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ABSTRACT: The hydrogen oxidation reaction was studied on a
rotating disc electrode of nanostructured iridium supported on
glassy carbon. The electrode was prepared via sputtering and
further annealing at 400 °C under a hydrogen atmosphere to
avoid the presence of iridium oxide. The iridium film was
analyzed by microscopic (scanning electron microscopy (SEM),
atomic force microscopy (AFM)), spectroscopic (X-ray dif-
fraction (XRD) and X-ray photoelectron spectroscopy (XPS)),
and electrochemical (cyclic voltammetry) techniques, which
allowed us to verify the nanostructured morphology and the
absence of any phase other than metallic iridium. The real surface
area was evaluated by adsorption of underpotential deposition
(UDP) hydrogen and CO stripping. Experimental current−
overpotential (η) curves of the hydrogen oxidation reaction were obtained in the range −0.03 V ≤ η ≤ 0.20 V at different
rotation rates in sulfuric acid solution. They were correlated by kinetic expressions, and the corresponding values of the kinetic
parameters were evaluated. It was verified that over this overpotential region the reaction proceeds almost purely through the
Tafel−Volmer route. Moreover, an exchange current density jo = 1.34 mA cm−2 was calculated.

1. INTRODUCTION
Metals belonging to the platinum group (Ru, Rh, Pd, Os, Ir,
and Pt) play an important role in electrochemistry, being
studied as electrocatalysts for many electrode reactions.1−4

Among them, the hydrogen electrode reaction (HER) is
characterized for being the simplest electrocatalytic reaction,
involving only one reaction intermediate, the adsorbed
hydrogen species.5−9 Thus, the relationship between the
exchange current density (jo) of the HER and the standard
free energy of adsorption of hydrogen on the different metal
surfaces could be established, resulting in the well-known
volcano curve.10−13 The elements of such groups are located on
the top of the volcano plot, Pt being the most active metal.14

These data were mainly obtained from the experimental
determination of the current density (j)−overpotential (η)
dependence in the cathodic range corresponding to the
hydrogen evolution reaction (her).15−18 On the other hand,
the electrocatalytic activities of Pd19 and Ru20 have been
determined recently from experimental measurements carried
out in the anodic overpotential range, where the hydrogen
oxidation reaction (hor) takes place. There is little information
related to Ir, which is mentioned the work of J. P. Hoare and S.
Schuldiner,15 who carried out the kinetic study of the her and
also measured the equilibrium polarization resistance (Rp

o).
However, as Rp

o is a function of the inverse of the limiting
diffusion current density of the molecular hydrogen (jL),

21,22

the evaluation of Rp
o under the experimental conditions

employed in that work (vigorous agitation) led to an
overestimated value. Another kinetic study of the hor on Ir

was carried out by scanning electrochemical microscopy in a
perchloric acid solution.5 The only work that studied the
hydrogen oxidation in sulfuric acid solution on an Ir-rotating
disc electrode was carried out by G. Bronöel and M. Haim.23 In
this case the working electrode was subjected to a pretreatment
consisting of the application of 200 voltammetric cycles
between 0.03 and 1.40 V vs RHE at 0.08 V s−1. It is known
that an oxide layer is developed during this treatment,24−27 so
that the results cannot be interpreted as the response of
metallic iridium but that corresponding to a hydrated Ir oxide
layer. Other results can be found in reviews related to the
hydrogen electrode reaction,12,13 where all the data were
obtained from a compilation done by S. Trasatti.14 It can be
found there that the results related to Ir were obtained from
two theses.28,29 Thus, most of the information about the
experimental conditions is not available.
Another aspect to be considered is that, although all the

metals in the Pt group exhibit underpotential deposition of
hydrogen (HUPD), the electrochemical behavior is quite
different. For instance, the hydrogen oxidation on Pt is verified
up to high overpotentials (η > 0.60 V), before its inhibition due
to the adsorption of hydroxyl species.30 Moreover, Pd exhibits a
marked capacity for hydrogen absorption, leading to the
transition between the hydrides βPd−H and αPd−H, which
takes place in the overpotentials region of the hor (η ≅ 0.06
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V).19 Then, Ru shows a strong inhibition of the hor at low
overpotentials (η > 0.20 V) due to its high oxyphilic
properties.20 In the case of Ir, as was already mentioned and
as a different behavior to the rest of the group elements, a thick
layer of hydrated oxide (Ir3+, Ir4+) can be easily obtained by
potentiodynamic cycling, which is not reducible to metallic Ir in
the working conditions.24−27

