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Abstract Spinel type Coz0, thin films, for the oxygen
evolution reaction (OER) in 1 M KOH, have been pre-
pared, on stainless steel supports, using the thermal
decomposition method at 400 °C. The electrochemical
behaviour of the oxide film/l M KOH interface was
investigated by cyclic voltammetry and impedance tech-
niques. The impedance measurements were carried out at
different positive potentials, from the open circuit potential
to a potential in the OER region and the electrical equiv-
alent circuit, L (R;Q;) (R»Q,) (R3Q3) was used to fit the
experimental results. At each potential, a good correlation
between experimental and simulated data is found, thereby
validating the proposed equivalent circuit model. The
roughness factor value determined in the potential region
where the charge transfer reaction is negligible is similar to
that obtained by cyclic voltammetry, with a value of
70 + 2.
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1 Introduction

The development of highly active, stable and low-cost
electrocatalysts is a major issue. Spinel-type cobalt oxide
films have attracted much attention due to their excellent
electrocatalytic properties towards the oxygen evolution
reaction (OER) and good chemical stability in alkaline
solution. Due to their low-cost, good conductivity and
electrocatalytic activity for the OER, spinel cobalt oxides
(e.g. Co304) have been the aim of a number of investiga-
tions [1-6].

The importance of the oxygen evolution reaction comes
from the fact that it is the anodic reaction in key processes
such as water electrolyses, metal electrowinning and
organic electrosyntheses. However, due to its high over-
potential, alkaline water electrolysis normally shows low
energy efficiency. Efforts are being made to improve the
reaction kinetics and lower the overpotential.

In recent years, increased application of electrochemical
impedance spectroscopy (EIS) has been made to charac-
terize electrochemical and electrocatalytic interfacial
surface properties of oxide electrodes towards the OER so
as to understand the solid state surface redox transitions
(SSSRT). Palmas et al. [7] studied the behaviour of sol gel
prepared Co30, powder electrodes by cyclic voltammetry
and electrochemical impedance spectroscopy (EIS) in
order to access solid-state surface redox transitions
(SSSRT) which lead to the formation of active sites on the
electrode surface for the OER in alkaline solutions. These
authors confirmed that the kinetic parameters, Tafel slop,

@ Springer



1486

J Appl Electrochem (2008) 38:1485-1494

exchange current density and electron transfer coefficient
derived by EIS data are in good agreement with those
obtained from polarisation experiments. They fitted
impedance spectra using two equivalent circuits, Rs (R;Q;)
(R,Q,) at low and Rs (R;Q; (R,Q;)) at high anodic
potentials. The circuit elements, (R1Q;) and (R,Q,) are
attributable to the surface transitions of Co (IIT)/Co (II) and
Co (IV)/Co (IIl) surface transitions, respectively, and Rs
concerns the solution resistance.

Castro et al. [8] studied by EIS porous nickel-cobalt
oxides prepared by cathodic electrodeposition, using an
approximation in terms of a finite transmission model of
conical pores linked in parallel, to evaluate the electrode
active area under oxygen evolution. An electrical equiva-
lent circuit, to fit OER impedance data, similar to that
proposed by Palmas et al. [7] applies in the oxygen evo-
lution potential region.

However, for porous oxide catalyst electrodes, the
simpler and more frequently used electrical equivalent
circuit to describe the characteristics of the interface is Rs
(R1Q1) (R,Q») [9, 10]. A similar model has also been
proposed by Silva et al. [11] for cobalt oxide coatings on
cold-rolled steel in alkaline sodium sulphate at different
annealing temperatures. Below 550 °C the oxide is basi-
cally Co;0, and the substrate is well protected.

For the same purpose, more recently, one of us [12]
prepared Co304 and La-doped Co304 by microwave-
assisted synthesis in the form of thin films on Ni substrates,
exhibiting very low overpotentials for OER. Impedance
measurements, using the LRs (R;Q;) (R,Q,) electrical
equivalent circuit model (where L is an inductance), also
confirmed the excellent electrocatalytic properties of
La-doped Co3;0,40btained by steady state polarization.

