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The oxygen electroreduction reaction has been studied at both preferred oriented and conventional
polycrystalline platinum rotating disc electrodes in xM KOH (0.05 < x < 3.0) aqueous solutions
under oxygen saturation at 25° C. At low current densities, Tafel lines with slope —0.060 V decade ™"
have been obtained at all platinum electrodes. At high current densities, higher Tafel slopes ranging
from —0.18 to —0.40 V decade™' have been observed, depending on the type of preferred oriented
Pt and KOH concentration. Rotating ring-disc electrode data have shown that a higher amount of
H,O0, is produced on one type of preferred oriented surface at all KOH concentrations. A complex
reaction scheme has been used to evaluate the electrochemical rate constants of the reaction steps

at three platinum electrodes.

1. Introduction

The oxygen electroreduction reaction (OERR),
perhaps the electrochemical reaction most frequently
found in various areas of different scientific interest
[1, 2], has been thoroughly investigated at platinum
electrodes in aqueous solutions [3]. Steady state
kinetic data of OERR in aqueous alkaline solution
obey different Tafel relationships depending on
whether the low current density (l.c.d.) or high
current density (h.c.d.) ranges are considered. In
the lc.d. region the Tafel slope is by =
—0.06V decade_l, whereas at h.c.d., values of bt com-
prised between —0.12 to —0.30 V decade™ at 25°C
have been obtained [4-—7].

The OERR kinetics on platinum in aqueous solu-
tions has been explained by a mechanism involving
two parallel paths: the first path consists of a four-
electron transfer direct reduction of oxygen to OH™
ion, and the second path involves a two-electron
transfer process leading from oxygen to H,0,, which
can be further reduced to OH™ ion in a following
stage. The relative contribution of each path to the
overall reaction varies with the experimental con-
ditions [4]. The OERR mechanism, however, appears
to be more complicated, at least in acid, as it becomes
sensitive to the distribution and dominating type of
crystallographic faces on polycrystalline facetted
platinum, as well as on platinum single crystals [8, 9].

The formation of H,0, in alkaline media [5, 6], in
aqueous 1M H,SO, [9] and in concentrated H3PO,
[10] solutions in the course of the OERR, has already
been reported. The H,O, electroformation reaction
itself is influenced by both platinum crystallographic
orientation and anion surface blockage [9]. The
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influence of surface blockage on the OERR in
alkaline solutions deserves further work as a deeper
understanding of this effect may offer a more com-
prehensive explanation of the OERR mechanism
over the entire pH range from acid to alkaline solu-
tions. This work pays special attention to the role
played by H,0O, formation in the Kkinetics of the
OERR at different preferred oriented polycrystalline
platinum electrodes in alkaline solution, based on
data resulting from rotating disc and ring-disc elec-
trode techniques.

2. Experimental details

The OERR was studied at polycrystalline platinum
(spectroscopic quality) rotating disc (3 mm dia.) work-
ing electrodes which were preferentially oriented to
produce two distinguishable types of surface topo-
graphies (A and B). These surfaces were facetted in
well-defined directions. The technique for preparing
electrodes A and B has been described elsewhere [11].

A large platinized-Pt plate (10 cm? geometric area)
counter electrode close to the working electrode, for
minimizing ohmic drop, was employed. A reversible
hydrogen electrode (RHE) in the solution, which
was connected to the rest of the cell through a
Luggin—Haber capillary tip, was used as reference
clectrode. Except when otherwise noted, all poten-
tials in the text were referred to RHE.

A Tacussel rotating ring-disc electrode (RRDE)
device was also used; N, the experimental collection
efficiency of this device, was 0.22 [12].

Prior to the preparation of the surfaces, the poly-
crystalline Pt discs were mechanically polished with
different grades of alumina down to 0.05um grit,
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repeatedly rinsed with triply-distilled water, and
finally, immersed in 0.5M H,SO, for 1 h. The work-
ing electrode real surface area was estimated by com-
paring the H-adatom voltammetric charge recorded at
0.1Vs™! to the H-atom monolayer charge density on
the different platinum surfaces [13].

Aqueous xM KOH solutions (0.05 < x <3.0)
were prepared from KOH (Merck p.a.) and
Millipore*-Milli-Q* water. Runs were made at
25° C under either nitrogen or oxygen (99.99% purity)
atmosphere.

