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Abstract Anodic nickel dissolution in acid media has
been analyzed by means of electrochemical quartz
crystal microbalance and electrochemical impedance
spectroscopy techniques. The experimental impedance
spectra have been fitted to an equivalent circuit which is
related to a mechanism of two consecutive electron
transfers followed by a Ni2+ mass transfer step. That
way, an estimation for values of rate constants and
surface concentrations of the Ni(0), Ni(I) and Ni(II)
species has been obtained.
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Introduction

Nickel is an essential metal from an industrial point of
view. It is widely used in many alloys and occurs in
several common objects and devices [1, 2]. But it is also
the origin of many health problems related to allergic
and oncology diseases. This is why nickel has been the
subject of many researches related to dissolution and
passivation mechanisms in acid medium by means of
different electrochemical techniques [3, 4, 5, 6, 7, 8, 9, 10,
11]. However, several points remain unclear due to the
strong tendency for self-passivation of nickel and, in
that way, the process of active dissolution, passive layer
formation and chemical dissolution depends on a great
number of variables: history of the electrodes, media,
roughness of the surface, hydrodynamic conditions,
metal impurities on the surface, etc [4].

According to the EQCM (electrochemical quartz
crystal microbalance) results obtained by Itagaky et al.
at potentiostatic conditions [11], two consecutive
electron transfers can be considered for the early stages
of nickel electrodissolution, as is frequently postu-
lated in the electrodissolution of other similar
metals under certain experimental conditions [7, 8, 9, 11,
12, 13, 14]:

Ni 0ð Þ h0ð Þ!
k1
Ni Ið Þ h1ð Þ þ e� ð1Þ

Ni Ið Þ h1ð Þ!
k2
Ni IIð Þ h2ð Þ þ e� ð2Þ

Ni IIð Þ h2ð Þ!
k3
Ni2 + ð3Þ

where h0, h1 and h2 are the surface concentrations of
Ni(0), Ni(I) and Ni(II) species, respectively and Ni2+ is
the nickel in the solution. The first and the second steps
are two consecutive irreversible single-electron transfers
and the third one is a physical process that consists of
the solubilization of Ni (II) species and transport of
Ni2+ throughout the aqueous media.

Electrochemical impedance spectroscopy (EIS) is a
technique which allows kinetic information to be ob-
tained about the processes which take place on an
electrode surface at a steady state potential [15, 16, 17,
18, 19, 20, 21, 22, 23]. If it is considered that the kinetic
constants for the electrochemical steps follow a Butler–
Volmer relationship and the elementary steps obey first-
order kinetics, then the rates for each elemental step can
be expressed as:

r1 ¼ k01h0eb1E ð4Þ

r2 ¼ k02h1eb2E ð5Þ

r3 ¼ k03h2 ð6Þ

The mass balance and the charge balance at the
electrode surface are:

iF
F
¼ r1 þ r2 ð7Þ
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dh0
dt
¼ r3 � r1 ð8Þ

dh1
dt
¼ r1 � r2 ¼ k1h0 � k2h1 ð9Þ

dh2
dt
¼ r2 � r3 ¼ k2h1 � k3h2 ð10Þ

where ri and ki are the rates and their respective rate
constants of the postulated steps. E is the applied po-
tential, iF is the faradaic current intensity and F is the
Faraday constant.

From Eqs. (7), (9) and (10) the theoretical faradaic
impedance for the above reaction mechanism can be
deduced in different manner [24, 25] (see Appendix 1 for
more details) following Armstrong’s formalism [26]:

where F is the Faraday constant and ZF is the Faradaic
impedance.

The aim of this work is to calculate the kinetic
parameters of the electrochemical dissolution of nickel
in an acid medium from the electrochemical impedance
results. The objective is to try a methodology for
obtaining an approximate way of characterizing this
complex process.

Experimental

All the experiments have been carried out in a typical
three-electrode cell. The potential was measured versus a
SSE (saturated sulfate electrode Hg/Hg2SO4/K2SO4 sat.)
reference electrode of 0.656 V versus NHE at 298 K. A
platinum sheet of a relative large area (A=2 cm2) was
used as an auxiliary electrode. Solutions were prepared
from K2SO4 (Probus, a.g.), H2SO4 (Merk, a.g.), KCl
(Fluka, a.g.), NiSO4Æ6H2O (Scharlau, a.g.) with distilled
and double deionized water (MilliQ).

