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The mechanism of hydrogen oxidation on a platinum-loaded gas-di�usion electrode has been in-
vestigated. Experimental potential±current curves, especially in the low overpotential range, have
been measured for H2±N2 mixtures with a small content of hydrogen and for pure H2: Theoretical
relations have also been presented. Comparing the experimental and theoretical relations, it is
concluded that the hydrogen oxidation occurs according to the Volmer±Tafel mechanism. The re-
activity of the electrode has a large e�ect on the kinetic parameters for hydrogen oxidation. The
limiting current is determined by di�usion of hydrogen for a very reactive gas di�usion electrode and
by the Tafel reaction for a gas di�usion electrode with a low reactivity. The transfer coe�cient for the
Volmer reaction aV is 0.5 and i0;V=i0;T � 0:1 for a very reactive gas di�usion electrode. aV increases
and i0;V=i0;T ratio decreases with decreasing reactivity of the gas di�usion electrode.

1. Introduction

Despite the importance of the hydrogen oxidation
reaction on platinum in acidic solution (e.g., in fuel
cells), this process has been investigated less than the
hydrogen evolution process. Short reviews on hy-
drogen oxidation by Vetter [1], Breiter [2] and Ap-
pleby et al. [3] are examples in the literature. The
results obtained with rotating disc experiments de-
pend strongly on how the platinum electrode is acti-

vated [4]. Harrison and Khan [5] showed the presence
of di�usion control even at very high angular velo-
cities for an active platinum electrode. In the over-
potential region where platinum is covered with
oxygen or an oxide layer, the hydrogen oxidation
limiting current is much lower than its limiting dif-
fusion current [6]. Rotation rate independent limiting
currents have also been obtained for inactive plati-
num in the low overpotential range, that is, for
g < 0:1 V [7]. In this case, the overpotential±current
density relation is explained using the Volmer±
Heyrowsky mechanism where adsorption of mole-
cular hydrogen is the rate determining step [1].à Author to whom correspondence should be sent.

List of symbols

c concentration (mol mÿ3)
E electrode potential (V)
E0 equilibrium electrode potential at standard

conditions (V)
f constant at constant temperature, f �F=RT
F Faraday constant (96 500 A s molÿ1)
i current density (A mÿ2�
k reaction rate constant
kd di�usion rate constant
R gas constant, R � 8.314 J Kÿ1 molÿ1

Rct charge transfer resistance (X m2)
T temperature (K)
y parameter de®ned in Section 4

Greek letters
a transfer coe�cient
h fractional surface coverage
g overpotential (V), g � E ÿ Er

Subscripts
a anodic
b bulk of solution, bulk of gas
c cathodic
d di�usion
in at the inlet of the gas compartment
l limited
out at the outlet of the gas compartment
r under reversible conditions
s surface, solution
T Tafel reaction
V Volmer reaction
VT Volmer±Tafel reactions
0 exchange

Superscripts
ref reference conditions, href � 0.5
� at Er � 0 V
0 forward reaction (Tafel mechanism)
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Results for platinum and platinized platinum ob-
tained by Volmer and Wick [8] and by Roiter and
Polujan [9] have been described by equations for the
Volmer±Tafel mechanism [1]. This mechanism is also
used by Vogel et al. [10] and Stonehart and Ross [11]
for hydrogen oxidation at platinum catalysed gas
di�usion electrodes in concentrated phosphoric acid
at high temperatures.

Based on a high Tafel slope Couturier et al. [12]
have predicted that the mechanism of the hydrogen
oxidation reaction on platinum is a fast dissociative
adsorption of molecular hydrogen Tafel reaction
followed by slow ionization of adsorbed atomic hy-
drogen (Volmer reaction). The authors, have stated
that additional work is necessary to be more certain
of the mechanism.

In this work, experimental potential±current den-
sity curves for gas di�usion electrodes (GDEs) with
various reactivities are presented for various hydro-
gen concentrations in the feed gas of the GDE. Ex-
periments were carried out in dilute sulfuric acid at
low temperatures. To establish the mechanism of
hydrogen oxidation, theoretical relations for various
mechanisms with various rate-determining steps are
compared with the experimental results.

2. Experimental details

The experimental cell is shown in Fig. 1 and is de-
scribed in detail elsewhere [12]. The cell was ®tted
with fuel cell grade electrodes on Toray paper con-
taining 0.50 mg cmÿ2 Pt (E-TEK, USA). A geometric
surface area of 20 mm� 20 mm of the electrode was
exposed to gas and solution.

The solution used was 0.5 MM H2SO4 prepared from
95±97% sulfuric acid (Merck) and deionized water.
The solution was recirculated through the solution
compartment of the test cell at a rate of 5 cm3 sÿ1. A
heat exchanger near the solution inlet of the test cell
was used to keep the solution, as well as the test cell,
at a constant temperature of 298 K. The test cell was
®tted with a platinum counter electrode. A saturated
calomel electrode (SCE) was connected to the Luggin
capillary and served as reference electrode.

