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Abstract

The reduction of dioxygen in base was examined on several carbon electrode surfaces, particularly polished and modified glassy
carbon (GC). Electrochemical pretreatment, fracturing, and vacuum heat treatment shifted the O,/HO; reduction peak positive, while
adsorption of several covalent and physisorbed organic compounds shifted it negative. A reverse wave for O; oxidation was observed in
tetraethylammonium hydroxide electrolyte, and on GC surfaces preadsorbed with Co(II) phthalocyanine. An H/D isotope effect was
observed when H,O + KOH and D,0 + KOD electrolytes were compared, with the largest effect observed on surfaces exhibiting the
most positive reduction peak potential. The results indicate involvement of proton transfer in the rate limiting step of reduction, and a
strong dependence of the O,/0; electron transfer rate on the carbon surface condition. The results support a mechanism involving
adsorption of O, and associated enhancement of proton transfer from water to O, . Activation of the dioxygen reduction by surface
pretreatment is attributed to increasing the concentration of adsorbed O, .
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1. Introduction

The reduction of dioxygen at carbon based solid elec-
trodes has been a major topic of research both recently and
in the past [1-15]. The well known importance of O,
reduction to water in fuel cells and metal /air batteries has
provided the economic driving force for decreasing the O,
reduction overpotential by electrode modification. Electro-
catalysis by carbon supported platinum [16,17], metal
macrocycles (e.g. Co and Fe porphyrins) [7,8,18,19], and
surface quinones [6,12] has been investigated, as has O,
reduction on unmodified carbon surfaces [1-5]. Unmodi-
fied carbon is of particular interest in alkaline media, in
which the first reduction step (to superoxide) occurs in the
absence of an added electrocatalyst [10,11]. In practical air
cathodes, a carbon electrode modified by a metal macrocy-
cle reduces O, to H,O in a strong base, with the catalyst
acting to disproportionate the intermediate HO; [9-11].

The mechanism of O, reduction to HO; on carbon in 1
M KOH has been examined several times, but clear agree-
ment on the steps involved has not emerged. Most workers
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agree that the first step involves reduction to superoxide,
perhaps adsorbed to the carbon surface. In non-aqueous
solvents, the O,/0; couple is chemically reversible with
a relatively fast electron transfer rate. There is limited
agreement on what occurs after superoxide formation.
Morcos and Yeager [4] concluded that a two step reduction
of adsorbed O, was followed by disproportionation:

0; —— Oy (H
0,,4s + ¢~ +H,0 ——HO,,,, + OH~ (2)
2HO, 4+ OH™ ——=HO0; +H,0+ O, (3)
Appel and Appleby [2] proposed:

0, +e” — 07, (4)
05,4 +H,0+e™ ——HO; + OH" (5)
or

0,+H,0+e” ——HO,,,, + OH" (6)
HO,,,, t ¢~ —— HO; (7)

Taylor and Humffray [S] suggested a disproportionation
of superoxide:

02 te” O;ads (8)
20;,,,+ H,0 —— O, + HO; + OH"~ (9)
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There are several reports of enhanced O, reduction
rates at oxidized carbon surfaces, an effect often attributed
to catalysis by surface functional groups [11,12]. Redox
mediation of O, by surface quinones has been considered
by several authors, both for adsorbed quinones and quinone
functional groups inherent in the carbon surface. Yeager
and coworkers [9] have observed O, reduction catalysis by
adsorbed phenanthrenequinone in base, under conditions
where the semiquinone anion (PQ7) is formed. They
propose that adsorbed PQ~ catalyses O, reduction on a
highly ordered pyrolytic graphite (HOPG) basal plane:

PQads te” PQa_ds (10)

PQa_ds+ 02 PQads T O; (11)

PQ, -0, +H,0+e™ —PQ,,, + HO; + OH™
(12)

Nagaoka et al. [12] argue that quinone catalysis is
possible, but unlikely for oxidized carbon surfaces unmod-
ified by quinone adsorption. They note that O, reduction
on anodized glassy carbon (GC) is relatively pH independ-
ent, while the quinone redox wave shifts at a rate of — 68
mV per pH unit. If the quinone mediates the O, reduction,
then the O, wave should also be pH dependent. The same
authors also observe [20] that cations interact with the
oxidized GC surface in order of increasing strength: Ba®*
<K*=Na*<Li". Although redox mediation by surface
quinones is a possibility for O, reduction, previous authors
do not agree on its importance for the case of oxidized but
otherwise unmodified GC surfaces.

