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A B S T R A C T

The 4-e� oxygen reduction reaction (orr) to water operating through the Direct Route (dissociative
chemical adsorption of molecular oxygen followed by a two-step electro-reduction of adsorbed atomic
oxygen) in acid media was fully analyzed. An analytical equation for the dependence of the current
density (j) on the overpotential (h) was derived in terms of the elementary kinetic constants and the
adsorption parameters without aprioristic assumptions. The descriptive capability of this equation was
thoroughly explored by simulations over wide ranges of these kinetic and adsorption parameters. It was
demonstrated that the Direct Route predicts the existence of a maximum current density (jmax) that
convolutes kinetic and mass-transport contributions. The value of jmax may approach the mass-transport
limiting current density (jL), although it will be smaller than this value when the rate of oxygen
adsorption is small, and/or when jL is very large. The application of Tafel plots for the analysis of the orr
kinetics is contrasted to the rigorous equation derived in this work for this mechanistic route. The model
was used to successfully correlate experimental j(h) dependencies measured on Pt electrodes, and the
obtained kinetic parameters were scrutinized.
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1. INTRODUCTION

The mechanism and kinetic parameters of the oxygen electrode
reaction (orr) to water in acid media (defined by Eq. ((1)) on metal
electrodes still are current topics under intense discussion, as
evidenced by the continuous emergence of new reports with
kinetic studies of this reaction over the last decade [1–13]. The
importance of this reaction in Electrochemistry is primarily caused
by its direct implications in energy storage/conversion devices (i.e.
fuel cells) and in corrosion processes [14].

O2ðgÞ þ 4Hþ þ 4e� ! 2H2O ð1Þ
The orr mechanism by itself is undoubtedly extremely complex

since it must involve the transfer of four electrons and four protons,
in addition to the O��O bond scission. This promotes the
participation of a large number of adsorbed intermediates and
elementary steps, with the consequent increment of possible
reaction routes and secondary reactions such as metal electro-
* Corresponding author. Tel.: +54 342 4571164 Ext. 2519.
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oxidation [10] and hydrogen peroxide production [15]. Besides, the
reaction rate is deeply affected by adsorption of anions [1].
Experimental and theoretical studies helped to clarify many
aspects of the involved mechanistic steps, and nowadays there is a
well accepted mechanistic scheme. This scheme, which was
initially proposed by Wroblowa et al. [16] and later refined by other
researchers [17,18], involves the possible participation of two
parallel routes or pathways for the 4e�-reduction of the oxygen
molecule. These routes are known as the Direct (or Dissociative)
and the Serial (or Associative) Pathways [18]. While the adsorption
of an oxygen molecule in the first one occurs through a dissociative
chemical step (generating two Oad intermediates), in the second
one it proceeds through an electrochemical step involving a single
electron and proton transfer (generating one OOHad intermediate).
Which one of these routes should prevail at each potential still is a
controversial issue even on platinum, the most studied material
[5,6,8,12]. On the basis of hydrogen peroxide yields and DFT
calculations, it is believed that the occurrence of the orr through
the dissociative chimisorption of oxygen is unfavorable against the
electrochemical adsorption [19], but issues related with the
experimental polarization curves (mainly Tafel slopes and reaction
orders) still need to be explained [6].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2015.09.167&domain=pdf
mailto:jlfernan@fiq.unl.edu.ar
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http://www.sciencedirect.com/science/journal/00134686
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In particular, the Direct Route takes place through the three
elementary steps indicated by Eqs. (2)–(4) (where M specifies a
metal active site), that involve the dissociative chemical adsorption
of the oxygen molecule generating two atomic oxygen intermedi-
ates (Oad), followed by their electro-reduction to OHad and finally
H2O [18].

O2ðgÞ þ 2M Ðk�1

kþ1

2M�Oad Step 1 ð2Þ

M�OadþHþ þ e� Ðk�2

kþ2

M � OHad Step 2 ð3Þ

M � OHad þ Hþ þ e�Ð
k�3

kþ3

H2 O Step 3 ð4Þ

This sequence of steps is the simplest way that can be followed
to electro-reduce the oxygen molecule to water [18]. Thus, taking
into account that the dependencies of the current density (j) on the
overpotential (h) are still the most used experimental evidences to
inspect the mechanisms of electrode reactions and to obtain the
kinetic parameters, it is important to aprioristically know the
possible j(h) scenarios that the proposed mechanism would be able
to describe.

As the orr requires the dissolution of O2(g) and the transport of
O2(dis) to the electrode surface, and due to the low solubility of O2

(dis) in most aqueous media, the mass transport conditions play an
important role in the j(h) response over the whole range of h [2]. To
separate from the experimental j(h) dependence the mass-
transport contribution and the apparently pure kinetic contribu-
tion (i.e. the so-called kinetic current density, jk), it is usual to apply
the Koutecký-Levich (KL) formalism [20] leading to the well-
known Tafel plots, or jk(h) dependencies. However, it should be
kept in mind that the KL equation was derived for a totally
irreversible one-step and one-electron reaction [21]. Such over-
simplified hypothesis is not compatible with the complex
mechanism of the orr, even for the simplest case where it operates
through the Direct Route. Thus, the KL treatment may not be
capable to reproduce the complete j(h) dependence of the orr over
the complete h range, and the obtained jk(h) dependencies may not
necessarily correspond to a purely kinetically controlled response.