RRDE data were run in the 500 € w < 2000 r.p.m.
range, although most of the RDE data has been
obtained at 2000 r.p.m. In these cases, Ep, the disc
electrode potential, was scanned at 0.01 Vs~! from
1.2 to 0.05V, while Eg, the ring electrode potential,
was held at 1.2V. At this potential the H,O, pro-
duced on the disc could be electrooxidized on the
ring under limiting current conditions.

Steady state potentiostatic polarization curves were
obtained at w = 2000 r.p.m. To assure a reproducible
initial surface the working electrode was held 5s at
1.40V, a potential at which a full coverage of plati-
num surface by O-containing species was attained,
followed by an electroreduction step at 0.05V for
5s. At each potential, the stationary OERR current
was obtained after Smin potential holding. This
time was sufficient to reach a current value with less
than 0.5% of variation.

3. Results

3.1. Cyclovoltammetric response of different platinum
electrodes

The cyclovoltammograms obtained with the different
platinum electrodes in aqueous 1.0M KOH in the
H-adatom potential range at 0.1Vs™! are shown in
Fig. 1 together with those obtained in aqueous 0.5M
H,S0,. The cyclovoltammograms in 0.5M H,;S80,
can be used as fingerprints of the platinum electrode
surfaces [11].

Cyclovoltammograms in 1.0 M KOH show the typi-
cal H-adatom electrosorption potential region from
0.05 to about 0.50V, the O-adatom electrosorption
and incipient oxide formation region from 0.60 to
1.50V, and the so-called double layer region in
between. The H-adatom electrosorption voltammo-
grams present a multiplicity of current peaks associ-
ated with different H-adatom bonding energies at
platinum surface sites. In alkaline solutions, the
height of strongly adsorbed H-adatom current peaks
is always significantly lower than that of those peaks
found in acidic media. Besides, the double layer
potential window in alkaline media becomes
narrower than in acidic solutions.

The shape of voltammograms obtained on A-type
Pt depend on whether 0.5M H,SO, or 1.0M KOH
has been used (Fig. 1). In acid, the voltammetric
features resemble those already reported for stepped
Pt(100) surfaces in the same solution. They are
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Fig. 1. Cyclovoltammograms run at 0.1 Vs~ in 1M KOH (upper
curve) and 0.5M H,S0, (lower curve) at 25°C. (a) Polycrystalline
Pt, (b) A-type Pt, (c) B-type Pt.
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characterized by a high contribution of strongly
adsorbed H-adatoms, and a small contribution of
weakly adsorbed ones. The multiplicity of conjugated
peaks at about 0.40 V, which appears in 0.5M H,SOy,
is not observed in 1.0M KOH solutions. Strongly
adsorbed H-adatom peaks are displaced to 0.38 V in
1.0m KOH, although the separation between
strongly and weakly adsorbed H-adatom peaks
remains about 0.12'V in both solutions [14, 15].

Voltammograms run on B-type Pt electrodes in
0.5M H,SO, show a relatively large contribution of
weakly adsorbed H-adatoms, as a pair of reversible
conjugated peaks at 0.10V. Likewise, another
relatively smaller contribution appears as a pair of
conjugated peaks at about 0.32V. The features of
these voltammograms resemble those of a stepped
reconstructed Pt(111) surface electrode. The cyclo-
voltammograms of B-type platinum electrodes in
1.0m KOH are rather similar to those resulting from
untreated polycrystalline platinum electrodes, except
that at B-type platinum a minor contribution of
strongly adsorbed H-adatom peaks can be observed
[14, 15].

3.2. Rotating disc data

Typical OERR disc current (Ip) against disc potential
(Ep) plots obtained at different platinum working
electrodes at 500, 1000, 1500 and 2000r.p.m. in
0.1 M KOH, are shown in Fig. 2. The initial nonzero
part of these plots, covering the 0.95-0.80V range,
becomes independent of the rotation speed, w. The
range of the slowly increasing currents at higher over-
potentials is broader as w is increased, as expected for
an electrochemical reaction under mixed control. At
about 0.70V mass transport kinetic contributions
become significant and determine the appearance of
a well-defined cathodic current plateau (fip) for
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Fig. 2. I/ Ep voltammograms recorded in oxygen-saturated 0.1M
KOH solution at w = 500, 1000, 1500, 2000 r.p.m. (Power to upper
curves). Sweep rate v = 0.01 V 7!, T = 25° C. (a) Polycrystalline Pt,
(b) A-type Pt, (c) B-type Pt.

