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a b s t r a c t

Cobalt dissolution in a carbonate/bicarbonate media was studied in order to elucidate the kinetic of the
metal corrosion processes. Steady-state polarization and electrochemical impedance measurements were
carried out during the active metal dissolution at different electrode rotation speeds. A reaction mecha-
nism is presented in order to explain the metal dissolution: cobalt electrodissolution starts with the for-
mation of intermediate (CoHCO3)ads on the electrode surface, followed by the simultaneous formation of
a CoðCO3Þ2�2 complex and the formation of a CoO film. Mass transport is characterised by diffusion of the
CoðCO3Þ2�2 complex away from the electrode. The reaction model was validated by an accurate simulation
of the experimental steady-state polarisation and impedance measurements.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Cobalt industrial applications have increased over the last 20
years for biomedical alloys, magnetic films, high temperature cor-
rosion-resistant alloys, among other uses. This demand has created
the need to study cobalt corrosion and its behaviour in different
environments [1–4]. In strong and weak alkaline media cobalt
shows an active–passive behaviour, with distinct dissolution and
passivation steps [5–10].

Davies and Burstein [11,12] studied cobalt behaviour in a car-
bonate/bicarbonate media using potentiodynamic polarisation,
spectroscopy techniques and thermodynamic data. A series of
reactions that govern the first step of cobalt dissolution and passiv-
ation were proposed:

CoþHCO�3 ðaqÞ !
k1 CoCO3ðsÞ þHþðaqÞ þ 2e�

CoþH2O!k2 CoOðsÞ þ 2HþðaqÞ þ 2e�

CoOðsÞ þHCO�3 ðaqÞ !
k3 CoCO3ðsÞ þ OH�ðaqÞ

CoCO3ðsÞ þHCO�3 ðaqÞ
!k4

 
k�4

CoðCO3Þ2�2 ðaqÞ þHþðaqÞ

The most important features in the reaction scheme suggested by
Davies and Burstein are: (i) CoO film formation during the active co-
balt dissolution and (ii) the existence of a cobalt carbonate complex,
corroborated by chemical analysis [11]. The CoðCO3Þ2�2 complex ion
ll rights reserved.

: +55 21 22901544.
attos).
diffusion from the cobalt surface to the bulk solution can explain
the mass transport control observed by the authors in the cobalt
dissolution in this media. According to Davies and Burstein the
mass transport control in the active dissolution of cobalt follows a
linear relationship between the current and the square root of the
rotation speed (I versus X1/2), Levich type equation. In a previous
work [13] we show that the mass transport involved in the cobalt
active dissolution in a carbonate/bicarbonate media for different
anodic potentials and different solution concentrations following
a non linear behaviour for I versus x1/2 and for I�1 versus x�1/2.
The relationship between the anodic current and the rotation speed
is not a classical Levich law and was analysed using the expression:

It ¼ I0 þ
1

I�1
k þ A�1X�1=2

ð1Þ

In this equation, the total current (It) is composed of two partial
processes, a non-diffusion current (I0) and the current given by
the terms of the classical Koutecky-Levich expression (IK) and (A).
We obtained a very good fitting between experimental and calcu-
lated currents using Eq. (1) [13].

According to Davies and Burstein, the first cobalt passivation
step in a carbonate/bicarbonate media occurs by the CoO film for-
mation on the metal surface. Gervasi et al. [14–16] proposed a
reaction scheme similar to the scheme already proposed by Davies
and Burstein, but suggested that cobalt passivation occurs by the
Co3O4 film formation on cobalt, because the CoO film is reactive
to HCO3-ion and does not protect the metal. In previous work,
using in situ and ex situ Raman spectroscopy during anodic cobalt
potentiostatic polarisation in a carbonate/bicarbonate media, we
showed that a CoO film on the electrode surface is formed during
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the active dissolution of the metal at low anodic potentials. Cobalt
passivation occurs by a slow transformation of the CoO oxide into a
Co3O4 passive film [13].

