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The use of the current density values obtained from a voltammetric sweep at a slow scan rate jvs(g) in
place of those of a steady state polarization jss(g) for the determination of the kinetic parameters of
the hydrogen oxidation reaction (hor) on a rotating disk electrode was analyzed. Three sets of kinetic
parameters similar to those evaluated previously for the noble metals Pt, Ir and Rh, used as electrocata-
lysts for this reaction, at three different rotation rates x (100, 3600 and 10,000 rpm) and four different
scan rates vs (10�4, 10�3, 10�2 and 5 � 10�2 V s�1) were selected for this study. The determination of
the hydrogen electrode reaction (HER) polarization resistance, around the equilibrium condition, was also
investigated. Finally, the conditions in which the approximation jvs(g) ffi jss(g) can be considered valid
were established for both, the polarization plot and the polarization resistance and practical criteria were
established.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The determination of the elementary kinetic parameters of the
hydrogen oxidation reaction (hor)1 is often carried out from the
experimental dependence of the current density (j) on the overpo-
tential (g), resulting from the application of a potentiodynamic
sweep run at slow scan rates (vs), on a rotating disk electrode with
a rotation rate (x) [1–8]. The values of the experimental voltammet-
ric sweep current density jvs(g,x,vs) are then correlated by theoreti-
cal steady state expressions of a given kinetic mechanism in order to
obtain the corresponding values of the kinetic parameters. However,
when the reaction is evaluated voltammetrically, the anodic and
cathodic sweep could not be coincident [9–11]. A current peak can
be also observed at low overpotentials, which decreases as the rota-
tion rate increases [12]. Moreover, at high values of the scan rate
other pseudocapacitive contributions to the current response differ-
ent from that of the reaction turn to be significant [13]. These behav-
iors clearly lead to potentiodynamic responses quite different from
that corresponding to the steady state. As these differences decrease
with lower scan rate values, it should be of interest to study the con-
ditions in which the values of jvs(g,x,vs) can be considered suffi-
ciently alike to those corresponding to the steady state current
density jss(g,x) [14].

The voltammetric sweep current density jvs(g,x,vs) can be
described as a sum of two contributions, one corresponding to
the electrode reaction jr(g,x,vs) and the other originated in the
double layer capacitance jc(g,vs) [15,16],

jvsðg;x; vsÞ ¼ jrðg;x;v sÞ þ jcðg;v sÞ ð1Þ

jr(g,x,vs) is on its turn the sum of two contributions, faradaic
(charge required for the electrochemical reaction) and pseudoca-
pacitive (charge required for the adsorption of the reaction interme-
diate). It should be noticed that the model does not consider the
adsorption/desorption of under potentially deposited hydrogen
(HUPD) and anions, but this aspect will be discussed later in order
to develop a criterion for the use of cyclic voltammetry to evaluate
the kinetic parameters of the hor.

Taking into account that both, jc and the pseudocapacitive con-
tribution to jr, vanish when the scan rate tends to zero, the voltam-
metric current density must fulfill the following limiting condition:

limvs!0 jvsðg;x;v sÞ ¼ jssðg;xÞ ð2Þ

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2015.04.012&domain=pdf
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Fig. 1. Scheme of a rotating disk electrode showing the cylindrical coordinates r
(radial), / (angular) and y (axial).

62 C.A. Marozzi et al. / Journal of Electroanalytical Chemistry 748 (2015) 61–69
The limiting behavior given in Eq. (2) was used to justify the use
of slow potentiodynamic sweeps as an approximation to the steady
state. Nevertheless, a quantitative basis for the adoption of a given
sweep rate was not already established. Then, the maximum scan
rate vs

max from which the following approximation:

jvsðg;x; vs 6 vmax
s Þ ffi jssðg;xÞ ð3Þ

can be considered valid must be determined, as well as the effect of
the rotation rate.

In this context, the present work evaluates theoretically the
variation of the current densities jvs(g,x,vs) and jss(g,x) for the
hydrogen oxidation reaction under the Volmer–Heyrovsky–Tafel
mechanism employing kinetic parameters similar to those
obtained previously on three electrocatalysts (Pt, Ir, Rh) [17–19].
On the other hand, the polarization resistance of the hydrogen
electrode reaction (HER) is also a way used to study the kinetics
of this reaction [3,20–23]. Therefore, it is also worthwhile to eval-
uate theoretically the constrains for the values of x and vs for the
calculation of the polarization resistance Rp(g,x) = dg/dj(g = 0)
from the approximation jvs(g,x,vs) ffi jss(g,x) around the equilib-
rium potential.

