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tion of the amount of platinum surface sites, a method is given to compare results obtained from distinct exper-
imental runs. Once eliminated the contribution of gold to the current recorded, it becomes possible to normalize
the currents in the entire range of platinum coverage. It shows that below 0.2 V, the normalized HER and the HOR
currents are linearly connected to the amount of active sites. At higher potentials the normalized currents
indicate a systematic decrease of the efficiency of the active sites for HOR that deviates from linearity when
their surface concentration decreases. Around the reversible potential, the voltammetric profiles obey to the
Butler-Volmer formalism. The conditions of its applicability are discussed. The simulation of the experimental
current allows the determination of the partial oxidation and reduction currents. The simulated reduction current
is then compared to the HER current recorded in a solution without dissolved hydrogen and saturated with
argon. The close fit of the two responses gives evidence for the possibility to have access to HER kinetic data
free of diffusion. Finally a comparison is made between results obtained at ultra-low content of platinum active

sites with pure platinum as well as for an intermediate coverage of gold with platinum.

© 2016 Published by Elsevier B.V.

1. Introduction

In a previous work [1] it was reported how a clean gold electrode, a
well characterized and non-active material for hydrogen oxidation reac-
tion (HOR) stays inactive when cycled in an acidic solution free of plat-
inum group metal (PGM) impurities. It was shown that it became active
for this reaction after successive polarization cycles if the solution
contained platinum cations even at a concentration as low as 10~ ° to
10~° M. In this case a progressive activity of gold for the HOR was ob-
served when using the well known protocol of electrochemical activa-
tion. Resulting CVs are then comparable to those reported in previous
works and interpreted by their authors as an intrinsic activity of the
gold electrode surface for the HOR due to the formation of gold active
sites in a particular surface structure induced by the electrochemical
treatment [2-4]. From the experiments reported in ref. [ 1], the observa-
tion of HOR activation at gold electrode is attributed to the presence at
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the gold surface of an active impurity, in most cases platinum, or other
platinum metals previously present in the cell in hardly detectable
amount in the solution. The presence of impurity of this kind may be
commonly the case in electrochemical experiments when platinum is
routinely used as constitutive element of electrochemical cells despite
the risk of contamination already recognized in 1965 [5], mentioned
several times latter [6,7] and also discussed in relevant review articles
[8 and references therein]. Once determined the chemical origin of the
activation of the gold electrode, it may be taken advantage of the partic-
ular profile of the hydrogen reversible reaction (HRR), showing
substantial and fundamental differences from that generated by a plat-
inum electrode in acidic medium. The main feature of an ultra-low sur-
face concentration of platinum on gold is to push away the effect of
hydrogen diffusion on the limitation of the reaction current when this
system is used as rotating disc electrode (RDE) more efficiently than
under other conditions [9,10]. This is due to the large inversion of the
value of the ratio between the amount of reactive sites at the surface
to the amount of reactant entities available on the solution side of the
interface when compared to a platinum electrode. It results a wide po-
tential range where the reaction appears under the control of the
overpotential with a well-marked voltammetric profile of Butler-
Volmer type around the equilibrium potential [1]. In contrast to alkaline
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solutions [11,12], this type of profile is never observed in acidic solu-
tions with a platinum electrode [12] or a gold electrode with higher cov-
erage in platinum sites [13] or when mass transport is increased by
using a nanosized platinum electrode [9]. This particular situation
gives the opportunity for a determination of the kinetic parameters con-
trolling the HRR without diffusion effect of molecular hydrogen reac-
tant. The success of this approach depends on a strict control of the
surface of the gold substrate in platinum adatoms content during the re-
cording of the intensity-potential curve of the hydrogen reaction under
potentiodynamic regime. In conflict with this requirement, the cyclic
voltammograms (CV) reported in ref. [ 1] were recorded previously dur-
ing the accumulation of the platinum sites on gold surface. Nevertheless
a stationary CV profile was reached. This finding was interpreted as an
exact balance between the amount of sites created by deposition during
the cycle and the amount lost in the same. If this mechanism may ex-
plain the achievement of the stationary conditions, it becomes possible
to study the hydrogen reaction during the stripping of the platinum
sites in a solution free of platinum ions eliminating the risk of a deposi-
tion of platinum in a cycle. A comparison of the results obtained during
the formation and the elimination of the active sites would be useful in
validation of the results obtained with an extreme dilution of active sur-
face sites. Starting from a gold electrode with an ultra-low platinum
coverage, the aim of this work is the study of the hydrogen reaction
when decreasing amounts of platinum result from applied cycles until
the complete loss of the electrode activity for the HOR. The so-called
protocol of activation, in this case, works as a deactivation process by
anything else that its cleaning properties.

