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Inhibition of the Oxygen Reduction Reaction on Copper with
Cobalt, Cerium, and Molybdate Ions
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The inhibition of the oxygen reduction reaction �ORR� on copper was investigated after pretreatment with Co, Ce, and Mo ions
at applied potential simulating galvanic coupling to AA2024-T3. Specifically, the effect of Ce�III�, Co�II�, and MoO4

2− pretreat-
ments on ORR was investigated in the mixed charge transfer, mass transport regime in pH 7-11 solutions using the Koutecky-
Levich approach. Co reduces the ORR rate the most in more alkaline solutions �pH 9.5� while the Ce pretreatment works best in
slightly less alkaline solutions �pH 7-8.2�. Mo pretreatment was also most effective at pH 8.2 and was ineffective at pH 11. These
results were consistent with chemical precipitation of Co�OH�2 and Ce�OH�3 or CeO2. MoO2 was rationalized to be formed by
electrochemical reduction of MoO4

2− on copper. This process was not operative at highly alkaline pH at applied potentials near the
open circuit potential of AA2024-T3.
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Corrosion usually proceeds on aluminum alloy 2024-T3 because
of galvanic coupling between the anodic sites and intermetallic com-
pounds which serve as cathodic sites. Oxygen reduction reaction
�ORR� takes place at the Cu rich intermetallics or at areas where Cu
is replated on the surface due to corrosion.1-7 In contrast, corrosion
is very slow on high-purity Al over a broad range of pH,4,8 as the
insulating Al-rich oxide significantly reduces the rate of ORR. How-
ever, Cu is a desired alloy addition to produce high strength Al
alloys. Therefore, it is of interest to investigate the kinetics of ORR
on Cu and the effect of some recently identified environmentally
friendly inhibitors on the ORR.a

Traditionally, several methods have been used to protect
aluminum alloys against corrosion �e.g., anodizing,17 chromate con-
version coating,18 metallic cladding with Alclad,19 corrosion protec-
tion compounds,20 and solution phase inhibitors21,22�. Chromate
conversion coating �CCC� is the method used most often to protect
aluminum alloys. CCC is widely used because it is a multifunctional
inhibitor with an active corrosion inhibition property.23-25 It can pro-
vide protection to distant sites and release can be triggered by alka-
line hydrolysis.26 However, Cr�VI� is toxic and carcinogenic. Health
and environmental hazard considerations have motivated the interest
to find replacements that are environmentally acceptable.

Recently, a new family of Al-Co-Ce-�Mo� alloys has been
synthesized.27 These alloys contain up to 10 atom % Co and Ce and
are produced as amorphous glasses or nanocrystalline structures.
Their excellent intrinsic corrosion resistance compared to conven-
tional aluminum alloys28 have been demonstrated. These Al-Co-Ce-
�Mo� alloys could serve as multipurpose metallic coatings, acting as
a protective layer, sacrificial anode, and as a source of active inhibi-
tor. These alloys release Co2+, Ce3+, or MoO4

2− ions depending on
the acidity or alkalinity of the environment. Therefore, it is of inter-
est to investigate specifically the effect of Co2+, Ce3+, or MoO4

2−

ions on ORR of Cu. Cu electrodes exposed to solutions containing
the ions of interest �Co2+, Ce3+, or MoO4

2−� are investigated in this
study. These ions have been investigated to different degrees
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aIn a recent publication,9 ORR on Cu �in 0.1 M Na2SO4 solution adjusted to various pH�
has been characterized. A four-electron path was reported and the measured limiting
current densities were found to be independent of pH. ORR on Cu in borate
solutions10,11 have been investigated. It was suggested that Cu�I� or CuO2 might be
present and suppress ORR even at negative potential values where mass transfer control
should be significant, hence a mix control could be observed in a larger portion of E-
logi curve. However, an almost ideal limiting current density predicted by the Levich
equation was observed at the most negative potential and could be extracted from the
Koutecky-Levich �KL� approach.11 Additionally, an earlier publication12 described the
oxygen kinetics on AA2024-T3. The current was found to be smaller than ideal Levich
behavior, but still somewhat dependent on rotation rate13-16 �in the solution tested�.
earlier,23,25,29-67 but their effect on ORR of Cu is still not completely
understood, in part because there is the need to separate and distin-
guish the effects of all inhibitors on both charge-transfer and mass-
transfer controlled aspects of the ORR. Moreover, there could be
added insight gained by fixing the near-surface pH with a buffered
solution and systematically varying pH instead of allowing it to drift
with applied potential, current, and time.

Preliminary results on the performance of Na2MoO4 appeared as
early as 197937 in cooling water systems applications to protect Cu,
Fe, and brass; Na2MoO4 was used with other inhibitors. Several
studies of Mo in Al or Al alloys have been conducted.32-37 Unfortu-
nately, due to the low solubility of Mo in aluminum, conventional
alloying techniques cannot be used.68,69 Alternative procedures have
been used to alloy Al with Mo, where a protective film is
formed70-72 that contains Mo oxides. Immersion in acidic solutions
containing molybdate ion32-34 and surface modification35,36 are some
examples of other methods used to integrate Mo in a protective film
over aluminum alloys. The film formed after Mo treatment on alu-
minum has been reported to contain both Mo4+ and Mo6+.32 Molyb-
date ion has been mainly thought to be an anodic inhibitor32-41 and
little is known about its ability to act as a cathodic inhibitor. The
anodic inhibiting effect of molybdate ions might be due to the re-
duction of Mo6+ to Mo4+ during film formation.34 In summary, the
role of MoO4

2− as a cathodic inhibitor is not understood, but is in-
triguing because of the solubility of MoO4

2− at high pH and its abil-
ity to be reduced from a soluble +6 oxidation state �MoO4

2−� to an
insoluble +4 oxidation state �MoO2� at intermediate pH values.73

Cerium salts are nontoxic and, therefore, attractive as possible
chromate replacements. Ce3+ cations can inhibit ORR at cathodes on
aluminum alloys.22,42 Ce3+ ions have been used alone, in combina-
tion with MoO4

2− in an anodizing process,35,36 or combined with
other compounds.29,43-45 Usually, CeCl3 was the salt reported to be
used.22,42,46-48 The Ce3+ ion was found to inhibit the ORR on
AA7075.22,42 It has also been shown53 that a Ce coating could have
performance comparable to that of the chromate conversion coat-
ings, but required a long time �4-5 days� to form. Cerium has been
investigated as a possible inhibitor used as conversion coating,49-51

applied by anodization,52 cathodic polarization,46,47 or long expo-
sure at open-circuit potential �OCP�.53 In some cases, the formation
of the film is accelerated by an oxidizer.46,54 Some of the methods
also require thermal treatment �up to 110°C� to accelerate the film
formation �e.g., Ref. 53 and 65-67�. Cerium has been proposed as an
inhibitor for a variety of materials, such as steel,55 tinplate,56

zinc,43,44 Cu,46-48 Al,57 and several aluminum alloys.49-51,58-61 At po-
tentials where ORR takes place on Cu, it has been suggested that the
initial film contains Ce�III�, but as the Cu is exposed for longer
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times, Ce�III� ions are oxidized to Ce�IV�.46 However, a detailed
investigation of ORR kinetics which separate the effects of Ce on
charge transfer and mass transfer is still needed.

