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bstract

An alternative method for the determination of the kinetic parameters involved in the elementary steps of the reaction mechanism of the hydrogen
lectrode reaction is proposed. It is based on the determination of the variation of the polarization resistance in a tubular platinum electrode with a
aminar flow of electrolyte as a function of the activity of protons of the electrolyte solution. A theoretical expression that relates the experimental

ariables and the equilibrium polarization resistance is developed, which takes into account the current distribution along the electrode surface.
he results are compared with others obtained previously, contributing to the verification of the kinetic mechanism through a completely different
xperimental procedure.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The experimental determination of the kinetic parameters
nvolved in the elementary steps of the reaction mechanism
f the hydrogen electrode reaction (HER) is generally carried
ut through the evaluation of the dependence of the current
ensity (j) with the overpotential (η), for the high η region
|η| > 0.050 V). This relationship has been obtained more fre-
uently from the study of the hydrogen evolution reaction (her)
1–3], which is usually considered that operates without mass
ransfer restrictions. With the same objective several kinetic
tudies have been carried out recently for the hydrogen oxidation
eaction (hor) [4–6], although in this case the diffusion of the
olecular hydrogen makes difficult the direct calculations of the

inetics constants. Two facts are common to all these studies,
ne is that the j(η) curves correspond to a unique value of the

ctivity of the proton ion and the other is the predominance of the
orward reaction upon the backward one for all the elementary
teps involved.
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On the other hand, an alternative method for the deter-
ination of the kinetic parameters of the HER has been

lready proposed, which carries out the evaluation in a poten-
ial region where the rates of the direct and inverse reaction
f an elementary step are very similar [7]. In this method, the
xperimental polarization resistance (Rexp

p ) is determined from
he dependence jexp(η) measured in the overpotential region

0.005 ≤ |η| ≤ 0.005 V, being Rexp
p the corresponding slope in

he originRexp
p = ∂η/∂jexp)η=0. Then, the variation ofRexp

p with
he activity of protons (aH+ ) and/or the hydrogen partial pressure
PH2 ) was analysed [7]. In this case, the potential region as well
s the experimental variables,Rexp

p , aH+ , PH2 , are different from
he conventional method. However, as it has been demonstrated
ater [8], the dependence jexp(η) has a mass transfer contribution
ue to the molecular hydrogen, yet at these very low overpoten-
ial values. This aspect was not taken into account in the data
nalysed in our previous work [7]. On this sense, it has been
ound on steady state conditions a linear relationship between
exp
p and the inverse of the limiting diffusion current density (jL)
7]:

exp
p (jL) = R0

p + RT

nFjL
(1)

mailto:achialvo@fiqus.unl.edu.ar
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Fig. 1. Schematic representation of the tubular electrode.

here R0
p is the equilibrium polarization resistance, which rep-

esents the condition of absence of mass transfer contribution.
his equation is strictly valid only when the reaction is taking
lace on electrodes where jL is uniform in the whole surface,
hat is in absence of any type of current distribution. Then, the
inetic parameters can be obtained from the correlation of the
ependence R0

p(aH+ ) or R0
p(PH2 ). The corresponding analyti-

al expression R0
p(aH+ , PH2 ) has been already derived [7] for

he Volmer–Heyrovsky–Tafel (VHT) mechanism, which is gen-
rally accepted for this reaction on metallic electrodes [1–8],
eing the reaction steps in acid solutions:

+ + e− � Had Volmer (2a)

+ + e− + Had � H2 Heyrovsky (2b)

ad + Had � H2 Tafel (2c)

here Had is the reaction intermediate.
In this context, the present work studies the application of the

ethod described above for the case of a tubular electrode with
laminar flow of electrolyte, oriented to the evaluation of the

inetic parameters of the HER. As Eq. (1) is not directly appli-
able to this case because jL varies along the electrode surface
tertiary current distribution) [9,10], the theoretical expression
hat relates the experimental variables and the equilibrium polar-
zation resistance is developed. Then, the kinetic parameters will
e evaluated from the correlation of the relationship R0

p(aH+ ).