Studies on electrodeposited Co + Ni mixed oxide films
through potential cycling were also investigated and char-
acterized by EIS for oxygen evolution and the same circuit
was used [13]. The OER mechanism was found to be a
multi-step reaction involving one intermediate species
adsorbed at the oxide surface. Other studies have used this
circuit to fit the impedance data obtained with conductive
metallic oxides [14-16]. Another electrical circuit, Rs L
(R1Q1) (R»Qz) (R3Q3) has also been reported, where
(R1Qy), (R»Q,) and (R3Q3) correspond to the capacitive
and resistive contributions of the barrier layer/metal
interface, the bulk barrier layer and the electrolyte/barrier
layer interface, respectively [17, 18].

Some authors [15, 19] report that when SSSRT are
involved in the oxidative process, a maximum in the
double layer capacitance versus potential curve is generally
observed at a potentia which coincides with the voltam-
metric peak. Other authors [20] have concluded that when
an adsorption phenomenon is involved, the increasing
charge results in a capacitance peak at a particular
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potential, which coincides with that of the voltammetric
peak when the adsorption follows a Langmuir isotherm.

The ac impedance technique is a powerful tool for in situ
characterization of the electrode-solution interface; it is a
versatile experimental technique for non destructive char-
acterisation of catalyst surfaces. Recently, we prepared thin
films of Co304 on stainless steel by thermal decomposition
of nitrate precursors and studied the physicochemical,
electrochemical and electrocatalytic properties of the films
towards the OER [21]. The present paper deals with an EIS
study of similar thin films of the same oxide at oxidative
potentials starting from the open circuit potential to the
oxygen evolution potential. The objective is to obtain the
OER kinetic parameters from impedance measurements and
compare them with those previously obtained from polari-
sation curves on the same oxide [21].

2 Experimental
2.1 Oxide film preparation

The desired amount of cobalt nitrate was dissolved, in
100 mL of distilled water followed by the addition of one
drop of concentrated HNOj to avoid precipitation of Co as
cobalt hydroxide as a result of hydrolysis. All reagents
were analytical grade purity. Scratched stainless steel
plates with dimensions, 1 cm x 2 cm x 0.1 cm, were
used as the substrate for oxide film preparation. Before use
the steel plates were thoroughly washed with distilled
water, ultrasonically cleaned in distilled water and absolute
ethanol and then dried in air. The pre-treatment of the steel
surface prior to coating is important for film adherence.
The pretreated steel plates were placed in a drying oven at
60 °C and small drops of the mixed metal nitrates solution
were dripped on the surface using a syringe. When the steel
surface became dry, again small drops of the solution were
dripped on the surface and dried. This procedure was
repeated 4-5 times to cover the entire substrate surface
uniformly. Finally, the coated steel plates were annealed at
400 °C for 2 h in a tubular furnace in air. Following this
procedure black colored and adherent thin oxide films with
loadings ranging between 2.0 and 2.4 mg cm > and 0.3—
0.4 pm thick were obtained. The films had good adherence
to the substrate.

2.2 Electrochemical analysis
2.2.1 Electrodes
Electrochemical studies were carried out in a conventional

three-electrode single compartment glass cell. The poten-
tial of the working electrode was measured against a
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saturated calomel electrode (SCE) (0.240 V vs. SHE). The
SCE was connected through a KCI agar—agar salt bridge,
the tip of which was placed as close as possible to the
surface of the working electrode in order to minimize the
solution resistance between the test and reference elec-
trodes. The counter electrode was a platinum plate of
8 cm?.

The electrical contact with the test electrode was made
using a crocodile clip on a small strip of the plate, oxide
free. The back of the electrode was isolated with an inert
non conductive varnish and only a single face, with 2 cmz,
was exposed to the electrolyte. Electrochemical measure-
ments were made in 1 M KOH (Merck) at 25 °C. The
oxide electrodes were used “as prepared”. The electrolyte
volume was 50 mL and before use it was deaerated with N,
for 20 min. For all the test electrodes, the open circuit
potential was measured before starting the electrochemical
studies.

