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This paper concerns the preparation of cobalt oxides through anodic deposition from Co(NO3�2
aqueous solutions on di�erent substrates. The electroformed oxide ®lms exhibit good chemical
stability and lower oxygen overvoltages, irrespective of the substrate material. Electrocatalytic
properties are investigated through polarisation curves and impedance measurements, while the
active surface area is estimated by cyclic voltammetry. Experimental data are analysed in terms of a
possible reaction mechanism.
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1. Introduction

The importance of transition metallic oxide elec-
trodes as catalysts is well documented. In particular,
the electrocatalysis of oxygen evolution on these
electrodes has been a topic of great interest, since
oxygen evolution is an unavoidable side reaction in
many anodic processes and it is the most common
anodic reaction coupled with most of the cathodic
processes occurring in aqueous solutions such as
water electrolysis and metal electrowinning. Optimi-
zation of the electrolysis parameters starts with the
appropriate selection of electrode materials. Di�erent
preparation processes often lead to materials exhib-
iting widely di�ering electrocatalytic behaviour.

Oxides of the spinel type have received most at-
tention. Cobaltites (MCo2O4 with M = Co, Zn, Ni,
Cu etc.) are among those oxides on which work is in
progress [1±4]. Due to their excellent electrocatalytic
properties and enhanced surface active area, cobalt-
ites are e�cient electrocatalysts for oxygen evolution
in alkaline solutions [1]. Generally, a binary spinel
oxide, NixCo3ÿxO4, with a surface Co/Ni ratio of
two, has the highest electrocatalytic activity for oxy-
gen evolution [3]. Oxide ®lms are usually formed by
thermal decomposition, spray pyrolysis and sputter-
ing. One main drawback in the preparation of de-
posited catalysts is that in the course of the thermal
treatment the oxidation of the substrate (mainly Ti),
or a reduction of the active surface, cause the anode
performance to deteriorate.

In this work we investigate oxygen evolution on
electrodeposited Co oxide ®lms on di�erent sub-
strates, as a means of preparing thin ®lm electrocat-
alysts. Some of the substrate materials were selected
since they exhibit high activation overpotentials for
oxygen evolution and are not expected to contribute

directly in any signi®cant way to the electrocatalytic
behaviour of the overlaying ®lms.

2. Experimental details

2.1. Solutions

Solution A: 1 M aqueous NaOH, (pH 14�:
Solution B: 0:05 M Co(NO3�26H2O

� 0:5 M NaNO3 (pH � 4�:
All reagents were Merck, pro analysi, and were

used without further treatment. All measurements
and electrodeposition were performed in three-com-
partment cells (capacity 250ml) under nitrogen gas
saturation. The rotation speed, x, was 2000 rpm in all
experiments, and the working temperature was 25 �C.

2.2. Electrodes

Cobalt oxide ®lms were electrodeposited, on rotating
disc electrodes of platinum (area 0:07 cm2), vitreous
carbon �0:1 cm2), iron �0:1 cm2� and nickel �0:1 cm2�
(`Specpure' Johnson Matthey). Prior to deposition
the rotating disc electrodes were polished with 1 and
0:3 lm alumina and carefully rinsed with milli-Q
water. A high area Pt foil, was used as auxilliary
electrode. Potentials were measured against a satu-
rated calomel electrode (SCE) in solution B and
against a Hg/HgO/1M OHÿ electrode in solution A.
All potentials in the text are referred to the Hg/HgO
reference electrode in the same solution.

2.3. Electrochemical measurements

Cyclic voltammetry and potentiostatic polarisation
were used for the electrodeposition as well as for the
characterization of the electrochemical behaviour of
the oxide ®lms. Electrochemical impedance spec-
troscopy was used to study the kinetics of the oxygen
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evolution reaction (OER). Steady-state potentiostatic
polarisation and cyclic voltammetric measurements
were performed with a EG&G M273 potentiostat
combined with EG&G M270 software on an IBM
compatible PC. Electrochemical impedance mea-
surements were performed using the above men-
tioned potentiostat and a Schlumberger SI 1255 HF
frequency response analyser. The data sets obtained
from impedance measurements were analyzed by
means of a nonlinear least squares ®t (NLLS) routine
employing a modi®cation of the Levemberg±Mar-
quardt method [5].

