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Oxygen reduction on stainless steel
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Oxygen reduction was studied on AISI 304 stainless steel in 0.5 M NaCl solution at pH values ranging
from 4 to 10. A rotating disc electrode was employed. It was found that oxygen reduction is under
mixed activation—diffusion control. The reaction order with respect to oxygen was found to be one.
The values of the Tafel slope depend on the potential scan direction and pH of the solution, and range
from — 115 to — 180mV dec™". The apparent number of electrons exchanged was calculated to be

four, indicating the absence of H,O, formation.

Nomenclature

B =0.62 nFcD*Py~1°

¢ bulk concentration of dissolved oxygen
(moldm™3)

D molecular diffusion coefficient of oxygen
(cm?s™")
electrode potential (V)

Ej standard electrode potential (V)

F  Faraday constant (96 500 As mol™")

I current (A)

1. Introduction

The electrochemical reduction of oxygen has attracted
a great deal of interest in recent years especially due to
the industrial development of fuel cells, its possible use
in the chlor-alkali industry and its role in the cor-
rosion of metals and alloys [1].

The corrosive process of almost all technically
significant metals and alloys in an almost neutral
solution takes place with oxygen depolarization. In
general, the oxygen electroreduction can take place
directly to OH™, to OH ™ via H,0, formation and to
H,0, as a final reduction product, as follows:

02 + 2H20 + 46_ _ 4OH—

ES = 0401V o)
0, + H,0 + 2¢- — HO; + OH~
EY = —0.0649V 2)
HO; + H,0 + 2¢~ — 30H"™
0 = 0867V (3)

Thus it is possible to observe a four-electron pathway,
a two-clectron pathway as well as a number of elec-
trons between two and four.

Excellent review papers concerning oxygen reduc-
tion on various kinds of electrode material, and the
proposed mechanisms, have been published [1-3].
Here, only the investigations of oxygen reduction on
iron and steel electrodes will be mentioned. Generally,
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j  current density (A cm™?)

j.  Kkinetic current density (A cm™?)

j.  limiting current density (A cm™?)

m  reaction order with respect to dissolved oxygen
molecule

M molar mass (gmol™")

n  number of transferred electrons per molecule
oxygen

p  density (gem™?)

v kinematic viscosity (cm*s™")

@  angular velocity (s™')

the electrochemical reduction of oxygen on iron and
steel, as well as other technical metals and alloys, has
been poorly investigated. It depends a great deal on
the state of the electrode surface, which can be influ-
enced by many factors which makes the elucidation of
reaction mechanism rather tedious. This is probably
the reason why few papers have been devoted to the
study of oxygen reduction on iron and steels in near
neutral solution.

In a neutral phosphate solution, Delahay [4] found
a four-electron pathway on a bare iron surface, while
at a more positive potential he also observed the for-
mation of H,0,. In a borate buffer solution (pH 7-
10), Jovancicevic and Bockris [5] found a four-elec-
tron pathway with a little H, O, on a bare iron surface,

- while oxygen reduction on a passive surface is ter-

minated at the H,O, stage. In a near neutral borate
and bicarbonate buffer, Drazic et al. [6-8] found the
four-electron pathway at all potentials, but due to a
very small rate of H,O, formation with respect to the
total reduction current, a reliable distinction between
the parallel and series mechanism could not be made
[7]. These authors also observed [8] an inhibiting effect
due to the formation of a nonconductive film in the
reaction of H, O, and Fe(IT) ions. The inhibiting effect
is not observed when the iron dissolution rate is small.
Calvo and Schiffrin [9] found that oxygen reduction
on passive iron in alkaline solutions is much more
irreversible than on platinum, and occurs only in the
potential range where the passive film is reduced. The
reaction order with respect to oxygen was 0.5 and the

Tafel slope was — 140mV dec ™.
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The electrochemical reduction of oxygen on an iron
electrode in almost neutral solutions containing
chloride ions has been investigated by Drazic et al. [10,
11]. They found a four-electron pathway which sug-
gests that oxygen is reduced completely to OH™. They
observed that the Tafel slope is higher in unbuffered
(=150 to —180mVdec™') than in buffered NaCl
solution (about —120mV dec ™).