2. Theoretical analysis

2.1. Kinetic mechanism of the hydrogen oxidation reaction (hor)

In order to find the conditions in which Eq. (3) is accomplished,
a theoretical expression for the current density dependence given
in Eq. (1) must be derived. The faradaic and transient pseudocapac-
itive contributions involved in jr(g,x,vs) will be evaluated from the
Volmer–Heyrovsky–Tafel (VHT) mechanism [24],

H2ðgÞ þ 2S ¢ HðadÞ þ HðadÞ Tafel ð4aÞ

H2ðgÞ þ S ¢ HðadÞ þ Hþ þ e� Heyrovsky ð4bÞ

HðadÞ¢ Hþ þ e� þ S Volmer ð4cÞ

where S is the active site for the adsorption of the reaction interme-
diate H(ad), usually named as overpotentially deposited hydrogen
(HOPD). The reaction rates of these elementary steps are described,
on the basis of a Frumkin-type adsorption, by the following expres-
sions [23],

vT ¼ ve
T
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H2

Ce
H2

 !
1� h
1� he

� �2

e�2u h�heð Þk � h
he
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where vi is the rate of the elementary step i (i = V, H, T), CH2 is the
concentration of the molecular hydrogen in solution, h is the surface
coverage of the adsorbed hydrogen H(ad), ai is the symmetry factor
of the step i (i = V, H), u and k are the interaction parameter (in RT
units) and the adsorption symmetry factor of the Frumkin adsorp-
tion isotherm, respectively, and f = F/RT. The superscript ‘e’ indicates
equilibrium conditions, the superscript ‘s’ indicates electrode sur-
face, and it has been taken positive (negative) values for g in the
anodic (cathodic) direction. Expressions (5a–c) involve the depen-
dence of the surface coverage on the overpotential, on the rotation
rate and on the scan rate, h = h(g,x,vs). This relationship can be
determined from the following mass balance for the adsorbed
hydrogen H(ad) [14],

dnHðadÞ

dt
¼ 2vT þ vH � vV ð6Þ

where nH(ad) is the number of moles of H(ad) per unit of electrode
area. It should be noticed that when dnH(ad)/dt = 0, the steady state
is achieved and the reaction contribution is purely faradaic. Taking
into account that the scan rate of the potentiodynamic sweep is
vs = dg/dt and the relationship between nH(ad) and h, Eq. (6) can be
written as [14],

dhðg;x; msÞ
dg

¼ F
ð2vT þ vH � vV Þ

msr
ð7Þ

where r is the electric charge per unit area corresponding to a H(ad)

monolayer and F is the Faraday constant. It should be noticed that if
Eq. (7) is null, then the system would be on steady state. In this con-
text, the reaction current density jr(g,x,vs) is the sum of the contri-
butions of the two elementary steps with electronic transfer of the
VHT mechanism [22],

jrðg;x;v sÞ ¼ FðvH þ vV Þ ð8Þ

Furthermore, the double layer capacitance contribution to the
current density jc(g,vs) can be evaluated from the following
equation:

jcðg; msÞ ¼ cms ð9Þ

where c represents the double layer capacitance, which was consid-
ered constant on the range of potentials used in this study.

2.2. H2 mass transport in the electrolytic solution

An expression for the molecular hydrogen concentration profile
in solution as a function of the spatial coordinates and of time t (or
overpotential g) is needed in order to determine the electrode sur-
face hydrogen concentration Cs

H2
. The fluid dynamics was theoret-

ically solved at the vicinity of the rotating disk electrode in
cylindrical coordinates (r: radial, /: angular, y: axial), as it is
schematically shown in Fig. 1. The laminar flow pattern near a
rotating disk was described by Karman [25], who proposed an
expression for the fluid rate profile on the basis of infinite series.
Later the coefficients were improved by Cochran [26]. They used
the dimensionless variable c,

c ¼ x
t

� �1=2
y ð10Þ

where t is the kinematic viscosity of the electrolyte solution. For
small y values (c� 1), the respective expressions of the three



Table 1
Sets of kinetic parameters employed in the simulations.

Parameters
set

he vT
e

(mol cm2 s�1)
vH

e

(mol cm2 s�1)
vV

e

(mol cm2 s�1)

A 0.28 1 � 10�7 2 � 10�8 4 � 10�7

B 0.459 6.92 � 10�9 1 � 10�15 9.89 � 10�5

C 0.462 1.257 � 10�9 6.083 � 10�9 5.546 � 10�8
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components (vr, v/ and vy) of the fluid velocity vector v in cylindrical
coordinates are,

v r ¼ rx ac� c2

2
� bc3

3
þ . . .