. Theoretical basis

It is considered a tube of inner radius r0 with isolated walls
xcept an intermediate region of length z0 that is an electronic
onductor (Fig. 1). A H2SO4 aqueous solution saturated with
ydrogen gas at 1 atm. flows in laminar conditions (Reynolds
umber less than 2000 [9,10]) inside the tube at a volume flow
ate Q = �r2

0vf, where vf is the mean fluid velocity. When
small electric current (Iexp) flows between the electronic

onductor (tubular electrode) and a counter electrode (located
pstream), the HER is verified at the electrode with a local
urrent density j(z). The resulting experimental current density
jexp) is the mean value of j(z):

exp ∫ z0

exp = I

2πr0z0
= 1

z0 0
j(z) dz (3)

urthermore, increasing the current, a limiting value is reached
hen the concentration of the molecular hydrogen is annulled

A
t
t
t

a Acta 52 (2007) 2083–2090

n the whole electrode surface. In this condition the limiting
ocal current density (jL) is defined, which depends on z and on
he maximum fluid velocity of the electrolyte vm = v(r = 0) as
ollows [9,10]:

L(z, vm) = 0.6782nFC0D

(
vm

r0Dz

)1/3

(4)

eing D the diffusion coefficient and C0 the concentration of
2 and the other constants have the usual meaning. Taking into

ccount that in conditions of laminar flow vm = 2vf, Eq. (4) can
e written as

L(z, vf) = K

(
vf

z

)1/3

(5)

here K is

= 0.8548nFC0D
2/3

r
1/3
0

(6)

n the other hand, when the tubular electrode is operated at very
ow overpotentials (|η| < 0.005 V), the following linear depen-
ence is verified at any position z [11]:

(z, vf) = Rp(z, vf)j(z, vf); j(z, vf) � jL(z, vf) (7)

here Rp(z, vf) is the local polarization resistance, which is
efined as [11]:

p(z, vf) = ∂η(z)

∂j(z)

]
η=0,vf

= lim
η→0

η(z)

j(z)

]
vf

(8)

p(z, vf) can be expressed by Eq. (1) at a given value of the
coordinate and consequently, substituting it into Eq. (7), the

ollowing expression is obtained at constant vf:

(z) =
[
R0

p + RT

nFjL(z)

]
j(z) (9)

eing jL(z) described by Eq. (5). As the current Iexp is mea-
ured at the overpotential corresponding to the position z0(η0),
n expression similar to Eq. (7) can be always written:

0(vf) = R∗exp
p (vf)j

exp(vf) (10)

here R∗exp
p (vf) is the experimental polarization resistance for

he present case:

∗exp
p (vf) = ∂η0

∂jexp

]
η=0,vf

= lim
η→0

η0

jexp

]
vf

(11)

nd jexp is given by Eq. (3). Then, applying the condition z = z0
o Eq. (8) and substituting it into Eq. (11), the following rela-
ionship can be easily obtained:

p(z0, vf) = R∗exp
p (vf) lim

η→0

jexp

j(z0)

]
vf

= R∗exp
p (vf)ψ0 (12)
t η→ 0, the experimental current density (a mean value) and
he local current density (in this case at z0) tend simultaneously
o zero. Therefore, the diffusion effect disappears and the rela-
ionship between both current densities (ψ0) can be considered
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Fig. 2. Experimental device (cell and solution circulation system). (1) tubular Pt
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Fig. 3. Scheme of the working electrode and holder. (1) tubular Pt electrode; (2)
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lectrode and support; (2) reference electrode; (3) counter electrode; (4) test tube;
5) solution reservoir; (6) hydrogen inlet; (7) hydrogen outlet; (8) drive system for
lectrolyte circulation (hydrogen-lift); (9) sampler; (10) flow regulation valve.

nvariant with the flow rate. Then, reordering Eq. (12) and taking
nto account Eqs. (5) and (9):

∗exp
p = R0

p

ψ0
+ RTz

1/3
0

nFKψ0

1

v
1/3
f

(13)

q. (13) predicts a linear relationship between R∗exp
p and the

nverse of the cube root of the mean fluid velocity:

∗exp
p = A+ B v

−1/3
f (14)

his equation will be used to evaluateR0
p from the experimental

esults on a tubular electrode.

