode is the only one in which the
contributions from these species appear in separate regions.
This fact implies that between 0.4 and 0.6 V in perchloric acid
and NaOH solutions, no species are specifically adsorbed on
the electrode surface. Thus, the total charge at these potentials
corresponds to the free charge because the contributions to the
charge from the adsorbed species can be neglected. Since the
values of the charge in this region are small, a precise determi-
nation of the free charge requires that the values of the charge
calculated using the CO displacement technique are properly
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Fig. 5 Voltammetric profile (black line) of the Pt(111) electrode in 0.1 M
HClO4 and integration curves using the CO displaced charge displaced at
0.1 V before (red line) and after (blue line) correction for the residual
charge of CO CO-covered electrode. The blue dashed line shows the
extrapolation of the straight region to determine the pzfc.

assessed. For that, the displaced charge has to be corrected by
the residual free charge remaining on the electrode after CO
adsorption, as has been extensively reported.>>*® Using this
correction, the curves for the total charge can be calculated
(Fig. 5). The extrapolation of the linear region in the curve
where no species are specifically adsorbed allows for the
calculation of the potential of zero free charge. It should be
stressed that two potentials of zero charge can be determined
for platinum electrodes, the potential of zero total charge (pztc)
and the potential of zero free charge (pzfc).'"' The pztc is
experimentally measurable from the total charge curves and
corresponds to the potential value at which the total charge
curve crosses the zero value. On the other hand, the pzfc can be
only determined using non-thermodynamical approaches.
As mentioned before, the assumption here is that the observed
behavior in the region where no species are specifically adsorbed
can be extrapolated outside this region.>®

This strategy has made it possible to calculate the potential
of pzfc for the Pt(111) surface in different pH values.”” It has
been shown that the pzfc is pH-independent in the SHE scale,
which is located at 0.228 V. As will be shown later, this value is
very important because it corresponds to the potential at which
the field across the interphase is null. As Frumkin demon-
strated, the electric field can affect significantly the electro-
catalytic activity of the electrode.”® Thus, depending on the
solution pH, the reaction can take place at potentials in which
the surface charge is positive or negative, affecting the inter-
action of the different reactants and intermediates with the
surface. Additionally, the pzfc is related to other physical
properties, such as the work function.? In fact, there is a linear
correlation between the work function and the pzfc for the
different surfaces. Using the work function difference between
the Pt(111) surface and the two other basal planes (Pt(100) and
Pt(110)),>° the pzfc of these latter surfaces is expected to be at
potentials close to 0 V vs. SHE. For this reason, in acidic
solutions, anions are immediately adsorbed as soon as hydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is desorbed from the surface, because the free charge is positive
and there is a strong coulombic interaction between the surface
and the anions, in addition to the possible chemical interaction
that favors the specific adsorption. This competitive adsorption
between hydrogen and anions results in sharp peaks,’’ such as
those observed in sulfuric acid solutions, shown in Fig. 1.

The estimated value of the pzfc for the Pt(111) electrode has
been later confirmed by the other independent measurements.
The first one is the determination of the potential of maximum
entropy (pme) of the formation of the interphase using the
laser-induced temperature jump.’>** This method allows
the calculation of the entropy change in the formation of the
interphase. At the potential of maximum entropy, it is assumed
that there is no net orientation of the water molecules on the
surface. Since the electric field generated by the presence of a
surface charge induces the preferential orientation of the water,
the pme should be very close to the pzfc charge.** It should be
recalled that for metals that do not give rise to adsorption
processes, such as gold, the pzc corresponds to the value of
the pzfc on Pt. Other molecular probes, such as N,0%*3?¢ or
peroxodisulfate®”° reduction have confirmed the validity of
these values. At high electrolyte concentrations (in the absence
of specific adsorption), a capacity maximum is observed at the
pzfc.*® The predicted minimum by the Gouy-Chapman theory
is only observed at very low electrolyte concentrations at pH
values around 4.*'"** This deviation from the Gouy-Chapman
model has been attributed to the strong interaction of water
molecules and ions with the Pt(111) surface so that the distribution

Formation of adsorbed bidentate formate

r

View Article Online
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of ions does not follow a purely electrostatic mean-field Poisson—
Boltzmann distribution.®

Another important characteristic of the free charge curves
on platinum is the modification of the surface free charge that
takes place upon OH adsorption. Theoretical free charge curves
for Pt(111) electrodes in acidic solutions show a non-monotonic
behavior.***> At the onset of OH adsorption in acidic solutions,
the charge is positive, whereas the completion of the adlayer
leads to a rapid diminution in the free charge, which becomes
negative. This behavior has been explained due to the presence
of partially charged adsorbed species and the appearance of
chemisorption-induced surface dipoles, which affect the water
structure."®

Oxidation of small organic molecules.

