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RÉSUMÉ

On a étudié la réduction de l'oxygène sur le cuivre dans des solutions de
0,1 mol-dm-3 de NaC104 et de 1 mol.dm-

3 à l'aide de techniques potentio-
dynamiques. On a exécuté des essais dans des solutions sans tampon et avec
tampon de phosphate à un pH de 7. On a exécuté d'autres essais dans une
solution de NaCl à un pH de 10, le pH de l'ensemble de la solution étant
réglé en ajoutant une solution de NaOH. On a effectué quelques études
voltampèremétriques dans des electrolytes désaérés pour examiner la nature
des pellicules superficielles formées sur l'électrode.

La réduction de l'oxygène sur le cuivre résulte principalement de la réduc-
tion de 4 électrons à OH-. On a décelé de faibles quantités de peroxyde
'par l'électrode à anneau au potentiel de disque des régions communes de
iréglage du transport et de réglage de la vitesse: On n'a pas décelé de
peroxyde dans la région où le processus de transport règle la vitesse de
réaction.

La vitesse de réduction d'oxygène est influencée par la nature de la pelli-
cule superficielle formée sur l'électrode. À des valeurs de pH de ~10 à
l'interface, une pellicule de surface catalytique se forme qui, l'on pense,
est la sous-monocouche de Cu(OH) ou la sous-monocouche de Cu20. On observe
simultanément un pic dans la courbe courant-potentiel. On observe ce pic
dans les solutions neutres à milieu de 50 % d'02/N2 et de 100 % d'02 et en
solution à pH de 10 à milieu supérieur à -10 % d'02/N2. On n'observe pas
le pic dans la solution avec tampon de phosphate du fait de l'action de
tamponnage sur le pH à l'interface. À des potentiels plus positifs que le
potentiel de pic, une couche mince de Cu20 se forme dans les solutions sans
tampon, couche mince sur laquelle la vitesse de réduction d'oxygène est en
partie diminuée.
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A POTENTIODYNAMIC STUDY OF THE REDUCTION OF

OXYGEN ON COPPER

by

F. King and C.D. Litke

ABSTRACT

The reduction of oxygen on copper has been studied in 0.1 mol-dnr3 NaCl04
and 1 mol-dnr3 NaCl solutions using potentiodynamic techniques.
Experiments were carried out in unbuffered and phosphate-buffered solutions
at pH 7. Additional experiments in NaCl solution were performed at pH 10,
with the bulk pH adjusted by adding NaOH. Some voltammetric studies in
deaerated electrolytes were carried out to examine the nature of the
surface films formed on the electrode.

The reduction of oxygen on copper is dominated by the 4-electron reduction
to OH~. Limited quantities of peroxide were detected by the ring electrode
at disc potentials in the joint- and kinetic-control regions. No peroxide
was detected in the transport-limiting region.

The rate of reduction of oxygen is influenced by the nature of the surface
film on the electrode. At interfacial pH values of ~10, a catalytic
surface film forms, thought to be submonolayer Cu(OH)ads or submonolayer
Cu20. Simultaneously, a peak is observed on the current-potential curve.
This peak is observed in neutral solutions with atmospheres of 502 02/N2
and 100% 02 and in pH 10 solution with atmospheres >~10% 02/N2. The peak
is not observed in phosphate-buffered solution because of the buffering
action on the interfacial pH. At potentials positive of the peak
potential, a thin Cu20 layer forms in unbuffered solutions on which the
rate of oxygen reduction is partially inhibited.
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1. INTRODUCTION

When a nuclear fuel waste disposal vault is sealed, air will be trapped in

the pores of the clay-based sealing materials. Oxygen will be the most

important oxidizing species for copper containers in a Canadian disposal

vault, and an understanding of the mechanism of oxygen reduction on copper

is necessary in order to predict the long-term corrosion behaviour of the

containers.

Three detailed studies of oxygen reduction on copper have been reported in

the literature (Balakrishnan and Venkatesan 1979; Ghandehari, Andersen and

Eyring 1976; Andersen, Ghandehari and Eyring 1975), although briefer

accounts have appeared in papers on the corrosion behaviour of copper

alloys in aerated environments. Schiffrin (1983) noted that the study of

oxygen reduction on copper is complicated by the fact that the nature of

the surface changes at those potentials at which oxygen is reduced and

because Cu(I) can react in solution with both 02 and H202.

Stable peroxide species are often formed as intermediates during the

reduction of oxygen on various surfaces, and are typically detected by the

ring electrode of a rotating ring-disc electrode. Ring currents indicative

of stable peroxide were observed by Balakrishnan and Venkatesan (1979) for

the reduction of oxygen on copper and brass (grades not reported) in

solutions of NH4C1, (NH4)2S04, NaCl and Na2S04. Furthermore, many of the

reduction curves (determined by cyclic voltammetry at a potential scan rate

of 3.3 mV's'1) recorded in the positive-going potential direction exhibited

two "waves", which were cited as further evidence that 02 was reduced in

two stages, firstly to H202 and secondly to H20. Two waves were also

observed by Kokkinidis and Jannakoudakis (1984) in oxygenated 0.5 mol'dnr3

HC104, and were ascribed to 02 reduction to H202 and H20, although no

supporting ring current measurements were presented. Vazquez et al. (1987)

report a single reduction wave equivalent to complete reduction of oxygen
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to water, with only small ring currents (IR/ID < 0.01). Single reduction

waves have also been reported on copper by Deslouis et al. (1988) in

aerated 0.5 mol-dm-3 NaCl and by de Sanchez and Schiffrin (1982) for Al-

brass in seawater. King and Litke (1989) observed a single wave for oxygen

reduction on copper in aerated 1 mol-dm"3 NaCl, but cathodic peaks were

observed during both the positive- and negative-going potential sweeps.

In concentrated acid solutions, peroxide is sufficiently stable that it can

be determined analytically after prolonged electrolysis at constant

potential. Thus, Ghandehari et al. (1976) and Andersen et al. (1975) found

that, at the open-circuit potential (Eoc) in 2 mol-dnr
3 H2S04, 02 was

reduced to H202 with 100% efficiency. With increasing negative

polarization, 02 reduction to H20 became a significant contributor to the

cathodic current. These latter authors observed a peak in the

current/potential (I/E) curve, which they ascribed to the formation of a

less catalytic surface film. The film was thought to be composed of

oxygen-reduction intermediates (i.e., H202) and possibly adsorbed sulphate.

Olszowka et al. (1992) measured significant amounts of H202 in solution at

the end of copper corrosion tests in a variety of aerated solutions, and

Molodov et al. (1981) reported current efficiencies for H202 formation of

up to 10% in 2 to 5 mol'dnT3 HC104 in the joint- and kinetic-control

regions. According to Molodov et al. (1981), the majority of 02 consumed

at Eoc results in the oxidation of Cu(I) to Cu(II) in solution along with

the formation of H202.

There is broad agreement that the kinetics of oxygen reduction on copper

depend on the nature of the surface. Many authors report hysteresis in the

current recorded in the forward and reverse directions during cyclic

voltammetry. Reduced copper electrodes were found to be more catalytic

than electrodes oxidized to produce either Cu/Cu20 or Cu/Cu20/CuO surface

films (Vazquez et al. 1987). The I/E hysteresis observed by Balakrishnan

and Venkatesan (1979) also shows higher oxygen reduction currents for

reduced Cu and brass electrodes, although the extent of the hysteresis

decreased with decreasing pH. The greater resistance to corrosion of

Cu-10Ni over that of pure Cu was explained in terms of a poorer catalytic
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surface for oxygen reduction for the copper-nickel alloy (Kato and

Pickering 1984). Kato et al. (1980a,b) argued that the reduction of oxygen

on Cu-10Ni is limited by electron transport through an inner oxide layer,

underneath a porous Cu2(OH)3Cl outer layer. Several authors claim that the

higher corrosion rate observed for copper alloys in sulphide-polluted

waters is caused by the incorporation of S2' into the oxide film and the

formation of a more catalytic surface for oxygen reduction (Kato and

Pickering 1984, de Sanchez and Schiffrin 1982). Prolonged exposure to a

solution causes changes in the nature of the copper surface (ageing), which

affects the rate of oxygen reduction (Deslouis et al. 1988, de Sanchez and

Schiffrin 1982, Schiffrin and de Sanchez 1985). If 02 is reduced on a Cu20

surface, oxidation of the surface to CuO by either 02 or H202 is possible

(de Sanchez et al. 1991).

A limited amount of kinetic information has been derived for oxygen

reduction on copper. Based on results in aerated (oxygen partial pressure,

p = 0.21 atm)1 and oxygenated (p.. = 1 atm) solutions, Ghandehariu2 U2
et al. (1976) report first-order kinetics for 02 reduction on Cu in

2 mol-dm'3 H2S04. A similar reaction order was observed by de Sanchez and

Schiffrin (1982) for Al-brass, Al-bronze, Cu-10Ni and Cu-30Ni in natural

seawater. Transport-corrected Tafel slopes (first-order kinetics assumed

for extrapolation purposes) are variable but generally lie in the range

-120 to -200 mV for the various materials and solutions studied, with an

extreme variation reported by Balakrishnan and Venkatesan (1979) of

between -32 and -260 mV for the conditions in their tests. Much of this

variability must be due to the variation in the state of the surface in the

potential regions corresponding to kinetic or joint kinetic-transport

control of the oxygen reduction reaction. Transport-limiting currents are

reported in the majority of studies and invariably correspond to the

4-electron reduction of oxygen to water.

Few authors have reported values for the exchange current density or

standard rate constant for oxygen reduction because of the poorly defined

1 1 atm = 101.325 kPa
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or variable Tafel slopes and because of the large overpotential for oxygen

reduction on Cu (which results in a long extrapolation to the equilibrium

or standard potential respectively). The standard rate constant (k°) is

defined by

-ik = nF[02]k°exp(-acf[E -Eg]) (1)

where ik is the kinetic (or transport-corrected) current density for oxygen

reduction, n the overall number of electrons, F the Faraday constant, [02]

the bulk dissolved oxygen concentration, ac the transfer coefficient for

oxygen reduction, f = F/RT where R is the gas constant and T the

temperature and E° is the standard potential. For the overall reaction

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

King and Litke (1989) have reported a value for k° of 2 x lO"7 em's"1 for

copper in neutral, unbuffered 1 mol-dnr3 NaCl. From the results of de

Sanchez and Schiffrin (1982), a value of 1 x 10~8 cm-s"1 can be estimated

for Al-brass (aged for 24 h) in natural seawater.