For impedance measurements the potential was
controlled with a potentiostat–galvanostat 273A EG&
G PAR and the impedance spectra were recorded with
the help of a lock-in amplifier 5210 EG&G PAR. The
working electrodes were made from a nickel sheet
(99.9%, Johnson and Matthey). The geometrical area
was 0.25 cm2. A potential of �1.250 V versus SSE was
applied for 15 min and a potential of stabilization E0

was applied for 60 min before recording the impedance
spectra. The impedance measurements were carried out
in the frequency range [105, 5·10�2] Hz and the ampli-
tude of the harmonic potential perturbation was 10 mV
r.m.s. All the measurements were carried out at constant
and controlled temperature T=298.5±0.1 K. All

solutions were deareated by bubbling Ar (from ‘‘Air
Liquide’’) for 5 min before starting the experiment. All
the impedance measurements have been performed un-
der an inert atmosphere and still conditions. The fitting
of experimental impedance data to the proposed equiv-
alent circuit was carried out by means of a non-linear
least squares procedure based on the Marquardt algo-
rithm for function optimization [27, 28].

For EQCM experiments the working electrodes were
made from a quartz sheet (quartz was supplied by
Matel–Fordahl) embedded between two pieces of gold
connected to a resonance circuit. The resonance fre-
quency of the quartz in air was 6 MHz. The electro-
chemical active area was 0.228 cm2 and the resonant
area of quartz was 0.196 cm2. The potential sweep was
carried out from 0.200 to �1.500 V (versus SSE) at

0.020 V/s. The upper anodic potential is limited in order
to avoid the gold electrode oxidation and the lower
cathodic potential is limited in order to avoid the pres-
ence of hydrogen bubbles on the Au electrode and to
improve the nickel electrodeposition/hydrogen evolution
ratio [29]. Before starting the potential sweep the
potential was kept constant at 0.200 V for 2 min. The
microbalance was a UPR15/RT0100 (UPR of the
CNRS). The resonance frequency of quartz was mea-
sured with a Fluke PM6685. The current in the auxiliary
electrode was measured with a Keithley PM2000 mul-
timeter. The potential was applied with a potentiostat
263A EG&G PAR. The whole system was controlled
with a GPIB board. The EQCM was calibrated by
means of a galvanostatic Cu deposition [30]. The nickel
deposit obtained in this work was very thin, about
0.3 lm, where no non-ideal contributions are expected
and Sauerbreys’ equation applies. The experimental
Sauerbrey constant was 9.50·107 Hz g�1. According to
Sauerbreys’ equation [31], the mass changes on the
electrode surface are related to the resonance frequency
changes as follows:

Df ¼ � 2f 2
0

A
ffiffiffiffiffiffiffiffi

Eyq
p Dme ð12Þ

where q is the quartz density and Ey is the stretch con-
stant of quartz. f0 is the base resonance frequency.

EQCM in combination with voltammetry provides
important information about the mechanism and stoi-
chiometry in metal dissolution and deposition process
by means of the mass/charge ratio defined by:

F
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¼
X
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where DM0 is the contribution of mass changes due to
uncharged species. Mwi is the molecular mass of a spe-
cies i, which interchanges ni electrons and mi is the charge
ratio due to process i. Equation (13) provides informa-
tion about the global electrode process in a time or
potential range.

In the same way as in EIS measurements, the elec-
trolyte has been purged for 5 min with Ar so as to re-
move the dissolved oxygen and all the measurements
have been made under an inert atmosphere.

Experimental results and discussion

EQCM measurements

The voltammogram and the mass change in the poten-
tial window 0.2 to �1.5 V for a nickel electrode in an
acid medium, pH=2.7, are plotted in Fig. 1. In the
potential range �0.8 to �1.5 V in a cathodic scan and
�1.5 to �1.4 V in an anodic one a considerable mass
increase takes place most probably caused by nickel
electrodeposition [29]. In the potential range �0.750 to
�0.500 V a considerable mass decrease takes place. This
potential range includes anodic peak I and so this mass
decrease is due to nickel electrodissolution [29].

In the potential range of nickel electrodeposition for
the successive cycles, the experimental value of the mass/
charge ratio remains around �2 g mol�1, which is much
smaller than the theoretical value for electrodeposition
of nickel according to the stoichiometry of the reaction:

Ni2 + + 2e� ! Ni ð14Þ

which is F Dm=DQð Þtheoretical ¼ �29 g mol�1. The differ-
ence between the experimental and theoretical value in
this potential range is due to the great contribution of
the hydrogen evolution reaction [32] to the overall
transferred charge DQ.

In the range of potentials where nickel electrodisso-
lution takes place, the experimental value of the mass/
charge ratio F Dm=DQð Þtheoretical ¼ �38 g mol�1 during
the first voltammogram is higher than the theoretical
value (�29 g mol�1) which corresponds to a stoichi-
ometric loss of one nickel atom for each of the two
exchanged electrons. This calculated mass/charge ratio
increases with the number of cycles. For instance, for the
fifth cycle this ratio has a value of �45 g mol�1 and for
the twentieth cycle it reaches a value of �52 g mol�1.
These results show the strong dependence of the disso-
lution mechanism on the previous activation electrode
process. According to the work of Lachenwitzer et al.
[33], a precursor for nickel electrodeposition is formed in
cyclic voltammetry experiments. This precursor most
probably is an Ni(I) species [34] that causes a modifi-
cation of the nickel surface electrode.

