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The electrochemistry of steel in aerobic and anaerobic aqueous alkaline solutions was studied with or
without forced convection to investigate the cathodic processes occurring on steel exposed by defects
in polymer coated steel pipe. The results are relevant to the mechanistic understanding of the e�ect of
cathodic protection on the disbonding of fusion bonded epoxy (FBE) coatings on steel. Moderate
(pH9.8) and strongly (pH14) alkaline aqueous solutions were used to simulate the water layers at the
cathodically polarized steel surface on the soil-side of buried pipe. A rotating gold ring and steel disc
electrode (RRDE) in alkaline aqueous electrolyte equilibrated with 1 atm oxygen over solution was
used to measure the rotation rate dependent current for the electroreduction of oxygen, O2, on an
ASTM A516 steel disc and the resulting peroxide generation, which was determined by monitoring
the oxidation current on the gold ring. An appreciable fraction of the oxygen reduction current on
the steel disk gave rise to peroxide generation over a wide range of potentials, from )0.2 to )0.9V vs
SCE in 1M KOH. The observation of peroxide generation is noteworthy, because oxidizing agents,
such as peroxide and its decomposition products, superoxide and hydroxy radical, can degrade the
polymers used for coating pipelines. As result, oxidative degradation of polymer or interfacial
compounds may be a cause of the accelerated disbonding observed for protective coatings on steel
pipelines under cathodic protection.
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1. Introduction

Steel corrosion in soil is due to the electrochemical
oxidation of the metal at anodic sites coupled to the
reduction of oxygen at cathodic sites. The corrosion
current and cathodic current densities are strongly
dependent on the oxygen electroreduction process.
There have been only a few electrochemical studies
reported for the electroreduction of oxygen on iron
and steel [1±3]. The objective of this research was to
determine the cathodic reactions on steel in air-satu-
rated water. The results are relevant to the under-
standing of the e�ect of cathodic protection on the
disbonding of coatings on buried pipelines.

Typically, the exterior of buried steel pipe in soil is
protected from corrosion by an electrically insulating
organic coating and by cathodically protecting any
steel that may be exposed at defects in the coating.
Disbonding of the protective coatings is reported to
occur faster when cathodic protection is applied than
when there is no cathodic protection [4]. This accel-
erated disbonding has often been suspected of being a
phenomenon that may, at least in part, be due to a

chemical attack of the coating by peroxide (and/or its
decomposition products, namely, superoxide and
hydroxy radical) formed as an intermediate during the
electroreduction of oxygen on the cathodically po-
larized steel surface [2, 3]. In addition, the peroxide,
superoxide and hydroxy radial may have signi®cant
e�ects on interfacial compounds. A ®rst rational step
to test this chemical attack hypothesis is to determine
if peroxide is forming on pipeline steel under cathodic
protection conditions. Consequently, oxygen reduc-
tion on steel was investigated to determine the chem-
ical species produced on a steel surface in air at
various levels of cathodic protection. Additional
e�orts have been made from other technical perspec-
tives to determine if the oxygen reduction products
can degrade the protective coatings and contribute to
the disbonding of the coating from the steel surface [5].

A rotating gold ring and steel disc electrode
(RRDE) was used to study oxygen reduction on steel.
In the RRDE technique the species of interest in bulk
solution is convected to the disc electrode and then
¯ows away from the disc to the ring electrode. The
steel disc potential was slowly swept through the
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oxygen reduction region, and as peroxide formed on
the steel disc and was liberated into solution, it was
detected on the gold ring, which was poised at a
potential for peroxide oxidation. The greater the
rotation rate, the greater the mass transfer of oxygen
from bulk solution to the disc and oxygen reduction
products from the disc to the ring. The RRDE
technique results in greater faradaic currents at
higher rotation rates, and therefore greater sensitivity
of the ring to peroxide formed at the disc, provided
there is no deactivation of the gold ring due to the
excessive transport of inhibitors (i.e., species that
alter the characteristics of the ring electrode to
peroxide electrooxidation) to the gold surface.

2. Background for oxygen reduction on steel

Table 1 summarizes the chemistry of molecular oxy-
gen, O2, pertinent to the electroreduction of oxygen
in alkaline (pH14) media and gives the potentials and
energies for the chemical reactions. The data in
Table 1 suggest that the electroreduction of molecu-
lar oxygen should directly produce hydroxide, OH),
via a four-electron process starting at +0.159V vs
SCE and at more negative potentials. This is not the
observed behaviour on steel in aqueous alkaline so-
lution. Instead, the reduction of oxygen on steel in
alkaline solution leads ®rst to the formation of per-
oxide, and this does not begin until )0.3 V vs SCE.
The reason for this apparent paradox is that the data
in Table 1 give the thermodynamic potentials sepa-
rating the oxidation states but not the kinetic barriers
to these transformations. Although the four-electron
reduction of O2 on steel in alkaline water is more
favoured thermodynamically than the two-electron
reduction, the kinetic barrier for the four-electron
pathway is greater than for the two-electron pathway.

The set of speci®c kinetic factors for oxygen re-
duction on steel (i.e., the mechanism of O2 electro-
reduction on steel in alkaline water solutions) has
received little attention [1±3]. There has been con-

siderable attention given to oxygen reduction for fuel
cell applications and for metal/air battery systems.
The general mechanism for oxygen electroreduction
is fairly well understood and has been reviewed in the
literature [1, 7, 8]. Although oxygen is just a homo-
nuclear diatomic molecule, oxygen electrochemistry
is complex owing to its complex electronic structure,
that is, relative to the simple electronic structure and
electrochemistry of homonuclear diatomic hydrogen.
The pertinent electronic structure of oxygen is rep-
resented by the molecular orbital (MO) diagram of
the valence orbitals of molecular oxygen. The mo-
lecular orbitals can be considered to be linear com-
binations of the 2s and 2p orbitals from two oxygen
atoms, each of which contributes six valence electrons
[9]. The 2s orbitals result in a closed shell, that is, the
completely ®lled rb2s and ra2s orbitals (not shown).
The molecular orbitals formed from the 2p valence
orbitals are shown in Fig. 1.

Molecular oxygen can be completely reduced to
two oxide dianion species (the water oxidation state)
by accepting four electrons. An electrode can be the
source of electrons, and molecular oxygen dissolved
in water the sink of electrons. The higher the over-
potential of the electrode, the more the electrode is
able to put electrons into the empty higher energy
molecular orbitals of O2. The MO diagram of O2 in
Fig. 1 shows that the lowest energy empty orbitals
available for accepting electrons are the two half ®l-
led, equal pa2p orbitals. Completing the occupancy of
these orbitals with two electrons converts molecular
oxygen to the diatomic peroxide oxidation state.
Peroxide is usually formed at low overpotentials (low
electronic energies) on steel and on many other metal
electrodes which have poor catalytic surfaces for
oxygen reduction [10±12]. For O2 reduction on steel
in 1M KOH, this low overpotential region is between
around )0.3 and )0.8V vs SCE [1, 13]. Further
reduction can only occur by populating the higher
energy ra2p orbital. Adding two more electrons to
the ra2p orbital results in the breaking of the O±O

Table 1. Reduction potentials of O2 and related species at pH14 [6 ]

Reaction Eo
b Eo

b
/V vs NHE /V vs SCE

Hydroxide, OH)

O2 � 2H2O� 4 eÿ ! 4OHÿ 0.401 (0.159)

