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The hydrogen evolution reaction (HER) has been studied on a rotating polycrystalline smooth iron disc
electrode in the temperature range 20 O T /¡C O 60 in 2 M NaOH. It has been demonstrated that only for
o g oP 0.1 V can the polarisation curve be considered as that corresponding to the HER, due to the corrosion
process that takes place at low overpotentials. The experimental results were adequately correlated by the
VolmerÈHeyrovskyÈTafel mechanism with a Langmuirian adsorption, considering On this basis, twoaV D aH .
sets of kinetic parameters were found for each of the three elementary steps and the corresponding apparent
activation energies were also evaluated. These results allowed the calculation of the experimental kinetic
parameters, Tafel slope and extrapolated exchange current density, for all the temperatures studied.

Introduction
The HER on iron in alkaline solutions has been scarcely
studied.1h6 These works, except for two,2,4 correspond to
studies of permeation through iron membranes, based on the
cell of DevanathanÈStachurski.7 The thickness of the mem-
branes used was 127 O d/lm O 770 and an inverse depen-
dence between the permeation Ñow and the thickness of the
membrane was found.3

The most recent works5,6 analyse the enhancement of inhi-
bition of the HER by the adsorption of ions SH~ and AsO2~.
A rigorous description of the reaction kinetics on the basis of
the VolmerÈHeyrovskyÈTafel mechanism was carried out,
considering also the processes of absorption of hydrogen and
adsorption of anions (inhibitors). The results obtained for the
HER on pure iron showed two distinguishing aspects : the
existence of a point of inÑexion in the dependence of the
logarithm of the current density ( j) on overpotential (g),5,6 and
the dependence of the surface coverage (h) on g that could be
described by the Langmuirian adsorption model in spite of
the large variation in h values.

The present work deals with the evaluation of the elemen-
tary kinetic parameters of the VolmerÈHeyrovskyÈTafel
mechanism and their dependences on temperature for the
hydrogen evolution reaction on a smooth polycrystalline iron
electrode in the range 20 O T /¡C O 60.

Experimental
Experiments were carried out in a three-compartment, three-
electrode cell. The working electrode was a rotating disc of Fe
ARMCO 99.99%, 11 mm diameter and 3 mm thickness
embedded into a Tacussel exchangeable electrode holder with
an exposed surface of 0.26 cm2 (5.8 mm diameter). This elec-
trode was rotated at 4000 rpm by a rotating disc system
(Tacussel EDI 10K). The electrolytic solution was 2 M
NaOH, prepared with triply distilled water and puriÐed by
pre-electrolysis. The purity was veriÐed through the indepen-
dence of the current on the rotation rate at g \ [0.4 V. The
reference electrode was the reversible hydrogen electrode in
the same solution (RHE), which allows direct reading of the

overpotential, after the corresponding correction for the
ohmic drop. The counterelectrode was a large area, platinised
platinum wire located in an external separate compartment.
Runs were carried out in a saturated solution by continuous
bubbling of puriÐed hydrogen and the selected temperature
was controlled (T ^ 0.1 ¡C) by a thermostat Lauda R400.

(a) Electrochemical measurements

The experimental measurements were carried out using a
potentiostatÈgalvanostat (Radiometer PGP201) and the Volt-
aMaster application software. CurrentÈpotential dependences
were obtained by applying stationary voltammetry. This con-
sisted of a potential scan, started at g \ [0.65 V towards the
anodic direction, with potential steps of 0.025 V with 240 s
waiting time. Before each run, the working electrode was pol-
ished by the usual metallographic techniques using alumina
powder up to 0.5 lm. Then, it was immersed in the electrolyte
solution at [0.65 V and this potential was held for 15 min
before the stationary voltammetry program was started. The
experiment was continued until the current changed sign.
Thus, it was possible to determine the corrosion potential for
each temperature ; this was always cathodic with respect to the
RHE.

