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on gold single-crystal electrodes
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Abstract Oxygen reduction on well-defined single-crys-
tal electrodes in different basic and neutral media has
been studied using the impinging jet system. The results
obtained with this system in 0.1 M NaOH are compa-
rable to those reported in the literature for rotating disk
electrodes, indicating that the impinging jet system be-
haves as a system in which the thickness of the diffusion
layer is stationary. The activity of the Au(100) electrode
is considerably higher than the rest of the basal planes in
all media and yields water when E>)0.2 V and
hydrogen peroxide for E<)0.2 V on the SHE scale. For
Au(111) and Au(110) the activity of the electrode is
much smaller and the final product is always hydrogen
peroxide. The transition between both mechanisms for
the Au(100) is, essentially, independent of the solution
pH. In acid media the final product is always hydrogen
peroxide for all the electrodes studied. The differences
between the activities of the electrodes have been ex-
plained in the light of the different adsorption properties
of the surfaces in relation to HO2

). In the case of the
Au(100) electrode, the existence of a negative charge
density on the metal inhibits further reduction of HO2

).

Keywords Basic media Æ Gold electrodes Æ Impinging jet
system Æ Oxygen reduction Æ Single-crystal electrodes

Introduction

Oxygen reduction is one of the most important electro-
chemical reactions since it has multiple applications in a

variety of research fields, ranging from energy conver-
sion to corrosion science. Therefore, understanding the
nature of the electrocatalytic process of oxygen reduc-
tion has been the subject of a vast number of works.
Although the knowledge of the oxygen reduction pro-
cess has advanced considerably in recent years [1, 2, 3,
4], there are many aspects of the kinetics of this heter-
ogeneous reaction that are not fully understood.

The nature and surface structure of the electrode is a
fundamental aspect to consider when one or several
intermediates can be adsorbed on the electrode surface.
This is especially the case for oxygen reduction, in which
four electrons are involved in the final reduction to
water. The high number of electrons exchanged per
oxygen molecule would imply the possible existence of
several adsorption intermediates, whose interaction en-
ergy with the surface will depend on the metal and its
surface structure. It is well known that platinum exhibits
the highest catalytic activity for the 4e) pathway among
the pure metals studied [4].

The substrate not only affects the catalytic activity
but also the final product of the reaction and the
mechanism. The general mechanism for oxygen reduc-
tion consists of two ‘‘interactive’’ parallel pathways, in
which one leads to the formation of water (OH) in basic
media) with hydrogen peroxide (HO2

) in basic media) as
the intermediate species, and the second path yields
water (OH) in basic media) directly [5, 6]. Depending on
the catalytic activity of the metal, the final product can
be water (OH)) or hydrogen peroxide. In these latter
cases, further reduction of hydrogen peroxide is highly
inhibited.

Oxygen reduction on gold single-crystal electrodes
has been extensively studied both in acid and basic
media [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. Generally, the
reaction only involves two electrons, yielding hydrogen
peroxide as the final product, a clear indication that the
only path operating for gold is via hydrogen peroxide.
However, a four-electron reaction (OH) is the final
product) is observed for Au(100) and vicinal faces in
NaOH media [9, 12]. The general scheme for the
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reduction of oxygen [4] can be simplified for the case of
Au(100) electrodes in basic media as a series mechanism
[7] in which oxygen is first reduced to hydrogen peroxide
and then this species is further reduced to OH-:

where the subscripts a and b means adsorbed and bulk.
This electrode also shows the highest catalytic activity of
all basal planes and is similar to that obtained for
platinum electrodes. Irrespective of the final product, a
Tafel slope of 120 mV is always obtained, indicating
that the first electron transfer is the rate-determining
step. The differences between the Au(100) electrodes and
the other Au single-crystal electrodes have been ex-
plained according to the different adsorption properties
for OH, which is considered to catalyze both the
reduction of oxygen and hydrogen peroxide [4].