2.2.2 Technique and instrumentation

In situ surface characterization and monitoring of the
electrode were carried out by recording cyclic voltammo-
grams at a sweep rate of 5 mV s~ ' between 0 V (i.e.Voc)
and 0.5 V versus SCE. In order to complement the oxide
electrodes characterization impedance measurements were
performed. Before the impedance measurements, polari-
zation curves were recorded in the same potential region as
used in recording the voltammograms. Impedance spectra
were recorded every 100 mV in the potential range
0-0.7 V versus SCE.

The frequency range and the ac voltage amplitude
employed in the investigation were 0.01-10° Hz and
5 mV, respectively. The electrochemical measurements
were carried out using a computerized potentiostat elec-
trochemical set (Voltalab PRZ 100 Radiometer-
Analytical). Zview software was used to analyze the data.
Results are displayed in the form of Bode and Nyquist
plots. The impedance data were analyzed and fitted by
using the software ZsimpWin.

3 Results and discussion
3.1 Cyclic voltammetry studies

Figure 1 shows the cyclic voltammogram for a CozO,
electrode between the rest potential and 0.500 V versus
SCE at a scan rate of 5 mV s~'. This voltammogram dis-
plays a pair of redox peaks prior to the oxygen evolution
reaction; the anodic peak being centered at 0.400 V versus
SCE and the cathodic one at 0.350 V versus SCE. This pair
of peaks is usually assigned to the solid state Co*™/Co>"
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Fig. 1 Cyclic voltammogram of Co30y, thin film electrodes in an N,
deoxygenated 1 M KOH solution at a scan rate of 5 mV s7h

redox couple. The thermodynamic redox potential corre-
sponding to the CoOOH/Co00, is E = 0.420 V versus SCE.
The estimated values for the mean peak potential,
Ep = (Epa + Epc)/2, and the peak potential separation,
AEp, are 0.375+0.005V versus SCE and
0.050 £ 0.005 V, respectively. These results are in good
agreement with those already reported by us [4, 5] for
sprayed Co3;0,4/Ti film.

3.2 Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance measurements for the
Co504/1 M KOH interface were carried out at different
potential values, namely 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and
0.7 V at 25 °C. Before each measurement, the electrode
was allowed to equilibrate at each applied dc potential.
Impedance data were displayed in the form of Nyquist,
Bode and admittance plots. Representative data, obtained
at E=0, 04, 0.5 and 0.7 V are given in Fig. 2-5. Each
complex-plane diagram (Nyquist) is characterized by three
distinct regions, low, intermediate and high frequency
regions. However, the features of all the curves are similar,
only at intermediate and high frequencies, regardless of the
applied dc potential. At high frequencies, the influence of
inductance on impedance predominates and increases with
increasing frequency. This inductance is not associated
with the electrode process, but is a contribution from the
cell connections and their interaction with the surroundings
[22]. At intermediate frequencies, all the curves show a
depressed semicircle.

At low frequencies, and for E < 0.4 V (prior to the O,
evolution region), the sloping line on the Nyquist plots
indicates that the Co;04/1 M KOH interface exhibits
capacitive behaviour. This may be caused by diffusion of
the charge species (HY/OH™) into the oxide film through
defects and pores [23, 24]. The capacitive behaviour of the
electrode/electrolyte interface at low frequencies is common
in the case of ion intercalation into an inorganic/polymer
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Fig. 2 Complex impedance (a) 00
Nyquist, (b) Bode and (c) "
admittance plots, for Co30, in 3504 -
1 M KOH, E = 0 V versus
SCE. Experimental and
simulated results
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matrix [25]. In contrast, when E > 0.5 V (in the O, evo-
lution region), the low frequency end of the Nyquist plot
gives a semicircle, the diameter of which decreases with
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increasing E (or overpotential, ). Thus, the formation of a
potential dependent semicircle at E > 0.5 V in the low
frequency region can be ascribed to the OER. A similar
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diagram was reported for the Co3;0, electrode under oxy-
gen evolution [7].