In this context, this work analyzes the expected j(h) dependen-
cies that should result when the Direct Route is the only operative
route during the orr, by treating this mechanism in a complete and
rigorous way without pre-assumptions about rate-determining
steps. The effect of the elementary kinetic parameters on the j(h)
curves are explored by simulations, aiming mainly to evaluate
whether the descriptive capability of the equation allows to
describe the main experimental features of the j(h) dependencies
reported so far for Pt and other noble metals. The application of KL
and Tafel-plot based treatments on selected simulated curves is
critically discussed. Moreover, the model was used to correlate
experimental j(h) data, both measured in this work and reported in
the literature on Pt microelectrodes and rotating disk electrodes.

2. THEORY

2.1. The complete j(h) dependence

The rate of the orr (v) can be related to the rates of the
elementary steps (vi, where the subscript i is the step number given
in Eqs. ((2)–(4)) through a mass balance in steady state, which
results in the equivalences given by Eq. (5).

v ¼ v1 ¼ 1
2
v2 ¼ 1

2
v3 ð5Þ

The Absolute Rate Theory [22] allows to describe the
elementary step rates in terms of h, the kinetic parameters, the
activities of dissolved species (ai) at the surface, the fugacity of O2

(fO2) at the surface, and the surface coverage of adsorbed
intermediates (ui). Besides, the behavior of adsorbed species can
be described through the Frumkin isotherm [23]. Thus, by
approximating the activities to the molar concentrations (aiffi Ci),
and taking into account that fO2ffi KO2CO2 (where KO2 is the Henry
constant), the elementary step rates result according to Eqs. (6)–
(8).

v1 ¼ v�1 � vþ1

¼ ve1e
�2lu1ðu�ueÞ 1 � u

1 � ue

� �2

csO2
� u1

ue1

  !2

e�2u1ðu�ueÞ

2
4

3
5 ð6Þ

v2 ¼ v�2 � vþ2

¼ ve2e
�l u1�u2ð Þðu�ueÞe�afh

u1
ue1

  !
e u1�u2ð Þðu�ueÞcsHþ � u2

ue2

  !
efh

" #
ð7Þ

v3 ¼ v�3 � vþ3

¼ ve3e
�lu2ðu�ueÞe�afh

u2
ue2

  !
eu2ðu�ueÞcsHþ � 1 � u

1 � ue

� �
efh

" #
ð8Þ

The coverages u1 and u2 refer to the adsorbed intermediates Oad

and OHad, respectively, while u = u1 + u2 (thus 1 � u represents the
free metal sites, as the adsorption of anions was not considered in
this model). The superscripts “e” and “s” indicate the values of the
variable at the equilibrium potential of the orr and at the electrode
surface, respectively. Besides, a is the symmetry factor of the
electrochemical steps (considered identical for both steps), csi = Csi/
Cei, and f = F/RT. The Frumkin isotherm involves the interaction
parameters of each adsorbed species (ui, in RT units), and the
symmetry factor of the adsorption processes (l) [23]. It should be
remarked that the specific rate constants of each elementary step
(k�i) are involved in these equations through the equilibrium rates
(vie, in mol s�1 cm�2), which are defined according to Eqs. (9)–(11).

ve1 ¼ k�1 1 � ue
� �2

f O2
e�2lu1u

e ¼ kþ1u
e2
1 e2 1�lð Þu1u

e ð9Þ

ve2 ¼ k�2u
e
1e

1�lð Þ u1�u2ð ÞueCe
Hþe�af Ee ¼ kþ2u

e
2e

�l u1�u2ð Þue e 1�að Þf Ee ð10Þ

ve3 ¼ k�3u
e
2e

1�lð Þu2u
e

Ce
Hþe�af Ee ¼ kþ3 1 � ue

� �
e�lu2u

e

e 1�að Þf Ee ð11Þ
In strong acid media, the surface concentration of H+ can be

considered almost invariant (csH+ffi 1). Moreover, the surface
concentration of dissolved O2 can be related to the mass transport
liming current density (jL) by assuming a linear diffusion layer
approximation, on which csO2 = 1 – j/jL. This is a good approxima-
tion for electrode configurations that define a planar diffusion
layer, such as the rotating disk electrode. Moreover, for the sake of
simplicity this model is also frequently used to arrive to analytical
expressions that allow to treat complex mechanisms operating
under mixed control on electrode geometries that define radial
diffusion (such as spherical, disk and ring microelectrodes [24,25].
Thus, by combining Eqs. (5)–(8) and taking into account that j = 4Fv,
the dependencies j(h,u1(h),u2(h)) given by Eq. (12) are obtained.