� �
ð11aÞ

v/ ¼ rx 1þ bcþ ac3

3
þ . . .

� �
ð11bÞ

vy ¼ ðxtÞ1=2 �ac2 þ c3

3
þ bc4

6
þ . . .

� �
ð11cÞ

where a = 0.51023 and b = �0.6159. Following the Levich theoreti-
cal approach [27], only the first term of each series is taken for
the numerical calculations. Moreover, the general equation for the
molecular hydrogen mass transport comprises the diffusion and
convective terms,
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Fig. 2. Dependences of current density (a–c), surface coverage (d–f) and surface hydroge
different sweep rates and at steady state. Rotation rates: 100 rpm (a,d,g), 3600 rpm (b,e
@CH2

@t
¼ DH2r2CH2 � mrCH2 ð12Þ

where DH2 is the hydrogen diffusion coefficient. Eq. (12) was solved
taking into account that CH2 is independent of / for symmetry rea-
sons and considering the variation on r negligible. Then, the follow-
ing boundary conditions were applied,

CH2 ðg;x; ms; yÞ
�

y!1 ¼ Ce
H2

ð13Þ
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�
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Dy

2
64

3
75 ð14Þ

The following initial condition is also applied,

CH2 ðg;x; ms; yÞ
�

t¼0 ¼ Ce
H2

ð15Þ

The dependences jvs(g,x,vs), h(g,x,vs), Cs
H2

(g,x,vs), and
CH2 (g,x,vs,y), resulting from the application of a potentiodynamic
sweep to the hor on a rotating disk electrode, can be obtained from
the resolution of the system of Eqs. (1), (5a–c) and (7–15), for a
given set of kinetic and transport parameters. Moreover, the steady
state current density jss(g,x) can be also determined from the res-
olution of Eqs. (5a–c), with the additional condition dnH(ad)/dt = 0.
In this case, the following expression was used for the determina-
tion of the ratio Cs

H2
=Ce

H2
[23,28,29],
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Cs
H2

Ce
H2

¼ 1� jss

jL
ð16Þ

where jL is the limiting diffusion current density, which was in turn
calculated with the Levich equation [27],

jL ¼ 0:62nFD2=3
H2

t�1=6Ce
H2

x1=2 ð17Þ

where x is expressed in rad s�1 and n, the number of electrons in
the global reaction, is equal to 2.
3. Results and discussion

The system of Eqs. (1), (5a-c) and (7-15) was numerically solved
by the method of finite increments to obtain the dependences of
jvs(g,x,vs), h(g,x,vs), Cs

H2
(g,x,vs) and CH2 (g,x,vs,y), when the over-

potential is changed by the application of a potentiodynamic
sweep on a rotating disk electrode. The values of the required
kinetic parameters used are similar to those previously obtained
for the hor on platinum [17], iridium [18] and rhodium [19], which
are identified as Set A, B and C, respectively and are illustrated in
Table 1. The other constants involved in the calculations are:
Ce

H2
= 10�7 mol cm�3; DH2 = 5 � 10�5 cm2 s�1; re = 0.1 cm;

t = 8.01 � 10�3 cm2 s�1; r = 2.2 � 10�4 C cm�2; c = 2 � 10�5

F cm�2; T = 303.16 K and aV = aH = k = u = 0.5.
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Fig. 3. Dependences of current density (a–c), surface coverage (d–f) and surface hydroge
different sweep rates and at steady state. Rotation rates: 100 rpm (a,d,g), 3600 rpm (b,e
The polarization curves were evaluated in the range
0 6 g/V 6 0.2, where the deviation of the voltammetric response
(jvs) with respect to that of the steady state (jss) was calculated.
The response around the equilibrium condition (�0.01 6 g/
V 6 0.01) was also analyzed on the basis of five voltammetric
hemicycles, in order to evaluate the error in the determination of
the polarization resistance of the hydrogen electrode reaction. In
all cases, the calculations were carried out for three different rota-
tion rates (x), 100, 3600 and 10,000 rpm, and for four different
scan rates (vs), 10�4, 10�3, 10�2 and 0.05 V s�1. The initial state
was always equilibrium (g = 0 V) and at certain time (taken as
zero) a triangular potentiodynamic sweep was applied.
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inserts), but less significant with the increase of the rotation rate.
However, at constant rotation rate, it is enough to modify the
j(g) dependences. For example at x = 100 rpm, these small depar-
tures of h and Cs