Peroxide reduction on copper has also been studied. First-order kinetics

and -120 mV Tafel slopes have been reported by Atanasoski et al. (1986) and

Molodov et al. (1982) in 0.1 mol-dnr3 HC1 and 5 mol-dnr3 HC104

respectively. For [H202] < 10"
2 mol-dnr3, Smyrl et al. (1987) reported

that H202 reduction was kinetically limited at ECORR, whereas at higher

concentrations a different but unknown mechanism applied, although it was

believed that Cu(I) oxidation to Cu(II) was significant at the higher

peroxide concentrations. In support of their observation that little

stable peroxide is formed during the reduction of 02 on copper in

0.1 mol-dnr3 borax buffer, Vazquez et al. (1987) demonstrated that H202

reduction occurs at potentials more positive than those for oxygen

reduction.
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As pointed out by Schiffrin (1983), an added complication in the study of

oxygen reduction on copper is that Cu(I) can be oxidised in solution by

both 02 and H202. The rate of Cu(I) oxidation by 02 is first order with

respect to [02] and [H
+], and the rate decreases with increasing [Cl~]

because of the stabilizing effect of Cl~ on Cu(I) (Nicol 1984). Similarly,

the rate of Cu(I) oxidation by H202 is much faster in sulphate solutions

than in chloride (Nicol 1982).

Here, the results of a potentiodynamic study of oxygen reduction on copper

are reported. The results of a companion potentiostatic study are reported

elsewhere (King et al. 1994). One of the purposes of the study was to

establish whether H202 is a stable intermediate of the reduction of oxygen

on copper under conditions similar to those expected in a disposal vault,

i.e., neutral chloride solutions. For comparison, studies have also been

carried out in a non-complexing electrolyte, 0.1 mol'dnr3 NaCl04, in order

to assess the importance of homogeneous oxidation reactions with Cu(I) in

solution. Since the reduction of oxygen can produce OH" at the copper

surface, thus increasing the interfacial pH, experiments have been carried

out with and without a phosphate-based buffer (pH 7). The use of cyclic

voltammetry permits the study of the effect of varying surface conditions

on the mechanism of oxygen reduction.

2. EXPERIMENTAL

Polycrystalline copper rotating disc electrodes (RDE) and rotating ring-

disc electrodes (RRDE) were prepared from oxygen-free electronic-grade Cu

rod (UNS C10100, >99.99 wt.% Cu). Commercially available (Pine Instrument

Co.) and home-made RRDE were used with both Pt and Au rings, although the

majority of results reported were obtained using the Pt-Cu RRDE.

Collection efficiencies (N0) were calculated to be 0.40, based on the

geometry of the electrode (Albery and Hitchman 1971). A Pt foil counter

electrode and a saturated calomel reference electrode (SCE) were situated

in separate compartments of a three-compartment cell equipped with a water
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seal, with the SCE compartment connected via a Luggin capillary that

terminated within 3 or -4 mm of the RDE or RRDE surfaces. No iR corrections

were made to the measured potentials. The working electrode was rotated

using a Pine Instruments dual-range rotator. Potentials were controlled

with a Pine Instruments bi-potentiostat with an external voltage programmer

(EG&G PARC 175). Data were recorded on an XYY recorder (Philips PM 8134)

or using a computerized data acquisition system. All potentials are quoted

with respect to SCE.

The working electrode was prepared by successive polishing to 1 urn with

alumina followed by polarization in the particular test solution for 1 to

5 min in the hydrogen evolution region (-1.1 to -1.3 V). Voltammograms

were recorded in the positive-going direction from the cleaning potential

to a positive limit (the forward sweep), followed by a sweep in the

opposite, negative-going direction (the reverse sweep). Voltammograms were

generally reproducible after the first cycle. Initially, the ring .

electrode of the RRDE was activated by cycling the potential between water

reduction (-0.80 V) and oxygen evolution (+1.40 V) potentials four or five

times at 100 mV-s"1. However, no difference was found between currents

recorded on activated and non-activated rings, so the ring-activation

procedure was discontinued.

Various methods were used for detecting stable peroxide intermediates on

the ring electrode. Both Pt and Au ring electrodes were used in

potentiostatic mode to measure the transport-limited flux of peroxide from

the disc. For Pt, a ring potential (ER) of +0-6 V was used, based on

preliminary tests with standard additions of H202 solution at various

values of ER and on literature values (Vazquez et al. 1987). A potential

of +0.5 V was used for the Au ring, based on the study of Hocking et al.

(1991). Vilambi and Taylor (1989) have reported larger ring currents if

the ring is operated in potentiodynamic, rather than potentiostatic, mode.

Consequently, several tests were carried out with the Pt ring using the

cyclic potential ring measurement (CPRM) technique. The disc potential was

potentiostatted and the ring potential cycled between -0.6 and +1.0 V at

scan rates between 25 mV-s"1 and 5 V-s"1 in order to continuously activate



- 7 -

the ring electrode. This latter technique was found to give erroneous

results in neutral solution because of the pH dependence of the background

Pt oxidation current, and was not used in further studies.

Solutions were prepared from reagent-grade chemicals and either triply

distilled water (final distillation from alkaline permanganate solution) or

distilled, deionized water from a MilliporeR apparatus (>18 M9 water).

Buffered solutions were prepared using a commercial phosphate-based pH 7

buffer (pHydrion buffers, Micro Essential Laboratory, [Na2HP04]

a 0.046 mol-dm"3, [KH2P04] = 0.030 mol-dm"
3). Unbuffered, non-neutral

solutions were prepared by addition of NaOH. The appropriate gas mixture

(2% 02/N2, 5% 02/N2, 10% 02/N2, air, 50% 02/N2 and 100% 02, Canadian Liquid

Air Limited) was bubbled through the solution for a minimum of 30 min

before each test, and over the solution during the tests. Dissolved oxygen

concentrations were calculated using Henry's law and the solubilities of 02
in the various solutions (Battino et al. 1983). Salting-out effects on the

oxygen solubility are significant in concentrated solutions, especially

with non-uni-univalent electrolytes. All tests were performed at room

temperature (23 ± 2°C) and at ambient pressure.

Preliminary photoelectrochemical measurements were made with a copper disc

electrode in oxygenated 0.1 mol-dm"3 NaC104 and 1 mol-dm"
3 NaCl solutions.

A Spectral Energy 1000 W Xe arc lamp was used to illuminate the electrode.

Monochromatic radiation (wavelength 350 nm, Abrantes et al. 1984) was

chopped at a frequency of 25 Hz, and the photosignals analyzed with a

Stanford Research Systems SR530 lock-in amplifier. The disc potential was

controlled, with an EG&G PARC Model 273 potentiostat and recorded on an XY

plotter.
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3. RESULTS

3.1 THE FORMATION OF STABLE PEROXIDE INTERMEDIATE

A number of experiments were performed to determine if peroxide is formed

as a stable intermediate species during oxygen reduction on copper in

neutral or near-neutral solution. The studies vere carried out using a

Pt/Cu RRDE, with the ring potentiostatted at +0.6 V. Wroblowa and Qaderi

(1990) have claimed that the use of a Pt ring results in errors because of

the catalytic decomposition of H202 on Pt, but identical results were

obtained in this study with Au/Cu and Pt/Cu RRDE.

Figures 1 and 2 show the RRDE results for oxygen reduction on copper in

oxygenated unbuffered and buffered (pH 7) 1 mol-dm"3 NaCl respectively.

Similar data for 0.1 mol-dnr3 NaC104 are given in Figures 3 and 4. In both

Had and NaC104 solution, the smaller transport-limiting current in

buffered solution results from the salting-out effect of the phosphate

buffer on the oxygen solubility. Although some peroxide is detected in all

cases, the maximum ring current is less than 40 uA (Figure 3). Detailed

discussion of the differences between the disc and ring behaviour in

buffered and unbuffered solutions will be given later. Here, it is

sufficient to observe that the ratio IR/N0ID, determined at the maximum in

the ring currents, varies between 0.01 and 0.04 for buffered solution, and

0.11 and 0.14 in unbuffered media. A value of 1 for this ratio would

indicate a production efficiency of 100% for H202.

The addition of iodide is known to promote the formation of peroxide during

the reduction of oxygen on silver in alkaline solutions (Brandt 1983).

Although I~ also has a similar effect for copper, the maximum value of

IR/N0ID is -0.14 (Figure 5), whereas the value approaches 1.0 for silver.

In buffered pH 7 solution, a single addition of Nal (to produce an I"

concentration of 10~5 mol-dm"3) is sufficient to promote the maximum yield

of peroxide. Further additions of I" appear only to progressively inhibit

the reduction of oxygen. The difference between the disc current in the



- 9 -

absence of I~ and that with one addition (not shown) or two additions of I"

can be largely accounted for by the increase in the ring current. Thus,

iodide does appear to promote oxygen reduction to peroxide rather than to

water over a cc-rtain range of potentials on copper, but to a more limited

extent than on silver.

Carbonate is another anionic species known to promote peroxide formation

(Hocking et al. 1991). Figure 6 shows the behaviour in 1 mol'dm"3 Na2C03,

for which the maximum IR/N0ID value of 0.19 is observed during the reverse

(negative going) scan at ED = -0.5 V. Thus, it appears that both iodide

and carbonate can promote the formation of stable peroxide species, but in

neither case does the current efficiency for peroxide production (as

detected by the ring) exceed 20%.

3.2 THE BEHAVIOUR IN I mol-dm"3 NaCl

Cyclic voltammograms were recorded for oxygen reduction on a Pt/Cu RRDE in

neutral unbuffered 1 mol-dm"3 NaCl equilibrated with atmospheres of 2%, 5%,

10%, air, 50% and 100% 02. The voltammograms were reproducible, both

between repeat experiments and also (after the first potential cycle) for

repeated cycles within a given experiment.