Although the mechanistic details of O, reduction on
carbon remain incomplete, no one doubts that the state of
the carbon surface is important. Yeager and coworkers [9]
compared O, reduction on HOPG and pyrolytic graphite
(PG) [9], and Gerischer and coworkers [13,14] compared
HOPG and metals in acetonitrile. Disordered carbon mate-
rials such as GC have a much higher density of radical and
oxide sites than HOPG, and the ordered surfaces may be
less able to adsorb O, or its reduction products. Maclntyre
et al. [14] concluded that surface interactions of O with a
pyrolytic graphite surface resulted in a fundamentally dif-
ferent mechanism from that observed on Hg.

Our laboratory has reported several studies of surface
chemical effects on electron transfer at carbon, and we
have discussed the importance of carbon microstructure on
electrochemical behavior. The majority of the redox sys-
tems we considered did not involve adsorption to the
carbon surface [21-28], and were controlled by electronic
effects in the carbon and inner sphere interactions between
redox systems and surface structure. Furthermore, we have
described the effects of a variety of surface pretreatments,
including laser activation, fracturing, anodization, etc., on
outer sphere rates [21-25]. The purpose of the present
work is to examine O, reduction in base on several carbon
surfaces and in several media. Since O, reduction is
believed to involve adsorption, the effects of carbon pre-

treatment should be pronounced. Our objective is an un-
derstanding of the effects of carbon surface structure and
electrolyte composition on oxygen reduction kinetics.

2. Experimental
2.1. Electrode preparation

A Bioanalytical Systems GC-20 electrode was conven-
tionally polished with successive 1.0, 0.3, and 0.05 um
alumina slurries prepared from dry alumina and Nanopure
water (Barnstead) on a Buehler polishing cloth. The pol-
ished electrode was then sonicated in Nanopure water for 5
min before placing it into the electrochemical cell. Al-
though a Kel-f encased polished electrode is not the opti-
mum in terms of reactivity, it served as a convenient
starting point for subsequent treatment. Laser activation of
the polished electrode was performed by delivering five
pulses of an Nd:YAG laser beam operating at 1064 nm
onto the electrode surface in the electrolyte under study.
The laser power density was 25 MW cm ™2, a value which
does not yield observable morphological changes to the
GC surface [28]. Electrochemical pretreatment (ECP) of
the polished electrodes used the procedure of Engstrom
and coworker [29,30], involving a 1.8 V potential step (vs.
Ag|AgCl) for 5 min in 0.1 M KNO, foltowed by reduc-
tion at — 1.0 V for 1 min.

Fractured GC electrodes were prepared as described
previously, with fracturing occurring in either Ar or O,
saturated electrolyte [31]. The typical electrode area was
0.003 to 0.005 cm?*. HOPG was a gift from Arthur Moore
at Union Carbide and was cleaved with an Exacto knife to
expose the basal plane. Cyclic voltammetry on HOPG was
done using an inverted drop cell [25] and the electrode
capacitance was measured by the method of Gileadi [32].
In all cases, the basal plane of HOPG was studied, not the
edge plane. Voltammetry was performed in all cases im-
mediately after the surfaces were prepared. In the event of
electrode or solution transfer, the electrode surface was
kept wet to reduce its exposure to air.

2.2. Electrochemical measurements

Cyclic voltammetry was performed in a custom-design-
ed three-electrode cell. The reference electrode was
Ag|AgCl|3 M KCI with a glass frit and its potential was
checked regularly against an SCE to yield a value of 0.203
V vs. SHE. All reported potentials and voltammograms are
referenced to this Ag|AgCl potential, the auxiliary elec-
trode was a platinum wire. O, reduction catalysis did not
increase with time, indicating no contamination of the GC
with Pt particles from the auxiliary electrode. A triangular
waveform triggered by a personal computer was delivered
to the electrocell through a conventional three-electrode
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potentiostat (Advanced Idea Mechanics, Columbus, OH)
with an RC setting according to the criterion RCny <2
mV. The electrolyte was saturated with argon (Linde Gas,
pre-purified) or oxygen (Linde Gas, ultra-high purity) for
20 min prior to voltammetry. During data acquisition, the
purging gas was passed above the solution without disturb-
ing it. Between scans, the solution was further purged with
oxygen or argon for 1 min.