Therefore, taking into account the lack of experimental
results related to the kinetics of the hydrogen oxidation reaction
on iridium, the present work deals with the evaluation of the
kinetic parameters of the Volmer−Heyrovsky−Tafel mecha-
nism on nanostructured Ir electrodes through the correlation of
experimental j(η) curves in the overpotential range −0.03 V ≤
η ≤ 0.20 V, carried out in sulfuric acid solution under
controlled mass transport conditions.

2. EXPERIMENTAL DETAILS
2.1. Electrode Preparation. The working electrodes were

prepared via sputtering on a glassy carbon (GC) substrate from
an iridium target (Goodfellow) in an argon atmosphere (0.1
mbar), using a sputter coater Emitech K500X, operated at 30
mA during 4 min. Previous to iridium deposition, the glassy
carbon (SPI) substrate was mirror polished and subjected to
ultrasonic cleaning in ultrapure water for 5 min and then was
voltammetrically characterized to ensure a clean and reprodu-
cible deposition surface. Finally, the sputtered iridium electro-
des were annealed in a furnace at 400 °C in a hydrogen
atmosphere to avoid the presence of iridium oxide.
2.2. Electrode Characterization. The Ir/GC electrodes

were physicochemically characterized by X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS). X-ray
diffractograms were obtained with a Shimadzu XD-D1
instrument with monochromator using Cu Kα radiation at a
scan rate of 2° min−1 in the range 20° < 2θ < 90°. The software
package of the equipment was used for the phase identification
from the diffraction peaks. The XPS measurements were carried
out using a multitechnique system (SPECS) equipped with a
dual Mg/Al X-ray source and a hemispherical PHOIBOS 150
analyzer operating in the fixed analyzer transmission (FAT)
mode. The spectra were obtained with pass energy of 30 eV,
and a Mg Ka X-ray source was operated at 200 W and 12 kV.
The working pressure in the analyzing chamber was less than
5.9 × 10−7 Pa. The XPS analyses were performed in the spectral
region corresponding to the Ir 4f core level.
The surface morphology of the electrodes was characterized

by atomic force microscopy (AFM) and scanning electron
microscopy (SEM). AFM images were obtained using a
multitechnique Agilent microscope model 5400, operated in
tapping mode and processed with the software WSxM 6.2. SEM
micrographs were obtained with a microscope Zeiss Supra 40.
2.3. Electrochemical Measurements. All the electro-

chemical measurements were performed in a three-electrode
cell containing 0.5 M H2SO4 solution at 298 K. The Ir/GC
electrodes were mounted in a Teflon holder and used as
working electrodes, with an exposed geometric area of 0.246
cm2. Furthermore, a large area platinum wire acted as a
counter-electrode, and the hydrogen electrode in the same
solution (RHE) was used as a reference electrode. The
electrodes were electrochemically characterized by cyclic
voltammetry using a potentiostat-galvanostat Wenking POS2
controlled by an interface Advantech PI1710HG and the
software Labview 8. The voltammograms were obtained at 0.1
V s−1 in nitrogen-saturated solution between 0.0 and 1.0 V.

The electrocatalytic activity of the Ir/GC electrodes toward
the hydrogen oxidation reaction was evaluated through the
current (I)−overpotential (η) response in hydrogen-saturated
solution. The polarization curves were obtained at different
rotation rates using an RDE Radiometer EDI 10k.
Finally, the real area of the electrode was determined by two

experimental methods, UPD hydrogen adsorption and CO
stripping voltammetry. CO adsorption was carried out in an
auxiliary cell in a CO-saturated solution, holding the electrode
potential at 0.05 V during 15 min. The voltammetric stripping
was carried out at 0.05 V s−1 in nitrogen-saturated solution
between 0.0 and 1.3 V.

