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COMPORTEMENT ÉLECTROCHIMIQUE DU CUIVRE DANS 1 mol-dm-3 DE NaCl OXYGÉNÉ À

TEMPÉRATURE AMBIANTE. 2 è PARTIE. RÉACTION DE RÉDUCTION CATHODIQUE DE

L'OXYGÈNE SUR LE CUIVRE

par

F. King et C D . Litke

RÉSUMÉ

La corrosion uniforme sera un processus important déterminant la
durée de vie d'un conteneur de déchets de combustible nucléaire en cuivre.
Nous avons besoin de connaître le mécanisme de réaction de corrosion si
nous devons faire des prédictions fiables en ce qui concerne le comporte-
ment à long terme sous corrosion. Cette série de rapports résume les
résultats d'une étude électrochimique de la corrosion du cuivre dans
1 mol'dnr3 de NaCl oxygéné à température ambiante. À la 2 e partie, nous
examinons la réaction de réduction cathodique de l'oxygène sur une élec-
trode de cuivre à disque rotatif. Aux lre et 3e parties, nous considérons
la dissolution anodique du cuivre et son comportement en milieu de corro-
sion libre.

On a étudié le mécanisme de réaction de réduction dans un grand
éventail de potentiels appliqués. À des potentiels voisins du potentiel de
corrosion, le mécanisme est compliqué et n'est pas entièrement compris. Il
se peut que, dans cette région de potentiel, l'oxygène se réduise au pe-
roxyde. À des potentiels appliqués plus négatifs, entre -0,50 et
-0,90 VSCE, le processus prédominant est la réduction de 4 électrons de
l'oxygène à l'hydroxyde. Dans cette région de potentiel, la vitesse est
réglée conjointement par la réaction d'interface et la vitesse d'apport
d'oxygène à la surface de l'électrode. À un potentiel appliqué d'environ
-1,0 VSCE, la vitesse de réduction est presque entièrement réglée par la
vitesse de migration de l'oxygène.

On a déterminé les valeurs des paramètres cinétiques de la réac-
tion de réduction de 4 électrons. En outre, on a constaté que le coeffi-
cient de diffusion de l'oxygène est 1,73 + 0,05 x 10~

5 cm2*s"1. On se
servira de ces résultats ainsi que les résultats de dissolution anodique du
cuivre pour expliquer le comportement du cuivre en milieu de corrosion
libre.
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ABSTRACT

Uniform corrosion will be an important process in determining the
lifetime of a copper nuclear fuel waste container. We need to know the
mechanism of the corrosion reaction if we are to make reliable predictions
about the long-term corrosion behaviour. This series of reports summarizes
the results of an electrochemical investigation of the corrosion of copper
in aerated 1 mol'dm-3 NaCl at room temperature. In Part 2 we discuss the
cathodic reduction of oxygen on a copper rotating disc electrode. The
anodic dissolution of copper and the behaviour under freely corroding
conditions are considered in Parts 1 and 3, respectively.

The mechanism of the oxygen reduction reaction has been studied
over a wide range of applied potentials. At potentials close to the
corrosion potential, the mechanism is complicated and not fully understood.
It is possible that in this potential region, oxygen is reduced to
peroxide. At more negative applied potentials, between -0.50 and
-0.90 VSCE, the predominant process is the 4-electron reduction of oxygen
to hydroxide. In this potential region, the rate is controlled jointly by
the interfacial reaction and the rate of supply of oxygen to the electrode
surface. At an applied potential of about -1.0 VSCE, the rate of reduction
is almost totally controlled by the rate of transport of oxygen.

Values for the kinetic parameters for the 4-electron reaction
have been determined. In addition, the diffusion coefficient of oxygen was
found to be 1.73 ± 0.05 x 10-

5 cm2»s-1. These data, along with the results
on the anodic dissolution of copper, will be used to explain the behaviour
of copper under freely corroding conditions.
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LIST OF SYMBOLS