The clectroreduction of oxygen on steel electrodes
in neutral chloride solutions has also been inves-
tigated. Wroblowa and Qaderi [12] found that the
mechanism of oxygen reduction at a low carbon steel
surface in alkaline solutions is relatively simple in that
direct four-electron reduction, reoxidation and chemi-
cal decomposition of peroxyl ions are absent. The
limiting currents for a two and four-electron (sequen-
tial) reduction are very well defined. On a passive steel
surface, Wroblowa and Qaderi found a stable peroxyl
ion as the only product. Kuznetcov and Nelaev [13]
found that in a 0.5 M KCI solution the reaction takes
place simultaneously via a two-electron and four-elec-
tron pathway and that the amount of H, O, increases
with the potential change in the cathodic direction.
Bonnel et al. [14] found, on a steel electrode in a 3%
NaCl solution at —915mV, a four-electron reduction
of oxygen.

The electrochemical reduction of oxygen on 316
stainless steel in a 0.5M NacCl solution has been inves-
tigated by Muralidharan et al. [15]. They found a
four-electron pathway, a reaction order with respect
to oxygen of nearly 1 at —0.7V, and a Tafel slope
between — 125 and — 130mV dec™".

The present work has been performed to gain more
information about the mechanism of oxygen reduc-
tion on a stainless steel clectrode in a 0.5M NaCl
solution of pH from 4 to 10.

2. Experimental details

The steel sample selected for the study had the follow-
ing composition by percent weight: C, 0.106; Si, 0.93;
Mn, 1.40; P, 0.030; S, 0.010; Cr, 18.17; Ni, 9.03; Mo,
0.017. Disc electrodes suitable for the EG&G PARC
Model 616 system were machined from a cylindrical
rod with a cross sectional area of 1 cm?. The electrodes
for other polarization measurements were cut from a
cylindrical rod with a cross section of 0.5 cm®. Pieces
5mm long, with electrical contact made by a brass
screw, were axially embedded by Araldite into glass
holders giving a circular exposed geometric area of
0.5cm?. The counter electrode was a platinum gauze
and the reference electrode was a saturated calomel
electrode (SCE). All potentials are referred to the
SCE. The electrode surface was mechanically polished
with a fine grained emery paper followed with 0.3 um
alumina-water suspension on a polishing cloth to
obtain a mirror surface. After this, the electrodes were
washed with distilled water, then with ethanol and
finally rinsed with triply distilled water. In order to
reduce the air-formed oxide, the electrode was, prior
to each experiment, subjected to a cathodic pretreat-

10t
Ep
g0 En (Epp)
N
b~y
_10 -
-20 | PRE-EXISTING PASSIVE LAYER PITTING
Cr 05 LAYER Cr;03/FeOOH REGION
-1.0 -0.8 -06 -04 -0.2 0 0.2
E/V

Fig. 1. Polarization curve for a stainless steel electrode in aerated
0.5M NaCl pH 10 solution recorded in the denoted direction at a
sweep rate of 0.5mVs~.

ment by holding potentiostatically at — 1.1V for
10 min.

Measurements were performed in a 0.5M NaCl
solution of pH 4-10. The adjustment of pH was made
by ammonium hydroxide and hydrochloric-acid. Prior
to the experiments in inert atmosphere, the electrolyte
was deaerated by passing pure nitrogen for 3h
through it and thereafter above it.

Polarization measurements with an RDE were car-
ried out in an EG&G cell (50 ml). The measurements
with stationary electrodes were performed in a glass
cell (200ml) with a separate compartment for the
reference electrode connected with the main compart-
ment via a Luggin capillary. Both cells were a water-
jacketed version, connected to a constant temperature
(20 £ 0.05°C) circulator.

The polarization E against / curves were obained by
means of the linear potential sweep technique with
sweep rates ranging from 0.5 to 20mV s~ '. The poten-
tiostat was an Amel Model Metalloscan.

Results and discussion

3.1. Polarization measurements with a stationary
electrode

To obtain a general picture of the behaviour of the
investigated stainless steel electrode in a near neutral
0.5M NaCl solution, potentiodynamic measurements
with a slow sweep rate (0.5mV s~') were carried out.
The polarization started from — 1.1V in the anodic
direction until the electrode had been activated and
was then reversed with the same sweep rate. The
results obtained in all solutions of pH between 4 and
10 were almost alike, and a typical E against I curve
is shown in Fig. 1. In the potential range examined,
there are three distinct regions: the limiting current
region and a passive region followed by a pitting
region.