3. RESULTS AND DISCUSSION
3.1. Morphological Characterization. Figure 1 shows a

SEM micrograph that illustrates the surface morphology of the

Ir/GC electrode. It can be observed that a structure was
constituted by bidimensional arrays of nanoparticles of 40 nm
diameter. The Ir surface coverage was estimated from Figure 1,
the resulting value being 0.65. Moreover, the image obtained by
AFM is illustrated in Figure 2. From the corresponding height
profile (inset in Figure 2), the average height was 40 nm, which
confirms that the electrode was configured by a fraction of a
monolayer with nanoparticles of 40 nm diameter agglomerated
in bidimensional clusters of 5−20 particles.

3.2. Physicochemical Characterization. For the X-ray
diffractogram, the sample was prepared by the application of
five cycles of iridium sputtering of 4 min each, to get an
adequate definition of the diffraction pattern, followed by the
same thermal treatment employed for the electrodes. Figure 3
shows the XRD spectrum with diffraction peaks located at 2θ =
40.73°, 47.73°, 69.30°, and 83.65°, which are coincident to
those corresponding to the Ir crystallographic planes (111),
(200), (220), and (311), respectively (JCPDS-ICDD files 6-
598 and 46-1044).
The result of the XPS analysis, carried out on a fresh Ir/GC

electrode, is shown in Figure 4 in the range of binding energy
comprised between 55 and 71 eV. Two peaks located at 61.39
and 64.48 eV, respectively, can be observed which are quite
similar to the values for 4f7/2 and 4f5/2 of metal iridium (61.35
and 64.35 eV),26 which are indicated in the figure as vertical
lines. Moreover, if these values are compared to those
corresponding to an IrOx film (62.35 and 65.35 eV),26 it can
be concluded that the electrode does not exhibit an oxide film,

Figure 1. SEM micrograph of the nanostructured Ir/GC electrode.
Magnification: 100000×.
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which is in agreement with the voltammetric behavior
described in the next item.
3.3. Electrochemical Characterization. Figure 5 shows

the voltammetric profile of the Ir/GC electrode obtained in 0.5
M H2SO4 solution at 0.05 V s−1 corresponding to the stripping
of adsorbed CO, followed by the second sweep cycle between
0.0 and 1.30 V. The complete electrooxidation of the adsorbed
CO takes place in the first anodic sweep, as can be verified
through the second voltammetric cycle, which reproduces the
blank voltammogram of metallic iridium. It can be appreciated
that the voltammetric profile, and in particular the HUPD region,
is quite similar to those found in the literature.31−33 On the
other hand, the voltammograms recorded to characterize the
electrode previous to the kinetic measurements were obtained
at 0.1 V s−1 between 0.0 and 1.0 V. Moreover, the electrode was
not subjected to successive cycles to avoid the growth of an Ir

oxide film, which is characterized by the appearance of a
reversible couple at 0.95 V.24−26

Another important aspect is related to the relationship of the
charges for the electrooxidation of adsorbed hydrogen and of
CO with the real electrodic area. The first one was evaluated in
the potential range comprised between 0.06 < E/V < 0.40,
following the method proposed by R. Woods to estimate the
electrode area.31 The resulting value was 85.8 μC and
corresponds to 65% of the charge of one monolayer of HUPD
(218 μC cm−2). The electrode area resulting from this
calculation was 0.605 cm2. On the other hand, the charge of
electrooxidation of CO was evaluated as the difference between
the first and second cycle in the potential range 0.50 < E/V <
1.3, resulting in a value equal to 176.04 μC. Taking into
account that for Pt34 and for Pd35 the CO saturation surface
coverage is 66% of the adsorption sites of HUPD, it should be
reasonable to consider that this value can be used also for the
case of Ir. Then, the charge of a CO monolayer is 287.7 μC
cm−2, and the corresponding value of the electrode area is 0.611
cm2. Thus, the values of the electrode area obtained from both

Figure 2. AFM image of the nanostructured Ir/GC electrode. Inset:
height profile.

Figure 3. XRD diffractogram of the nanostructured Ir/GC electrode.
Cu Kα radiation (λ = 1.5406 Å); 2° min−1.