Danick Gallant et al. [17,18] studied the cobalt behaviour in car-
bonate/bicarbonate solutions with different pH values and in pres-
ence of halide ions. Using a numerical deconvolution of the
potentiodynamic curves, the authors found that the first and the
second dissolution–passivation steps are heavily influenced by
the solution pH [18]. Meanwhile, Real [19] studied cobalt electro-
dissolution in a carbonate/bicarbonate media by electrochemical
impedance. The impedance showed two capacitive loops in the
first region of the active cobalt dissolution. The first loop at high
frequencies was associated to the double layer capacitance and
surfaces inhomogeneities. The second capacitive loop was associ-
ated with diffusion impedance, classical Levich law, related to
the diffusion of the HCO�3 ion [19].

Recently Real et al. [20] proposed a reaction model for cobalt
dissolution in a carbonate–bicarbonate media, where cobalt dis-
solves forming a Co(OH)ad intermediate-adsorbed species and this
species participate at some equilibrium reactions with other ad-
sorbed species as Co(OH)+ and CoCO3, at the surface-solution
interface:

CoðsÞ þ ðH2OÞi
!k1

 
k�1

CoðOHÞad þ ðH
þÞi þ e�

CoðOHÞad

!k2

 
k�2

CoðOHÞþ þ e�

CoðOHÞþ þ CO2�
3

!k3

 
k�3

CoCO3ðsÞ þ OH�

CoCO3 þHCO�3 ðaqÞ
!k4

 
k�4

½CoðCO3Þ2�2 �½H
þ�=½HCO�3 �

It is interesting to emphasize that the model shown above has three
adsorbed species to explain only one faradaic process coupled with
mass transport. Moreover, the existence of CoO at the electrode sur-
face, well confirmed by the literature [11–13], is not considered in
the model.

The aim of this paper is to study the anodic behaviour of cobalt
in a carbonate–bicarbonate media, by steady-state polarization
and electrochemical impedance measurements (EIS) during the ac-
tive metal dissolution at different electrode rotation speeds. The
reaction model proposed in this work considers the existence of
two intermediate species adsorbed on the metal surface and an-
other complex species that diffuses away from the electrode. The
reaction model was validated by a simulation of the experimental
results using the same set of kinetic parameters for the polarisation
and impedance data.
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Fig. 1. Steady-stated polarisation curves of cobalt in the active dissolutions region
in 0.75 M KHCO3 + 0.05 M K2CO3 solution and different rotation speeds.
2. Experimental

For the electrochemical experiments a classical three-electrode
cell was used. A 5 mm diameter cobalt cylindrical bar (Johnson
Matthey Chemicals Ltd.) embedded in a epoxy resin that was used
as the rotating disc electrode (RDE), with 0.2 cm2 of exposed area.
A saturated sulphate electrode (SSE) was used as a reference and
the counter electrode was a large area platinum grid. All potential
values in this paper are given versus the saturated sulphate elec-
trode (SSE). The electrolyte consisted of 0.75 M KHCO3 + 0.05 M
K2CO3, the pH was constant at 8.9. The solutions were prepared
from analytical grade chemicals and double distilled water, before
using water it was previously boiled to remove dissolved CO2. Dur-
ing the measurements, electrolytes were de-aerated by purging
with purified nitrogen. Polarisations were carried out on the first
active dissolution region of the metal, from the open-circuit poten-
tial (OCP) up to the current potential peak, just before metal pas-
sivation. The rotation speed of the working electrode was varied
from 100 to 900 rpm. Electrochemical impedance measurements
were made under potential control with a perturbation between
5–15 mV and frequencies scan from 40 kHz to 10�3 Hz. Electro-
chemical measurements were made using an Autolab PGSTAT 30.
A detailed description of the experimental setup and procedure
can be found in a previous paper [13].