Results
The experimental currentÈpotential dependences show at all
temperatures that the inversion in the sign of the current is
veriÐed at a cathodic potential with respect to the reference
hydrogen electrode in the same solution (Fig. 1). It can be
inferred that at low overpotentials, corrosion of the Fe elec-
trode occurs.8,9 Therefore, for the correct analysis of the
experimental currentÈpotential dependence, the overpotential
region where the experimental current density corresponds
solely to that of the HER must be established ( jHER \ jexp).Fig. 2 illustrates qualitatively the di†erent contributions to the
experimental polarisation curve near the corrosion potential.
They are the anodic current due to iron oxidation and the
cathodic current corresponding to the HER. The corrosion
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Fig. 1 Experimental currentÈpotential dependence near the current
sign inversion for the polarisation of Fe in 2 M NaOH at di†erent
temperatures.

potential can be evaluated from the experimental data shown
in Fig. 1 and the corresponding corrosion current density by
application of the SternÈGearyÈMansfeld method.10 The
results are summarised in Table 1. From these values and
using the cathodic contribution to the SternÈGearyÈMansfeld

Fig. 2 Deconvolution of the experimental currentÈpotential depen-
dence near equilibrium for Fe in NaOH 2 M. (ÈÈ) Experimental
curve ; HER; oxidation current.(…) (L)

Table 1 Values of the corrosion potential and current density on Fe
in 2 M NaOH at di†erent temperatures

T /¡C [Ecorr/mV jcorr/lA cm~2

20 31.7 10.8
30 33.0 16.2
40 38.3 45.0
50 39.7 48.0
60 40.8 85.2

equation, the corresponding values of were estimatedjHERnear the corrosion potential. It can be concluded from these
results that for V, the contribution of theoE [ Ecorr o[ 0.1
corrosion process to the experimental current can be ignored.
Therefore, the correct overpotential range for the determi-
nation of the kinetic parameters of the HER was o g oP 0.1 V.

The experimental dependences log j vs. g of a smooth iron
electrode in 2 M NaOH solution at 20, 30, 40, 50 and 60 ¡C
and for o g oP 0.1 V are illustrated in Fig. 3 (symbols). It can
be observed that in all cases the dependence exhibits an inÑex-
ion before it reaches the Tafelian region at high over-
potentials. This behaviour is similar to that found previously
for nickel in the same electrolyte solution.11 The VolmerÈ
HeyrovskyÈTafel kinetic mechanism is usually considered
valid for the hydrogen evolution reaction. Due to the exis-
tence of the inÑexion point, the stationary experimental
dependence log j vs. g must be correlated by the simultaneous
occurrence of the three steps. VolmerÈHeyrovsky or VolmerÈ
Tafel routes are not applicable to this case. The reaction steps
in alkaline solutions can be written as :

H2O ] e~] H(ad)] OH~ (Volmer) (1a)

H2O ] e~] H(ad)] H2] OH~ (Heyrovsky) (1b)

H(ad)] H(ad)] H2 (Tafel) (1c)

Moreover, it is known that the adsorbed hydrogen can be
embodied into the metal1,3,5,6 as :

H(ad)] H(ab) (2)

It should be valid to consider that the permeation Ñow of
hydrogen from the surface to the bulk of the electrode is zero
at the end of the waiting time, when the current is read. This is
because the electrode is rather thick (3 mm) and there is no
anodic process on the opposite side of the electrode to
promote di†usion. Therefore, the experimental results can be
analysed considering the VolmerÈHeyrovskyÈTafel mecha-
nism in steady state and reaction (2) can be ignored. Conse-
quently, the surface concentration h(g) can be determined by
the reaction steps (1aÈc). In other words, it is considered that
at the moment the current is read at each potential value, the

Fig. 3 Experimental dependence of the logarithm of the current
density on overpotential for the HER on Fe in 2 M NaOH at di†er-
ent temperatures. Continuous lines correspond to simulation.
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absorbed hydrogen is at equilibrium with the adsorbed hydro-
gen.