For measurements with low hydrogen concentra-
tions, hydrogen was generated from a 4 MM KOH so-
lution in an electrochemical H-cell ®tted with a
Na®onÒ ion-exchange membrane. The hydrogen
generated was added to a nitrogen stream. The gas
mixture was fed to the inlet of the gas compartment
of the test cell. The nitrogen stream was kept at a
constant volumetric ¯ow rate of 5.08 cm3 sÿ1: For
measurements with pure hydrogen, hydrogen was
passed to the experimental cell at a volumetric ¯ow
rate of 5.08 cm3 sÿ1 from a gas cylinder.

To activate new electrodes, an anodic current of
2.5 kA mÿ2 was applied to the test cell while nitrogen
was passed through the gas compartment. This cur-
rent was maintained for 30 min to oxidize pollutants
from the electrocatalytic surface. Afterwards, the
working electrode was set to a potential of approxi-
mately )0.2 V vs SCE to reduce the platinum oxides.
Hydrogen was added to the nitrogen stream. The
di�usion limited current was determined to gain an
insight into the activity of the gas di�usion electrode.

Generally, voltammograms were recorded using
an Eco Chemie PGSTAT 20 Autolab controlled by a
microcomputer. The potential was scanned over a
range of 400 mV in steps of 1 or 5 mV sÿ1 and over
15 mV in steps of 0.1 mV sÿ1: Voltammograms were
also measured using a Solartron 1286 electrochemical
interface (ECI) or a Wenking POS73 potentioscan.
Potentials used in this work are referred to the po-
tential of the saturated calomel electrode (SCE).

The ohmic potential drop between the working
electrode and the tip of the Luggin capillary was de-
termined from the electrochemical impedance spec-
tra. These spectra were recorded using the Solatron
1286 electrochemical interface combined with a So-
lartron 1250 frequency response analyser. Moreover,
the current interruption technique was also used to
determine the ohmic potential drop. Electrode over-
potentials were corrected for ohmic potential drop.

3. Theory

The most extensively investigated electrode reaction
is probably the hydrogen evolution reaction. The
hydrogen oxidation reaction has been studied much
less [1]. This discussion assumes an acidic solution. In
this medium the overall reaction equation for hy-
drogen oxidation is expressed by

H2 ! 2H� � 2eÿ �1�
Generally, the following mechanisms are proposed
for this reaction.

(i) the Volmer±Tafel mechanism:

H2 ! 2Had �Tafel reaction� �2�
and

Had ! H� � eÿ �Volmer reaction� �3�
(ii) the Volmer±Heyrowsky mechanism:

H2!Had�H� � eÿ �Heyrowsky reaction� �4�
Fig. 1. Schematic illustration of the experimental setup. (1)
Hydrogen generation cell, (2) gas di�usion electrode test cell, (3)
solution storage vessel, (4) pump and (5) heat exchanger.
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and

Had ! H� � eÿ �Volmer reaction� �3�
Some investigators have proposed another mechan-
ism for hydrogen oxidation [13] which may be
represented by

H2 ! H�2 � eÿ �5�
H�2 ! H� �Had �6�
Had ! H� � eÿ �3�

It was shown that this mechanism is not thermo-
dynamically feasible [14].

Assuming that the fractional coverage of the
electrode surface by adsorbed hydrogen atoms is
given by the Langmuir isotherm, the rate equations
for Reactions 2±4 are well known [1]. The current
density for the Volmer reaction, iV, is given by

iV �F k�a;V h exp�aVfE�
ÿF k�c;V cH�;s�1ÿ h� exp�ÿ�1ÿ aV�fE� �7�

The rate for the Tafel reaction is denoted by the
current density iT. The electronation current density
iT is given by

iT � 2F k0T cH2;s �1ÿ h�2 ÿ 2F kT h2 �8�
The current density for the Heyrowsky reaction is

given by

iH �F k�a;H �1ÿ h� cH2;s exp�aHfE�
ÿF k�c;H cH�;s h exp�ÿ�1ÿ aH�fE� �9�

The mass transfer rate for the dissolved molecular
hydrogen to a plane electrode is indicated by the
electronation current density id, where id is given by

id � 2F kd�cH2;b ÿ cH2;s� �10�
Since the di�usion limiting electronation current

density is

id;l � 2F kdcH2;b �11�
and moreover, since i � id, it can be deduced that

cH2;s �
id;l ÿ i
2F kd

�12�

In the following Sections it is assumed that no
concentration polarization for H+ occurs, so that
cH+,b � cH+,s � cH+,r. The reversible potential at a
hydrogen pressure of 1 atm, denoted by E0, is used as
reference potential.

In the gas di�usion electrode, hydrogen gas is
transferred from the gas phase into the liquid phase.
The concentrations of hydrogen on both sides of the
gas±liquid interface are in equilibrium and linked by
means of the Henry coe�cient, H. Since in all rela-
tions the hydrogen surface concentration can be
made large, gas phase concentrations are used. It
should be noted that kd or kT are, in e�ect, the pro-
duct H and the respective parameter. Relations be-
tween current density and electrode potential have
been calculated for both the Volmer±Tafel and the
Volmer±Heyrowsky mechanism [15]. In this paper,

only the Volmer±Tafel mechanism is extensively dis-
cussed. It was found that the Volmer±Heyrowsky
mechanism may be excluded [15].