E < 040V. The height of this plateau increases
linearly with the square root of w. Sometimes a slight
hump at 0.20 V follows the appearance of the current
plateau. This hump presumably results from the
initial H-adatom adsorption on platinum.

The above description of polarization curves
applies to higher KOH concentrations, the height of
the OERR current plateau decreases as the KOH con-
centration is increased. Nevertheless, when the
current is referred to unit oxygen concentration in
the solution, calculated from oxygen solubility data
[16, 17], KOH concentration independent current
plateau values at each w are found. The small varia-
tions of these figures can be attributed to the KOH
concentration dependence on both the oxygen dif-
fusion coefficient and the solution viscosity (Table 1)
[16-19].

3.3. Rotating ring disc data

Rotating ring-disc measurements were used to distin-
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Fig. 3. Iz /Ep voltammograms recorded in oxygen-saturated 0.1 M
KOH solution at w = 500, 1000, 1500 and 2000r.p.m. (lower to
upper curves). Sweep rate v=0.01 Vs, T=25C. Eg =12V.
(a) Polycrystalline Pt, (b) A-type Pt, (c) B-type Pt.

guish between series and parallel mechanisms in the
OERR at different platinum electrodes in KOH
solutions.

Plots of disc (Ip) and ring (Iy) currents as a function
of Ep at different w (Figs 2 and 3) were obtained in
0.1M KOH. In these runs, EFx was set to 1.20V, a
potential at which the H,0, formed at the disc can
be electrooxidized to oxygen at the ring under dif-
fusion limiting conditions.

The value of Iy increases, due to H,O, electro-
oxidation, with both w and Ep, but Iy reaches a
maximum value at Ep = 0.73V, a potential which
coincides with the inflection point at the I against
Ep plot.

The fraction of the total reaction proceeding via the
H,0, path can be estimated from the following
expression, considering N = 0.22 [20]:

Ix/N

F = RIZT
o) = TN (1)
At 2000r.p.m. in 0.1 KOH it results in A-type
platinum electrode Fy,o, = 12%, in B-type platinum
Fu,0,=4% and in polycrystalline platinum
Fy,0, = 6%. The value of F decreases abruptly at

x 100

Table 1. pH, KOH solution viscosity, oxygen solubility, oxygen diffusion coefficient, and OERR limiting current densities at w = 2000 r.p.m. at

25° C. ji is the limiting current density referred to oxygen concentration

(KOH) pH

TKOH So, Do, Jib Ji
mol dm™3 [cPs Jmolem™ x 10° Jem? 574 x 10° JpAem™ /A crmmol ™!
0.05 12.6 1.005 1.235 1.95 3100 2510
0.10 12.9 1.013 1.210 1.87 2950 2480
0.50 13.5 1.064 1.031 1.68 2710 2570
1.0 13.8 1.128 0.843 1.43 2140 2540
3.0 14.0 1.350 0.377 1.00 910 2455
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Fig. 4. Dependence of the ring peak current (Igp) for H,O, oxi-
dation during OERR on the KOH concentration. T =25°C.
(a) Polycrystalline Pt, (b) A-type Pt, (c) B-type Pt. (0) 500, (c7) 1000,
(x) 1500, and (@) 2000 r.p.m.

the highest KOH concentration on A-type platinum.
The dependence of the peak current at the ring (Ixp)
on KOH concentration at different w (Fig. 4) shows
a decrease in H,0, generation at all Pt working elec-
trodes as KOH concentration is increased.

4. Analysis of results

A qualitative analysis of OERR kinetic data on
platinum electrodes in KOH solutions suggests that
OERR is a complex electrocatalytic surface process
in which adsorption and desorption of reactants,
products and intermediates, as well as the influence
of the platinum substrate structure, should be con-
sidered. Earlier work has described the four-clectron
global OERR through a reaction pathway involving
at least two main parallel reaction paths which are
linked by a common reaction intermediate.