3. Results

3.1. Electrodeposition methods

Cobalt oxides were electrodeposited on Ni, Pt, Fe
and vitreous carbon disc electrodes. Electrodeposits
were prepared by the following two methods.

3.1.1. Potentiostatic electrodeposition (electrodes I).
Disc electrodes of the di�erent substrates were po-
larised at E � 0:5 V (vs Hg/HgO ss), in 200 ml of
solution B. Immediately after the application of the
potentiostatic signal, 10 ml of sol A were added. A
blue precipitate was formed, (probably Co(OH)2�7��,
which remained in suspension due to electrode rota-
tion. The electrode was held at E � 0:5 V and
x � 2000 rpm for 60 min. After electrodeposition the
electrode was rinsed with milli-Q water. The electrode
surface was covered in all cases by a black ®lm.

3.1.2. Potentiodynamic electrodeposition (electrodes II).
Nickel disc electrodes were subjected to repetitive
triangular potential scans (RTPS), in solution A
�1M NaOH; 200 ml� � 10 ml of sol B, between
Esc � ÿ0:1 V and Esa � 0:7 V, at v � 0:05 V sÿ1 for
60 min;x � 2000 rpm. Prior to the application of the
RTPS the electrode was polarized at E � ÿ1:2 V for
5 min, in sol A, to reduce air formed ®lms. Immedi-
ately after the RTPS was applied, sol B was added.
As described above a blue precipitate was formed.
After electrodeposition the electrode was rinsed with
milli-Q water. The electrode surface was covered by a
bright golden ®lm.

3.2. Characterization of the Co oxide electrodeposits

3.2.1. Voltammetric characterization. The electro-
chemical behaviour of the electrodeposits prepared
by both methods outlined in Section 3.1 was analysed
in 1M NaOH (sol A).

Electrodes I :
Figures 1 and 2 (curves (a)) show cyclic voltammo-
grams corresponding to electrodes I on Ni and vit-
reous C, respectively. Voltammograms obtained with
clean substrates in sol A are included (curves (b)).
The voltammetric pro®les, corresponding to a
potential scan between Esc � ÿ0:1 and Esa � 0:7 V

exhibit two very reversible couples, at 0:2 and 0:55 V.
These voltammograms are very similar to cyclic
voltammograms corresponding to Co3O4 oxides with
spinel structure prepared by spraying or sputtering on
di�erent substrates [6, 8, 9], exhibiting reversible
couples with current peaks at identical potentials.
These couples may be assigned to the Co(II)/Co(III)
and Co(III)/Co(IV) redox processes [9]. Thermody-
namic redox potentials corresponding to Co3O4=
CoOOH and CoOOH=CoO2 are E � 0:222 and
E � 0:562 V vs (Hg/HgO 1MOHÿ�, respectively.

Two facts are evident from the voltammetric
response. Firstly, any electrochemical process occur-
ing at the substrate is completely masked by redox
processes corresponding to the electrodeposited Co
oxide, as voltammograms corresponding to di�erent
substrates exhibit identical features. This does not
necessarily mean that no electrochemical process
takes place at the substrate. Processes like oxide
formation, space charge layer charging and metal
dissolution may take place, although their contribu-
tion to the total voltammetric current may be disre-
garded. Secondly, the current related to the OER is
noticeably enhanced.

Fig. 1. Curve (a), cyclic voltammograms corresponding to elec-
trodes I on a Ni substrate (1st cycle and stabilized pro®le). Curve
(b), clean Ni electrode (1st cycle), in NaOH 1M: v � 0:01 V sÿ1.