Peroxide, H2O2

O2 �H2O� 2 eÿ ! HOÿ2 �OHÿ )0.076 ()0.318)
HOÿ2 �H2O� 2 eÿ ! 3OHÿ 0.87 (0.628)

Na2O2 � 2H2O� 2 eÿ ! 4OHÿ � 2Na� 1.23 (0.988)

2HOÿ2 ! 2OHÿ �O2 DG° = )43 950 calories

Superoxide, �O2H

O2 � eÿ ! �Oÿ2 )0.6 ()0.842)
�Oÿ2 �H2O� eÿ ! HOÿ2 �OHÿ 0.4 (0.158)

2�O2H! H2O2 �O2 DG° = )37 500 calories
�Oÿ2 � 2H2O� 3eÿ ! 4OHÿ 0.7 (0.458)

Hydroxy radical, �OH

1=2O2 �H2O� eÿ ! �OH�OHÿ )0.61 ()0.852)
�OH� eÿ ! OHÿ 1.4 (1.15)
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bond and the conversion of peroxide to two hy-
droxide species. This occurs at high overpotentials
(high excess electronic energies). For ASTM A516
steel in 1M KOH, this high overpotential region is
found at in the range from )0.9 to )1.2V and more
negative potentials vs SCE. The di�erence in energy
between the pa2p orbitals and the ra2p orbital is
approximately the electronic contribution to the dif-
ference in energy between the barriers to the two-
electron versus four-electron pathways.

The direct four-electron transfer from steel to
oxygen (O2) can only occur if some portion of the
electrode surface has a stabilizing (bonding) interac-
tion with the ra2p orbital, so that the ra2p orbital is
lowered in energy to the level of the pa2p orbitals.
Four electron reduction of O2 on platinum is ex-
plained this way [7]. It has been suggested that at high
overpotentials, the surface of an iron electrode is fully
reduced, and that the metallic iron electrode pro-
motes the direct four-electron reduction of O2 to OH)

is neutral and mildly alkaline water solutions [1]. It is
more likely, however, that oxygen reduction occurs
by ®rst ®lling the pa2p orbital with two electrons and
then ®lling the ra2p orbital with two electrons to give
OH), as explained above. At high overpotentials, it
may be impossible to distinguish a direct four-elec-
tron reduction from a pair of two-electron reduction
steps, because, either way, so little peroxide escapes
into solution, that peroxide detection, the distin-
guishing factor, is not practically possible.

The mechanism of oxygen reduction can be ra-
tionalized from a phenomenological standpoint. At
any given electrode potential, the electroreduction of
oxygen may occur by two pathways: (i) a direct four
electron reduction of O2 to give the endproduct,
water, at a rate linearly dependent on O2 concentra-
tion and speci®ed by the rate constant k1; and (ii) a
two step series process. The ®rst step is the two
electron reduction of oxygen to give peroxide in a

®rst order process with rate constant, k2. The second
step is the two electron reduction of peroxide to give
water in a ®rst order process with rate constant, k3.
Peroxide may escape into solution during the series
pathway but not during the direct four-electron
pathway. With the series pathway operative, the
peroxide may, therefore, undergo a chemical de-
composition instead of undergoing the second two
electron reduction. This is summarized by the sim-
pli®ed general mechanism for the electroreduction of
oxygen shown in Fig. 2 [2, 7].

At a particular electrode potential, both the direct
pathway and the series pathway may occur simulta-
neously on di�erent parts of the steel electrode sur-
face, and in this case of the O2 reduction is said to
occur by a parallel pathway. The ®rst RRDE study of
O2 reduction on iron in neutral and mildly alkaline
water reported that at low overpotentials on pass-
ivated iron, the two-electron reduction of O2 occurs
to give H2O2 as the endproduct via the series mech-
anism; and at high overpotentials on metallic iron,
principally the four-electron reduction product, wa-
ter, forms via the direct or parallel pathway [1]. Later,
the electroreduction of O2 was reported to produce
mainly peroxide at low overpotentials, and hydroxide
at high overpotentials via the series pathway (i.e., by
two sequential two-electron steps) at all potentials for
low carbon steel in aqueous 1M NaOH solution [3].
Others report that for pure iron in pH9.8 bu�er, O2

reduction proceeds by the series pathway in the low
overpotential region, but that since very little perox-
ide is generated at higher overpotentials, it is proba-
bly not possible to make a reliable distinction
between the parallel and series mechanism [2].

There is general agreement that as O2 is electro-
reduced on the prepassive and passive steel surface
(Esteel � )0.2 to )0.9V vs SCE for 1M KOH) in
alkaline water, large amounts of peroxide are con-
tinuously being generated. A large concentration of
peroxide rapidly builds up near the surface. The
prepassive and passive surfaces are covered by Fe2+

and Fe3+ species. Table 2 lists the possible reactions
between peroxide and the ferrous and ferric ions [14],
and these represent the situations expected to be
found on the cathodically protected steel surface.

Having peroxide and iron ions on the surface
would present a situation ideal for the iron±ion-cat-
alysed disproportionation of peroxide to oxy radicals
previously; however, it was reported that for O2 re-

Fig. 1. Molecular orbitals of diatomic oxygen, O2, from oxygen
atomic orbitals.

Fig. 2. Pathways for electroreduction of oxygen. k1: rate constant
for direct 4e) reduction of O2 to water; k2: rate constant for 2e)

reduction of O2 to peroxide; and k3: rate constant for 2e
) reduction

of peroxide to hydroxide.
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duction studied by the RRDE method, there was no
indication that catalytic decomposition of peroxide
occurred [2, 3]. The iron-ion catalysed dispropor-
tionation kinetics may be slow relative to the perox-
ide generation arising from the O2 reduction on the
same surface. In this case, much peroxide would
escape into solution before it was chemically
decomposed to radicals by the catalytic action of iron
ions on the surface. As a result, peroxide decompo-
sition would be di�cult to observe electrochemically,
because the disproportionation of peroxide to radi-
cals would account for a lowering of the peroxide
oxidation current on the gold ring by less than a few
percent. A small percentage change is not readily
detected by the RRDE method. Nevertheless,
although it is uncertain whether a small percentage of
the peroxide is being converted to because the radical
species are typically more reactive and degrading
than peroxide itself, the long term cumulative e�ect
of such radicals on the coating itself or on the
integrity of the coating/steel interface should be
considered as an additional possible source of de-
gradation of the FBE coated steel pipeline.

3. Experimental details

Electrolyte solutions were made with ultrapure water
prepared by reverse osmosis and distillation. Potas-
sium hydroxide stock was Fisher 45wt.% `Certi®ed
Reagent' grade. Sodium borate decahydrate was in
powder form, Mallinckrodt, Analytical Reagent
grade. Nitrogen and oxygen were Linde dry grade
puri®ed by passing the gas through a 0.4 nm (�4AÊ )
molecular sieve. All gases were presaturated with
water by passing the puri®ed gas through ultrapure
water in a gas wash bottle. Peroxide was Hach 50%
aqueous solution with no stabilizer. The pH of so-
lutions was measured with an Orion pH meter using a
glass electrode. Electrochemical measurements were
carried out at room temperature in a three com-
partment Pyrex cell. A gold counter electrode was
used. The reference compartment was connected to
the main compartment via a Luggin capillary. Either
a saturated calomel electrode (SCE, E � +242mV
vs NHE) or a reversible hydrogen electrode (RHE,
related to NHE by the pH di�erence times
59mVdecades)1 of pH) was the reference electrode.
Gold electrodes were prepared for voltammetry ex-
periments by heating in a gas/air ¯ame and plunging
into ultrapure water while still red hot. The RRDE
was Pine model AFMTI34DC Au T electrode which