The distinct behavior of the Pt(111) electrode is not only
observed for the H and OH adsorption but also for many other
reactions and processes. One of the clearest cases is observed
for the formic acid oxidation reaction. On platinum, the reac-
tion takes place according to a dual path mechanism, one
going through an active intermediate leading directly to CO,,
while, in the second path, adsorbed CO is formed as an inter-
mediate.”””*® A detailed mechanism is shown in Fig. 6, includ-
ing the main intermediates. Adsorbed CO is considered a
poison intermediate because it blocks the surface and its
oxidation only takes place at high potentials. This general
behavior has an important exception with the Pt(111) electrode.
Although initial experiments showed the formation of adsorbed

«®

-e-H*

g m

Direct oxidation path |

.S SO S

CO formation path

eH+

eH+

@°

& e

Fig. 6 Detailed mechanism for the formic acid oxidation reaction on platinum electrodes, showing the direct oxidation path, the path forming adsorbed

CO and its oxidation, and the formation of bidentate adsorbed formate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4930 it was later demonstrated that this

51,52
F

CO during the reaction,
reaction occurred on the defects of the Pt(111) surface. or
this reason, small amounts of bismuth, which are preferentially
adsorbed on the defects of the surface, completely inhibit the
CO formation route.*® These results were later confirmed by
the studies with stepped surfaces,”" where the decoration by a
foreign atom of the step leads to the complete inhibition of the
CO formation route.

Theoretical studies have shown the reason for the absence of
CO formation for Pt(111).>>** CO and formic acid have the
same oxidation state so the reaction from formic acid to yield
CO is a pure chemical dehydration reaction in which no
electrons are transferred. However, on the platinum surface,
the reaction proceeds through several steps (Fig. 6). The first
one is the formation of monodentate adsorbed formate,
which is also intermediate in the route through the active
intermediate. This is an oxidative step in which one electron
is exchanged. In the second step, the hydrogen bonded to the
carbon atom is relocated to the non-bonded oxygen atom
through the interaction with the surface to form adsorbed
COOH. This step requires a favorable interaction of the hydro-
gen atom with the surface. After that, the OH group of the
adsorbed COOH bonds to the platinum surface, leading to the
cleavage of the C-OH bond with the formation of adsorbed OH
and CO. Finally, OH is desorbed to OH™ in a reductive step
transferring one electron. The consequence of this mechanism
is that the CO formation path requires favorable interaction
with adsorbed OH and H to proceed, which agrees with the
experimental observations.”>*>*® On Pt(110) and Pt(100), the
CO formation reaction takes place at the potentials close to
the pztc, where small coverages of OH and H are present on
the surface.’®>>® The same happens for the step sites, where
the maximum rate for the formation of adsorbed CO occurs
at the peak potential for the step signal. However, for the
Pt(111) electrode, both processes take place in separated
potential regions, and thus, the CO formation reaction is highly
inhibited because there is no region in which adsorbed OH and
H are present simultaneously on the surface. Additionally, the
activation energy for the transformation of the monodentate
adsorbed formate to adsorbed COOH on the Pt(111) electrode
has a calculated activation energy much higher than that
calculated for the Pt(100) or stepped electrodes.> Clearly, in
this case, the different activity between the basal planes for the
formation of adsorbed CO is related to the different anion (OH)
adsorption on them.