At low oxygen concentrations (2%, 5% and 10% 02/N2 mixtures), the currents

are similar in both the forward (positive going) and reverse (negative

going) potential scans. Slight hysteresis is apparent in the joint-control

region (approximately -0.7 to -0.4 V) and in the transport-limited region

(E <-0.7 V) at a potential scan rate of 10 mV-s"1 (10% 02/N2 voltammogram

is shown in Figure 7). Ring currents corresponding to peroxide oxidation

are negligible. At disc potentials i-0.4 V the increase in ring current is

due to the oxidation of CuCl2 (Figure 7).

Quite different behaviour is observed with 50% and 100% 02 atmospheres

(Figure 1 shows the behaviour in 100% 02). In both cases, a peak is

apparent in both the forward and reverse scans. The appearance of these

peaks coincides with slightly increased ring currents, suggesting the



- 10 -

process responsible for the increased disc current involves the production

and release of peroxide from the disc. The forward peak and the

corresponding ring current are larger than those formed during the reverse

scan. All of the features observed on both the disc and ring are

reproducible. The peak observed on the disc current curve is not caused by

oxygen reduction on Pt electrodeposited on the disc from solution (Pt may

dissolve at positive potentials in Cl" solutions as PtCl^-) or on Pt

smeared onto the disc during polishing, since similar behaviour was

observed using a Cu RDE with no ring electrode.

Aerated solutions produced intermediate behaviour, with indications of peak

formation on the disc current curve at low electrode rotation rates w

(120 rpm), but extensive hysteresis only (without defined peaks) at higher

values of w.

A limited number of experiments were performed to determine the rotation-

rate, potential scan-rate and [02] dependences of the peak observed during

1:he forward scan in 50% and 100% 02 . The peak current increases with

increasing rotation rate, but is independent of scan rate (1 and

10 mV.s'1). The peak height in 100% 02 is approximately 2.5 times greater

1:han that in 50% 02 . Qualitatively, the peak potential (Ep) shifts in the

positive direction with increasing rotation rate, and in the negative

direction with increasing [02]. E is independent of potential scan rate.

The transport-limited currents (I£im) in atmospheres of 27, to 100% 02 agree

vith those predicted from the Levich equation (Equation (3)) for the

complete 4-electron reduction of oxygen to OH" :

(3)

where n is the number of electrons transferred per oxygen molecule, A is

the electrode surface area (0.33 cm2) and v is the kinematic viscosity of

the fluid (9.9 x 10' 3 cm2«s-1). Using literature values for the solubility

of 02 in 1 mol- dm-
3 NaCl at 23°C ([02] = 9.15 x 10'

7 mol. cm'3 (Battino et
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ai. 1983)) and for the diffusion coefficient of oxygen D (1.8 x 10'5 cn^-
U2

(King and Litke 1989)) gives a value of n = 3.9 for 100% 02. Assuming the

dissolved oxygen concentration follows Henry's law, the equivalent values

for n are 4.0, 4.0, 4.0, 4.2 and 4.1 for 27, 02/N2, 57. 02/N2, 10* 02/N2> air

and 50% 02/N2 respectively. These values for n are consistent with the

absence of ring current in the limiting region for oxygen reduction.

To investigate the formation of the forward peak further, a series of

potential cycles was carried out-from a negative potential of -1.2 V to an

increasingly positive potential limit in each successive cycle. The

results for a Cu RDE are. shown in Figure 8, where the current scale has

been offset for each scan for clarity. Hysteresis between the currents

recorded in the forward and reverse directions is only observed if the

upper potential limit exceeds -0.7 V. The extent of hysteresis increases

when the upper potential limit is extended to -0.4 V, but the current

recorded on the forward scan always exceeds that on the reverse scan. When

the upper limit is set to -0.35 V, the first indication of a peak on the

forward scan appears. Upon reversal of the potential, the current is

higher on the reverse scan than during the forward scan for the first

100 mV of the reverse scan. Increased currents in both the forward and

reverse scans are maintained at an upper limit of -0.3 V, although the

reverse current becomes smaller than that on the forward scan. With

increasing positive potential limit (£-0.25 V), the reverse current

continues to decrease, whereas the peak current on the forward scan is

maintained at --600 /iA-

Experiments were performed in pH 7 buffered and pH 10 unbuffered (pH

adjusted with NaOH) solutions to investigate whether the appearance of

peaks on the voltammograms in 5Q7, and 100Z 02 was related to changes in the

interfacial pH. Addition of a phosphate-based pH 7 buffer significantly

affects the voltammetric behaviour in oxygenated solution. The peaks

observed in unbuffered neutral solution are absent, although there is

hysteresis between the currents recorded in the forward and reverse

directions, with the forward currents greater than the reverse ones

(Figure 2). The ring current corresponding to peroxide oxidation is lower
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in buffered solution and the maximum in the ring current occurs at a more

negative disc potential than in unbuffered solution. The limiting current

in buffered solution is -15% lower than in unbuffered solution because of

the salting-out effect of the ~0.08 mol-dm"3 phosphate in the buffered

solution (cf. Figures 1 and 2). Plots of -I£im against w1/2 pass through

the origin, and have a slope corresponding to 3.6 electrons per oxygen

molecule.

Oxygen reduction to hydroxide ions (complete 4-electron reduction) will

increase the interfacial pH to -11 in unbuffered neutral oxygenated

.solutions in the transport-limited region, with lower pH values in the

kinetic- and joint-control regions. In pH 10 unbuffered solutions,

evidence for peaks on the forward and reverse potential scans is observed

:.n an oxygen atmosphere of 10% 02 (Figure 9), whereas no such peaks are

present in neutral unbuffered solution at a similar oxygen concentration

(Figure 7). Similarly, well-defined peaks are observed in aerated pH 10

solution, compared with only slight hysteresis in unbuffered neutral

solution. In general, the features that develop in neutral solution with

increasing [02] also occur in pH 10 solutions, but at lower [02]. This

observation suggests that the development of hysteresis and peak formation

with increasing [02] is related to increases in the interfacial pH as a

consequence of 02 reduction to OH~.

Voltammetry was carried out in deaerated neutral, buffered pH 7 and

unbuffered pH 10 (adjusted with NaOH) solutions to study the nature of

siurface films in the potential region corresponding to oxygen reduction.

Figure 10 shows the final potential scan (the potential was scanned from

-•1.3 V to an increasingly positive potential limit in each successive scan)

in neutral unbuffered solution. Peak Ia is believed to correspond to the

formation of submonolayer CuCl (Eisner et al. 1988) according to

Cu + Ci- -» (CuCl)ads + e (4)

with the conjugate peak Ic representing the reverse process. The increase

in anodic current at potentials greater than about -0.3 V is caused by the
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anodic dissolution of copper as soluble CuCl2 species. At a rotation rate

of 120 rpm or with a stationary electrode (not shown), precipitation of

CuCl occurs on the surface and a corresponding reduction peak is observed.

Peak Ia may be related to the oxidation of adsorbed hydrogen (Moreau et al.

1985).

In pH 7 buffered solution, a different pair of conjugated peaks (IIa and

IIC, Figure 11) are observed. These peaks are broad, but the charge

associated with each is small (<10 uC-cnr2). The process responsible for

these peaks is unknown but may involve the electroadsorption and reduction

of phosphate. Dissolution of copper as CuCl2 is observed, and confirmed by

the corresponding ring current for the oxidation of Cu(I) to Cu(II) (not

shown).

Peaks Ia, Ic and Ia are also observed in pH 10 unbuffered solution, along

with a large reduction peak IIIC (Figure 12). Copper dissolution as CuCl2
occurs at potentials anodic to -0.3 V. The area under peak IIIC increases

with increasing upper potential limit, i.e., increases with increasing

amounts of CuCl2• Peak IIIC is not related to the reduction of a

precipitated CuCl layer, since a second cathodic peak corresponding to this

process appears if the electrode is not rotated. Instead, it is believed

that peak IIIC corresponds to the reduction of a Cu20 layer formed by the

hydrolysis of CuCi:;:

2CuCl2 + OH- -> Cu20 + 4C1- + H+ (5)

peak IIIC Cu20 + H20 + 2e -» 2Cu + 20H~ . (6)

From the area under peak IIIC, it appears that the electrode is covered by

approximately one monolayer of Cu20 (1 ML H 300 yC-cnr
2, Burstein and

Newman 1981) at an upper potential limit of -0.1 V. Reaction (5) is slow

at neutral pH and no Cu20 layer forms.

An alternative mechanism for the formation of submonolayer Cu20 is the

reaction of two Cu(OH)ads species to produce Cu20 and H20 (Eisner et al.
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1988). Although no evidence for Cu(OH)ads is apparent from Figure 12,

Eisner et al. claim that OH~ and Cl~ compete for adsorption sites on Cu

over a wide range of [Cl~] and pH. With increasing pH, OH~ would

increasingly displace the Cl~ adsorbed at — 0.8 V (peak Ia, Figures 10 and

12). Since no additional charge transfer would be involved, no additional

peak, would be observed on the voltammogram. The formation of submonolayer

Cu20 from the dehydration of Cu(OH)ads is more likely than the

precipitation of Cu20 from solution described by the hydrolysis reaction in

Equation (5).

Evidence that a similar Cu20 film exists on copper electrodes during oxygen

reduction has been obtained from preliminary photoelectrochemical

experiments. Negative photocurrents, indicative of a p-type semiconducting

liilm, were observed at potentials positive of -0.3 V on the forward scan of

a voltammogram, and persisted on the reverse scan from a potential limit of

-0.1 V to a potential of -0.6 V. Cuprous oxide is a p-type semiconductor

(Abrantes et al. 1984), whereas CuCl is thought to be n-type (Lucey 1967).

The potential range of negative photocurrent corresponds closely to that

for the dissolution of copper as CuCl2 (which, at sufficiently high pH, is

possibly hydrolyzed to Cu20) and the reduction of the Cu20 layer (peak

1IIC, Figure 12).