H2
curves cause that the plots of jvs move far away

from that of jss at the two highest scan rates (ms = 0.01 and
0.05 V s�1), in the range 0 < g/V < 0.1. At the first anodic sweep,
as g increases jvs rises faster than jss, passing through a peak and
then decreasing asymptotically to the corresponding steady state
maximum current density (jmax). On the contrary at the first catho-
dic scan, as g decreases jvs goes down jss, reaching high negative
values at low overpotentials, and originating an important hystere-
sis with respect to the anodic scan. In the second cycle, current
densities are slightly lower than those of the first one, but a con-
stant profile is obtained in the following cycles. By slowing down
the scan rate jvs approaches more and more jss, almost overlapping
it at the lowest scan rate. Furthermore, at constant vs the curves
corresponding to Cs

H2
ðgÞ are clearly influenced by the rotation rate

(Fig. 2g–i). The outstanding effect of the rotation rate on jvs is high-
lighted by Fig. 2a–c. By going from 100 rpm to 3600 rpm, only a
small peak remains in the voltammetric current density response
at 0.05 V s�1 (Fig. 2b), which disappears at 10,000 rpm (Fig. 2c),
and all the jvs curves get closer to that of jss as the rotation rate
increases. These results stand out the important influence of the
electrolyte solution convection originated by the rotating disk
electrode on the kinetics of the reaction.
Fig. 2 clearly illustrates how very small variations in h and Cs
H2

values (appreciable in the inserts) can cause important deviations
in jvs with respect to jss. Furthermore, in this particular case with
the kinetic parameters corresponding to set A, both h and Cs

H2
tend

to zero as g increases, and both jss and jvs reach the limiting
diffusion current density jL at overpotentials higher than around
0.1 V.

In the same way, in Fig. 3 are plotted the dependences jvs, h, Cs
H2

,
and jss with the kinetic parameters corresponding to set B in the
range 0 6 g/V 6 0.2 parametric in the same scan rates as Fig. 2
and for the three rotation rates adopted. Fig. 3a shows, at
x = 100 rpm, a similar behavior to that of the previous case in all
dependences. There is a small difference in Cs

H2
(Fig. 3g), which pre-

sents an observable deviation with respect to that of the steady
state at the highest scan rate (ms = 0.05 V s�1). Again, Fig. 3a–c
remarks the beneficial effect of x on the hor transient kinetics,
since all the curves tend to approximate those of the steady state
as x increases. An interesting fact can be noticed for this case,
when the electrode rotation rate increases. In this case, in the over-
potentials range analyzed, although the surface coverage of the
adsorbed intermediate (h) tends to zero, the surface hydrogen con-
centration ðCs

H2
Þ tends to a constant value (Fig. 3g–i), meanwhile jvs

reaches a constant value lower than jL (Fig. 3a–c). This maximum
current density (jmax) was defined previously as [28],
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jmax ¼
jkin
max jL

jkin
max þ jL

ð18Þ

where jkin
max defines the maximum kinetic current density [28],

jkin
max ¼

2Fve
T e2khe

ð1� heÞ2
ð19Þ

This behavior is originated by a preponderance, in the overpo-
tential range studied, of the Tafel step over the Heyrovsky step
(ve

T � ve
H). The value of jL at 100 rpm calculated from Eq. (17) is

1.174 � 10�4 A cm�2 while jkin
max = 7.22 � 10�3A cm�2 (Eq. (19))

and finally from Eq. (18) the value of jmax is 1.156 � 10�4 A cm�2.
Thus, at 100 rpm jmax ffi jL. However, as jL increases with rotation

rate (jL /x1/2) while jkin
max is invariant, at higher rotation rates the

values of jmax turn to be lower than those of jL. At x = 3600,
jL = 7.048 � 10�4 A cm�2 and jmax = 6.421 � 10�4 A cm�2 < jL.
Finally, for x = 10,000 rpm, jL = 1.174 � 10�3 A cm�2 and
jmax = 1.0103 � 10�3 A cm�2 < jL. It should be important to note
that at high overpotentials, always CS

H2
turns to be zero and jvs

reaches the jL value.
Finally, Fig. 4 shows the results obtained for the calculations

carried out with the kinetic parameters corresponding to set C
for the same values of x and vs of Figs. 2 and 3. The behavior is
quite similar to that of set A in almost all aspects. At the lowest
rotation rate and at the highest scan rate jvs moves away from jss,
passes through a peak and then reaches jL. At all x values h and
Cs

H2
tend to zero (Fig. 4d–i) as g increases, while jvs reaches jL

(Fig. 4a–c). All transient curves approach the steady state as the
electrode rotation rate rises.