Ep/V vs NHE

Fig. 5. Tafel lines for OERR in (a) polycrystalline Pt, (b) A-type Pt, (c) B-type Pt in oxygen-saturated KOH solutions. (a) 0.05, (b) 0.1, (¢) 0.5,

(d) 1 and (e) 3M.
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From the mechanistic standpoint these results in
alkaline solution are analysed within a framework
which is essentially the same as that earlier used for
results obtained in acid solutions.

4.1. Polarization curves

For a quantitative analysis of steady state
kinetic data, mass transport correction at
polarization curves was firstly considered. These
curves were plotted as Ep (NHE) against log j,
where j is the electroreduction current density, defined
as the current/real working electrode area ratio, and
Ep is the electrode potential referred to NHE scale.
They show, for all platinum electrodes, l.c.d. and
h.c.d. linear regions in all KOH concentrations (Fig. 5)
and the slopes of these lines are (br)icq = (AE/
Alog j)ieq = —0.060V decade™, and (br)pcd =
(AE/Alog j)ncq ranging from —0.180 to —0.400V
decade™! at 25° C. These two Tafel lines agree with pre-
viously reported results for dilute alkaline solutions at
polycrystalline platinum electrodes [5—7].

The (by),cq. slope range covers approximately two
decades in j from the rest potential (E, = 0.15V vs
NHE in 0.1 M KOH) to 0.03V, whereas the (br)ycq.
slope range covers more than a decade in j from
about 0.03 to —0.30V in the NHE scale.

The extrapolation of Tafel lines to the oxygen elec-
trode reversible potential (E(c),2 Jjon- = 0.467V vs NHE
in 0.1 M KOH) has allowed estimation of the value of
Jo» the OERR exchange current density from the two
Tafel regions. Kinetic data resulting from diffusion-
free conditions are assembled in Table 2. The values
of (br)neq. and (Jo)pea. On polycrystalline platinum
increase with KOH concentration, but these depen-
dencies cannot be clearly found for A and B-type pla-
tinum electrodes. Values of j, were further corrected
to account for the KOH concentration dependent
oxygen solubility [16, 17]. These values are given as
ko, in Table 2.

Kinetic data shown in Table 2 prove that the
OERR rate is enhanced as the KOH concentration
is increased up to 3M. At KOH concentrations
higher than 3wm, this behaviour is no longer
observed, particularly in the h.c.d. region. This fact
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Table 2. Kinetic parameters for OERR in the l.c.d. and h.c.d. regions in KOH solutions at 25° C. ko, is the exchange current density referred to

0Xygen unity concentration

(KOH) b, Jorea, BTyea JOnea ko,., koh cd.
Jmol dm™3 |V dec™! A cm™? JV dec™ jpAcem™ A cmmol™ (A cmmol™!
Polycrystalline platinum

0.05 —0.055 32x 1077 —0.180 0.1 3x1077 8 x 1072
0.10 —0.052 5.0x 1077 —0.200 0.2 4x1077 2% 107!
0.50 —0.065 6.3x 1077 —0.215 0.6 6x1077 6 x 107!
1.0 —0.053 1.0x 107 —0.270 1.6 1x107° 2

3.0 —0.055 5.6x 1073 —0.300 17.8 1x107* 47
A-type platinum

0.05 —0.053 3.2 x 1077 -0.320 8.0 3% 1077 6

0.10 —0.060 6.3 x 107¢ —0.315 79 5%107¢ 7

0.50 —0.055 3.2x107° —0.300 15.8 1x107° 15

1.0 —0.055 1.0x107? —0.310 19.9 3Ix 1073 24

3.0 —0.065 3.1x 1073 —0.300 14.1 8§ x 1073 38
B-type platinum

0.05 —0.060 3.5%107¢ —0.240 10.0 3x 107° 8

0.10 —~0.062 1.0 x 1077 —0.290 12.6 8§ x 1078 10

0.50 —0.060 5.6 %1077 —0.290 17.8 5% 1077 17

1.0 —0.055 1.0 x 107 ~0.250 3L.6 1x107* 38

3.0 —0.050 6.3x 1070 —0.415 20.0 2x 107 53

may imply that above 3m KOH, either a different
OERR mechanism at h.c.d. operates, or the proper-
ties of the interface are modified, giving rise to dif-
ferent O,—Pt surface initial interactions.

