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The hydrogen peroxide reduction reaction (HPRR) is investigated at pH = 13 on the Pt basal planes and
stepped surfaces with (111) terraces separated by either monatomic (100) or (110) steps. A quantitative
analysis of the surface structure effect revealed that Pt(111) is the most active surface and its activity
progressively decreases when steps are introduced. Additionally, inhibition of the HPRR is observed at
low potentials, which onset potential is governed by the OHads and the point of maximum entropy
(pme) of the interphase. Experiments with different rotation rates suggest the formation of an HPRR
intermediate linked to the inhibition process, which is more strongly adsorbed on (110) than (100)
steps. Finally, a comparison of the HPRR and ORR (oxygen reduction reaction) illustrated the important
differences for both reactions, which are dependent on the step density. These divergences have been dis-
cussed based on adsorbed intermediates and O2 interactions with the Pt surface.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

The oxygen reduction reaction (ORR) is of paramount impor-
tance in electrocatalysis since it takes part in several practical
devices, such as metal-air batteries and fuel cells. It is also the most
suitable counter electrode reaction in oxidation processes. The
complete reduction of oxygen to water involves the exchange of
4 electrons according to Eq. (1):

O2 þ 4Hþ þ 4e��2H2O Eo ¼ 1:229 V ð1Þ
In alkaline solutions, the equation is transformed into:

O2 þ 2H2Oþ 4e��4OH� ð2Þ
This complex reaction involves the transfer of four electrons

and protons and the cleavage of the O—O double bond to form
4O—H bonds. The presence of multiple steps implies the participa-
tion of several reaction intermediates, whose importance in the
mechanism may change as a function of solution pH. Moreover,
during the reduction process, the ORR can proceed through a
two-electron step to form hydrogen peroxide as an intermediate,
which can further be reduced to water with the consequent
transfer of two additional electrons, or as the final product [1]
when its reduction is kinetically inhibited. It should be highlighted
that hydrogen peroxide is thermodynamically unstable because it
can undergo oxidation and reduction processes according to:

O2 þ 2Hþ þ 2e��H2O2 Eo ¼ 0:682 V ð3Þ

H2O2 þ 2Hþ þ 2e��2H2O Eo ¼ 1:776 V ð4Þ
In alkaline media, hydrogen peroxide deprotonates

(pKa = 11.65) and reactions (3) and (4)transform into:

O2 þH2Oþ 2e��HO�
2 þ OH� ð5Þ

HO�
2 þH2Oþ 2e��3OH� ð6Þ
Since the standard oxidation potential of hydrogen peroxide

(rection (3)) is lower than that of the reduction reaction (reaction
(4)), the dismutation of hydrogen peroxide to produce water and
oxygen is a spontaneous process. However, these reactions are
kinetically slow and for this reason, hydrogen peroxide is kineti-
cally stable in the absence of an appropriate catalyst. Thus, the
detection of hydrogen peroxide during the ORR implies that the
reduction of hydrogen peroxide is inhibited.

Pt has been considered as the best catalyst among pure metals
for ORR exhibiting the highest number of transferred electrons per
O2 molecule with almost negligible formation of hydrogen
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peroxide in the whole potential range [2–4]. Nevertheless, sluggish
kinetics and high overpotentials are indeed observed for Pt
catalysts, which hinder the commercialization of fuel cells and
metal-air batteries. Therefore, to improve both issues and be able
to obtain commercial competitive cathodes for these devices, it is
essential to carry out fundamental studies to understand the ORR
mechanism, so that strategies for improving its activity can be
devised.

During the last decades, many theoretical and experimental
studies have proposed different ORR mechanisms [1,5–9]. Despite
that, the detailed mechanism remains still unclear. The main rea-
son for that is that the intermediates formed during the reaction
are difficult to identify due to their short lifetime and low coverage.
Thus, innovative, and specific strategies are essential to obtain new
insights into the ORR mechanism. In this sense, recent fundamen-
tal studies, performed on well-defined Pt single crystals and poly-
crystalline Pt, contributed to shed light on the mechanism toward
ORR. It was proposed that adsorbed OOH is the first one-electron
transfer process to yield H2O or H2O2 in acid media on Pt(111)
electrodes [9,10]. On the other hand, a superoxide anion radical
(O2

��) has been postulated for the ORR after the first electron trans-
fer in alkaline media [11–13]. Additionally, since H2O2 has been
detected as an intermediate in the reaction, the studies of the
hydrogen peroxide reduction reaction (HPRR) are also important
to elucidate the mechanism of the ORR.

