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Summary

The electrochemical reduction of oxygen has been examined on cobalt-
cemented tungsten carbide and on WC electrodes in alkaline solutions. The
kinetics have been studied on a rotating disk electrode and the variation of
reaction rate with electrode potential, temperature, oxygen concentration,
solution pH and the rotation has been investigated. Rather high ‘Tafel
slopes”, low apparent heats of activation, negligible pH effect, unity reaction
order with respect to oxygen and only a slight dependence on the rate of
rotation (and that only at higher current densities) are the principal kinetic
features. A chemical rate-determining-step (r.d.s.) has been concluded to be
consistent with these data.

A comparison of the electroactivity of these electrodes for O, and
H,0, reduction shows that, at a given electrode potential, reduction of
H,0, proceeds at much higher rates than the reduction of O,.

Introduction

The electro-reduction of oxygen is a central reaction in electrochem-
istry in that it is intimately connected with two fundamental problems,
namely, the electrochemical stability of materials and the electrocatalysis at
surfaces. Thus the importance of this reaction is clear in corrosion, fuel cells
and metal—air batteries, etc.

We have previously examined the activity of metal carbides, especially
those “cemented” by cobalt, for the anodic oxidation of a number of mole-
cules such as hydrazine [1] . Here we examine the electrochemical activity of
these cemented carbides towards the oxygen reduction reaction (o.d.r.).

Experimental

The electrochemical cell, electrodes, solutions, and instruments used in
this study have been described recently [1]. It remains to give here the
details on the rotating disk assembly utilized in the present work.
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The rotating disk apparatus used was from ESB Research Scientific
Instrument Division and was model Depack XLR-2 combined with XLR-S10
readout system for the measurement of RPM (rotations per minute). The
system allows the speed control through a digital panel meter for convenient
and accurate readout of RPM or square root of RPM.

The disk electrode was made from a WC (or Co-WC) cylinder press-
fitted into a hot rod of Kel-F. The geometric surface area of the electrode
was 0.3147 cm?. The electrode was polished mechanically on a rotating plate
equipped with a silk cloth wetted with kerosene to support the diamond
paste of 0.3 um. After polishing the electrode was washed in ethanol in an
ultrasonic bath and dried under vacuum. The electrode was subsequently
washed with triple distilled water, just before placing it in the cell for electro-
chemical measurements.

The reference electrode was a home-made Hg/HgO (1M KOH) whose
potential was verified to be 0.926 V vs. the hydrogen electrode in the same
solution. All the potential scales quoted in this paper refer to a reversible
hydrogen electrode (RHE) in the same solution, unless stated otherwise. The
counter electrode was WC and was separated from the working compartment
'by means of a solution-sealed stopcock. No pre-electrolysis was conducted
since it tends to add, rather than eliminate, impurities in the solutions of
extreme pH values, especially with non-noble metal electrodes; platinum
electrodes cannot, of course, be employed for the pre-electrolysis since they
would introduce minute traces of the catalytic metal into the solutions.

As detailed in the previous study [1}, the cobalt-cemented working
electrodes were claimed by the manufacturer (Canadian General Electric,
Carboloy Division) to contain 8.5% of Co. An X-ray fluorescence analysis
of the polished electrode surface showed the cobalt content to be around
8%, both before and after the electrochemical polarization of the electrode;
analyses performed on different parts of the sample showed that the Co
content was uniform throughout the electrode.

Results

In this section, we first present the detailed results on the kinetics of
o.d.r. on cobalt-cemented WC and, subsequently, compare their salient fea-
tures with those of the o.d.r. on WC. The cobalt-cemented WC will here be
designated as Co~WC. In the absence of oxygen, the Co—WC electrodes show
anodic dissolution currents at potentials more anodic than about 0.7 V
(RHE); with oxygen bubbling in the solution, such anodic dissolution cur-
rents disappear. The electrode is stable after the first ‘‘conditioning” poten-
tiostatic curve, especially in the potential region 0-0.7 V (RHE) in the
presence of oxygen. The results presented below refer to these stable elec-
trodes.