The aim of this work is to study oxygen reduction on
gold single-crystal electrodes in different media, by using
the impinging jet system. The impinging jet system is a
hydrodynamic technique [15], which maintains the dif-
fusion layer constant with time. The use of different
media at different pH values will serve to establish the
role of the different species in the reduction mechanism.

Experimental

Gold single-crystal electrodes were obtained from small (ca. 2 mm
diameter) single-crystal beads, in turn obtained by melting a
0.5 mm Au (99.99%, Goodfellow) wire. After careful cooling, the
resulting single-crystal beads were oriented, cut and polished fol-
lowing the procedure described for Pt beads [16]. Prior to each
experiment the single-crystal electrodes were flame-annealed and
quenched with ultrapure water. A large gold counter-electrode
(99.99%) and a reversible hydrogen electrode separated from the
cell compartment were used. In order to compare the results ob-
tained from different electrolytes, the potentials were changed to
the SHE scale. All measurements were made at room temperature.
Solutions were prepared from sulfuric acid (Merck Suprapur), so-
dium sulfate (Aldrich) and sodium hydroxide (Merck Suprapur), in
Millipore water.

Single-crystal electrodes have been characterized by cyclic vol-
tammetry in 0.1 M NaOH (Fig. 1). The peaks appearing at ca.
0.25 V (SHE) for the Au(100) and 0.32 V (SHE) for the Au(111)
electrodes are due to the lifting of the reconstruction of the elec-
trode [17]. The highest peaks are obtained in the first cycle, since
the electrode after the flame treatment is well reconstructed. The
peaks diminish upon cycling, due to the fact that the reconstruction
process, which takes place at negative potentials with respect to the
peak, is a slow process.

Oxygen reduction experiments have been carried out by using
the impinging jet system, as described [15]. In this system, a con-
tinuous electrolyte flow coming from a capillary is continuously
replenishing the meniscus solution. This capillary is connected to

two electrolyte containers through a computer-operated valve,
which allows the selection of the electrolyte. For these experiments,
both containers had the same electrolyte, one completely deoxy-
genated by continuous Ar bubbling and the other saturated with
oxygen at atmospheric pressure. The experimental protocol is as

Fig. 1 Cyclic voltammogram (first cycle) of the Au(100), Au(111)
and Au(110) electrodes in 0.1 M NaOH (scan rate 50 mV/s)

ð1Þ

600



follows. Initially, the flow in the meniscus is coming from the
deoxygenated electrolyte. With this electrolyte, a cyclic voltam-
mogram of the electrode is recorded in order to ensure the clean-
liness of the solution. After that, the scan is stopped at the upper
potential limit, and the flow changed to the oxygen-containing
solution. Finally, the cyclic voltammogram for the oxygen reduc-
tion reaction at 50 mV/s is recorded.

Results and discussion

The first point to establish in this work is the dynamical
properties of the impinging jet system. Owing to its
hydrodynamic characteristics, in which the solution in
the meniscus is continuously replenished, it can be ex-
pected that the system behaves as a system in which the
thickness of the diffusion layer is time independent, i.e.
similar to a rotating disk electrode (RDE). In order to
check the validity of the hypothesis, the oxygen reduc-
tion curve for a Au(100) electrode in 0.1 M NaOH was
recorded and compared with the literature data (Fig. 2).
As can be seen, the results obtained for the impinging jet
system agree well with the results obtained for a rotating
disk Au(100) electrode [12]. Even the plateau region is
better defined in the impinging jet system, probably as a
result of the cleanliness of the system. The main differ-
ence is the value of the limiting current density obtained,
which is inversely proportional to the thickness of
the diffusion layer characteristic of each system. For the
impinging jet system, the limiting currents depend on the
flow rate of the electrolyte in the meniscus (which is fixed
in the present configuration), whereas for the rotating
disk it depends on the rotation rate. The maximum
current obtained at 0.0 V vs. SHE in the impinging jet
system is six times lower than that obtained for a
rotating disk electrode at 400 rpm, indicating that, in the

present conditions of the impinging jet system, the dif-
fusion layer is, on average, about six times thicker than
that obtained in the aforementioned rotating disk
experiment. This means that the net flow of the different
species in solution to the electrode surface is, on average,
six times slower in the impinging jet system, which has
an effect on the cleanliness of the surfaces. The thickness
of the diffusion layer in the impinging jet system is
probably not uniform throughout the surface. The re-
sults of the comparison indicate, however, that the
impinging jet system can be regarded as a system with a
time-independent diffusion layer. Additional evidence
for this is that the currents obtained in the voltammetric
profile are insensitive to the scan rate, for scan rates
below 100 mV/s.