The different activity in 0.1 M HCIO, between Pt(111) and
Pt(100) for the direct route through the active intermediate can
be also considered a consequence of the different anion
adsorption. Monodentate adsorbed formate is proposed to be
the active intermediate, which is in equilibrium with the most
stable form, the bidentate adsorbed formate. Since the
adsorbed behavior of formate should be very similar to that
of acetate, its adsorption on the Pt(100) electrode takes place in
a fast process as soon as hydrogen is desorbed.>” For this
reason, there is a fast exchange of formate anions between the
interfacial region and the surface, which favors the formation
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Fig. 7 Voltammetric profiles for the methanol oxidation reaction in 0.1 M
HClO4 (black curves) on Pt(111) and Pt(100) electrodes. The red curves
show the profiles obtained in the absence of methanol and the vertical
dashed lines represent the onset of OH adsorption on these surfaces. Scan
rate: 50 mv s~

and oxidation of monodentate adsorbed formate. On the other
hand, this process extends over a larger potential window on
the Pt(111) electrode®” and occurs at a lower rate, and thus, the
currents are smaller. Microkinetic modeling has been able to
reproduce the experimental behavior, providing valuable
insights on the double layer effects on the reactivity.>®

The differences in the OH adsorption between surfaces also
give rise to the differences in the methanol oxidation reaction.
Recent results have shown that the initial step in the reaction,
the formation of an adsorbed methoxy species, requires the
presence of adsorbed OH.>>°° On the Pt(111) electrode,
adsorbed OH is observed for E > 0.55 V, and this potential is
the onset of methanol oxidation (Fig. 7). The dehydrogenation
of the adsorbed methoxy will lead to the formation of adsorbed
CO, which is readily oxidized at those potentials. For this
reason, there is no accumulation of CO on the surface during
the oxidation process.’® On the other hand, since adsorbed OH
is present on the surface for E < 0.35 V on the Pt(100) surface,
CO formation can be detected from these potentials (Fig. 7).
However, since the effective oxidation of adsorbed CO
only takes place at E > 0.6 V, there is a fast accumulation of
adsorbed CO on the surface reaching high CO coverages.’*°"°>
The formation of a compact CO layer hinders its oxidation
because adsorbed OH is required for this process, and thus the
small currents that can be measured for the methanol oxida-
tion reaction at 0.5 V, decay rapidly due to the formation of
adsorbed CO. Once CO is readily oxidized on the surface,
currents are larger than those measured for the Pt(111) surface.

The Pt(111) electrode has also a very distinctive behavior for
the ethanol oxidation reaction. The mechanism has two main
routes, one giving rise to the formation of acetic acid as the
final product with the exchange of four electrons and one
producing two CO, molecules after the cleavage of the C-C
bond and the exchange of twelve electrons. Pt(111) shows the
highest activity for the formation of acetic acid both in acidic
and alkaline solutions.®*®® However, in acidic solutions, the
specific adsorption of acetic acid as acetate, which takes place
at E > 0.4V, inhibits the reaction.®®®® On alkaline solutions,
since the surface charge is negative at the potentials at which
the reaction takes place, acetate is not adsorbed. On the other

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hand, IR experiments show that the formation of CO, on this
electrode is negligible.®® In fact, electrochemical and IR experi-
ments confirm that the steps on the (111) terraces catalyze the
cleavage of the C-C bond and that the (111) terraces are inactive
for that.®”®® DFT results show that the activation energy for the
cleavage of the C-C bond on the terrace sites is significantly
higher than that calculated for the step sites.®® Additionally, the
explanation for the high activity for the formation of acetic acid
is that the commensurate water structure that can be formed
on the (111) terrace facilitates the transfer of the OH group
required for the oxidation of ethanol to acetic acid.®®

In the mechanism for the oxidation of these small organic
molecules, CO always appears as an intermediate. For this
reason, its oxidation has been thoroughly studied. It has been
found that on Pt(111), adsorbed CO forms several structures
depending on the coverage and the presence of CO in the
solution. The different structures have been characterized by
STM, and correspondence with the FTIR spectra has been
established.”® For Pt(100), ordered structures have also been
observed by STM.”! Regarding its oxidation mechanism, it is
generally accepted that it takes place according to a Langmuir-
Hinshelwood mechanism, in which adsorbed OH reacts with
adsorbed CO.””> Recent results using shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS) have pointed out the
presence of adsorbed OH and COOH species during the oxidation
process on Pt(111) and Pt(100) electrodes, confirming the existence
of a Langmuir-Hinshelwood mechanism.”® However, the existence
of a route through an Eleay-Rideal mechanism cannot be dis-
carded, especially for the initial stages of the oxidation of saturated
adlayers.”