(i) Current—potential relationships
The point-by-point potentiostatic current-potential curves in the
descending direction (0.7 - 0.0 V) of potentials pertaining to the reduction
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Fig. 1. A point-by-point potentiostatic potential-log [current] relationship for the
oxygen dissolution reaction (0.d.r.) on Co—WC in 1M KOH solutions at various rotation
rates of the disk electrode; temperature is 25 °C. The curves have been obtained in the
descending direction of electrode potentials (w.r.t. hydrogen electrode in the same solu-
tion), as shown by the direction of the arrow,

Fig. 2. As in Fig. 1 but now the plots refer to the ascending direction of potentials, as
indicated by the arrow.

of oxygen on Co-WC are presented in Fig. 1, as a function of the electrode
rotation rate; the corresponding curves in the ascending direction (0.0 V —
0.7 V) of electrode potentials are shown in Fig. 2. It is clear that the elec-
trode rotation has an effect on the reaction rate only at very high over-
potentials for the reduction of O, since this effect manifests itself in the
range ca. 0-0.3V (RHE). No clear-cut Tafel line is observed although a
region of high slope is indicated in current-potential curves.

The curves in the ascending and the descending directions of potentials
are presented separately in order to avoid unnecessary clutter in the graphs;
owing to the hysteresis effects, the curves in the two directions are slightly
dissimilar,

(ii) The effect of temperature on the reaction rate

When the rate of oxygen reduction is examined potentiostatically at dif-
ferent temperatures (Figs. 3 and 4), a linear Tafel region of a slope ~ RT/F
is obtained only at 0 °C; this linear region disappears at higher temperatures,
perhaps owing to the difficulties arising from the lowered stability of the
electrode surface at higher temperatures. As regards the other features,
regions of high slopes (sometimes called the ‘“‘transition” regions in studies
on anodic passivation) are observed, as in Figs. 1 and 2. The values of the
apparent heats of activation (Figs. 5, 6) derived from Figs. 3 and 4, respec-
tively, are generally lower than those indicative of a clear-cut activation
control. In general, around the highest overpotential for the oxygen reduc-
tion reaction studied here, e.g., 0.05 V (RHE), the apparent heat of activ-
action, AH*, value is lower than 5 kecal, thus indicating a diffusion control;
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Fig. 3. Potentiostatic potential-log [current] relationships (as in Figs. 1 and 2) on Co-
WC in 1M KOH solutions at the shown temperatures, in the descending direction of
electrode potentials (see arrow). The rotation rate of the disk electrode is 2000 r.p.m.

Fig. 4. As in Fig. 3 but now in the ascending direction of potentials (see the arrow).
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Fig. 5. Plots of reaction rates (i.e., current densities) at the shown electrode potentials
(as read from Fig. 3) against 1/T, where 7 is the temperature in K. These plots are for the
descending direction of electrode potentials (i.e., Fig. 3); the values of the apparent heat
of activation, AH*, as derived from these plots are also indicated.

Fig. 6. As in Fig. 5 but now for the ascending direction of electrode potentials; the pri-
mary data for these plots are from Fig. 4.
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Fig. 7. Potentiostatic potential-log [current] relationships for the o.d.r. on Co~-WC in
1M KOH solutions, at various concentrations of O, in He. The temperature is 25 “C and
the rotation rate of the disk is 2000 r.p.m. The data pertain to the descending direction
of potentials (see the arrow).

Fig. 8. As in Fig. 7 but now in the ascending direction of electrode potentials, as indi-
cated by the arrow.

this is not at all unexpected at these potentials at which the reduction of
oxygen is proceeding at high rates, so that the reaction tends to be limited
by a diffusion process. Similar AH* values are also obtained at the interme-
diate values of the o.d.r. overpotential, i.e., 0.3 V (Figs. 5 and 6); at the
lower overpotentials, the AH* values become higher and approach those
diagnostic of an activation-controlled reaction (Figs. 5 and 6).

(iii) The effect of oxygen concentration on the rate of reduction

The rate of electro-reduction of oxygen has been examined as a func-
tion of the concentration of oxygen, both in the descending (Fig. 7) and the
ascending (Fig. 8) direction of electrode potentials; the separation of these
data into two graphs is dictated, again, by the need to avoid an unmanage-
able clutter. We have tried to constrain straight lines through various regions
of high slopes.

The rate, at a given electrode potential, increases with increasing con-
centration of oxygen, as expected from theory. At the highest overpotential
studied, the order of reaction with respect to oxygen is near unity, i.e.,

(alogi) 1
31080,/ N1 pH..