2.3. Reagents

All chemicals are of AR grade. 1 M KOH solution was
made using pre-boiled Nanopure water and low carbonate
KOH pellets (Mallinckrodt). 1 M KOD was made using
D,0 (> 99.9 at.% D) and KOD solution (40 wt.% KOD in
D,0, > 98 at.% D) obtained from Aldrich. For electrode
area measurements, chronoamperometry of | mM
Fe(CN); /%~ dissolved in 1 M KCl was used. H,0,
(30%, Fisher Scientific) was dissolved in argon saturated
KOH or KOD solution and was not analyzed before use,
but was approximately 8 mM. All electrolytes were made
fresh in Nanopure water and used without pre-electrolysis.

3. Results

The surface exposed by fracturing GC20 in solution is
reactive towards outer sphere reactions [23], and has not
been exposed to any polishing materials or airborne impu-
rities. The voltammetry of a saturated 1 mM O, solution
containing 1 M KOH is shown in Fig. 1, along with the
background in Ar saturated electrolyte. The peak at ca.
—0.3 V vs. Ag|AgCl had a potential E, =—0308 Vvs.
Ag|AgCl when the GC electrode was fractured in Ar
saturated electrolyte before saturation with O,. When the
GC was fractured in O, saturated KOH, the peak shifted
positively (E,, = —0.289 + 0.010, N = 4) and the current
of the second peak at ca. — 1.0 V increased significantly.
ECP further shifted E; positively (E,; = —0.234 + 0.006,
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Fig. 1. Voltammograms of 1 M KOH saturated electrolyte at a GC
electrode fractured in O, saturated electrolyte. Solid line, from a solution
saturated with O,; dashed line, after argon saturation at 50 mV s~ ',
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Fig. 2. O, voltammetry at an electrochemically pretreated GC electrode,
same voltammetric conditions as in Fig. 1.

N =35), and greatly increased the background current (Fig.
2). Background corrected voltammograms for polished,
fractured, and electrochemically pretreated of surfaces are
compared in Fig. 3, and peak potential data are listed in
Table 1. The peak current for peak 1 was linear with »'/?
for the range 0.02 to 0.20 V s~ !,

The voltammetry of O, on polished GC is compared
with that on the basal plane of HOPG in Fig. 4. The
capacitance of HOPG increases for more defective sur-
faces, so a low capacitance indicates a more perfect basal
surface. For the low defect surface (C°= 1.1 uFcm™2), a
significant reduction current was not observed until E <
—0.80 V. A more defective basal surface (C°=4.8 uF
cm™?) exhibited more positive peak potentials, but never
as positive as that observed on GC. This effect was noted
by Mclntyre et al. [14] when comparing ‘‘ordinary’’ py-
rolytic graphite with HOPG, with the more ordered surface
yielding the more negative E,,.

The stoichiometry of the reduction processes can be
established with the aid of Figs. 5 and 6. The reduction of
HO; (Fig. 5) on an electrochemically pretreated electrode
yields a peak at ca — 1.0 V, similar to the second reduction
peak of O, in KOH. In contrast, the oxidation of HO;
exhibited a peak at +0.60 V, followed by O, reduction at
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Fig. 3. Comparison of background subtracted voltammograms for O, in 1
M KOH at three different GC surfaces, S0 mV s~ !,
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Table 1
Peak potentials for first O, reduction peak * E, /V (Ag|AgCD

1 MKOH/H,0 1 MKOD/D,0 AE,(D-H)®

Polished —0.32640.003 —0.345+0.008 —0.019
(N=10) (N=2)

Fractured / Ar —0.308+0.008 —0.325 —0.017
(N=2)

Fractured /O, —0.289+0.010 -0.312 —-0.023
(N=9

Laser activated —0.347+0.015 -0.369+0.011 —-0.022

(25 MW cm ™ ?) (N=5) (N=2)

ECPin 0.1 MKNO, —0.234£0.006 —0.268+0.002 —0.034
(N=5) (N=2)

Vacuum heat treated —0.308
? Scan rate 0.050 Vs~!.
*(E,, in D,0)—(E,, in H,0).
¢ Fractured in Ar saturated KOH before O, saturation.

ca. —0.4 V on the reverse wave. Such voltammograms are
not strongly affected by electrode pretreatments such as
ECP. These results confirm previous conclusions [1,15]
that the product of the first reduction peak for O, is HO;
under the conditions employed here, and that the reduction
peak at —1.0 V is the reduction of HO;, presumably to
H,0 and OH".