Fig. 2. Cyclic voltammograms corresponding to electrodes I on a
vitreous C substrate (curve (a), 1st cycle and stabilized pro®le) and
to clean vitreous C electrode (curve (b), 1st cycle), in NaOH
1M: v � 0:01 V sÿ1.
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The voltammetric cathodic charge is close to
10 mC. Considering that the charge corresponding to
the electroreduction of the Co species to the oxida-
tion state �2 is approximately 0:5 mC cmÿ2 [3], an
interfacial area of 20 cm2 can be estimated. This es-
timation is valid if the surface/bulk volume ratio for
the electrodeposit is very high, which means that the
major contribution to the total voltammetric current
corresponds to processes taking place at the ®lm/
solution interface.

Electrodes II :
Figure 3 shows voltammograms corresponding to
electrodes II, (curve (a), 1st cycle), voltammograms
corresponding to clean Ni (for s � 5 and 60min) are
included (curves (b1� and (b2�). The voltammetric
pro®le exhibits current maxima at more cathodic
potentials than those corresponding to the Ni(II)/
Ni(III) transition on clean Ni [10]. The electroreduc-
tion voltammetric charge is approximately 0.4mC;
this value corresponds to an estimated interfacial area
of 0:8 cm2, or to a roughness factor of 8. The anodic
current related to the OER is also enhanced. The
voltammetric pro®le of the electrodeposit is very
similar to voltammograms corresponding to
NixCo3ÿxO4 (prepared by di�erent methods) in 1M

OHÿ [3, 6].

3.2.2. Electrochemical impedance spectroscopy char-
acterization. Cobalt oxide electrodeposits, prepared
by the methods described in Section 3.1, were sub-
jected to impedance measurements in 1M NaOH.

Electrodes I :
The impedance spectra presented in the present work
were recorded at E � 0:55 V, which corresponds to
the potential of the second reversible couple in Figs 1
and 2.

Figure 4, shows Nyquist plots, measured at
E � 0:55 V, corresponding to electrodes I on Fe, Ni,
Pt and vitreous C. All diagrams exhibit identical
features; only small changes in values of IZI can be detected, specially for Pt substrate. Impedance spec-

tra exhibit a capacitive behaviour in practically all the
frequency range (0:1 Hz � f � 1� 105 Hz). A value
of Cpc � 2� 10ÿ1 F cmÿ2, for Fe and Ni substrates
and Cpc � 2� 10ÿ2, for Pt substrate, can be esti-
mated from the low frequency data, where Cpc cor-
responds to a pseudo-capacitance related to the
reversible surface process occuring at E � 0:55 V. At
this potential the impedance response is dominated
by the redox process taking place at the Co oxide/
electrolyte interface, probably the oxidation of Co(III)
surface states to Co(IV).

Electrodes II :
In Fig. 5 a Nyquist diagram corresponding to elec-
trode II at E � 0:54 V is depicted. In contrast with
impedance spectra of Fig. 4, a ®nite resistance value
can be determined from the system impedance when
f ! 0 Hz, this fact being a probable indication of the
onset of the OER.

Fig. 3. Voltammetric response of electrodes II (curve (a), 1st cycle),
in NaOH 1M. Curves (b1) and (b2) correspond to clean Ni at dif-
ferent RTPS times �b1� � 5min, 2nd cycle, �b2� � 60min, 22th
cycle), v � 0:05V sÿ1

Fig. 4. Nyquist plots measured at E � 0:55 V, in 1M NaOH,
0:15Hz < f < 105 Hz, corresponding to electrodes I prepared on
Fe, Ni, Pt and vitreous C.
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3.3. Oxygen evolution reaction (OER)

3.3.1. Potentiostatic measurements. Electrodes I and
II showed enhanced OER currents with respect to the
corresponding bare substrates. Steady state polar-
ization curves were recorded in 1M NaOH, 25 �C.
The OER current, at a given potential, attained
steady-state values in approximately 10min, exhibit-
ing long-term stability at the operational potential.
Cobalt electrodeposits also showed good stability in
air, the OER current after 24 h of exposure to air or
to 1M NaOH, being only 10% smaller.