This result is presented in Fig. 9; also included are the same data for
the o.d.r. on WC.

(iv) The effect of pH on the reaction rate
The rate of oxygen reduction on Co—WC has also been investigated in
solutions of different pH values but constant ionic strengths (Fig. 10). It
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Fig. 9. A plot of the reaction rate (i.e., log [current density]) at the highest overpotential
for the o.d.r. studied in the present work (i.e., 0.026 V) against the concentration of
oxygen; the data refer to both the descending and the ascending direction of potentials
(i.e., Figs. 7 and 8) since the same rate is observed at the overpotentials (i.e., 0.026 V vs.
RHE) shown. The same data for the WC have also been added to the plot. The reaction
order w.r.t. to O, is around unity, both for Co-WC and WC (see Table 1).

Fig. 10. Potential-log [current] relationships for the o.d.r. on Co—WC in 1M KOH solu-
tions at various pH values in solutions of constant ionic strengths. The data are for 25 c
and a disk rotation of 2000 r.p.m.; descending direction of potentials (see the arrow).
Very similar data are obtained on Co—-WC for the ascending direction of potentials.
Nearly identical pH effects are also observed on WC (see Table 1).

appears that at higher overpotentials, the rate exhibits a slight negative reac-
tion order with respect to the hydroxyl ions (Fig. 10); similar results are also
obtained in the ascending direction of electrode potentials.

(v) The comparison of results on WC and Co-WC

Most of the experimental results on the electro-reduction of oxygen are
very similar (Table 1) on WC and Co-WC (see also Fig. 9); there are some
notable differences, however. For example, the temperature-dependence of
rate (Fig. 11) on WC is much less marked than that on Co—-WC; this is also
reflected in the very low values of the apparent heats of activation (Fig. 12)
derived from the data in Fig. 11. On the other hand, the reaction order with
respect to oxygen is near unity (Fig. 9), as for the case of Co—-WC.

Discussion

In order to elucidate fully the mechanism of o.d.r., it is desirable to
conduct kinetic studies on a disk-ring electrode. In the present case, it was
considered necessary to avoid the usual platinum ring since it can ‘“‘contam-
inate” the solution with platinum ions, especially at the anodic potentials to
which the concentric ring must be subjected [2]. This difficulty is particu-



TABLE 1
Electro-reduction of oxygen on Co—-WC and WC electrodes

Parameter Value for Co-WC Value for WC

(1) Tafel slopes ~ RT/F at low 17 and low temperature Tafel region difficult to
values; define at low 7 at any
~ 6(RT/F) at higher 1 values temperature; ~ 6(RT/F)

at higher 1 values
(2) Temperature- AH* values approach 5 kcal mol 'at  AH* less than ~ 5 keal

dependence of  high 1; AH* values near ~ 10 kcal mole ! at all f values
rate, ie., AH* mole 'atlown
(3) Rotation- Some rotation-dependence at high 1 Some rotation-dependence
dependence of at highn
current
(4) Reaction order ~ unity ~ unity
w.r.t. 02
(5) pH-dependence ~ slight negative reaction order w.r.t. ~ slight negative reaction
of rate OH™ order w.r.t. OH™
w02 T T T LI S
u x 005V ]
B & 030V 4
L ° 0.60V N
O,B T Illll“" T '||Illl| T l'l"lll T l"'""‘ LA RRLL L
103 -
07 4 — o 3
N - ~
E r 5.2kcol 4
06 - <« | ]
s | ]
05 - 2L
Zé04 3 \{.’kcul
W T 1074 -
03 - - 3
45°C [ N
02 we i ]
25°¢
[¢]] - o J
1.97kcal
0 T BTSSRI T | YRR BT w0 1 1 1 1
T 0° 05 03 103 102 28 30 32 34 36 38 40
log i (iin Acm2) {(4/T K}x403

Fig. 11. Potentiostatic potential-log [current] relationship for the o.d.r. on WC in 1M
KOH at various temperatures in the descending direction of electrode potentials (cf. Fig.
3 for Co-WC); the electrode rotation rate is 2000 r.p.m.

Fig. 12. The plots for the apparent heat of activation, AH*, values on WC (cf. Fig. 5 for
Co-WC); the primary data are taken from Fig. 11.
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larly pronounced when one is examining the kinetics of o.d.r. at a relatively
non-catalytic, non-noble electrode, as in the present case.