Furthermore, we have recently described an effect of the surface
charge and the interfacial water on the ORR and HPRR, leading to
mechanistic consequences for both reactions [13,14], mainly
because water is either a reactant or a product in the reactions.
Experiments on Pt stepped surfaces showed that the inhibition at
low potentials, which is always observed for both reactions, is close
to the potential of maximum entropy (pme) of terraces and steps in
acid media. The value of the pme is closely related to the potential
of zero free charge (pzfc) [13]. However, the study of the role of the
surface sites in the HPRR in strong alkaline electrolytes (pH = 13)
and their comparison with ORR at the same pH, need yet to be
explored in detail. These effects are important to understand the
influence of the solution pH in the reaction. In that sense, it has
been observed that the reaction order for the single crystal elec-
trodes in acidic and alkaline solutions for the ORR is completely
different. Thus, in acidic solution, the electroactivity sequence is
Pt(110) > Pt(111) > Pt(100) whereas, in alkaline solution, the Pt
(111) is the most active of the three basal planes [7,15–17].

In this work, additional hanging meniscus rotating ring disk
electrode (HMRDE) studies on Pt basal planes and stepped surfaces
for HPRR in 0.1 M NaOH solutions are performed to gain new
insights into the reaction mechanism in this media. A detailed
comparison with ORR results is also included in order to obtain
more information about the possible formed intermediates and
the effect of the surface charge properties on the reaction.
2. Experimental

The experiments were carried out in a two-compartment elec-
trochemical glass cell, using a Pt wire as a counterelectrode and
a reversible hydrogen electrode (RHE) as a reference electrode.
The platinum single crystal electrodes used as working electrodes
were prepared by using the method described by Clavilier [18].
Pt(111), Pt(100) and Pt(110) low index planes and stepped sur-
faces have been used for the studies. These stepped surfaces belong
to the series Pt(S)[(n � 1) (111) � (110)] and Pt(S)[n(111) �
(100)] and contain n atom-wide terraces separated by monoa-
tomic (110) and (100) steps, and can be also termed as Pt(n,n,
n � 2) and Pt(n + 1, n � 1, n � 1), respectively. For these surfaces,
the step density can be calculated according to
124
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for the Pt(n + 1, n � 1, n � 1) surfaces. In these equations, d is the
atomic diameter of platinum.

Before any electrochemical experiment, Pt working electrodes
were always flame annealed in a propane-air flame, cooled in Ar/
H2 (3:1) reducing atmosphere, protected with an ultrapure water
drop saturated with this atmosphere, and immersed in the electro-
chemical cell at controlled potential [19]. STM results indicate that
the surfaces obtained after this treatment correspond to the nom-
inal surfaces structures for the Pt(111), Pt(100), and stepped sur-
faces [20,21]. For the Pt(110) electrode, this treatment leads to the
formation of a (1 � 2) surface structure. Although the (1 � 1) struc-
ture can be obtained when the Pt(110) electrode is cooled down in
a CO containing atmosphere [22–24], this surface structure trans-
forms into a (1 � 2) structure when the potential is above 0.8 V.
Since the study of the HPRR and the HPOR requires potentials
above this limit, the (1 � 2) structure has been used for the studies
because this surface structure is stable in the potential limits
employed in this work.

Solutions were prepared using NaOH�H2O (Merck, Suprapur,
99.99%) and � 30% H2O2 solution (Fluka, Trace SELECT� Ultra, for
trace analysis) dissolved in ultrapure water (Elga PureLab Ultra,
18.2 MX cm) and deoxygenated using Ar (N50, Air Liquide). H2

(N50, Air Liquide) for the reference electrode and O2 (N50, Air Liq-
uide) for the ORR studies were also employed.

The cyclic voltammograms were performed at room tempera-
ture by using a signal generator EG&G PARC and eDAQ EA161
potentiostat with an eDAQ e-corder ED401 recording system.
Experiments in hydrodynamic conditions were carried out in the
hanging meniscus rotating disk electrode (HMRDE) configuration
using an EDI101 rotating electrode.
3. Results and discussion

3.1. HPRR on Pt basal planes

The important effect of the adsorbed species on the Pt surface in
electrocatalysis has been widely verified for several reactions, and
especially for the ORR and HPRR [25]. Moreover, in these adsorp-
tion processes, the solution pH of the electrolyte can play an
important role. Thus, the analysis of the voltammetric responses
and the characterization of adsorbed species on the electrode sur-
face is essential to get new insights on the electroactivity of Pt elec-
trodes in the reactions. Fig. 1a shows the voltammetric profiles for
the three basal planes employed in this study in the supporting
electrolyte. It should be noted that the adsorption processes
observed in the absence of O2 or H2O2 are still taking place in the
presence of these molecules [16,26]. As can be observed, the
adsorption processes taking place in the stability region of the plat-
inum low index planes of platinum, namely the hydrogen and the
OH adsorption/desorption processes, are strongly dependent on
the Pt surface topography.