3.1. Volmer±Tafel mechanism

The total current density for hydrogen oxidation
i � iV � iT. At the equilibrium potential Er at cH2;r

and cH+,r, the anodic and cathodic currents must sum
to zero. Therefore, in this case, the rate of the re-
combination Tafel reaction is that of the dissociative
Tafel reaction and the rate of the anodic Volmer re-
action is that of the cathodic Volmer reaction. From
these equalities, it can be deduced that

kT � cH2;r �1ÿ hr�2 k0T
h2

r

�13�

and

k�c;V �
k�a;V hr exp�fEr�
�1ÿ hr� cH

� ;r
�14�

From Equations 8, 12 and 13 it follows that

i �
�1ÿh�2
�1ÿhr�2 ÿ

h2

h2
r

1
i0;T
� 1

id;l
�1ÿh�2
�1ÿhr�2

�15�

where i0;T � 2F k0T cH2;r �1ÿ hr�2 �16�
The limiting current density for the H2 oxidation

determined by the Tafel reaction only is given by

il � iT;l � 2F k0T cH2;r �17�
and that determined by both the Tafel reaction and
the hydrogen di�usion is

il � iT;l � id;l
iT;l � id;l

� 2F k0T kd

k0T � kd
cH2;r �18�

From this result it can be seen that il is always pro-
portional to cH2;r, independent of di�usion or reac-
tion being the rate controlling process.

The relation between current density i and elec-
trode potential E is given by the Volmer reaction.
After introducing

ka;V � k�a;V exp�aVfEr� �19�
into Equation 7, and using Equations 7 and 14, we
obtain

i � i0;V
h
hr

exp�aVf gÿ �1ÿ h�
�1ÿ hr� exp�ÿ�1ÿ aV�f g�

� �
�20�

where i0;V �F ka;V hr �21�
For hydrogen oxidation according to the Volmer±

Tafel mechanism, the relations between i; hr and g
were calculated using Equations 15±18 and 20 for
aV � 0:5, f � 38:94 Vÿ1 being the factor RT =F at
298 K, id;l=iT;l from 104 to 10ÿ2, i0;V=i0;T from 103 to
10ÿ3, hr � 0:01; 0:1; 0:5; 0:9 and 0.99 and iT;d;l � 0:2
and 20 kA mÿ2.

These calculations also involve the extreme cases,
with di�usion of molecular hydrogen, Tafel reaction
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or Volmer reaction as the rate-determining step. The
results calculated can be presented using di�erent
relationships. Which relationship is chosen depends
on the rate-determining step discussed.

In the case where the di�usion of hydrogen solely
determines the polarization curve, then i0;T and
i0;V � id;l. From Equations 15 and 20 it was
found that �id;l ÿ i�=id;l � exp �ÿ2f g� and i � id;l at
g � 0:06 V. This relationship has been given in [1].

If the Tafel reaction completely determines the
polarization curve, then i0;T � id;l and i0;T � i0;V.
The Volmer reaction may be treated as an equili-
brium. From Equation 20, it can be deduced that

h
hr
� 1ÿ h

1ÿ hr
exp �ÿf g� �22�

The limiting current density [1] is given by

iT;l � i0;T
�1ÿ hr�2

�23�

The relation between i and g can be calculated using
Equations 15, 23 and 24, f � 38:94 Vÿ1 and various
hr; i0;T if id;l � iT;l: Characteristic results are shown
in [1]. For low hr, viz. hr � 0:1, the limiting current
density is almost reached at low overpotentials, that
is, g � 0:05 V, and for hr � 0:9 a limiting current
density was obtained at g � 0:120 V.

In the case where the Volmer reaction is the unique
rate-determining step, no limiting current density
occurs and the Tafel reaction is at quasi-equilibrium,
where i0;T !1. Using this assumption, it can be
found that h � hr and the i±g curve is given by

i � i0;Vfexp�aVf g� ÿ exp �ÿ�1ÿ aV�f g�g �24�
Some extreme cases were previously discussed. The

polarization curve can be a�ected by more than one
step; there is no unique rate-determining step. To

obtain a straight line over a wide range of over-
potentials [1], the expression

log
i

i0;VT
ÿ log

id;l ÿ i
id;l

� �1=2

ÿ exp�ÿf g�
" #

is plotted against overpotential �g�, where
i0;VT � �i0;V � i0;T�=�i0;V � i0;T�. From the corrected
Tafel slope, the transfer coe�cient aV can be de-
termined. Characteristic results are represented as
modi®ed Tafel plots in Figs 2±4 to show the e�ect of
i0;V=i0;T, hr and id;l=iT;l, respectively. The curves

Fig. 2. log y is plotted against g where y� i=
�
i0;VT���id;l ÿ i�=id;l�0:5ÿexp �ÿf g��� for hydrogen oxidation according

to the Volmer±Tafel mechanism at iT;l � 2 times 10ÿ2 A mÿ2;
id;l=iT;l � 10; hr � 0:1; aV � 0:5; f � 38:94 Vÿ1 and various i0;V=i0;T
ratios: 103 (1), 10 (2), 1 (3), 10ÿ1 (4) and 10ÿ3 (5).