For o.d.r., it is observed that, in general, at low current densities oxygen
is reduced to hydrogen peroxide [3]. At higher current densities, oxygen is
initially reduced to hydrogen peroxide, which is subsequently reduced to
hydroxyl ions in the alkaline solutions. This type of reduction path for the
oxygen is also indicated in the present results where a slight dependence on
the rotation rate is observed at the higher current densities only (Figs. 1 and
2).

From Table 1, it is clear that, in general, very high Tafel slopes
(= 6RT/F) and low apparent heats of activation are the kinetic character-
istics for the o.d.r. in the present case, both on Co~WC and WC. Thus the
rather low dependence of the reaction rate both on the electrode potential
and the temperature suggests that the rate-determining step (r.d.s.) does not
perhaps involve a charge transfer but is probably a chemical step. Further,
this chemical step cannot be diffusion controlled since the dependence on
electrode rotation is slight and occurs only at high current densities, most
likely owing to the reduction of the reaction intermediate H,0, to hydroxyl
ions. These data would thus suggest a mechanism such as the following [4] :

2S + 0, + H,0 > S —HO, + S — OH (1)
S —HO,+e¢~ 8 + HO; (2)
S—OH+e—>S+OH (3)
S — OH + S — OH ~ 28 + H,0,. (4)

Here S denotes a substrate site, i.e., a site on the electrode. A chemical
step such as (1) or (4) would be the probable r.d.s. The peroxide formed can,
of course, undergo a further electrochemical reduction to give hydroxyl ions,
probably at higher current densities. The experimental value of the reaction
order with respect to oxygen (Table 1) would suggest, rather unambiguously,
reaction (1) as the r.d.s., both on Co—-WC and WC. Finally, this rate-determi-
ning step would predict no pH-dependence, again consistent with the rather
negligible dependence on pH observed here (Fig. 10). The slight negative
reaction order at higher pH values perhaps arises from enhanced specific
adsorption of OH™ in more alkaline solutions {5].

It is pertinent to the present work to illustrate certain other features of
the experimental data. In the introductory comments in the section on
“Results”, it has been stated that the anodic dissolution currents noted
in the absence of O, disappear when O, is bubbled through the solutions.
This is confirmed, in a complementary way, by data in Fig. 13 depicting the
“rest potentials’ (i.e., the open-circuit mixed potentials) of the oxygen. The
electrode potentials are less noble at low concentrations of oxygen but tend
to approach a limiting value (ca. 0.8 V) at higher concentrations of O,; thus
the stable condition of the electrodes at high O, concentrations is also indi-
cated by the stable, limiting rest potentials. Since these open-circuit poten-
tials are mixed potentials, no mechanistic significance can be attached to
them.,
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Fig. 14. A point-by-point potentiostatic potential-log {current] relationship in IM KOH
on WC and Co-WC; the concentration of O, is 100% and of H,0, is 0.1M. The experi-

ments were carried out on a rotating disk electrode at 2000 r.p.m. and at 23 ‘C; the data
shown refer to the ascending directions of potentials, as indicated by the arrow.

In the context of the present discussion, it is also pertinent to examine
the activity of the electrodes for the reduction of H,0,. This has been done
in Fig. 14 which compares the activity for the reduction of O, of both WC
and Co-WC with that for H,0, reduction. The electro-reduction of H,0,
exhibits much higher rates than the O, reduction, both on WC and Co-WC.
This is in agreement with previous work from these laboratories [6, 7] in
which a variety of bronzes and oxides showed similar characteristics. Also,
the presence of Co enhances the activity of WC for all these reductions, i.e.,
0,, H,0,, and O, + H,0,; this result would thus be consistent, in a general
way, with the previous observation [1] in which the presence of Co im-
parted a considerable activity to WC for the anodic oxidation of hydrazine.
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Conclusion

The electro-activity of WC and Co-WC for the reduction of O, and
H,0, is very similar to that observed on bronzes and oxides. In alkaline
solutions the electrodes are stable in the potential region ca. 0 - 0.7 V (RHE),
after the initial “conditioning” current-potential curve. These electrodes
show some catalytic activity for the O, reduction; their activity towards
the reduction of H,0, is much more pronounced, however.
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