Very little work has been reported on Co as an inhibitor.42,62,63

CoCl2 treatment on AA7075 after 20 days decreased the corrosion
rate by about six times compared to an untreated alloy.42 It was
found that the product formed was a mixed Al/Co oxide. Patents63

were recently issued on cobalt-based conversion coatings. A
cobalt�III� hexacoordinated complex �e.g., �Co�NH3�6��SO4�3� re-
acted with the aluminum surface. Several cobalt oxides �CoO,
Co3O4, and Co2O3� were reported to be present. The formation of
these cobalt-based coatings required heat treatment �at �60°C� for
short periods of time �5-30 min�. H2O2 is required to form Co3+.63

CoSO4 treatment at room temperature62 produces a very modest
reduction in corrosion rate, perhaps due to the very short time of
exposure in CoSO4 solution. The above results suggest that Co2+

could act as an inhibitor. However, further research is needed to
understand possible inhibiting mechanisms.

The required critical concentrations of Ce, Mo, and Co to inhibit
corrosion of 2024-T3 at various amounts of chloride present on
AA202414 were recently discussed, but the fundamental electro-
chemical behavior of Co, Ce, and Mo on Cu was not addressed. This
study seeks to determine if these ions can inhibit oxygen reduction
on Cu and to grade their performance. ORR kinetics were investi-
gated on high-purity Cu and Au in the standard RDE configuration.
Gold was chosen as an ideal electrode which does not form an oxide
film nor undergo corrosion. Cu was selected to mimic replated Cu or
Cu-rich particles on AA2024. Potentiodynamic polarization using
RDE at several rotation rates was conducted to develop cathodic
E-log i data. Three inhibitor solutions were investigated: 0.1 M
Na2MoO4, 0.1 M CoSO4, and 0.05 M Ce�CH3COO�3.

Experimental

Introduction.— Rotating disk electrode �RDE� experiments were
used to characterize ORR kinetics. The performance of three inhibi-
tors toward hindering ORR kinetics in the charge transfer, mixed,
and mass transport controlled regimes was determined. The experi-
ments were performed using a standard three-electrode electro-
chemical cell. Pt mesh was used as the counterelectrode, and
Hg/Hg2SO4/K2SO4�sat.� was used as the reference electrode. All
potential values were converted and reported against a saturated
calomel electrode �SCE�. Electrochemical control was provided by
an EG&G Par 273 potentiostat connected to a personal computer. A
model ASR2 Pine Instrument analytical rotator was used to control
the angular velocities.

Materials.— The working electrode was either Cu or Au. Cu was
used to simulate Cu-rich sites on Al-Cu alloys, and Au to avoid
extensive anodic current densities and interference by oxide films.
Rotating disk electrodes were machined out of 99.999% Cu rods �5
mm diameter with a nominal area of 0.196 cm2� or 99.9985% Au
rods �3 mm diameter with a nominal area of 0.071 cm2�. These
materials were cast into a plexiglass casing. Samples were wet-
ground to a 1200-grit surface finish with silicon carbide �SiC� paper
and rinsed with nanopure water �18.2 M�� before each test began.
An area factor of 1.3 was empirically obtained and subsequently
used to correct for surface roughness. The measured currents were,
therefore, divided by 1.3 times the nominal area to obtain the true
current densities.

The cathodic polarizations were performed in non-deaerated bo-
rate buffer solutions of alkaline pH �in the range of pH 7-11, pre-
pared using 0.05 M boric acid adjusted to the desired pH with
NaOH�. These solutions were used to minimize the pH variations at
the surface of the working electrode during polarization.

Inhibitor pretreatments.— The pretreatments were carried out in
the following solutions: 0.1 M Na2MoO4, 0.1 M CoSO4, and 0.05 M
Ce�CH3COO�3 at room temperature. These concentrations are
greater than the critical concentrations for suppression of Cu replat-
ing on AA2024-T3.14 Cu RDE samples were pretreated in one of
these solutions for a certain period of time �usually 4 h, and in some
cases 12 h�. During the pretreament, the potential was held at
−0.5 VSCE or −0.7 VSCE to mimic galvanic coupling of Cu-rich
phases to an Al-rich matrix when such phases are embedded in
Al-Cu-Mg alloys. These treatment potentials were selected because
they are within the open circuit potential �OCP� range of
AA2024-T3 in near-neutral NaCl solution.6 No rotation took place
during the pretreatments.

Cathodic polarizations after inhibitor pretreatments.— Follow-
ing the pretreatment period, the electrode was removed from the cell
and was immersed �within 5 min� in another cell containing a borate
buffer solution �of pH 7, 8.2, or 9.5�. Only the borate solution used
following the Mo treatment contained the inhibitor �0.1 M
Na2MoO4�; additional tests were conducted in buffer solutions of
pH 7.5 and 11. A current stabilization period of 10 min preceded the
cathodic polarization, which was performed from the pretreatment
potential �−0.5 VSCE or −0.7 VSCE � to −1.2 VSCE at a sweep rate of
0.1 mV/s. Rotation started during the stabilization period. Usually
less than 15 min elapsed between the conclusion of the pretreatment
and the start of the polarization scan in the second cell.

The tests that followed the pretreatments can be grouped into two
sets. One consisted of tests in which a constant rotation speed of
1000 rpm was used to investigate the effect of varying solution pH
on the kinetics of ORR on Cu. The second set involved tests at
several rotation rates on separate specimens �usually 100, 1000, and
3000 rpm� and was performed at a selected pH value. Additionally,
control tests were conducted for a selected number of cases, in
which the pretreatment solution was replaced by inhibitor-free bo-
rate buffer solution. The Cu RDE was then held at a certain potential
�−0.5 VSCE or −0.7 VSCE � for the same amount of time as the cor-
responding pretreatment. The Cu control test was repeated both after
air transfer and with constant immersion.

ORR kinetics experiments to determine typical idl.— Addi-
tionally, a set of experiments was conducted to determine the iact, idl,
and k value �where idl = k�1/2� from the Levich equation74 for both
Cu and Au in a similar manner as the control tests described above.
These tests were run at rotation rates from 0 to 3000 rpm. The
electrode was held for only 1.5 h at −0.45 VSCE in pH 8.2 borate
buffer solution. The rotation of the electrode started at the same time
as the potentiostatic hold, followed by a cathodic potentiodynamic
polarization scan.