Figures 6 and 7 show polarization plots corre-
sponding to electrodes I on Pt and Fe; corrections
due to the electrolyte resistance have been taken into
account. The current density is calculated using the
geometric area. Polarization plots corresponding to
the clean substrates in 1M NaOH, are included. At
low overpotentials an approximate value for the Tafel
slope, bt � 40 mVdecÿ1, is estimated. At higher
overpotentials an increase in bt is evident. In this
potential range a profuse evolution of oxygen bubbles
was observed, so a change in bt cannot be readily
assigned to a change in the rate determining step
(r.d.s.) of the reaction pathway.

Figure 8 includes polarisation plots corresponding
to electrodes II and electrodes I on Ni, together with

steady-state data corresponding to clean Ni in 1M

NaOH. In the low overpotential range a better per-
formance may be assigned to electrode II as com-
pared with electrode I, taking into account the
voltammetric estimation of real surface areas previ-
ously reported. Tafel slopes close to bt � 40 mVdecÿ1

are estimated at low overpotentials.
The OER current densities, evaluated in terms of

geometric area, in 1M NaOH and 25 �C, corre-
sponding to these electrodeposited Co oxides, are
higher than those reported for Co3O4 and NiCo2O4

®lms obtained by spray pyrolysis [14], Ru±Ir binary
oxides deposited on Ti [15] and Ti/SnO2 � CuCo2O4

[16], having an apparent reactivity similar to Ti/
RuO2 � TiO2 [16]. These electrodeposits also exhibit
higher OER current densities than NiO(OH) and
Co(III)-oxide electrodeposited on Pt and graphite
electrodes from sodium acetate aqueous solutions
containing either NiSO4 or Co�OAc�2 [22].

3.3.2. Electrochemical impedance spectroscopy. Im-
pedance data measured at E � 0:6 and 0:7 V,
corresponding to electrodes I on Pt and Fe, are
shown in Figs 9 and 10, respectively. Nyquist plots
corresponding to Ni substrate exhibit similar features
as compared with Pt, only one slightly distorted ca-
pacitive loop being observed. Nyquist plots corre-

Fig. 5. Nyquist diagram measured at E � 0:54 V, in 1M NaOH,
corresponding to electrodes II.

Fig. 6. Polarization plots for oxygen evolution in 1M NaOH, 25 �C,
corresponding to (·) electrodes I on Pt and (s) clean Pt.

Fig. 7. Polarization plots for oxygen evolution in 1M NaOH, 25 �C,
corresponding to (·) electrodes I on Fe and (s) clean Fe.

Fig. 8. Polarization plots for oxygen evolution in 1M NaOH, 25 �C,
corresponding to (·) electrodes I on Ni, (m) electrodes II and (s)
clean Ni.
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sponding to Fe substrate show a small additional
capacitive contribution in the high frequency range,
probably due to the underlying Fe-oxide passive ®lm
introducing another capacitive (Cox) and resistive
(Rox) element. This impedance behaviour closely re-
sembles impedance data previously reported for
Co3O4 prepared by thermal decomposition on Ni and
Ti substrates [17]. Accordingly, impedance data cor-
responding to electrodes I may be simulated in terms
of the equivalent circuit of Fig. 11(a), where RX cor-
responds to the electrolyte resistance, Cdl is the dou-

ble layer capacitance associated with the Co-oxide/
electrolyte interface, Rct; Cpc and R1 are potential
dependent parameters related to the OER mecha-
nism, Cpc denotes the pseudo-capacitance associated
with the potential-dependent surface coverage of an
adsorbed intermediate in the OER mechanism.

The impedance response of electrodes I on Ni and
Pt substrates may be simulated by the simpli®ed cir-
cuit on Fig. 11(b) as the contribution of the under-
lying oxide was not detected. An additional
simpli®cation is possible when Rct << R1, as shown in
Fig. 11(b) being C1 the linear combination of Cdl and
Cpc, and R1 the polarization resistance, equivalent to
the impedance of the rate determining step (r.d.s.)
when f ! 0. The parameters RX; C1 and R1 included
in Table 1 were calculated by a NLLS ®t routine, in
terms of the geometric area. The best-®t results (also
shown in Figs 9 and 10) exhibit good agreement with
the experimental data.