For the Pt (111) surface, hydrogen and OH adsorption processes
take place in two different potential windows separated by the so-
called double layer region [7,27]. Thus, hydrogen adsorption occurs
at potentials below 0.4 V, whereas the onset for OH adsorption
occurs at ca. 0.6 V and extends to 0.9 V. Above 1.0 V, the adsorbed
OH is transformed into adsorbed O. The formation of adsorbed O
can lead to surface disordering [28,29]. On the other hand, for Pt



0.2 0.4 0.6 0.8

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20
j /

 m
A

 c
m

-2

E vs. RHE / V

 Pt(111)
 Pt(110)
 Pt(100)

A)

0.2 0.4 0.6 0.8

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

j /
 m

A
 cm

-2

E vs. RHE / V

B)

0.75 0.80 0.85 0.90 0.95
0.01

0.1

1

10

100

1000

E / V vs. RHE

j ki
n /

 m
A

 cm
-2

C)

Fig. 1. Voltammetric profiles for the Pt basal planes in Ar-saturated 0.1 M NaOH; scan rate: 50 mV s�1 (A), polarization curves for the HPRR on the same Pt electrode in Ar-
saturated 0.1 M NaOH and 2 mM H2O2; scan rate: 50 mV s�1, rotation rate: 2500 rpm (B) and kinetic currents extracted from the HPRR polarization curves (C).
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(110) and Pt(100), both processes overlap. On the Pt(100) surface,
four overlapping peaks can be distinguished in the voltammetric
profile at 0.28, 0.39, 0.46, and 0.56 V. The ones taking place at
low potentials (i.e., those at 0.28 and 0.39 V) are related to the
adsorption of hydrogen whereas those at higher potentials are
related to the adsorption of OH [7,30]. The single peak observed
for the Pt(110) electrode at 0.27 V corresponds to the competitive
adsorption of H and OH. At potentials lower than the peaks the sur-
face is covered by adsorbed hydrogen whereas at higher potentials
OH is the adsorbed species. For this latter surface, an additional
process is observed at 0.78 V, related to further adsorption of OH
on this electrode.

Fig. 1b shows the HPRR voltammetric profiles for the three elec-
trodes in 0.1 M NaOH + 2 mM H2O2. Only the negative scan direc-
tion is displayed for the sake of comparison, although the behavior
of the positive scan direction mimics the one shown in the figure
(see Fig. S1). The voltammetric profiles display the typical features
observed for the HPRR, with a region at high potentials where the
current is controlled by the ratio of the reactions rates for the HPRR
and HPOR, and the diffusion of H2O2 to the surface[31], followed by
a region at more negative values characterized by a stationary lim-
iting current. In the case of the Pt (110) electrode, this stationary
behavior is not well-defined. Furthermore, the inhibition of the
HPRR can be identified at high overpotentials for the three basal
planes, where the current density (in absolute value) diminishes.
In this region, the current for the Pt(111) and Pt(100) electrodes
reach a value close to zero, which implies that the HPRR is almost
completely inhibited, whereas higher values are obtained for the Pt
(110) surface.

The data on the adsorbed species on the electrodes will be used
to analyze the HPRR curves in the three regions. As can be seen, the
onset for the oxidation is Pt(111) > Pt(110) > Pt(100). It should be
noted that H2O2 can suffer the oxidation and reduction processes
of reactions (3) and (4). In fact, both processes, the hydrogen per-
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oxide oxidation reaction (HPOR) and the HPRR overlap in the
region around 0.9 V (see for instance Fig. S1 or Fig. 3). For higher
potentials, oxidation currents dominate and for lower potentials
reduction currents are the main contribution. Thus, the onset for
the HPRR is controlled by the balance of the two possible reactions.
If the rate constant for both processes were the same, it would be
expected that the onset for the HPRR (and for HPOR) was located in
the mean value of the equilibrium potentials of both reactions, that
is, 1.229 V vs. RHE. The observation of a lower potential value for
the onset of the HPRR implies that the kinetics of this reaction in
this region are slower than those corresponding to the HPOR.