Oxygen reduction on Au(100) electrodes in 0.1 M
NaOH exhibits a unique behavior since it is the only
gold basal plane that is able to yield OH) as a final
product of the oxygen reduction. At potentials above
)0.2 V, the final product is OH) [11] and a diffusion-
limited current is found between 0.1 and 0.2 V. At
potentials below )0.2 V, the current diminishes to al-
most half of the maximum value, yielding hydrogen
peroxide as the final product [11]. The only significant
difference with the previous results is the high amplitude
of the oscillations in the positive-going scan at )0.2 V
vs. SHE, where the transition between the two mecha-
nisms takes place. It is well known that the observation
of oscillations requires clean surfaces. The use of mild
transport conditions in the impinging jet system will
then favor the observations of oscillations, as stated
above. A tentative explanation for these oscillations will
be given below.

Since the formation of water as the final product is
not observed in acid media [4], it is interesting to study
how the pH affects the behavior of the gold electrodes.
Figure 3 shows the voltammetric profiles for the oxygen
reduction process in 0.1 M Na2SO4 (pH 6) for the three
basal planes of gold. Although the pH of the interface is
not well defined, it will be significantly more acidic than
in 0.1 M NaOH. The three different profiles show the
same characteristics found in 0.1 M NaOH. The most
active plane is the (100), showing a voltammetric profile
comparable to that found in 0.1 M NaOH. In this way,
Au(100) should produce, at least partially, OH) from
oxygen reduction at this more acidic pH in the higher
potential range (above )0.1 V) and hydrogen peroxide
below this potential. As in the preceding electrolyte,
oscillations are always present in the positive-going scan
at ca. 0.1 V. Both Au(111) and Au(110) electrodes have
much lower activity, as also happens in 0.1 M NaOH,
and they probably only yield hydrogen peroxide, as re-
ported from rotating ring disk electrode (RRDE)
experiments in 0.1 M NaOH [10]. It is worth mentioning
that the maximum currents for these later electrode
surfaces are much lower than that obtained for the
Au(100) electrode at potentials below )0.2 V, pointing
out strong differences in the electrode activity that
should be related to the surface structure.

Fig. 2 Comparison of the current densities measured for oxygen
reduction in the impinging jet system (full line, left-hand axis) and
in a RRDE electrode (dashed line, right-hand axis, data obtained
from [14]) in 0.1 M NaOH
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When comparing the oxygen reduction curve in the
two media (0.1 M NaOH and 0.1 M Na2SO4), it can be
seen that the transition between the reduction mecha-
nism with four electrons to that with two electrons takes
place at constant potential ()0.2 V, SHE), indepen-
dently of the pH of the solution. Similar results were
observed with a Au(100) RDE [18]. It is worth noting
that the pH in the interface in the case of the neutral
sulfate solution may be different from that measured in
the bulk, since two OH) ions are generated per O2

molecule in the four-electron reduction mechanism and
the solution is not buffered. In the limiting case, when
the limiting diffusion currents are attained, the pH in the
interface might be as high as 11. However, this limiting
pH value is significantly lower than that of 0.1 M NaOH
solution. Several experiments in different electrolytes
were also performed (Fig. 4), having the same general
behavior. The onset of oxygen reduction shows some
dependence on the pH and the maximum current decays
at acid pH values. However, it is important to remark
that the transition from the four-electron mechanism to
the two-electron mechanism occurs at nearly the same
electrode potential on the SHE scale. The small differ-
ences observed in the recorded plateau current are
probably associated with small changes in the flow
conditions induced by the exact meniscus position.