It is well known that O, reduction is strongly dependent
on electrolyte composition, so several variations were ex-
amined here. Fig. 7 compares O, voltammetry in LiOH,
KOH, and TEAOH. Not only does Epl shift in these three
electrolytes, but there is a definite reverse wave observable
in the case of TEAOH. Sawyer et al. [10] has shown that
the O,/0, couple is chemically reversible in TEAP +
CH,CN, although E,,, is substantially more negative
(around —0.85 V vs. Ag|AgCl). Although the reverse
peaks are fairly broad, it does appear that ECP preceding
voltammetry in 1.0 M TEAOH shifts both Ej, and E,
positively, and decreases AE;. A similar but larger effect
occurs when Co(IDPc is adsorbed on the polished surface
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Fig. 4. Voltammograms of O, reduction in 1 M KOH on polished GC

and basal plane HOPG. Lower HOPG capacitance indicates lower defect
density [25].
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Fig. 5. Reduction of ca. 8 mM HO; in 1 M KOH at electrochemically
pretreated GC (A and B) and polished GC (C). A and B differ only in
their initial potential; scan rate 50 mV s ',

before voltammetry in 1 M KOH. Both EJ, and E;, shift
positively, and AE, decreases to 94 mV.

The involvement of proton transfer steps in the O,
reduction to HO, and H,O leads to the possibility of
hydrogen /deuterium isotope effects on voltammetry. Peak
potentials were compared for O, reduction and HOj
oxidation in 1 M KOD/D,0 and 1 M KOH/H,O0, with
the results shown in Tables 1 and 2. In all cases, AE,,_y
is the shift in peak potential for D,O compared with H,O.
It was not possible to examine the H/D isotope effect in
TEAOH, since the TEAOH is sold as a 2.4 M solution in
H,O0.

Several adsorbates were examined for their possible
effects on O, reduction, with the results listed in Table 3.
Anthraquinone 2,6 disulfonate (AQDS) shifted E,, posi-
tive relative to the polished surface, as reported for graphite
surfaces and attributed to redox mediation [9]. Covalent
adsorbates such as dinitrophenylhydrazine (which reacts
with surface carbonyls) [33], dinitrobenzoy! chloride (which
reacts with surface hydroxyls) [34], and nitrophenylradical
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three GC surfaces, 50 mV s™'. Scans were initiated at —0.7 V in a
positive direction.
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Table 2
Peak potentials for first O, reduction peak in several electrolytes (vs. 0.4
Ag|AgCh
Polished Ey /V  EN/V jy/mAcm™? E 03
| M TEAOH (polished GC) -0.350 ~0.230 0.28 ié
1 M TEAOH (ECP) ~0300 —0.186 0.39 202F
2.4 M TEAOH, polished -0.36 -0.27 §
1 M KOH ~0.326 0.40 ol
1 M NaOH -0.319 0.42 g
1 M LiOH -0310 0.42 i
I M KOH+0.3 mM —-0.30 0.0
anthraquinone 2,6 disulfonate 1 L T W | ) |
Polished + DNPH in I MKOH ~ —0.370 0.34 00 02 04 06 08 10 12
Polished + DNBC in 1 M KOH —0.380 0.32 Potential/V (vs. Ag|AgCl)
Polished + BMB —0338 0.116 Fig. 7. Effect of electrolyte cation on O, reduction on polished GC, 50
ECP (0.1 MKNO,) —0.234 0.53 mV s~ !, saturated O, in | M concentrations of the electolytes shown
followed by DNPH —-0310 d 2 y ‘
ECP (pretreated and observed in  —0.335

1 M KOH)

(which non-selectively chemisorbs) [35] all shifted E,
negatively for either the polished or electrochemically
pretreated surface. Physisorbed materials such as bismeth-
ylstyryl benzene (BMB) [36] had fairly minor, but nega-
tive, effects on Ep,.

4. Discussion

A mechanism deduced from the experimental results
must be consistent with the following observations.