In this context, the experimental results were correlated at
Ðrst through the VolmerÈHeyrovskyÈTafel mechanism, being
the behaviour of the reaction intermediate described by the
Frumkin adsorption model with the symmetry factors aV \

using a generalisation of the equations derived pre-aH ,
viously.12 Under these conditions, a reasonable Ðt of the
experimental dependence was not achieved, even with the
interaction parameter equal to zero (Langmuirian behaviour).
Then, the Langmuir adsorption model was used, but consider-
ing attaining in this case an excellent Ðtting of theaV D aH ,
experimental data. The corresponding expressions of the
current density and the surface coverage as a function of over-
potential used for the correlation were :13

j(g)\
F exp(aV fg)

(1[ he)
G
vVe exp([fg)[ vHe exp[(aH [ aV) fg]

[
C
[vVe exp([fg)[ vHe exp[(aH [ aV) fg]

]
(1[ he)

he
MvVe [ vHe exp[[(1[ aH ] aV) fg]N

D
h(g)
H

(3)

ah2] bh ] c\ 0 (4)

a \
2vVe (1[ 2he)
he2(1[ he)2

(4a)

b \
4vTe

(1[ he)2
] exp(aV fg)

]
CvVe exp([fg)] vHe exp[(aH [ aV) fg]

(1[ he)

]
vVe ] vHe exp[[(1[ aH ] aV) fg]

he
D

(4b)

c\ [
2vTe

(1[ he)2
[ exp(aV fg)

]
CvVe exp([fg)] vHe exp[(aH [ aV) fg]

(1[ he)
D

(4c)

where f\ F/RT ; is the equilibrium reaction rate of the stepv
i
e

i is the symmetry factor of i and he is(i\ V, H, T) ; a
i

(i\ V, H)
the surface coverage at equilibrium.

A non-linear least-squares Ðtting was applied to correlate
the experimental results through eqn. (3) and (4aÈc). This was
done for g P 0.1 V, in order to avoid distortions in the depen-
dence j(g) due to the corrosion process. In these conditions,

the kinetic parameters of the elementary steps (he, aV , aH , vVe ,
were obtained. The regression generates two sets ofvHe , vTe )kinetic parameter,13 which are given in Table 2. It should be

noticed that in spite of carrying out independent Ðtting for
each temperature, the values of and were quite similar,aV aHwhich should indicate that they are independent of tem-
perature and that the consideration about the di†erence in the

values is valid.a
i

Discussion

The experimental determination of the currentÈpotential
dependence on a rotating disc electrode was used to evaluate
the kinetic parameters of the hydrogen evolution reaction on
iron. Special attention was paid to obtaining the correct pol-
arisation curve and therefore the corrosion e†ect at low over-
potentials was taken into account.

For the correct analysis of the dependences log j vs. g, it is
convenient to evaluate also the variation of the surface cover-
age h on g. It can be derived from data in Table 2 that two
such relationships can be obtained, from Set I and Set II(hI)respectively. As the results obtained for each[hII\ (1 [ hI)],temperature are quite similar, Fig. 4 shows only the response
at T \ 40 ¡C. It can be observed that for Set I, varies fromhI

Fig. 4 Dependence of the surface coverage on overpotential for the
HER on Fe in 2 M NaOH at 40 ¡C.

Table 2 Values of the elementary kinetic parameters obtained from simulation of the experimental results for Fe in 2 M NaOH at di†erent
temperatures

vVe /mol vHe /mol vTe /mol
T /¡C Set cm~2 s~1 cm~2 s~1 cm~2 s~1 he aV aH
20 I 5.878] 10~10 7.237] 10~8 1.895] 10~9 0.993 78 0.563 21 0.210 14

II 7.237] 10~8 5.878] 10~10 1.895] 10~9 0.006 22 0.210 14 0.563 21
30 I 1.506] 10~9 9.544] 10~8 3.281] 10~9 0.991 56 0.563 51 0.211 60

