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Oxygen evolution reaction (o.e.r.) kinetics in NaOH solutions have been studied on both fresh and
oxide covered CosNi,sSijsBiy amorphous alloy (G-16) electrodes. Steady state polarization curves
obtained in different aqueous xM NaOH (0.1 < x < 4) in the 30—80° C range fulfill Tafel relationships
at low overpotentials; the Tafel slope is close to 2.3(RT/F) Vdec™! for both G-16 and oxide coated
G-16 electrodes. At high overpotentials, ohmic relationships with slopes becoming increasingly steep,
regardless of the NaOH concentration, are observed. In the Tafel region, the reaction order with
respect to OH™ is near 2. The apparent current density at constant potential, for oxide coated
G-16 electrodes, is greater than that for uncoated G-16. The high catalytic activity of the oxide coated
G-16 for the o.e.r. is attributed to its spinel-type structure. The kinetics of the o.e.r. at low overpoten-
tials is explained through a mechanism involving a first electron transfer step followed by a rate-

determining chemical step.

1. Introduction

In an attempt to increase the anode efficiency in
alkaline water electrolysis, new materials are being
sought. In particular, amorphous alloys show
unusual corrosion resistance in alkaline solutions, as
well as a high surface area and good catalytic activity
for the o.e.r. [1-9].

The CosyNiysSijsByg amorphous alloy commer-
cially known as G-16, has been identified as an
efficient electrocatalyst for the o.e.r. in alkaline
solution as its catalytic activity is comparable to that
of platinum or nickel [5, 6]. Kinetic data for the
o.e.r. on amorphous and crystalline Ni—Co alloys in
aqueous alkaline solution has been reported [5, 6, 8,
9]. The electrocatalytic properties of G-16 can be
improved when it is coated with a hydrous mixed
oxide layer produced by applying a repetitive square
wave potential (r.s.w.p.) routine in alkaline solution
[10]. The oxide coated G-16 electrodes resulting
from this method are very reproducible in beha-
viour. The composition of the oxide coating corre-
sponds to a NiCo,Oy4-spinel [10].

The o.e.1. at G-16 has been studied by electrochemi-
cal impedance spectroscopy (EIS) [11] and a possible
mechanism for the reaction has been proposed.

The aim of this work is to investigate the behaviour
of hydrous oxide film covered G-16 electrodes for the
o.e.r. in alkaline solutions. The kinetic data reported
in this work, together with structural information of
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the oxide coating, allow the suggestion of a mechan-
ism for the o.e.r. at low overpotentials and an expla-
nation of the ohmic-type characteristics of the OER
at high overpotentials.

2. Experimental details

The working electrodes consisted of ribbons of
CosNiysSi 5By amorphous alloy (G-16, Vakuumm-
schmelze Hanau, GmbH) about lem? in geometric
area. Oxide layers were grown on the specimens by
applying a r.s.w.p. routine between an upper
potential limit, E, = 1.0V, and a lower potential
limit, £} = —1.0V, at frequency /= 0.6 kHz for time
t = 1min [10]. The experimental sctup, the sample
preparation and the characterization of the oxide
films have been described elsewhere [10]. Experi-
ments were performed in aqueous xM NaOH
(0.1<x<4) in the 30°C<T<80°C range. A con-
ventional three electrode cell was used employing a
platinum counter electrode and a hydrogen electrode
in the same solution as the reference electrode. Poten-
tials in the text are referred to the reversible hydrogen
electrode (RHE) in the same electrolyte solution,
unless otherwise stated.

The relative increase in active surface area of the
working electrode due to the application of the
r.s.w.p. routine was estimated through the oper-
ational roughness factor R, defined as R = Q,/0y,
where Q, and Q@ are the overall voltammetric
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charges obtained from voltammograms run in xM
NaOH at 0.1 Vs~! between 0.05 and 1.55V, after
and before applying the r.s.w.p. routine, respectively
f10].