:l . 3 THE BEHAVIOUR IN Q.I mol-diir3

Figures 3 and 4 show voltammograms for the reduction of oxygen in

oxygenated neutral and buffered, pH 7, 0.1 mol-dnr3 NaCl04 respectively.

The forward scan of the voltammogram in neutral solution (Figure 3) is

characterized by a well-defined cathodic peak with a peak potential of

about -0.45 V. No such peak is apparent on the reverse scan and the

currents display extensive hysteresis in the joint-control region. Small

ring currents (<40 uA) for peroxide oxidation are also observed at these

potentials. Similar results were obtained with a copper rotating-disc

electrode. In buffered solution (Figure 4), a single reduction wave is

observed with some hysteresis between the forward and reverse scans. In

both neutral and buffered solutions, the limiting current corresponds to
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the overall 4-electron reduction of 02 to OH- (or water), although the

salting-out effect of the phosphate buffer results in a lower.value of I|iB

in the buffered solution.

The formation of the peak on the forward potential scan was investigated in

a series of voltammograms, in which the. upper potential limit was set more

positive in each successive cycle. Some of the curves are shown in

Figure 13, in which the current axis has been offset for each voltammograra

for clarity. The first indication of the formation of the peak is observed

at an upper potential limit of -0.55 V, approximately 0.2 V more negative

than the corresponding potential in neutral, unbuffered 1 mol-dm-3 NaCl

(Figure 8). For upper potential limits between -0.55 and -0.40 V, the

forward peak gradually becomes apparent, and the current on the reverse

scan is greater than during the forward scan. As the upper limit is

increased to -0.10 V, the forward peak is retained, but the reverse current

gradually becomes smaller than the current during the forward scan, and the

hysteresis loop displayed in Figure 3 is observed. The peak current on the

forward scan was found to be proportional to w1/2 in a series of

experiments at different rotation rates.

Voltammograms were recorded in deaerated solutions in order to characterize

surface phases present on the electrode. Several types of film are formed

on a rotating electrode in pH 10 (adjusted with NaOH) 0.1 mol-dnr3 NaC104
(Figure 14). Two reduction peaks (Cx and C2) are observed following the

formation of three anodic regions (Ait A2 and A3). Reduction peak Ca
corresponds to anodic processes A2 and A3, the most likely assignments

being

region A2 formation of submonolayer Cu20,

region A3 completion of monolayer Cu20 coverage,

peak Ci reduction of Cu20.
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Peak A2 is preceded by a broad peak Ax. In comparison with the studies of

Burstein and Nevman (1981) and Eisner et al. (1988), peak Ax may correspond

to the formation of submonolayer Cu(OH)ads, which is transformed to Cu20

according to the reaction

2Cu(OH)ads -> Cu20 + H20 . (7)

If the upper potential limit is extended to -0.05 V or higher, reduction

peak C2 is formed, corresponding to the reduction of Cu(OH)2 (or CuO) to

Cu20. The cupric phase is precipitated on the Cu20 underlying layer at

potentials close to 0 V on the forward scan. The underlying Cu20 layer

appears to reach a limiting thickness of 1 to 2 ML, as calculated from the

reduction charge under peak Cx.

More direct evidence that Cu20 is present on the surface during oxygen

reduction was obtained from preliminary photoelectrochemical data recorded

during cyclic voltammetry in oxygenated neutral 0.1 mol-dnr3 NaC104.

Significant negative photocurrents (suggestive of a layer of p-type Cu20)

were observed at potentials greater than -0.2 V on the forward scan. On

the reverse scan, the negative photocurrent increased, possibly because of

the thickening of the Cu20 layer due to the reduction of Cu(OH)2 or CuO to

Cu20 (peak C2 in Figure 14), as reported by Abrantes et al. (1984).

In deaerated, pH 7 buffered solution, the peak corresponding to the

reduction of Cu20 (peak Cj) is absent (Figure 15). Dissolution occurs at

potentials greater than about -0.2 V and is accompanied by a reduction peak

(C3). With the ring electrode of the RRDE potentiostatted to oxidize Cu(I)

to Cu(II), small quantities of Cu(I) are detected during the dissolution of

the disc and, particularly, during the reduction corresponding to peak C3.

Copper may dissolve as Cu(II) via a Cu(I) intermediate species, with the

reduction of a precipitated Cu(II) film (presumably Cu(OH)2 or CuO) on the

return scan, again via a Cu(I) intermediate. Seemingly, no stable Cu(I)

film is formed during either the oxidation or reduction reactions.
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4. DISCUSSION

4.1 THE INFLUENCE OF SURFACE FILMS ON THE REDUCTION 0F

OXYGEN ON COPPER

The rate of oxygen reduction on copper has been found to depend on the

nature of the surface film on the electrode, as well as on the usual

parameters of applied potential and rate of oxygen supply. Over the range

of potentials corresponding to that for oxygen reduction on copper, the

nature of the surface is" a complex function of potential, interfacial pH

and the anion in the supporting electrolyte, but three broad

classifications of surface can be defined:

(a) "bare" copper,

(b) a catalytic surface film, and

(c) a Cu20-covered surface.

4.1.1 Oxygen Reduction on "Bare" Copper

A truly "bare" copper surface probably does not exist under any of the

conditions used in this study. The cleanest copper surface is formed at

negative potentials corresponding to the transport-limited oxygen reduction

region. In this region, the rate of oxygen reduction is independent of the

nature of the electrode surface (apart from its geometric surface area),

and depends only on the rate of oxygen supply. The absence of ring current

and the calculated values of n close to 4 demonstrate that the 4-electron

reduction of oxygen to OH" occurs in all solutions in the transport-limited

region.

Under some circumstances, the surface of the electrode does not appear to

change significantly with increasing positive polarization, and the I/E

curve for oxygen reduction appears as a single wave with little hysteresis
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between the forward and reverse scans. This type of behaviour is apparent

in unbuffered neutral 1 mol-dnr3 NaCl at low oxygen concentrations

(Figure 7) and in oxygenated buffered NaCl and NaC104 solutions (Figures 2

and 4). Voltammetry in deaerated neutral and buffered NaCl confirms that

there is little dissolution of the electrode or surface film formation over

a wide potential region in these solutions (Figures 10, 11 and 15).

4.1.2 Oxygen Reduction on the Catalytic Surface Film

In other solutions, however, the nature of the surface does change in the

joint-control region and a surface film forms that is particularly

catalytic towards oxygen reduction. As a consequence, peaks are observed

in the joint-control region during oxygen reduction in oxygenated

unbuffered 0.1 mol-dm"3 NaC104 and in unbuffered 1 mol-dm"
3 NaCl with

atmospheres of 50 and 100% 02 (Figures 1 and 3). This increased catalytic

behaviour can also be observed at lower [02] in unbuffered NaCl if the bulk

pH of the solution is adjusted to pH 10 by adding NaOH (Figure 9). This

suggests that the formation of the catalytic surface depends on both the

potential and the interfacial pH. An interfacial pH of between 10 and 11

appears necessary in order for the catalytic surface film to form. In

unbuffered NaCl solution, the interfacial pH is raised sufficiently because

of 02 reduction to OH~ in 02 atmospheres >50%. At lower 02 concentrations,

the rate of oxygen reduction is not sufficient in itself to raise the

interfacial pH to that required for film formation unless the bulk pH is

increased by the addition of NaOH.

From the results of cyclic voltammetry and preliminary photoelectrochemical

experiments, it is believed that the catalytic surface film corresponding

to the increase in oxygen reduction is submonolayer Cu(OH)ads or

submonolayer Cu20. A catalytic surface forms in both NaCl and NaCl04

solutions, although the nature of the anion may affect the mechanism by

which the film forms and, certainly, affects the potential range over which

the film is present on the surface.
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In NaCl solutions, the first indication of increased catalytic activity in

oxygenated solution appears when the potential is increased above -0.4 V

(Figure 8). At this potential in deaerated pH 10 solution (Figure 12), a

submonolayer Cu20 film starts to form (as indicated by the reduction peak

IIIC), which reaches monolayer coverage if the potential limit is extended

to -0.2 V. Between -0.4 and -0.2 V in oxygenated solution, increased rates

of oxygen reduction are observed in both the forward and reverse scans

(Figure 8), but the current on the reverse scan decreases as the positive

limit is increased to -0.2 V. Therefore, the surface is catalytic,

provided the coverage by Cu20 is less than one monolayer, i.e., during the

forward scan and during the reverse scan if the potential is not scanned so

positive that a ML of Cu20 is formed. The catalytic oxygen reduction peak

is not observed in solutions in which a partial Cu20 layer is not formed on

the electrode, namely, in neutral unbuffered (Figure 10) or pH 7 buffered

(Figure 11) solutions.

The potential range of 200 mV (-0.4 V to -0.2 V), over which the cathodic

current is higher, is a wide range of potential for the formation of a

monolayer catalytic surface. This suggests that there is a wide range of

reactivities of surface sites, perhaps on different crystal planes or at

defects or kink sites on the surface. Although there is no direct

voltammetric evidence for a surface Cu(OH)ads species, the competitive

adsorption of Cl~ and OH~ might also occur over a wide range of potentials.

Therefore, although submonolayer Cu20 seems to be the most likely catalytic

surface in NaCl solution, there is possibly some contribution from

Cu(OH)ads.

In NaC104 solution, there is no competition for adsorption sites from the

anion of the supporting electrolyte, and there is direct evidence for both

submonolayer Cu(OH)ads (peak Aj ) and submonolayer Cu20 (region A2) in

deaerated pH 10 solution (Figure 14). The most negative potential at which

catalysis is observed (~-0.5 V, Figure 13) lies between that for Cu(OH)ads
and submonolayer Cu20, suggesting that one or both of these films is the

catalytic surface. As in NaCl solution, the catalytic activity of the

electrode is maintained on both the forward and reverse scans, provided the



- 20 -

upper potential limit of the potential scan is not sufficiently high to

form one or two monolayers of Cu20.

A broad catalytic peak is observed for oxygen reduction in oxygenated

0.1 mol-dnr3 NaCl04 because the potential range for the formation of 1 ML

Cu20 is vide. In deaerated pH 10 solution (Figure 14), Cu(OH)ads formation

occurs between -0.7 and -0.5 V and monolayer Cu20 between -0.5 and -0.2 V.