Experimental data corresponding to electrode I on
Fe have been ®tted in terms of the equivalent circuit
in Fig. 11(c) and the best-®t parameters are included
in Table 1.

In the case of electrodes II, the OER process
dominates the impedance response of the system at
smaller overpotentials than for electrodes I (Fig. 5).
Nyquist plots corresponding to electrodes II, mea-
sured at E � 0:6 and 0:7 V are shown in Fig. 12. The
less satisfactory signal-to-noise ratio observable in
Fig. 12(b) is caused by the evolution of oxygen bub-

Fig. 9. Nyquist plots measured at E � 0:6 V (a) and E � 0:7 V (b),
corresponding to electrodes I on Pt. 1M NaOH, 25 �C. Key: (s)
experiment, (´) simulated.

Fig. 10. Nyquist plots measured at E � 0:6 V (a) and E � 0:7 V (b),
corresponding to electrodes I on Fe. 1M NaOH, 25 �C. Key: (s)
experiment, (´) simulated.

Fig. 11. Equivalent circuit used to ®t the experimental impedance
spectra of the electrochemical processes at Co-oxide ®lms on dif-
ferent substrates.
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bles. Impedance data were ®tted in terms of the
equivalent circuit of Fig. 11(b); the parameters C1

and R1 determined by the ®t routine are included in
Table 1(b). The Tafel slope bt calculated by:
bt � 2:303R1 i (where i is the current density), was
bt � 40 mV decÿ1 for E < 0:7 V. In accordance with
steady state data, this value agrees with bt calculated
for electrodeposits I. The parameter C1, associated
with electrodeposits II, is two orders of magnitude
smaller than for electrodeposits I on Ni substrate,
probably on account of the smaller interfacial area.
R1 also has smaller values for higher current densities
for the OER.

4. Discussion

Cobalt oxides prepared by potentiostatic electrode-
position, on di�erent substrates (electrodes I), and
potentiodynamic electrodeposition on Ni substrates
(electrodes II), are probably cobaltites, having a
stoichiometric composition close to Co3O4 for elec-
trodes I and to NixCo3ÿxO4 for electrodes II. In this
case Co ions in the Co3O4 matrix are probably
substituted by Ni ions leading to a nonhomogeneous
distribution of Co and Ni ions in the lattice [3].

Voltammetric and EIS studies indicate that, before
oxygen evolution, the surface of the Co electrode-
posits is oxidized, probably to tetravalent oxidation
states Co(IV) and Ni(IV) as already reported for co-
baltite electrodes prepared by other techniques [9, 14,
17, 18].

From polarization and impedance measurements
performed in the OER potential range, values for the
Tafel slope, bt � 40 mV decÿ1, were determined at
low overpotentials. Both types of electrodeposits seem
to provide similar mechanistic paths for the OER.
Tafel slopes of 40 mV decÿ1 were determined with
Co3O4=RuO2 supported on Ti and with NiCo2O4 [19,
20], although di�erent values of bT for spinel oxides,
have been reported, depending on the preparation
method, types of support and other experimental
conditions. bT values close to 40 mV decÿ1 can be
attributed to the second electron transfer step being
rate determining [20]. Impedance spectra performed
in a wide frequency range show only one capacitive
contribution related to the OER process. This ca-
pacitive time constant is associated with the potential
dependent surface concentration of only one inter-
mediate state, probably OH or O adsorbed species.

Although further studies are needed, as for ex-
ample the determination of the reaction order with
respect to OHÿ, we shall introduce a simpli®ed
mechanism for the OER on electrodes I and II. This
reaction scheme is similar to the mechanism proposed
by Conway and Liu [17] for Co3O4 on Ni and Ti
substrates.