Results

The oxygen reduction reaction on Au and Cu in the absence of
inhibitors.—Figure 1 shows cathodic polarization curves �E-i� for
tests conducted on Cu �Fig. 1a� or Au �Fig. 1b� in naturally aerated
�pH 8.2� borate buffer solution at various rotation rates. The ORR
reaction appears to be under mixed control on Cu. A well-defined
diffusion current density �idl� is observed at �−1.0 VSCE on tests
run at speeds lower than 1000 rpm. In the case of Cu, the cathodic
reaction appears to be ORR through a four-electron process, and at
more negative potentials ��−1.2 VSCE � the hydrogen evolution re-
action �HER� is significant. By comparison, the ORR on Au follows
a two-electron reaction path at intermediate potentials with a transi-
tion to a four-electron path at potentials more negative than
−0.7 VSCE. Moreover, the HER is significant on Au at potentials
more positive than on Cu ��−1.05 VSCE �. In the case of Au, the
ORR is also potential-dependent over a potential range where con-
stant idl is usually observed assuming a fixed reaction mechanism.
This E-i shape might be due to the transition from a two-electron
path to a four-electron one. The two- to four-electron path is well-
established in the literature75 for the ORR process on Au.11,46 Hence,
for both cases, there is a need to isolate idl from ict, the charge-
transfer current density.

To obtain the idl value, the Koutecky-Levich74,76 approach was
used. Contributions to the total current �i � from charge-transfer
total
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current �ict� were obtained from Koutecky-Levich plots shown in
Fig. 2a and b. The intersection of the trendline of 1/�−itotal� vs N−1/2

�where N is disk rotation rate in rpm� with the y axis gives a good
estimate of 1/ict for each of the lines shown. Equation 1 was used to
obtain the corresponding diffusion limited current density �idl� for
each case, where idl = kN1/2, where N � �/2�/cycle

1

itotal
=

1

ict
+

1

idl
�1�

Figure 3 shows itotal values �right y axis� and the extracted idl
values �left y axis� as a function of the square root of the disk
rotation rate ��1/2� �abscissa� for selected potential values on Cu
�Fig. 3a� as well as on Au in the four-electron regime �Fig. 3b�.
These extracted idl values were obtained using Eq. 1. Figure 3 also
includes the theoretical Levich prediction of idl for 7 and 8 ppm
�continuous lines�. The Levich equation74 �Eq. 2� was used to cal-
culate these theoretical values for the mass transport limited ORR

idl = 0.62 nFD2/3�1/6C�1/2 �2�

In Eq. 2, n is the number of electrons transferred to complete the
half cell reaction taken as 4; F is Faraday’s constant; D is the dif-
fusion coefficient for dissolved O2 assumed to be 1.9
� 10−5 cm2/s;77 � is the kinetic viscosity assumed to be

Figure 1. Oxygen reduction reaction rate during cathodic polarization �scan
rate 0.1 mV s−1�. �1.a� On Cu at rotation rates �rpm� of �a� 100; �b� 200; �c�
500; �d� 1000; �e� 1500; �f� 2000; �g� 2500. �1.b� On Au at rotation rates
�rpm� of �a� 100; �b� 200; �c� 500; �d� 1000; �e� 1500; �f� 3000.
0.01 cm2/s;78 � is the disk rotation rate �rad/s�; and C is the con-
centration of oxygen in the bulk solution. C = 2.193
� 10−7 mol cm−3 �7 ppm� and C = 2.5 � 10−7 mol cm−3 �8 ppm�
were the assumed values for the computations. The slope �Ko� of
these theoretical lines where idl = Ko�1/2 is 81.23
� 10−6A s1/2/rad1/2 cm2 and 92.83 � 10−6A s1/2/rad1/2 cm2 for 7
and 8 ppm O2, respectively. Table I summarizes the slopes �Ko�
fitted for the data shown in Fig. 3 corresponding to both materials.
The averages Ko = 83.1 A s1/2/rad1/2 cm2 �not including Ko for
−0.75 VSCE � for Cu and Ko = 85.1 A s1/2/rad1/2 cm2 �not including
Ko for −1.05 VSCE � for Au are in agreement with reported values.9

These Ko values suggest that the O2 concentration in the solution
was 7 ppm and match the theoretical values from Eq. 2 for a four-
electron reduction process. These results indicate that a four-electron
ORR mechanism takes place on Cu and on Au in natural aerated
borate solution at potential values ranging from −0.75 VSCE to
−1.05 VSCE. In general, idl values on Au are slightly larger than on
Cu for corresponding sets of conditions, possibly due to the pres-
ence of Cu oxides. These results were used for comparison to the
data obtained after inhibitor treatment.

Oxygen reduction reaction kinetics after inhibitors
pretreatments.—As indicated in the Experimental section, three dif-
ferent pretreatments were investigated. Rather than name the salt

Figure 2. Koutecky-Levich plots �a� Cu, �b� Au. Oxygen reduction currents
are reported at potentials from top to bottom −0.75 to −1.05 V. Analysis of
E − itotal results obtained on RDE, in the region of mixed control. The acti-
vation controlled current density is obtained from the intercept of the lines at
infinite rotation rate �N−1/2 = 0�.
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and its concentration in the solutions, throughout the text, the active
component is indicated �in other words, Ce, Co, or Mo� by referring
to Ce�III�, Co�II�, or Mo�VI�.

Figure 3. Rotation rate dependence of the mass-transport limited current
density on Cu �a� and on Au �b�. The dotted lines indicate ideal Levich
behavior for 7 and 8 ppm dissolved O2 concentration.

Table I. Ko and R2 values for Cu and Au at various potentials
from cathodic polarization scans. For mass transport limited
ORR in borate buffer solution at pH 8.2. idl = Ko�1/2 was fitted
after extraction of idl from K-L plot.