SYMBOLS RELATING TO THE OXYGEN REDUCTION REACTION

standard potential

peak, potential (Figure 1)

cathodic current density

transport-limited cathodic current density

peak current density (Figure 1)

cathodic heterogeneous electrochemical rate constant

standard heterogeneous rate constant

total number of electrons transferred
number of electrons transferred up to and including the
rate-determining step

a'c cathodic transfer coefficient

OTHER SYMBOLS

DA diffusion coefficient of oxygeno2

E potential

ECORR corrosion potential

F Faraday's constant

k° standard heterogeneous rate constant for the reaction
C u ^ = ^ C u + + e

R gas constant

T temperature

v kinematic viscosity

u rotation rate

( ) activity

subscript o electrode surface

subscript « bulk solution or infinite rotation rate



1. INTRODUCTION

Copper is a candidate container material in the Canadian Nuclear

Fuel Waste Management Program [1]. The containers will be placed in a

disposal vault located at a depth of 500 to 1000 m in the granitic rock of

the Canadian Shield. Corrosion of the container material will lead to

failure of the containers and the subsequent release of radionuclides and

fission products from the used fuel. Consequently, the corrosion behaviour

of copper is being studied so that predictions may be made of the lifetimes

of the containers.

Oxygen will be present in a nuclear fuel waste disposal vault for

some time after the emplacement of the containers. The vault will be open

to the atmosphere during the operational phase, which may last for a few

tens of years. After closure, oxygen will remain trapped in the buffer and

backfill materials. Slowly, this oxygen will be consumed by reactions with

ferrous minerals in the vault and rock, and by the corrosion of the

container itself. Another source of oxidizing species is the 7-radiolysis

of the aqueous environment around the container. Radiolysis may produce

significant concentrations of oxygen, hydrogen peroxide and various radical

species near the container surface. Thus, it is important to study the

mechanism of the reduction of oxidants, in particular oxygen, on copper.

Relatively few studies of the reduction of oxygen on copper have

been reported in the literature. In neutral NaCl, Balakrishnan and

Venkatesan [2] report that oxygen is reduced to H202, which can then be

further reduced to 0H-. At lower pH no peroxide was detected, and oxygen

appears to be reduced to 0H-. Smyrl [3] reports the reduction of oxygen to

peroxide as the dominant process at potentials near the corrosion potential

in 0.1 mol»dm-3 HC1. However, de Sanchez and Schiffrin [4] found no

evidence of H202 in the reduction of oxygen on aluminium brass in seavater.

Instead, oxygen was reduced to OH- over the complete range of potentials

studied. Recently, Deslouis et al. [5,6] also considered the

4-electron reduction of oxygen to hydroxide. Schiffrin [7] has reviewed

the few papers published on this topic up to 1981.
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Here, we report the results of an electrochemical investigation

of the reduction of oxygen on a copper rotating disc electrode (RDE) in

aerated 1 mol*dnr3 NaCl. The anodic and overall corrosion reactions are

discussed in Parts 1 [8] and 3 [9] of this series of reports, respectively.

2. BACKGROUND

Oxygen may be reduced [10] via an overall 2-electron process to

peroxide,

02 + H20 + 2e -> HO- + OH- (1)

or via a 4-electron process to hydroxide,

02 + 2H2O + 4e + 40H- (2)

The peroxide formed in Equation (1) can be further reduced to hydroxide.

The reactions above are generally highly irreversible [11] and the extent

of the back reaction is negligible.

Consider the generalized reaction

K
02 + yH20 + n'e •• products (3)

where y has a value of 1 or 2, nr is 2 or 4, k£ is the heterogeneous

electrochemical rate constant for the reduction process and the products of

the reaction are either peroxide or hydroxide. Throughout this report,

primed symbols refer to the oxygen reduction reaction to distinguish them

from similar symbols for the anodic dissolution reaction [8].

If water is in vast excess, the net current density of

Equation (3), ic, is
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and

k; = k°'exp[- - ^ - ( E - E°')J (5)

where (0 2) o is the surface activity of oxygen, k°', aj and E°' are the

standard heterogeneous rate constant, cathodic transfer coefficient and

standard potential, respectively, for the reaction in Equation (3). The

quantity nc is the number of electrons transferred up to and including the

rate-determining step (rds), and E, F, R and T have their usual meanings.

At steady-state, the flux of 02 to an RDE is equal to its rate of

reaction at the electrode surface, so

^ = 0.6205

where (02)« is the activity of 02 in the bulk solution, D_ is the
U2

diffusion coefficient of oxygen, V is the kinematic viscosity and u is the

rotation rate of the electrode in d 1

Combining Equations (4), (5) and (6) and eliminating (02),

leads to

1 1

(7)

* 2K rad's-1 = 1 Hz = 60 rpm
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The first term on the right-hand side (RHS) of Equation (7) refers to the

rate of the electron transfer reaction and the second term is a measure of

the rate of transport of oxygen to the electrode surface.