4.2. Reaction order with respect to oxygen
The OERR Kkinetics are often assumed to be first order

with respect to the reactant in all reaction steps. To
prove this condition the linearity of the I 172 against
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Fig. 6.log (1 — In /L p) against log (Ip /1) plots. (a) Polycrystalline
Pt, (b) A-type Pt, (c) B-type Pt. Oxygen-saturated 0.1 M KOH,
T=25°C.(x)0.52, (@) 0.62, () 0.70, (0) 0.75 and (A) 0.80 V.

w2 plot is established. For a first reaction order
with respect to oxygen, p = 1, this plot arises from
the Koutecky—Levich equation [21]

W) = (ypgte A7)

where B = 0. 62nFc02D2/ 3y 8 Ap, is known as Levich
slope, and I is the net OERR kinetic current.

A plot of log(Ip/I) against log (1 — In/Ip) is
often handled to decide whether p is a potential depen-
dent parameter. According to Equation 2, at constant
w, the slope of this linear plot should be p. These plots
were made using data obtained at different potentials.
Typical results are shown in Figs 6 and 7 for 0.1m
KOH. Values of p = 1.0 £0.2 were found at poten-
tials higher than 0.60V for all platinum electrodes.
A coincidence between the experimental slope,

By, = 0.052 mAcm r.p.m. 2 and Levich slope
calculated with co, Dy, and 7 given in Table 1
has been found. Otherwise, at potentials lower
than 0.60V the same data treatment leads to
p=2.0=£0.2, a value which is worth noticing for
the coincidence between the experimental
(Bexp = 0.057mA em’ r.p.m." %) and Levich slope.

4.3. Influence of H,0, and supporting electrolyte

Further OERR results were obtained in 0.1 M KOH in
the presence of H,O, at the um concentration range
on A and B-type platinnm working electrode. In
both cases, an increase in the value of (br), .4 Wwith
H,0, concentration was found. Correspondingly, in
the Tafel region a gradual decrease in cathodic cur-
rent at a constant Ep was observed. This effect be-
comes more remarkable as H,O, concentration is
increased. It should be noted that the same trend
was found when a supporting electrolyte, such as
0.5m K,S0, instead of H,0,, was added to 0.1M
KOH.
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A value of (by)ycq higher than 2.3(2RT/F) may be
related to blockage of the working electrode surface
by either reaction intermediates or reaction products
such as H,0,, and by specific adsorption of SO3~
anions. These ions are adsorbed on platinum in 0.5M
KF+0.5m HF +001Mm K,S0, in the 0.2-1.0V
range as proved by FTIRS investigations [22]. In alka-
line solutions SO?;~ ion adsorption on platinum
implies a competitive process involving both SO3~
and OH™ ions, reaction intermediates, products and
water itself. The relative contribution of each
adsorbable species should depend considerably on
the solution composition and applied potential, i.e.
on their individual electrosorption isotherm [23].

0.02 0.10 0.02

5. Discussion
5.1. General considerations

The kinetics of the OERR at platinum in alkaline
solutions involves a lL.c.d. and a h.c.d. Tafel slope as
given in Table 2. OERR kinetics in the l.c.d. range
have been explained as a consecutive four-electron
transfer pathway involving a single electron transfer
step yielding adsorbed O-containing species under
Temkin adsorption conditions as a rate determining
step (r.d.s.) [6, 7]. Conversely, the OERR mechanism
in the h.c.d. range is far from being well understood; it
is usually given in terms of a chemical r.d.s. such as
oxygen-adsorption onto the platinum surface. This
general kinetic and mechanistic description applies
qualitatively to the OERR at high concentration
acidic media [10]. Thus, the polarization curves

0.10

T=125°C. (x) 0.52, () 0.62, (T} 0.70, (0) 0.75 and (1)
0.80V.

obtained in purified 85.5% H;PO, exhibit a l.c.d.
Tafel line with a slope of 2.3(RT/F) and a h.c.d. Tafel
slope (hr)ncd. = —0.22V decade™! at potentials lower
than 0.9V [10].

Srinivasan er al. [5] attributed the h.c.d. region
Tafel slope on polycrystalline platinum in KOH
solutions to oxygen diffusion towards the working
electrode surface as a r.d.s. at high cathodic over-
potentials. This explanation, which seems reasonable
as a first approach, is insufficient to account for the
results of this work which prove a definite influence
of platinum surface morphology at high cathodic
overpotentials.