Cu Au

Potential �V�
Ko

�A s1/2/rad1/2 cm2� R2
Ko

�A s1/2/rad1/2cm2� R2

−0.750 67.81 0.908 83.04 0.998
−0.800 78.23 0.906 84.18 0.987
−0.850 83.51 0.928 83.67 0.981
−0.900 85.82 0.955 83.31 0.988
−0.950 86.57 0.975 85.37 0.997
−1.000 83.11 0.99 91.12 0.998
−1.050 81.23 0.996 102.1 0.986
Effect of pretreatment exposure time tested at a constant rotation
rate.—Figure 4 shows sets of cathodic polarization E-i curves ob-
tained on Cu in pH 8.2 �Fig. 4a-c� and pH 9.5 �Fig. 4d� borate buffer
solutions after pretreating the sample for 4 or 12 h in one of the
three inhibiting solutions. Figure 4a shows cathodic E-i curves ob-
tained in pH 8.2 borate solutions after 4 h of pretreatment in inhibi-
tor solutions. A curve corresponding to an untreated control test
described above is also included. Additionally, a curve correspond-
ing to a similar control test is also shown in which the sample was
removed after the potential hold for a brief period of time
��5 min� from the solution and then immersed again to conduct the
polarization. This shows that removing the sample of the solution
while conducting the control test does not affect the cathodic kinet-
ics. In each inhibitor treated case, a decrease in the cathodic ORR
kinetics is observed to different degrees. The cathodic kinetics on
Cu after Co and Ce treatments are consistent with film precipitation
on a homogeneous electrode as discussed below. In contrast, the
abatement in the cathodic kinetics after Mo treatment takes on an
unusual shape. The ORR current decreased abruptly at a potential of
−0.8 VSCE �a change in the current direction might have started with
the inflection taking place at −0.75 VSCE �. However, a valley is
observed and the current started to increase at �−0.85 VSCE. The
potential where the reaction rate decrease occurs is in agreement
with the Mo�VI� → Mo�IV� reduction reaction �more details will
follow in the Discussion section�. This complex shape might be due
to chemisorption of Mo�VI� followed by its electrochemical reduc-
tion to form a covering �oxide� film. The subsequent rise in cathodic
reaction rate could be a result of enhanced solubility of this film due
to pH rise or film reduction.

It can be seen that the Ce pretreatment stifles the cathodic ORR
kinetics on Cu. Previous authors46,48 have shown that the precipitate
is a surface film that acts as a cathodic inhibitor layer. Oxygen
reduction is stifled more rapidly and more effectively on Cu held at
−0.56 VSCE compared to −0.85 VSCE when testing in a solution that
contains Ce while holding the potential and rotating at 1000 rpm.46

In this study, the curve corresponding to the sample subject to Ce
treatment and potentiostatically held at −0.7 VSCE �Fig. 4b� per-
formed the best compared to the other Ce pretreatment at −0.5 VSCE
�Fig. 4a�. Both Mo and the Ce pretreatment at −0.5 VSCE are second
best in performance �Fig. 4a�. Between these tests, no major differ-
ence in the measured ORR current is observed for the range
−0.95 VSCE to −1.05 VSCE, but from −0.8 VSCE to −0.95 VSCE the
Mo treatment performed better than the Ce treatment at −0.5 VSCE.
The least cathodic inhibition was found in the case of Co treatment.
Oxygen reduction E-itotal behavior after Co treatment was below the
control curves but not by a large amount.

Figure 4c shows test results after 12 h pretreatment. As in Fig.
4a, Fig. 4c includes an untreated control test, but it also includes a
modified control test produced by holding the sample at −0.45 VSCE
for only 1 h. Similar inhibitor performance is observed in Fig. 4c as
in Fig. 4a. In Fig. 4c, the curve following the Ce pretreatment dis-
plays the smallest current density. The curve following Mo pretreat-
ment has larger current density than the control until about
−0.75 VSCE, where the current density drops abruptly with further
cathodic potential. For potentials lower than −0.825 VSCE, the mea-
sured current after Mo treatment is smaller than the one measured
on untreated Cu �12 h potential hold�.

In the case of Co after 12 h hold, the corresponding E-itotal curve
is above the E-itotal curve corresponding to the control case after
analogous 12 h hold, but below the 1 h control curve at a rotation
rate of 1000 rpm. The 12-h-long potential hold allows the formation
of a Cu oxide on the Cu surface11 that apparently lowers its cathodic
kinetics more than the Co treatment does. It is speculated that such
inhibitor pretreatments, while forming a homogeneously Co precipi-
tated film, might prevent the Cu oxide formation.

The measured current density on a stationary Cu electrode at the
end of the pretreatment period in the Co inhibiting solution is sig-
nificantly smaller on Cu �not shown� than the current measured at
the beginning of the polarization after transferring the Cu RDE to
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the borate solution and beginning rotation. The measured current
density is also reduced during Ce pretreatment of a stationary elec-
trode. It is possible that when the sample is transferred to pH 8.2
borate solution, the conditions are not thermodynamically as favor-
able for Co�OH�2 precipitation as during pretreatment in the unbuf-
fered solution. The pH rise is speculated to be greater in the unbuf-
fered pretreatment solution during ORR compared to the buffered
solution used to evaluate the ORR kinetics. Thus the Co film formed
during treatment is lost by chemical dissolution in the slightly less
alkaline pH 8.2 solution.73

Tests in pH 9.5 borate solution were conducted in order to con-
firm the possible pH dependent behavior observed on E-i curves.
Figure 4d shows tests conducted in borate solution at pH 9.5 for the
control and after each of the three pretreatments. For this set of tests,
Co pretreatment reduced the current density the most, until

Figure 4. ORR current density vs applied potential for Cu RDE electrodes.
rotation�, transfered to pH 8.2 borate buffer solution, held for 10 min at the
samples potentiostatically held for 4 h at −0.7 V. �c� Samples potentiostatica
as �a� but transfered to pH 9.5 borate buffer solution with potential sweep at
solution.
�−0.86 VSCE, where the current started to increase exponentially.
In contrast, the current densities measured on Cu after Ce and Mo
treatments were larger when tested in �pH 9.5� borate solution than
in the case of �pH 8.2� borate solution. In the case of the test that
followed Mo treatment, the curve shows that both the potential at
which the speculated Mo�VI� chemisorption starts �decrease in cur-
rent density� and its abrupt reduction �valley� are shifted toward
more negative potential values with increasing pH. The E-i curves
following Ce treatment are not very different from those shown in
Fig. 4a-c at pH of 8.2.

Effect of rotation rate on the oxygen reduction reaction
kinetics.—Figure 5a-c shows cathodic polarization curves after pre-
treatments in Ce, Mo, and Co containing unbuffered solutions, re-
spectively, at various rotation rates. For comparison, all the above

mples potentiostatically held for 4 h at −0.5 V in the inhibitor solution �no
e hold potential followed by a potential sweep at 1000 rpm. �b� As �a� but
ld for 12 h at −0.5 V in the inhibitor solution, potential sweep at 3000; �d�
rpm. Test that followed Mo treatment also contained 0.1 M Na2MoO4 in the
�a� Sa
sam

lly he
1000



B381Journal of The Electrochemical Society, 152 �9� B376-B387 �2005� B381
figures also included the control scan run at 1000 rpm in the pH 8.2
borate buffer. In Fig. 5a, the current density over the potential range
of interest is significantly smaller for the test conducted at 100 rpm.
The fact that the current density values corresponding to the curves
at 200 and 2000 rpm are close to each other suggests that the idl
values do not follow theoretical Levich behavior. That is to say,
ORR is not controlled by hydrodynamic properties of the solution.
Figure 5b shows that there is no significant difference between E-i
behavior at different rotation rates in a series of tests after the Mo
pretreatment. The change in E-i slope �at �−0.75 VSCE � and the
valley �at �−0.82 VSCE � is observed at approximately the same
potential values in all cases. Figure 5c shows curves after pretreat-
ment in Co. Here, the current density measured for the test run at
100 rpm is somewhat smaller than that for the test run at 1000 or
3000 rpm. Figure 5d shows the effect of rotation rate on Co treated
electrodes as in Fig. 5c, but for cases run in pH 9.5 solution rather
than pH 8.2 solution. For the curves shown in Fig. 5d, the current
density is again negligible until the polarization reaches

Figure 5. ORR current density vs applied potential for Cu RDE electrodes.
solution �no rotation�, transferred to pH 8.2 or pH 9.5 borate buffer solution
indicated rotation rates �rpm�. �a� followed Ce pretreatment, pH 8.2; �b� Mo p
pH 8.2; �d� Co pretreatment, pH 9.5.
�−0.85 VSCE, at which point the current increases exponentially,
with the largest current corresponding to the test conducted at the
fastest rotation.