is equipped with a gold ring (i.d. 0.75 cm; o.d 0.85 cm)
with a transferable disc capability (d � 0.608 cm). In
this study, an ASTM A516 steel disc was used for
oxygen reduction studies. The elemental analysis of
the steel showed that the steel consists of 1% Mn,
0.2% C and 0.2% Si and the balance is Fe (the
analysis done by Herron Testing Laboratories,
Cleveland, OH). A polycrystalline gold (+99.999%,
Pine) disc was used for electrode geometry calibration
studies. After assembly, the RRDE was prepared by
lightly lapping with 1200 SiC paper, and then pol-
ishing with successively ®ner grades of alumina (15,
10, 5, 1, 0.3 and 0.05 lm). The electrode was bu�ed
with 0.05 lm alumina and rinsed with ultrapure water
before each measurement. The working electrode
potential was controlled using a potentiostat (model
BC-1200, Stonehart) connected to a waveform gen-
erator (model 175, PAR). RRDE experiments were
controlled by using two BC-1200 potentiostats in the
inverted con®guration, that is, with the counter
electrode being the electrical ground. Rotation of the
RRDE was done with a Pine AFMSRX rotator
controlled by a Pine MSRX speed controller. The
current response was recorded on a set of X±Y re-
corders (Watanabe WX1000 and PAR RE0074). The
collection e�ciency of the ring was experimentally
determined to be 0.24 using the reduction of 0.005
molar ferricyanide in borate bu�er (pH9.8) [15]. This
was in good agreement with the theoretically
expected value of 0.23 based on the disc- and ring-
electrode geometry [16]. Oxygen reduction measure-
ments were quasi-steady state, because in these
experiments the RRDE disc was slowly scanned. The
gold ring was ®rst activated by cycling it through the
gold oxide formation and reduction region and then
was held at a constant potential vs SCE during per-
oxide detection.

4. Results

4.1. Voltammetry experiments

The voltammetry of steel was done in alkaline
aqueous solution to determine the electrochemical
processes that may occur on the moisture covered
steel surface and the potentials associated with these
processes. The typical ground waters vary in pH;
however, the water in contact with steel becomes
more alkaline as a result of cathodic protection [17].
Aqueous alkaline potassium hydroxide (pH14) and
borate bu�er (pH9.8) solutions were studied to ex-
amine a strongly and a mildly alkaline environment.
Voltammetry performed under an inert (N2) atmo-
sphere was useful for checking the condition of the
interface before the RRDE measurements.

Gold and platinum are well behaved, losing their
nascent oxide on the ®rst cathodic scan and achieving
their steady state surface on the second cycling of
potential. The amount of oxide that formed in the
subsequent anodic scan depended only on scan rate
and the potential. Iron and steel, however, being

Table 2. Possible interactions between peroxide, and the ferrous and

ferric ions

Fe2� �H2O2 ! Fe3� � �OH�OHÿ

Fe2� � �OH! Fe3� �OHÿ

H2O2 � �OH! �O2H�H2O

Fe2� � �O2H! Fe3� �HOÿ2
Fe3� � �O2H! Fe2� �H� �O2
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more active metal, required holding the electrode
near the hydrogen evolution potential (�)0.27V vs
RHE or �)1.35V vs SCE for 1M KOH, pH14) for
about 10min for the removal of the nascent oxide
formed during mechanical polishing and preparation.
This behaviour has been recently reviewed and
spectroscopically con®rmed for iron [18, and the
references cited therein] and is attributed to a net
accumulation of iron oxide per cycle. ASTM A516
steel exhibits electrochemical behavior similar to low
carbon steels and pure iron.

The cyclic voltammogram of gold in anaerobic
and aerobic solutions of aqueous 1M KOH are
shown in Fig. 3. Curve (a) is characteristic of a clean
gold surface, and this indicates that this electrolyte
solution was fairly pure. Curve (b) shows the change
in the gold voltammogram when this system is
equilibrated with 1 atm of oxygen over solution. The
most noticeable di�erence between the anaerobic and
aerobic solutions is the cathodic current for oxygen
reduction which onsets at )0.2V vs SCE and con-
tinues to the hydrogen evolution potential at )1.35V.
Oxygen reduction on gold in aqueous alkaline media
results in peroxide formation until high cathodic
overpotentials where hydroxide forms [19]. The in-
¯ection in the current response at )0.8V vs SCE in
Fig. 3, Curve (b) probably marks the onset of this
high overpotential region. During the return scan in
the positive direction, an excess oxidation current can
be seen beginning at around )0.25V vs SCE and
continuing to more positive potentials. The excess
oxidation current is due to peroxide eletrooxidation.
The peroxide that is being oxidized remained in the
di�usion layer after it formed during oxygen reduc-
tion on the gold surface in the quiescent solution. The
oxidation wave peaks at around )0.2V vs SCE and is
di�usion limited at +0.05V vs SCE, as is evidenced
by the downward sloping of the wave at this poten-
tial.

Although platinum is a more active peroxide oxi-
dation electrode than gold, there may be some

problem using an anodically biased platinum ring as
an electrode for detecting oxygen reduction products
formed on a cathodically biased steel disc. This has
been mentioned by others [2, 3]. Apparently the
problem arises from contamination of the steel disc
by the platinum ring. This occurs either during the
mechanical polishing or during the electrochemical
measurements due to dissolution of platinum at the
anodic ring potential. The contamination of the disc
by platinum may arise during electrochemical mea-
surements, because with the platinum ring at a rela-
tively positive, peroxide oxidizing potential and the
steel disc at a relatively negative, oxygen reducing
potential, the platinum could electroplate onto the
steel disc. Regardless of how the platinum contami-
nation of the disc occurs, platinum is a very active O2

reduction catalyst, and trace platinum on a steel
substrate would dominate the oxygen reduction ca-
talysis [20], and possibly invalidate the experiments.
Gold is a much less active oxygen reduction catalyst
and a more noble metal under the conditions of this
study. Gold was found to be a suitable electrode for
detecting peroxide by peroxide oxidation, because
transport limited peroxide oxidation occurs on gold,
and it occurs at potentials cathodic of gold oxide
formation (Fig. 3). Therefore, gold is better suited
than platinum and was selected as the material for the
detector electrode of the peroxide formed on the
cathodically biased steel.

The voltammetry for the ASTM A516 steel disc in
anaerobic aqueous 1M potassium hydroxide is shown
in Fig. 4. The potential window for this measurement
is limited by hydrogen evolution at about )1.35V vs
SCE and oxygen evolution at about +0.55V vs SCE.
The electrode was freshly polished with 0.05 lm alu-
mina, the ®nal grit size during electrode preparation.
The polished electrode was then stirred in the an-
aerobic 1M KOH solution by rotating at 1600 rpm
for a few minutes. The open circuit potential con-
verged on )520mV vs SCE. The initial potential for
the ®rst scan was )520mV and the initial scan