. Experimental

.1. Flow cell details

A device consisting in a platinum tubular electrode and an
lectrolyte circulation system has been design and constructed
Fig. 2). The main body consists in a tubular platinum electrode

f 3 mm length and 1.8 mm inner diameter. It was anchored in
carbon graphite holder of 10 mm thickness and 38 mm exter-
al diameter, which is also used for the electric contact. The
upporting device is completed with two Teflon rings of 45 mm

c
m
t
o

uggin capillary; (3) upper part of the cell; (4) Teflon rings; (5) graphite holder;
6) bridles; (7) electrolyte inlet.

iameter and a central hole of the same diameter of the working
lectrode. These rings have a conical terminal seated on the ends
f the electrode and of the graphite holder, so that it is defined
cylindrical hole of 1.8 mm diameter and 15 mm length, 3 mm
f which correspond to the platinum electrode, located at 7 mm
rom the entrance. A detailed scheme of this part can be observed
n Fig. 3.

Above and below the main body there are two glass tubes
hat finish in grinded planes of 27 mm external diameter, which
re firmly held to the main body through a system of acrylic
ridles. The upper body gets wider to give place to the cell that
ontains the platinum counter electrode and the Luggin capil-
ary with the reference electrode (reversible hydrogen electrode),
hich end is located in the external edge of the tubular elec-

rode. To avoid fluid dynamic problems, the Luggin capillary
as located upstream with respect to the working electrode. It
as built stretching a tube until the external diameter was less

han 0.1 mm (Fig. 3). A lateral outlet allows the discharge of the
lectrolytic solution in a test tube for the measurement of the vol-
me flow rate (Q). A flow regulation valve below the main body
s used to control the electrolyte circulation from the cell toward
he upper part in a closed loop. The solution reservoir, located
ne meter above the discharge of the cell, have a hydrogen bub-
ler and it is constantly fed by the electrolyte that leaves the flow
ell. It was filled with Raschig rings to improve the interfacial

ontact between the gas and the liquid, allowing a quicker and
ore efficient saturation of the solution. After passing through

he test tube, the electrolyte is impelled to the reservoir by means
f a “hydrogen-lift” system. This device allows the elevation of
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forty three measurements of the dependence jexp(η0, aH+ , vf)
were made.

The experimental polarization resistance was evaluated for
each relationship Iexp(η0), according to Eq. (11). The values
086 M.A. Montero et al. / Electroc

he electrolyte and contributes to the saturation of the solution
ith hydrogen gas.

.2. Cleaning of the device

The presence of extremely small amounts of contaminants
s immediately detected because the reversible potential of the
orking electrode cannot be achieved. Therefore, a high level of
urity is needed in both the electrolytic solution and the hydro-
en gas. A thorough cleaning process of the experimental device
s also needed. It was carried out through the circulation of
hromic-sulphuric solution followed by a strong rinsing with
riply distilled water and finally with the electrolyte solution.

.3. Methodology

The electrochemical experiences were carried out with a
otentiostat-galvanostat Wenking POS2, controlled through an
nterface Advantech PCI1710HG and the software Labview 6i.
he experimental determination of the current–potential depen-
ence around the equilibrium potential was carried out by the
pplication of a program of current pulses at different electrolyte
elocities and different pH values. In the first anodic pulse with
duration of 7 s, a potential of 1.75 V was reached oxidizing any
ubstance that could have been accumulated by adsorption on
he electrode surface. A layer of platinum oxide is also formed at
his potential, which is reduced in the following cathodic pulse
enerating a reproducible surface state. In the following pulse,
he current is annulled during 30 s, reaching the potential the
orresponding reversible value. Finally, a third pulse is applied
o a given (anodic or cathodic) current during 45 s. Then, the
rogram is repeated changing only the third pulse in order to
btain the dependence jexp(η0, aH+ , vf). The selected current
alues produce an apartment with respect to the reversible poten-
ial less than 5 mV, which correspond to the linear region of the
urrent–potential dependence. The volume flow rate Q (cm3 s−1)
as measured as the time needed to fill a given volume in the test

ube. The corresponding mean fluid velocity (vf) was calculated
s vf = Q/�r2

0.