The change from cathodic to anodic current takes
place without the activation—passivation transition.
The typical activation maximum that appears during
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Fig. 2. Voltammograms for a stainless steel electrode in nitrogen
saturated 0.5 M NaCl solution at (a) pH 4 and (b) pH 10. Scan rates:
20, 10 and SmVs~'.

the active/passive transition on iron and nickel is not -

present here. In the case of 304 stainless steel [16], as
well as in the case of chromium [17], even brief contact
of the electrode with moist air is sufficient to create a
thin oxide layer on the surface of the electrode. This
explains the absence of an activation maximum on the
E-I curves. Current increase starts at the breakdown
potential, Ey, continuing even after the potential scan
reversal. The hysteresis loop thus obtained allows the
pit nucleation potential, E,, to be determined [18]. E,
is denoted as the potential below which no pitting
occurs, and above which pit nucleation starts. In this
sense, it can be regarded as the protection or repas-
sivation potential, £, [19].

To investigate the state of the steel surface on which
the oxygen reduction takes place, polarization mea-
surements in deaerated solutions were made. Cyclic
voltammograms with a sweep rate of 5, 10 and
20mV s~ ! were performed. Although the main charac-
teristics of the voltammograms are almost the same,
their shape continuously changed with increase in pH.
This can be seen in Fig. 2, where the voltammograms
obtained at pH 4 and 10 are presented.

In the anodic part of the voltammograms two cur- .

rent maxima can always be distinguished. With in-
crease in sweep rate these are shifted in the anodic
direction in solutions of pH ranging from 4to 8. Ina
solution of pH 10 the position of the current maxima
are independent of sweep rate. The decrease in the
anodic current related to the achievement of full pas-
sivation takes place at approx. —0.1V in a slightly
acid solution and —0.3V in a slightly alkaline solu-
tion.

The first peak can be assigned to the electroforma-
tion of the hydrous Fe(OH), layer which is electro-
oxidised to a hydrous FeOOH layer at the potential of
the second current peak [20-23]. The electroformation
of Fe(ll) and Fe(IIl) layers takes place according to

Ramasubramanian et al. [23} and Konig and Schultze
[24] on a preexisting Cr,0,; layer which cannot be
electroreduced. By the formation of an outer hydrous
FeOOH rich layer on an inner Cr,0, rich layer, a
stable passive state is achieved.

On the cathodic part of the cyclic voltammograms
it is also possible, in many cases, to distinguish two
current peaks that can be assigned to the reduction of
anodically formed oxide species. From Fig. 2 it can be
seen that the electroreduction of iron oxide species
ceases at potentials between —0.8 and — 0.9V,

Ellipsometric investigations performed by Matsuda
et al. [25] showed that the process of passivation of
18-8 stainless steel in NaCl solution takes place in the
potential range —0.6 to —0.2V and that a stable
passive state exists up to 0.1 V. According to these
authors the passive film at —0.2V is about 1.2nm
thick and, with increasing potential up to 0.1V, its
thickness increases up to 1.8 nm. The thickness of the
passive film on 304 [26] and 316 stainless steel [27] in
a 3% NaCl solution was calculated from capacity data
amounted to 2 to 3nm, depending on the applied
potential. From potentiostatic I against ¢ transients
[27] the film thickness on 316 stainless steel in 3%
NaCl solution was calculated to be 1.4nm relating to
Fe,0, and 2.6 nm relating to Fe(OH);, respectively.

The amount of charge during the anodic polariza-
tion calculated from the obtained voltammograms
(Fig. 2) depends slightly on the sweep rate and is about
15% less at 20mVs ' than at SmVs~'. The value
obtained ranges from 1.6 to 2.1 mC cm ™~ regardless of
pH. Assuming the formation of FeOOH (M =
88gmol ' and p = 3gcm™?) the above amount of
charge corresponds to a film thickness of 1.6 to
2.1nm. On the assumption of a Fe,O; formation
(M = 159.7gmol™! and p = 5.6gcm ) the film
thickness would be 0.85 to 1.1 nm. The potentiostatic
measurements performed in this research show that
the same amount of charge is consumed during the
polarization of the electrode for 10 min at a potential
of —0.1V and that a film thickness of 0.9 to 1.1nm
can be calculated. By decreasing the potential of
polarization, the amount of charge decreases and
at —0.3V it is approx. half of the value obtained
at —0.1V.