As aforementioned, Pt (111) exhibits the highest onset poten-
tial for HPRR (above 0.90 V) within the three basal planes shown
in Fig. 1B, whereas the reaction initiates at lower values for Pt
(110) and Pt (100), whose onset are 0.88 V and 0.85 V, respec-
tively. The reason for the different onset potential is the formation
rate of adsorbed OH. The reduction of H2O2, which at this pH is in
the form of HO2

–, implies its adsorption which, in turn, leads to the
cleavage of the O—O bond to form adsorbed OH and O. This latter
species evolves immediately to adsorbed OH, and the final step in
the reaction is the release of three OH– ions to the solution and the
transfer of two electrons. Thus, in this process, adsorbed OH is a
key element in the reactivity, because it should be labile enough
to adsorb and desorb with low barriers. For the Pt(111), the onset
for the HPRR is very close to the onset for the OH desorption on the
Pt(111) electrode, as Fig. 1A shows. In fact, the OH adsorption/des-
orption process is reversible and occurs between 0.6 and 0.9 V,
implying that OH can be easily adsorbed/desorbed in this region.
For the other two electrodes, Pt(110) and Pt(100), the onset for
OH desorption is at lower potentials, which indicates that OH is
strongly bonded to the surface at 0.9 V and its desorption is, com-
paratively, more difficult. In this sense, it would be expected that
the onset for Pt(100) was lower than that of Pt(110) because the
complete desorption of OH on the Pt(100) electrode takes place
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at higher potentials. However, the small bump observed for Pt
(110) at 0.78 V in Fig. 1A, also related to adsorbed OH, suggests
some lability of the adsorbed OH layer in this potential region, jus-
tifying the higher potential onset with respect to Pt(100).

The order of activities obtained in this region, Pt (111) > Pt
(110) > Pt (100), is the same one as that obtained for ORR in the
same electrolyte planes [7,15–17]. Although the analysis of the dif-
ferences and similarities between the ORR and the HPRR will be
carried out later, this fact suggests that OH adsorption kinetics is
an important element for both reactions in this potential region.

Kinetic currents, i.e., those would have been obtained in
absence of diffusion limitations, can be obtained behavior using
Koutecky-Levich equations [7]. It should be highlighted that
Koutecky-Levich analysis is only valid when the kinetics of the pro-
cess fulfill certain conditions, that is, it is a first-order reaction with
respect to the reactants[32]. Fig. 1C shows the kinetic currents for
the HPRR on the three Pt basal planes in the charge transfer con-
trolled region. Two different linear Tafel regions are observed in
the curves. The Tafel slopes values in the high potential region, that
is, between 0.92 and 0.87 V for Pt(111), 0.88 and 0.85 V for Pt
(110) and 0.85 and 0.83 V for Pt(100), are close to 15 mV for
the three electrodes. These low apparent Tafel values are the con-
sequence of the joint contribution of both HPRR and HPOR to the
measured current densities in this region. In fact, the current val-
ues obtained for this region are artificial because the Koutecky-
Levich analysis is not strictly valid in this region. At lower poten-
tials, when the HPRR is the only significant contribution to the total
current, and the equation Koutecky-Levich can provide reliable val-
ues, the obtained Tafel slopes are 142 mV, 236 mV, and 63 mV for
Pt(100), Pt(110), and Pt (111), respectively. The analysis of the
Tafel slopes when adsorbed species are involved is complicated
because they contain not only information on the electrode trans-
fer kinetics of the process but also depend on the adsorbed species
isotherm. As aforementioned, adsorbed OH is an intermediate for
HPRR/ORR and then this species may contribute to the Tafel slope.
The following expression has been used to include the effect of OH
in the Tafel slope [7]:

mTafel ¼ 1
@log hOHð Þ

@E � aF
RTlnð10Þ

�����
����� ð9Þ

This equation justifies the significantly lower value obtained for
the Pt(111) because in this region the change in the OH coverage
contributes significantly to the measured value [7]. On the other
hand, the values for the Pt(110) and Pt(100) electrodes are very
similar to those obtained for the ORR for the same potential region
[7], again highlighting the similarities of the ORR and HPRR reac-
tions in this region.