Fig. 3. Cyclic voltammogram of gold ring (i.d. 0.75 cm, o.d. 0.85 cm) in (a) anaerobic 1M KOH (pH14); and (b) equilibrated with 1 atm of
oxygen over solution. Scan rate 500mV s)1.
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direction was toward more negative potentials (see
Fig. 4, solid line). Cycling was uninterrupted. All the
peaks grew with each cycle and converged on the
peak heights shown in the tenth cycle (dotted line in
Fig. 4). The voltammograms in Fig. 4 are similar to
those reported in a spectroelectrochemical infrared
study of the iron surface in aqueous sodium hy-
droxide [18]. In the ®rst negative direction scan, there
are two peaks before hydrogen evolution at )1.35V
vs SCE. The ®rst peak at )1.1 V is due principally to
the reduction of FeOOH to Fe(OH)2, and the second
one at around )1.3 V is due to the reduction of
Fe(OH)2 to iron metal. This ®rst cathodic scan,
however, is di�erent from the ®rst scan reported by
Bewick et al. [18]. The peak seen at )1.1V in Fig. 4
was not seen initially, but was seen in the later scans
by Bewick et al. This probably means some Fe3+

species were present on the electrode surface when the
®rst scan (shown in Fig. 4) was taken in the present
study. Bewick et al. cathodically treated the iron by
holding at )1.4 and then )1.2V vs SCE, but no ca-
thodic pretreatment was performed in the present
study after the polishing of the electrode before Fig. 4
was recorded. The ®rst scan in the positive direction
shows only one prominent peak at )0.75V vs SEC
which has been attributed to the oxidation of Fe2+

oxide, Fe(OH)2, to Fe3+ oxide, principally a-FeOOH
as well as the d and d¢ phases of FeOOH. Fe(OH)2
formation from Fe metal is considered to begin at
)1.0 V vs SCE, that is, at the foot of the wave peaking
at approximately )0.75V vs SCE. A small oxidation
peak centered at about )1.12V vs SCE corresponds
to the formation of soluble dihypoferrite (HFeOÿ2 )
from oxidation of metallic iron [21, 22]. In spite of the

formation of soluble species during the scans, the
peaks for the reduction of insoluble Fe3+ oxide to
insoluble Fe3+ oxide and the oxidation of insoluble
Fe3+ oxide to insoluble Fe3+ oxide continued to
become larger with potential cycling. This is consis-
tent with visual observation of oxide buildup on the
electrode surface after a number of potential scans.
The peak for the oxidation of metallic iron to soluble
Fe2+ oxide (i.e., dihypoferrite) at about )1.12V vs
SCE stayed the same in magnitude even after a
number of potential cycles. At potentials more posi-
tive than the wave peaking at )0.75V vs SCE, the
steel is passivated, and only a small faradaic current
¯ows until the potential is greater than +0.5V vs
SCE, which corresponds to onset of the oxidation of
water form molecular oxygen.

Window opening experiments (not shown) indicate
that in the negative going scan, the peaks at )1.1V vs
SCE for Fe3+ reduction and at )1.3V for Fe2+ re-
duction are suppressed if the preceding positive going
scan is reversed before reaching )0.8V vs SCE, which
is the potential at which the conversion of the passive
layer oxides to the Fe3+ oxidation state is expected to
occur. After the ®rst scan (solid line in Fig. 4), the
ratio between the peak height for the peak at )1.3V
and the peak at )1.1 V decreased. This indicates that
the amount of Fe(OH)2 being reduced to iron metal
was less than amount of FeOOH being reduced to
Fe(OH)2, that is, the reduction of ferrous species to
metal is not as great as the reduction of ferric species
to ferrous species per cycle. This suggests that the
kinetics for reduction of Fe2+ to metal is slower than
the kinetics for the reduction of Fe3+ to Fe2+. This is
consistent with the accumulation of oxides on the

Fig. 4. Cyclic voltammogram of ASTM A516 steel disc (dia. 0.608 cm) in aqueous anaerobic 1M KOH solution (pH14). Scan rate
10mV s)1. Solid line: ®rst curve from the open circuit potential ()520mV vs SCE) going in the negative direction. Dotted line: the tenth
cycle.
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surface with cycling of the steel potential and in turn
explains why in the tenth scan the peak heights are all
absolutely higher than the peak heights found in the
®rst scan (compare solid and dotted lines in Fig. 4).
The accumulation of oxides with potential cycling
can be followed by measuring the growth of the peaks
for the oxidation of Fe2+ to Fe3+ at )0.75V and for
the reduction of Fe3+ to Fe2+ at )1.1 V after each
successive cycle.

With the RRDE in anaerobic aqueous alkaline
solution, the voltammetry of the steel disc and the
gold ring electrodes showed virtually no dependence
on the forced solution convection caused by rotating
the RRDE between up to 3600 rpm. In alkaline so-
lution the steel voltammogram shows the current
response for the potential-induced valency changes of
iron in the passive layer restricted to the electrode
surface. As mentioned above, some dissolution of
metallic iron or oxide iron is possible in the form of
soluble dihypoferrite (HFeOÿ2 ) near the cathodic end
of the scans [21, 22], but slow accumulation of oxides
from metal oxidation was visually con®rmed on the
electrode surface.

Figure 5 shows the cyclic voltammogram of the
steel disc in aqueous 1M KOH solution under nitro-
gen (solid line) and oxygen (dotted line) atmosphere
when the potential windows was made narrower by
around 0.3V on the cathodic side to )1.25V vs SCE
and by around 0.6V on the anodic side to )0.05V vs
SCE. The negative direction scan in the voltammo-
gram of steel under an inert atmosphere (solid line)
shows oxide reduction (Fe3+ ® Fe2+) beginning at
about )0.65V and peaking at )1.1 V vs SCE. The
positive scan shows a peak corresponding to the
reoxidation of the ferrous oxide at )0.8V vs SCE.
During the negative direction scan of the steel in the
presence of O2 (dotted line), the curve drops below
the zero current line at about )0.4V vs SCE and not
)0.65V as was found in an inert atmosphere. This
early extra reduction current is due to oxygen re-
duction. At potentials more negative than )0.4V, the
dotted line is translated below the solid line in Fig. 5,

because the dotted line represents the sum of O2 and
oxide reduction, whereas the solid line is only for
oxide reduction on steel. The peroxide oxidation is
due to the peroxide that remained in the di�usion
layer after it formed by oxygen reduction on steel
during the preceding negative direction scan. This
extra oxidation is hardly evident when di�usion is the
only mass transfer mechanism, but is clearly notice-
able in the presence of convection (vide infra).

The oxide layer thickens with each successive cycle,
when the steel electrode in alkaline solution was
cycled over a wide potential range, such as that dis-
cussed in Fig. 4 above. When the potential window
was narrowed down by about 0.3V on the cathodic
side to )1.25V vs SCE and by 0.6 V on the anodic
side to )0.05V vs SCE, the change in the amount of
surface oxide per cycle was very small, and this is
evident by a larger peak current (0.5mA) in the vol-
tammogram in Fig. 4 compared to the peak current
(0.25mA) in the voltammogram shown by the solid
line in Fig. 5. This narrower range of potentials is
suitable for measuring the oxygen reduction polar-
ization curves, because there is no oxygen reduction
at the anodic potential limit, )0.05V vs SCE, and
oxygen reduction is di�usion limited near the
cathodic limit at about )1.2V vs SCE (see dotted line
Fig. 5). The freshly polished electrode was held at
)1.4V vs SCE, for about 10min, and then cycled
between )0.05 and )1.25V vs SCE prior to and after
oxygen (O2) reduction experiments to check the state
of the electrode/solution interface. Using this proce-
dure, the voltammogram shown in Fig. 5 (solid line)
was consistently reproduced during the O2 reduction
study. The peak heights were the same before and
after the oxygen reduction measurements. This indi-
cates the oxide coverage on the metal was essentially
the same before and after the measurement.