M.D. Arce, J.L. Fernández / Electrochimica Acta 182 (2015) 953–962 955
j ¼

1 � u

1 � ue

� �2

� u1
ue1

  !2

e2u1ðu�ueÞ

e2lu1ðu�ueÞ

4Fve1
þ 1 � u

1 � ue

� �21
jL

¼

¼ 2Fve2e
�l u1�u2ð Þðu�ueÞe�afh

u1
ue1

  !
e u1�u2ð Þðu�ueÞ � u2

ue2

  !
efh

" #
¼

¼ 2Fve3e
�lu2ðu�ueÞe�afh

u2
ue2

  !
eu2ðu�ueÞ � 1 � u

1 � ue

� �
efh

" #
ð12Þ

It should be noted that the u1(h) and u2(h) dependencies can be
obtained for a given set of kinetic parameters by solving the second
and third equalities of Eq. (12).

2.2. Limiting conditions

2.2.1. Maximum current density
An interesting property of the j(h) dependence previously

obtained for the Direct Route is its limiting behavior when
h ! � 1, where it is verified that u1!0 and u2! 0. By applying
this condition to Eq. (12), a maximum value of j (jmax) independent
of h is reached, which is given by Eq. (13).

jmax ¼ Lim
h!�1 jð Þ ¼ 1

1�ueð Þ2e�2lu1u
e

4Fve1
þ 1

jL

ð13Þ

This maximum current density convolutes diffusional (through
jL) and kinetic contributions. This observation is important since it
points out that, depending on the relative values of both terms
involved in the denominator of Eq. (13), the jmax value could be
quite smaller than the jL value. More precisely, if jL is much smaller
than the value of the term 4Fv1e/(1 � ue)2, then jmax is essentially
identical to jL. However, when that condition is not fulfilled, for
example because v1

e is very small (when the dissociative
adsorption of oxygen is slow) or jL is very large (in conditions of
high mass transport rates), then jmax will be smaller than jL. This
phenomenon occurs because a slow chemical step (even slower
than the speed of mass transport) ends up governing the rate of the
overall electrochemical reaction, which becomes independent of
the applied potential. Besides, under these conditions the surface
concentration of dissolved oxygen does not fall to zero for h ! � 1.

2.2.2. Activated current density
The activated current density (jact) can be obtained in the

limiting condition where the mass transport rate is infinite, and
represents the current density free of mass transport effects. This
situation implies that jL! 1 and csO2 = 1. Thus, by applying these
conditions either to Eq. (12) (jL! 1) or to Eq. (5)–(8) (csO2 = 1), the
jact(h) dependencies given by Eq. (14) are obtained, where ui

* are
the coverages of intermediates resulting for activated conditions.
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2.3. Application of Tafel plots

By applying the KL formalism to the complete j(h) functionality
given by Eq. (12), the dependence of the so-called kinetic current
density (jk) on h becomes defined by Eq. (15).

jk ¼
1
j
� 1
jL

� ��1

¼

1 � u
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It is clear that for the Direct Route the variable jk that results from
the KL treatment is not independent of jL and will only be
representative of a pure kinetic behavior when some particular
conditions apply over restricted potential intervals. Besides, it may
be possible that linear regions in the logarithmic jk(h) dependence
(Tafel plots) could be defined for certain conditions, and this will be
discussed in a following section.

3. EXPERIMENTAL

3.1. Electrodes

Platinum disk microelectrodes with radii (r) in the range
1 mm < r � 12.5 mm were fabricated by heat sealing of sharpened
wires into borosilicate glass capillaries by a procedure previously
described [26]. Platinum wires (25 mm diameter, Alpha Aesar)
were electrochemically etched in solution of 4.5 M CaCl2 in 1 M
HCl, by applying an ac voltage (sine wave, 50 Hz, � 2 V peak to
peak) against a concentric annular Pt counter-electrode (5 mm
opening). The etched wire with a sharp tip was then introduced
into a borosilicate glass capillary (1 mm outer diameter, 0.1 mm
thickness), which end was melted by careful heating under a torch
flame until the sealing of about 2 mm of the etched wire was
visually verified. The sealed capillary was polished with a sequence
of fine sandpapers (down to 2500 grits) and with a polishing pad
with alumina slurry until the exposure of the metal disk was
detected. The quality and size of the microelectrodes were
evaluated by optical microscopy and cyclic voltammetry in
ferrocene methanol solution [27].

3.2. Electrochemical experiments

The orr was studied in 0.5 M H2SO4 solution (Merck) saturated
with O2 (>99.9 %) at 1 atm. Water used in all solutions was first
deionized with an exchange resin, then doubly distilled, and finally
treated with a Purelab purifier (Elga Labwater, resistivity � 18.2
MV cm). All electrochemical measurements were performed
using a PC-commanded potentiostat CHI-1140B (CH Instruments).
A typical three-electrode cell was used, where the Pt microelec-
trode was the working electrode and a large-area Pt wire placed in
the same vessel was the counter-electrode. The reference electrode
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was a Reversible Hydrogen Electrode (RHE) prepared in situ in the
same solution. Saturation of the solutions with O2 was attained by
bubbling the purified gas through a glass pipe with an airstone at
its end placed concentric to a glass bell with holes, which allowed
the circulation of the solution in intimate contact with the gas
avoiding strong agitation of the bulk solution. Steady-state
polarization curves for the orr were acquired point by point over
the complete potential range every 0.025 V. A potential program
including oxidation (1.0 V vs. RHE) and reduction (0.1 V vs. RHE)
steps before each measuring step was used [26]. The quality and
cleanliness of the Pt surface and solution was checked by cyclic
voltammograms in N2-saturated 0.5 M H2SO4 solution [28]. The
real areas of the Pt microelectrodes were estimated from these
cyclic voltammograms using the charge of upd-H adsorption [29],
although these values resulted only slightly larger than the
respective geometric areas calculated from the microelectrode
sizes (roughness factors in the range 1.2–1.5). Thus, the geometric
areas were used for calculation of current densities.