Comparing the obtained voltammograms with the
E against I curve obtained in the air saturated solution
(Fig. 1) it may be observed that the oxygen reduction
at high current densities takes place on the reduced
electrode surface. In the potential range where the
current plateau exists the electrode surface is covered
only by a thin (about 1 nm thick) layer of chromium-
rich oxide [23], which exhibits, as in the case of chro-
mium passivation [28], significant electronic conduc-
tivity.

3.2. Polarization measurements with a RDE
The polarization curves were obtained by linear

potential sweep technique with a sweep rate of 5, 10
and 20mV s~! and with a rotation rate ranging from
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Fig. 3. Polarization curves for oxygen reduction in 0.5M NaCl pH 4

solution recorded in anodic direction at a scan rate 10mVs™.

Specified rotation rates: (a) 1000, (b) 1500, (c) 2000, (d) 2500,
(e) 3000, (f) 3500 and (g) 4000r.p.m.

1000 to 4000 r.p.m. in steps of 500 r.p.m. In all exper-
iments the potential sweep started from — 1.1V and
went in the anodic direction until the current zero and
then in a reverse direction.

The curves obtained are very similar in shape. For
example, the sets of curves obtained at pH 4 and 10 are
presented in Fig. 3 and Fig. 4. It is evident, as in other
cases, that the curves obtained are of S-shape with
expressed limiting plateau dependent on a rotation
rate. The S-shape of curves is better expressed in
almost neutral solutions than in slightly alkaline or
acid ones. For instance, the current value of 0.1 mA
was achieved during a course of polarization of about
150 to 200 mV in almost neutral solutions, while only
for about 50 mV in a slightly alkaline or acid solution.

The well defined S-shaped curves and the depend-
ence of the reduction current on rotation rate indicate
that the process is under mixed activation—diffusion
control at all rotation rates examined. According to
these characteristics analysis of the results obtained
has been made.

3.2.1. Limiting current. The appearance of limiting
current dependent on the rotation rate suggest their
comparison with those calculated on the basis of
Levich equation:

o = 0.62nFcD¥y=16 ¢! @

where 7 is the number of transferred electrons per
oxygen molecule, F the Faraday constant, ¢ the bulk
concentration of dissolved oxygen, D the molecular
diffusion coefficient of oxygen, v the kinematic viscos-
ity, and w the angular velocity.
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Fig. 4. Polarization curves for oxygen reduction in 0.5M NaCl
pH 10 solution recorded in anodic direction at a scan rate 10 mV s™!
at specified rotation rates as for Fig. 3.

The following set of values for 0.5M NaCl solu-
tion at 20°C [14]: ¢, 2 x 10 "molecm?; D, 1.74 x
10~°cm?s™'; v, 10 2cm?s ™ gives a slope of j; against
' plot equal to 69.3 pA cm?s~ ' for n = 4, which is
presented in Fig. 5 by the solid line. The average
limiting current at each rotation rate calculated from
24 E against j recordings (at pH4, 6, 8 and 10 and
sweep rate 5, 10 and 20mVs™! in the anodic and
reverse scan direction) is almost exactly on the
theoretical line, as can be seen from Fig. 5. This
fairly good agreement between the experimental and
calculated values indicates that a four-electron reduc-
tion takes place. This means that in the region of high
current densities oxygen is probably completely
reduced to OH ™. However, the slope of the j; against
' relationship depends very much on the accuracy
of diffusivity and oxygen solubility data. The four-
electron reduction of oxygen has also been found in
the case of 316 stainless steel in 0.5M NaCl solution
[15].

3.3.2. The reaction order with respect to O,. The reac-
tion order can be determined from the slope of the plot

logj = logji + mlog(l — jlji) )

where j, is the kinetic current density and m is the
reaction order with respect to dissolved oxygen mole-
cules.