II 9.544] 10~8 1.506] 10~9 3.281] 10~9 0.008 44 0.211 60 0.563 51
40 I 2.123] 10~9 3.065] 10~7 2.260] 10~9 0.994 51 0.568 77 0.273 22

II 3.065] 10~7 2.123] 10~9 2.260] 10~9 0.005 49 0.273 22 0.568 77
50 I 6.150] 10~9 2.828] 10~7 3.215] 10~9 0.993 82 0.576 98 0.194 61

II 2.828] 10~7 6.150] 10~9 3.215] 10~9 0.006 18 0.194 61 0.576 98
60 I 7.214] 10~9 9.204] 10~7 2.897] 10~9 0.995 88 0.577 46 0.279 29

II 9.204] 10~7 7.214] 10~9 2.897] 10~9 0.004 12 0.279 29 0.577 46
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to the limiting value at o g oP 0.40 V. Con-hIe + 1 hI* + 0
versely, for the case of Set II, varies from to thehII hIIe + 0
limiting value at o g oP 0.40 V. This behaviour washII* + 1
obtained for all temperatures studied.

The analysis of the dependences log j vs. g indicates the
existence of a Tafelian domain at high overpotentials, where
the surface coverage becomes independent of potential. Under
these conditions, the terms in eqn. (4aÈc) that do not depend
on g can be neglected and thus a linear expression of h(g) is
obtained. Substituting it in eqn. (3), the following useful
expression is obtained at g ] [ O (in this case o g oP 0.40 V).
If Set I is considered, it is veriÐed that aVI [ aHI :

j(g)\
2vVIe F

(1[ hIe)
exp[[(1[ aVI) fg] ; hI(g)\ hI* \ 0 (5)

Eqn. (5) can be rewritten in terms of the experimental kinetic
parameters as :

j(g)\ jhext exp[[g/bh] (6)

where is the current density at g \ 0 extrapolated from thejhexthigh overpotential region, and is the Tafel slope. They arebhdeÐned as follows :

jhext \
2vVIe F

(1[ hIe)
, bh\ 2.3026/(1 [ aVI) f (7)

For Set II, it is necessarily veriÐed that and theaVII\ aHIIcorresponding expression of j(g) is :13

j(g)\
2vHIIF

hIIe
exp[[(1[ aHII) fg] ;

hII(g)\ [1[ hI*]\ hII* \ 1 (8)

where and are given by :jhext bh

jhext \
2vHIIe F

hIIe
, bh\ 2.3026/(1 [ aHII) f (9)

It should be noticed that both experimental kinetic param-
eters and the corresponding Tafel slope are unique,jhext bhindependent of the set of elementary kinetic parameters from
which they can be calculated, due to the relationships between
both sets of kinetic parameters.13 The experimental param-
eters were evaluated from data tabulated in Table 2 and are
shown in Table 3.

The question about which of the two Sets (I or II) actually
represents the behaviour of the hydrogen evolution reaction
on iron is an open subject. Published results related to the
dependence of the permeation rate on potential should be in
favour of an increasing dependence of the surface coverage on
overpotential (Set II).5,6 Nevertheless, studies of the role of
absorbed hydrogen on the corrosion of iron would indicate
the inverse behaviour (Set I).14 Moreover, it should be pos-
sible that the hydrogen involved as the intermediate in HER
could be di†erent from that involved in the absorption

Table 3 Values of the experimental kinetic parameters for Fe in 2 M
NaOH at di†erent temperatures

T /¡C jhext/mA cm~2 bh/mV dec~1

20 0.009 12 133.2
30 0.0172 137.8
40 0.0373 144.1
50 0.0960 151.6
60 0.1689 156.4

process. All these aspects should be the subjects of further
studies.