3. Results

3.1. Potentiostatic polarisation

Current–voltage curves were plotted at various rotation speeds
of the cobalt disk electrode. Fig. 1 shows the polarisation curves for
cobalt disk in 0.75 M KHCO3 + 0.05 M K2CO3 solution. As it was evi-
denced in a previous study [13] there is a complex coupling be-
tween mass transport and kinetic of the anodic process in the
active dissolution region. Two different slopes at low and at high
anodic potentials were also observed. This is consistent with the
experimental polarisation measurements reported in the literature
[11–13,17–20]. The presence of two slopes in the steady-state
polarisation curves suggests that two different electrochemical
paths are likely to be taking place during the anodic dissolution
of cobalt. Fig. 2 shows the variation of the current density versus
the square root of the rotation speed of the cobalt electrode for dif-
ferent potentials in 0.75 M KHCO3 + 0.05 M K2CO3 solution. Fig. 2
presents a non-linear behaviour between I versus X1/2 and be-
tween I�1 versus X�1/2. These curves are confirming a very complex
mass transport process that can not be explained by the classical
Levich equation as tried in [20]. These results were well fitted by
the Eq. (1) for different anodic potentials in the active dissolution
region of cobalt and for different solution concentrations, Fig. 3.

3.2. Electrochemical impedance

Fig. 4 shows the impedance plots for cobalt in a rotating disk
electrode in 0.75 M KHCO3 + 0.05 M K2CO3 solution. The imped-
ance measurements were made at different potentials in the active
dissolution region and for different rotation speeds. The impedance
plots consist of two capacitive loops in all experimental conditions.
Similar impedance plots were obtained by Real for cobalt in car-
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Fig. 2. Anodic current versus rotation speed plots for cobalt dissolution in 0.75 M
KHCO3 + 0.05 M K2CO3 solution at different anodic potentials. (A) I versus X1/2 re-
lationship. (B) I�1 versus X�1/2 relationship.
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Fig. 3. Variation of anodic current density versus square root of the rotation speed
in different carbonate/bicarbonate solutions and anodic potentials, pH = 8.9. (a)
0.375 M KHCO3 + 0.025 M K2CO3, (b) 0.75 M KHCO3 + 0.05 M K2CO3, (c) 1.5 M
KHCO3 + 0.1 M K2CO3. (j) �1.0 V, (�) �0.97 V, (N) �0.90 V, (.) � 0.87 V, and (–)
fitting using Eq. (1).
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bonate/bicarbonate media with different solution concentrations
and pH values [19,20]. Near of the open-circuit potential the two
loops are lightly coupled and as the anodic polarisation increases
the loops become more separated and pronounced. These results
indicate that anodic polarisation stimulates the formation and
growth of the adsorbed specie on the cobalt surface. Fig. 4, also
shows that the impedance values at limit of zero frequency de-
crease with the increase of the rotation speed. Additionally, at high
anodic potentials the characteristic frequency of the second capac-
itive loop increases lightly with the increase of the rotation speed.
These results show that the diffusion process is coupled with for-
mation of adsorbed species representing the capacitive loop ob-
served at low frequencies.

3.3. Surface behaviour

A black and non adherent film was formed on the cobalt surface
after anodic polarisation of the rotating disk electrode in 0.75 M
KHCO3 + 0.05 M K2CO3 solution. The increase in the anodic poten-
tial stimulated the formation and growth of the film. An extensive
characterisation of the formed film by in situ and ex situ Raman
spectroscopy was made [13]. The formed film in this first active
dissolution region is composed by CoO oxide in accordance with
the reports of others authors [11,12,14–16]; however the existence
of CoCO3 was not confirmed. Furthermore, the formation of the
Co3O4 oxide was observed only in the passive region.

4. Discussion

4.1. Construction of the reaction model

In a previous paper [13] we proposed a reaction model as a first
approximation to explain the kinetic model of cobalt anodic disso-
lution in a carbonate/bicarbonate media, taking into account stea-
dy-state measurements and surface characterisation at different
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Fig. 4. Potentiostatic electrochemical impedance plots of cobalt in 0.75 M KHCO3 + 0.05 M K2CO3 solution at different anodic potential in the active dissolution region and
different rotation speed of the electrode.