.4. Evaluation of aH+

The determination of the activity of protons was carried out
tarting from the corresponding pH of the H2SO4 solutions
aH+ = 10−pH). A calibration curve of the pH meter was made
ith buffer solutions of 25 cm3 0.2 M KCl + X cm3 0.2 M HCl

12]. This curve was used for the lower concentrations. For the
ost concentrated solutions (pH < 1), the relationship pH versus

oncentration obtained from the literature was employed [13].

. Results

.1. Dependence jexp(η0)
Fig. 4a illustrates the potential response corresponding to
he applied program of current pulses shown in Fig. 4b, for
he case of a pH value equal to 1.50 and a mean fluid velocity
ig. 4. Potential transient (a) obtained from the application of the current pro-
ram (b). pH 1.50, vf = 21.13 cm s−1.

f = 21.13 cm s−1. For each current pulse, 400 potential read-
ngs were obtained and the 2/3 ends were averaged to assure
hat the system has reached the stationary state. Then, the mean
alue (η̄) was calculated and the corresponding standard error of
he mean (S.E.) was always less than 0.02 mV (η = η̄± 0.02).
tarting from these averages the current–potential plots around

he equilibrium potential were obtained, one of those is shown in
ig. 5. It should be taken into account that the measured poten-

ials correspond to the point where the electrolyte leaves the
ubular electrode.

.2. Verification of Eq. (14)

The experimental determinations were carried out in the fol-
owing range of the electrolyte velocity 6 < vf (cm s−1) < 53.
ix different pH values of the H2SO4 solutions comprised in the
ange 0.2 < pH < 2 were used, being the corresponding range of
he activity of protons 0.01 < aH+ < 0.65. A total amount of
Fig. 5. Potential vs. current plot. pH 1.50, vf = 13.55 cm s−1.
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Table 1
Kinetic constants from the correlation of the experimental data

k+V 3.9 × 10−6

k−V 1.3 × 10−7

k+H <10−10

k−H <10−10

k+T 2.578
k 2.25 × 10−7

α

α

w
f
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t
c

s

k

k

k−T = k+T

KT
(19)
ig. 6. Experimental dependenceRp vs. vf . aH+ : (�) 0.0105; (�) 0.0148;
�) 0.0313; (�) 0.0490; (�) 0.0676; (�) 0.6456.

f R∗exp
p obtained from the 43 experiments were plotted as a

unction of the inverse of the cube root of the mean fluid velocity
Fig. 6). It can be appreciated that R∗exp

p increases linearly with
−1/3
f as it was predicted by Eq. (14) and also the independence
f ψ0 with vf was verified.

In order to evaluate R0
p(aH+ ), it is necessary to calculate the

0 value. The following expression can be obtained from Eqs.
13) and (14):

0 = RTz
1/3
0

nFKB
= B0

B
(15)

tarting from the straight lines in Fig. 5, the value
= 51.3� cm7/3 s−1/3 was obtained for all the pH values anal-

sed. On the other hand, B0 can be evaluated from the constants
ncluded in its definition (Eq. (15)). The solubility and the dif-
usion coefficient of the molecular hydrogen in the H2SO4 solu-
ions are needed. They can be considered approximately constant
n the range of pH analysed, being C0 = 7.14 × 10−6 mol cm−3

nd D = 3.7 × 10−5 cm2 s−1 [4]. With r0 = 0.09 cm, z0 = 0.3 cm,
= 2 and T = 298 K, the value B0 = 2.95� cm7/3 s−1/3 was
btained and consequently ψ0 = 0.0575. Finally, taking into
ccount that R0

p = Aψ0 (Eqs. (13) and (14)), the corresponding
alues of the equilibrium polarization resistance were calculated
or each pH. The dependence R0

p(aH+ ) is illustrated in Fig. 7
square dots).