The amount of oxide covering the metal can be
estimated from the charge for a well-behaved valency
change in the oxide ®lm (e.g., in the steel volta-
mmogram) integrating either the oxidation (Fe2+ ®
Fe3+) wave peaking at around )0.75V vs SCE or
reduction wave peaking at around )1.1V vs SCE in
the voltammogram shown in Fig. 5 gives a charge of
about 5 ´ 10)4 C and indicates that the oxide cover-
age on the steel disc was about 5 ´ 10)9 mole per
0.3 cm2 of steel electrode area. The volume of iron
oxides like hematite can be approximated by a cube
of 4AÊ on a side. Thus, from the voltammogram
shown in Fig. 5, about 5 ´ 10)9 moles of oxide found
on the 0.3 cm2 steel disc electrode indicates that
approximately 15 to 20 minelayers, or about 60 to
80AÊ , of oxide covered the steel disc electrode during
the O2 reduction measurements in 1M KOH.

Figure 6 shows the cyclic voltammogram of gold in
aqueous anaerobic borate bu�er (pH9.8) with and
without the addition of hydrogen peroxide. The gold
foil electrode was ¯ame annealed and cycled once to
remove chemically produced gold oxide from the
electrode surface, and then the voltammogram was
recorded as shown (Fig. 6, solid line). The borate

Fig. 5. Cyclic voltammogram of ASTM A516 steel disc (dia.
0.608 cm) in aqueous anaerobic 1M KOH solution (pH14). Scan
rate 10mV s)1. Solid line: under N2. Dotted line: equilibrated with
1 atm of O2 over solution.
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bu�er was lower in ionic strength than the aqueous
1M KOH solution, so the scan rate is slower in borate
to minimize the e�ects of increased solution resistance
in the aqueous borate versus KOH solution. The
major features observed in the ®rst anodic scan
(Fig. 6, solid line) are the gold oxide formation, which
began at around +0.4V vs SCE and continued
through to the onset of O2 evolution that occurred
around+0.9V vs SCE. The cathodic scan showed the
reduction of the surface gold oxide peaking at around
+0.35V vs SCE and hydrogen evolution beginning at
around )1.25V vs SCE. Cycling was continued as the
solution was stirred, and an aliquot of concentrated
hydrogen peroxide was added to the aqueous borate
solution resulting in an electrolyte solution with a ®nal
H2O2 concentration of 0.025M. Stirring was stopped,
and then the voltammogram was recorded beginning
at 0V vs SCE and scanning in the negative direction.
The voltammogram of gold in the aqueous borate
bu�er solution with added H2O2 (Fig. 6, dotted line)
was markedly di�erent from that in aqueous borate
bu�er alone (Fig. 6, solid line). There was pro-
nounced peroxide oxidation between )0.05 to +0.9V
vs SCE, and a reduction beginning at )0.05V and
continuing up to the cathodic limit at )1.25V vs SCE.
These peroxide faradaic currents were much larger
than the currents for the gold surface processes in the
absence of peroxide (note the tenfold change of scale
for the current axes). In still solution, the faradaic
currents diminished with successive scans (not
shown), but if the solution was stirred brie¯y, the
higher faradaic currents seen for the initial curve
(shown by dotted line in Fig. 6) were restored.

Under cathodic protection, the pH of the water
layers within a crevice near a holiday becomes mildly
alkaline (e.g., 9), and under some extreme conditions,
though unusual, the pH may be expected to become
as high as 14. The voltammetry of steel was studied at

a milder alkalinity using borate bu�er (pH9.8) as well
as at pH14, as discussed above. The results were es-
sentially the same with borate bu�er at pH 9.8 as in
the stronger alkali (pH 14) discussed above, but with
some retarding of oxide growth probably due either
to greater dissolution of the oxide in the borate bu�er
(more acidic) limiting the oxide buildup, or alterna-
tively to a relatively stronger adsorption of borate ion
compared to hydroxide ion on steel, thereby sup-
pressing the oxide formation. Further study, how-
ever, is needed to resolve the cause of the relatively
thinner oxide ®lm in borate bu�er versus OH) elec-
trolytes. Figure 7 shows the voltammogram for the
second scan of ASTM A516 steel in anaerobic
aqueous borate bu�er (pH9.8) solution. The upper
potential limit was )0.05V vs SCE and the lower
limit was )1.05V vs SCE. The electrode was held at
)1V vs SCE for about 10min and then scanned be-

Fig. 6. Cyclic voltammogram of a gold electrode in aqueous anaerobic borate bu�er (pH9.8) solution without (solid line) and with (dotted
line) 0.025M hydrogen peroxide added. Scan rate 20mV s)1. Electrode area 2.5 cm2.

Fig. 7. Cyclic voltammogram of ASTM A516 steel disc (dia.
0.608 cm) in aqueous anaerobic borate bu�er solution (pH9.8).
Scan rate 1mV s)1.
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ginning in the negative direction. This voltammo-
gram is very similar to that reported for pure iron in
the same electrolyte solution [2]. The voltammogram
persisted with no changes for many cycles. Eventu-
ally, after cycling for a few hours, the positive peak at
around )0.25V vs SCE and the negative peak at
)0.45V grew in height. This indicates that oxide was
accumulating on the surface, but very slowly.

4.2. Rotating ring disc electrode (RRDE) experiments

4.2.1. Oxygen reduction in borate bu�er (pH 9.8).
Using the rotating steel disc with gold ring electrode,
oxygen was reduced on an ASTM A516 steel disc
(Fig. 8(a)) in aqueous borate bu�er (pH9.8) equili-
brated with 1 atm of oxygen over solution, which
resulted in the detection of signi®cant amounts of
peroxide at the gold ring (Fig. 8(b)). In Fig. 8, the
solid lines represent the current measured during the
negative direction scan of the disc, and the dotted
lines represent the current measured during the pos-
itive direction scan of the disc. No peroxide oxidation
current was detected at the gold ring when the ex-
periment was conducted with the electrolyte equili-
brated with 1 atm of N2 instead of O2 over solution.
Peroxide was detected by measuring the peroxide
oxidation current on the gold ring at +0.4V vs SCE.
At this ring potential, peroxide oxidation is mass-
transport limited (see discussion of Fig. 6 above).
Oxygen reduction on steel began at about )0.1V vs
SCE and continued down to the hydrogen evolution
region, that is, )1.1V vs SCE. Peroxide generation
was detected between )0.1 and )0.7V vs SCE, and
the maximum rate of peroxide generation occurred
between )0.3 and )0.4V vs SCE; for example, when
the electrode was rotated at 400 rpm, the maximum
amount of peroxide current found on the gold ring
occurred when the disc potential was approximately
)0.4 V vs SCE. The measured current for peroxide
oxidation on the gold ring was 0.048mA, and when
this current was corrected for collection e�ciency of
the gold ring, the actual peroxide oxidation current
was determined to be approximately 58% of the
oxygen reduction current on the steel (0.36mA). At
more negative potentials ()0.6 to )1.1V vs SCE), O2

reduction yielded the four-electron reduction prod-
uct, water (OH) in alkaline media) and essentially no
two-electron reduction product, peroxide. The
current for peroxide oxidation on the gold ring
approaches zero in this potential range (see Fig. 8(b)
in the region )0.6 to )1.1V vs SCE).