It has already been stated [17, 21] that oxygen is
generally evolved at signi®cant rates only when poten-
tials corresponding to some higher oxidation state of
the oxide are attained. In the present case surface oxi-
dation can give rise to Co(IV) and NI(IV) surface states:

Table 1. NLLS-®t parameters of the elements on equivalent circuits

of Fig. 11

(a) Electrodes I

Co-oxide/Pt

Potential/V RW/W cm2 C1/F cm)2 R1/W cm2

0.60 1 5 ´ 10)2 13.40

0.65 1 3.8 ´ 10)2 1.60

0.70 1 2.55 ´ 10)2 0.8

0.75 1 2 ´ 10)2 0.41

0.80 1 1.5 ´ 10)2 0.24

Co-oxide/Ni

Potential/V RW/W cm2 C1/F cm)2 R1/W cm2

0.60 1 3.6 ´ 10)1 20

0.65 1 3.16 ´ 10)1 2.28

0.70 1 2.9 ´ 10)1 0.8

0.75 1 2.3 ´ 10)1 0.38

Co-oxide/Fe

Potential/V RW/

W cm2
Cox/

F cm)2
Rox/

W cm2
C1/

F cm)2
R1/

W cm2

0.60 1 2 ´ 10)5 0.2 2.5 ´ 10)1 16.5

0.65 1 1.6 ´ 10)5 0.3 2.1 ´ 10)1 2.5

0.70 1 �5 ´ 10)5 0.1 1.5 ´ 10)1 0.77

(b) Electrodes II

Potential/V RW/W cm2 C1/F cm)2 R1/W cm2

0.54 1 2.5 ´ 10)3 455

0.60 1 3.28 ´ 10)3 9.1

0.65 1 2.73 ´ 10)3 1.34

0.70 1 2.61 ´ 10)3 0.5

0.75 1 2.18 ´ 10)3 0.32

Fig. 12. Nyquist plots corresponding to electrodes II, measured at
E � 0:6 V (a) and E � 0:7 V (b). 1M NaOH, 25 �C. Key: (s) ex-
periment, (´) simulated.
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Co�III�s , Co�IV�s � eÿ

or

Ni�III�s , Ni�IV�s � eÿ �I�
where Co�III�s, etc. denote atoms at the oxide surface.

Then, the OER can proceed through the following
reaction:

Co�IV�s �OHÿ , Co�IV��OHÿ�ad , Co�III��OH�ad
, Co�IV��OH�ad � eÿ

Ni(IV) species may participate in the same way as
Co(IV).

This series of very reversible steps can be written as
[6]

Co�IV�s �OHÿ , Co�IV��OH�ad � eÿ (II)

followed by

Co�IV��OH�ad �OHÿ ! Co�IV�s � 1=2O2 �H2O

� eÿ (r.d.s.) (III)

In process (III) the charge transfer r.d.s. is probably
followed by other fast steps leading to oxygen evo-
lution.

Considering step (III) as the r.d.s., and assuming
Langmuir adsorption conditions, the reaction rate
may be expressed by

vIII � kIIICOHÿh exp
bFE
RT

� �
�1�

where h is the surface concentration of the
Co�IV��OH�ad intermediate.

Assuming low values of surface coverage and
considering quasi-equilibrium conditions for process
(II), h may be evaluated by means of kinetic [6] or
thermodynamic considerations:

h � kIICOHÿ exp
FE
RT

� �
�2�

and

vIII � k COHÿ� �2exp �1� b�FE
RT

� �
�3�

The mechanism represented by processes (II) and
(III) may explain the value of bt � 40 mV decÿ1, and
the existence of only one capacitive contribution in
the impedance spectra, associated with the potential
dependence of the surface concentration of the
Co�IV��OH�ad intermediate. It is interesting to note
that this mechanism predicts a reaction order of 2.0 in
accordance with experimental data presented in [6].

5. Conclusions

Cobaltoxides electrodeposited on Ni, Pt, Fe and vit-
reous C substrates, exhibit enhanced reactivity to-
wards the OER, together with good chemical stability

in alkaline solutions. Electrodes I, (co-oxides pre-
pared by potentiostatic polarization), exhibit volta-
mmetric pro®les similar to Co3O4 spinel type oxides.
Cyclic voltammograms corresponding to electrodes
II, (co-oxides prepared by potentiodynamic elec-
trodeposition on Ni substrates), are similar to
NiCo2O4. The OER process appears to take place by
similar mechanisms on both types of electrodeposits,
although a better performance may be assigned to
electrodes II.
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