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a b s t r a c t

The hydrogen oxidation reaction was studied on a nanostructured rhodium electrode at different rota-
tion rates in alkaline solution. The electrode was prepared via sputtering on a glassy carbon disc support
and it was characterized by atomic force microscopy and cyclic voltammetry. The real surface area was
evaluated by CO stripping voltammetry. Experimental current density (j) e overpotential (h) curves of
the hydrogen oxidation reaction were obtained in the range �0.015 � h/V � 0.40 at different rotation
rates (900 � u/rpm � 4900). The resulting curves were correlated by kinetic expressions derived from
the Tafel-Heyrovsky-Volmer mechanism with a Frumkin type adsorption of the reaction intermediate
and the kinetic parameters were evaluated. It was verified that over this overpotential region the re-
action in alkaline solution proceeds mainly through the Tafel-Volmer route. These results were compared
with those previously obtained in acid solutions.

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

In the last decade there was a marked increase in the interest in
the hydrogen oxidation reaction (hor), which led to numerous
experimental studies on different electrode materials in acid so-
lutions [1e8]. There was also advances in the derivation of theo-
retical expressions for the interpretation of the experimental
dependences of the current density (j) on overpotential (h), under
the kinetic mechanism of the Tafel-Heyrovsky-Volmer [9e11].
Starting from these equations, the kinetic parameters (equilibrium
reaction rates of the elementary steps and equilibrium surface
coverage) were evaluated on different noble metals [12e16].
Conversely, the hydrogen oxidation reaction in alkaline solution
vo).
has not received similar attention, being scarce the published
works [17e20]. In the particular case of rhodium electrodes, it
cannot be found any kinetic study of the hydrogen oxidation re-
action in alkaline medium. On this context, the present work deals
with the evaluation of the elementary kinetic parameters of the
Volmer-Heyrovsky-Tafel mechanism on nanostructured Rh elec-
trodes through the correlation of experimental current density vs.
overpotential curves, measured in 0.1 M NaOH solution under
steady state and controlled mass transport conditions.
2. Experimental details

2.1. Electrode preparation and characterization

Theworking electrodes were prepared via sputtering on a glassy
carbon substrate from a rhodium target in an argon atmosphere.
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Fig. 1. Voltammogram of the Rh electrode in 0.1 M NaOH at 0.05 V s�1 and 298 K.

Fig. 2. Voltammetric stripping of adsorbed CO on the Rh electrode. (a) First cycle; (b)
Second cycle. 0.05 V s�1; 0.5 M H2SO4, 298 K.
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The preparation details can be found elsewhere [16]. The surface
morphology of the Rh electrodes was characterized by Atomic
Force Microscopy (AFM). AFM images were obtained using a multi-
technique Agilent microscope model 5400, operated in tapping
mode and processed with the software WSxM 6.2.

The electrode was also characterized electrochemically by cyclic
voltammetry carried out in a three electrodes cell. The electrolytic
solutionwas 0.1 M NaOH (Merck pro analysis), preparedwith ultra-
pure water (PureLab, Elga LabWater). The working electrode was
mounted in a teflon holder, with an exposed geometric area of
0.07 cm2 (Ag). Furthermore, a large area platinum wire acted as
counter electrode, located externally to the cell to avoid contami-
nation from platinum electrodissolution. A hydrogen electrode in
the same solution (RHE) was used as reference electrode, placed in
a holder connected to a Luggin capillary of 0.2 mm diameter,
located in the centre and at a distance of 0.2 mm of the working
electrode surface. This configuration ensures that the ohmic effects
are negligible in the experimental conditions and that the hydro-
dynamics of the rotating electrode is not affected. Cyclic voltam-
metry was carried out using a potentiostat-galvanostat Wenking
POS2 controlled by an interface Advantech PI1710HG and the
software Labview 8. The voltammograms were obtained at
0.05 V s�1 in nitrogen saturated solution between 0.0 and 1.3 V.