When the disc potential was scanned in the posi-
tive as opposed to negative direction, there was a
small but noticeable hysteresis for O2 reduction cur-
rent on the steel disc as well as for the H2O2 oxidation
current on the gold ring set a +0.4V vs SCE (see
Fig. 9(a) and (b)). At a particular potential, the cur-
rent for O2 reduction on steel is slightly greater when
the potential is approached by scanning in the posi-
tive direction, and as a result the curve for the oxygen
reduction on steel is slightly shifted to positive po-

tentials when comparing scans taken in the positive
compared to negative direction (see Fig. 9(a)). This
scan direction dependent hysteresis can be accounted
for by considering that the steel electrode surface is
more active toward oxygen reduction when it is in the
more reduction versus more oxidized state. For any
particular potential, the electrode would be more re-
duced when that potential is approached by a scan
proceeding toward the positive direction than by a
scan proceeding toward the negative direction.

Fig. 8. (a) Quasi-steady state polarization curve for ASTM A516
steel disc (dia. 0.608 cm) in aqueous anaerobic borate bu�er
(pH9.8; 0.02M sodium borate, 0.023M KOH) equilibrated with
1 atm of oxygen over solution. Scan rate 1mV s)1. Solid lines for
negative direction and dotted line for positive direction scans. (b)
Gold ring (i.d. 0.75 cm, o.d. 0.85 cm) current for the oxidation of
the disc product, peroxide. Ring potential +0.4V vs SCE. Col-
lection e�ciency, N � 0.24. Rotation rates 100, 225 and 400 rpm.
Solid lines for negative direction scans.
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Hysteresis for the peroxide oxidation current at
the gold ring paralleled the hysteresis found on the
steel disc (see Fig. 9(b); solid lines for negative scan
direction and the top dotted lines for the positive
scan direction). A slightly larger peroxide oxidation
current was found on the gold ring during the posi-
tive direction scan, and this re¯ects the slightly larger
oxygen reduction current found on the steel disc at
any given potential during the positive direction scan
compared to the negative direction scan. There was

no indication of a change in the O2 reduction mech-
anism as a result of scan direction. Under some
conditions, a greater hysteresis was observed by this
work and reported by others [2] for the peroxide
oxidation on the gold ring with scan direction of the
disc potential, but this greater hysteresis apparently
was an artifact and most likely due to the e�ects of
trace impurities in solution (see Fig. 9(b) the solid
versus the dotted lines). The rationale is as follows.
The ring was activated by cycling its potential
through the gold oxide formation and reduction re-
gion. The gold ring potential was then set at +0.4V
vs SCE. The experiment was begun by scanning the
steel disc in the negative direction accompanied by
detection of peroxide at the gold ring. When the
negative scan limit, )1.2V vs SCE, was reached, the
scan direction of the disc was immediately reversed
toward the positive direction with no reactivation of
the gold ring by a potential cycling treatment. The
ring current for this anodic scan was about two thirds
of that measured on the preceding cathodic scan (see
Fig. 9(b); the solid versus the dotted lines). A di�er-
ent result is found, on the other hand, if the gold ring
was reactivated by cycling it, and then setting it at the
peroxide oxidation potential, +0.4V vs SCE, just
before and without interrupting the anodic scanning
of the disc. With reactivation of the gold ring, the
ring current for H2O2 oxidation during the anodic
scan of the disc potential rose to levels comparable to
those measured during the cathodic scan (see
Fig. 9(b); compare the top solid line and the top
dotted line). There was a slight enhancement for the
positive scan due to increased activity of the disc at a
given potential, as discussed above. For the positive
scan direction, with the electrode rotated at 400 rpm,
the maximum peroxide generation current, 0.24mA
(corrected for collection e�ciency), was found when
the disc potential was around )0.31V vs SCE with a
disc current of 0.4mA. This corresponds to 60% of
the O2 reduction current at )0.31V giving rise to
peroxide generation.

4.2.2. Oxygen reduction 1M KOH (pH14). The same
ring-disc electrode was polarized in aqueous 1M

KOH (pH14) equilibrated with 1 atm of oxygen over
solution, so that O2 was reduced on the ASTM A516
steel disc (Fig. 10(a)), and this gave rise to peroxide
oxidation current on the gold ring (Fig. 10(b)). In 1M

KOH, the potential of the peroxide detecting gold
ring electrode was set at +0.05V vs SCE, a potential
at which peroxide oxidation is mass transport limited
(Fig. 3). Figure 8 shows the negative direction po-
tential scan of the steel electrode in the presence of
oxygen as the electrode was rotated at 100, 400, 1600
and 3600 rpm. Oxygen reduction on steel began at
about )0.2V vs SCE and continued up to the
hydrogen evolution region, that is, just more negative
than )1.2V vs SCE. The in¯ection in the curve found
at about 0.6 V is discussed below. Peroxide was gen-
erated between )0.2 to )0.9V vs SCE. The maximum
rate of peroxide generation, which was found to be

Fig. 9. (a) Quasi-steady state polarization curve showing e�ect of
scan direction for O2 reduction on ASTM A516 steel disc (dia.
0.608 cm) in aqueous borate bu�er solution (pH9.8) equilibrated
with 1 atm of oxygen over solution. Scan rate 1mV s)1. (b) Gold
ring (i.d. 0.75 cm, o.d. 0.85 cm) current for the oxidation of the disc
product, peroxide. Ring potential +0.4V vs SCE. Collection e�-
ciency, N � 0.24. Solid lines for negative direction and dotted line
for positive direction scans. Rotation rate 400 rpm.

988 D. GERVASIO, I. SONG AND J. H. PAYER



about 10% of the oxygen reduction current, and this
level of peroxide was detected by the ring when the
disc potential was between )0.3 and )0.7V vs SCE.
During these oxygen reduction studies in 1M KOH,
the disc was only scanned in the negative direction.
The dotted line is for a replicate run performed im-
mediately after the run represented by the solid line.

The peroxide oxidation current on gold was only
observed when dissolved O2 was reduced on the steel
electrode in the KOH electrolyte, and was not found
when the electrolyte was equilibrated with a N2 at-
mosphere over solution. The solution was alternately
equilibrated with O2 then N2 several times, and the
oxidation current on gold appeared every time the
steel disc potential was scanned to oxygen reduction

potential with O2 in solution and disappeared every
time the O2 was purged out by N2.

The peroxide oxidation current detected at the ring
exhibited a local minimum at about )0.6V vs SCE
(see Fig. 10(b)). Three possible explanations are: (i) a
reduction of iron as well as O2 on the disc electrode
resulting in a lowering of the oxygen reduction cur-
rent and leading to proportionately lower peroxide
generation; (ii) formation of disc reduction products
that catalyse decomposition of peroxide lowering the
peroxide arriving at the ring; or (iii) the passive layer
on the steel disc may form reduction products that
dissolve and adsorb on gold and foul the gold ring's
peroxide detection capability. Reduction of the iron
oxide on the electrode surface begins at around
)0.6V vs SCE (see Figs 4 and 5). At around )0.6V,
the disc current may be a mixed current with some
disc current going for the reduction of small amounts
of iron oxide in the passive layer leading to dimin-
ished O2 reduction on the steel disc. This would
consequently yield a proportionately diminished
peroxide oxidation on gold, and hence possibly ex-
plaining the two maxim for peroxide oxidation at the
gold ring centred about )0.6V vs SCE. Catalytic
decomposition of peroxide by the action of ferrous
species is a possibility, but why this would be maxi-
mal at )0.6V vs SCE is not clear. The presence of
adventitious impurities desorbing from steel and
masking or deactivating the gold electrode could be
the most likely cause of the two maxima. Two max-
ima were not always observed, instead a single max-
imum at about )0.7V was seen sometimes during the
present investigation. Work to resolve this issue is in
progress. At more negative potentials ()0.85 to
)1.25V vs SCE), O2 reduction yielded mostly the
four-electron product, water (OH) in alkaline media)
since essentially no two-electron product, peroxide,
was detected on the gold ring electrode. The faradaic
current for peroxide oxidation on the gold ring
approaches zero in this potential range (see Fig. 9(b)
in the region )0.85 to )1.25V vs SCE).