The kinetics in the oxidation of the CO adlayer have been
studied in different electrolytes and single-crystal electrodes. In
acidic media, a single oxidation (stripping) peak is obtained
for all the single-crystal electrodes. To determine the reaction
kinetics, chronoamperometric transients have been measured
and simulated. It has been found that the transients and
voltammetric peaks are accurately described using a mean-
field Langmuir-Hinslewood mechanism.”*”” For this mecha-
nism to take place, it has to be assumed that, during the
oxidation process, CO is very mobile on the surface, so it can
be considered to be randomly distributed on the surface.”® The
analysis of the dependence of the rate constant with the surface
structure reveals that steps and defects are key elements in the
oxidation process.”®”®#® Thus, the kinetic rate constants for
the stepped surfaces containing (111) terraces increase with the
step density, and a perfect (111) surface should have a negli-
gible rate constant.’”® However, the opposite behavior is
obtained for stepped surfaces with (100) terraces, whereas for
long terraces, the rates diminish with the step density.?" Partial
oxidation experiments of CO layers have also shown that the
sites that are first freed are those corresponding to the terrace,
whereas those on top of the step remain covered by CO until the
final stages of the oxidation reaction.®” In fact, those sites are
the ones with the highest adsorption energy for CO.

The situation is completely different in alkaline media. For
stepped surfaces with (111) terraces, different peaks are observed,
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depending on the step symmetry (Fig. 8). Characteristic peaks
are associated with the presence of steps with different symmetry
and terraces, in addition to pre-peaks. These pre-peaks, which can
be also observed in acidic media, are more frequent in alkaline
solutions.®*® When analyzing the kinetics of the oxidation process,
transients also do not follow the mean-field mechanism and seem
to be better described by a nucleation and growth mechanism,*>*”
which would imply that the CO molecules are immobile. Partial
stripping experiments indicate a sequential stripping of CO from
the surface.*>®® The oxidation in the pre-peak region only involves
a relaxation of the CO adlayer, since hydrogen adsorption is still
fully blocked. Then, CO is oxidized on the lower part of the steps,
giving rise to the characteristic voltammetric peak at low potentials
characteristics of the presence of steps. Afterward, CO is stripped
from terrace sites and finally from the top part of the step in a
single voltammetric peak. Oxidation kinetics show a clear depen-
dence on the CO adsorption potential,®® indicating that the
conditions in which the CO adlayer is formed have a significant
impact on the oxidation kinetics. In fact, for Langmuir-Hinshel-
wood mechanisms, the initial stages of the oxidation depend on
the presence of defects in the CO adlayer, since on those defects
OH adsorption may take place.®® Thus, depending on the CO
adlayer formation conditions, the number of defects on the adlayer
may change altering oxidation kinetics. As mentioned before, the
different experimental behavior between acidic and alkaline media
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has been explained through a change in the mobility of CO
depending on the absolute electrode potential.®® However, the
issue is still under discussion and more experimental and theore-
tical results are required to fully understand the origin of these
differences.

The oxygen and hydrogen peroxide reduction reaction

At first sight, the qualitative behavior of the Pt(111) electrode
for the oxygen reduction reaction (ORR) follows the same
principles as the other single-crystal electrodes. For the low-
index planes in perchloric acid solutions, the order is Pt(110) >
Pt(111) > Pt(100),*°°" although DFT calculations indicate that
the most active plane should be the Pt(111) surface.®® However,
when the reaction is studied as a function of the solution pH in
the absence of specific adsorption, it was found that the activity
trend for the Pt(111) electrode is different from the other two
basal planes.”® Thus, the activity of the Pt(100) and Pt(110)
surfaces diminishes as the pH increases (Fig. 9). On the other
hand, for the Pt(111) surface, the electrocatalytic activity
increases from pH 1 to 6 and diminishes from 11 to 13.%
Although it is not possible to study the mid-pH region due to
the absence of convenient a buffer solution for these pH values
in which the anions do not interact specifically with the Pt
surface, the extrapolation of the observed trend at low and high
pH values indicates that the activity of the Pt(111) electrode
should be maximum at pH ca. 8-9 (Fig. 9). For these pH values,
the pzfc is close to the onset of the reaction, which suggests
that a neutral charge on the electrode surface activates the
reaction for this surface. The different activity trends vs. pH
observed for the other two electrodes have to be associated with
the adsorbed OH layer. It should be highlighted that adsorbed
OH is an intermediate of the ORR. Theoretical studies indicate
that the reduction of OH is the rate-determining step in the
ORR mechanism on Pt.”> For the Pt(110) and Pt(100) planes,
OH desorption takes place at potentials much more negative
than the onset for the ORR, and thus its coverage remains
constant in the whole activation region.
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Fig. 9 Kinetic current for the ORR at 0.85 V vs. solution pH for the low
index planes of Pt.
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On the other hand, the onset of the ORR on the Pt(111)
surface coincides with the onset of OH desorption. As men-
tioned before, the completion of the OH layer leads to signifi-
cant changes in the free charge of the electrode, which becomes
more negative.***> Thus, for the Pt(100) and Pt(110) electrodes,
the charge at the onset of the ORR is always negative since the
desorption of OH takes place at low potentials, and, as pH
increases, it becomes even more negative. For the Pt(111)
surface, since the onset of the reaction coincides with that of the
OH desorption, the free charge is positive in acidic solutions and
becomes more negative as the pH increases, activating the reaction
for the pH in which the free charge is almost zero.