As the 100 rpm cathodic polarization curve indicates in Fig. 5a,
Ce pretreatment can reduce the cathodic kinetics significantly. How-
ever, when rotation speed is increased, the abatement of the cathodic
kinetics is not as large. To investigate whether there is a transient
limitation in the amount of precipitate that can remain present at the
electrode surface due to high flow-induced shear stress, a potentio-
static experiment was conducted after performing cathodic polariza-
tion at 100 rpm in pH 8.2. The Cu electrode was held at −0.95 VSCE,
the rotation was stopped, and the current monitored until a stable
reading was obtained. The rotation rate was progressively increased
after a hold period. Figure 6 shows the result of this test on the ORR
rate at −0.95 VSCE, along with the corresponding rotation rates �on
the right y axis�. Interestingly, the current increased very little with
incremental increase in the rotation rate when the film was first
allowed to form at low rotation rate �100 rpm�.

les potentiostatically held for 4 h at either −0.5 or −0.7 V in the inhibitor
for 10 min at the same hold potential followed by a potential sweep at the
tment, pH 8.2 solution also contained 0.1 M Na2MoO4; �c� Co pretreatment,
Samp
, held
retrea
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Effect of pH on the oxygen reduction reaction kinetics.— Given
the complex ORR kinetics observed, experiments were repeated at
various pH levels as a diagnostic procedure to gain more insight.
Sets of cathodic polarization tests were conducted at various pH
levels at selected rotation rates after 4 h pretreatment in the inhibitor
solutions. Figure 7a shows curves obtained at 1000 rpm after pre-
treatment in Ce. The E-itotal curve with the smallest current densities
corresponds to the test conducted in pH 7, followed by the E-itotal
curve test conducted in pH 8.2 solutions. The profiles of tests con-
ducted in �pH 8.2� borate solution show considerable variability
between cathodic polarization scans. The test run in pH 9.5 borate
solution has the largest current density of the four tests conducted.
All the polarization curves corresponding to the Ce pretreatments
were below the control as shown. When similar tests were con-
ducted at 100 rpm, the observed current densities were small for the
tests run in solutions of pH 8.7 or lower, whereas current densities
for tests conducted in pH 9.6 were once again slightly larger. In
summary, the cathodic kinetics are reduced for Ce, but all Ce treat-
ments were better at less alkaline pH values. This could be specu-
latively associated with the morphology of the Ce�OH�3 or CeO2
deposit.

For the scans run after Mo treatment at different pH levels, it is
important to note that if the pH is below 8, the solubility of MoO2 is
low.73 Figure 7b shows reduction in cathodic kinetics at pH 7.0 and
7.6. However, no abrupt drop in current density is seen. One inter-
pretation is that hydrogen evolution reaction �HER� masks any ben-
efit of Mo on ORR at these more acidic pH values. At pH 8.2 and
9.5 an abrupt drop is seen in cathodic current density near
−0.8 VSCE and −1.0 VSCE, respectively. A valley is still observed at
pH 9.5. However, above −0.8 VSCE, the current density values are
almost identical to the control values. For the test conducted at pH
11, no valley is observed in the potential range of interest shown in
the figure. It will be shown below that this abrupt pH dependent
decrease in current density �i.e., valley� can be explained by Mo�VI�
reduction to Mo�IV� given the pH dependence of this reaction

MoO4
2− + 4H+ + 2e− → MoO2 + 2H2O �3�

E�Mo�VI�/MoO2�,NHE = 0.606 − 0.1182 pH + 0.0295 log�MoO4
2−�

�4�
The position of the valleys corresponding to tests conducted in

solutions of pH ranging from 7 to 11 were plotted against the Nernst
potentials for the MoO2 formation reaction given in Eq. 4 and the
Nernst potential of HER �H2/H+� assuming a Na2MoO4 concentra-
tion of 0.1 M. Figure 8 shows the relationship between the experi-
mentally observed potential for the E-i valleys and Nernst potentials

Figure 6. Chronoamperometic curve �current vs time� for Cu RDE at a
constant potential of −0.95 V. Several rotation rates were investigated. The
test was conducted after Ce pretreatment. Current densities from individual
scans and ideal Levich current density values are also included.
Figure 7. ORR current density vs applied potential for Cu RDE. Samples
potentiostatically held for 4 h at either −0.5 or −0.7 V in the inhibitor solu-
tion �no rotation�, transferred to borate buffer solution of pH as indicated by
each curve, held for 10 min at the same potential as treatment and followed
by a potential sweep at 1000 rpm. �a� Ce pretreatment; �b� Mo pretreatment,
2 4
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for Mo�VI� reduction to MoO2. Both series appear to have a linear
relation and a similar dependency on pH. The position of the valley
potentials is below �more negative than� the corresponding Nernst
potential for the Mo�VI�/Mo�IV� process indicative of thermody-
namic consistency with this reaction. The Nernst potentials of
H2/H+ were more negative than the Nernst potentials for
Mo�VI�/Mo�IV� reaction except at pH � 8.2, where the difference
becomes very small. These findings strongly suggest that a MoO2
film caused the valley in E-i behavior with some thermodynamic
irreversibility. The current increases at more negative potentials as a
result of both HER, and also due to the potential driven reduction or
pH driven oxidation73 of the film.

Figure 7c shows that considerable cathodic reaction suppression
is observed after Co pretreatment as the pH increases. The results
are significant, since suppression of cathodic kinetics by Co is small
at other pH levels. These results will also be interpreted in the dis-
cussion.

Oxygen reduction reaction kinetics comparison: With inhibitor
pretreatments vs no pretreatment.—Figure 9 repeats a selected por-
tion of the data shown in Fig. 2a, but Fig. 9 also includes
1/�−itotal� values for results obtained at −0.85 VSCE from the polar-

Figure 8. Valley potential from cathodic scan following Mo treatments vs
Nernst potentials for Mo�VI�/�IV� and �H2/H+� reduction reactions �SCE
scale� and 1:1 line.