Assuming that there is greater catalytic activity of
the metallic surface compared to the oxide covered
surface for the four-electron reduction of O2 to water,
it is reasonable to rationalize that the shifting of the
O2 electroreduction product from peroxide to water
is due to the formation of metallic iron on the surface
at potentials negative of )0.85V vs SCE. Anaerobic
steel voltammetry (see discussion for Figs 4 and 5
above) as well as spectroelectrochemical FTIR stud-
ies of iron in 1M alkaline solution [19] indicate,
however, that iron metal oxidizes to ferrous oxide as
early as )1.15V vs SCE and the electroreductive
conversion of iron oxide to metallic iron is not ex-
pected until about )1.3V vs SCE, but even at )1.3V
the oxide may not completely be removed from the
surface of the electrodes. At potentials more negative
than )0.85V vs SCE, it is di�cult to determine if the
four-electron product is the favored product of O2

electroreduction on a reduced iron oxide surface via a
series mechanism, or if small amounts of metallic iron

Fig. 10. (a) Quasi-steady state polarization curve for O2 reduction
on ASTM A516 steel disc (dia. 0.608 cm) in aqueous 1M KOH
solution (pH14) equilibrated with 1 atm of oxygen over solution.
Scan rate 10mV s)1. (b) Gold ring (i.d. 0.75 cm, o.d 0.85 cm) cur-
rent for the oxidation of the disc product, peroxide. Ring potential
+0.05V vs SCE. Collection e�ciency, N � 0.24. Rotation rates
100, 400, 1600 and 3600 rpm.
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remains on the surface at these potentials and dom-
inates the kinetics via a direct four-electron pathway.
Direct four-electron reduction of O2 on an iron oxide
surface is also a possibility at high overpotentials
()0.85 to )1.25). Although it is possible that at high
overpotentials ()0.85 to )1.25), the direct four-elec-
tron reduction of O2 may occur on a steel electrode
with the surface containing iron metal patches or with
the surface being completely covered with iron oxide,
these situations seem unlikely. The most likely path-
way for hydroxide formation at high overpotentials
()0.85 to )1.25), is via a series mechanism on a
reduced iron oxide surface.

Support for the series path, involving the reduc-
tion of oxygen to peroxide and then peroxide to hy-
droxide at high overpotentials is given in Fig. 11. The
dotted line in Fig. 11 is the polarization curve for the
ASTM A516 disc rotated at 1600 rpm in 1M aqueous
KOH solution with added peroxide in an inert (N2)
atmosphere. The peroxide was introduced by adding
a small aliquot of 50% aqueous peroxide solution to
the degassed 1M KOH electrolyte. The peroxide
concentration was made 1mM, the same concentra-
tion as for O2 dissolved in dilute aqueous alkaline
electrolyte when it is equilibrated with 1 atm of O2 gas
over solution [23, 24]. Peroxide reduction on steel is
hardly evident when the anaerobic 1M KOH plus
1mM H2O2 solution was quiescent (see Fig. 11 solid
line), but at 1600 rpm, a clear wave for peroxide re-
duction was observed between around )0.6 to )1.2V
vs SCE (Fig. 11, dotted line). Although it is not
readily evident in the curve shown in Fig. 11, a small
H2O2 oxidation current, which began at )0.15V vs
SCE and which was rotation-dependent, was some-
times noticeable, particularly after the electrode had
been cycled many times between )0.05 and )1.2V vs
SCE. The portion of the curve between )0.6 and
)1.2 V for peroxide reduction on the steel disc rotated
at 1600 rpm appears to be essentially the same as the

second half of the curve for O2 reduction on the same
steel disc in KOH solution equilibrated with 1 atm of
O2 over solution (see Fig. 10(a) at 1600 rpm). In
Fig. 10(a), the ®rst wave in the curve for the oxygen
reduction on steel between )0.2 to )0.6V vs SCE is
probably due to the reduction of O2 to H2O2, which
plateaus at )0.6V. This ®rst reduction step continues
at more negative potentials. This establishes the
baseline to which is added the current for the re-
duction of H2O2 to OH) which occurs between )0.6
to )1.2V vs SCE (Fig. 10(a)). The second wave of the
curve in Fig. 10(a) is a virtually identical to the per-
oxide reduction curve found between )0.6 to )1.2V
shown in Fig. 11, and this suggests that O2 reduction
on steel in basic solution proceeds by two sequential
two-electron reductions.

Electrooxidation of peroxide on steel in 1M KOH
occurs at about )0.2V vs SCE and more positive
potentials, as observed in the polarization curve in
Fig. 11 (peroxide oxidation on steel in 1mM peroxide
in 1M KOH under N2 with the rotation rate at
1600 rpm). This observation evokes a rationalization
for explaining why the onset of current for O2 re-
duction in 1M KOH was delayed until )0.2V vs SCE
instead of being seen at )0.07V vs SCE as expected
from thermodynamics (see Table 1). The cathodic
current for O2 being reduced to peroxide was prob-
ably o�set by an anodic current for the newly formed
peroxide being oxidized back to O2, so no net current
results for the negative going scan up to )0.2V vs
SCE. For potentials more negative than )0.2V vs
SCE, the oxidation of the peroxide is no longer ex-
pected to occur on steel in 1M KOH (Fig. 11), so only
O2 reduction on steel occurred and a net negative
current was seen starting at this point in the scan
(Fig. 9). These observations support the series
mechanism for oxygen reduction on steel in 1M

KOH; that is, a series of two two-electron reduction
steps, with the ®rst step at low overpotentials being
the two-electron reduction of O2 to peroxide.

During the O2 reduction on the steel disc in 1M

KOH solution between )0.2 to )0.6V vs SCE, the
peroxide oxidation current on the gold ring did not
show that 100% of the O2 reduced on steel in this
potential region was going to peroxide generation.
Instead, it appeared that only around 10% of the O2

reduced gave rise to peroxide generation. This dis-
crepancy is likely due to inhibition of the gold ring to
peroxide oxidation due to trace impurities in the so-
lution. The gold ring was intermittently reactivated by
cycling and then set at +0.05V vs SCE during the
uninterrupted sweeping of the steel disc in 1M KOH
with 1 atm O2 over solution. In this experiment, only
one peak was observed (not shown) for the H2O2

oxidation on the gold ring. This one peak for the H2O2

oxidation current on the gold ring was found when the
disc potential was around )0.7V vs SCE, and the
peak current (corrected for collection e�ciency) for
peroxide oxidation on the gold ring was not 10% but
was about 50 to 60% of the O2 reduction current on
the steel. Although this experiment qualitatively

Fig. 11. Cyclic voltammogram of ASTM A516 disc (dia.
0.608 cm2) in 1M KOH with 1mM H2O2 under a N2 atmosphere.
Solid line: no convection of solution. Dotted line: disk rotated at
1600 rpm. Scan rate 10mVs)1.
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showed that much more than 10% of the O2 electro-
reduction yielded peroxide generation as expected
based on the results from Fig. 10, it was di�cult to
consistently and completely activate the gold ring
toward H2O2 oxidation by the intermittent cycling of
the gold ring potential. A better way to avoid uncer-
tainty in the results due to gold ring deactivation is to
obtain the O2 reduction and H2O2 oxidation currents
by using a di�erent RRDEmethod, namely, the cyclic
potential ring measurement (CPRM) method [19].
The CPRM technique involves holding the steel disc
at a ®xed O2 reducing potential and recording the
steady state voltammogram of the gold ring rapidly
cycling through the gold oxide formation and reduc-
tion regions. In this situation, the gold ring oxidizes
peroxide as it is continually being reactivated by the
cycling. This requires further consideration and is the
subject of ongoing work.