The real area of the electrode was determined by carbon mon-
oxide stripping voltammetry. CO adsorption was carried out in an
auxiliary cell in a CO saturated solution of 0.5 M H2SO4 (Merck pro
analysis) holding the electrode potential at 0.05 V (vs. RHE) during
15 min. Then, the voltammetric stripping was carried out at
0.05 V s�1 in nitrogen saturated solution between 0.05 and 1.3 V.

2.2. Hydrogen oxidation measurements

The experimental determination of the dependence j(h) for the
hydrogen oxidation reaction on steady state was carried out in the
cell described above. Five rotating rates (u) was employed in the
range 900 � u/rpm � 4900, using a rotating disc equipment
(Radiometer EDI 10000). The electrolyte solution was NaOH 0.1 M,
which was subjected to a continuous and efficient hydrogen
bubbling at P ¼ 1 atm. The counter electrode was a large area Pt
electrode. The applied overpotential was varied in the
range �0.015 < h/V < 0.40, controlled against a hydrogen electrode
reference in the same electrolyte solution. A potential programwas
applied in order to obtain the steady state polarization curves. It
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 programwas repeated for each h value. The
electrolyte solution was renewed after each experiment, which
were carried out at 25 �C.

3. Results and discussion

3.1. Electrode characterization and real area evaluation

Fig. 1 shows the voltammetric profile of the nanostructured Rh
electrode in 0.1 M NaOH solution at 0.05 V s�1 under nitrogen
bubbling in the potential range 0.0 < E/V < 1.3 vs. RHE. It can be
appreciated in the anodic scan the profile corresponding to the
hydrogen desorption located between 0.1 and 0.3 V, immediately
followed by the electroadsorption of OH and other rhodium hy-
droxylated species. The cathodic sweep shows the peak corre-
sponding to the electroreduction of such species at approximately
0.37 V, which is strongly overlapped with the peaks corresponding
to the hydrogen electroadsorption, due to the late disinhibition of
the adsorption sites occupied by the Rh oxide [21,22]. The poten-
tiodynamic profile is similar to that corresponding to electrode-
posit Rh in 1 M KOH solution [21].

The voltammetric charge corresponding to the electrooxidation
of the adsorbed CO in acid solution was used for the determination
of the real electrode area (Fig. 2). The first cycle corresponds to the
stripping of the adsorbed CO, where it can be observed a sharp peak
at approximately 0.725 V. The complete electrooxidation of the
adsorbed CO is produced in this first anodic sweep, as it can be
verified through the second voltammetric cycle, which reproduces
the blank voltammogram of metallic rhodium in this electrolyte
solution [16,23,24]. The voltammetric charge corresponding to the
electrooxidation of the adsorbed COwas evaluated as the difference
between the first and second cycle in the potential range 0.40 < E/
V< 1.3, resulting a value equal to 0.301mC. Taking into account that
the voltammetric charge of one CO monolayer is equal to
0.2877 mC cm�2 [16], the electroactive area (Ae) of the Rh electrode
is 1.043 cm2. Moreover, as the reaction under study has a strong
diffusion contribution, which depends on the geometric area,
meanwhile the kinetic reaction takes place on the real surface area,
the relationship between both values is an important parameter for
the correct analysis of the reaction. This relationship, called active
area factor (faa ¼ Ae/Ag), is in this case equal to 14.69.
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3.2. Morphological characterization

Fig. 3 shows the surface morphology of the working electrode
obtained by sputtering on a glassy carbon (GC) substrate. It can be
observed from the AFM image that the Rh layer consists of nano-
particles with an average size of 70e80 nm. They are agglomerated
in different levels. This result explains the high value of the active
area factor obtained by CO stripping.
Fig. 4. Current vs. time response of Rh electrode to the overpotential program applied
in the range �0.015 V � h � 0.4 V at different rotation rates (indicated in the figure).
0.1 M NaOH; 298 K.
3.3. Hydrogen oxidation reaction