The two limiting forms of Equation (7) are, firstly, for an

infinite rate of supply of oxygen (to -+ «),

(8)

n'Fk°'(02)Mexp[- ^ T ~ ( E - E°')J

The intercept of (-l/ic) versus to-
1/2 should vary with potential such that

dE 2.303RT
dlog(-l/ic)M ' a;ncF

Secondly, if the rate of electron transfer is fast, the reaction will

become limited by the rate of supply of oxygen and

(9)

L
(10)

where -1 C,L
 i s the transport-limited cathodic current density. When the

rates of the kinetic and transport steps are comparable, the full

Equation (7) must be used to describe the cathodic current density.

Practically, the reduction of oxygen can be described by three

possible rate-determining schemes. At relatively positive applied

potentials or high rates of mass transport, the rate is determined by the

rate of the electron transfer reaction and Equations (8) and (9) can be

used to derive values for k°' and a'cnc. At intermediate applied potentials

or rates of mass transport, the rate is determined jointly by the rate of

the electrode kinetics and mass transport. For this situation,

Equation (7) can be used to derive values for k°', a'c
n
c
 an<* Do '

Finally, at relatively negative applied potentials, the rate becomes
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limited solely by the rate of supply of oxygen and the limiting

Equation (10) applies. Again, a value for D. can be obtained.
u->

3. EXPERIMENTAL

The apparatus, electrodes and cleaning procedure have been

described previously [8]. For this work, the solution was not changed or

the electrode recleaned after each experiment, providing the rest potential

recovered to within ± 2 mV of its original value. Otherwise, both the

solution and electrode were reprepared.

Cathodic voltammograms were recorded from -0.250 to -1.0 V S C E and

back to -0.250 V S C E at a scan rate of 1 mV's-
1. In one case, four

consecutive sweeps were recorded between -0.250 and -1.2 V S C E at 10 mV's
1.

The cathodic current density was measured at various rotation rates at

thirteen potentials between -0.35 and -1.0 VSCE. The current was allowed

to stabilize for 45 s between each change in u.

4. RESULTS

4.1 CYCLIC VOLTAMMETRY

Cyclic voltammograms for the cathodic reduction of oxygen were

recorded at eight different rotation rates between 120 and 3850 rpm. The

potential was scanned at 1 mV's 1 from -0.250 to -1.0 V S C E (outward

direction) and back to -0.250 V S C E (backward direction), where the scan was

stopped. Results at four rotation rates are shown in Figure 1. At

potentials more negative than about -0.70 VSCE, the cathodic current

density starts to become limited by the rate of supply of oxygen to the

electrode surface. In most cases, the limiting current density, iCfL, was

the same for the outward and backward directions, but at some rotation
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rates (e.g., at 1420 rpm in Figure 1) the limiting current density was

larger (in a negative sense) on the outward scan. This may have been due

to a change in the nature of the surface at very negative potentials. The

limiting current densities (for the outward scan) are given in Table 1 and

plotted as a function of w1/2 in Figure 2. At 3850 rpm, the cathodic

current did not become limiting over the range of potentials studied. The

slope of a line passing through the experimental data and the origin is

C-L^- = 6.71. x 10"2 mA'cnr^rad's-1)"172 (11)
do/1'2

From Equation (10), assuming the diffusion coefficient of oxygen to be

1.7 x 10-5 cm2«s-1 [4] and the activity of oxygen to be the same as the

concentration (1.92 x 10-4 mol'dm-3 [12]), the number of electrons, n', for

the overall reduction of oxygen is 4.1. Thus, in the limiting region,

oxygen is reduced to hydroxide via the overall 4-electron process,

02 + 2H20 + 4e > 40H' (2)

On the outward scans in Figure 1, there is a point of inflection

at about -0.30 VSCE. On the backward scan, a sharp peak (peak I) appears

at this potential and both the peak current density, i , and peak
Pi

potential, E , vary with rotation rate (Table 2 and Figure 3).
Pi

The voltammograms were also plotted as loglicl versus E (Tafel

plots). Although linear Tafel regions were observed at 190 and 520 rpm

between -0.30 and -0.40 V S C E (dE/dloglicl 2 -120 mV»dec-i* , a'enc = 0.5),

there were no signs of Tafel-like behaviour at higher rotation rates or at

more negative potentials.