4. Results and discussion

4.1. Simulation of j(h) dependencies

The effects of the involved kinetic and adsorption parameters
on the main features of the polarization curves were analyzed by
performing simulations of the j(h), u1(h) and u2(h) dependencies
using Eq. (12). These calculations were carried out using the
software Micromath Scientist 3.0. The independent kinetic
parameters that are involved in these equations are v1

e, v2
e, v3

e,
u1

e, u2
e, u1 and u2. All the other kinetic constants (for example, the

elementary rate constants k�i of the elementary steps) can be
calculated from this set using Eqs. (9)-(11). An analysis covering all
possible combinations of parameter values would be too lengthy.
Thus, the effects of the vi

e and ui values were only analyzed for
Fig. 1. Simulations of normalized j(h), u1(h) y u2(h) dependencies for the orr operating
Parameters are indicated within the graphs (vie in mol s�1 cm�2).
cases where it is expected that the metal is almost fully covered
with OHad at the equilibrium potential (i.e., u2

effi 1 and u1
effi 0).

The graphs that are shown in Fig. 1 present j(h) curves
simulated in conditions where the jmax value may substantially
separate from the jL value, and exemplify the effect that the
different kinetic and mass transport parameters could have on this
magnitude. As expected, an increase of jL (Fig. 1A) causes a shift in
the polarization curve and also a decrease of jmax for certain jL
values (depending on the relative weights of both terms in the
denominator of Eq. ((13)). From Fig. 1B it is verified that for a fixed
mass transport rate, a decrease of v1

e only causes a drop of jmax, but
does not affect the overpotential for the orr. It should be noted that
for metals that are electro-oxidized at the equilibrium potential of
the orr (such as Pt) it is expected that u2

e will be close to 1, and as a
consequence, the term (1 � ue) in the expression of jmax given by
Eq. (13) will approach to 0. Such effect of u2

e on jmax is clearly seen
in Fig. 1C, where it is verified that upon bringing the value of u2

e

close to 1, the jmax value closely approaches to jL. This should occur
even for very large jL values, unless v1

e is extremely small. In fact, as
the electro-oxidation potential of a metal through step 3 is directly
associated to its free energy for dissociative adsorption of oxygen
(step 1) [30], it is likely that a metal with low u2

e will also have a
small v1

e value. Thus, metals such as Pt or Pd that are known to be
almost completely electro-oxidized at the reversible potential of
the orr, will hardly define a jmax value different to jL. On the other
hand, a metal such as Au whose electro-oxidation potential is more
anodic and that is a poor oxygen cleaver, will surely reach a very
small jmax value, probably experimentally undetectable (which is
supported by the proved inability of this metal to reduce oxygen
directly to water in acidic media [31,32]. It should be mentioned
that a kinetic limiting behavior for the orr was only detected on Pt
in slightly alkaline solutions using scanning electrochemical
microscopy [33] (in conditions of high mass transport rates).
 through the Direct Route showing the effect of jL (A), v1
e (B) and u2

e (C) on jmax.
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The dependencies u1(h) and u2(h) present at least three
distinctive regions. The first region at low h values (|h| <0.2 V)
shows a decrease of u2 and simultaneous increase of u1 as h
becomes more cathodic, variations that are independent of the
mass-transport rate. This behavior is caused by the release of OHad-
occupied sites through step 3 and simultaneous adsorption of Oad

through step 1. The second region is caused by the transformation
of Oad into OHad through step 2 (delayed by the low value of v2

e) at
a rate similar to the consumption of OHad through step 3, causing
that both coverages reach invariant values over a limited h interval.
However, as soon as the overpotential is high enough (third region)
to drive the consumption of Oad and OHad through steps 2 and 3 at a
rate that cannot be followed by the reposition of Oad through step 1,
both coverages drop. The overpotential from which this process
occurs is sensitive to the mass transport rate of dissolved oxygen,
as it affects step 1. Besides, the observed plateaus in the ui(h)
dependencies have extensions and magnitudes that depend on the
relative values of the equilibrium rates.