Another important aspect that it is necessary to be analyzed is
the average current density values between the anodic (A) and

the cathodic (C) scan, defined as Jvs(g,x,vs) = ðjvs
A þ jvs

C Þ=2, and its
relationship with the steady state values jss(g,x). In all the cases
under analysis corresponding to x = 3600 and 10,000 rpm and

vs 6 0.001 V s�1, the maximum difference between Jvs(g,x,vs) and
jss(g,x) (relative error) is less than 0.07% in the overpotentials
range under analysis. It is important to note that this difference
decreases as the rotation rate increases, and provides the possibil-

ity to use the dependence Jvs(g,x) in place of that corresponding to
the steady state jss(g,x). However, this behavior is not observed at
100 rpm at the highest scan rates, where the difference can be
higher than 23%.
0.0
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for the hor simulated with Set A (Table 1) at 100 rpm and different overpotentials.
Sweep rate: (a) 10�4 V s�1, (b) 0.05 V s�1.
3.2. Analysis of the axial hydrogen concentration profile

Fig. 5 illustrates the profiles of the concentration of molecular
hydrogen as a function of the axial distance to the electrode surface
and parametric in the overpotential values, for the case A at
100 rpm and at two different values of vs, 10�4 V s�1 (Fig. 5a) and
0.05 V s�1 (Fig. 5b). At the lower scan rate CH2 profiles show, as
expected, a continuous decrease from the solution bulk to the elec-
trode surface, at any g value and at both hemicycles (Fig. 5a), pro-
ducing a H2 diffusion in the same direction. It should be noted that
the profile has no hysteresis between anodic and cathodic scan,
with a behavior similar to that of the steady state. On the contrary,
at 0.05 V s�1 the CH2 profiles exhibit the expected shape in the first
anodic scan, but a hysteresis is observed at the cathodic hemicycle.
The CH2 profiles pass through a minimum inside the solution,
which acts as a sink for the H2 diffusion (Fig. 5b). This unusual
behavior is originated in the high value of the potential scan rate,
which cause a delay in the follow up of the dissolved hydrogen
concentration.
3.3. Analysis of the dependences jvs(g,x,vs) and jss(g,x) for the
evaluation of the HER polarization resistance

Fig. 6 illustrates the dependences jvs(g,x,vs) and jss(g,x) in the
range �0.01 6 g/V 6 0.01 (hydrogen electrode reaction), paramet-
ric in the scan rate vs (10�3, 10�2 and 0.05 V s�1) and for the three
rotation rates (100, 3600 and 10,000 rpm) corresponding to the
calculations carried out with the kinetic parameters corresponding
to set A. The initial state was always the equilibrium potential of
the HER (g = 0 V) and at zero time a triangular repetitive potentio-
dynamic sweep was started in the anodic direction. It can be
noticed that in all cases the potentiodynamic profiles stabilize
quickly. Furthermore, it can be seen that for high rotation rates
(x = 3600 and 10,000 rpm) the jvs(g,x,vs) curves remain equidis-
tant from that of the steady state (Fig. 6b and c), and again the

average value between the anodic and cathodic sweep Jvs(g,x,vs)
was evaluated. Starting from these values, the corresponding val-
ues of the polarization resistance Rp

vs(x,vs) were calculated, as well
as those of the steady state Rp

ss(x). At this higher rotation rates, the
evaluated difference between Rp

vs(x,vs) and Rp
ss(x) is less than 0.1%

with a mean value of 0.057%. Therefore, Rp
vs(x,vs) could be used for

the evaluation of the polarization resistance instead of that corre-
sponding to the steady state. However, this behavior is not
observed at 100 rpm (Fig. 6a), where the difference can be higher
than 50%. The results obtained for the other sets of kinetic param-
eters are shown in Fig. 7 (set B) and Fig. 8 (set C). These results are
similar to those corresponding to set A.
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3.4. Criteria for the use of cyclic voltammetry to evaluate the kinetic
parameters of the hor

The evaluation of the kinetic parameters requires the correla-
tion of the experimental dependence of current density on overpo-
tential through a kinetic model which must be in agreement with
the experimental measurement. In the present case it is analyzed
the applicability of the theoretical dependences jss(g,x) for the
hydrogen oxidation reaction described by the Tafel–Heyrovsky–
Volmer mechanism, which includes the convection and diffusion
contribution of the molecular hydrogen, to the experimental
response obtained by a potentiodynamic sweep jvs(g,x,vs).