dec is an abbreviation for decade
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At 320 rpm, four consecutive cycles were carried out at a scan

rate of 10 mV's 1 (Figure 4). For this test, the upper and lower potential

limits were -0.250 and -1.2 VSCE, respectively. The first cycle was

similar to those described above. A broad peak (peak III) was present on

the outward scan between -0.6 and -0.7 VSCE, as was observed at low

rotation rates during the single cycle tests (see 190 rpm sweep in

Figure 1). This peak was absent on the second cycle, but another, sharper

peak (peak II) appeared at about -0.45 V S C E during the outward scan. The

third and fourth cycles were virtually identical.

The significance of the three cathodic peaks observed in the

cyclic voltammograms is unknown. Peak III may be due to the reduction of a

surface oxide still present on the electrode after the pretreatment

cleaning procedure. Evidence for this is shown by the disappearance of the

peak on the second and subsequent cycles of the repeated cyclic

voltammogram. The currents only become consistent and reproducible after

the second cycle. Perhaps one or two cleaning cycles are required to

generate a reproducible surface. The causes of peaks I and II are unknown.

Oxygen may be reduced to peroxide in this region. As will be seen below,

the potentiostatic results in this potential region show anomalous

behaviour. We intend to study the mechanism of oxygen reduction in more

detail using a rotating ring-disc electrode.

4.2 VARIATION OF lr WITH bi AT CONSTANT POTENTIAL

The variation of the cathodic current density with rotation rate

was studied at thirteen potentials between -0.35 and -1.0 VSCE. For

potentials between -0.35 and -0.45 V SCE» the measured current densities

were corrected for the contribution due to the anodic reaction to give true

cathodic partial current densities. The corrections were calculated from

anodic current densities measured between -0.300 and -0.375 V S C E in

deaerated 1 mol'dm* NaCl [13]. At potentials below -0.45 VSCE, the

corrections amounted to less than 0.5% of the measured current density and,

hence, no correction was made.
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The results are shown in Figure 5 for potentials between -0.35

and -0.45 V S C E and in Figure 6 for potentials below -0.45 VSCE. The slopes

and intercepts from Figures 5 and 6 are given in Table 3. At high poten-

tials (Figure 5), the data showed anomalous behaviour. For a kinetically

controlled reaction, we would expect to see no dependence on the rotation

rate. Instead, at -0.353 and -0.372 VSCE, the -l/ic versus w
1/2 plots are

curved. At -0.401 VSCE, the data fall on a straight line with a negative

slope, i.e., the cathodic current density decreases with increasing

rotation rate. For potentials close to E C 0 R R, the correction applied for

the anodic reaction is quite significant at high rotation rates. For

instance, at -0.353 V S C E and 2340 rpm [w
1/2 = 0.064 (rad«s- *) -i/ 2], the

calculated correction is 3.8 /*A»cm-2 compared to a measured cathodic

current density of 3.2 fih'cm-2. A slight error in the correction or

measured current would account for the strange behaviour at -0.353 and

-0.372 VSCE« However, the correction applied at -0.401 V S C E is small

compared to the measured currents, so it is difficult to explain the

negative dependence of -l/ic on w
1 / 2 . Only at -0.421 and -0.448 V S C E can

the data be explained on the basis of increasing transport control of the

cathodic reaction. Even so, the slopes at these latter potentials are

lower than those predicted from Equation (7) for oxygen reduction to

hydroxide (nf = 4). Thus, the mechanism of oxygen reduction at potentials

close to E C ORR is uncertain. Complex behaviour is also observed in this

potential region in the cyclic voltammograms (Figure 4).