Another interpretation advanced by Yeager ef al.
[24] took into account a r.d.s. related to the presence
of a relatively high platinum surface coverage by
adsorbed reactants or products. In principle, this
explanation is consistent with those kinetic results
obtained in 0.1M KOH after the addition of either
H,0, or SO3™, as referred to in Section 4.3.

The conclusions from preceding studies of OERR
have been considered in several reaction schemes
which were proposed involving either consecutive or
parallel steps [25-31].

5.2. Likely reaction pathway

Among these reaction schemes, that proposed by
Damjanovic et al. has been successfully applied to
OERR kinetic data on platinum substrate in both
acid and alkaline solutions. This reaction scheme
can be presented as follows:

ky -

/ \

k k
0, —2a (0)f —> O ~2+ (H,0,) ——> (OH )

|

(OH™)®
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Fig. 8. In /I against w72 plots. (a) Polycrystalline Pt, (b) A-type
Pt, (c) B-type Pt. Oxygen-saturated 0.1M KOH solution,
T=125°C. (e) 0.50, (x) 0.52, (v) 0.54, (¢) 0.56, (@) 0.58, (m)
0.60, (0) 0.62, (a) 0.64, (0) 0.66, (+) 0.68, (1) 0.70, (0) 0.75 and
(n)0.80V.

where kp, kp and kY, are the mass transport rate
constants for oxygen molecules from the bulk of the
solution towards the platinum working electrode
surfaces, and the OH™ and H,0, transport from the
working electrode surface to the bulk solution, respec-
tively, k; is the electrochemical rate constant for the
ith step, and the superscripts s, e and * denote the spe-
cies in the bulk of the solution, at the interface, and
adsorbed on platinum, respectively. The validity of
this mechanism can be tested through RRDE data,
as all the kinetic constants involved can be evaluated.

Scheme 3 predicts the following Ip /Iy ratio against
w2, and the fip/(Ip — Ip) ratio against w™ /2
relationships [4, 19, 30]:

b 1], % 2ks(1+ki/ko) i

—_ 4
Iy N k, O.62Dé/3’1/‘1/6 )
2
and
o _ (fy + k) =y (5)
Ly —Ip 0.62Df)/231/“1/6

= N W A o1

0.6

0.4

0.2

0.14

0.10
02/ g1/2

Fig. 9. I p/(ILp — Ip) against w12 plots. (a) Polycrystalline Pt,
(b) A-type Pt, (c) B-type Pt. Oxygen-saturated 0.1 M KOH solu-
tion. T=25°C. (&) 0.50, (x) 0.52, (v) 0.54, (¢) 0.56, (@) 0.58,
(m) 0.60, (0) 0.62, (a) 0.64, (0) 0.66, (+) 0.68, (O) 0.70, (0) 0.75
and (A) 0.80V.

0.06

From the mass balance of each step, the following
expressions for k, k, and k; have been derived [4]:

ky =0.62D3 v %8, (I = 1)/( + 1) (6a)

ky = 0.62D5 v /%28, /(1 + 1) (6b)
2/3 —

ky = 0.62D} ' v /SNS /(LN + 1) (6c)

where I} and S| are the intercept and the slope of the
I, /Iy against w72 plot, respectively, and S, is the
slope of the I /(I1p — Ip) against w12 plot.
RRDE data for OERR in 0.1 M KOH on different
Pt electrodes were plotted as Ip/I against w™'/?
(Fig. 8). These experimental results fulfit Equation 4 in
the 0.50 to 0.80 V range. Hence, in principle, the valid-
ity of Scheme 3 for the OERR in this potential range is
confirmed for platinum in base solution. Thus, as the
cathodic overpotential is increased, both the I /Iy
ratio and the slope of the linear plots become
higher. Besides, the linear I /Iz against w2 rela-
tionship found for OERR in 0.1 KOH on A-type
platinum becomes w-independent at potentials lower
than 0.60V. These results reveal that Scheme 3 in
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Fig. 10. Plot of k{, k, and k; against electrode potentials on
polycrystalline Pt in oxygen-saturated KOH solutions: (a) 0.05,
(b) 0.1, () 0.5, (d) 1 and (e) 3Mm.

the h.c.d. range cannot be straightforwardly applied
unless new mechanistic features are included.