Figure 9. Koutecky-Levich plots of tests conducted on Cu after pretreatment
in different inhibitor solutions.
ization curves conducted after pretreatment. Moreover, Fig. 9 also
shows a data series obtained from the curve shown in Fig. 6. All the
results after inhibitor pretreatments yield current densities that are
relatively independent of rotation rate with the exception of the Co
pretreatment followed by testing in pH 8.2 borate solution. Since
inhibitor pretreatment results in a deviation from simple mixed con-
trol, it is likely that Eq. 1 cannot be used to extract idl values because
it is an incorrect model. It also suggests that iact in case of pretreat-
ments is lower than iact on bare Cu and that itotal becomes rotation-
rate-independent.

Figure 10 shows extracted values of idl �left� and itotal �right� for
bare Cu shown in Fig. 3a. Additionally, Fig. 10 shows itotal after the
pretreatments. The results indicate that the best ORR inhibition is
achieved after Co pretreatment in pH 9.5 borate solution. The next
best is the Ce pretreatment �after 100 rpm test, � tested at 8.2 pH�.
The current densities measured �itotal� in pH 8.2 borate solution after
Co treatment are only slightly smaller than currents measured at
−0.85 VSCE in the control tests �which were subject to potential hold
for 1 h�. In summary, Co reduces the cathodic kinetics the most
when tested in a more alkaline solution �pH 9.5� compared to pH 8.2
and 7. Ce pretreatment gives the best result in less alkaline solutions
�pH 8.2 and 7� after Ce pretreatment at −0.7 VSCE �Fig. 6�. In con-
trast, Mo was most effective when tested in pH 8.2 borate solution
and became ineffective at pH 11.

Discussion

Oxygen reduction reaction.— In non-deaerated solutions, the ca-
thodic reaction in a corroding Al precipitation age hardened alloy
system is the reduction of the dissolved oxygen. This reaction can
occur via two pathways depending on the nature of the metal sub-
strate and the presence or absence of an oxide film.46 One mecha-
nism is an overall four-electron process. This reaction takes place in
two steps.73 The first step is the formation of hydrogen peroxide,
which, under alkaline conditions, can be written as46

O2 + 2H2O + 2e− → H2O2 + 2 OH− �5�

The second step is the formation of hydroxide ions

H2O2 + 2e− → 2 OH− �6�

The overall reaction is

Figure 10. Rotation rate dependence of the mass-transport limited current
density on bare Cu �control� and Cu pretreated in different inhibitor solu-
tions: Ce�III� from individual scans, Ce�III� from chronoamperometric at
−0.95 V, Mo�IV�, Co�II� tested in pH 8.2 borate solution, and Co�II� tested
in pH 9.5 borate solution.
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O2 + 2H2O + 4e− → 4 OH− �7�

The equations above suggest the possibility of at least the transient
formation of peroxide intermediates during the oxygen reduction
reaction �ORR�. The other pathway is a two-electron process, which
leads to the direct formation of hydrogen peroxide as a product of
ORR46

O2 + 2H2O + 2e− → H2O2 + 2 OH− �8�

In the case of gold, it has been shown that the ORR mechanism is
potential-dependent.79 In alkaline solutions, the two-electron path-
way is dominant at around −0.7 VSCE, and the four-electron process
occurs at potentials below −1.0 VSCE. For copper, it was found that
the overall four-electron process takes place in neutral solutions.80

However, a small amount of hydrogen peroxide was detected when
the pH of the solution reached 10.

The ORR typically becomes mass-transfer-controlled �idl� at
fairly negative potentials �e.g., at and below �−0.7 VSCE�. In some
cases, the electrodes were held at −0.5 VSCE during pretreatments,
therefore the charge-transfer regime �iact� of the ORR is also impor-
tant. The total cathodic current for ORR �itotal� under this mixed
control can be described by Eq. 1. In the presence of inhibitor hy-
droxide, oxyhydroxide, and oxide films formed over Cu, another
“resistance” term can be added to Eq. 1, which becomes

1

itotal
=

1

iact
+

1

Ko�1/2 +
1

ifilm
�9�

where ifilm is the current associated with the diffusion of oxygen
through the film. This additional term leads to a low or nonexistent
rotation rate dependence of the cathodic current density if ifilm
	 iact and ifilm � Ko�1/2.

Model.— The formed films might act as a physical barrier that
diminishes O2 mass transport and could reduce iact. The poor depen-
dence of idl on the rotation rate �Fig. 10� might be attributed to a
reduction of O2 penetration due to film present after the treatments.
The high intercept in Fig. 9 indicates a reduction of iact. Equation 9
describes the total current density measured during cathodic polar-
ization in the presence of a surface film. After exposure to the dif-
ferent inhibitor solutions, a film is formed on the surface of Cu. This
film can be considered as an additional resistance for the diffusion of
O2. idl can be calculated by adding a term with a term that describes
the transport of O2 through the precipitate layer15

idl =
nFC


solution

Dsolution
+


film

Dfilm

�10�

where 
film is the average film thickness and Dfilm the diffuson co-
efficient of O2 through the film. 
solution and Dsolution are the bound-
ary layer thickness and diffusion coefficient of O2 through the
boundary layer; 
solution changes with rotation rate. Dsolution is �2
� 10−5 cm2/s. 
film = 1 �m was assumed. An overall expression for
the cathodic current density for O2 reduction icat is given by Eq. 11
�neglecting HER and assuming idl defined by Eq. 10�. iact is also
reduced as indicated by Eq. 11. An additional factor that could affect
idl and icat as proposed by Kaesche81 and Ilevbare16 is the coverage
by adsorbed ions, which reduces the effective electrode area. Com-
petitive adsorption of anions �MoO4

2−� or Ce3+, Co2+, Mo6+ species
could block O2 adsorption sites. The electrochemically active elec-
trode area for ORR is proportional to the area that is not covered
with ions. AreaORR = Areaelectrode

*�1 − �ions�. AreaORR affects both
idl and iact. However, to calculate �ions, the type of adsorption model
that is applicable as a function of potential is needed but these pa-
rameters are unknown. Hence, such a factor was not included in Eq.
11. It was assumed that the entire electrode area was covered by a
film. In this case, the ORR rate can be described as
icat =
io
O2e�EO2

−E�/
c

1 +
io
O2

idl
e�EO2

−E�/
c

�11�

where io
O2 is the exchange current density for oxygen reduction,

�EO2
− E� is the overpotential, and 
c is the Tafel slope for oxygen

reduction. Curves generated with Eq. 11 are simplifications of the
measured current. However, they can help to gain insight into the
way a deposited film might modify the measured current. Theoreti-
cal polarization curves were calculated assuming 
C

= 120 mV/dec, io
O2 = 6 � 10−5A/cm2, EO2

= −0.04 VSCE, Dsolution

= 2 � 10−5 cm2/s, Dfilm in a range between 1 � 10−5 and 1
� 10−9 cm2/s, and a 
film = 1 �m, 
solution = 28.5 �m correspond-
ing to �500 rpm. The curves generated are shown in Fig. 11a. The
calculated curves indicate that the presence of a film suppresses the
ORR below the “ideal” Levich behavior. The measured E-i relation-
ships show trends similar to the ones obtained with the model �not
including the valleys, which are due to an additional film formation�,
suggesting that the inhibitor treatments suppress ORR on Cu
through a film formation. Moderate ORR suppression might indicate

Figure 11. Theoretical ORR current density vs theoretical applied potential.
�a� For different Dfilm values on a homogeneous electrode containing a pre-
cipitated film. The case with no precipitated film and the case with additional
film growth due to Mo treatment are also included. �b� For a selected Dfilm
and several io

O2 values.