At potentials more negative than about -0.5 VSCE, the mechanism

is much more certain (Figure 6). The cathodic current density varies with

rotation rate and at infinite rotation rate (to-1/2 — • 0) the current is

finite. Thus, the rate of reduction of oxygen is controlled jointly by

both the rate of the interfacial reaction and by the rate of transport of

oxygen to the electrode. This is the situation for potentials between -0.5

and -0.9 VSCE. At potentials close to -1.0 VSCE, the reaction becomes

almost totally transport-limited because the rate of the interfacial

reaction is fast.
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The behaviour shown in Figure 6 can be interpreted using Equation

(7). The slopes do not vary with applied potential, whereas the intercepts

are potential-dependent. If we take the average slope, d(-l/ic)/dw-
1/2, to

be 15 cm2»mA-1»(rad»s-i)i/2 (Table 3) and assume D = 1.7 x 10-5 cm^'s-1

[4] and (02)«, = 1.92 x 10-< mol'dm-3 [12], then n' is 4.1. So, in the

region of mixed control, oxygen is reduced to hydroxide according to

Equation (2). The potential dependence of the intercepts is shown in

Figure 7. For potentials between -0.5 and -0.7 VSCE, the potential

dependence, dE/dlog(-l/ic)oo, is 158 mV'dec
1. At more negative potentials,

the points deviate from the straight line because of the change in

mechanism toward total transport control. From Equation (9), the slope of

158 mV'dec1 gives a value for a£nc of 0.37. This value is lower than the

values reported for oxygen reduction on noble metals such as platinum, gold

and palladium [11].

4.3 DIFFUSION COEFFICIENT OF OXYGEN

We can calculate the diffusion coefficient from three independent

sets of data. Firstly, from the limiting cathodic current densities

determined from the cyclic voltammograms (Table 1), for which

d(-ic L)
: — = 0.6205n'FD^/:V1/6(02)ao (12)

du1/2 2

Secondly, Dft can also be calculated from the slopes of (-l/ic) versus «-i/
2

in the joint control region (-0.5 to -0.9 V S C E in Table 3), for which

dW-l/2
(13)

and, thirdly, from the limiting potentiostatic data at -1.0 VSCE, again

using Equation (13).
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The values calculated from these sources are given in Table 4.

In the calculations, n' was taken as 4.0, F = 96 487 Omol- 1,

f-i/6 = 2.1594 cm-i/3's
1/6 [14,15] and (0 2) M = 1.92 x 10-4 mol«dm-3 [12].

The average value of the diffusion coefficient of oxygen in aerated

1 mol»dm-3 NaCl at 23°C from the three sets of data is

1.73 ± 0.05 x 10-
5 cm2»s-1, which is in good agreement with previously

reported values [4,16,17 and references therein].

4.4 STANDARD RATE CONSTANT FOR THE REDUCTION OF OXYGEN ON COPPER

At applied potentials between -0.5 and -0.7 VSCE, oxygen is

reduced to hydroxide and the a'cnc value for the rate-determining electron

transfer reaction is 0.37. Values for k°' are derived from the (-l/ic)»

data (Table 3) and Equation (8)

[ J_) I
ic\ " f ac nc F 1

1 J* n'Fk°'(02)Mexp[- - ^ - ( E - E°')J

(8)

For the reaction

02 + 2H2O + 4e — + 40H" (2)

n' = 4, a'cnc = 0.37 and E
o< = 0.160 V S C E [10]. Values of k°' at various

potentials are given in Table 5. The values are independent of potential

and the average value is 1.7 ± 0.1 x 10-7 em's-1. This value is very small

compared to that for the anodic reaction (k° =0.5 cm^s 1 [8]) and suggests

that the oxygen reduction reaction is highly irreversible.

5. DISCUSSION

In this work, we have studied the cathodic reduction of dissolved

oxygen. The mechanism, as well as the rate of the reduction process,
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depends on the potential and rotation rate of the electrode. Here we shall

discuss the mechanism in three distinct potential regions: firstly,

between E C 0 R R and approximately -0.50 VSCE, secondly, at intermediate

potentials between -0.50 and -0.90 V S C E and, finally, at potentials more

negative than -0.90 VSCE.

At or near E C 0 R R, the mechanism is complex. Thus, for potentials

between -0.35 and -0.40 VSCE, the cathodic current decreased with

increasing rotation rate (Figure 5) and cathodic peaks were observed at

-0.31 and -0.44 V S C E in the cyclic voltammograms (Figures 1 and 4).

Balakrishnan and Venkatesan [2] observed a cathodic peak at about

-0.33 V S C E during the backward scan of a cyclic voltammogram in sodium

chloride solution. These authors found oxygen to be reduced in two steps:

reduction of oxygen to peroxide and subsequent reduction to OH- or water.