In order to establish a criterion for the use of cyclic voltamme-
try, several aspects must be taken into account. It is important to
note that in the overpotential region under analysis the noble
metal electrodes undergo processes of adsorption/desorption that
involve the underpotentially deposited hydrogen HUPD and anions,
which generate pseudocapacitive contributions that have not been
taken into account in the kinetic model. Such contributions are
strongly dependent on the sweep rate, being almost insensitive
to the electrode rotation rate. However, these processes are mostly
reversible and therefore their contribution could be considered
negligible when the average value between the anodic and catho-
dic sweeps is evaluated in certain experimental conditions. For
example, it can be clearly observed at vs = 0.05 V s�1 and
x = 100 rpm that the current due to the faradaic process (hor) is
overlapped with that of the pseudocapacitive current of HUPD.
This result is more clearly observed at low rotation rates, being
most evidenced on a non rotating electrode (see Figs. 1-a,b and 2
in [30]). Moreover, the analysis of the voltammetric profile of a
polycrystalline Pt electrode at different sweep rates (see Fig. 9 in
[31]) also illustrates the effect of HUPD. The plot of the average

between the anodic and cathodic current peaks, Jp ¼ ðj
A
p þ jC

pÞ=2,
corresponding to the strongly adsorbed HUPD as a function of vs

gives a straight line [Jp/mA cm�2 = 3.15 � 10�6 vs/V s�1]. If it is sup-

posed that the maximum difference between j A
p and jjC

p j is 10%, the
contribution of the pseudocapacitive process would be negligible
for the hor when vs < 0.001 V s�1 and x P 3600 rpm. A similar
analysis, with the same conclusion, can be obtain with electrodes
of the type M(hkl), being M: Pt, Rh, etc. The results basically show
that in such experimental conditions the pseudocapacitive
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contribution originated in the variation of the surface coverage of
the adsorbed reaction intermediate can be considered negligible
when the responses of the anodic and cathodic sweeps are
averaged. This is clearly evidenced in the curves corresponding to
jvs(g,x,vs), as they only show the hysteresis due to the contribution
of the double layer.

On the other hand, it should be important to note that the exis-
tence of other electrodic processes in the overpotential region of
the hor can introduce serious interpretation errors. This is the case
for instance of Pd electrodes, which involves the transition
between a and b Pd-H, characterized by different electrocatalytic
properties [32].

A practical criterion can be obtained starting from the fact that
the dependences jvs(g,x,vs) around the equilibrium potential
(�0.01 6 g/V 6 0.01) are more sensitive to changes in x and vs val-
ues than those corresponding to the hydrogen oxidation (0.0–0.2
V). Such criterion implies the gradual increase in x and decrease
in vs up to obtain that the difference jvs

A � jvs
C be approximately con-

stant and that the average Jvs be equal to zero when g = 0. Then,
such values of x and vs could be used for the kinetic study of the
hydrogen oxidation.
4. Conclusions

The determination of the kinetic parameters of the hydrogen
oxidation reaction corresponding to the Tafel–Heyrovsky–Volmer
mechanism, through the use of a potentiodynamic sweep at a scan
rate vs has been analyzed. The system of equations for the evalua-
tion of the dependences jss(g,x), jvs(g,x,vs), h(g,x,vs), Cs

H2
(g,x,vs)

and CH2 (g,x,vs,y), has been derived and simulated from numerical
analysis for the hor taking place on a rotating disk electrode and
using kinetic parameters similar to those obtained on three noble
metals (Pt, Ir and Rh). Moreover, the determination of the polariza-
tion resistance of the hydrogen electrode reaction from a potentio-
dynamic sweep around the equilibrium condition was also
analyzed. On the basis of the results obtained, the maximum
admissible scan rate mmax

s under which the dependence jvs(g,x,vs)
can be approximated to that of the steady state response jss(g,x),
for a correct determination of the hor kinetic parameters and of
the HER polarization resistance, has been evaluated. It can be con-
cluded that for vs 6 0.001 V s�1 and x P 3600 rpm, the average
value between the current densities corresponding to the anodic
and cathodic sweeps allows to obtained a good approximation to
the value corresponding to the steady state jss(g,x), with an error
less than 0.07%. Moreover, a practical criterion associated to the
response around the equilibrium potential was also proposed.
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