Finally, the evaluation of the apparent activation energy of
the elementary reaction steps was carried out, which is deÐned
as :

d ln vIe
d(1/T )

D
\ [

Eaiapp
R

(10)

Fig. 5 shows the linear dependences of ln onvie (i \ V, H, T)the inverse of temperature for one of the sets of elementary
kinetic parameters. The corresponding were calculatedEaiappand the resulting values are illustrated in Table 4 for both sets
of kinetic parameters. It can be noticed that Set II can be
obtained from Set I by permutation of the Volmer and Hey-
rovsky parameters whilst holding the same value for the Tafel
parameter, as has been demonstrated elsewhere.13 It should
be noticed that the apparent activation energies of the Volmer
and Heyrovsky steps are quite similar, whilst that correspond-
ing to the Tafel step is markedly lower. Although these kinds
of data cannot be found in the literature, an estimation of an
apparent activation energy, but in acidic solution, was made
starting from experimental data obtained by Bockris et al.1 on
Fe, taking into account that the dependence of he on tem-
perature can be considered negligible. Extrapolating the Tafel-
ian regions to the respective equilibrium potentials (calculated
at each temperature), the corresponding values of ln werejhextobtained, from which a value kcal mol~1 wasEaapp\ 22.06
found. Taking into account that eqn. (7) and (9) are applicable
in these conditions, it can be concluded that the value
obtained corresponds to the Volmer or the Heyrovsky step.

Fig. 5 Dependence of ln on the inverse of temperature for thev
i
e

Volmer, Heyrovsky and Tafel steps.

Table 4 Values of the apparent activation energy for the elementary
kinetic steps

Eaapp/kcal mol~1

Step Set I Set II

Volmer 24.494 23.814
Heyrovsky 23.814 24.494
Tafel 4.450 4.450
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Furthermore, the value of the apparent activation energy cal-
culated from the data of Bockris et al.1 is surprisingly similar
to those evaluated in the present work for the Volmer (24.5
kcal mol~1) and Heyrovsky (23.8 kcal mol~1) steps.

Acknowledgements
The Ðnancial support of Consejo Nacional de Investigaciones

y (CONICET), Agencia Nacional deCient•� Ðcas Te� cnicas
y (ANPCYT) and Uni-Promocio� n Cient•� Ðca Tecnolo� gica

versidad Nacional del Litoral is gratefully acknowledged.

References
1 J. OÏM. Bockris, J. McBreen and L. Nanis, J. Electrochem. Soc.,

1965, 112, 1025.
2 T. S. Lee, J. Electrochem. Soc., 1971, 118, 1278.
3 E. G. Da†t, K. Bohnenkamp and H. J. Engell, Corros. Sci., 1979,

19, 591.

4 J. OÏM. Bockris, J. L. Carabajal, B. R. Scharifker and K. Chan-
drasekaran, J. Electrochem. Soc., 1987, 134, 1957.

5 S. Y. Qian, B. E. Conway and G. Jerkiewicz, J. Chem. Soc.,
Faraday T rans., 1998, 94, 2945.

6 S. Y. Qian, B. E. Conway and G. Jerkiewicz, Phys. Chem. Chem.
Phys., 1999, 1, 2805.

7 M. A. V. Devanathan and Z. Stachurski, J. Electrochem. Soc.,
1964, 111, 619.

8 Z. Szklarska-Smialowska, T. Zakroczymski and C. J. Fan, J.
Electrochem. Soc., 1985, 132, 2543.

9 T. Zakroczymski and Z. Szklarska-Smialowska, J. Electrochem.
Soc., 1985, 132, 2548.

10 F. Mansfeld, J. Electrochem. Soc., 1973, 120, 515.
11 M. R. Gennero de Chialvo and A. C. Chialvo, J. Electroanal.

Chem., 1998, 448, 87.
12 M. R. Gennero de Chialvo and A. C. Chialvo, Electrochim. Acta,

1998, 44, 841.
13 M. R. Gennero de Chialvo and A. C. Chialvo, J. Electrochem.

Soc., 2000, 147, 1619.
14 I. Epelboin, P. Morel and H. Takenouti, J. Electrochem. Soc.,

1971, 118, 1282.

3184 Phys. Chem. Chem. Phys., 2001, 3, 3180È3184