Prior to the polarization experiments, the oxide film
coated G-16 electrodes were stabilized by a 10min
potential cycling at 0.1Vs™' between 0.05 and
1.55V. Steady and potentiodynamic potential (£)
against apparent current density (j) curves were
made. The latter were run in the 14V ELIOV
range at 107*Vs™!. The apparent current density is
given with respect to the geometric area of the work-
ing electrode. The ohmic resistance of the solution
between the end of the capillary tip of the reference
electrode and the working electrode was 6.3 and
0.5Q for 0.1 and 1 M NaOH, respectively.

To compare the true electrocatalytic activity of
G-16 and oxide coated G-16 electrodes for the o.e.r.,
the values of j must be referred to the real electrode
surface area. This was achieved through the apparent
capacitive current densities [12]. Accordingly, cyclic
voltammograms were recorded from 0.25 to 0.30V,
i.e., within the small potential window where faradic
processes are, apparently, absent to allow us to
obtain the double layer capacitance, according to
the method described elsewhere [12].

SEM micrographs of working electrode surfaces
were obtained before and after the o.e.r. polarization
experiments.

3. Results

The j against v plots from G-16 and oxide coated G-16
anodes (R = 30) of same apparent geometric area in
the 0.25 to 0.30V range approach a linear relation-
ship for v < 0.08 Vs~ (Fig. 1). The slope of the linear
portion increases from G-16 to oxide coated G-16.
From the comparison of these slopes [13], it appears
that the oxide coated G-16 active surface area is 1.4
times greater than that of G-16. The corrected
current density is denoted as j * in the plots and tables.

Typical polarization curves for o.e.r. in 1 M NaOH
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Fig. 2. O.e.r. polarization curves. 1M NaOH, 30°C. Untreated
G-16 (Q); oxide coated G-16, R =20 (A), R=30 (@). (2) E
against j (apparent current density) plot; (b) E against j* (cor-
rected current density) plot.

at 30° C at G-16 and oxide coated G-16 of thicknesses
ranging from 30 to 50 nm [10] (20 < R < 30) are shown
in Fig. 2(a). At constant potential the values of j,
expressed either as j (Fig. 2(a)) or j* (Fig. 2(b)) for
oxide coated G-16, are much greater than those corre-
sponding to G-16. These results also suggest there is
no specific effect of R on the catalytic activity of oxide
coated G-16 for the o.e.r.

3.1. Tafel region

Polarization curves with oxide coated G-16 electrodes
(R=30) at different NaOH concentrations and
temperatures result in linear £ against log j * relation-
ships (Tafel regions) in the 1.4—-1.6 V range regardless
of the experimental conditions (Fig. 3). The linear
portion range decreases as both NaOH concentration
and temperature are decreased.

In 1 M NaOH, at 30° C, Tafel slopes of 0.06 V dec™!
were obtained for both G-16 and oxide coated G-16.
The Tafel slopes (br) and the apparent exchange
current densities (j; ) from the extrapolation of the
linear plot to the corresponding reversible oxygen
electrode potential for oxide coated G-16 under
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Fig. 1. Current density dependence on potential sweep rate at
0.25V. 1M NaOH, 30°C. Untreated G-16 (Q); oxide coated G-
16 (@).
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Fig. 3. Tafel plots derived from o.e.r. polarization curves at different
NaOH concentrations and temperatures. Oxide coated G-16: 0.1 M,
30°C (V); 1M, 30°C (@); 4M, 30°C (00); 1M, 50°C (@); 1M,
80° C (M). Untreated G-16: 1M, 30°C (Q).
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Table 1. Tafel slopes and apparent exchange current densities for the
OER on oxide coated G-16 amorphous alloy at different NaOH con-

centrations and temperatures

/M T/K br/Vdec™! Jot/Acm™?
0.1 303 0.06 + 0.005 20x 10710
1.0t 303 0.06 == 0.005 7.5% 10710
1.0 303 0.06 = 0.005 4.4 x107°
4.0 303 0.06 £ 0.005 1.3 x 1078
1.0 323 0.06 + 0.005 47 %x107°
1.0 353 0.06 + 0.005 6.9 x107°

t Untreated G-16 amorphous alloy

different experimental conditions are assembled in
Table 1. The values of j; increase by two orders of
magnitude as the NaOH concentration is increased
from 0.1 to 4M and about 55% as the temperature
is raised from 30 to 80° C.