The effect of the ratio v3
e/v2e is illustrated in Fig. 2, which shows

that when v1
e is large the relative values of v3

e and v2
e control the j

(h) dependence and determine which of these two steps (if any)
dominates the global reaction rate. Thus, it can be seen that for v3

e/
v2

e� 102 the j(h) dependence is mostly governed by step 2, while
when v3

e/v2e� 10�1 the curve is controlled by step 3. In the range
10�1� v3

e/v2e� 102 both steps contribute to the j(h) dependence.
It should be noted that when step 2 limits the reaction rate (i.e.

curves (a) in Fig. 2) the coverage of OHad decreases to small values
at low overpotentials and the Oad intermediate accumulates
(increasing its coverage) until h is sufficiently large to increase the
rate of step 2 converting all Oad into OHad, followed by its
immediate reduction to water (as step 3 is fast). On the other hand,
when step 3 limits the reaction rate (i.e. curves (d) and (e) in Fig. 2)
Fig. 2. Simulations of normalized j(h), u1(h) y u2(h) dependencies for the orr
operating through the Direct Route showing the effect of v2

e and v3
e. Parameters are

indicated within the graphs (vie in mol s�1 cm�2).
u2 increases to near 1 and the electrode surface remains almost
fully covered by OHad down to very large h values, delaying the
increase of the electrode current to those overpotentials. In the
transitional situations where neither step 2 nor step 3 are limiting
steps, the coverage of OHad decreases at low overpotential reaching
the previously mentioned plateau (which value in this case
depends on v3

e) that is maintained over a h range whose extension
is also affected by the value of v2

e.
As it is known that the behavior of the adsorbed species may

have critical effects on the j(h) dependencies [1,10], the Frumkin
interaction parameters were varied even over positive ranges that
exceed the usually accepted values. Some of the resulting curves
for varying u1 and u2 values are shown in Fig. 3.

On the one hand, in Fig. 3A the effect of only u1 is observed
(assuming no interactions of OHad, or u2 = 0). In these conditions u1
mainly affects the value of jmax, which is expected from Eq. (13),
and the u1(h) dependence. On the other hand, the effect of u2 is
seen in Fig. 3B (assuming no interactions of Oad, or u1 = 0), which
shows that an increase of u2 causes a significant change in the slope
of the j(h) dependence, particularly for the unusually large u2
values. This is concomitant with a slower consumption of OHad

upon increasing the overpotential, (which is evidenced by a
decrease in the slope of the u2(h) dependence and an increase of
the u2 plateau value) and with a decrease in the Oad coverage. In
fact, Fig. 3C shows that if u1 = u2, the effect of u2 on j(h) and on u1(h)
that was observed in Fig. 3B is no longer effective (although the
behavior of the ui(h) and j(h) dependences are quite similar to this
case), pointing that what causes the slope change in the j(h)
dependence is the inequality between both parameters.

Finally, the effect of u2
e and u1

e can be seen in Fig. 4. A variation
of the equilibrium coverage of OHad causes very different effects
depending on the relative values of v2

e and v3
e. In the cases where

v3
e is small (Fig. 4A), a decrease of u2

e shifts the j(h) curves to lower
h values. Due to the low v3

e, the reduction of OHad to water through
step 3 is relegated to more cathodic potentials, causing an
incrementof u2 through step 2 as h increases in the domain of
low h, so that u2/u2e is always larger than 1. Thus, for decreasing u2

e

values the term u2/u2e becomes larger, increasing the rate of step 3
(and so the global reaction rate) at each overpotential (see Eq. (8)),
causing the shift of the j(h) curves to lower h. On the contrary,
Fig. 4B shows that when v2

e is small, the j(h) curve shifts to smaller
h values as u2

e becomes larger. In this condition u2 always
decreases through step 3 as h increases, and (1 � u) tends to 1. Thus,
for u2

e values close to 1 (or 1 � ue almost null), the rate of step 1
(and of the global reaction) at a certain h value is increased due to
an increase of the term (1 � u)2/(1 � ue)2 (see Eq. (6)) leading to the
observed j(h) shift. This effect could also be visualized in the first
equality of Eq. (12), where (1 � ue)2 multiplies jL. Thus, an increase
of u2

e (decrease of 1 � ue) would produce a net effect similar to
reducing jL (shifting of the j(h) curve to lower h). In both cases, an
effect on jmax is also observed as ue becomes too small, as already
shown in Fig. 1C. On the other hand, the situation presented in
Fig. 4C shows that an increase of u1

e from very low values to near 1,
without changing u2

e, only produces an increase of jmax (for
u1

e > 0.9, jmaxffi jL).

4.2. KL treatment and Tafel plots of simulated j(h) dependencies

The KL method is nowadays the most accepted procedure for
the analysis of experimental j(h) dependencies measured on
electrode reactions that operate under mixed conditions. The
method was originally conceived [20] as a tool to separate the pure
mass transport contribution (through jL) from the pure kinetic
response (jk) in irreversible single step reactions that are first order
with respect to the reactant [21] through the simple relationship 1/
jk(h) = 1/j(h) � 1/jL. Its great simplicity propitiated its application to



Fig. 3. Simulations of normalized j(h), u1(h) y u2(h) dependencies for the orr operating through the Direct Route showing the effect of u1 (A), u2 (B), and of u1 = u2 (C).
Parameters are indicated within the graphs (vie in mol s�1 cm�2).