Fig. 3. log y is plotted against g where y � i
�
i0;VT

����id;l ÿ i�=id;l�0:5 ÿ exp�ÿf g��� for hydrogen oxidation according
to the Volmer±Tafel mechanism at iT;l � 2 � 10ÿ2 A mÿ2;
id;l=iT;l � 10; i0;v=i0;T � 1; aV � 0:5; f � 38:94 Vÿ1 and various hr

ratios: 0.01 (1), 0.1 (2), 0.5 (3), 0.9 (4) and 0.99 (5).

Fig. 4. log y is plotted against g where y � i
�
i0;VT

����id;l ÿ i�=id;l�0:5 ÿ exp �ÿf g��� for hydrogen oxidation according
to the Volmer±Tafel mechanism at id;l � 2� 10ÿ2A mÿ2;
i0;V=i0;T � 1; hr � 0:1; aV � 0:5; f � 38:94 Vÿ1 and various id;l=iT;l
ratios: 104 (1), 10 (2), 1 (3), 10ÿ1 (4) and 10ÿ2 (5).
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intersect the horizontal axis at various points due to
neglecting the e�ect of h terms.

From Figs 2±4 it follows that the corrected Tafel
slope strongly depends on the three parameters
i0;V=i0;T, hr and id;l=iT;l. A corrected Tafel slope of
almost 2:3 �af �ÿ1, being 118 mV at 298 K and for
aV � 0:5, has been found for i0;V=i0;T < 10ÿ1 and for
the hr range from 0.01 to 0.99. Moreover, in the
i0;V=i0;T range from 10ÿ1 to 10 the corrected Tafel
slope decreases with increasing overpotential. This
decrease depends on i0;V=i0;T, hr and id;l=iT;l. From the
results calculated it was also found that the corrected
Tafel slope does not depend on iT;l.

Enyo [16] has extensively discussed the Volmer±
Tafel mechanism with no unique rate±determining
step. For the case where more steps are not in quasi-
equilibrium, he pays attention to the distribution of
the a�nity of the overall reaction among the steps
involved. Enyo has split the overpotential g into the
component overpotentials gV and gT for the Volmer
and Tafel reaction, respectively. Calculations have
shown that gT increases at a decreasing rate and gV

increases at an increasing rate with increasing g. The
e�ect of the Tafel reaction on the polarization curve
decreases with increasing overpotential.

3.2. E�ect of hydrogen concentration
on the charge transfer resistance for the
Volmer±Tafel mechanism

The charge transfer resistance, Rct, is de®ned as the
reverse of the slope of the polarization curve [1]:

Rct � dg
di

� �
g�0

�25�

To elucidate the in¯uences of bulk hydrogen con-
centration, the current±overpotential relations for
low overpotentials, that is, g < 10 mV, are calculated
for the Volmer±Tafel and the Volmer±Heyrowsky
mechanism. Only the results for the Volmer±Tafel
mechanism are reported in this paper. Again, the
proton concentration polarization is assumed absent,
so cH

� is assumed constant. Also, the in¯uence of
hydrogen di�usion is neglected since the over-
potentials under consideration are very low. As a
reference condition, href

r � 0:5 is introduced.
This reference surface coverage is reached at

cH2;r � cref
H2;r

. From Nernst's law [1]

Eref
r ÿ Er � 1

2f
ln

cH2;r

cref
H2;r

�26�

For the equilibrium of the Volmer reaction under
reversible conditions and reversible reference condi-
tions, it can be derived from Equation 7 and using
href

r � 0:5 that

hr

1ÿ hr
� exp�f �Eref

r ÿ Er�� �27�

The exchange current densities for the Volmer and
the Tafel reaction as a function of �cH2;r=cref

H2;r
� are

estimated as described below. For the Volmer reac-

tion,

i0;V
iref
0;V

� hr

href
r

cH2;r

cref
H2;r

" #ÿaV=2

�28�

and, for the Tafel reaction,

i0;T

iref
0;T

� cH2;r

cref
H2;r

�1ÿ hr�2
�1ÿ href

r �2
�29�

The relation between hr and cH2;r can be derived
from Equations 26 and 27 and is given by

hr

1ÿ hr
� href

r

1ÿ href
r

c0:5
H2;r

cref
H2;r

� �0:5
�30�

The relation between i0;VT=iref
0;VT and cH2;r=cref

H2;r
has

been calculated for aV � 0:5; href
r � 0:5 at cref

H2;r
and

selected values of iref
0;V and iref

0;T. Results are presented
on a double logarithmic scale in Fig. 5. Calculations
were also carried out for aV � 0:5 and constant
iref
0;V=iref