The potentials at different current densities in
the low potential range were plotted as a function of
the OH™ activity by using the activity data for
aqueous NaOH [14, 15]. The plots give a slope of
0.12Vdec™! (Fig. 4).

At constant potential in the Tafel region linear
log j* against log NaOH activity relationships were
obtained (Fig. 5). From the slope of these plots
Slog j*/6log anaon = 2.3 £0.2, it may be concluded
that the rate of the o.e.r. at oxide coated G-16 in
NaOH solution fits a second order reaction with
respect to OH™ ions.

The apparent o.e.r. activation energy AH* was
calculated from Arrhenius plots obtained at a
constant potential in the Tafel region, i.c.
E = 0.68 Vvs SHE. Taking into account the changes
in activity of 1M NaOH with temperature,
AH*=40+5kImol™!, a figure which agrees
with data reported for other amorphous alloys (7]
and Co—Ni spinels [16]. It should be noted that the
calculation of the apparent energy of activation at
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Fig. 4. Dependence of the potential on NaOH solution activity
at j*=10x10"*Acm™ (@) and j* =2.5x 10 Acm™ (O);
30°C.
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Fig. 5. Dependence of the current density on the activity of the OH™
ion at £E=0.73Vvs SHE (@), and E = 0.75Vvs SHE (0O), 30°C.

the reversible potential from j* values would be
imprecise due to the long extrapolation involved.

3.2. Departure from the Tafel behaviour

The E against log j* curves depart from the Tafel
line at E, a threshold potential value which increases
as both NaOH concentration and temperature
are diminished. At potentials higher than E,, gas
bubbles are easily evolved from the electrode
surface. Under these conditions linear E against j*
plots are obtained. The slopes of these lines are depen-
dent on the NaOH concentration (Fig. 6). From
the slope value an apparent ohmic resistance, R,, can
be evaluated. The R, value decreases on increasing
NaOH concentration (Fig. 7).

3.3. SEM micrographs

SEM micrographs of electrode surfaces before o.e.r.
measurements in 1 M NaOH, 30° C, reveal a cracked

E/V vs RHE

j* x 10%/Acm™?

Fig. 6. O.e.r. polarization curves in the high overpotential region at
different NaOH concentration; 30°C. Oxide coated G-16: 0.1M
(V); 1M (@); 4M ([J). Untreated G-16: 1M (O).
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Fig. 7. Dependence of the apparent electrochemical resistance (R,)
(Q), and the reciprocal of the specific conductance (1/) (@) on the
NaOH concentration.

appearance, whereas after o.e.r. they show an irregu-
lar particle structure (Fig. 8).

6. Discussion

The kinetics of the oxygen evolution reaction in
aqueous solutions at oxide film coated metal elec-
trodes depends on the structure of the oxide film [17,
18], the oxidation state of the oxide film at or near
the surface, the type of OH and O intermediates
adsorbed at the oxide film surface [18] and the
changes in the physicochemical properties of the
metal oxide/solution interface caused by oxygen gas

Fig. 8. Scanning electron micrographs of oxide coated G-16 before
(a) and after (b) the o.e.r. measurements.

bubble formation [19]. The influence of each of these
variables on the kinetics of the reaction depends on
the applied potential.