The current (I) on time (t) response of the Rh electrode resulting
from the application of the potential program described in the
Experimental section is shown in Fig. 4, for all the rotation rates
analyzed (900, 1600, 2500, 3600 and 4900 rpm) and for the over-
potentials range comprised between �0.015 � h/V � 0.40. It can be
observed that current quickly reached the steady state condition.
Moreover, in this overpotentials range it is not perceived the inhi-
bition of the adsorption sites due to the adsorption of hydroxylated
species, which takes place at higher overpotentials. 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. Starting from these results and taking into account
the real electrode area, the corresponding j(h) dependences on
steady state were evaluated for each rotation rate, which are shown
in Fig. 5 (symbols). It can be observed that there is a marked in-
fluence of rotation. These experimental curves were correlated
with the system of equations resulting from the resolution of the
kinetic mechanism of Tafel-Heyrovsky-Volmer (TVH) on steady
state,

H2 þ 2S%2Had Tafel (1-1)

H2 þ OH� þ S%Had þ H2Oþ e� Heyrovsky (1-2)

Had þ OH�%H2Oþ e� þ S Volmer (1-3)

where S represents a site on the electrode surface in which the
reaction intermediate Had can be adsorbed. The THV mechanism
Fig. 3. AFM image of the nanostructured Rh electrode. Inset: height profile.

Fig. 5. Experimental (symbols) and simulated (lines) j(h) curves of the hor on Rh
electrode. 0.1 M NaOH; 298 K. u ¼ (:) 900; (C) 1600; (-) 2500; (+) 3600; (A)
4900 rpm.
establishes certain constrains, which are useful to validate its
application. Thus, it must be verified a linear dependence of the
inverse of the maximum value of the current density (jmax) and the
inverse of the square root of the rotation rate, jmax

�1 vs. u�1/2. This
relationship is given by the following expression [15],

1
jmaxðuÞ ¼

1
jkinmax

þ
�
faa
B

�
1

u1=2 (2)



Fig. 6. jmax
�1 vs. u�1/2 plot. Experimental (symbols), linear regression (line).
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where jkinmax is the limiting kinetic current density of the Tafel step,
which represents the mixed behaviour of the hydrogen oxidation,
with simultaneous kinetic and diffusion contributions, and B is the
Levich constant. Therefore, the constants faa/B and jkinmax can be ob-
tained from the slope and the origin ordinate of the experimental
plot jmax

�1 vs. u�1/2. Fig. 6 illustrates such plot, where it can be
observed that the experimental points (dots) satisfy the required
linearity. From linear regression (line) the following values were
obtained: ðjkinmaxÞ�1 ¼ 247.26 A�1 cm2 and faa/
B¼ 140895.6 A�1 cm2 rpm1/2. From this value, the constant B can be
evaluated: B ¼ 1.042 � 10�4 A cm�2 rpm�1/2.

The experimental polarization resistance Rp(u) can be also
evaluated from the dependences j(h, u) near equilibrium, which
must satisfy the following linear expression on u�1/2 [10],

RpðuÞ ¼ Rpo þ RT
2F

faa
B

1
u1=2 (3)

From the origin ordinate of the plot Rp(u) vs. u�1/2 (Fig. 7), the
value of the equilibrium polarization resistance (Rpo) was obtained:
Rpo ¼ 136,7 U cm2. Moreover, from the slope of the straight line,
which value is 1858.2 U cm2 rpm1/2, the constant B can be also
evaluated. The value obtained is B ¼ 1.015 � 10�4 A cm�2 rpm�1/2,
which is quite similar to that calculated from Fig. 6. This result
evidences the self consistency between the experimental results
and the kinetic mechanism.