Adanuvor and White [18J have calculated the polarization curves for oxygen

reduction on an RDE for a wide range of kinetic parameters. In the case of

competition for 02 between the 2-electron and 4-electron reduction

reactions, a peak was observed in the simulated polarization curve.

Although the mechanism in this potential region is uncertain, the peaks

observed in Figures 1 and 4 are circumstantial evidence for the production

of peroxide via a 2-electron process. This may be proceeding along with

the 4-electron reduction and, hence, there may be competition for the

dissolved 02. In addition, there is some evidence from Tafel plots for an

electrochemical reaction in this potential range with an a£nc value of 0.5.

Assuming that the transfer coefficient is not potential-dependent, this

value is significantly higher than the value of 0.37 found for the 4-

electron reaction at more negative potentials. These questions will be

resolved in the future by using a rotating Pt ring-Cu disc electrode and by

RDE studies in deaerated peroxide solutions. Two added complications that

we have not considered are the presence of an oxide film on the electrode

surface and the homogeneous reaction in solution between Cu+ and 02 and/or

^2^2 [7J. The latter reactions would produce Cu2+ species in solution.



- 12 -

At more negative potentials one reduction process dominates.

Between -0.50 and -0.90 VSCE, oxygen is reduced via an overall 4-electron

process to hydroxide. Over the complete potential range, the rate of the

reaction is controlled jointly by the rates of the kinetic and transport

steps. The rate of reaction becomes increasingly limited by the rate of

supply of oxygen as the potential becomes more negative. The wide range of

potentials between pure kinetic and pure transport control is

characteristic of an irreversible process [19], which is consistent

with the low value of the standard rate constant for this reaction

(k<" = 1.7 x 10-7 em's-1).

At very negative potentials the reduction of oxygen to hydroxide

becomes limited by the rate of supply of oxygen. The potential at which

the reaction is under total transport control decreases with increasing

rotation rate. Limiting currents were observed at potentials more positive

than -1.0 V S C E for rotation rates of up to 2340 rpm. No limiting current

was observed at these potentials for a rotation rate of 3850 rpm. From the

limiting current data, the diffusion coefficient of oxygen was found to be

1.8 x 10-5 cm2«s-1, which is in excellent agreement both with the value

calculated from data in the joint control region and also with literature

values [4,16,17].

6. CONCLUSIONS

The mechanism of the cathodic reduction of oxygen varies with

applied potential. At potentials close to E C 0 R R, the mechanism is

complicated, but it is possible that peroxide is formed as a stable

intermediate species. There may also be interaction between the oxidants,

peroxide and oxygen, and cuprous ions in solution. Further studies are

planned with a rotating ring-disc electrode. At more negative potentials,

oxygen is reduced via a 4-electron process to hydroxide, with the rate

controlled jointly by the rates of the interfacial and transport steps.
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The standard rate constant for the interfacial reaction is

1.7 x 1 0 7 em's 1. At even more negative potentials, the rate of the 4-

electron process becomes limited by the rate of supply of oxygen to the

electrode surface. The diffusion coefficient of oxygen was found to be

1.73 x 10-
5
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TABLE 1

LIMITING CATHQDIC CURRENT DENSITIES FOR

OXYGEN REDUCTION ON A COPPER RDE

w/rpra

120

190

320

520

860

1420

2340

3850

d(-ic.L)
C 71= U • / 1

dwi/2

wi/2/(rad»s-i)i/2

3.54

4.46

5.79

7.38

9.49

12.19

15.65

20.08

-lc #L/mA*cm-
2

0.246

0.310

0.400

0.504

0.644

0.814

1.036

not limiting

i x 10-2 mA»cm-2»(rad»s-1)-1/2

correlation coefficient = 0.9999

CHARACTERISTICS OF PEAK I OBSERVED DURING THE BACKWARD

SCAN FOR THE REDUCTION OF OXYGEN ON COPPER

w/rpm

120

190

320

520

860

1420

2340

3850

-<-ipi)

dwl/2

•1'a/(rad«s"1)1/2

3.54

4.46

5.79

7.38

9.49

12.19

15.65

20.08

3.4 x 10"2 mA»cm"2

-i /mA»cm"2

Pi

0.188

0.228

0.253

0.333

0.391

0.438

0.521

0.555

•(rad-s-1)"1'2

120 < u

-0.330

-0.324

-0.312

-0.314

-0.302

-0.296

-0.298

-0.302

<, 860 rpm
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TABLE 3

VALUES QF THE SLOPE AND INTERCEPT FOR PLOTS OF

(-l/ic) VERSUS jj-1/2 FOR THE REDUCTION OF OXYGEN ON COPPER

E / VSCE

-0.3531

-O.372o

-0.4008

-0.420,

-0.447,

-0.4974

-0.5470

-0.5968

-0.6495

-0.6993

-0.798,

-0.8981

-0.9995

d(-l/ic)

dw-i/2 ° m "* *(rdd S }

N.D.*

N.D.