The second region that is important to discuss is the region
where the HPRR is inhibited. In previous work, a correlation
between the onset potential for the decay of the current at low
potentials (Einhibition) and the electronic properties of the different
platinum surfaces was found [13]. The onset for the inhibition
was observed around the local potential of maximum entropy
(pme). This potential marks the change in the orientation of the
water molecules at the interface: at potential values more negative
than the local pme the water molecules are oriented with the
hydrogen atoms pointing toward the surface [33], and this config-
uration inhibits the HPRR. For the Pt(111) electrode in acid media,
the pme is located in the region where no OH is adsorbed and its
potential value is independent of the pH in the SHE scale [33].
The extrapolation of this trend to alkaline media would place the
pme in the region where OH is adsorbed. However, the presence
of adsorbed OH alters the water interaction at the interface [34],
and the pme is located close to the onset of OH adsorption [33].
For the other two surfaces, since the process of H and OH adsorp-
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tion overlap, the pme lies in the region where the coverage of both
species is similar. Thus, the inhibition of the HPRR requires poten-
tials negative to the pme where no OH is adsorbed [7,13]. The
results obtained for this pH agrees with this trend. Einhibition for
Pt(111), Pt(100), and Pt(110) electrodes are located at 0.64, 0.4,
and 0.27 V, respectively, which correspond to the potentials where
OH coverage becomes negligible.
3.2. HPRR and HPOR on Pt stepped surfaces

To further investigate the effect of the surface structure and the
electronic properties on the reactions, stepped surfaces were used.
The selected surfaces are those containing (111) terraces sepa-
rated by monoatomic (110) or (100) steps. Because of the large
dipole created on the step due to the Smoluchowski effect [35],
the perturbation on the surface energy originated by the step is
large enough to induce significant changes in the behavior of these
surfaces. For the other two types of stepped surfaces, those con-
taining (100) and (110) terraces, the perturbation created by the
step is significantly smaller [36,37] and the differences in the cat-
alytic behavior when compared to the respective low index planes
are very small [7,38,39].

The addition of steps on the (111) surface results in the appear-
ance of new peaks in the voltammetric profiles of the electrodes
with respect to that of the Pt(111) plane. As can be seen in
Fig. 2, a reversible pair of peaks at 0.26 V for the (110) step and
a less reversible one at 0.36–0.42 V for the (100) steps appear
and grow as the step density increases in parallel with the diminu-
tion of the charge related to the hydrogen and OH adsorption on
the (111) terraces. Moreover, the separation between both signals
increases with the step density. The new peaks associated with the
presence of the steps are due to the competitive adsorption of
hydrogen and OH on the top part of the step. Thus, at potentials
negative to the peak, the hydrogen is adsorbed on the step,
whereas OH is adsorbed at more positive potentials. The local
potential of maximum entropy for the step is at the peak position
[33].

For the HPRR, Fig. 3 shows the negative scan directions on the
two series of stepped surfaces in 0.1 M NaOH in presence of H2O2 -
under hydrodynamic conditions. The curves were recorded up to
1.2 V to study not only the HPRR but also the HPOR. The HPRR
and HPOR take place under diffusion control at potentials below
0.8 V and above 1.0 V vs. RHE, respectively. Between these poten-
tials, the charge transfer controlled region for both reactions is
located, which overlap in the same potential range [40]. A close
analysis of the effect of the surface structure in this potential
region reveals that Pt(111) is the most active surface for the HPRR
since the lowest overpotential for the HPRR is measured for this
surface. The HPRR curves displace to lower potentials when
(110) or (100) steps are introduced into the (111) surface, which
is a clear indication that the steps are less active than the terrace
sites, in consonance with the behavior previously obtained for
ORR using the same surfaces and the same electrolyte [7]. Analo-
gous conclusions can be extracted for the positive scan directions
under the same conditions (Fig. S2). To quantify this effect, the
half-wave potential (E1/2) is commonly used and can provide val-
ues for the overpotential for the HPRR and HPOR [40]. To calculate
this parameter, the HPRR/HPOR voltammograms can be decom-
posed into the sum of both processes using conventional equations
for S-shaped electrochemical processes (Fig. S3) [40]:

E ¼ E1=2 þmlog
jlim � j

j

� �
ð10Þ

being E½, the half-wave potential, E, the applied potential, j, the cur-
rent density and jlim, the limiting current density, and considering
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m = 60 mV. Then, fitting the experimental curves to equation (10),
the E1/2 values for HPRR and HPOR for the positive and negative
scan directions are calculated and plotted versus the angle of the
surface with the (111) plane (Fig. 4).

As can be observed, Pt(111) shows the highest activity for HPRR
and this activity decreases with the step density for Pt(111) vicinal
surfaces, regardless of the direction of the scan. The activity for the
basal planes follows the order Pt(111) > Pt(110) > Pt(100) for
HPRR. However, the opposite behavior was found for HPOR. In this
case, the Pt(111) shows the lowest activity because of the highest
E½, whereas Pt(100) and Pt(110) show higher activity. The com-
parison of the values obtained during the negative and positive-
going scan provides information about the influence of the oxides
since Pt oxide is forming above 1 V (Fig. S4). As can be observed,
the activities for HPRR on all the oxide-covered surfaces decrease
whereas their activity toward HPOR increases. Thus, it can be pro-
posed that the value for which the current density is zero for the
HPOR/HPRR on the different surfaces should have the same prop-
erties. Probably, this value is linked with the potential at which
the adsorbed OH is transformed into oxides.