2104 J.A. Calderón et al. / Corrosion Science 50 (2008) 2101–2109
solution concentrations and under varying hydrodynamic condi-
tions. The presence of two slopes in the steady-state polarisation
curves suggested that two different electrochemical paths are tak-
ing place during cobalt anodic dissolution, the first path was de-
scribed as:

CoþHCO�3 !
k1 ðCoHCO3Þads þ e� ð2Þ

ðCoHCO3Þads þHCO�3
!k2

 
k�2

CoðCO3Þ2�2 þ 2Hþ þ e� ð3Þ

The second path was described as:

CoþH2O !k3;½ðCO3Þ2��ðCoOÞads þ 2Hþ þ 2e� ð4Þ

ðCoOÞads þHCO�3 !
k4

CoðCO3Þ2�2 þ H2O ð5Þ

It appeared that the two electrochemical paths contribute indepen-
dently to covering the surface with two adsorbed species (CoH-
CO3)ads and (CoO)ads and it was necessary to introduce a sharing
surface parameter (c) for the global process. Although the reactions
described by Eqs. (2)–(5) explain the steady-state experimental re-
sults, it can hardly be used to account for the electrochemical
impedance. Indeed, the fluctuation of the sharing surface parameter
with the potential is not known and so, can not be used to calculate
impedance. On the other hand, the model proposed by S. Real et al.
[20] is not considered as an option to explain the present results by
following reasons:

– The model does not take into account the presence of CoO on the
electrode surface, well established in the literature [11–16].

– The model proposes three adsorbed species on the electrode sur-
face and the experimental impedance shows only two loops, one
of them related with the double layer.

– Although with three adsorbed species, to avoid three relaxation
time constants, the authors have used a very simplified



Fig. 5. Schematic representation of the diffusion processes of the CoðCO3Þ2�2 com-
plex during the cobalt electrodissolution in 0.75 M KHCO3 + 0.05 M K2CO3 media.
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approach to simulate the experimental results. Indeed, only one
adsorbed species, only one theta, was used in the mass and
charge balance equations. The two others adsorbed species were
completed forgotten.

– The mass transport is considered very simple and classical diffu-
sion impedance was a priori assumed. The model proposed in
[20] was not useful to simulate the authors’ results. Indeed,
the approach used is quite the same presented in the authors’
previous paper [19], already analysed in our published work
[13].

In the current paper a variation of the previously described
reaction [13] is presented, in which it will be no longer necessary
to share the surface by c. We propose that the cobalt anodic disso-
lution in the first active dissolution region can be explained by the
following reactions:

CoþHCO�3 !
k1 ðCoHCO3Þads þ e� ð6Þ

ðCoHCO3Þads þHCO�3 þ 2OH�
!k2

 
k�2

CoðCO3Þ2�2 þ 2H2Oþ e� ð7Þ

ðCoHCO3Þads þ 2OH�
!k3

 
k�3

CoOþHCO�3 þH2Oþ e� ð8Þ

Coþ CoO!k4 Co2þ þ CoOþ 2e� ð9Þ

Some remarks can be made regarding the reaction model shown
above: cobalt anodic dissolution begins with the formation of the
adsorbed species (CoHCO3)ads as described by reaction (6). Later,
anodic dissolution continues through two different paths; the first
path involves the formation of the CoðCO3Þ2�2 complex by reaction
(7). The complex species diffuse from the electrode surface to the
bulk solution, as proposed by Davies and Burstein [11]. The second
path involves the formation of the CoO oxide from the first ad-
sorbed species (reaction (8)). Metal dissolution also occurs from a
fraction of covered cobalt surface by CoO oxide, as described by
the autocatalytic reaction (9). In reaction (9) a contribution to total
anodic current is achieved without oxide consumption. According
to the surface characterisation made with Raman spectroscopy
[13] only the CoO oxide is observed on the cobalt surface. The mass
transport control observed in steady-state and transient measure-
ments is closely related to the diffusion of the CoðCO3Þ2�2 complex.

From the reaction model proposed we can deduce the equations
which govern the cobalt anodic dissolution for steady-state and
transient conditions in the active metal dissolution region.