Fig. 4. Simulations of normalized j(h), u1(h) y u2(h) dependencies for the orr operating through the Direct Route showing the effect of u2
e(A and B) and u1

e (C). Parameters are
indicated within the graphs (vie in mol s�1 cm�2).
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more complex multistep reactions, including the orr [34], although
in most cases its validity is not guaranteed as the required
conditions are not necessarily accomplished. In fact, it was
demonstrated in the Theory section that even in the simplest



Fig. 5. Simulated j�1 vs. jL
�1 curves for application of the Koutecký–Levich method.

(A) Kinetic parameters as in Fig. 1A for different values of v1
e (in mol s�1 cm�2)

indicated within the graph and h = �1.2 V. (B) Kinetic parameters as in Fig. 3B and
u2 = 20, for different values of h indicated within the graph. Dashed lines are linear
fittings of the simulated dependencies over apparently linear ranges. Star symbols
indicate the jact (h) values calculated with Eq. (14) (solid stars) and the jk(h) values
(open stars).
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orr mechanism (the Direct Route) there is no reason to think that
the jk value obtained by the KL method (Eq. (15)) will be identical to
the activated value (jact) free of mass transport effects (Eq. (14)).
Fig. 6. (A) jk(h) dependence calculated from linear fittings of j�1(jL�1) plots in Fig. 5B (so
Eq. (14). (B) jk(h) and ui(h) dependencies calculated with Eq. (15) for varying values of jL (
symbols). (C) jk(h) and ui(h) dependencies calculated with Eq. (15) (solid lines) for v
dependencies over apparently linear regions with a Tafel slope of 0.118 V dec�1.
In general, the application of the KL method to extract jk may
follow two procedures. In those cases where the electrode
configuration allows to easily change the mass transport rate,
such as hydrodynamic electrodes (i.e. the rotating disk electrode,
where jL is proportional to the square root of the rotation rate, v), it
is usual to obtain jk from the extrapolation of an apparently linear
region of the j�1(jL�1) dependence at varied overpotentials [34].
When applying this procedure to the orr operating through the
Direct Route two issues should be remarked. On the one hand at
large values of h, while in a single electrode reaction the value of j
tends to jL, in the Direct Route the value of j tends to jmax, which in
fact depends on jL according to Eq. (13). Thus, as it is exemplified in
Fig. 5A, the ordinate of the linear j�1(jL�1) dependence is the
inverse of the activated maximum current density, which strictly is
a finite value that will only approach to zero when jmaxffi jL
depending on the values of v1

e, ue and u1.
On the other hand, for lower overpotentials the values of jk at

each h can be obtained from the extrapolation of a linear region of
the j�1(jL�1) dependence, as it is shown in Fig. 5B. However, it is
seen that these extrapolated jk values may be quite different to the
real jact values calculated with Eq. (14). Thus, as it is observed in
Fig. 6A, the resulting Tafel plots (jk vs. h) deviates significantly from
the actual pure kinetic response (jact vs. h).

The second common KL procedure to obtain Tafel plots from
experimental j(h) data relies on the calculation of the jk(h)
dependence directly from the relationship 1/jk(h) = 1/j(h) � 1/jL at
each overpotential. This procedure is mostly used when the mass
transport rate cannot be straightforwardly changed on a single
electrode, for example in microelectrodes or in other electrode
configurations where the mass transport conditions are defined by
the electrode geometry. When this method is applied to the
simulated j(h) curves that are derived from the Direct Route, the
resulting jk(h) dependencies still remain dependent on jL and do
lid line). Open symbols are the activated jact(h) and ui
*(h) responses calculated with

solid lines). The activated jact(h) response calculated with Eq. (14) is included (open
arying values of v3

e (vie in mol s�1 cm�2). Dashed lines are linear fittings of jk(h)



Fig. 7. Experimental j(h) curves measured on Pt disk microelectrodes (symbols) and
their correlations with Eq. (12) (solid lines) (A), and corresponding simulated u1(h)
(B) and u2(h) (C) dependencies. jL (mA cm�2)/r (mm) = 7.9 /12.5 (a), 8.1/12.0 (b), 19.0/
5.2 (c), 52.7/1.9 (d). Parameters are listed in Table 1. Inset graph in (A) shows the
experimental and theoretical j(h) curves normalized with respect to jL.
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not match the real activated response jact(h) over the entire
potential range, as can be seen in the example shown in Fig. 6B.
Only at the lower overpotentials where the mass transport effects
are negligibly jk tends to approach the jact values. Moreover, it was
frequently reported the existence of an apparently linear region
with a Tafel slope of 118 V dec�1 in the logarithmic jk(h)
dependencies. This Tafel slope can be obtained from the Direct
Route for certain domains of values of the kinetic parameters, for
example those shown in Fig. 6C. From these curves it is verified
that a linear region in the jk(h) dependence is set on an
overpotential range where the coverages of both adsorbed
intermediates reach almost constant (but not necessarily null)
values. The extension of this overpotential range depends on the
relative values of v2

e and v3
e (the electrochemical steps), but the

exchange current density that is obtained from extrapolation of
this linear region to h = 0 (j0) is affected by many parameters, so j0

cannot be associated exclusively to the rate constant of a particular
step.
Table 1
Kinetic parameters of the orr operating through the Direct Route that resulted from corre
a = l = 0.5. jmax values were calculated with Eq. (13).