5. Discussion

The voltammetry of ASTM A516 steel performed in
alkaline solutions showed that the surface of this steel
is similar to pure iron [2, 18] and low carbon steel
[3, 13]. The surface oxides were found to form at
potentials just positive of hydrogen gas evolution on
steel ()1.15V vs SCE in 1M KOH). Although holding
the steel surface in the H2 evolution region could
remove the oxide that remained after exposing freshly
polished steel to air, once an appreciable amount of
oxide formed on the surface, it persisted even if the
potential were held in the hydrogen evolution region
for several minutes. This suggests that the O2 elec-
troreduction on steel is, for practical purposes, oc-
curring on an oxide surface in virtually all cases.

The RRDE technique employing a steel disc and
gold ring was useful for learning about the O2 re-
duction products on steel. As O2 was reduced on the
steel disc, peroxide was detected by the gold ring over
a wide potential range. The peroxide detection, and
subsequently the insight into the O2 reduction
mechanism, is considered qualitative after this study,
mainly because trace impurities in solution deacti-
vated the gold ring to some degree and prohibited the
quantitative detection of peroxide. This prevented the
numerical evaluation of the rate constants needed to
rigorously deduce the mechanism. Nevertheless, the
RRDE measurement showed that the most likely
pathway for O2 reduction on iron-based electrodes is

via the series mechanism, that is, by two sequential
two-electron steps. Thus, the direct four-electron re-
duction of O2 is not catalysed on steel, so k1 is small.
Therefore, peroxide formation is expected to occur
on the surface of steel pipes under cathodic protec-
tion conditions, since O2 reduction on steel in alkaline
media proceeds via a two sequential two-electron
steps. This mechanism appears likely over the entire
range of potentials from the onset of O2 reduction
down to water reduction. At potentials as far nega-
tive as about )0.7V vs SCE for oxygen reduction on
steel in 1M KOH, peroxide generation is expected to
be the dominant process, because k2 is expected to be
larger than either k1 or k3. Some peroxide generation
and liberation into solution may persist even as
negative as )0.9V vs SCE. This dominance of per-
oxide generation at lower overpotentials, consistent
with the series mechanism, is supported by the data in
Table 3, where the O2 reduction process on steel is
shown to yield mainly peroxide at low overpotentials.
At potentials more negative than )0.7V vs SCE in
1M KOH, k3 is expected to become larger than k2,
and the second step (the reduction of peroxide) causes
the O2 reduction process to yield mainly hydroxide in
solution at highly negative potentials. This explains
the drop o� in the peroxide detection by the gold ring
at highly negative potentials. Most of the peroxide is
being further reduced to hydroxide on the steel disc,
instead of being released into solution and to the gold
ring where it can be detected as oxidation current. At
more negative potentials (more negative than )1.2V
vs SCE in 1M KOH), water as well as oxygen re-
duction occurs at more negative potentials. The
products of water reduction are molecular hydrogen
and hydroxide. Hydrogen may be even more dam-
aging than peroxide to the adhesion of protective
coatings on steel, and this region should be avoided
when cathodically protecting coated steel pipelines.

Oxygen reduction as well as peroxide oxidation
and reduction involve protons, and the formal po-
tentials for these processes are expected to shift
�59mVdecade)1 of pH. Accordingly, the peroxide
producing potential range is expected to be more
shifted to positive potentials in less basic solutions
(e.g., peroxide production peaking at about )0.4V vs
SCE and not found more negative than )0.7V vs
SCE in the borate bu�er (pH9.8); but peaking at
about )0.7V, and found as negative as )1V in the
OH) electrolyte (pH14) studied here), but the

Table 3. Percentage of O2 reduction current going to peroxide generation

Solution Scan direction Rotation rate/rpm Potential/V vs SCE % Peroxide*

Borate ) 400 )0.4 58

Borate + 400 )0.31 60

Borate ) 225 )0.35 52

Borate ) 100 )0.32 42

KOH ) 1600 )0.6 ()0.7y) 10 (50y)

*Fraction, F, O2 current making H2O2 = (Ring current � 1/N)/(Disc current) where N (collection e�ciency) = 0.24. % Peroxide =

100 F. yWith intermittent reactivation of gold ring.
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mechanism of O2 reduction is probably the same, that
is, the series mechanism. The shift in O2 reduction
potential by pH shift is consistent with the results of
the RRDE studies for O2 reduction and peroxide
generation on steel in borate bu�er and potassium
hydroxide electrolytes equilibrated with 1 atm of O2

over solution are summarized in Table 3. The pH of
the ground water adjacent to the protected steel
surface will rapidly become strongly alkaline due to
hydroxide generation from either O2 or water re-
duction, and this will drive the cathodically protected
steel surface into the range of conditions for pro-
ducing peroxide.

Electrochemically generated peroxide can have
adverse e�ects on a protective organic coating mainly
for two reasons. First, peroxide generation can occur
at the boundary between the coating and the steel near
a holiday or even beneath intact coatings [25]. This is
precisely where the peroxide and its decomposition
products can do the greatest harm, because chemical
attack at the interfacial region can lead to delamina-
tion of the organic coatings. The delamination front
would be expected to start a holiday and grows radi-
ally outward with a thin ®lm of aqueous electrolyte
collecting between the steel surface and an intact
overlayer of polymer. The steel surface within the
holiday and under the thin ®lm of electrolyte become
susceptible to corrosion when the cathodic protection
is inadequate, and the electrical power needed to
maintain satisfactory level of cathodic protection may
increase according. Secondly, even if most of the
peroxide were to form on the bare steel surface of the
holiday far from the interface between the steel and
polymer, the peroxide, which is believed to be strongly
adsorbed on the steel [3], may rapidly migrate to the
polymer/metal interface by surface di�usion over the
steel surface. As peroxide is consumed during its
chemical attack on the polymer, a surface concentra-
tion gradient will form, and this gradient will drive the
peroxide from the centre of the holiday surface out
toward the edge of the holiday surface where the
polymer is found. Further, as peroxide builds up on
the iron surface, it may be converted to harmful su-
peroxide and hydroxy radical species as shown in
Table 2. The nature of the role of peroxide and its
related species to damage of coatings and interfacial
compounds is the subject of ongoing work.

6. Conclusion

Peroxide was found to be generated during the re-
duction of O2 on steel in aerobic aqueous alkaline
solutions. Two sequential two-electron reduction
steps (i.e., a series mechanism: ®rst a two-electron
reduction to peroxide, followed by another two-
electron reduction of the peroxide to hydroxide)
appears to be the likely pathway for O2 reduction
under the conditions studied. The conditions that

peroxide was found to be generated are particularly
relevant to the cathodic protection of steel. There-
fore, schemes involving the cathodic protection of
steel using polymer coatings and cathodic polariza-
tion to minimize steel corrosion, should consider the
e�ects of peroxide, since typical polymer coatings
such as fusion bonded epoxy are known to be sus-
ceptible to degradation by oxidizing agents.
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