4.2. Steady-state condition

Stationary current can be obtained from charge balance made
for reactions (6)–(9)

I
F
¼ K1ð1� h1 � h2Þ þ K2h1 � K�2C0 þ K3h1 � K�3h2 þ 2K4h2 ð10Þ

Mass balance for the same reactions is:

b1
dh1

dt
¼ K1ð1� h1 � h2Þ � K2h1 þ K�2C0 � K3h1 þ K�3h2 ð11Þ

b2
dh2

dt
¼ K3h1 � K�3h2 ð12Þ

where h1 and h2 are the fraction of surface coverage of (CoHCO3)ads

and CoO, respectively. b1 and b2 are the constants which link the
concentrations of surface fractions. C0 is the concentration of
CoðCO3Þ2�2 on the electrode surface. Ki is the rate constant for the
ith step defined by:
Ki ¼ k0;i exp
zaF
RT
� E

� �
½HCO�3 �0 ð13Þ

The bicarbonate concentration at the electrode surface ½HCO�3 �0 is
included in the rate constant because, as it was seen in previous
work [13], the interfacial pH does not change during the anodic dis-
solution. Taking into account that the pH is entirely defined by the
½CO2�

3 �=½HCO�3 � ratio, suppose that ½HCO�3 �0 as a constant is correct.
We assumed that elementary steps obey Tafel’s law, the transfer
coefficient (a) has values between 0 and 1 and that coverage by ab-
sorbed species obeys Langmuir’s isotherm.

We also assumed that the concentration gradient of the
CoðCO3Þ2�2 complex is uniformly distributed in a convective diffu-
sion layer with thickness (d), as shown in Fig. 5. The diffusion of
CoðCO3Þ2�2 complex with a diffusion coefficient (D) follows the clas-
sical diffusion law

ocðxÞ
ot
¼ D

o2cðxÞ
ox2 ð14Þ

with the following boundary conditions:
On the electrode surface (x = 0)

D
ocðxÞ
ox
¼ K2h1 � K�2C0 ð15Þ

Beyond the diffusion layer (x P d), c(x) = 0
The steady-state is defined by dh1

dt ¼
dh2
dt ¼ 0 and at the electrode

surface,

ocðxÞ
ox
¼ C0

d
ð16Þ

From Eqs. (15) and (16),

C0 ¼
K2

D
d þ K�2

h1 ð17Þ

and

h1 ¼
K1K�3

D
d þ K�2
� �

K1K�3
D
d þ K�2
� �

þ K1K3
D
d þ K�2
� �

þ K�3K2
D
d

ð18Þ

h2 ¼
K3

K�3
h1 ð19Þ

The total stationary current is:

It ¼ F
2K1K2K�3

D
d þ 2K1K3K4

D
d þ K�2
� �

K1K�3
D
d þ K�2
� �

þ K1K3
D
d þ K�2
� �

þ K�3K2
D
d

ð20Þ

We look for an anodic current expression that can simulate the
experimental polarisation results, similar to the Eq. (1). That is, an
expression in which X ? 0, It = I0 = f (E) and when X ?1, It = I1 = g
(E), where I0 is a non-diffusion current and I1 is the current given by
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Fig. 6. Calculated steady-stated polarisation curves of cobalt in the active dissolu-
tions region at different rotation speeds for the parameter values: K01 = 0.1019 -
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the Koutecky-Levich expression. The right side of Eq. (20) can be
rearranged as:

It ¼
B D

d þ C
M D

d þ G
ð21Þ

where,

B ¼ 2FðK1K2K�3 þ K1K3K4Þ ð22Þ
C ¼ 2FK1K3K4K�2 ð23Þ
M ¼ K1K�3 þ K1K3 þ K�3K2 ð24Þ
G ¼ K1K�2ðK3 þ K�3Þ ð25Þ

Hence, when X? 0, d ?1, from (21) we have

It ¼ I0 ¼
C
G
¼ 2F

K3K4

K3 þ K�3
ð26Þ

and when X ? 1, d ? 0, we have

ðIt � I0Þ ¼
B D

d þ C
M D

d þ G
� C

G
ð27Þ

Rearranging,

ðIt � I0Þ�1 ¼ GM
BG� EC

þ G2

ðBG� ECÞD=d ð28Þ

The mass transport coefficient (D/d) can be written in terms of the
Schmidt number (Sc) and the rotation speed of the electrode (X) as:

D
d
¼ D1=2 ffiffiffiffiffiffi

2p
p

1:8049Sc1=6 X1=2 ð29Þ

Then,

ðIt � I0Þ�1 ¼ GM
BG� EC

þ G2

ðBG� ECÞKMT
X�1=2 ð30Þ

where KMT ¼ D1=2 ffiffiffiffi2p
p

1:8049Sc1=6

Eq. (30) can be compared with Eq. (1) and it can be seen that the
inverse of the current given by the Koutecky-Levich expression
(1/I1) is the right side of Eq. (30), and then we have:

1
I1
¼ GM

BG� EC
þ G2

ðBG� ECÞKMT
X�1=2 ð31Þ

The first term on the right side of Eq. (31) represents the kinetic cur-
rent under infinite convective mass transport (1/IK), while the sec-
ond term gives the mass transport contribution (1/A) to the total
current (It) recorded at the rotating disk electrode during the anodic
dissolution of cobalt.

Consequently, we know that the expression of the total anodic
current in terms of the two partial currents I0 and I1, corresponds
to the first and second dissolution paths, respectively.

It ¼ I0 þ I1 ¼ I0 þ
1

I�1
k þ A�1X�1=2

ð32Þ

The similarity of Eq. (32) with Eq. (1) assures that the steady-state
results can be very well simulated by Eq. (32), as done in Ref. [13]
using the Eq. (1). However, the same kinetic parameter must be
used to simulate the impedance results.

4.3. Impedance

From Eqs. (10)–(12) the responses ~h1, ~h2, eC0 and eI to a small
amplitude sine wave perturbation eE with variety frequency
x = 2pf, are

b1jx~h1 ¼ ½b1
eK 1ð1� h1 � h2ÞeE � K1ð~h1 � ~h2Þ � b2

eK 2h1
eE � K2

~h1

þ b�2
eK�2C0

eE þ K�2
eC0 � b3

eK 3h1
eE � K3

eh1

þ b�3
eK�3h2

eE þ K�3
~h2� ð33Þ
b2jx~h2 ¼ b3
eK 3h1

eE þ K3
~h1 � b�3

eK�3h2
eE � K�3

~h2 ð34Þ

eI
F
¼ ½b1

eK 1ð1� h1 � h2ÞeE � K1ð~h1 þ ~h2Þ þ b2
eK 2h1

eE þ K2
~h1

� b�2
eK�2C0

eE � K�2
eC0 þ b3

eK 3h1
eE þ K3

~h1 � b�3
eK�3h2

eE
� K�3

eh2 þ 2b4
eK 4h2

eE þ 2K4
~h2� ð35Þ

wherebi ¼ zaiF
RT

� �
for anodic reactions and b�i ¼ � zð1�aiÞF

RT

� �
for catho-

dic reactions.
From Eq. (15) the diffusion of the CoðCO3Þ2�2 complex species

follows the expression

D
oeC
ox

 !
x¼0

¼ b2
eK 2h1

eE þ K2
~h1 � b�2

eK�2C0
eE � K�2

eC0 ð36Þ

The equation that describes the mass transport in a transient condi-
tion for convective diffusion perpendicular to the electrode surface
and at a constant rotation speed of the disk electrode is

jxeC þ Vx
oeC
ox

 !
¼ D

o2eC
ox2

 !
ð37Þ
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Following the development made by Tribollet and Newman [21]
who obtained the expression for transient gradient concentration
of the diffusion species from Eq. (37), we have

oeC
ox

 !
x¼0

¼
eC0

d

 !
h0ð0Þ ð38Þ

where h0ð0Þ is the reciprocal of the impedance convective diffusion,
also tabulated by Tribollet and Newman in terms of the dimension-
less frequency (p) and the Schmidt number (Sc) [21].