The application of a periodic perturbing potential
routine of well defined conditions to either crystalline
[20] or amorphous Co—Ni alloy [10] in NaOH solu-
tion promotes the growth of a hydrous oxide layer,
which behaves as a precursor of a NiCo,04 spinel,
irrespective of nonmetallic components of the amor-
phous CosyNiysSijsByy alloy. Furthermore, present
results show a better performance of oxide coated
G-16 electrodes as compared to the G-16 itself for
the o.e.r. in NaOH solutions. The high electrocata-
lytic activity of oxide coated G-16 may be assigned
to the spinel-type structure of the electroformed
metal oxide film. However, Burke and O’Sullivan
have recently attributed the origin of the enhanced
electrocatalytic activity of potential cycled metal elec-
trodes towards the o.e.r. to the hydrous nature of the
electroformed oxide film {21, 22]. Hydrous oxide
layers formed on cobalt electrodes can be converted
to spinel-type oxides by heating [23-25].

The mechanism of the o.e.r. on Ni, Co and their
alloys has been thoroughly studied [5-9, 18, 19, 26—
29]. For thermally prepared NiCo,0y, the o.e.r. polar-
ization curves plotted as E against log j, show two
Tafel lines with slopes in the 0.04—0.06 V dec™! range
and in the 0.10—0.13 V dec™! range, at low (l.c.d.) and
high current density (h.c.d.), respectively [26-29].
Oxygen evolution takes place at potentials at which
the electrode surface is already oxidized. Accord-
ingly, the variation in Tafel slope has been explained
considering a change in either the valence state of
the metal oxide [27, 28], which implies a shift of active
sites from di to trivalent sites [27], or coverage of the
trivalent sites by reaction intermediates [29]. Like-
wise, the behaviour of the metal oxide coated elec-
trodes produced by the application of periodic
potential routines, varies with the base metal and
the history of the metal oxide coating. Thus, the
o.e.r. at aged oxide coated polycrystalline nickel elec-
trodes has a single Tafel slope of about 0.05V dec™
[30], whereas oxide coated polycrystalline cobalt
electrodes give two Tafel regions with slopes 0.03
and 0.12Vdec™!, in the lc.d. and h.ed. ranges,
respectively [25].

On the other hand, the polarization curves for the
o.er. in alkaline solution on several amorphous
alloys show two Tafel regions [7-9]. However, the
o.e.r. at G-16 shows only the single Tafel slope,
0.06 Vdec™! [5, 6, 11]. In addition, electrochemical
impedance spectroscopy of G-16 immersed in
aqueous alkaline solutions shows two capacitive semi-
circles [11] in the impedance diagram in the o.e.r.
potential range. The semicircle obtained at high
frequency becomes almost potential-independent,
and is associated with the electronic properties of
the oxide layers, whereas the semicircle at low
frequency becomes potential dependent, and is
related to the response of O and OH adsorbed inter-
mediates involved in the o.e.r.
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Table 2. Theoretically predicted and experimentally obtained kinetic
parameters for the OER on oxide coated G-16 samples in NaOH solu-
tion, 30° C

Kinetic parameter Theoretical Experimental
(OE/B10g j* )go- 2.3 (RT/F) 0.06 Vdec™!
((’)logj*/alog aOH“)E 2 23

(DE/Dlog aoy-);- 2.3 (—2RT/F) ~0.12Vdec™!

The kinetic parameters in Table 2 suggest that the
o.e.r. at oxide coated G-16 in NaOH solutions in the
Tafel region (low overpotential range) follows an
extended and more complete version of the reaction
pathway earlier proposed by Tamura et al. [31] for
platinum in alkaline solution in lc.d. conditions.
The first step is OH™ ion discharge on an active site
(S) yielding an absorbed (OH) species:

OH™ +S = S(OH) + ¢~ (1)

followed by the formation of a surface oxide inter-
mediate such as S(O)~ [31] or S(OH)3, according to

OH™ + S(OH) = S(O)™ + H,0 (2a)
or
OH™ + S(OH) = S(OH); (2b)