0;T ratio's and corresponding values for iref
0;V and

iref
0;T and for aV � 0:2; 0:3; 0:4 and 0.5 at

iref
0;V=iref

0;T � 1; 0:1 and 0.01. It was found that the
log�i0;VT=iref

0;VT� ÿ log �cH2;r=cref
H2;r� curve at aV � 0:5

depends only on the iref
0;V=iref

0;T ratio. The e�ect of aV on
this curve is determined by the iref

0;V=iref
0;T as well as the

cH2;r=cref
H2;r

ratio.
For the Volmer±Tafel mechanism the charge

transfer resistance Rct � �i0;VTf �ÿ1 [1]. For the se-
lected values of iref

0;V and iref
0;T from Fig. 5 the polar-

ization curves for the Volmer±Tafel mechanism have
been calculated as a function of cH2;r=cref

H2;r
. These

calculations have shown that the polarization curves

Fig. 5. The calculated ratio i0;VT=iref
0;VT is plotted against the hy-

drogen concentration ratio, cH2 ;r=cref
H2 ;r

on a double-logarithmic
scale for the Volmer±Tafel mechanism. f � 38:94 Vÿ1; aV � 0:5
and various exchange current densities at reference conditions, iref

0;V
and iref

0;T: 104 and 100 (1), 104 and 101 (2), 104 and 102 (3), 104 and
103 (4), 104 and 104 (5), 103 and 104 (6), 102 and 104 (7), 101 and
104 (8), 100 and 104 (9) A mÿ2, respectively.
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are practically straight lines up to overpotentials of
approximately 15 mV.

4. Results

Preliminary experiments showed that the reactivity of
a platinum-loaded gas-di�usion electrode (GDE)
strongly depends on its pretreatment; in particular,
anodic polarization succeeded by cathodic polariza-
tion enhances its electrocatalytic activity towards
hydrogen oxidation.

To investigate accurately the e�ect of hydrogen
concentration on the polarization behaviour of a
GDE, its electroactivity has to be constant during a
series of experiments. Hence, special attention was
paid to the experimental conditions during a series of
experiments. The potential was cycled over 400 mV to
determine the limiting current for hydrogen oxidation
and over 15 mV to determine the charge transfer re-
sistance. Figure 6 shows the voltammograms for the
®rst, second, fourth and eleventh cycle over 400 mV
for a fresh GDE electrode, where the ®rst, second
and eleventh cycle were measured at
cH2;in � 41 mol mÿ3 (pure hydrogen) and the fourth
cycle at cH2;in � 4:55 mol mÿ3. The potentials are not
corrected for the ohmic potential drop in the solu-
tion. The ohmic resistance between the working
electrode and the tip of the Luggin capillary was
0:09 X.

The ®rst cycle over 400 mV was carried out after a
half-hour nitrogen gas and a one-hour H2 gas passage
through the gas compartment of the cell, where the
GDE was on open-circuit, and after four cycles over
a potential range of 15 mV.

To determine the charge transfer resistance Rct in the
periods between subsequent cycles over 400 mV, four
cycles over 15 mV were carried out. After each cycle
over 400 mV from the second the hydrogen con-
centration in the gas feed was decreased in steps from
41 to 0:32 mol mÿ3 and thereafter increased also in
steps to 41 mol mÿ3.

From Fig. 6 it follows that for cH2;in � 41 mol mÿ3

the current density during the anodic sweep is lower
than that during the cathodic sweep and their di�er-
ence becomes smaller with increasing number of
400 mV cycles. It was found that the hysteresis be-
haviour at low hydrogen concentrations is opposite
to that with pure hydrogen. The limiting current
density decreased and the modi®ed Tafel slope in-
creased slightly for subsequent voltammograms over
400 mV at cH2;in � 1:25 mol mÿ3 during the part of
the series of experiments where the hydrogen con-
centration decreased.

The measuring points were scattered in a zone
widening with increasing current; (see Fig. 4.10 from
[15]). Current oscillations with an asymmetric shape
and a frequency of about 0:013 sÿ1 were observed for
the three di�erent techniques used to measure the
potential±current curves. It was found that these os-
cillations are not caused by solution pumping
through the cell and gas bubbling through the solu-
tion in the vessel placed in the gas circuit after the
cell. These oscillations were not related to electrode
potentials. It is likely that the current oscillations are
related to alterations in the position of the liquid±gas
boundary surface inside the GDE and/or to changes
of the electroactivity of GDE. The cause of these
changes is unknown.

The curve for cH2;in � 4:55 mol mÿ3 given in Fig. 6
shows these oscillations. The e�ect of the oscillations
on the potential±current curve increases with de-
creasing cH2;in: Hence, the determination of the slope
of the potential±current curve at low hydrogen con-
centrations was strongly impeded by the asymmetric
oscillations. To obtain reliable results for the charge
transfer resistance, four cycles over 15 mV were car-
ried out for each hydrogen concentration.

GDEs with strongly di�erent reactivities were
used. The reactivity of GDE depends on the condi-
tions of pretreatment, especially the potential during
anodic polarization and the time of anodic polar-
ization. The current density at a ®xed overpotential
can be used as a measure of its reactivity. In this
work the lowest and the highest current density for
GDEs fed with pure hydrogen gas and at an over-
potential of 60 mV were 0.35 and 1:72 kA mÿ2, re-
spectively. Vermeijlen [15] has used a GDE with a
higher reactivity.