.3. Evaluation of the kinetic parameters

The theoretical expression that relates the equilibrium polar-
zation resistance with the kinetic constants of the elementary
teps corresponding to the Volmer–Heyrovsky–Tafel mecha-
ism of the hydrogen electrode reaction was derived previously
7],
0
p = RT

4F2

(K1/2
T + P

1/2
H2

){4k+TPH2 + (K1/2
T + P

1/2
H2

) × [k+V

{(K1/2
T + P

1/2
H2

)k+Vk+Ha
(αV+αH)
H+ K

1/2
T P (3−αV−αH)/2

H2
+ k+
−T

V 0.787

H 0.50

here k+i and k−i are, respectively, the kinetic constants of the
orward and backward reactions of the elementary step i (i = V,
, T), αi (i = V, H) is the symmetry factor of the step i and KT

s the equilibrium constant of the Tafel step (KT = k+T/k−T). Eq.
16) allows the evaluation of the independent kinetic parameters

+V, k+H, k+T, K1/2
T , αV, αH from the correlation of the exper-

mental dependence of R0
p on aH+or PH2 . In the present case,

he data shown in Table 1 were obtained from the regression
f the experimental points shown in Fig. 7. It has been found
high sensitivity for all the correlated parameters. This is due

o the shape of the function, which has a very high derivative
or aH+ < 0.1 and very low for aH+ > 0.2. Therefore, it can
e considered that the calculated values of the kinetic parame-
ers are reasonably accurate. The continuous line in Fig. 7 is the
orresponding simulation with them.

The other parameters k−V, k−H and k−T were also evaluated
tarting from the following relationships [7]:

−V = K
1/2
T k+V (17)

−H = k+H

K
1/2
T

(18)
aαV
H+K

1/2
T P (1−αV)/2

H2
+ k+Ha

αH
H+P (2−αH)/2

H2
]}

Hk+Ta
αH
H+P (4−αH)/2

H2
+ k+Vk+Ta

αV
H+K

1/2
T P (3−αV)/2

H2
}

(16)
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Table 2
Calculated elementary kinetic parameters

Pt electrode ve
V ve

H ve
T θe

Polyc.a 2.10 × 10−6 <10−12 2.25 × 10−7 2.94 × 10−4

Polyc. [7] 5.21 × 10−7 <10−12 1.37 × 10−6 1.46 × 10−7

Polyc. [8] 8.12 × 10−6 6.78 × 10−12 6.13 × 10−9 1.08 × 10−4

Polyc. [14] 1.48 × 10−5 <10−12 2.97 × 10−7 8.40 × 10−3

(1 0 0)SI [15] 7.82 × 10−7 – 3.16 × 10−8 1.01 × 10−1

(1 0 0)SII [15] 1.49 × 10−5 – 1.83 × 10−7 1.29 × 10−1

(1911)[15] 2.35 × 10−6 – 1.82 × 10−7 9.8 × 10−2

(5 1 1) [15] 3.40 × 10−5 – 2.75 × 10−7 5.9 × 10−2

(
P 4 × 10

T
t
t
s

θ

T
H
a

v

v

v

T
a
c
o
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a
t
a
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b
t
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t
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T
T
a
m

1 1 1) [15] 6.11 × 10−5 –
olyc. [16] 6.73 × 10−7 2.6

a This work.

he resulting values are also shown in Table 1. This way all
he kinetic constants of the forward and backward reactions of
he elementary steps could be known. Finally, the equilibrium
urface coverage (θe) was calculated through Eq. [7]:

e = P
1/2
H2

K
1/2
T + P

1/2
H2

(20)

he equilibrium reaction rates of the elementary steps ve
i (i = V,

, T) can be also evaluated through their respective expressions
s a function of PH2 and aH+ [7]:

e
V = k+Va

αV
H+K

1/2
T P (1−αV)/2

H2

K
1/2
T + P

1/2
H2

(21)

e
H = k+Ha

αH
H+P (1−αH/2)