Combining Eqs. (38) and (36) the expression for the transient
concentration of the CoðCO3Þ2�2 complex is,

eC0 ¼
b2
eK 2h1

eE þ K2
~h1 � b�2

eK�2C0
eE

K�2 � D
d ð�h0ð0ÞÞ

ð39Þ

The expression for the faradic electrochemical impedance can be
obtained from Eq. (35)
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Fig. 7. Calculated electrochemical impedance using the
1
ZF
¼
eIeE

¼ 1
Rt
þ FðK2 þ K3 � K1Þ

~h1eE þ Fð2K4 � K1 � K�3Þ
~h2eE � FK�2

�
eC0eE ð40Þ

where Rt is the charge-transfer resistance, written as

Rt ¼ fF½b1K1ð1� h1 � h2Þ þ b2K2h1 � b�2K�2C0 þ b3K3h1

� b�3K�3h2 þ 2b4K4h2�g�1 ð41Þ

And from (33), (34) and (39)

~h1eE ¼ H þ zM þ zN
G

ð42Þ
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H ¼ b1K1ð1� h1 � h2Þ þ b�2K�2C0 þ b�3K�3h2 � b2K2h1 � b3K3h1ð43Þ

zM ¼ ðb3K3h1 � b�3K�3h2ÞðK�3 � K1Þ
b2jxþ K�3

ð44Þ

zN ¼ K�2ðb2K2h1 � b�2K�2C0Þ
K�2 � D

d

� �
ð�h0ð0ÞÞ

ð45Þ

G ¼ b1jxþ K1 þ K2 þ K3 þ
K3ðK1 � K�3Þ
b2jxþ K�3

� K2K�2

K�2 � D
d

� �
ð�h0ð0ÞÞ

ð46Þ

~h2eE ¼ b3K3h1 � b�3K�3h2

b2jxþ K�3

� �
þ K3

b2jxþ K�3

� � eh1eE ð47Þ

eC0eE ¼ b2K2h1 � b�2K�2C0

K�2 � D
d ð�h0ð0ÞÞ

 !
þ K2

K�2 � D
d ð�h0ð0ÞÞ

 !
~h1eE ð48Þ

Then, by substituting Rt ;
~h1eE ; ~h2eE ;eC 0eE for their values in Eq. (40) and tak-

ing into account the electrolyte resistance (Re) and double layer
capacitance (Cd), we get the expression for total impedance of the
electrochemical process

ZT ¼ Reþ 1
1

ZF
þ jxCd

ð49Þ

Simulations of the polarisation and impedance curves were carried
out using expressions (32) and (49) respectively. Fig.6 shows the
calculated anodic polarisation curves at different rotation speeds
(A), and current versus square root of the rotation speed plots (B),
using the kinetic parameters given in the caption of Fig.6. Fig.7
shows the calculated impedance plots using the same kinetic
parameters for different anodic potentials and rotation speeds. In
Table 1 are shown the double layer capacitance values used for sim-
ulations at different anodic potentials and rotation speeds of cobalt
electrode. High values of Cd and its changes with potential and rota-
tion speed is an indication that a coupling between the actual Cd
and some adsorb species occurs. This coupling seems to be with
h1, according to admittance analysis, not shown in this paper. The
polarisation and impedance curves calculated are similar to the
experimental measurements, thus confirming that the reaction
model comprised of the reactions (6)–(9) could accurately describe
the anodic dissolution of cobalt in the active dissolution region in a
carbonate/bicarbonate media. A fitting procedure was not per-
formed because the number of parameters to be fitted is very high.
A compromise of the quality of simulation for all results was taken
by trial and error.Cobalt electrodissolution follows two paths, the
first path through the formation of the CoðCO3Þ2�2 complex and its
later diffusion away from the electrode surface, and the second path
through the formation of CoO. As it can be seen in Fig.8 (A), each
electrochemical path for cobalt dissolution predominates in differ-
ent regions of the polarisation curves with different participation
of the I1 and I0 currents to the total anodic process.Those can be also
observed in the potential versus Rt.I plot (Fig.8(B)) in which there is
clearly two slopes: one at low and another at high anodic overpo-
tentials. At low anodic overpotentials corresponding to low current
densities, metal dissolution occurs principally through the kinetic
and mass transport control by the current I1 and follows the path
of reactions (6) and (7), with the formation of the adsorbed h1 (CoH-
CO3)ads and complex species CoðCO3Þ2�2 . As it can be seen in Fig. 9, at
low anodic overpotentials the fraction of surface coverage of h1 is
larger than h2 (CoO). The CoO formation from reaction (8) is limited
Table 1
Values of electrical double layer capacitance used to impedance simulations for
different anodic potentials and rotation speeds