On the other hand, the activities for HPRR follow the same ORR
activity trend previously reported. However, the E1/2 value is
always more positive for HPRR than for ORR [7]. Thus, if H2O2 is
127
an active intermediate in the ORR reaction at these potentials it
will not be detected during the reaction since any H2O2 formed will
be inmediately reduced to water. However, on oxide-covered sur-
faces the HPRR activity is lower and then this intermediate might
be detected. In fact, the formation of H2O2 during the negative-
going scan in alkaline media on Pt(100) and Pt(110) has been
reported [41,42].

Another important element in Fig. 3 is the inhibition of the reac-
tion at low potentials. This process diminishes with the addition of
the steps. As aforementioned, this inhibition is correlated with the
pme and/or the presence of adsorbed OH on the electrode surface
[13]. For stepped surfaces, the orientation of water can be different
on the steps and on the terrace. Moreover, it has been described
that the local reorientation of water molecules on step sites trig-
gers the reorientation of a significant fraction of the water adlayer
on the whole surface [43]. Thus, the pme of the terrace and the
steps changes with the step density of the surface. To be more pre-
cise, the pme and then the Einhibition is shifted to more positive
potentials with the step density in acid media. Unlike acidic solu-
tions, in alkaline media it has been shown that the pme moves in
the opposite direction, it is, the pme is shifted to more negative
potentials with the step density [44]. Thus, a decrease in the Einhi-
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bition by increasing the step density would be expected. However, as
explained above, the pme at pH = 13 (~0.80 vs RHE for Pt (111))
would lie in the region of adsorbed OH [44]. This species has a
buffering effect, which alters this correspondence when Einhibition is
close to the potential for the adsorption of OH� and is responsible
for the constant value of Einhibition with the step density. Thus, at
this pH, Einhibition is not governed by the pme but by adsorbed
OH. This process lies in the same potential region for all the
stepped surfaces in the same set of surfaces. This effect can be
observed for the Pt(S)[(n–1)(111) � (110)] surfaces in Fig. 3A. In
this case, Einhibition coincides with the onset potential for the
adsorption of OH (0.64 V), as shown in the profiles from Fig. 2A,
and does not change with the step density. Additionally, a small
increase in the reduction current is observed at ca. 0.28 V, which
coincides with the position of the peaks corresponding to the step.
The increase is more evident as the step density increases, indicat-
ing that the steps are also taking part in the HPRR, but with lower
activity, and deactivate at potentials lower than the peak. In a pre-
vious report, it was found that the pme of the step sites lies exactly
in the same potential region that the voltammetric peak for the
steps and then a reorganization of the water molecules, and, thus,
a reactivation of the HPRR is expected in this region [44].

Unlike the surfaces with (110) steps, a shift in the position of
Einhibition with the step density is shown in the surfaces with
(111) terraces and (100) steps (Fig. 3B). In this case, the reactiva-
tion of the HPRR is expected at the position of the peak associated
with the steps, that is, at ca. 0.4 V. Moreover, the potential for this
peak moves to more negative values as the step density increase.
Therefore, the change in Einhibition with the step density for the Pt
(S)[n(111) � (100)] surfaces is the results of two different pro-
cesses, the inhibition on the terraces at E < 0.64 V and the reactiva-
tion of the HPRR at potentials positive to the step. At potentials
negative to this peak the reaction is inhibited again, resulting in
a value for Einhibition that diminishes with the step density. In
the case of the Pt(311), with a short terrace (only 2 atoms in the
terrace), the contribution of the steps to the reactivation of the
HPRR is so high that the limiting current is not well-defined.

To further investigate the inhibition at low potentials and the
existence/stability of possible intermediates formed during this
pathway, different rotation rates were employed using Pt(211)
128
and Pt(221) surfaces. These surfaces have 2 atom wide terraces
and monoatomic (100) and (110) steps, respectively. Fig. 5 shows
that the inhibition in the current density at low potentials is
dependent on the rotation rate and that this decrease in the cur-
rent becomes higher as the rotation rate increases. However, this
effect is lower on Pt(221) than on Pt(211), as can be seen in
Fig. 6C where the normalized difference between the limiting cur-
rent and the current at 0.1 V is plotted vs. the square root of the
rotation rate. For the Pt(221) surface, the inhibition is small and
almost independent of the rotation rate. On the other hand, a linear
increase with the square root of the rotation rate is observed for
the Pt(211) electrode. This linear dependence with the rotation
rate implies that an intermediate is being desorbed from the sur-
face. Thus, the inhibition of the HPRR is not due to a Hads on Pt,
which may inhibit the interaction of H2O2 with the Pt surface,
but due to an adsorbed HPRR intermediate. This intermediate is
weakly adsorbed so that it can desorb easily from the surface,
and the high rotation removes the intermediate species from the
interphase so that it cannot readsorb and further oxidize. Further-
more, this intermediate is more strongly adsorbed on Pt(221) than
Pt(211), which suggests that this intermediate has more affinity
with (110) steps than with (100) steps.