H2

K
1/2
T + P

1/2
H2

(22)

e
T = k+TPH2

(K1/2
T + P

1/2
H2

)
2 (23)

he values of θe, ve
V, ve

H and ve
T for aH+ = 0.455 (0.5 M H2SO4)

nd PH2 = 1 atm. are shown in Table 2. This condition was
hosen in order to compare the present results with previously
btained data, also shown in Table 2. It can be appreciated that
he kinetic parameters obtained by the present method have an
dequate agreement with those obtained through the study of
he HER [7], hor [8] and the simultaneous correlation of the her
nd hor with a Frumkin-type adsorption [14]. This agreement
an be also observed in the comparison with the results reported
y Conway et al. [15] and Bai [16] (Table 2), with the excep-
ion of the equilibrium surface coverage where our results are
ignificantly less.

. Discussion

For the experimental determination of the dependence j(η) for
he hydrogen electrode reaction on steady state it is necessary to
x the thickness of the diffusion layer of the molecular hydro-

en. The rotating disc electrode is usually employed for this
urpose. The present work proposes an alternative, consisting
n the use of a flow cell with a tubular electrode. The device
as design to operate without mobile elements and with an

g
t
T
i

2.38 × 10−7 2.47 × 10−1

−8 1.24 × 10−6 9.1 × 10−2

fficient capacity to saturate the electrolyte solution with hydro-
en gas. Two basic aspects must be taken into account in order
o ensure a laminar flow. The first one is that the mean fluid
elocity must be vf < 103σr−1

0 [10], where σ is the kinematic
iscosity in cm2 s−1. Being σ = 0.01 cm2 s−1 and r0 = 0.09 cm,
hen vf < 111 cm s−1, which is verified in all the experiments
6 < vf (cm s−1) < 53). The other refers to the existence of
arge insulating tubular sections located before the electrode.
esides, the inner surface must be very smooth in the whole

ength.
Furthermore, the present study demonstrates that the kinetic

arameters of the HER can be evaluated by the use of the exper-
mental current–potential dependence near equilibrium under
ppropriate fluid dynamic conditions. This alternative method
s based on the determination of the relationship between the
olarization resistance and the activity of protons in the elec-
rolyte solution. It should be emphasized that in this method the
inetic constants are calculated through a procedure that can-
ot be applied to the experimental data obtained in the cathodic
r anodic potential region. Therefore, the comparison of the
resent results with others obtained at |η| > 0.050 V constitutes
test of consistency due to the important differences between

ach method. The reasonable agreement in the parameters values
Table 2) indicates that the kinetic mechanism used to describe
he HER is consistent. An exception is the equilibrium surface
overage, which is different from the values reported by other
uthors [15,16]. In relation to this parameter, it should be useful
o discuss the participation or not of the under potential deposited
ydrogen (HUPD) as the reaction intermediate of the HER. The
nalysis can be done on a voltammogram recorded on a platinum
lectrode in acid solution [17]. It shows that the potential range
f HUPD adsorption is 0.03 < E versus RHE (V) < 0.35. Due to
he absence of molecular hydrogen in the solution, the reversible
otential of the platinum electrode is located at high anodic val-
es (near infinite) with respect to the reference electrode (RHE).
herefore if the HUPD would be the reaction intermediate, the
afel and/or Heyrovsky steps should be verified immediately
fter its adsorption (Volmer step) and lead to the dissolution of
olecular hydrogen, the nucleation of hydrogen bubbles and the
as evolution, but these processes are not observed up to poten-
ials very closed to that of the electrode reference (E ≤ 0.02 V).
his behaviour can be due to the high values of the energy