Data jL A cm�2 v1e v2e v3e

Fig. 7A (a) 0.0079 1.2 �10�18 2.0 � 10�16 2.2 � 10
(b) 0.0081 3.5 �10�17 1.3 � 10�16 9.7 � 10
(c) 0.0190 3.2 � 10�18 6.0 � 10�16 2.5 �10
(d) 0.0527 2.9 � 10�18 1.1 �10�15 1.3 � 10

Fig. 8A (a) 0.0264 4.5 �10�18 6.1 �10�16 3.2 � 10
(b) 0.0887 6.1 �10�18 8.5 �10�16 2.0 � 10
(c) 0.1667 3.4 �10�18 5.4 �10�16 5.4 �10

Fig. 8B (a) 0.00295 4.3 � 10�19 9.2 � 10�17 1.1 �10
(b) 0.00438 2.2 � 10�19 1.9 � 10�16 1.1 �10
(c) 0.00578 3.5 �10�19 9.8 � 10�17 6.9 � 10
(d) 0.00718 1.4 �10�19 4.2 � 10�16 4.2 � 10
4.3. Fitting of experimental j(h) data

Steady state j(h) curves measured on Pt disk microelectrodes of
different radii (12.5 � r (mm) > 1) were correlated using Eq. (12).
The values of jL were calculated with the radii (estimated as
indicated in the Experimental Section) using the well known jL(r)
dependence for a disk microelectrode [35] jL = (4/p) 4FDO2C*

O2/r,
and adopting 1.12 �10�5mol cm�3 and 1.8 � 10�5 cm2 s�1 for the
solubility and diffusion coefficient of dissolved oxygen [2],
respectively. As can be seen in Fig. 7A, the quality of all the
fittings was quite good over the whole analyzed potential interval.
The resulting kinetic parameters are listed in Table 1. Even when
the data came from different electrodes with jL dispersed over a
range of values covering a variation of about one order of
magnitude, the correlations led to kinetic parameters with little
dispersion and that followed the same trend in all electrodes
(v3e >> v2

e > v1
e, u2

e! 1, u1
e! 0, u2 >> u1). These values are critically

analyzed below. Moreover, the simulated u1(h) and u2(h)
dependencies that resulted with the calculated parameters are
shown in Figs. 7B and C, respectively.

The coverage of OHad at the orr equilibrium potential resulted
very close to 1, which contrasts with the expected almost null value
that should result due to the electro-oxidation of OHad at such
anodic potentials [36,37]. Consequently, the fraction of free
available sites is almost null (1 � ue! 0) and the equilibrium
coverage of Oad results very small, which is also opposite to what
should be expected considering studies of the Pt anodic behavior in
O2-free solutions [37]. In fact, it is known that the electro-oxidation
of Pt is a rather complex process that involves irreversible changes
of the electro-adsorbed species [38–40] leading to undefined
PtOO-based surface compounds. Then, the Direct Route model,
which considers only two adsorbed oxygenated species (Oad and
OHad), is not realistic at potentials close to the orr equilibrium
potential. Thus, it is likely that the large OHad coverages that
resulted from the experimental j(h) correlations with the Direct
Route is a fictitious situation caused by the inability of this simple
mechanism to take into account the transformation of OHad into
site-inhibiting species. As the Oad coverage is conditioned by the
concentration of dissolved oxygen through step 1, the only way
that the model finds to correlate the j(h) dependences at low h is to
increase the u2

e values to near unity. Thus, the obtained high u2
e

values are not realistic and represent in fact a surface almost fully
covered by oxidized and irreversibly adsorbed species of undefined
nature at the orr equilibrium potential. These limitations in the
model also affect the Frumkin interaction parameters, which
resulted unusually large (particularly u2, which value was around
20 while the reported value measured on single crystals is about 5
[41]) having strong effects in the j(h) curve. However, such large u2
values, and particularly their differences with u1, could also be
lations of j(h) curves measured on Pt with Eq. (12). vi
e in mol s�1 cm�2, ui in RT units,

u1
e u2

e u1 u2 jmax A cm�2

�11 9.6 � 10�5 0.99990 3.2 17.4 0.00781
�11 9.6 � 10�5 0.99986 5.9 20.9 0.00807
�11 9.8 � 10�5 0.99990 1.9 20.5 0.0188
�10 2.4 �10�4 0.99975 5.8 14.6 0.0520
�11 9.9 � 10�5 0.99990 2.2 19.8 0.02636
�10 1.5 �10�4 0.999849 3.1 19.2 0.08855
�11 2.0 � 10�5 0.999979 3.3 26.8 0.16592
�10 5.9 � 10�6 0.999992 5.2 15.1 0.00295
�10 5.7 � 10�6 0.999993 4.1 14.6 0.00437
�11 2.2 � 10�6 0.999997 6.8 30.3 0.00578
�11 1.0 � 10�5 0.999989 4.8 26.3 0.00717