This wide range of potentials (up to 0.5 V) for the formation of the

catalytic surface results in a broad catalytic oxygen reduction peak

(Figure 3).

In both NaCl and NaCl04 solutions, the appearance of the oxygen reduction

peak is accompanied by an increase in the amount of peroxide detected by

the ring electrode (Figures 1 and 3). Figure 16 shows the oxygen reduction

mechanism proposed by Bagotskli et al. (1972), including the formation of

H202 as an intermediate species in the so-called series pathway (k2/k_2
followed by k3). No peroxide is formed during the direct pathway (kĵ ),

which implicitly involves the early cleavage of the 0-0 bond. Therefore,

the observation of desorbed peroxide (H202 b in Figure 16) when the

electrode is covered by the catalytic surface film may result from a switch

from the direct pathway for "bare" copper surfaces to the series pathway

for film-covered electrodes. However, some peroxide is also detected in

this potential region in buffered solutions (Figures 2 and 4), in which

there is no evidence for the formation of a surface film. An alternative

explanation for the potential-dependent observation of peroxide is that the

relative rates of peroxide desorption and reduction to H20 (or OH~) change

as either the potential and/or the nature of the surface changes. At high

cathodic overpotentials, the rate of peroxide reduction exceeds the rate of

desorption and no peroxide is detected in solution. At more positive

potentials and/or on film-covered surfaces, peroxide desorbs prior to its

reduction and a measurable ring current is obtained. These two mechanisms

can theoretically be distinguished on the basis of steady-state (N0|ID|/IR)

vs. or1/2 plots (King et al. 1994).
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4.1.3 Oxygen Reduction on Cu,0-Covered Surfaces

In oxygenated NaCl and NaCl04 solutions, the electrode becomes covered by

1 to 2 ML of Cu20 as the potential is scanned to a potential corresponding

to zero net current. On the reverse potential scan, the rate of oxygen

reduction is lower, especially in NaCl04 solution, and extensive current

hysteresis is observed. The evidence for the presence of Cu20 comes both

from cyclic voltammetry in deaerated pH 10 solutions and, more directly,

from preliminary photoelectrochemical experiments in neutral, oxygenated

NaCl and NaC104 solutions. These same experiments show that the Cu20 layer

is finally reduced on the reverse potential scan at —0.6 V (Figures 12 and

14), which corresponds to the potential at which the current hysteresis

between the forward and reverse scans becomes negligible (Figures 1 and 3).

Therefore, over a significant potential range on the reverse scan in

oxygenated solution, oxygen is being reduced on a Cu20-covered surface.

Cuprous oxide is a p-type semiconductor and, since oxygen reduction takes

place at potentials negative of the flat-band potential of Cu20, much of

the applied potential is dropped across the space-charge region of the Cu20

layer, rather than across the double layer (E£b = +0.26 VSCE at pH 7

(Abrantes et al. 1984), although Collisi and Strehblow (1986) give a value

of -0.52 VSCE at ~pH 13. This latter value converts to -0.16 VSCE at pH 7

using the 60 mV/pH dependence given by Hemming (1983)). Consequently, the

rate of oxygen reduction is much lower on the return scan. The oxygen

reduction current is not zero, however, indicating either a highly defected

Cu20 layer with a high density of charge carriers or electron tunnelling

through the thin semi-conducting layer (U.K. Hocking, private communication

1993). The rate of oxygen reduction increases sharply at —0.40 V on the

return scan in C104 solution (Figure 3), even though the mean surface

coverage by Cu20 is still ~2 ML. This may indicate that oxygen reduction

occurs at an increasing rate on a uniformly thinning Cu20 layer, possibly

due to an increasing rate of electron tunnelling, or on patches of bare Cu

that form as the Cu20 layer is reduced to Cu(0) by the nucleation and

growth of Cu(0) centres in the Cu20 layer (D.W. Shoesmith, private

communication 1993). Abrantes et al. (1984) suggest that reduction of the
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2 ML of Cu20 formed on copper in 0.1 mol-dm"
3 sodium tetraborate occurs via

the nucleation and growth of Cu(0) centres that extend through the Cu20

layers.

On the reverse scan in NaCl solution, the rate of reduction of oxygen is

not decreased to the same extent as in NaCl04, and a second peak appears on

the oxygen reduction curve. At an upper potential limit of -0.20 V, the

surface is covered by ~2 ML Cu20 (Figure 12). Nevertheless, significant

oxygen reduction occurs on the reverse scan, perhaps indicating a more

highly defected Cu20 layer than in NaCl04. Adsorbed chloride is present on

the surface as well as Cu20, since the (CuCl)ads reduction peak Ic is

always observed on the reverse scan regardless of the upper potential limit

(Figure 12). The charge associated with the peak on the reverse scan in

oxygenated solution (peak potential —0.45 V, Figure 1) is approximately

ten times that for the reduction of 2 ML of Cu20, and so is unlikely to be

due to the reduction of the Cu20 layer, even though the peak potentials are

similar. The peak is more likely to result from the formation of a

catalytic surface for oxygen reduction, possibly the reformation of the

surface responsible for the peak on the forward scan.

4.2 MECHANISM OF OXYGEN REDUCTION ON THE CATALYTIC SURFACE FILM

There are several mechanisms in the literature that explain why a surface

phase corresponding to Cu(OH)ads or nubmonolayer Cu20 might catalyze the

oxygen reduction reaction. Catalysis by specific surface phases suggests

that adsorption of oxygen on these phases occurs. The simplest explanation

for the increased catalytic activity is that Cu(OH)ads is a favourable site

for oxygen adsorption. Enhanced 02 adsorption on (OH)ads surface sites has

been suggested as an explanation for the greater catalytic activity of

Au(lOO) over that of either Au(llO) or Au(lll) in 0.1 mol-dnr3 NaOH (Adzit

et al. 1983). The increased catalytic activity corresponds to the

potential at which OH" adsorption occurs.

Another possible reason why the enhanced activity corresponds to the

earliest stages of Cu(0) oxidation is based on the model for oxygen
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reduction on p-type semiconductors proposed by Presnov and Trunov (Presnov

and Trunov 1975, Trunov and Presnov 1975a,b). According to this model,

surface sites comprising a metal cation in a higher oxidation state

directly above a lower-valence-state cation can act as catalytic sites for

oxygen reduction. The model was developed to describe the behaviour of

transition metal oxides (Trunov and Presnov 1975a,b,) but has recently been

extended to p-type U02 (Hocking et al. 1991). If this mechanism is

applicable in the present case, the catalytic site would consist of a Cu(I)

cation above a Cu(0) atom. Transfer of an electron from the underlying

Cu(0) atom to the surface Cu(I) cation produces a surface site on which the

oxygen molecule adsorbs (Figure 17). Reduction of the adsorbed oxygen

molecule takes place by electron transfer from the surface active state (Cu

atom). Since the surface copper site acts as an electron donor to the

adsorbed oxygen and an electron acceptor from the underlying copper atom,

it is known as a donor-acceptor reduction (DAR) site. Regeneration of the

surface active site is accomplished by electron transfer between the two

copper species. Subsequent electron transfer and protonation steps produce

either peroxide or water as end products of the oxygen reduction reaction.

The role of the surface OH~ groups in this scheme may be to stabilize the

surface Cu(I) cation in the first place. In addition, surface OH~ groups

may assist the protonation steps by adsorbing water by hydrogen bonding.

The attraction of this theory is that it accounts for the coincidence

between the catalysis of oxygen reduction and the onset of oxidation of the

copper surface.

4.3 MODELLING THE REDUCTION OF OXYGEN ON COPPER

The effect of surface coverage by phases with different catalytic

properties can be demonstrated using a simple model, similar to that

proposed by Ghandehari et al. (1976). A more detailed derivation and

discussion of the model is given in Appendix A.

Various surface phases are formed during the forward and reverse potential

scans. On the forward scan, the electrode is initially composed of "bare"

copper (surface A). With increasing potential, a catalytic surface phase
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(surface B) forms, thought to correspond to submonolayer Cu(OH)ads and/or

submonolayer Cu20. Eventually, a continuous Cu20 layer forms (surface C)

and thickens to ~2 ML. This latter surface is uncatalytic towards oxygen

reduction. (At potentials >-0.05 V, Cu(OH)2 precipitates on the Cu20 layer

in NaC104, but will not be considered here.) The fractional surface

coverages of these three layers (0A, 0B, 0C) changes with potential. On

the reverse potential scan, it is assumed that only surfaces A and C are

present, i.e., bare Cu and bulk Cu20 respectively. The surface coverage of

copper on the reverse scan (0A) increases as Cu centres nucleate and grow

in the Cu20 film (surface coverage Q'c on the reverse scan).

The net disc current for oxygen reduction is the sum of the oxygen

reduction currents on each of the surface phases. For both bare copper and

the catalytic surface, oxygen is assumed to be reduced according to the

overall reaction

k°
02 + 2H20 + 4e -4 40H- (8)

where the standard rate constant (k°) is higher for the catalytic surface

than for bare copper. For the bulk oxide (surface C), the applied

potential is assumed to be dropped entirely across the oxide layer and the

rate of oxygen reduction is zero. This is a simplification of the actual

behaviour, since oxygen reduction does appear to occur on the 2 ML Cu20

layer. This model does not account for the production of peroxide and

hence no predictions of the ring current can be made.