nvolved in the HUPD adsorption process, which turn negligible
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he corresponding desorption through the Heyrovsky or Tafel
teps. Then, it can be concluded that the reaction intermediate
f the HER is a more weakly form of adsorbed hydrogen than the
UPD. In this sense, there is a quite widespread acceptance of the
onway’s proposal about that the reaction intermediate of the
ER is a different form of adsorbed hydrogen called HOPD (over
otential deposited) [3,18]. Therefore, the equilibrium surface
overage should be θe < θH(UPD) (E = 0.0). In the present work,
t was found θe ∼= 10−4, which although is consistent with our
revious results [8,14], it is significantly less than other val-
es reported in the literature or that can be evaluated from the
eported values of the specific kinetic constants [7]. Some of
hem, obtained from the correlation of the experimental depen-
ence j(η) corresponding to the her, were included in Table 2
15,16]. As in all cases there was a fitting process, it should be
mportant to find another independent way to analyse the mag-
itude of θe. It can be considered that the HER is verified mainly
hrough the Volmer–Tafel route [8,16,19,20], which is charac-
erised by the existence of a finite limiting kinetic current jkin

L .
nder Langmuir adsorption conditions jkin

L is given by [21],

kin
L (her) = 2Fve

T

θe2 (24)

kin
L (hor) = 2Fve

T

(1 − θe)2 (25)

nd the corresponding relationship between Eqs. (24) and (25)
an be used for the estimation of θe:

jkin
L (her)

jkin
L (hor)

= (1 − θe)2

θe2 (26)

xperimental determinations carried out in our laboratory indi-
ates that the her on Pt reaches values of j = 7 A cm−2 without
ny indication of a limiting value [14]. Furthermore, studies
ade on other metals much less active than Pt such as Ni [22]

r Hg [23] found jkin
L (her) > 10 A cm−2. Consequently, it can be

onsidered reasonable that for platinum jkin
L (her) � 10 A cm−2.

n the other hand, the analysis of the hor on rotating Pt disc
lectrode gave jkin

L (hor) ∼= 0.24 A cm−2 [8], while for the hor on
t microelectrodes was obtained jkin

L (hor) ∼= 0.26 A cm−2 [24].
herefore, substituting these values into Eq. (26) it can be con-
luded that the equilibrium surface coverage is θe � 0.14. On
his context, the data available in the literature can be analysed. In
bsence of kinetic approximations, such as when the backward
ontributions of the Heyrovsky and Tafel steps are neglected,
he values are less than 0.14 (see Table 2) with the exception
f Pt(1 1 1) and Pt(1 0 0)SII. Nevertheless, in all cases, these
alues were obtained through the correlation of the her under
angmuirian adsorption, which is not appropriate because the
ariation of θ(η) is large, even more if a high θe value is con-
idered. It is likely that a kinetic analysis including interactions
etween adatoms will produce θe values less than those reported.
herefore, the value of the equilibrium surface coverage is still

n open subject that would need new independent evaluations.

Other interesting aspect of the present methodology related to
he adsorption behaviour of the reaction intermediate is that it is
ot necessary to propose an expression for the Gibbs free energy

[

[
[
[
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f adsorption on terms of the surface coverage (Frumkin, etc.)
ecause all the parameters that are functions of θ are evaluated at
he equilibrium value θe [11]. This fact is very important because
or the evaluation of the kinetic parameters at high overpotentials
s necessary to propose not only a kinetic mechanism but also
he description of the adsorption process. Consequently, if the
inetic parameters are already known by this method, then the
xperimental j(η) curves at high |η| would be used only for the
haracterization of the adsorption process (e.g. the calculation
f the Frumkin interaction parameter).

. Conclusions

A method for the evaluation of the kinetic parameters of the
ydrogen electrode reaction is proposed using an experimen-
al procedure completely different to the usual methodology,
hich can contribute to verify the kinetic mechanism. It consists
asically in the determination of the variation of the polariza-
ion resistance in a tubular platinum electrode as a function of
he activity of protons of the electrolyte solution. Besides, an
dvantage of this method is that the description of the adsorp-
ion behaviour of the reaction intermediate is not needed. The
esults obtained confirm that the hydrogen electrode reaction
n platinum in acid solutions operates, basically, under the
olmer–Tafel route.
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