Based on the experimental observations, a common
electrical equivalent circuit composed of three resistive/
capacitive elements in series, with circuit description code

(CDC), LRs (RC) (RC) (RC), was proposed to compute the
experimental data. The fitting procedure showed that the
best agreement between the experimental and simulated
data was obtained when a constant phase element (CPC)
was used instead of a pure capacitance, as shown in Fig. 6.
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The EI spectra obtained from the proposed circuit model
agree reasonably well with the experimental curves as
shown in Figs. 2-5b. Chi-square () values of the order of
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10~* were obtained, which are quite reasonable for the
validity of a model. Estimates of the circuit parameters of
the electrical equivalent circuit are displayed in Table 1.
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The time constants, 7, 7, and 73 corresponding to each sub ™=R-Q (1)

circuit, namely (R1Q;), (R,Q,) and (R3Q3) have also been
estimated at the different applied potentials using the relation,

and the values are also given in Table 1.
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Table 1 shows that 7, for the resistive/ capacitive sub- S
circuit (R;Q,) is the lowest and the R and Q; values show a 10 ,
slight variation with potential. Therefore, (R;Q;) can be ol g
assigned to the properties of the bulk oxide; R; being the 5 i 10 1 20 % %0 °
resistance of the oxide film. The decrease in R, particularly 10 o

at E > 0.3 V, can be ascribed to the formation of a high
conductivity oxidized CoOOH phase [7] from the Co (IIT)
phase. Furthermore, n, values are close to 0.5, while n3
values are close to 1. At E < 0.4 V, the Nyquist plots are
capacitive type at low frequencies, as shown in Fig. 7. This
shows that at low frequencies there is the establishment of a
transition between semi-infinite Warburg (n, = 0.5) and
finite Warburg (n3 = 1). Similar semi-infinite-finite War-
burg transition regimes are frequently found in the literature
for ion intercalation in a polymer matrix [26-28]. Thus, the
sub circuits (R,Q,) and (R3Qs3) represent a diffusion con-
trolled process; that is, the migration of H/OH™ into the
oxide matrix and charging of the double layer particles at
potentials prior to the oxygen evolution region. However,
the semicircle corresponding to the oxide/solution interface
is not apparent in the EI spectrum, presumably due to the
strong influence of the ion diffusion process in the oxide
matrix. Furthermore, the solution resistance is practically
<2 Q, but the estimated values of Rs are of the order of
107°~10"" Q and so the final data simulation was carried
without using Rs in the equivalent circuit, as shown in
Fig. 6. This may be due to the dominance of inductance in
the high frequency region.

On the other hand, for E > 0.5 V (a potential in the
oxygen evolution region), the subcircuit (R3Qs3) is found to
be strongly influenced by the applied potential. Moreover

Fig. 7 Experimental Nyquist diagram for Co3O,4 in 1 M KOH, at
different potentials. Applied electrode potentials are given on the
diagram

the observed capacitive behavior of the Nyquist curve at
lower potentials (E < 0.4 V) becomes a semicircle. Thus,
(R3Q3) at E > 0.5 V can be attributed to the OER and
hence Rj represents the charge transfer resistance and Qs
the double layer capacitance in the oxygen evolution
region.

The Rj3 values shown in Table 1 decrease exponentially
with applied potential. Values of the apparent current
density (i) at different potentials were estimated using the
relation (2) [7],

R = RT/nFi

(2)

where R, T, n, Fand i are the molar gas constant (J mol ! Kil),
temperature (K), number of electrons involved in the
reaction, (4 in the present case), Faraday constant and the
apparent current density (A cm™?), respectively. The
apparent current density values, thus estimated, were found
to be 3.0, 16.7 and 55.6 x 10*Acm 2 atE = 0.5, 0.6
and 0.7 V, respectively. The plot of E versus log i produced
a straight line with a slope of ~156 mV (Fig. 8). A similar
value was by us obtained recently for the same system
using steady state anodic polarization curves without any

Table 1 Estimates of the circuit parameters for the Co;0, electrodes in 1 M KOH at high anodic potential