Potential (VSSE) Capacitance (lF cm�2)

100 rpm 225 rpm 400 rpm 900 rpm

�1.02 – – 240 –
�1.00 60 160 – 160
�0.90 180 200 60 60

-1.10 -1.05 -1.00 -0.95 -0.90 -0.85
E

SSE
  (V) 

Fig. 9. Variation of the fraction coverage surface of h1 (CoHCO3)ads and h2 (CoO)ads

versus anodic potential.
because, in this overpotential values, K�3 is larger than K3, and the
non-diffusion current I0 is very low. At anodic potential values
superior to �1.0 V, the partial current I1 retains a higher proportion
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of the total current. However, because of K3 exceeds K�3, the forma-
tion of h2 (CoO) is favoured (see Fig. 9). At high anodic overpoten-
tials, the non-diffusion current I0 forms a higher proportion of the
total current, and both I1 and I0 contribute to the dissolution of
the metal. As it can be seen in Fig. 9, at high anodic overpotentials
the formation of adsorbed h1 diminishes and the metal surface is
covered principally by h2. At these anodic potentials both reactions
(8) and (9) contribute to the formation of CoO. At high anodic over-
potentials, no further increases of the partial current I1 are ob-
served, mainly due to limited production of h1. At peak current
potential (�0.86 VSSE), prior to metal passivation, the contribution
of the partial non-diffusion current I0 to the total anodic current
is greater than the contribution of the partial current I1. Given these
overpotential conditions K3� K�3 and applying Eq. (26) the
expression of the non-diffusion current will be:

I0 ¼ 2FK4 ð50Þ

and the dissolution of metal mainly follows the path of autocata-
lytic reaction (9). Reaction (8) and (9), will continue to occur, but
to a lesser extent. This provides evidence for the non protective
characteristic of the CoO film formed on the cobalt surface during
the active dissolution of metal.

The impedance diagrams calculated have a similar shape to the
experimental diagrams (see Fig. 7). Two capacitive loops were sim-
ulated with their respective characteristic frequencies close to the
experimental values. The calculated impedance values at zero-fre-
quency limit real part of the impedance, give resistance values
close to the polarisation resistance taken from polarisation curves
and, as expected, these values decrease with the increase of both
anodic polarisation and rotation speed. The relaxations of the sec-
ond adsorbed species h2 and the diffusion processes have closely
linked time constants, all these time constants characterised by
the second capacitive loop. The coupling of the time constants
makes the linear behaviour of the diffusion process difficult to ob-
serve. As it can be seen in Fig. 9 as anodic overpotential increases
the surface coverage by h2 became more important, this feature
can be follow by the increase of the second capacitive loop at high
anodic potentials. Another interesting feature of the second capac-
itive loop is that its characteristic frequency displays few changes
when the anodic potentials and rotation speed are varied, this fea-
ture corroborates the existence of an autocatalytic reaction, as in
reaction (9), which plays an important role in the dissolution of co-
balt at high anodic polarisation.

5. Conclusions

A kinetic reaction model is presented to explain cobalt dissolu-
tion in a carbonate/bicarbonate media in the potential range be-
tween the open circuit potential and the anodic current peak
potential, prior to metal passivation. Two electrodissolution paths
were observed during anodic polarisation. We propose that the
electrodissolution begins with the formation of intermediate (CoH-
CO3)ads on the electrode surface, followed by the simultaneous for-
mation of a CoðCO3Þ2�2 complex and the formation of a CoO film.
The mass transport phenomenon is characterised by the diffusion
of CoðCO3Þ2�2 away from the electrode surface. At low anodic polar-
isation, the formation of (CoHCO3)ads is greater than the formation
of CoO film, but when the anodic potential increases, formation of
the CoO film is favoured due to an autocatalytic reaction. Experi-
mental polarisation and impedance measurements were simulta-
neously simulated by mathematic expressions derivate from the
kinetic reaction model.
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