An expression for the peak current (I ) on the forward scan can be derived

in terms of [02] and w
1/2 (Appendix A). For the case where the transfer

coefficients for oxygen reduction on surfaces A and B are equal

(<xcA = acB), and where k°B » k°A, the peak current in the joint-control

region is given by

-I = B[02]0B wV2 (9)
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where B = 0.62nFAD2/3 \r1/6. Equation (9) predicts the dependence of -Ip
on w1/2 observed in NaCl04 solution (Section 3.3). It also accounts for

the absence of the peak on the forward szan at lower [02] in NaCl and in

buffered NaCl and NaCl04 through the term 0B. If the catalytic surface is

not formed, i.e., 9B -» 0, no peak is observed. In principle, Equation (9)

can also be used to predict the fractional surface coverage by the

catalytic phase (0B) at the peak potential Ep. Equation (9) can be

rewritten:

(0B) = Ip/ILim . (10)
p

Equation (10) predicts a fractional coverage of ~0.75 at the peak potential

(Ep = 0.47 V) in oxygenated 0.1 mol'dnr
3 NaCl04 (Figure 3). However, this

value of 9B is much larger than the value predicted on the basis of the

voltammogram in deaerated pH 10 NaCl04 (0B =0.13, based on the area under

peak Ax in Figure 14 and 1 ML Cu(OH)ads s 150 yC'cm"
2 (Burstein and Newman

1981)). A possible reason for this discrepancy is that the catalytic

surface consists of an adsorbed Cu(OH)ads species plus adjoining bare Cu

surface sites. For instance, the Presnov and Trunov mechanism involves

different oxidation state sites, one above the other. But there is no

reason why the Cu(0) and Cu(I) sites should not be adjacent surface sites.

Consequently, estimates of 0B based solely on the surface coverage of

Cu(OH)a(ls. would underestimate the true fractional surface coverage by the

catalytic surface. Alternatively, the adsorbed OH~ ion may not be totally

discharged (Adzic et al. 1983), in which case the true 0B values would be

greater than those predicted here on the basis of 1 ML = 150 uC«cm~2.

Theoretical I/E curves for the reduction of oxygen on copper can be

calculated if the potential dependencies of 0A, 0B and 0£ and values for

the standard rate constants for surfaces A and B, k°A and k°B respectively,

are known.
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4.4 COMPARISON WITH PREVIOUS STUDIES

Balakrishnan and Venkatesan (1979) have studied the reduction of oxygen on

copper and brass in oxygenated, neutral solutions of NaCl, Na2S04, NH4C1

and (NH4)2S04. These authors report that the oxygen reduction polarization

curve is characterized by two waves, which they ascribe to oxygen reduction

to peroxide and oxygen reduction to OH~ (or water). They also refer to a

minimum in the forward wave, especially in NaCl solution (in their paper,

Balakrishnan and Venkatesan use forward and reverse in the opposite sense

to that used in this report. Here, forward always refers to the positive-

going potential scan). The minimum was thought to result from a decrease

in the oxygen reduction current following the adsorption of Cl~ or S0̂ ~ at

negative potentials, followed by an increase in current as the surface

coverage of adsorbed oxygen increased at more positive potentials.

Eventually, with increasing positive polarization, the current was observed

to decrease once more as the electrode became covered by oxide or

chemisorbed oxygen.

Comparison with the results of this study, however, suggests that

Balakrishnan and Venkatesan observed a catalytic peak on the forward scan,

rather than a minimum in a current wave associated with the reduction of

oxygen to peroxide. For instance, they observed that the two distinct

waves and the minimum in the forward scan in NaCl solution disappeared with

decreasing pH. The present results would clearly suggest that rather than

the absence of the two waves and current minimum at lower pH, it is the

catalytic peak that is not present, because the Cu20 (<1 ML) catalytic

surface is not formed. In fact, the observation by Balakrishnan and

Venkatesan that the catalytic peak in oxygenated solution disappears with

decreasing pH is equivalent to our observation that the peak disappears

with decreasing [02] in neutral solution. The effects are the same in both

studies - the catalytic surface is not formed unless the interfacial pH is

approximately pH 10 to 11. Balakrishnan and Venkatesan also observed a

negative shift in the peak potential with increasing pH, again consistent

with the oxygen reduction peak being associated with the formation of a

catalytic Cu20 (<1 ML) surface.
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Furthermore, the limited ring current data presented by Balakrishnan and

Venkatesan do not support their explanation for two distinct waves in the

oxygen reduction voltammogram. No IR data for NaCl solutions were

presented. The data presented for (NH4)2S04, NH4C1 and pH 13 Na2S04,

however, show that IR is relatively constant over a wide range of disc

potentials, even though two waves in the oxygen reduction curve are also

reported for these solutions. If the second of the two waves results from

oxygen reduction to OH~, then ring currents should only have been observed

at disc potentials corresponding to the first wave. A further concern with

the ring current data presented is that, at a disc potential of —0.45 V,

the IR/|ID | ratio in pH 13 Na2S04 implies a minimum collection efficiency

of 0.9. The collection efficiency of the electrode used is not given, but

an electrode design with a value of 0.9 is not feasible, suggesting that

the measured ring currents are not due solely to the oxidation of peroxide.

Balakrishnan and Venkatesan also observed a negative slope for the

diagnostic |lD |/IR vs. or
1/2 plot in (NH4)2S04 solution. All of the

published mechanisms for oxygen reduction result in positive slopes

(Kinoshita 1992, Tarasevich et al. 1983, Hsueh et al. 1983). The negative

slope may result from the effect of rotation rate on the interfacial pH.

If ID does not vary significantly with w (for instance, in the kinetic-

control region or at relatively positive potentials in the joint-control

region), the rate of OH~ production at the interface at a given potential

will also be independent of rotation rate. The rate of removal of OH~ from

the diffusion layer, however, will increase with to. Therefore, the

interfacial pH can be expected to be higher at lower rotation rates. As

shown in this study, a higher interfacial pH leads to peroxide production

in the kinetic/joint control region, either because it is produced on the

catalytic surface or because it more readily desorbs from a Cu20-covered

surface. Therefore, IR will increase with increasing interfacial pH, or

with decreasing rotation rate. If ID is independent of co
1/2 and IR is

related to w~1/2, then |lD |/IR will be inversely related to w~
1/2, and the

diagnostic plot will exhibit a negative slope.
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In discussing the peak observed on the forward scan by Balakrishnan and

Venkatesan, Schiffrin (1983) speculated that the oxidation of dissolved

Cu(I) to Cu(II) by peroxide must be occurring in the potential region of

the current maximum and, by implication, played some role in the overall

oxygen reduction mechanism. In NaCl04, however, the peak occurs at more

negative potentials than in NaCl and the amount of dissolved copper in

solution is negligible. Even in NaCl solution where Ep is more positive,

the present results suggest that anodic dissolution (as detected by Cu(I)

oxidation on the ring) is not significant at potentials corresponding to

the catalytic oxygen reduction peak. We do agree, however, with

Schiffrin's comment that the initial stages of film formation involving

Cu(OH)ads are important in the kinetics of oxygen reduction.

The present results do confirm the observation of Balakrishnan and

Venkatesan (1979), Vazquez et al. (1987) and others that the rate of oxygen

reduction depends on the nature of the surface film. The irreversibility

of the formation and reduction of these films results in the current

hysteresis reported by many workers. It also accounts for the time-

dependence observed by Deslouis et al. (1988) and Manfredi et al. (1987).

If the electrode is permitted to "age" at ECORR, a Cu20 film will grow,

which in turn inhibits oxygen reduction. On the basis of the preliminary

photoelectrochemical data presented here, the Cu20 layer exhibits p-type

semiconducting properties. Since oxygen reduction occurs at potentials

below the flat-band potential of Cu20, oxygen reduction is inhibited on

this surface.

Evidence for limited peroxide release from the copper surface was obtained

in the present study. The quantities of peroxide detected appear to be

less than those reported by Balakrishnan and Venkatesan (1979), but more

than the negligible levels quoted by Vazquez et al. (1987). A higher

percentage of peroxide is detected at more positive potentials in both NaCl

and NaC104, consistent with the findings of Olszowka et al. (1992) of

significant amounts of peroxide in solution following immersion-type

corrosion experiments in aerated neutral solutions.
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The mechanism of oxygen reduction in highly acidic solutions, however,

seems to be different from that in neutral media. The results of

Ghandehari et al. (1986) in 2 mol-dnr3 H2S04 and Kokklnidis and

Jannakoudakis (1984) suggest that peroxide is the major reduction product

over a wide range of potentials. This peroxide must be formed by a

different mechanism to that observed in neutral solutions, since from this

study peroxide is associated with the presence of Cu(OH)ads or Cu20 surface

phases, which would not be stable in acidic media.

Different surface phases, and the extent to which they catalyze oxygen

reduction, do, nevertheless, seem to be important at low pH as well as in

neutral and alkaline solutions. Indeed, the model described in Section 4.3

is based on that used by Ghandehari et al. (1978) to account for the peak

observed in the potentiostat ID-ED plot in aerated and oxygenated

2 mol-dm"3 H2S04. These authors considered the peak to be formed by the

inhibition of the reduction reaction due to the formation of a surface film

composed of adsorbed oxygen reduction intermediates and, possibly, sulphate

ions.

Future studies of oxygen reduction on copper in neutral solutions should be

aimed at identifying the various surface films present on the electrode

during oxygen reduction as a function of potential and interfacial pH.

Photoelectrochemical techniques appear to be capable of detecting the

presence of as little as approximately two monolayers of Cu20. However,

even more sensitive techniques are required since the catalytic surface

appears to be present at submonolayer coverages. Studies using an

electrochemical quartz crystal microbalance might be of use, but electrode

rotation would not then be feasible. In situ Raman studies are also

possible, especially since copper gives an enhanced Raman signal.

Ellipsometric techniques are unlikely to be more sensitive than

photoelectrochemical measurements.

An area of more practical relevance would be oxygen reduction on Cu20

surfaces, and even on surfaces covered with precipitated Cu(II) salts. It

is the rate of oxygen reduction on these surfaces that will be important in
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determining the corrosion behaviour of copper-based alloys in marine and

natural waters. It is clear from the present work that oxygen reduction

does occur on thin Cu20 layers, but the kinetics are likely to be

increasingly inhibited as the Cu20 layer thickens. These effects, and the

effect of sulphide-induced changes in the Cu20 layer on oxygen reduction,

are ideally studied using photoelectrochemical techniques.

5. CONCLUSIONS

The effects of surface films on the kinetics of oxygen reduction on copper

in neutral NaCl and NaC104 solutions have been studied using

potentiodynamic techniques. In oxygenated unbuffered solutions, oxygen

reduction is catalyzed by a surface film of Cu(OH)ads or submonolayer Cu20.