2. Experimental

The experimental setup is the same than that used in the previous
study [1]. Very briefly, two electrochemical cells were used (denoted re-
spectively cell 1 and cell 2) with gold counter-electrodes checked free of
platinum. The use of a hydrogen electrode as reference electrode was
carefully controlled and designed to avoid any contamination of the so-
lution contained in the compartment where the electrode is tested. Both
cells were filled initially with the same solution 0.5 M H,SO4 in equilib-
rium either with an argon or a hydrogen atmosphere. In the last case,
the absence of residual oxygen whose reduction wave on gold occurs
below 0.5 V has to be ascertained. In cell 2, minute amounts of platinum
were introduced by applying some polarization cycles to a platinum
bead (usually 10-20 cycles) within the limits of hydrogen and oxygen
evolution (from 0.05 to 1.5 V). The resulting content in platinum in
cell 2 is between 10~ ' M and 10~° M. (for more details see ref. [1]). So-
lutions with similar concentrations were prepared with platinum salt
yielding comparable results but not used in the present work to pre-
serve the cleanliness of the system under investigation. Polarization
curves were performed and recorded in potentiodynamic regime with
an Autolab PGSTAT302N (Methrom B.V.) system. The experimental pro-
tocol for the formation of platinum sites on the gold surface in cell 2 was
described in ref. [1] as a preliminary experimental step. The present
study begins once the rotating gold electrode in cell 2 has reached a sta-
tionary activity for hydrogen reaction corresponding to a stationary
equilibrium between the amount of platinum deposited and dissolved
during one CV between —0.1 and 1.75 V vs RHE. This electrode is
then transferred to the solution free of platinum (cell 1), where it is
taken advantage of the existence of a potential dissolution window of
the active sites to follow the hydrogen reaction changes with decreasing
amounts of active sites. Thus, in contrast to a solution containing plati-
num ions (cell 2) [1], it exists in a given cycle a region negative of the
platinum deposition potential (0.7 V vs NHE [14]) where the amount
of deposited platinum could be stable during the potential sweep,
particularly around the hydrogen reversible potential. This last point to-
gether with the wider range in platinum surface concentration explored
in this work, constitute a drastic difference with the conditions

previously evaluated during platinum sites growth [1] to justify the
present approach.

On the other hand, it has been also shown in [1] how the diffusion of
hydrogen as limiting reaction process could be avoided at relatively low
rotation rate thus eliminating the geometric constraint of the use of a
rotating disc electrode. For sake of convenience, the plane gold surface,
with hanging meniscus configuration, used in [1] was replaced in the
present work by a spherical gold bead with a diameter of 1.9 mm, as a
rotating electrode, with its entire surface immersed into the solution.

In the absence of a precise knowledge of the ultra-low concentration
in active sites of platinum at the gold surface, the best way to evaluate or
to compare the activity between various experimental runs or with var-
ious electrodes is to adjust the HRR currents in the same proportion as
the amounts of charge required for the reduction of a monolayer of
gold oxide formed in defined conditions. These two data are available
on the same CV i.e. for the same area of contact with the solution. In
this respect, grounded on the charge required for oxide reduction as
proposed in [8], comparison of the electrode areas in contact with the
solution for different experimental runs will be obtained by measuring,
between 1.5 and 0.9 V vs RHE, the total charge evolved for the reduction
of the gold surface oxide in a cycle including the HRR and with an upper
potential limit of 1.75 V vs RHE. This will be useful in any attempt to
compare the results reported in [1] with the present ones and also it
avoids the need to know the exact area corresponding to the response
of the electrode in contact with the solution including some roughness
effects [8,15]. This protocol will be applied in the following for the con-
struction of Fig. 5.

3. Results
3.1. The stationary platinum coverage

Fig. 1 shows the stationary CVs reached in cell 2 with a platinum con-
centration around 4.5 10~ '° M in 0.5 M H,SO0, as described in [1]. This
stationary state for a given solution composition is essentially under
the control of the sweep rate, the potential limits and the rotation pro-
gramme. The stability of the voltammetric profile over the whole poten-
tial range, for several cycles, indicates the achievement of a dynamic
equilibrium for platinum at the gold surface. During the recording of
the CVs, the conditions of rotation were changed to minimize the effects
of all kind of impurities. Thus, the stationary CVs shown in Fig. 1 were
recorded without electrode rotation in the negative-going sweep until
the sharp increase of the current at about 0.14 V corresponding to the
activation of the rotation (1500 rpm) maintained in the subsequent
positive sweep and stopped at the end of the HOR around 0.8 V. A first
attempt at an interpretation of the profile of the positive-going sweep
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Fig. 1. Stationary CVs of adsorbed platinum active sites on a gold electrode in 0.5 M H,SO,4
saturated with H, gas in cell 2 at a scan rate of 50 mV s~ 1.
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