Taking into account the consumption of hydrogen
at the limiting current, the concentration of hydrogen
at the outlet of the gas compartment cH2;out can be
calculated. Since the gas compartment behaves like a
continuously fed stirred tank reactor [12] the con-
centration of hydrogen in the gas compartment of the
cell cH2;b � cH2;out. It was found that for GDEs with a

Fig. 6. Voltammograms in a series of experiments for the hydro-
gen oxidation on a fresh gas di�usion electrode at a gas inlet of
pure hydrogen (®rst voltammogram: (1), second (2) and eleventh
(3)) and of a H2±N2 mixture containing 4.55 mol mÿ3 H2 (4). Data
were not corrected for the ohmic potential drop.
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small reactivity il is practically proportional to cH2;b.
This result is also given in [15]. For the most reactive
GDE at low cH2;in the limiting current is practically
equal to the current for the hydrogen gas production
in the hydrogen generation cell; so that cH2;out is
practically zero and the limiting current can be con-
sidered as the di�usion-limited current. It was shown
that for very reactive electrodes fed with dilute hy-
drogen gas the current density plateau at over-
potentials over approximately 0.3 V is probably
completely di�usion limited, because of the large ef-
fect of the nature of the inert gas present in the feed
gas for the GDE [17]. Further treatments of activation
to obtain a higher limiting current were unsuccessful.

Generally, no limiting current was found for pure
hydrogen as gas feed for the GDE. The limiting

current for pure hydrogen was calculated from the
one at the highest hydrogen concentration where still
a limiting current was found.

To obtain kinetic parameters for the hydrogen
oxidation, the overpotential g is plotted against y on a
semilogarithmic scale, where y � i= �il ÿ i��� =il�0:5
ÿ exp �ÿf g��: and f � 38:94 Vÿ1. A similar relation
has been plotted in Figs 2±4. Results for GDEs with
di�erent reactivities and for pure hydrogen gas as
GDE feed are given in Fig. 7 and for a GDE with a
relatively low reactivity and for di�erent hydrogen
concentrations in Fig. 8.

For GDEs with increasing reactivity, for which
results are given in Fig. 7, the limiting current
densities for cH2;in � 0:64 mol mÿ3 were 0.68, 0.099
and 0:045 kA mÿ2, where cH2;b� 0; 0:53 and

Fig. 7. The current density is plotted against log y, where y � i=
�
i0;VT

���id;l ÿ i�=id;l�0:5ÿ exp �ÿf g��� and f � 38:94 Vÿ1 for GDEs with
di�erent reactivities at a gas inlet of pure hydrogen. The arrow on the curve indicates the direction of the potential scan.

Fig. 8. The current density is plotted against log y, where y � i=
�
i0;VT

���id;l ÿ i�=id;l�0:5 ÿ exp�ÿf g��� and f � 38:94 Vÿ1 for a GDE at a
H2±N2 mixture containing various hydrogen concentrations: 41 (1), 13.5 (anodic scan: 2; cathodic scan: 3), 4.55 (4), 1.24 (5) and 0.32 (6)
mol mÿ3: The arrow on the curve indicates the direction of the potential scan.
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0:59 mol mÿ3, respectively, and those for cH2;in �
41 mol mÿ3 were larger than 40, 6.5 and 3:3 kA mÿ2.

From Figs 7 and 8 it follows that the modi®ed
Tafel slope increases with decreasing reactivity of the
GDE and hydrogen concentration. The modi®ed
Tafel slope at g > 0:1 V also depends on the direction
of the potential scan (Fig. 8). From the intersection of
the modi®ed Tafel curve with the y axis the apparent
exchange current density, i0, being a measure of the
reactivity of GDE, can be obtained.

The apparent exchange current densities, i0, were
also determined from i=E relations in the potential
range Er to Er � 15 mV. Hysteresis was practically
absent in this small potential scan range. This in-
dicates that the nature of the electrochemical surface
remains practically constant during the scan over
15 mV. Moreover, it was found that the current for
the hydrogen oxidation increases linearly with in-
creasing potential, when taking into account the e�ect
of oscillations.

Di�erent procedures for a series of experiments
were used to determine the voltammogram over
15 mV to obtain a constant nature of the GDE sur-
face at di�erent hydrogen concentrations. One has
been given above to describe the conditions of the
GDE for which results are given in Fig. 6. The other
procedure was to maintain the scan range on 15 mV
for the whole series of experiments, where the hy-
drogen concentration was decreased by steps.

From the slope of the linear E=i curve, the
charge transfer resistance Rct was determined. Since
Rct � �i0f �ÿ1 and f � 38:94 Vÿ1 at T � 298 K, the
apparent exchange current density i0 can be calcu-
lated. Figure 9 shows i0 as a function of hydrogen
concentration cH2;b in the gas compartment of the cell
on a double logarithmic scale for GDEs with various
reactivities. It can be shown that cH2;b � cH2;in for the
cycles over 15 mV.