The formation of this catalytic surface over a specific range of potentials

leads to the formation of a peak in the current-potential curve on the

positive-going potential scan. At other potentials, oxygen is reduced on

either a bare copper surface or a thin (approximately two monolayers)

continuous Cu20 film.

The formation of the catalytic surface depends on the interfacial pH. An

interfacial pH of 10 to 11 is required for the surface film to form and for

the characteristic oxygen reduction peak to be observed. In neutral,

unbuffered solutions the interfacial pH is close to pH 10 during oxygen

reduction in atmospheres of 507, 02/N2 and 100% 02. Alternatively, if the

bulk pH is raised to pH 10, the peak in the current-potential curve is

observed with oxygen atmospheres as low as 10% 02/N2. In phosphate-

buffered (pH 7) solutions, the interfacial pH remains at ~pH 7 during

oxygen reduction and no catalytic peak is observed in oxygenated solution.

The Cu(OH)ads/Cu20 submonolayer surface may catalyze the oxygen reduction

reaction by providing suitable adsorption sites for oxygen. Protonation

steps will also be facilitated by the hydrogen bonding of vater.

Alternatively, the surface oxidized copper ion and the underlying copper

atom may represent catalytic donor-acceptor reduction sites. Such sites
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have been proposed to participate in oxygen reduction on transition metal

oxides and other p-type semiconducting oxides.

Only small quantities of stable peroxide species are detected during oxygen

reduction. The small amounts of peroxide that are observed are formed in

the joint- and kinetic-control regions and are associated with the presence

of the catalytic surface film or continuous Cu20 layer. Peroxide is

detected by the ring electrode when the rate of desorption is faster than

the rate of reduction to OH~. At more negative potentials, the adsorbed

peroxide intermediate is reduced to OH" before it can desorb, and no ring

current is observed.

The present results are in general agreement with those previously reported

for oxygen reduction in neutral solutions. This study confirms the

conclusions from previous work, i.e., that the nature of the surface film

plays an important role in determining the mechanism of oxygen reduction.

ACKNOWLEDGEMENTS

The authors are grateful to D.W. Shoesmith and W.H. Hocking for useful

discussions. Y. Tang performed some of the voltammetry in deaerated

solution and J.S. Betteridge and W.H. Hocking performed the

photoelectrochemical tests.

The Canadian Nuclear Fuel Waste Management Program is jointly funded by

AECL and Ontario Hydro through the CANDU Owners Group.



- 32 -

REFERENCES

Abrantes, L.M., L.M. Castillo, C. Norman and L.M. Peter. 1984. A

photoelectrochemical study of the anodic oxidation of copper in

alkaline solution. J. Electroanal. Chem. 163, 1984, 209-221.

Adzic, R.R., A.V. Tripkovic and N.M. Markovic. 1983. Structural effects

in electrocatalysis. Oxidation of formic acid and oxygen reduction on

single-crystal electrodes and the effects of foreign metal adatoms.

J. Electroanal. Chem. 150, 1983, 79-88.

Albery, W.J. and M.L. Hitchman. 1971. Ring-disc electrodes. Oxford

University Press, Oxford.

Andersen, T.N., M.H. Ghandehari and H. Eyring. 1975. A limitation to the

mixed potential concept of metal corrosion. Copper in oxygenated

sulfuric acid solutions. J. Electrochem. Soc. 122, 1975, 1580-1585.

Atanasoski, R.T., H.S. White and W.H. Smyrl. 1986. Microelectrodes in

corrosion studies. Electrodissolution and corrosion of copper in

H202/0.1 N HC1. J. Electrochem. Soc. 133, 1986, 2435-2436.

Bagotskii, V.S., M.R. Tarasevich and V. Yu. Filinovskii. 1972. Allowance

for the adsorption stage in the calculation of kinetic parameters for

the reactions of oxygen and hydrogen peroxide. Soviet

Electrochemistry 8, 1972, 81-84.

Balakrishnan, K. and V.K. Venkatesan. 1979. Cathodic reduction of oxygen

on copper and brass. Electrochimica Acta 24, 1979, 131-138.

Battino, R., T.R. Rettich and T. Tominaga. 1983. The solubility of oxygen

and ozone in liquids. J. Phys. Chem. Réf. Data 12, 1983, 163-178.



- 33 -

Brandt, E.S. 1983. Electrochemistry of oxygen and hydrogen peroxide at

clean and at halide-covered polycrystalline silver. J. Electroanal.

Chem. 150, 1983, 97-109.

Burstein, G.T. and R.C. Newman. 1981. Reactions of scratched copper

electrodes in aqueous solutions. J. Electrochem. Soc. 128, 1981,

2270-2276.

Collisi, U. and H.-H. Strehblow. 1986. A photoelectrochemical study of

passive copper in alkaline solutions. J. Electroanal. Chem. 210,

1986, 213-227.

Deslouis, C., B. Tribollet, G. Mengoli and M.M. Musiani. 1988.

Electrochemical behaviour of copper in neutral aerated chloride

solution. I. Steady-state investigation. J. Appl. Electrochem. 18,

1988, 374-383.

Eisner, C.I., R.C. Salvarezza and A.J. Arvia. 1988. The influence of

halide ions at submonolayer levels on the formation of oxide layer and

electrodissolution of copper in neutral solutions. Electrochimica

Acta 33, .1988, 1735-1741.

Ghandehari, M.H., T.N. Andersen and H. Eyring. 1976. The electrochemical

reduction of oxygen in copper in dilute sulphuric acid solutions.

Corrosion Science 16, 1976, 123-135.

Hocking, W.H., J.S. Betteridge and D.W. Shoesmith. 1991. The cathodic

reduction of dioxygen on uranium oxide in dilute alkaline aqueous

solution. Atomic Energy of Canada Limited Report, AECL-10402.

Hsueh, K.-L., D.-T. Chin and S. Srinivasan. 1983. Electrode kinetics of

oxygen reduction. A theoretical and experimental analysis of the

rotating ring-disc electrode method. J. Electroanal. Chem. 153, 1983,

79-95.



- 34 -

Kato, C., B.C. Ateya, J.E. Castle and H.W. Pickering. 1980a. On the

mechanism of corrosion of Cu-9.4Ni-l.7Fe alloy in air saturated

aqueous NaCl solution. I. Kinetic investigations. J. Electrochem.

Soc. 127, 1980, 1890-1896.

Kato, C., J.E. Castle, B.C. Ateya and H.W. Pickering. 1980b. On the

mechanism of corrosion of Cu-9.4Ni-l.7Fe alloy in air saturated

aqueous NaCl solution. II. Composition of the protective surface

layer. J. Electrochem. Soc. 127, 1980, 1897-1903.

Kato, C. and H.W. Pickering. 1984. A rotating disk study of the corrosion

behaviour of Cu-9.4Ni-l.7Fe alloy in air-saturated aqueous NaCl

solution. J. Electrochem. Soc. 131, 1984, 1219-1224.

King, F. and C.D. Litke. 1989. The electrochemical behaviour of copper in

aerated 1 mol-dnr3 NaCl at room temperature. Part 2. Cathodic

reduction of oxygen on copper. Atomic Energy of Canada Limited

Report, AECL-9572.

King, F., M.J. Quinn and C.D. Litke. 1994. A potentiostatic study of the

reduction of oxygen on copper in 1 mol'dm"3 NaCl. Atomic Energy of

Canada Limited Report, AECL-11061, COG-94-123.

Kinoshita, K. 1992. Electrochemical oxygen technology. John Wiley, Nev

York, Chap. 2.

Kokkinidis, G. and D. Jannakoudakis. 1984. Oxygen reduction on Pt and Cu

surfaces modified by underpotential adsorbates. J. Electroanal. Chem.

162, 1984, 163-173.

Lucey, V.F. 1967. Mechanism of pitting corrosion of copper in supply

waters. Br. Corros. J. 2, 1967, 175-185.



- 35 -

Manfredi, C., S. Simison and S.R. de Sanchez. 1987. Selection of copper

base alloys for use in polluted seawater. Corrosion 43, 1987, 458-

464.

Hemming, R. 1983. Processes at semiconductor electrodes. In

Comprehensive Treatise of Electrochemistry, Vol. 7. Kinetics and

Mechanisms of Electrode Processes. B.E. Conway, J. O'M. Bockris,

E. Yeager, S.U.M. Khan and R.E. White (eds.), Plenum Press, New York,

Chap. 8.

Molodov, A.I., G.N. Markos'yan and V.V. Losev. 1981. Relationships

governing self-dissolution of metals ionizing in stages.

Investigation of the corrosion of copper. Soviet Electrochemistry 17,

1981, 922-930.

Molodov, A.I., G.N. Markos'yan and V.V. Losev. 1982. Laws of the

autodissolution of copper in the presence of H202. Soviet

Electrochemistry 18, 1982, 1052-1059.

Moreau, A., J.P. Frayret, F. Del Rey and R. Pointeau. 1985.

Interpretation des courbes de polarisation cathodique de cuivre dans

les solutions chlorurées acides desaérées: étude simultanée de la

corrosion du cuivre et de la réduction des ions H+. Electrochim. Acta

30, 1985, 649-651.

Nicol, M.J. 1982. Kinetics of the oxidation of copper (I) by hydrogen

peroxide in acidic chloride solution. S. Afr. J. Chem. 35, 1982,

77-79.

Nicol, M.J. 1984. Kinetics of the oxidation of copper (I) by oxygen in

acidic chloride solution. S. Afr. J. Chem. 37, 1984, 77-80.

Olszowka, S.A., M.A. Manning and A. Barkatt. 1992. Copper dissolution and

hydrogen peroxide formation in aqueous media. Corrosion 48, 1992,

411-418.



- 36 -

Presnov, V.A. and A.M. Trunov. 1975. Oxygen electroreduction on

semiconductor catalysts. I. General approach and processes in the

semiconductor. Soviet Electrochemistry 11, 1975, 60-64.

de Sanchez, S.R. and D.J. Schiffrin. 1982. The flow corrosion mechanism

of copper base alloys in sea water in the presence of sulphide

contamination. Corrosion Science 22, 1982, 585-607.

de Sanchez, S.R., L.E.A. Berlouis and D.J. Schiffrin. 1991. Difference

reflectance spectroscopy of anodic films on copper and copper base

alloys. J. Electroanal. Chem. 307, 1991, 73-86.