(1) An estimate of the number of electrons in the first
reduction from the peak height, assuming an irreversible
wave with =05 and D=1.75%X10"° ¢cm s~ ', yields
n=1.9 to 2.2 for all KOH electrolytes. The value is
uncertain in TEAOH owing to possible O, solubility dif-
ferences, but the peak height increases significantly in
TEAOH when a polished surface undergoes ECP.

2) E,, is much more positive for GC than for HOPG,
and more positive still if the GC is electrochemically
pretreated.

(3) Carbon surfaces with the most positive values of
E,, show the largest H/D isotope effect.

(4) E,, follows the order Li*=Na*>K*> TEA™ for
different electrolyte cations.

(5) A reverse wave was observed for the first reduction
peak in 1 M and 2.4 M TEAOH, AE, decreased after
ECP, and the apparent E, ,, shifted positively.

(6) BMB, dinitrophenylhydrazine and dinitroben-
zoylchloride adsorptions shift E, negatively, with oxide
specific reagents having the largest effect.

The reverse wave observed at —0.26 V in TEAOH is
unlikely to be due to HO,, since HOJ oxidation occurs at
more positive potentials (Fig. 6). Thus the couple in Figs.
6 and 7 for 1.0 and 2.4 M TEAOH is the quasi-reversible
0,/0; couple, with E, ,, of approximately 0.31 V vs.
AglAgCl. E° for the O,/0; couple is strongly medium
dependent (ca. —0.8 V in TBAP + CH,CN) [10}, owing
to differences in solvation of the O ion. A rough estimate
of the apparent electron transfer rate constant for O,/0O,
can be calculated from AE for the TEAOH voltammetry
(Table 3). Using the classical approach of Nicholson [37],
this rate is 0.005 cm s™'. A more rigorous simulation of
the voltammetry which confirms this estimate is discussed

Table 3
Simulated voltammetry results for the mechanism of reactions (15)-(18)
k% /cms™! K kg /M~ 57! E, /V (AglAgCD Jp " /mA cm ™2 "¢ /mA em ™2
1 0.005 1078 100 —0.370 0.287 0.155
2 0.005 1074 104 ~0.340 0.478 -
3 0.005 1074 100 —0.349 0.489 -
4 0.005 1074 600 —0.344 0.487 -
5 0.1 10°8 100 ~0.348 0.310 0.174
6 0.1 1074 104 -0.252 0.609 -
7 0.1 1074 100 —0.304 0.589 -
8 0.1 1074 600 —0.283 0.608 -
9 1.0 1074 100 —0.301 0.600 -
10 1.0 1074 600 -0.279 0.628 -
Observed in KOH: polished -0.326 0.44 -
ECP ~0.234 0.48 -

2 Dgy = 1.65 X 1073 assuming Dg, = Dg,, Coy

b Negligible.

bulk

=12X107* M, »=005mV s~ ' coy

builk

=10M, E? = —0310.
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below. The j, vs. »'/? linearity of the peak current for the
first O, reduction peak, and the shape of the O,/0O;
couple in TEAOH, do not imply strong adsorption of O,
or O; but do not rule out weak adsorption.

The O,/0; couple was concluded to be a quasi-re-
versible but chemically uncomplicated redox process in
acetonitrile and DMSO with AE; on GC of 0.17 V at 0.1
V s7!' [10] and E, of ca. —0.82 V vs. Ag|AgCl. The
more positive E, ,, in H,0 [10] compared with CH,CN
was attributed to the larger and more negative solvation
energy of O; in H,O. Yeager and coworkers [38] argued
that the O, /05 is outer sphere but quite slow on HOPG,
since there would be no sites for inner sphere catalysis.
The fact that £° is much larger on the GC surface than on
HOPG does not necessarily imply that the electron transfer
on GC is inner sphere; however, because known outer
sphere reactions on GC are generally three to five orders
of magnitude slower on the HOPG basal plane [26]. A
possible explanation for surface effects on the G,/0;
couple could involve the weak adsorption of O;. Ignoring
chemical reactions of O, other than adsorption for the
moment, acceleration of £° by ECP would decrease AEp
(as observed in TEAOH). In addition, O; adsorption
would shift the apparent E, ,, positively, shifting both E7,
and EJ, positively, as noted in Table 2. Thus the observed
peak potentials in Table 2 (and the simulated values in
Table 3, discussed below) do not represent thermodynamic
E° values for O, /0;, but rather are modified by adsorp-
tion and/or subsequent chemical reactions.