The values of current j at all rotation rates were
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Fig. 5. Dependence of limiting current of oxygen reduction on angular velocity. Solid line: calculated for n = 4. The experimental values

are the average of 24 E-j measurements.

chosen at potentials ranging from — 525 to — 700 mV
depending on the solution pH value. In all cases the
plot log;j against log(l — j/j.) gave a fairly good
straight line, as shown in Fig. 6. The slopes were
mostly between 0.98 and 1.04 and very rarely up to
1.08, suggesting a first order reaction.

For the first order reaction with respect to dissolved
oxygen, the observed disc current is related to the
rotation rate by the equation [29]

1j = i+ B o ©

where B is the so-called Levich slope, and according to
Equation 4, is equal to 0.62nFcD**y~""°,

Figure 7 shows a plot 1/j against w ' obtained
from experimental data in 0.5M NaCl solution pH 6.
Similar plots are also obtained for the solution with
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Fig. 6. Dependence logj against log(1 — j/j, ) for oxygen reduction
in 0.5M NaCl pH 4 solution at specified potentials: (a) —0.475,
(b) —0.500, and (c}) —0.525V.

other pH values. The linearity and parallelism in these
plots confirm that the kinetics are first order with
respect to oxygen. The experimental values of B most-
ly range from 0.069 to 0.08 mA cm~2min'?, and are in
good agreement with the calculated value according to
Equation 4 (B = 0.069mA cm~?min'?). A satisfac-
tory agreement between these two values can be taken
as evidence of four-electron reduction of oxygen on a
steel electrode in a near neutral 0.5M NaCl solution.

3.2.3. Tafel siopes. Tafel slopes were determined from
the plot of E against log[j/(ju — j)]. In all cases a
straight line was observed over one decade of current,
and with slope from —115 to —180mVdec™', as
shown in Fig. 8.

The Tafel slopes obtained in the anodic scan direc-
tion were always lower than those in the reverse
scan direction, and they do not exceed the value
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Fig. 7. Dependence 1/j against ™' for oxygen reduction in 0.5M

NaCl pH 6 solution at specified potentials: (a) —0.500, (b) —0.515,
and (¢) —0.525V.
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Fig. 8. Tafel plots for oxygen reduction in 0.5 M NaCl pH 4 solution
obtained for: (c) cathodic and (a) anodic scan direction at specified
rotation rates: (a) 1000, (O) 2000, (O) 2500, and (W) 2500 r.p.m.

of —155mV dec ™! at higher pH. At pH 4 Tafel slopes
of —115 to —120mVdec™ were found. All these
findings are in accordance with literature data [11, 15,
27, 30].

The influence of solution pH, as well as scan direc-
tion, on Tafel slopes may be connected with the state
of the electrode surface. Comparing the E against
I curves obtained in a nitrogen saturated solution
(Fig. 2) with those obtained in air saturated solution
(Fig. 3 and Fig. 4) it can be seen that the Tafel line lies
in the potential range where the electrode is not
covered only by a Cr,0, rich layer. In this potential
range, according to voltammograms in Fig. 2, the
formation of iron (II) and iron (III) intermediate
species is possible. It is known that values of the Tafel
slope ranging from — 120 to —200mYV dec™! are often
observed in reactions through adsorbed layers at a
metal surface, while the thicker layers of oxide cause
a further increase of the slope up to —300mV dec™!
[31]. In the present case the possible structure of
surface oxide and the rate of its transformation by
polarization is probably the main reason for the
observed differences in Tafel slope values.

4. Conclusions

Oxygen reduction on AISI 304 stainless steel elec-
trodes in a 0.5M NaCl solution at pH ranging from 4
to 10 proceeds via a four-clectron pathway to OH™.
The reaction order with respect to oxygen is unity.
The observed Tafel slopes range from —115 to
— 180 mV dec ™. Cyclic voltammograms performed in
an oxygen-free solution show that the Tafel line lies in
the potential range where the formation and reduction

of Fe(Il) and Fe(III) species on the inner Cr,O; rich
layer is possible. The electrode coverage (composition
and structure), depends on solution pH and scan
direction, and this is probably the main reason for the
observed differences in Tafel slope.

Well-defined limiting currents were observed in all
cases.
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