The Ip/(Iip — Ip) against w™'/2 plots for the dif-
ferent platinum working electrode surfaces in 0.1M
KOH are illustrated in Fig. 9. These plots show the
same intercept at Ijp/(Iip — Ip) = 1 for all electro-
des, and an increase in the slope of the straight lines
as the cathodic overpotential is increased. This
behaviour is consistent with data shown in Fig. 5,
involving the potential-dependent diffusion correc-
tion of OERR polarization curves.

The rate constants ky, k, and k3 calculated for the
different platinum working electrode in KOH solu-
tions are plotted against Ep. For A-type platinum,
the value of k; increases smoothly on diminishing
the potential, and this effect becomes more pro-
nounced when the potential is lower than 0.75V
(Fig. 10). Otherwise, k, goes through a maximum
value at approximately 0.75V as it results from the
Iy against Ep plot (Fig. 3). The value of k3, the rate
constant of H,0, reduction becomes practically zero
over a rather wide potential range for A-type
platinum. This potential range becomes narrower as
the KOH concentration is increased. Nevertheless, it
gives k3 = 0 down to 0.60V or to 0.68 V depending
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Fig. 11. Plot of k1, k, and k; against electrode potentials on A-type

Pt in oxygen-saturated KOH solutions: (a) 0.05, (b) 0.1, (c) 0.5, (d) 1
and (e) 3M.

on whether aqueous 0.1 M KOH or 3m KOH data is
considered. This difference is probably due to the
fact that the rate of H,O, formation is diminished in
3.0m KOH because of greater OH™ ion adsorption
on platinum. It should be noted that the result
k3 = 0 was also reported by Wroblowa et al. [32] for
the OERR on steel in 1M NaOH in the 0.80-0.50V
range, and by Bockris ez al. [33] for the same reaction
on passive iron in neutral solutions.

The values of k;, k, and k5 tend to increase as the
KOH concentration is raised on both polycrystalline
and B-type platinum (Figs 11 and 12) although their
potential dependencies are somewhat similar to that
found on A-type platinum. However, in contrast to
A-type platinum a finite value of k3 is always found
on polycrystalline and B-type platinum. Besides, &,
for B-type platinum is almost one order of magnitude
lower than those obtained on the other platinum
surfaces.

5.3. Possible structural explanation of adsorbed
intermediates at platinum surfaces

As described earlier [34], scanning tunneling micro-
scopy (STM) imaging of preferred oriented platinum
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Fig. 12. Plot of k;, k, and k, against electrode potentials on B-type
Pt in oxygen-saturated KOH solutions: (a) 0.05, (b) 0.1, () 0.5, (d) 1
and (e) 3Mm.

surfaces show well-defined orientations and a surface
topography smoother than that of an untreated poly-
crystalline platinum.

The STM images of A-type platinum surfaces show
very clear domains of crystallographic orientations
comparable to the topography of a Pt(100) bulk
single crystal [35]. The STM images of B-type
platinum show a surface structure which is more com-
plex than that of A-type platinum, as it consists of
domains with crystallographic features compatible
with the (111) trigonal symmetry, and some others
of triangular and three-dimensional polyhedric crys-
tallites [35]. This STM topography of A-type and
B-type platinum surfaces reflects on the nanometre
scale those seen through the corresponding SEM
micrographs on the um scale [36].

From STM images and voltammetric features of
A-type and B-type platinum electrodes it may be
concluded that these platinum surfaces can be
described as stepped surfaces of high order Miller
indices, which are dominated by either (100) or
(111) crystallographic facets, depending on whether
A-type or B-type electrodes are considered. It should
be noted that higher order Miller indices surfaces

can be described as combinations of low order Miller
indices single crystal faces [37].