3.3. Mechanistic insights for the ORR before and after the formation of
H2O2

Since hydrogen peroxide is a possible intermediate of the ORR,
the comparison between ORR and HPRR is of paramount impor-
tance in order to get a deeper insight into the reaction mechanism.
Fig. 6 shows the voltammetric profiles for the HPRR and ORR on Pt
(111) and stepped surfaces with 111 terraces. For comparison, cur-
rents have been normalized using the value of the limiting current
density for the ORR and HPRR, so that the effect of the different
number of electrons transferred in the reactions are taken into
account.

This figure clearly illustrates the differences and similarities
between both reactions. Two regions can be distinguished. At
low overpotentials, the onset for both reactions is very close,
although the half-wave potentials shown in Fig. 4 for the HPRR
are higher than those for the ORR reported in [7]. Additionally,
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the rising part of the curve for the ORR is less steep than for HPRR,
implying that the ORR reaction has lower activity in this potential
region. According to the different proposed mechanisms, OOH, OH,
and O are the adsorbed intermediates proposed for the ORR [8,45],
129
which essentially are the same as those proposed for the HPRR.
Moreover, it has been observed that the adsorption energies of
those intermediates are strongly correlated so that they follow
scaling relationships. For this reason, the lower activity of the
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ORR observed here has to be related to the first step in the reaction,
that involving the first electron transfer to form the adsorbed OOH
is [9,10] or the superoxide anion radical (O2

��) in alkaline media
[11–13], since the HPRR is faster than the ORR.

On the other hand, the currents in the region where the inhibi-
tion takes place show significant differences (Fig. 6). It should be
highlighted that the normalization by the limiting current implies
that if H2O2 reduction is completely inhibited the value for j/|jlim|
should be zero for the HPRR. In the case of the ORR, if H2O2 is an
intermediate and its reduction is completely inhibited the normal-
ized current should be �0.5. Taking this fact into consideration, it
can be observed that for surfaces with wide terraces, the inhibition
is much lower for ORR than for HPRR. However, the inhibition for
the ORR increases as the step density increases, which is the oppo-
site behavior of the inhibition of the HPRR. This different trend can
be observed in Fig. 7, in which in the normalized difference
between the current at E = 0.1 V and the limiting diffusion current
for ORR and HPRR on all the surfaces employed in this work has
been plotted vs. the step density. To account for the different num-
bers of electrons exchanged in the processes, the normalized val-
ues for the ORR have been multiplied by 2. If the inhibition for
the ORR is due to the inhibition of the HPRR, two electrons would
have been exchanged in the ORR before the formation of hydrogen
peroxide and the normalized difference of the currents would have
been 0.5. The multiplication by 2 of the inhibition factor for the
ORR allows a better comparison with the HPRR. As can be seen,
for surfaces with wide terraces, the inhibition for the ORR is much
lower than in the case of the HPRR. However, as the step density
increases the inhibition for the ORR increases whereas the inhibi-
tion for the HPRR decreases. For surfaces with a low number of
atoms in the terrace (n < 7 for surfaces with (110) steps and
n < 4 form surfaces with (100) steps), the inhibition for the ORR
is even higher than for HPRR. These differences seem to indicate
that, although H2O2 may be involved in the ORR as an intermediate
in alkaline electrolytes, the mechanism is not taking place via the
total conversion of O2 to H2O2 but there should be a double mech-
anism with a bifurcation before H2O2 is formed. For the surfaces
0.0 0.5 1.0 1.5 2.0 2.5
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

2|
1 

- j
E=

0.
10

 V
/j lim

|
|1

 - 
j E=

0.
10

 V
/j lim

|

step density 10-6 / cm-1

B)

 ORR

 HPRR

Pt(S)[(n-1)(111) x (110)]
Pt(S)[(n)(111) x (100)]

A)

Fig. 7. Difference between current density at 0.10 V vs. RHE and limiting current
density for HPRR (black) and ORR (red), in this case the value is multiplied by 2 for
Pt(S)[(n-1)(111) � (110)] (A) Pt(S)[(n)(111) � (100)] (B) surfaces in 0.1 M NaOH.
The error bars have not been included since they are all smaller than the data point
symbol and imperceptible within the employed scale range. The highest current (in
absolute value) registered during the negative scan direction for each Pt orientation
has been selected as the limiting current. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

130
with wide terraces, this bifurcation point before the H2O2 forma-
tion leads to a low deactivation of the ORR at 0.10 V. For short ter-
race surfaces, the deactivation is important, almost equivalent to 2
electrons. The latter suggests that the ORR is being inhibited before
the exchange of the second electron.