In acidic medium, the curves for oxygen reduction on
Au(100) changes markedly. The currents obtained be-
tween 0.4 and 0.0 V are significantly smaller and do not
show any transition between different products. Owing
to the small currents obtained, the final product in acidic
media should be hydrogen peroxide, in agreement with
previous results [7, 12].

All these results can be summarized by considering
that O2 reduction is an irreversible process controlled
simultaneously by the kinetics and the diffusion. In this
case, the current is given by:

1

j
¼ 1

jex
þ 1

jdif
ð2Þ

where jex is the current that would be obtained if the
process were controlled by the kinetics of the electron
transfer process and jdif is the limiting diffusion current
for the process. In order to obtain information about the
kinetics of the electrode, the values of jex have to be
extracted. Solving Eq. 2 for jex:

jex ¼
j� jdif
jdif � j

ð3Þ

The values of jex were calculated for all the different
curves using the current plateau measured at )0.15 V as
the value for the limiting diffusion current. The Tafel
plots constructed with the calculated jex values (Fig. 5)
are linear in a wide potential range (over 0.4 V) and
allow calculating the Tafel slope for the process. The
values obtained for the Tafel slope are always in the
range of 110–120 mV, which indicates that the first
electron transfer is the rate-determining step. The wide
range in which the Tafel plot is linear indicates that the
process is well described by Eq. 2, i.e. it is simulta-
neously controlled by the kinetics and the diffusion and
the current obtained at 0.2 V corresponds to the limiting
diffusion current for the process.

Another important value, not usually calculated, that
can be obtained from this representation is the apparent

Fig. 4 Current densities measured for oxygen reduction in the
impinging jet system in several electrolytes for the Au(100)
electrode

Fig. 3 Current densities measured for oxygen reduction in the
impinging jet system in 0.1 M Na2SO4 (pH 6) for the Au(100),
Au(111) and Au(110) electrodes
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order with respect to OH). The order can be evaluated
from the current measured at a given potential as a
function of the pH. For instance, the jex calculated at
0.1 V for 0.1 M NaOH is 0.8 mA cm)2, whereas a value
of 4.2 mA cm)2 is obtained in 0.1 M Na2SO4. Even in
the case that the pH in the interface for this latter
solution was 11, this would lead to a fractional order
with respect to the OH) of ca. )1/3. If the actual pH in
the interface were lower, the order with respect to the
OH) would be even closer to zero. Such fractional order
with respect to the OH) concentration is difficult to
explain according to the general scheme for oxygen
reduction on gold [7]. The differences in the current and
the position of the wave in this potential scale with re-
spect to the pH can be explained by the different con-
ditions of the electrode in the supporting electrolyte at
different pH values, i.e. the different amount of anions
adsorbed at a given potential in the different media. If
this factor is taken into account, the order for the OH)

could be regarded as zero. This order represents a mean
value for the whole pH interval studied.

The main qualitative difference for the Au(100) elec-
trode compared with the rest of the basal planes of gold
for oxygen reduction is the ability of this electrode to
yield OH) as a final product instead of hydrogen per-
oxide. When the reduction of hydrogen peroxide in
0.1 M NaOH is studied, only Au(100) shows significant
reduction currents [7, 10]. For this electrode, reduction
starts at 0.1 V (SHE) and increases until 0.2 V (SHE),
where the current diminishes abruptly to zero. This
behavior clearly indicates that the reduction of oxygen
to OH) only occurs in the region where hydrogen per-
oxide is readily reduced to OH). The difference in the
behavior of the Au(100) electrode has been related to a
higher amount of OH adsorbed on Au(100) with respect