The relevant role of adsorbed OH in the ORR has been
recently highlighted in the studies carried out in D,0O, which
confirms that the reduction of OH is the limiting step on Pt. An
inverted isotopic effect has been found by the substitution of H
for D.°° Thus, the activity in D,O is higher than that recorded in
H,0. This effect has been explained as a consequence of the
weaker OD adsorption as compared to that of OH, as the shift
to higher potential values of OD adsorption indicates.

The surface charge not only affects the ORR onset but also
the different routes in the complex mechanism. This effect has
been clearly shown in the hydrogen peroxide reduction reaction
(HPRR). Hydrogen peroxide is an intermediate in some of the
paths of the ORR mechanism and the comparison between the
behavior of the ORR and HPRR can shed light on the mechan-
isms of both reactions. On Pt(111) in solutions with pH = 1,
HPRR is inhibited at E < 0.3 V vs. RHE.”” ' This effect is also
observed for the ORR in this region because the reaction yields
H,0, instead of water. Initially, it was proposed that this inhibition
was caused by the adsorption of hydrogen which occurs at
E < 0.35 V. However, experiments at different pH showed that
the inhibition occurs at constant charge and not constant hydro-
gen coverage, highlighting that the free charge is responsible for
the inhibition. In fact, for the Au(100) electrode in alkaline
solutions, the transition between the four electrons and two
electrons mechanism also takes place at constant free charge.'”!

Modeling the behavior of the platinum
single-crystal electrodes

The studies of the electrochemical interphase are complex,
especially due to the presence of the solvent, generally water,
and the ions of the supporting electrolyte. Thus, the reactivity
not only depends on the interactions between the reactants and
intermediates with the surface, but also on the cross interac-
tions between solvent, surface, reactants, and solution ions.
Also, there is an additional set of variables that affects the
reactivity which is the electrode potential/free charge. For a
given solution composition, there is a univocal relationship
between the electrode potential and the free charge, so setting
the value of the electrode potential fixes the value of the free
charge and vice versa. In general, adsorption processes are
better described when the free charge is used as the indepen-
dent variable."”*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The experimental complexity of the electrochemical inter-
phase, with the presence of water, prevents the use of the
electron spectroscopy techniques used to study heterogeneous
catalysis. To fill the gaps in the experimental research, DFT
and molecular dynamics have proven to be very useful tools.
Although the computational power is increasing every day,
the full inclusion of all the elements in the electrochemical
interphase in the model is still not feasible. Thus, DFT models
should include all relevant parameters affecting reactivity,
while ensuring reasonable duration for calculations, so that
the essential elements that shape the reactivity are captured.
For that, single-crystal surfaces are the typical choice because
they can be easily modeled with reasonably low computational
costs using periodic models, and thus experimental results
with single-crystal electrodes can be understood with the help
of theoretical calculations.