Figure 9 shows results for four series of experi-
ments where two were carried out for decreasing as

well as increasing cH2;in; and the others only for de-
creasing cH2;in. From Fig. 9 it follows that practically
no hysteresis occurs for a GDE with a relatively high
reactivity, the slope of the log i0= log cH2;b curve de-
creases with increasing reactivity and the applied
procedure has practically no e�ect on the slope of the
log i0= log cH2;b curve.

5. Discussion

The modi®ed Tafel slope of the linear part of the g
against log y curves increases with decreasing re-
activity of the GDE and hydrogen concentration cH2;in

(Figs 7 and 8). From the mass transfer coe�cient
kd �� 7:33� 10ÿ3 m sÿ1 [17]) it is estimated that the
di�usion-limited current density is about 80 kA mÿ2 at
cH2;in � 41 mol mÿ3. The calculated limiting current
density for the most reactive GDE from Fig. 7 is
larger than 40 kA mÿ2. Comparing these limiting
current densities it follows that, for the most reactive
electrode from Fig. 7, the limiting current is de-
termined dominantly by hydrogen di�usion.

For the less reactive GDEs from Fig. 7 it was
found that the limiting current densities are much
smaller than the di�usion-limited current densities.
This means that the limiting current density is de-
termined by a chemical reaction and not an electro-
chemical reaction. The Heyrowsky reaction can thus
be excluded as rate-determining step. In [15] it is
clearly shown that the Volmer±Heyrowsky reaction
mechanism has to be rejected.

From Fig. 4 it follows that the modi®ed Tafel
slope is practically not a�ected by the il;d=il;T ratio.
Fig. 2 shows that the modi®ed Tafel slope at
g � 0:030 V is 118 mV at i0;V=i0;T � 0:1; 130 mV at
i0;V=i0;T � 1 and larger than 220 mV at i0;V=i0;T � 10.
Moreover, the shape of the curves from Fig. 2 de-
pends on the i0;V=i0;T ratio. The curves at i0;V=i0;T � 1
show no in¯ection point and those at i0;V=i0;T � 10
have an in¯ection point.

Fig. 9. i0 against cH2 ;b on a double loga-
rithmic scale for GDEs with di�erent re-
activities. The arrow on a curve indicates
the direction of the concentration change
during the series of experiments. Each
symbol represents an electrode with a cer-
tain reactivity.
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For the most reactive GDE, at high as well as
low hydrogen concentration, respectively 41 and
0:64 mol mÿ3, and at g < 100 mV the modi®ed Tafel
slope was 120 mV and the curves can be well de-
scribed by theoretical curves for i0;V=i0;T < 1:

Since for the most reactive GDE at pure hydrogen
the current densities at g < 0:1 V are much smaller
than the limiting current, it follows that the degree of
coverage h at g < 0:1 V is practically equal to hr and
that the e�ect of the h terms on the modi®ed Tafel
slope can be neglected. From the modi®ed Tafel slope
of 120 mV it is concluded that aV � 0:5. The
log i0= log cH2;b curves for the most reactive GDEs are
slightly bent, the average slope at cH2;in � 5 mol mÿ3

is 0.15. Comparing this slope with the theoretical
ones for the curves from Fig. 5, and taking into ac-
count the bending of the experimental and theoretical
curves, it can be concluded that the experimental
curve can reasonably be described for iref

0;V=iref
0;T � 0:01

and cH2;r=cref
H2;r
� 0:37 at cH2

� 5 mol mÿ3. From this
result it follows that cref

H2;r
� 13 mol mÿ3 where

href
r � 0:5. Using Equation 30 and href

r � 0:5, it was
calculated that for the most reactive GDE at
41 mol mÿ3 hr � 0:64.

Consequently, the largest part of the electro-
chemical surface of the most reactive GDE at pure
hydrogen is covered with atomic hydrogen. This re-
sult agrees reasonably well with the literature. The
degree of coverage of hr is very high and even ap-
proaches unity for an active platinum electrode in
sulfuric acid at 25 �C and at a hydrogen gas pressure
of 1 atm [2, 18, 19].

From the results given above, it follows that for
the most reactive GDEs used in this work, the hy-
drogen is oxidized according to the Volmer±Tafel
mechanism, where the Volmer reaction is the rate-
determining step and aV � 0:5. Practically the same
aV is obtained for the oxidation of hydrogen on a
platinum disc in 0:05 MM H2SO4 from Fig. 208 in [1] for
which the same relation is given as in Figs 7 and 8.

Next, the hydrogen oxidation on less reactive
GDEs is discussed. The modi®ed Tafel slope is only
slightly dependent on the hydrogen concentration
(Fig. 8) but depends strongly on the reactivity of
GDE (Fig. 7). The reactivity of GDE decreases with
increasing number of cycles over 400 mV for low
hydrogen concentrations, for instance 1:24 mol mÿ3.
Probably, the hydrogen concentration has only an
indirect e�ect upon the modi®ed Tafel slope. For
cH2;in � 13:5 mol mÿ3 Fig. 8 shows that at
g > 100 mV the modi®ed Tafel slope for a cathodic
scan is clearly higher than that for an anodic scan and
at g < 100 mV there is practically no di�erence be-
tween the modi®ed Tafel slopes for both scans. The
increase in the modi®ed Tafel slope with increasing
overpotential (Figs 7 and 8) indicates a change in the
nature of the electrochemical surface of the GDE.