to the other orientations [14]. The adsorbed OH would
catalyze the further reduction of the hydrogen peroxide
formed, yielding OH). The transition between the two
mechanisms was then associated with the potential at
which the OH adsorption ends [14]. However, the results
shown in Fig. 4 show no dependence of the transition
with the pH, as would have been expected if adsorbed
OH is implicated in the reduction of hydrogen peroxide
to OH). Moreover, in 0.1 M Na2SO4, the most likely
adsorbed species at the onset of oxygen reduction, in
which the interfacial pH would have the same value as
the solution pH, is sulfate [19]. Also, as Fig. 1 shows, the
adsorption of OH also takes place on Au(111) and
Au(110) electrodes in 0.1 M NaOH. Thus, the implica-
tion of OH in the reduction of hydrogen peroxide to
OH) on Au(100) seems dubious.

The transition between the two mechanisms (or the
potential below which the electrode is unable to reduce
hydrogen peroxide) should be then linked to a property
of the surface that is pH independent. For gold single
crystals, the position of the potential of zero charge
(pzc) is almost independent of the pH, and the presence
of sulfate on the solution only slightly shifts the pzc to
more negative potentials [20]. Some processes on the
electrode surface are associated with the position of the
pzc. For Au(100) electrodes, the surface can undergo
reconstruction, and this process is linked to the pzc. At
potentials negative to the pzc, the stable phase is the
reconstructed surface (a hexagonal phase), whereas at
positive potentials the stable phase is the nominal (1·1)
phase [21]. The lifting of the reconstruction is triggered
by the positive charge [22], but the anions also play a
role in this process [23]. Since the oxygen reduction is a
structure-sensitive reaction, as revealed by the different
activities for the reaction of the gold basal plane elec-
trodes, the transition between the two mechanisms
could be associated with the transition between the two
different surface phases. At this point, the kinetics of
the process of reconstruction/lifting of the reconstruc-
tion has to be considered. This process is generally re-
garded as slow, and a proof of this is the asymmetry of
the voltammetric profiles in the supporting electrolytes
(Fig. 4). On the Au(100) electrode, the peak in the
positive scan at 0.26 V (SHE) in 0.1 M NaOH and at
0.5 V (SHE) in 0.1 M Na2SO4 is associated with the
lifting of the reconstruction and there is no equivalent
peak in the negative-going scan since the reconstruction
process is slow. Although the rate of this process can be
affected by the presence of different species in solution
[13], in situ X-ray diffraction experiments reveal that
the process of forming the reconstruction can be in the
order of minutes to hours. If the process of recon-
struction is responsible for the transition, the current
recorded for oxygen reduction in positive and the
negative scans would show a significant hysteresis, in-
duced by the slowness of the reconstruction process.
However, the curves in the positive- and negative-going
scans (Figs. 2, 3, 4) have almost no hysteresis in the
region where the transition takes place. Therefore, the

Fig. 5 Tafel plot for jex in 0.1 M NaOH and 0.1 M Na2SO4
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transition between the two surface mechanisms cannot
be attributed to the surface reconstruction process.
In situ STM [24] and X-ray [13] studies have demon-
strated that the transformation between the (1·1) and
the ‘‘hex’’ structure in not responsible for the change in
the mechanism.

Another property that is linked to the position of the
pzc is anion adsorption. Anions will remain adsorbed
on the electrode surface at potentials positive to the pzc.
Hydrogen peroxide has a pKa=11.65 for the first dis-
sociation, and in basic solution the main species will be
HO2

), as reflected in the mechanism for oxygen reduc-
tion. Therefore, at potentials positive to the pzc, HO2

)

will remain adsorbed and the reduction will proceed. At
a given potential, negative to the pzc, this species will
desorb effectively from the electrode surface and its
reduction will not proceed further. The exact potential
at which the desorption takes place will depend on the
specific interaction between the surface and the HO2

). In
fact, the presence of adsorbed HO2

) in alkaline media on
gold electrodes has been detected [25]. In acid media, the
protonation mechanism will be faster and thus H2O2

will be directly formed, or if HO2
) is formed it will

be immediately react to yield H2O2 and be desorbed
[7, 12].