E 10°L R, 10° Q, n,  10%; R, 10* Q, n, 10°z, R; 10° Qs n; 13(s) Rf=
(VSCE) (Hcm?) (Qcm?) (S-s" cm?) (s) Qcm® (S-s" ecm?) (s) (Qcm? (S-s" ecm™?) C/60
0.00 1.91 17.8 1.34 0.82 230 93 95.33 0.34 80.35 3753 3.69 0.85 22.02 62
0.10 1.88 16.0 1.22 0.83 2.12 6.3 53.21 0.40 2058 4041 422 0.83 3049 70
0.20 1.84 14.6 1.40 0.83 224 7.4 61.59 035 1472 4124 428 0.88 26.11 71
0.30 1.83 13.9 297 0.78 2.40 7.0 44.04 036 636 2446 6.95 0.80 3452 -
0.40 1.84 8.8 273 0.82 233 109 5.30 046 135 9023 18.0 0.86 25.57 -
0.50 2.0 7.8 0.45 095 181 111 4.10 0.57 7.79 214 1542 080 025 -
0.60 2.11 8.0 0.35 098 216 106 477 0.59 12.83 3.9  18.66 094 006 -
0.70 1.57 48 0.49 1 2.35 32 6.43 0.66 8.50 12 2481 090 002 -

L, Ry, Ry Qy, Q; stand for inductance, solution resistance, resistance of the oxide film, charge transfer resistance constant phase element, double
layer capacitance, respectively. R3Q; represent the diffusional controlled process
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Fig. 9 Double layer capacitance of Cosz0O,4 electrode as function of
potential

Ohmic drop correction in the potential range between 0.5
and 0.7 V versus SCE [21]. Very recently, Palmas et al.
[7], in a similar study for the system Co304/1.75 M NaOH,
obtained a value for the Tafel slope of 189 mV, which is
somewhat higher than that obtained in the present work.

From the data shown in Table 1, a plot of Cdl (Q3)
versus E was constructed, as shown in Fig. 9. This curve
presents a similar trend to the voltammogram presented in
Fig. 1. The observed maximum capacitance appears around
0.4 V which corresponds to the voltammetric peak poten-
tial. Similar Cdl versus E curves were also reported in the
case of perovskite electrodes in alkaline medium by Boc-
kris and Otagawa [29, 30]. The rising part of the curve may
be due to modifications of the double layer as a result of the
oxidation of Co (III) to Co (IV). Furthermore, it is known
that the formation of the redox couple Co (IIT)/Co (IV) is a
quasi-reversible diffusion controlled process. The low rate
of this transition can be attributed to the slow diffusion of
OH"™ inside the pores. Due to this, Q3 values are found to
increase exponentially with the applied potential
(0.2-0.4 V).

The roughness factor (Rg) given in Table 1 was calcu-
lated at lower potentials using the relation [31], “The

observed Cg; of the test electrode/Cy; of the smooth oxide
surface (60 pF cm™?)” and found to be 70 £ 1 for
E = 0.10 and 0.20 V. Previously a value of 79 was esti-
mated by us from EIS data for the same system in the same
conditions [21].

A lower value, 62, was estimated for E = 0.0 V. This
value is in good agreement with that obtained by us,
59 &+ 3, at the same potential by cyclic voltammetry in the
double layer region [21]. Similar values are also reported
for the sprayed cobalt oxide in thin film form [4].

4 Conclusion

The electrochemical behaviour of cobalt oxide thin films
was examined in 1 M KOH, in the oxidative potential
range, and ac impedance was used to check and model the
oxide electrode- solution interface. The electrical equiva-
lent circuit, L (R;Q;) (R»Q,) (R3Q3) was used in the
potential region between the open circuit and oxygen
evolution, i.e. from O to 0.7 V. At each potential, a good
correlation between experimental and simulated data is
found, thereby validating the proposed equivalent circuit
model. The roughness factor determined in the potential
region where the charge transfer reaction is negligible is
similar to that obtained by cyclic voltammetry, having a
value of 70 +£ 2.
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