From Fig. 6 an opposite hysteresis behaviour at
cH2;in � 41 mol mÿ3 is evident. This may be explained
by a di�erence in scan range of the electrode potential

for the scan range of 400 mV, due to di�erences in
ohmic potential drop between the tip of the Luggin
capillary and the GDE.

The high modi®ed Tafel slope at g � 30 mV can be
explained assuming either aV < 0:5 and i0;V=i0;T � 1
or aV � 0:5 and i0;V=i0;T � 1. It was found that the
overpotential where the limiting current is reached,
increases clearly with decreasing GDE reactivity. This
overpotential is practically independent of the hy-
drogen inlet concentration.

For the most and the least reactive GDE at
cH2;in � 0:64 mol mÿ3, it was found that the over-
potentials at i � 0:95 il are 70 and 250 mV, respec-
tively. Calculations showed that this di�erence
corresponds to a factor of about 10 in the i0;V=i0;T
ratio; so that iref

0;V=iref
0;T � 0:01 for the least reactive

GDE, since iref
0;V=iref

0;T � 0:1 for the most reactive GDE.
Taking into account that i0;V=i0;T decreases with in-
creasing hydrogen concentration, it follows that the
possibility with the conditions i0;V=i0;T � 1 and
aV � 0:5 has to be excluded.

This conclusion is also supported by comparing
the experimental log i0= log cH2;b curve and the theo-
retical log �i0;VT=iref

0;VT�= log cH2;r=cref
H2;r

curves. As-
suming iref

0;V=iref
0;T � 1 it may be shown that hr � 0:80

for the least reactive GDE at cH2;b � 41 mol mÿ3.
This value for hr is much too large, since hr decreases
with decreasing reactivity of platinum [20] being the
electrocatalyst of the GDE. From the discussion
above it follows that iref

0;V=iref
0;T � 0:01 for the hydrogen

oxidation on the least reactive GDE.
The log i0= log cH2;b curves for less reactive GDEs

show a reasonably strong hysteresis. The average
slope for the log i0= log cH2;b curves with decreasing
cH2;b and at cH2;b � 5 mol mÿ3 is equal to 0.42. From
Fig. 8 it follows that the slope of the g against log y
curve at cH2;b � 5 mol mÿ3 and at g < 100 mV is
about 165 mV corresponding to aV � 0:4.

Based on subsequent voltammograms at a low
hydrogen concentration and in a series of experi-
ments with decreasing hydrogen concentration, it was
concluded that the reactivity of a GDE in steady state
decreases with decreasing hydrogen concentration.
This means that the reactivity of the GDE is not
completely constant during the series of experiments
carried out to measure the log i0= log cH2;b relation.
Probably, the slope of 0.42 at cH2;b � 5 mol mÿ3 will
be maximal.

Analogous to the most reactive GDEs it can be
shown that the experimental curve with a slope of
0.42 and aV � 0:4 for the least reactive GDE can
reasonably be described for various combinations of
iref
0;V=iref

0;T and cref
H2

; for instance iref
0;V=iref

0;T � 0:01 and
cref

H2
� 1048 mol mÿ3 corresponding to hr � 0:16 at

cH2
� 41 mol mÿ3.

Assuming aV � 0:4 and since href
r � 0:5, from

Equations 28 and 29 it is derived that

i0;V
i0;T
� hr

2�1ÿ hr�2
cH2;r

cref
H2;r

" #ÿ1:20
iref
0;V

iref
0;T

�31�
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After substitution of hr, cH2;r=cref
H2;r

and iref
0;V=iref

0;T into
Equation 31 it was calculated that for the con-
centration increase from 0.64 to 41 mol mÿ3 i0;V=i0;T
decreases from 0.90 to 0.05. Based on the condition
i0;V=i0;T � 1 for the whole range of hydrogen con-
centration to explain the high modi®ed Tafel slope, it
is likely that iref

0;V=iref
0;T < 0:01 and cref

H2
> 1048 mol mÿ3

for the least reactive electrode.
From the discussion above given for GDEs with a

high, as well as a low, reactivity it follows that the
hydrogen oxidation occurs according to the Volmer±
Tafel mechanism, where the i0;V=i0;T ratio, as well as
aV, decreases with decreasing GDE reactivity. The
reactivity of a platinum electrode depends strongly on
its electrochemical pretreatment, where potential and
time of polarization are signi®cant. Leaving an active
platinum electrode at open circuit in electrolytic so-
lutions for days the reactivity of the electrode de-
creases greatly due to the adsorption of impurities
from the electrolyte. The reactivity can be restored by
anodic and/or cathodic pretreatment.
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