If the specific adsorption of HO2
) is the key parameter

to yield OH) as the final product, the presence of a
strong adsorbing anion on the solution may compete
with HO2

) for the adsorption sites and force its
desorption, hindering the reduction to OH). Figure 6
shows the results obtained in a phosphate buffered
media (pH 7) and unbuffered sodium sulfate initially at
pH 6. It is noteworthy that both waves develop in the
same potential range, thus suggesting that the interfacial
pH is not greatly affecting the reduction kinetics. As can
be seen, phosphate adsorbs more strongly than sulfate,
since the process of adsorption/desorption of the anion
takes place at more negative potentials (Fig. 6A). Par-
allel to the stronger adsorption of phosphate, the
reduction of oxygen starts at slightly more negative
potentials. The maximum current obtained in phosphate
media is significantly lower and the maximum value is
equal to that obtained at )0.3 V in Na2SO4, i.e. the re-
gion where hydrogen peroxide is the final product.
Therefore, the reduction of oxygen only yields hydrogen
peroxide in phosphate media at pH 7, likely due to the
competitive anion adsorption process.

When comparing the Au(100) electrode with the
Au(111) surface, the latter electrode has a significantly
lower catalytic activity for oxygen reduction (see Fig. 3)
and also a higher pzc value. Assuming that the general
behavior of the surface is the same as that of the Au(100)
electrode, it can be seen that significant reduction cur-
rents on the Au(111) electrode are obtained in the region
where the reduction on Au(100) yields only hydrogen
peroxide. The difference between the catalytic activity
for oxygen reduction of these electrodes has also been
attributed to the different properties for OH adsorption
on the electrodes [14]. Although the voltammetric

profiles of the electrodes in 0.1 M NaOH are different
(Fig. 7), the amount of OH adsorbed in the region where
the oxygen reduction takes place (below 0.2 V, see
Fig. 3) is similar for both electrodes. Therefore, the
differences in behavior for oxygen reduction cannot be
univocally attributed to the ability of the surface to
adsorb OH at the potentials at which oxygen reduction
takes place, and have to be related to structural differ-
ences. Moreover, the reaction order for OH) close to
zero clearly indicates that OH) is not involved in the
reaction mechanism prior to the rate-determining step,
implying that OH) is not acting as catalyst.

The Au(110) electrode exhibits catalytic activity that
has an intermediate value between the Au(100) and

Fig. 6 Top: voltammetric profile for the Au(100) electrode in the
double layer region in 0.1 M Na2SO4 ( full line) and 0.1 M
KH2PO4+0.1 M K2HPO4 0.1 M (dashed line) (scan rate 50 mV/s).
Bottom: current densities measured for oxygen reduction in the
impinging jet system in 0.1 M Na2SO4 ( full line) and 0.1 M
KH2PO4+0.1 M K2HPO4 (dashed line)
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Au(111) electrodes. This surface has the lowest pzc value
of the three surfaces and also displays higher OH
adsorption in the region where oxygen reduction takes
place (see Fig. 1). Therefore, the highest catalytic
activity of the Au(100) electrode has to be assigned to
the specific interactions of the surface with the inter-
mediate adsorption species (but not necessarily OH). In
these interactions of the Au(100) electrode, both the
geometrical arrangement and energies of the surface can
play an important role, as has been postulated [14].
According to the behavior observed, the 4e) mechanism
is only followed when HO2

) interacts with the (100)
surface, i.e. there is a specific interaction of the Au(100)
surface with HO2

), which is completely different from
the other basal planes. This interaction ceases at
potentials negative to the pzc.