The effect of cation identity on E,, (Fig. 7) could occur
either because the cation affects the electron transfer step
via an ion pair or double layer interaction, or because the
cation modifies chemical steps following O; formation.
Sawyer et al. [10] concluded that metal ions facilitated the
disproportionation of O, in DMSO to the extent that the
0,/0; couple became irreversible when Zn** was added
to TEAP /DMSO.

Jun Xu et al. / Journal of Electroanalytical Chemistry 410 (1996) 235-242

After the initial le™ reduction of O,, the second major
step involves the fate of O;, adsorbed or not. In solution,
reaction (13) is thermodynamically favorable (K = 1.3 X
10%), but involves an unfavorable proton transfer, reaction
(14) (K =8 X 107'%) [39]:

0; + H,0 —— 0, + HO; + OH"
0; + H,0 ——> HO; + OH"

(13)
(14)

O, 1is a relatively weak base, so the forward rate of
reaction (14) is at most K 4k, or 8 M™' s™! if the
diffusion limit (k,, = 10'°) is assumed for the reverse of
reaction (14). The slow forward rate of reaction (14) is a
kinetic bottleneck which retards disproportionation of O;
in solution at basic pH.

A key issue is how the electrode surface affects the rate
of O, reduction to superoxide, and the rate of protonation
via reaction (14). As will be shown below, the solution
values of K, =8 X 107" and k,,;, <8 M~ s~ are too
small to explain the observed voltammetry. To undergo the
2e” reduction to HO;, reaction (14) must be accelerated
in the presence of the carbon surface. Consider reactions

(15)—(18):

o

0,+e" v.k_—"“_\o;ads (15)
O+ Hzo—ﬁi»Ho2 + OH™ (16)
HO, + O; == HO, + 0, (17)
or

HO, + e~ === HO, (18)

Reaction (15) is the reduction of O, to adsorbed O,
and is quasi-reversible. Based on AE, in TEAOH (where
a reverse wave is observable), ks is approximately 0.005
cm s~ ' on polished GC. Reaction (16) is the protonation
of O,,,, and we propose that K s and k,, are increased
relative to their solution values by adsorption. Either O,
becomes a stronger base upon adsorption, or adsorbed
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Fig. 8. Simulated voltammograms for O, reduction with parameters shown for the mechanism of reactions (15)—(18).
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H,O becomes a stronger acid. The end result is accelera-
tion of reaction (16) when adsorption occurs, compared
with reaction (14) in solution. Once HO, is formed, it is
reduced directly via reaction (18) or indirectly via reaction
(17), both of which should be fast.

The H/D isotope effect provides support for this pro-
posed mechanism. If reaction (16) is rate limiting, the
H /D rate ratio for reaction (16) should be two to six, and
the peak potential should be more negative in KOD/D,0
than in KOH/H,O. Furthermore, if k is small, the
isotope effect on E; should be smaller, since reaction (15)
would become the rate limiting step. These conjectures are
supported by the voltammetry results. The largest isotope
effect is observed when E,, is most positive, and reaction
(16) is rate limiting (e.g. ECP surfaces). Smaller isotope
effects occur when E, is negative and 47s is small. So the
observations indicate a competition between reactions (15)
and (16), with their relative rates both depending on
surface conditions.

To test the validity of the mechanism represented by
reactions (15)—(18), a commercial simulation program [40]
was used to predict the effect of variations in rate con-
stants for reactions (15) and (16) on observed voltamme-
try, with the results shown in Table 3 and Fig. 8. The
simulation did not take adsorption into account, but it is
useful for determining whether the proposed changes in
kYs and k4 have the observed effects on E . Starting with
a k75 of 0.005 cm s~ ' simulations 1 and 2 in Table 3
show that large increases in k,, and K have small
effects on E,, although they do double the current. Fig. 8
and simulations 3 and 4 show that an isotope effect
involving a factor of six in k,; does not greatly affect the
voltammetry if k5 is 0.005 cm s~ !'. However, an isotope
effect of 21 mV is observed for k° = 0.1 (simulations 7
and 8). Stated qualitatively, if &% is slow enough, the
process is limited by reaction (15) and there is no isotope
effect. When k75 is fast, the largest isotope effect is
observed. As noted experimentally, the largest isotope
effects occur when E; is most positive. We are attributing
the more positive E,, to an ECP induced increase in ks
and changes induced in k{5 are only sufficient to explain
the observed voltammetry at least semi-quantitatively. In
order for the simulation to yield an E as positive as that
observed for the ECP surface, the E° for O,/0, must be
adjusted positively, as expected if O, adsorbs.