Finally, the experimental dependence j(h, u) were described in
the whole range of overpotentials with the kinetic expression
resulting from the rigorous resolution of the kinetic mechanism on
steady state, considering a Frumkin type adsorption of the reaction
intermediate. Details of the resolution, which considers the
simultaneous occurrence of the two independent routes, Tafel-
Volmer and Heyrovsky-Volmer, can be found elsewhere [16]. One
of the three equivalent expressions for j(h, u) is,
j ¼
veHe

�uðq�qeÞleaHfh

"
ð1�qÞ
ð1�qeÞ � qe�fheuðq�qeÞ

qe

#
þ veTe

�2uðq�qeÞl
"
ð1�qÞ2
ð1�qeÞ2 �

q2e2uðq�qeÞ
qe2

#

1
2F þ

veT faað1�qÞ2e�2uðq�qeÞl
Bu1=2ð1�qeÞ2 þ veHfaað1�qÞe�uðq�qeÞleaHfh

Bu1=2ð1�qeÞ

(4)
The implicit equation for the variation of the surface coverage
(q) of the reaction intermediate on overpotential is given by,
(
veVe

�uðq�qeÞleaV fh

"
qeuðq�qeÞ

qe
� ð1� qÞe�fh
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#
þ veHe

�uðq�qeÞleaHfh

"
ð1� qÞ
ð1� qeÞ �

qe�fheuðq�qeÞ

qe

#)
�
(

1
2F

þ veT faað1� qÞ2e�2uðq�qeÞl

Bu1=2ð1� qeÞ2
)

�
(
1
F
þ veHfaað1� qÞe�uðq�qeÞleaHfh

Bu1=2ð1� qeÞ

)
�
(
veVe

�uðq�qeÞleaV fh

"
qeuðq�qeÞ

qe
� ð1� qÞe�fh

ð1� qeÞ

#
� veTe

�2uðq�qeÞl
"
ð1� qÞ2
ð1� qeÞ2

� q2e2uðq�qeÞ

qe2

#)
¼ 0

(5)
In Eqs. (4) and (5), vi is the reaction rate of the step i (i ¼ T, H, V),
ai (i ¼ V,H) is the symmetry factor of the step i, l 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 ¼ F/RT. The experimental j(h) curves for each u

value were correlated using Eqs. (4) and (5), applying a non linear
least squares regression method. The value faa/
B ¼ 140895.6 A�1 cm2 rpm1/2 was used in the correlation, while to
the symmetry factors aV and aH were assigned the value 0.5. Be-
sides, from the definition of the limiting kinetic current density of
the Tafel step [15],

jkinmax ¼ 2FveTe
2luqe

ð1� qeÞ2
(6)

and the value obtained from Fig. 6 (jkinmax ¼ 4.044$10�3 A cm�2), the
following expression for the equilibrium reaction rate of the Tafel
step is obtained,
veT

h
mol cm�2s�1

i
¼ 2:096� 10�8ð1� qeÞ2e�2luqe (7)

Thus, the adjustable parameters for the correlation were veV , v
e
H ,



Fig. 7. Rp vs. u�1/2 plot. Experimental (symbols), linear regression (line).
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qe, u and l. They were obtained from the correlation of the exper-
imental curve j(h) obtained at u ¼ 4900 rpm. The values obtained
are veV ¼ 2.667 � 10�9 mol cm�2 s�1,
veH ¼ 1.461 �10�16 mol cm�2 s�1, qe ¼ 0.232, u ¼ 11.47 and l ¼ 0.45.
Then, from Eq. (7) it was obtained veT ¼ 1.128 � 10�9 mol cm�2 s�1.
The simulations of the dependences j(h, u) for all experimental
rotation rates were carried out with this set of parameters. The
corresponding curves are shown in Fig. 5 (lines). It can be appre-
ciated that there is a good agreement between the experimental
and simulated curves. It can be also observed that, in the analyzed
potential range, the hydrogen oxidation is verified preferentially
through the Tafel-Volmer route, with a minor contribution of the
Heyrovsky-Volmer route.