-8.2,

7.72

12.6

15.5,

15.3X

15.2S

14.9,

15.0,

15.0.

14.74

14.63

\—\ cm2»mA'1

[ 1cjoo

N.D.

N.D.

44.5

30.3

13.0
£. 10
Q, |Q

2. • D O A

1.315

0.6183

0.3263

0.119,

0.1014

0.0798

Correlation
Coefficient

N.D.

N.D.

-0.96

0.93

0.998

0.99996

0.99995

0.99994

0.99998

0.9996

0.99998

0.99995

0.99998

* N.D. not determined



TABLE 4

THE DIFFUSION COEFFICIENT OF OXYGEN IN AERATED

1 mol'dnr3 NaCl AT 23°C

Source*

1

2

2

2

2

2

2

2

3

dw1 '2 /

6.71X x

-

-

-

-

-

-

-

-

average D

•(rad»s

10-2

= 1.73

E/VSCE

_

-0.497

-0.547

-0.597

-0.650

-0.699

-0.799

-0.898

-1.000

lc A
dor1 /2 /

± 0 .0 5 x 10-5 cm2«s-1

:m2«mA~1»(rad'»s~1)1/2

_

15.57

15.3!

15.25

14.96

15.06

15.08

14.74

I4.63

l o 5 D o 2

1

1

1

1

1

1

1

1

1

• 7 6

.65

.6 9

• 7 0

•75

•7 3

•73

. 7 9

. 8 ,

Source 1 - limiting current densities from the cyclic voltammograms (Table 1)

Source 2 - joint controlled region (Table 3)

Source 3 - limiting current densities at -1.000 V S C E (Table 3)
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TABLE 5

STANDARD RATE CONSTANT FOR OXYGEN REDUCTION

TO^ HYDROXIDE DN COPPER

E/VSCE

-0.497,

-0.5470
-0.5968

-0.6495
-0.6993

(-l/ic)oo/cm2«inA-i

6.18,

2.66,

1.315
0.6183
0.326g

107k°'/cm«s-i

1.6

1.8

1.8

1.7

1.6
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-0.8

-1.0

-1.2

-1.00 -0.80 -0.60 -0.20

E/VSCE

FIGURE 1: The Cathodic Reduction of Oxygen on Copper at Four
Different Rotation Rates (Scan Rate 1 mV's"1)
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FIGURE 2: Limiting Cathodic Current Densities for the Reduction of
Oxygen on a Copper RDE in Aerated 1 mol'dnr3 NaCl
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0.0

FIGURE 3: Variation of Peak Height with Rotation Rate During
the Backward Scan for the Reduction of Oxygen on Copper
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SCE

-0.60 -0.40 -0.20

••••• 1st scan

• — 2nd scan
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-•—•—•4th scan

10 mV-s"1

320 rpm
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-100
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3

I-300 ho
to
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FIGURE 4: Repeated Cyclic Voltammograms of the Reduction of
Oxygen on a Copper RDE in Aerated 1 mol»dnr3 NaCl
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-
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© -0.353 V

A -0.372 Ve

SCE
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SCE

"SCE

-0.401 VSCE

-0.448 V
S C E

FIGURE 5: The Rotation Rate Dependence of the Cathodic Current Density
for Oxygen Reduction on Copper at Potentials Close to E C 0 R R
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10

i

V

0 -0.497 V S C E

• -0.547 V S C E

A -0.597 V S C E

3> -0.650 V S C E

A -0.699 V S C E

• -0.799 V S C E

• -1.000 V S C E

0.2 0.3

FIGURE 6: The Variation of (-l/ic) with or
1/2 for Oxygen Reduction

on Copper in the Joint and Transport Controlled Regions
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FIGURE 7: The Potential Dependence of logK-l/i,.)™] for
Oxygen Reduction on Copper
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