It is apparent from the discussion so far that Oj
adsorption is critical to accelerating reaction (16), and
therefore to the production of HO,. Adsorbates which
partially block adsorption, such as BMB, DNPH, etc.,
decelerate reaction (16) and shift E negatively. Increasing
the microscopic surface area also increases O, adsorption.
The ECP surface is known to contain very small graphitic
particles and to be permeable by the electrolyte [20].
Enhanced adsorption of O; may be responsible for ECP
induced catalysis of HO,; generation. The unexpected
behavior of TEAOH electrolyte and the Co(II)Pc modified

surfaces provides additional support for this model. In
TEAOH, reaction (16) is slow enough (perhaps because of
inhibited adsorption) that O; can escape into solution
where it is relatively stable. In the case of Co(II)Pc, the
generation of O5 (via reaction (15)) is so fast that O; can
desorb before protonation. In both cases (fast reaction (15)
or slow reaction (16)), enough O, enters the solution to be
re-oxidized on the reverse scan.

The issue of surface sites inevitably arises when dis-
cussing O, reduction catalysis on carbon surfaces
[1,9,13,38]. Such sites may be surface radicals which
adsorb O; or they may be oxides which participate in the
reaction. It is unlikely that specific oxides could catalyze
proton transfer, since they would be deprotonated in 1 M
KOH. Oxides may enhance adsorption of OF by with-
drawing electrons from the surface, a process which would
be weakened by DNPH or DNBC derivatization. Whether
sites are involved or not, the critical requirment for cataly-
sis is the acceleration of reaction (16) by increasing the
pK, of Oy, through adsorption. ECP has been shown to
generate small carbon particles embedded in the oxide film
[41]. The resulting increase in surface area may promote
adsorption of O; or H,O.

The mechanism of reactions (15)—(18) is an example of
the general EC process, either EC_, if reaction (17) is
dominant, or ECE if reaction (18) occurs. Since reaction
(17) is a disproportionation, the EC,, mechanism is simi-
lar to various disproportionation schemes proposed for
other redox systems. Since reactions (17) and (18) are fast
compared with reactions {15) and (16), it is difficult to
identify with certainty whether (17) or (18) is dominant.
The ECP and cation effects indicate that surface and
solution conditions alter the relative rates of reactions (15)
and (16). Nadjo and Saveant [42] have considered several
limiting cases of this general mechanism, in particular a
reversible charge transfer and rate limiting chemical step
(E,,C,,), or a slow charge transfer and fast chemical step
(E.,C,). The first O, reduction wave is between these
limits, shifting from the latter case for a polished surface to
the former case for an ECP surface. The HO, /H,O peak
at ca. —1.0 V vs. Ag|AgCl is less important to possible
fuel cell applications due to its negative potential, and is
usually bypassed by catalyzing HO; disproportionation.
Although it was studied in less detail, a few observations
are available. First, it is pH dependent, moving positively
by 140 mV from pH 14 to 12. Second, it shows a
negligible isotope effect on the ECP surface. Third, its
behavior is consistent with a slow electron transfer fol-
lowed by fast chemical steps, leading to H,O. Overall, the
current results do not justify the proposal of a detailed
mechanism for HO, reduction.

5. Conclusions

The complexity of the O, reduction to HO; in a base
at carbon electrodes results in a variety of possible inter-



242 Jun Xu et al. / Journal of Electroanalytical Chemistry 410 (1996) 235242

pretations of the results. However, two important conclu-
sions are available. First, the pretreatment procedures,
particularly ECP, must increase the rate of O, reduction to
superoxide (k{s). Second, the existence of an H/D isotope
effect on activated surfaces indicates that proton transfer
reactions must be comparable in rate to electron transfer
ones. Third, adsorption is critical to increasing the reduc-
tion rate by accelerating protonation of O;. Increases in
0,4 from surface pretreatment can be caused either by
formation of new adsorption sites or by increases in micro-
scopic surface area. Observed changes in O, reduction
voltammetry by surface or electrolyte modification can be
explained by changes in O, adsorption and rate of O5
generation from O,.
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