Assuming that the reduction of oxygen to OH) is
linked to the ability of the surface to adsorb HO2

), a
tentative model for the oxygen reduction on Au(100) can
be proposed. The aim of this model is to reproduce the
shape of the curve for oxygen reduction on this electrode
in 0.1 M NaOH. In the experimental curve, two different
regions can be distinguished. In the initial part (between
0.4 and 0.0 V SHE), the currents rise from zero to the
value of a limiting diffusion current. In this region the
final product is OH), and therefore four electrons are
exchanged. The shape of this current region is associated
with 4e) transfer with mixed (diffusion/electron transfer)
control. The equation describing this process is:

1

j
¼ 1

jex
þ 1

jdif
¼ 1

�jo exp � acnF
RT E � Eeq

� �� �þ 1

�4FkdcO2

ð4Þ

where jo is the exchange current density for the oxygen
reduction process, ac is the cathodic electronic transfer
coefficient, Eeq is the equilibrium potential for the pro-
cess (1.23 V vs. RHE), kd is the mass transfer coefficient
(which depends on the diffusion coefficient and the
Nernst diffusion layer) and cO2

is the oxygen concen-
tration in solution. Since the Tafel slope for the process
is 120 mV, nac should be equal to 0.5.

Within the second region (between 0.0 and )0.4 V vs.
RHE), the process is controlled by diffusion, but the
mechanism changes from four-electron transfer (OH) as
a final product) at potentials above )0.2 V (RHE) to
two-electron transfer (hydrogen peroxide) at potentials
below )0.2 V. The final number of electrons exchanged
is associated with the ability of the surface to adsorb
HO2

). For potentials at which HO2
) is adsorbed, four

electrons are exchanged. The surface coverage of HO2
)

can be assumed to follow a Frumkin isotherm:

h
1� h

¼ KadscHO�
2
exp fEð Þ exp gf hð Þ ð5Þ

where Kads is the adsorption constant for the process,
cHO�

2
is the concentration in the Helmholtz plane of

HO2
) (which can be considered constant), and g is the

interaction parameter. When h is close to 1, four elec-
trons are exchanged, whereas only two electrons are
exchanged when h=0. Therefore, the number of elec-
trons exchanged in the process can be written as:

n ¼ 2þ 2h ð6Þ

and the limiting current in this region has a value of:

j2 ¼ 2þ 2hð ÞFkdcO2
ð7Þ

To evaluate the current in this region, the HO2
)

coverage as a function of the potential is calculated
according to Eq. 5 and this value is substituted in Eq. 7.
In order to compare the experimental and theoretical
data, the current densities have been normalized to the
maximum current density obtained at )0.1 V (SHE).
The results are plotted in Fig. 8, for a case in which
g=1, KadscHO�

2
¼ 3 and kd/jo=40. As can be seen, the

model reproduces the shape of the curve, especially in
the region where the transition of the mechanisms takes
place. Therefore, the ability of the surface to adsorb
HO2

) could justify the differences of behavior found for
the different basal planes for oxygen reduction and the
change of mechanism observed in basic and neutral
media for the Au(100) electrode.

Regarding the presence of oscillations, they only ap-
pear in the negative-going scan in the region where the
transition between the two- and four-electron oxidation
mechanisms takes place. The oscillations are linked to
the HO2

) reduction since the oscillations are also present
at the same potential when hydrogen peroxide is reduced
to OH) on a Au(100) electrode in 0.1 M NaOH [26]. The
transition between the two mechanisms takes place in a
narrow potential region, and the currents correspond to
the limiting diffusion current for the two mechanisms.

Fig. 7 Voltammetric profile in the double layer region for the
Au(100) (full line) and Au(111) (dashed line) electrodes in 0.1 M
NaOH (scan rate 50 mV/s)
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However, the maximum current in the oscillation is
higher than the limiting diffusion current for the four-
electron mechanism. Similar oscillations have been ob-
served for H2O2 reduction on silver electrodes in acidic
media using rotating disk electrodes [27]. The presence
of such oscillations has been attributed to the difference
between the applied potential and the electrode potential
together with the diffusion dynamics of the implied
species. Owing to the similarities between the current
responses in both cases, the presence of oscillations also
has the same origin.
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Fig. 8 Comparison of the normalized current densities (j/jlim) for
the Au(100) electrode in 0.1 M Na2SO4 (full line) and the currents
predicted by Eq. 7 (dashed line)

606