B385Journal of The Electrochemical Society, 152 �9� B376-B387 �2005� B385
Dfilm in the order of between 1 � 10−5 and 1 � 10−6 cm2/s; D
= 1 � 10−9 cm2/s appears to better describe polarization curves af-
ter Co treatment conducted in pH 9.5. The case of Dfilm = 1
� 10−6 cm2/s was explored further. Assuming pH 8.2, the Nernst
potential of the Mo�VI�/Mo�IV� redox reaction is �−0.63 VSCE
�Eq. 4�. The formation of a MoO2 film is pH dependent and could
take time and the buffer capacity might be surpassed, thus changing
the pH at the electrode interface and shifting the Nernst potential.
The potential at which the film growth is relevant was chosen as
−0.77 VSCE. The 
film was assumed to grow as follows: when E
� −0.77 VSCE, 
film was assumed to grow slowly
�0.125 �m/10 mV� for the next 0.02 V and slightly faster for the
next 0.06 V up to 
film = 4.25 �m. This 
film = f�E� was included in
Eq. 11. Figure 11 shows how the current density changes in the
E-i curve. The MoO2 film might dissolve upon further polarization
as a result of pH and E changes. The simplified model seems to
properly describe the E-i observed following the Mo treatment.
Moreover, the effect of io

O2 on the modeled E-i curve was investi-
gated and the results are shown in Fig. 11b. The smallest io

O2 delays
the charge-transfer portion of the curve by �200 mV when com-
pared to the larger io

O2 value, which is expected due to the �1.5
orders of magnitude difference between them.

Effect of inhibitors on ORR.— In case of the Co�II� and Ce�III�
pretreatments on Cu in 0.1 M CoSO4 or 0.05 M Ce�CH3COO�3
solution, the electrode surface becomes locally alkaline �Eq. 12 and
13� due to ORR during pretreatments at the potential at which the
electrode was held, which is within the range of the measured open-
circuit potential of AA2024-T3.73

This local alkalinity leads to the formation of insoluble oxides,
hydroxides, or oxi-hydroxides, e.g.

Co2+ + 2 OH− → Co�OH�2�s� �pKSP = 14.23� �12�

Ce3+ + 3 OH− → Ce�OH�3�s� �pKSP = 26.15� �13�

The negative logarithms of solubilities �pKSP� are shown in
parentheses.82 The speciation diagrams for Ce3+ and Co2+ are shown
in Fig. 12 and 13. As shown in Fig. 12, insoluble Co�OH�2�s� is the
dominant species under alkaline conditions �pH � 7�. Thus, alka-
line pH is required for the homogeneous precipitation of Co�OH�2.
The rate of precipitation may be faster as the pH increases, since the
concentration of one of the reactants �OH−� increases. According to
the speciation diagram of the Ce3+-water system shown in Fig. 13,
the insoluble Ce�OH�3�s� is predominant under alkaline conditions
�pH � 7.2�. However, in case of the Ce3+ pretreatment, the oxida-
tion of Ce from a +3 oxidation state to a +4 oxidation state is also
possible. It was shown that the oxidation occurs regardless of the

Figure 12. Logarithm of concentrations of chemical species present in a
Co2+-water system as a function of pH. The bulk concentration of Co2+ ions
is 0.1 M.
pathway of ORR �two- or four-electron process�.46 If the ORR takes
place via the overall four-electron process, the dissolved oxygen
oxidizes the Ce3+ directly46

4Ce3+ + O2 + 4 OH− + 2H2O → 4Ce�OH�2
2+ �14�

In case of the two-electron ORR pathway, the hydrogen peroxide
oxidizes the Ce3+46

2Ce3+ + 2 OH− + H2O2 → 2Ce�OH�2
2+ �15�

The Ce4+ is highly insoluble under alkaline conditions as shown in
Fig. 14. Therefore, the Ce�OH�2

2+ complex likely reacts with the
OH− ions present to form a highly insoluble �pKSPa = 8.164, calcu-
lated from thermodynamic data78 assuming the following reaction:
CeO2 + 4H+ → Ce4+ + 2H2O� CeO2 precipitate46

Ce�OH�2
2+ + 2 OH− → CeO2 + 2H2O �16�

This precipitated film partially blocks the surface to oxygen re-
duction. It was suggested48 that Ce�III� film formation on Cu is
irreversible, that is, once the inhibitor reacts with the surface, it
remains there despite removing the inhibiting species from the so-
lution, and immersing the treated electrode into an inhibitor-free
solution. This theory assumes that the pH does not shift significantly
in the acidic direction, which would cause the chemical dissolution
of the precipitate. Our tests conducted at various pH values suggest
that the slightly alkaline environment �pH 7 and 8.2� causes the most
significant reduction of the cathodic current density associated with
ORR. Under more alkaline conditions, only a moderate reduction in

Figure 13. Logarithm of concentrations of chemical species present in a
Ce3+-water system. The bulk concentration of Ce3+ ions is 0.05 M.

Figure 14. Logarithm of concentrations of chemical species present in
Ce4+-water system. The bulk concentration of Ce4+ ions is 0.05 M.
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ORR was observed. This behavior is not supported by the speciation
diagram of Ce3+ �Fig. 13� or Ce4+ �Fig. 14� ions. This may be
attributed to the formation of a coarser Ce deposit as the pH is
raised, which results in less blocking of the O2 transport. In support
of this theory the morphology of the Ce deposit was shown to be
highly dependent on the local pH at the surface, and larger particles
and crystalline Ce precipitate forms at higher pH values on
AA7075.64

According to Fig. 5a, the reduction in cathodic current density
was not as high for potentiodynamic polarization tests at rotation
rates higher than 500 rpm as for the scans conducted below 500
rpm. However, moderate reduction of the ORR was still observed at
even fairly high rotation rates ��2000 rpm�. These results suggest
the possibility that the shear stress induced by high flow rates can
strip the cerium hydroxide/oxide film off the Cu surface. Interest-
ingly, when the rotation starts at a slow rotation rate in a chrono-
amperometric test, the cathodic current density values are lower than
the corresponding itotal values determined from the potentiodynamic
curves suggesting that the film stays intact even if the rotation rate is
raised to a fairly high value later �Fig. 6�. It was found that the Ce
pretreatment is most effective in reducing ORR on Cu under mod-
erately alkaline conditions �in a pH range of 7–8.2�, in a potential
range of −0.65 to −0.95 VSCE. The largest effect was found at low
rotation rates and in potentiostatic tests that started at low rotation
rates �Fig. 6�, indicating that the Ce film might perform adequately
under stagnant conditions. Ce3+ has been reported to reduce the
cathodic kinetics. However, idl is not completely independent of the
rotation rate.48 Similar results were found in this investigation.