The equilibrium reaction rates of the three elementary steps
obtained from the correlation can be compared with those evalu-
ated in acid solution [16]. The values calculated in 0.5 M H2SO4
were: veV ¼ 4.60 � 10�9 mol cm�2 s�1, veH ¼ 6.0 � 10�9 mol cm�2 s�1

and veT ¼ 1.27$10�9 mol cm�2 s�1. It can be observed that the values
corresponding to veV and veT are quite similar to those found in
alkaline solution. On the contrary, the equilibrium reaction rate of
the Heyrovsky step is eight orders of magnitude lower than that in
sulphuric acid solution. Taking into account that the influence of
hydroxide concentration is the same for veV and veH [25], it would be
expected a similar behaviour for both kinetic parameters. More-
over, the lower value of veH cannot be ascribed to the inhibition of
active sites due to the adsorption of OH because it would have
affected all the equilibrium reaction rates. The strong inhibition of
the Heyrovsky step in alkaline solutions could be explained on the
basis of the structure of the water layer adjacent to the electrodic
surface. It can be considered a highly ordered water network as a
consequence of the strong interaction with the metal surface. As
the Heyrovsky step requires the reaction between hydroxide ion
and molecular hydrogen in the reaction plane, OH� species must
migrate through the superficial water network towards the surface.
This motion should be verified through a Grotthuss type process,
with the hydroxide ion accepting and donating hydrogen bond
from and to water molecules. As both, water molecules and hy-
droxide ion, vibrate around quasistatic positions, the transference
of the hydrogen bond would take place when they are in an
adequate spatial configuration. Moreover, when OH ions get the
reaction plane at the networkeelectrode interface, its reactionwith
the hydrogen molecule will be also determined by their relative
spatial position, which must be appropriate for the electron and
hydrogen transfer needed by the Heyrovsky step. Consequently, the
results obtained would indicate that these conditions are not ful-
filled due to the high interaction with water network. On the other
hand, in acid solutions the situation is different because in this case
the direct decomposition of molecular hydrogen produces Hþ ions,
which have less spatial restrictions, justifying a higher reaction rate
for this step. This hypothesis needs to be ratified through the
analysis of the hor on other metals in alkaline solution. The inhi-
bition of the Heyrovsky step is clearly undesired, as the occurrence
of the hydrogen oxidation through the Tafel-Volmer route is more
inefficient [26]. This aspect should be investigated, as the perfor-
mance of the hor could be improved by changing the solvent and
thus making the reaction to proceed under the Heyrovsky-Volmer
route.

3.4. Electrocatalytic activity

The electrocatalytic activity of a given electrode material for the
hydrogen electrode reaction is represented usually by the exchange
current density, which is related to the kinetic parameters by the
following equation [26,27],

jo ¼ 2F

 
veTv

e
V þ veHv

e
V þ veTv

e
H�

veV þ veH þ 2veT
�
!

(8)

The value obtained from the equilibrium reaction rates of the
elementary steps evaluated from the correlation of the experi-
mental results is jo ¼ 1.18 � 10�4 A cm�2, which is slightly lower
than that obtained for rhodium in acid solution
(6.77 � 10�4 A cm�2) [16].

4. Conclusions

The hydrogen oxidation reaction was studied on a rotating disc
electrode of nanostructured rhodium supported on glassy carbon,
being the electroactive area evaluated by CO stripping voltamme-
try. The kinetic parameters resulting from the rigorous resolution of
the Tafel-Heyrovsky-Volmer mechanism were evaluated from the
correlation of the experimental current densityeoverpotential
curves measured at different rotation rates in the overpotential
range �0.15 < h/V < 0.40. It was demonstrated that in the analyzed
overpotential region the reaction takes place preferentially through
the Tafel-Volmer route and to a lesser extent through the
Heyrovsky-Volmer route. The exchange current density was also
evaluated from these kinetic parameters.
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