Figure 4. XPS spectra of the nanostructured Ir/GC electrode. Vertical
lines indicate the values for metal Ir.26

Figure 5. Voltammogram of the Ir/GC electrode after CO adsorption.
(a) First cycle. (b) Second cycle. 0.05 V s−1; 0.5 M H2SO4, 298 K.
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the HUPD electrooxidation charge and the CO electro-
oxidation charge are coincident.
3.4. Hydrogen Oxidation Reaction. The evaluation of the

experimental dependence of the current density on η for the
hydrogen oxidation reaction started replacing nitrogen by
hydrogen in the gas bubbling system of the measuring cell,
while the working electrode was rotated at a given rotation rate
(900 ≤ ω/rpm ≤ 3600). A quick decrease of the open-circuit
potential was produced until the equilibrium value was reached
(0.0 ± 0.0003 V vs RHE). Once this condition was fulfilled, a
potential program was applied, which was initiated with a 3 s
step at 0.0 V, followed by a 5 s step to the desired overpotential
value. In this last period, readings of the current value were
made each 0.1 s, and the mean value of the current data
measured in the last 2 s was assigned to the step overpotential.
Then the program was repeated for each η value, which was
varied in the range −0.03 ≤ η/V ≤ 0.20. The current (I)−time
(t) response of the Ir electrode resulting from the application of
the potential program is shown in Figure 6, for all the rotation

rates analyzed (900, 1600, 2500, and 3600 rpm), where the
stability of the electrode current on time can be verified.
Starting from these results and taking into account the real
electrode area, the corresponding j(η) dependences on steady
state were evaluated, which are shown in Figure 7 (symbols).
These experimental curves were correlated with a system of
equations described in the following item.
3.5. Mechanistic Description of the Hydrogen

Oxidation on Ir. It is generally accepted that the hydrogen
electrode reaction on a metallic surface is verified through the
elementary steps of Tafel, Heyrovsky, and Volmer

+ ⇄H 2S 2H Tafel2 ad (1-1)

+ ⇄ + ++ −eH S H H Heyrovsky2 ad (1-2)

⇄ + ++ −eH H S Volmerad (1-3)

where S represents a site on the electrode surface in which the
reaction intermediate Had can be adsorbed. The resolution of

the kinetic mechanism of Tafel−Heyrovsky−Volmer implies
that the hydrogen oxidation is verified under the simultaneous
occurrence of both Tafel−Volmer and Heyrovsky−Volmer
routes, and it considers a Frumkin type adsorption for the
reaction intermediate.9 It also takes into account an active area
factor ( faa), which takes into account the relationship between
the area where the reaction takes place (real area) and that
corresponding to the diffusion flux of molecular hydrogen
(geometric area).36 This number acts as a correction factor of
the limiting diffusion current density (jL), which is related to
the geometric area and for the case of a rotating disc electrode
is equal to jL = Bω1/2.37 Although three equivalent expressions
for j(η) can be derived, referring to the real or active area, the
equation used in the present work was38
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The implicit equation for the variation of the surface
coverage (θ) of the reaction intermediate on overpotential is
given by38

Figure 6. Current vs time response of the nanostructured Ir/GC
electrode to the overpotential program applied in the range −0.03 V ≤
η ≤ 0.20 V at different rotation rates (indicated in the figure). 0.5 M
H2SO4; 298 K.

Figure 7. Experimental (symbols) and simulated (lines) j(η) curves of
the hor on the nanostructured Ir/GC electrode. 0.5 M H2SO4; 298 K.
ω = (★) 900; (▲) 1600; (●) 2500; (■) 3600.
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where vi is the reaction rate of the step i (i = T, H, V); αi (i =
V,H) is the symmetry factor of the step i; λ is the symmetry
factor of adsorption; and u (in RT units) is the energy of
interaction between the adsorbed hydrogen atoms. Superscript
e indicates equilibrium, and f = F/RT.
By the use of eqs 2 and 3, the experimental dependence j(η)

on steady state measured at a given rotation rate can be
correlated, and the corresponding set of kinetic parameters can
be evaluated. However, it is necessary first to evaluate the value
of the relationship faa/B. This constant can be evaluated from
the values of the maximum current (jmax) observed for η > 0.15
V, as it is related to the rotation rate as follows9

ω ω
= +

⎛
⎝⎜

⎞
⎠⎟j j

f

B
1
( )

1 1

max max
kin

aa
1/2

(4)

where jmax
kin is the limiting kinetic current density of the Tafel

step. Equation 4 highlights the mixed behavior of the hydrogen
oxidation, with simultaneous kinetic and diffusion contribu-
tions. jmax

kin is originated when the potential increase causes the
hydrogen surface coverage to vanish before the surface
concentration of molecular hydrogen goes to zero, and it is
given by the following expression9

θ
=

−

λ θ
j

Fv e2
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u
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e 2

e 2

e
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Thus, the slope of the experimental plot jmax
−1 vs ω−1/2 gives

the constant faa/B, and the corresponding value of the origin
ordinate is equal to the inverse of jmax

kin . Figure 8 illustrates such a
plot, where it can be observed that the experimental points
satisfy the required linearity.
The linear regression gives the following values: faa/B =

110.5424 mA−1 cm2 rpm1/2 and (jmax
kin )−1 = 0.43637 mA−1 cm2.