Schiffrin, D.J. 1983. The electrochemistry of oxygen. In

Electrochemistry, Volume 8, Specialist Periodical Report, Royal

Society of Chemistry, London, Chap. 4.

Schiffrin, D.J. and S.R. de Sanchez. 1985. The effect of pollutants and

bacterial microfouling on the corrosion of copper base alloys in

seawater. Corrosion 41, 1985, 31-38.

Smyrl, W.H., B.T. Bell, R.T. Atanasoski and R.S. Glass. 1987. Copper

corrosion in irradiated environments. The Influence of H202 on the

electrochemistry of copper dissolution in HC1 electrolyte. Mat. Res.

Soc. Symp. Proc. 84 (Scientific Basis for Nuclear Waste Management X),

591-601.

Tarasevich, M.R., A. Sadkowski and E. Yeager. 1983. Oxygen

electrochemistry. In Comprehensive Treatise of Electrochemistry,

Vol. 7. Kinetics and Mechanisms of Electrode Processes, B.E. Conway,

J. O'M. Bockris, E. Yeager, S.U.M. Khan and R.E. White (eds.). Plenum

Press, New York, Chap. 6.

Trunov, A.M. and V.A. Presnov. 1975a. Oxygen electroreduction on

semiconductor catalysts. II. Processes at the oxide



- 37 -

semiconductor/electrolyte interface. Soviet Electrochemistry 11,

1975, 65-70.

Trunov, A.M. and V.A. Presnov. 1975b. Oxygen electroreduction on

semiconductor catalysts. III. The importance of 3d electrons on

oxide semiconductors. Soviet Electrochemistry 11, 1975, 268-270.

Vazquez, M.V., S.M. Rosso de Sanchez and E.J. Calvo. 1987. Thé kinetics

of 02 reduction on Cu electrodes. Extended Abstract, 38th Meeting

International Society of Electrochemistry, Maastricht, 13-18 September

1987. Paper 3.18, pp. 270-272.

Vilambi, N.R.K. and E.J. Taylor. 1989. CPRM: A new method for

quantitative detection of peroxide formation during oxygen reduction

using the rotating ring-disc electrode technique. J. Electroanal.

Chem. 270, 1989, 61-77.

Wroblowa, H.S. and S.B. Qaderi. 1990. Mechanism and kinetics of oxygen

reduction on steel. J. Electroanal. Chem. 279, 1990, 231-242.



0.5 TIS 94-0206.01

-0.5

-1.0

-1.5

-0.2

-1.2 -1.2

50

-50
33

î

-100
LO
CO

-1.5 -1.0 -0.5
-150

En/V,SCE

FIGURE 1: The Reduction of Oxygen on Copper Disc Electrode in Oxygenated Unbuffered 1 mol-dm-3 NaCl and
the Corresponding Ring Current for the Oxidation of Peroxide ([02] = 9.2 x 10'

7

_.. L. A >» « ** f\ § A r\ f\ o "5 __ I / O TT .. 1 f\ «T7 « _ 1

Cu-Pt RRDE, = +0.6 VS C E , N0 = 0.4, AD = 0.33 cm2 , w = 14.3 Hz, v = 10 mV-s'1 , 2nd scan)



0.5
T1S94-OZ06.02

E -0.5
D

-1.0

-1.5

-0.3

A
-1.1 -1.1

E° A.

50

-50

-100
eo
1X3

-1.5 -1.0 -0.5
-150

En/V,SCE

FIGURE 2: The Reduction of Oxygen on Copper Disc Electrode in Oxygenated pH 7 Buffered 1 mol-dur3 NaCl
and the Corresponding Ring Current for the Oxidation of Peroxide ([02] = 8.2 x IQ'"

1 mol-cnr3,
Cu-Pt KRDE, Eg* = +0.6 VSCE, N0 = 0.4, AD = 0.33 cm

2, a = H.3 H2, v = 10 mV-s'1, 2nd scan)



TIS 94-0206.03

Q

-1.0 -

-1.5
-0.5

- -100

0
-150

o
I

SCE

FIGURE 3: The Reduction of Oxygen on Copper Disc Electrode in Oxygenated Unbuffered 0.1 mol-dnr3 NaC104
and the Corresponding Ring Current for the Oxidation of Peroxide ([02] = 1.3 x 1Q-

6 mol-cnr3,
Cu-Pt RRDE, Effc = +0.6 VSCE, N0 = 0.4, AD = 0.33 cm

2, w = 14.3 Hz, v = 10 mV-s'1, 2nd scan)



TIS 94-0206.04

-0.5 -

•1.0 - - -40

-1.5 -0.5
-60

En/V,D' VSCE

FIGURE 4: The Reduction of Oxygen on Copper Disc Electrode in pH 7 Buffered 0.1 mol-diir3 NaCl04 and the
Corresponding Ring Current for the Oxidation of Peroxide ([02] = 1.1 x 10"

6 mol.cm'3, Cu-Pt
RRDE, B« = +0.6 VSCE, N0 = 0.4, AD = 0.33 cm

2, o> = 14.3 Hz, v = 10 mV-S'1, 2nd scan)



TIS 94-0206.05

-0.5

O

-1.0

-1.5 I I I

150

100

50

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2

FIGURE 5: The Effect of Iodide Addition on the Reduction of Oxygen on Copper Disc Electrode in
Oxygenated pH 7 0.1 mol-dm'3 NaCl and the Corresponding Ring Current for the Oxidation of
Peroxide. The numbers on the curves represent the number of additions of I' to give [I']
of 1 x 10'5 mol.dm-3 (one addition) up to 1 x 10'4 mol-dnr3 (10 additions). Forward scan
illustrated. Ring currents have been corrected for the oxidation of I- to I0§ (Cu-Pt RRDE,

= +0.6 VSCE, N0 = 0.4, 14.3 Hz, 10 mV-s-1, AD = 0.33 cm
2).



1.0 TIS 94-0206.06

0.5

-0.5

-1.0

20

10

3J

-10
JS
u>

-1.5 -1.0 -0.5
-20

FIGURE 6: The Reduction of Oxygen on Copper Disc Electrode in Oxygenated 1 mol-dnr3 Na2C03 and the
Corresponding Ring Current for the Oxidation of Peroxide ([02] = 5 x 10"

7 mol-cnr3, Cu-Pt
RRDE, Eg* = +0,6 SCE, N0 = 0.4, AD = 0.33 cm

2, w = 14.3 Hz, v = 10 mV.s"1, 2nd scan)



0.05 TIS 94-0206.07 ,

-0.05

-0.10

-0.15

-0.3

-1.2 -1.2

-1.2 -1.0
I

-0.8 -0.6

ED/VSCE

-0.4

-1

-2

-3

-0

-5

-6
2

JS
4s

FIGURE 7: The Reduction of Oxygen on Copper Disc Electrode in Unbuffered 1 mol«dm-3 NaCl with an
Atmosphere of 10£ 02/N2 ([02] = 9.2 x 10"

8 mol-cnr3, Cu-Pt RRDE, Ê  = +0.6 Ve
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APPENDIX A

SURFACE FILM MODEL OF OXYGEN REDUCTION ON COPPER

It is assumed that oxygen reduction occurs on one or more surface phases on

the electrode simultaneously, and that the overall rate of reduction is the

sum of the rates on each individual phase. For each type of surface film,

the rate of reduction is proportional to the fractional surface coverage of

that film, 0, where 0 £ 0 £ 1. Oxygen is assumed to occur via a first-

order, 4-electron process on all surfaces, according to the reaction

02 + 2H20 + 4e -» 40H- (A.I)

for which the electrochemical rate expression is

nFA[0,]k? exp[-a_F(E - E°)/RT] 0.62nFAD2/3(jj

(A.2)

where the various terms have been defined in the text of the main report.

On the forward potential scan, three surface phases are considered: "bare"

copper (surface A), catalytic copper, i.e., Cu(OH)ads or submonolayer Cu20

(surface B), and bulk Cu20 (surface C). It is assumed that oxygen

reduction does not occur on the bulk Cu20 surface, since most of the

applied potential is dropped across the space-charge region. Thus, for

surface C, k° =0. Therefore, on the forward scan the overall current, I,

is given by

-I = -0AIA - 0BIB . (A.3)
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On the reverse scan, the surface is considered to be covered by bulk Cu20

(surface coverage on the return scan 0£) and bare copper (surface coverage

0A). Therefore, the current on the return scan is given by

-I = -0AIA . (A.4)

For surface A,

- — = - + - (A.5)
!A

 A i [0 2 ] exp[-aC AfE]

and for surface B

1 1

IB B i [° 2 ] exP[-«cB fEl

where Ax = nAFAk£A exp[a c A fEg A ] ,

Bx = nBFAk°B exp[c* c BfE°B] ,

B = C

(A.6)

u2 u2

f = F/RT, and the subscripts A and B attached to n, k°, ac and

E° refer to the two different surfaces.

Rearranging (A.5) and (A.6) gives

A 1 B[0 2 ] W V2 exp[-aC AfE]
-IA = (A.7)

+ A! exp[-aCAfE]

B 1 B[0 2 ]uV2 exp[-ac

and -IB = . (A.8)
+ BI exp[-aC BfE]

The total current on the forward scan follows from Equations (A.3), (A.7)

and (A.8):
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B1BB exp[-»CBfE)

Bu1/2 + A! exp[-aCAfE] Bu1/2 + B! exp[-aCBfE]
. (A.9)

The peak current on the forward scan, Ip, is obtained by differentiating

Equation (A.9) with respect to E, and setting the differential d(-I)/dE to

zero. Thus, for aCA = aCB = ac,

-I. A20A exp[-2acfE] B20B exp[-2acfE]
+ . (A. 10)

(Bu1/2 + A! exp[-a cfE])2 (Bw1/2 + Bx exp[-acfE])2

For Bj » A j , i.e, k°B » k°A,

-I exp[-2acfE]

J exp[-acfE])2
(A.11)

If Bj exp[-acfE] » Bu 1 /2 )

-T = B[02]0B UV2 A.12)
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