As indicated in the Results section, pretreatment in CoSO4 solu-
tion reduced the cathodic current density significantly at potentials
more noble than −0.85 VSCE when tested in pH 9.5 �Fig. 5d�. The
effect was less pronounced at lower pH values �Fig. 5c�.

The speciation diagram of the Co2+-water system �Fig. 12� sug-
gests that the insoluble Co�OH�2 is the dominant species under al-
kaline conditions �pH � 7� indicating that the film precipitated on
the Cu surface during the pretreatment is mainly composed of
Co�OH�2. According to the potential-pH diagram of the Co2+-water
system, at potentials below −0.71 VSCE �at pH 9.5�, the Co�OH�2 is
reduced to Co�0�

Co�OH�2 + 2H+ + 2e− → Co + 2H2O �17�

The HER occurs slightly below this potential �−0.80 VSCE �at pH
9.5��. The precipitated Co�OH�2 will therefore be reduced to Co�0�,
thus the large increase in cathodic current density below −0.8 VSCE
�Fig. 5c,d and 6� can be attributed to Co�OH�2 reduction and HER
reactions. The hydroxide precipitate is apparently stable, as in the
test solution of pH 9.5, during the first 0.4 V of the cathodic scan,
which explains the very small current measured.

It has been suggested that Co�III� might provide even better pro-
tection over a larger range of pH63 as part of a conversion coating
system than Co�II�. However, the oxidation of Co�II� to Co�III� oc-
curs only at elevated temperatures or in the presence of catalysts
with the aid of strong oxidizers �e.g., hydrogen peroxide� in solu-
tions containing cobalt�II�ammines.63,83 Therefore, it is unlikely that
the film contains Co�III�. During pretreatment, the pH in the vicinity
of the Cu surface increases as a result of ORR in the unbuffered
solution. This pH shift promotes the precipitation of Co�OH�2.

The MoO4
2− ions can be electrochemically reduced to Mo�IV� on

the surface of copper to form chemically insoluble MoO2 �pKSP
= 13.3982� during pretreatment at the OCP of AA2024-T373 pro-
vided that the pH is not too alkaline �Eq. 3�.

This reaction �Eq. 3� occurs at approximately −0.65 VSCE during
pretreatment �pH 8.5�. The treatment potentials were −0.50 VSCE
and −0.70 VSCE. However, local changes of the pH on the surface to
pH values as high as 9 or 10 can cause potential shifts allowing the
formation of MoO2 at the treatment potential of −0.50 VSCE. Alter-
natively, MoO4

2− could be chemisorbed during the pretreatment.
In our case, it is likely that the film contains chemisorbed
MoO4
2−, because the pretreatment was conducted in moderately al-

kaline solution �pH � 8.5�. MoO2 can form during the cathodic
scan. However, the pretreatment at lower potentials in this solution
can result in the formation of MoO2 as well.73

The polarization curves on Cu after Mo pretreatment show a
valley at around −0.81 VSCE when tested in solution of pH 8.2 �Fig.
4a and b�. This feature seems to be independent of the pretreatment
potential �Fig. 4a and b�. After the valley, the current density in-
creases with further cathodic polarization. This feature was analyzed
using the potential-pH diagram of the molybdenum water system
shown in Fig. 15.73

The experimental potential and pH values are indicated in Fig.
15. The analysis of the diagram shows that at around −0.67 VSCE,
the reaction of Eq. 3 occurs in the forward direction, and MoO2
forms by electrochemical reduction on the surface, which has fairly
low solubility �pKSP = 13.3982�. The Nernst potential of this reac-
tion depends on both the solution pH and the molybdate ion con-
centration according to Eq. 4.73

Local pH increase �shift to the alkaline direction� upon further
cathodic polarization causes the oxidative dissolution of MoO2, de-
pending on whether the pH increases faster than the potential drops.
This potential and pH dependent dissolution/oxidation process oc-
curs above pH 9. This reaction or MoO2 reduction to Mo at fixed pH
and fast potential drop might be responsible for the increase in cur-
rent density as the potential becomes more negative. Enough ca-
thodic polarization can allow the buffer capacity84 to be surpassed,
and no more MoO2 is formed after passing a critical pH �which will
depend on the exact potential and pH�.

In combination, these inhibitors could inhibit ORR on Cu-rich
sites on an Al alloy over a pertinent pH-potential range for corro-
sion. Ce and Mo might act best at pH 8-9 while Co could operate at
pH 9-11. Inhibition could be effective from −0.6 to −1.0 VSCE rel-
evant to alloy 2024-T3.

Conclusions

A four-electron ORR mechanism was found to take place on Cu
and on Au in natural aerated borate solution at potential values rang-
ing from −0.75 to −1.05 VSCE. In general, idl values on Au are
slightly larger than on Cu for corresponding sets of conditions pos-
sibly due to Cu oxides.

In all cases preceded by inhibitor pretreatments, a decrease in the
cathodic ORR kinetics is observed to different degrees over the
potential range from −0.6 to −1.0 VSCE. The rotation rate depen-
dence on Cu after Co and Ce treatments is consistent with film
precipitation on a homogeneous electrode. The cathodic polarization

Figure 15. Pourbaix diagram of the molybdenum-water system at 25°C. The
concentration of dissolved species was assumed to be 0.1 M.73
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scans after Mo treatment assumes an unusual shape interpreted as
the formation of MoO2 followed by pH driven oxidative dissolution
of MoO2 to MoO4

2− or potential driven reduction of this inhibiting
oxide �e.g., MoO2 to Mo�.

Co reduced the cathodic kinetics the most when tested in a solu-
tion of pH 9.5 consistent with low solubility of Co�OH�2 at high pH;
Ce pretreatment gives the best result at pH 8.2 and pH 7. The best
Ce results were obtained during the chronoamperometric test when
the electrode was held at −0.95 VSCE, following a cathodic scan at
100 rpm. In contrast, Mo was most effective when tested in pH 8.2
solution and became ineffective at pH 11, which is consistent with
the limited range of stability of MoO2.
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