The preceding platinum electrode surface descrip-
tion allows us to consider the possible equilibrium
structures involved in the interaction of platinum sur-
faces and reaction intermediates as concluded from
the discussion of the OERR kinetics and mechanism
already dealt with in Section 4.3., taking into account
ideal Pt(1 00) and Pt(1 1 1) surfaces, which correspond
to the lowest and the highest platinum surface atom
density, respectively, as limiting situations. In this
way, a tentative explanation about the influence of
platinum crystallographic orientation on the OERR
kinetics and mechanism can be advanced. The
distance between the nearest neighboured platinum
atoms, d, is 0.226 nm for Pt(111) face, 0.277 nm for
Pt(110) face and 0.392nm for Pt(100) face [37].
The increase in energy associated with a larger sur-
face area of a metal arises from the fact that surface
atoms have fewer neighbours than bulk atoms, con-
tributing less to the total binding energy of the
crystal. Accordingly, the relative surface energy
varies with the crystalline orientation and the most
densely packed structure, namely the Pt(111) face,
should have the greatest surface energy as experi-
mentally demonstrated by Hamelin ez al. for gold
single crystals in 10 mM NaF [38].

The stability of adsorbed water on single crystal
Pt(100) and Pt(111) faces was calculated through
the extended Hiickel theory (EHT). The difference in
equilibrium energy values is revealed through the acti-
vation energy for H,O molecule decomposition,
which for Pt(100) is smaller than for Pt(111). As a
first approach, these results can be used to justify
the different reactivity of these substrates towards
the OERR [39].

The O-containing species bound to platinum
involve d-orbitals of the substrate and p-orbitals of
oxygen with backdonation to II* antibonding orbi-
tals at twofold and fourfold sites depending on the
crystalline metal orientation. The adsorption charac-
teristics of oxygen gas on various platinum single crys-
tal faces have been thoroughly investigated [40-45].
Molecularly adsorbed oxygen was found on both
polycrystalline platinum [40] and low index platinum
faces [40—42]. From vibrational spectroscopical data
and near-edge X-ray absorption fine-structure
studies (NEXAFS) [45] it is known that molecular
oxygen on Pt(111) forms peroxo-like species at ‘on
top’ sites with an O—O length bond of 0.137nm,
similar to that in aqueous H,0, (0.144nm) [46].
Furthermore, on Pt(111) atomic oxygen was also
detected above 200 K occupying threefold sites in an
ordered p (2 x 2) pattern [41, 44]. Almost the same
O—O length bond and LEED patterns were found
on Pt(110) (1 x 2) [47]. Otherwise, oxygen adsorbs
molecularly on Pt(100) (5 x 20) without any dissoci-
ation process at temperatures below 123K [43, 48].
The electronic structure of a p (1 x 1) overlayer
on Pt(100) (1 x 1) was studied by a self-consistent
calculation, suggesting that the strongest binding
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occurs between adsorbate p-orbitals and platinum d,,,
d,, and d,»_,»-orbitals at fourfold hollow sites [49].

RRDE data obtained at different KOH concen-
trations showed that the higher amount of H,0,
was found at A-type platinum electrodes. So, differ-
ences in the OERR mechanism could result from
different contributions of the peroxide path to the
overall reaction process.

In principle, on the basis of RRDE and gas phase
oxygen-adsorption data on platinum single crystals,
the relative extent of each OERR parallel reaction
pathway at the different platinum surfaces appears
to be dependent on the dominating crystallographic
structure. Thus, peroxide species are probably more
easily produced on A-type platinum, because oxygen
is preferentially adsorbed on Pt(100) crystal faces,
which are the dominant faces on A-type platinum.
Conversely, O-adsorption seems to be favoured on
B-type platinum, which involves a high surface con-
centration of Pt(111) sites and correspondingly a
smaller amount of H,0, can be produced on this
type of platinum electrode.

6. Conclusion

(i) Two different types of OERR behaviour were
found depending on the type of facetted platinum
electrodes in alkaline solution.

(ii) The amount of H,0, found for A-type platinum
was higher than that for the other platinum surfaces
in all KOH solutions.

(iii) The presence of H,O, or SO;™ ion in KOH solu-
tion produces a blockage of the electrode surface lead-
ing to higher Tafel slopes and lower cathodic currents
in h.c.d. region.

(iv) An increase in KOH concentration produces a
lower amount of H,0, at all platinum surfaces, due
to a competitive adsorption between oxygen and
OH™ ion from the electrolyte.

(v) OERR on polycrystalline and B-type platinum
proceeds through a direct four-electron pathway to
OH™ ion with peroxide species as intermediates.

(vi) A complete reduction from oxygen to OH™ takes
place on A-type platinum, in parallel with a two-
clectron process in which H,0; is produced.
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