Moreover, eq 5 imposes a relationship between the equilibrium
reaction rate of the Tafel step (vT

e ) and the equilibrium surface
coverage (θe), which for the present case is

θ= − θ− − − −v e[mol cm s ] 1.187510 (1 ) u
T
e 2 1 8 e 2 2 e

(6)

Then, the experimental j(η) curves were correlated using eqs 2,
3, and 6, applying a nonlinear least-squares regression method.
This calculation was carried out with the software Micromath
Scientific 3.0, considering the symmetry factors αV = αH = λ =
0.5. Thus, only the kinetic parameters vV

e , vH
e , θe, and u were

evaluated from the correlation. Then, the value of vT
e was

obtained from eq 6. Each polarization curve corresponding to a
particular rotation rate was correlated independently. The mean
value of each kinetic parameter and the corresponding standard
deviation are shown in Table 1.

Moreover, the simulations of the dependencies j(η) at each
rotation rate were done with this unique set of parameters,
which are shown in Figure 7 (lines). It can be appreciated that
there is a good agreement between the experimental and
simulated curves and that in the analyzed potential range the
hydrogen oxidation is verified through the Tafel-Volmer route,
the contribution of the Heyrovsky−Volmer route being
negligible.

3.6. Electrocatalytic Activity. As it has already been
mentioned, in the volcano plot the electrocatalytic activity is
represented by the exchange current density (jo). The rigorous
relationship of jo with the equilibrium reaction rates of the
Tafel, Heyrovsky, and Volmer steps is given by39

=
+ +
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Therefore, the value obtained from the data given in Table 1
is jo = 1.34 mA cm−2, which is slightly higher than that
mentioned in the literature (0.251 mA cm−2).14 On the other
hand, the value calculated for platinum nanoparticles supported
on GC (data taken from Table 1, Electrode F)40 is jo = 45.9 mA
cm−2, much higher than the value obtained for the exchange
current density of the hydrogen electrode reaction on Ir.

Figure 8. jmax
−1 vs ω−1/2 plot. Experimental (symbols), linear

regression (line).

Table 1. Kinetic Parameters for the hor from the Correlation
of Experimental Results

kinetic parameters

vV
e /mol cm−2 s−1 9.89 ± 2.65 × 10−5

vH
e /mol cm−2 s−1 <10−15

vT
e /mol cm−2 s−1 6.92 ± 1.12 × 10−9

θe 0.459 ± 0.05
u/RT 0.75 ± 0.01
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On the other hand, the values of the equilibrium polarization
resistance (Rp

o) can also be compared, and the relationship with
the kinetic parameters is given by39
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The value Rp
o = 9.62 Ω cm2 was calculated on Ir, which is

lower than that reported by J. P. Hoare and S. Schuldiner (18.8
Ω cm2).15 As expected, it is also significantly higher than that
on Pt (0.355 Ω cm2).40

4. CONCLUSIONS
The hydrogen oxidation reaction was studied on a rotating disc
electrode of nanostructured iridium supported on glassy
carbon, free of hydrated Ir oxide. The electroactive area was
evaluated by CO stripping, and the value obtained is in
agreement with that calculated from the voltammetric charge of
HUPD electroadsorption. The correlation of the experimental
current−potential curves allowed the evaluation of the kinetic
parameters of the Tafel−Heyrovsky−Volmer mechanism. It
was demonstrated that in the analyzed overpotential region the
reaction takes place through the Tafel−Volmer route. Finally,
self-consistent values of the exchange current density and the
equilibrium polarization resistance of the hydrogen electrode
reaction were evaluated from the results obtained. These results
were compared with values reported in the literature. The
importance of appropriate conditions for the diffusion of
molecular hydrogen during the experimental evaluation of the
kinetic constants is evidenced.
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