The first element to be considered is the state of the surface.
Until recently, when the reactivity of Pt single-crystal electrodes
was modeled, it was always assumed that no species were
adsorbed on the surface. However, this is not true. As described
before, on the platinum surface under aqueous electrochemical
conditions, H, OH, or both species are adsorbed on the surface.
The only exception is the Pt(111) between 0.4 and 0.55 V, in
which no species but water are adsorbed. Thus, the DFT models
to study electrocatalytic reactions should include the adsorbed
species present on the interphase at the potentials at which
they take place because they alter the reactivity. The DFT
calculations that included the presence of adsorbed OH in
the model have served to rationalize the observed experimental
reactivity and to explain the different behavior of methanol in
electrochemical and UHV environments.>® In electrochemical
environments, the cleavage of the C-H bond is the rate-
determining step, whereas in UHV the first step in the oxida-
tion process, the formation of the adsorbed methoxy species is
the slowest step.®>'%® The explanation for this different beha-
vior lies in the presence of adsorbed OH in electrochemical
environments, which catalyze the formation of adsorbed methoxy.
Similar effects on the formation of adsorbed ethoxy have been
observed for ethanol oxidation.®® In this case, adsorbed OH not
only facilitates this step but also the oxidation of the adsorbed
species to acetic acid.

A second important element that has to be included in the
models is the water environment.'®* Water molecules interact
with polar species and can modify the reactivity. The simplest
way to include water effects is through implicit water models,
which in some cases, can be enough to capture the essential
effects. In other cases, where the presence of hydrogen bonds of
the different species may have an impact on the reaction
energetics, additional water molecules can be added. In fact,
recent results in the modeling of the double layer and its
impact on electrocatalysis reveal that the local hydrogen-bond
network in the water has important effects on the structure and
properties of the double layer, shaping the electrocatalytic
process.'®® In order to improve implicit solvation models, which
computationally are less demanding, parameterized implicit
solvation models have been proposed that can reproduce
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experimental results and those obtained with explicit water
models.'” Another important conclusion obtained from
models trying to reproduce experimental results is that the
electrostatic interactions are much stronger than those
expected by the mean-field Poisson-Boltzmann equation,®® as
observed from the experimental results of the effect of the
concentration in the capacity minimum around the pzfc for the
Pt(111) electrode.*?

The final important element is the free charge/electrode
potential. As mentioned before, both parameters are interre-
lated. It should be highlighted that during an electrochemical
reaction, charge flows through the circuit, thus total charge at
the interphase changes. However, the free charge at the elec-
trode remains constant. The simulation of systems in which the
total charge changes requires the use of Grand Canonical DFT
(GC-DFT)."*”"'°® Due to the complexity of this GC-DFT, in many
cases, only the initial and final states of a given step are
calculated using DFT, and the activation energies are supposed
to be proportional to the difference between the initial and final
states of the reaction step.’® This strategy has been successfully
applied to the ORR and the calculations have provided signifi-
cant insights into the reaction. This is because the proposed
intermediates: adsorbed OOH, O, and OH, are very small
species all bonded to the surface by an O atom. The similar
chemical nature of these species allows for a correlation
between the energy of the different steps and the activation
energy. In more complex reactions, with different atoms
bonded to the surface and possible geometries, the activation
energies are no longer proportional to the difference between
the initial and final energy of the species in the step, as
happens for the formic acid oxidation reaction.

The potential dependence of the different steps is normally
calculated using the so-called computational hydrogen
electrode.'® Although the method allows for the determination
of the rate-determining step, as has been the case for the ORR,
it is not able to predict the differences in behavior between
acidic and alkaline solutions. The changes in reactivity between
acidic and alkaline environments are due to two main factors:
the first one is the water structure and the second one is the
free charge. Normally, in DFT simulations, the surface charge
of the electrode is zero, so the reaction conditions are close to
those obtained at the pzfc. As mentioned before, the surface
charge in alkaline solutions is clearly negative, and this can
significantly affect the energetics of the different species
involved. This effect has been shown for instance for adsorbed
hydrogen on Pt(111), where the nature of the adsorbed species
is different depending on the surface charge.''® Thus, the
different reactivity observed between acidic and alkaline solu-
tions can be only understood if the free charge of the electrode
is included in the model.

Due to the computational complexity of the electrochemical
interface examples with a complete model are rare. Recently,
there have been numerous efforts to obtain a detailed picture of
the interphase in contact with the Pt(111) electrode to repro-
duce experimental results and to obtain valuable insights into
the reactivity of platinum electrodes using GC-DFT calculations
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including explicit water layers and ab initio molecular dynamics
(AIMD).""*""*> Those results highlight the importance of the
local hydrogen-bond network in the structure and properties
of the double layer, which affects the electrocatalysis.'®> GC-
DFT'"" and AIMD''® have been able to reproduce the capacity
maximum around the pzfc, and the existence of an ion dis-
tribution that does not follow the mean-field Poisson-Boltzmann
distribution.”
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