Fig. 8. Reported experimental j(h) dependencies (symbols) and respective
correlations using Eq. (12) (solid lines). (A) Electrodeposited Pt hemispherical
microelectrodes [2],r (mm) = 3.6 (a), 1.08 (b), 0.57 (c). (B) Polycrystalline Pt RDE [42],
v (rpm) = 400 (a), 900 (b), 1600 (c), 2500 (d). Parameters are listed in Table 1. Inset
graph in (A) shows the experimental and theoretical j(h) dependencies normalized
with respect to jL.
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indicative of strong lateral interactions between intermediates
[23]. Moreover, in spite of the low value of v1

e, the calculated jmax

magnitudes (also listed in Table 1) result almost identical to jL due
to the near complete coverage of adsorbed intermediates at the
equilibrium potential (ueffi 1) and the relatively large values of u1.
In addition, v2

e is about five orders of magnitude smaller than v3
e,

so that step 2 controls the variations of the coverages at large h and
the potential shift of the j(h) curve. For these kinetic parameters,
the coverage of OHad decreases upon h increases allowing a
proportional increment of the Oad coverage.

To subject the model to a more extensive test, it was also
contrasted with published data. Thus, Eq. (12) was used to
correlate reported j(h) curves measured for the orr on electro-
deposited Pt hemispheric microelectrodes [2] and on a polycrys-
talline Pt RDE [42]. The correlations are shown in Fig. 8A
(microelectrodes) and 8B (RDE), and the resulting parameters
are listed in Table 1. In all cases the fitting quality was good, and the
calculated kinetic parameters follow the same trend and have
values that are reasonably close (taking into account the different
sources) to those obtained from Fig. 7.

5. CONCLUSIONS

A complete analysis of the orr operating in steady state through
the Direct Route, in conjunction with proper models for the
behavior of the adsorbed intermediates (Frumkin isotherm) and
for the mass transport of dissolved oxygen was presented. This
analysis leaded to a set of equations that permitted to obtain the
dependencies of the current density and coverages of adsorbed
intermediates (Oad and OHad) on the overpotential in terms of the
kinetic parameters of the elementary steps and adsorption
parameters. An exploration of the descriptive capabilities carried
out by simulations over wide ranges of these kinetic and
adsorption parameters allowed to understand the effects of these
parameters on different features of the j(h) dependencies. One of
these features is the maximum current density (jmax), which may
be quite different to the limiting current density (jL) or may
approach to it, depending on the rate of oxygen adsorption, the jL
value, and the adsorption parameters. Besides, the potential shifts
of the j(h) dependencies are mostly dominated by the relative
values of the rate constants of the electrochemical steps, and their
slopes are strongly affected by the difference between the Frumkin
interaction parameters of OHad and Oad caused by lateral
interactions.

The application of Tafel plots calculated from the Koutecký–
Levich method, which is the usual and widely accepted method to
separate the kinetic current density (jk) from the j(h) dependence,
was critically analyzed. It was shown that when the Direct Route
operates, jk obtained through the KL method is not totally free of
mass transport effects and do not correspond to the real activated
current density. Besides, the jk(h) dependencies may present linear
regions with Tafel slopes similar to those reported for Pt (i.e.
118 mV dec�1) over certain range of h where the coverages of
intermediates remain almost invariant, although the exchange
current density calculated from extrapolation of this linear region
is not representative of any elementary step. These evidences show
that the kinetic analysis of the orr through Tafel plots obtained
from the KL method could be misleading, even when the reaction
operates through the simplest possible mechanism (as it is the
Direct Route).

The theoretical equations that resulted from the Direct Route
were applied to correlate experimental j(h) curves both measured
in this work on Pt disk microelectrodes, and taken from reported
data (Pt hemispherical microelectrodes [2] and a rotating disk
electrode [42]). The quality of the correlations was good in all cases
and the obtained kinetic parameters showed little dispersion.
However, the model clearly fails the representation of the
processes at low overpotentials (anodic potentials close to the
orr equilibrium potential) where the electro-oxidation of OHad and
Oad to irreversibly adsorbed oxygen-based species is expected. On
that sense, the obtained parameters indicate an almost complete
coverage of OHad at the orr equilibrium potential that remains
down to overpotentials of �0.2 V, which in fact is a falsity
generated by the model to account for the transformation of
intermediates into oxidized site blocking species at anodic
potentials. Besides, the correlations led to values of jmax almost
identical to jL, and a slow conversion of Oad into OHad at
intermediate overpotentials that is strongly affected by lateral
interactions. Thus, in spite that the Direct Route is only a partial
representation of the complete orr mechanism, it is capable to
reproduce experimental j(h) dependencies measured on Pt
electrodes with different configurations. In order to gain real
physical meaning on the full set of kinetic parameters, it should be
incorporated to this mechanistic model a more complete
representation of the electro-oxidation of the active sites into
oxygen-based spectator species. A similar analysis of other
dependencies commonly used for the evaluation of reaction
mechanisms (such as the reaction orders respect to proton
concentration and oxygen partial pressure) that result from the
Direct Route would provide additional support in favor or against
its prevalence in the orr on the different metal electrodes, and will
be the subject of future communications.
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