Step 2(b) explains the electrocatalytic efficiency of the
hydrous metal oxide layers [21, 22]. Finally, the
surface intermediate decomposition yields oxygen
through reactions such as

S(O)” +OH™ = O, + H" + S+ 3¢~ (3a)

or
S(OH); = Oy +2H" + S+ 3¢~ (3b)

Assuming that either Step 2(a) or (b) is rate-determin-
ing under Langmuir adsorption conditions, j, the
o.e.r. current density can be written as

; kik FE
Jj=nF (7{%) adu- exp (ﬁ) (4)

where k;, k_, and k, are the rate constants of Step 1
in the forward and backward direction, and Step 2
in the forward direction, respectively. At constant
OH™ concentration, Equation 4 satisfies a Tafe]
relationship with slope 2.3(RT/F). Likewise, at
constant potential, a second order reaction with
respect to OH™, and at constant current density,
(OE/dlogagu-) = —2RT/F, should be fulfilled.
Experimental kinetic parameters are in close agree-
ment with the predictions of this mechanism (Table 2).

For thermally prepared NiCo,Q4 spinels with a
random surface cation distribution, two surface
cations are considered to be responsible for the
o.e.r., being predominantly cobalt ions occupying
tetrahedrical sites or two octahedrally located ions,
which can be either cobalt or nickel ions [28]. This
explanation probably applies to the Co—Ni spinel pre-
cursor layer built up on the G-16 surface. However,
the o.e.r. kinetics at low overpotential may imply a
synergetic effect due to simultaneous presence of

cobalt and nickel ions at the oxide surface, and
the hydrous characteristics of the oxide coating,
which may assist the formation of (OH);-type
intermediates.

The o.e.r. polarization curve at high overpotentials
deviates from the 2.3(R7/F) slope. This departure
occurs at a certain overpotential value which
increases as the NaOH concentration decreases. At
high overpotential linear E against j* relationships
are obtained; the slope of these lines increases as the
resistivity of the solution increases.

Several authors have reported a departure from
Tafel behaviour due to ohmic effects in the oxide
films [30, 32], gas evolution [19] and/or diffusion
control [33]. Nevertheless, when plotting E against j
for that region, linear relationships are also observed
[9, 19, 30, 33].

The influence of the ohmic resistivity of the oxide
coating should be disregarded as results show that
the slope of the linear E against j plot remains the
same for both G-16 and oxide coated G-16. The
interpretation based upon gas bubble formation
appears to be most appropriate for the results of
o.e.r. at G-16 and oxide coated G-16. Gas bubble
formation reduces the available active surface area
and an additional resistance arises which becomes
rate controlling for the overall process at high over-
potentials. This idea is supported by the following
facts:

(1) The ohmic resistance evaluated from E against j*
curves at different NaOH concentrations follows the
same dependence as the reciprocal of specific conduc-
tance with NaOH concentration (Fig. 7).

(ii) The o.e.r. Tafel behaviour departure occurs at an
overpotential corresponding to the threshold poten-
tial for gas bubble evolution. This overpotential is
mainly determined by the nature of the electrode/
electrolyte solution interface.

Summarizing, the superior performance of metal
oxide coated G-16 can be related to the catalytic influ-
ence of the hydrous metal oxide coating acting as a
precursor of a Co—Ni spinel structure. For stabilized
hydrous oxide films of thicknesses in the 30 to 50 nm
range, their o.e.r. electrocatalytic activity in alkaline
solutions becomes independent of the amount of
hydrous oxide accumulated on the amorphous
metal. Undoubtedly, the determining factors for
the improved o.e.r. electrocatalytic activity are the
surface composition and/or structure of the electrode
material. Likewise, when the working area is restricted
to the external surface, the roughness and/or porosity
of the electrodes have little influence on their electro-
chemical performance [34, 35].
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