Given the results, three different possibilities arise:

1. The decrease in current density at low potentials occurs
because the ORR is inhibited because not all the O2 molecules
can react.

2. The ORR ends right after the formation of an intermediate dif-
ferent from H2O2, in a one-electron transfer process, and that
this intermediate desorbs at low potentials. In acid media, the
possibility of a bifurcation mechanism and the formation of
OOH� as the intermediate before the formation of H2O2 has
already been proposed [1,9,10,46–48]. However, in the present
scenario (pH = 13), the superoxide anion, O2

��, is probably the
intermediate responsible for these changes, previously identi-
fied by spectroscopic studies in alkaline media [11].

3. The ORR reaction ends right after 2 electrons are transferred
and then the intermediate desorbs.

From the three hypotheses, the last one implies the formation of
H2O2, which is the only intermediate that could be formed in a 2-
electron transfer process. It should be beard in mind that, at this
pH value, HO2

– is in the main species in solution. Also, at this pH
value, the surface charge of the pristine Pt single crystal surfaces
should be negative [49], implying that the interaction of HO2

– with
the electrode surface is unfavorable. Thus, if H2O2/HO2

– are formed
as intermediate in the ORR, the interaction with the surface would
be weak and the inhibition behavior would follow the same as that
observed for HPRR, which is not the case. Thus, the formation of
H2O2 as an intermediate is not a major route in the ORR at these
potentials and, hypotheses 1 and 2 are the only reasonable possi-
bilities that can explain the different current densities in the inhi-
bition region for the ORR curves. Probably, the formation of O2

��,
whose interaction with the surface will also not be favorable due
to the negative charge of the surface, would be part of the main
route for the inhibition. Anyhow, minor participation of other
routes cannot be discarded.
4. Conclusions

The results presented here clearly demonstrate the complexity
of the HPRR and ORR. The onset potential for both reactions
appears to be dominated by the presence and lability of adsorbed
OH. Thus, the highest rates at high potentials are obtained for
the Pt(111) electrode, because adsorbed OH is more labile on this
surface at ca. 0.9 V. The lower activity for the ORR in this region
(when compared to the HPRR) has been explained by the slow rate
of the first electron transfer in the ORR. On the other hand, the
inhibition of the reaction at low potentials for the HPRR on differ-
ent Pt stepped surfaces with (111) terraces in 0.1 M NaOH point
out that there is a relationship between the value of Einhibition of this
reaction and the pme and the presence of adsorbed OH. For sur-
faces with (110) monoatomic steps, the Einhibition does not change
with the step density and coincides with the desorption of OH.
However, a shift with the step density is shown for Einhibition on sur-
faces with (100) steps, due to the reactivation of the HPRR at the
(100) steps. Furthermore, the calculation of E1/2 from the polariza-
tion curves for all the employed surfaces revealed that Pt (111) is
the most active surface for the HPRR, and its activity progressively
decreases when (110) and/or (100) steps are introduced into the
(111) surface. The latter is a clear indication that the steps are less
active than the terrace sites, in analogy to the behavior previously
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obtained for ORR in the same electrolyte. Additionally, experi-
ments using different rotation rates demonstrated that the inhibi-
tion of the HPRR is not due to a Hads on Pt, which may inhibit the
interaction of H2O2 with the Pt surface, but due to an adsorbed
HPRR intermediate, which is more strongly adsorbed on (110)
than on (100) steps. Finally, a close comparison of the HPRR and
ORR clearly illustrated the important differences for both reactions
and that these differences are dependent on the step density. More
precisely, for wide terrace surfaces, the inhibition for the ORR is
much lower than in the case of the HPRR. However, as the step
density increases the inhibition for the ORR increases whereas
the inhibition for the HPRR decreases. Two hypotheses have been
considered to explain these differences: the formation of an inter-
mediate, different to H2O2, in a one-electron-transfer process and/
or an impeded O2 interaction with the Pt surface.
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