Then, the most possible cause for the experimental
fact that the mass/charge ratio increase with the number
of potential cycles is directly related with the stabiliza-
tion of an increasing amount of Ni(I) species on the
electrode during the following cycles.

Calculation of kinetic parameters from EIS in the
potential range of nickel dissolution

Figure 2 shows impedance spectra of nickel electrodis-
solution at different potentials. The theoretical faradaic
impedance function, Eq. (11), is consistent with an
equivalent circuit with two time constants, one for each
reaction intermediate [35]. The experimental impedance
spectra are fitted to the equivalent circuit of Fig. 2. R1C1

values will be related to relaxation of Ni(I) species and
R2C2 values will be related to relaxation of Ni(II) spe-
cies. R represents the charge transfer resistance. There is

Fig. 1 Mass changes (dashed line) and voltammogram (continuous
line) in the potential window [200, �1500] mV; scan rate=20 mV/
s; 10�3 M NiSO4; 0.245 M K2SO4; 5·10�3 M H2SO4; pH=2.7;
T=298 K

Fig. 2 Experimental impedance spectra at E0=�650 mV (squares),
E0=�600 mV (circles), E0=�585 mV (upward triangles),
E0=�555 mV (downward triangles) and E0=�535 mV (diamonds).
0.245 M K2SO4; 5·10�3 M H2SO4; pH=2.7; T=298 K. Solid line
indicates the fitting to the equivalent circuit
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a good agreement between experimental and fitted
impedance spectra. In Table 1 the values of the equiv-
alent circuit passive elements are presented.

In this sense, the low values obtained for the CPE
exponent (approximately 0.8) can be explained by the
roughness of the non-polished surface of nickel, and
they can be also attributed to the formation of a new
phase on the electrode surface during the electrodisso-
lution process.

R values are very low (about 5 W cm2) compared with
R1 and R2 values and, consequently, R values calculated
from the fitting have a great uncertainty. The uncom-
pensated resistance, Ru, was calculated by extrapolating
the impedance data to highest frequencies and it was
found to be 3±1 W cm2 for all the samples tested.

From Eqs. (4), (5) and (6) each partial derivative is
obtained:

@r1
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¼ b1k01h0eb1E ð15Þ
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@r3
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¼ k03 ð20Þ

The Faradaic impedance function for the equivalent
circuit of Fig. 2 is:

If Eq. (21) and Eq. (11) are compared, an equation
system for the partial derivatives (15)–(20) is obtained:
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which can be numerically solved for obtaining a first
approach of the kinetics of the nickel dissolution pro-
cess. However, this equation system can be simplified in
order to improve its analytical solution if it is assumed
that the system reaches the steady state.

The steady state condition applied to Eq. (9) allows
one to obtain the relation k1h0=k2h1=k3h2. Thus, and
taking into account the great uncertainty of R values,
Eq. (26) can be suppressed from this equation system,
since four non-dependent magnitudes are unknown if b1
and b2 are fixed.

Four approximate non-dependent equations are ob-
tained if is considered that C1�C2, R�R1, R2, and
k1�k2, k3 too:

k2 þ k3
2k1k3b2h0

¼ F R1 þ R2ð Þ ð27Þ

1

2k1k3b2h0
¼ F R1R2C2ð Þ ð28Þ

1

2k3
¼ R1C1 þ R2C2 ð29Þ

b1 þ b2

2k1k3b2
¼ R1R2C1C2 ð30Þ

ZF ¼
Rþ R1 þ R2 þ R R1C1 þ R2C2ð Þ þ R1R2 C1 þ C2ð Þð Þjx� RR1R2C1C2x2

1þ R1C1 þ R2C2ð Þ � R1R2C1C2x2
ð21Þ

Table 1 Determined values of the passive element of the equivalent circuit which result from the fitting procedure. The impedance of CPE
is noted as ZCPE=1/A(jx)a. The calculated R values have a great uncertainty because they are very low with respect to the R1 and R2

values. The experimental conditions are the same as in Fig. 2

E (vs SSE) (mV) A (lF cm�2 sa�1) a R1(W cm2) C1(lF cm�2) R2(W cm2) C2(lF cm�2)

�650 20 0.82 7200 2 2750 840
�600 14 0.83 4000 3 1175 1280
�585 80 0.77 1250 3 600 2240
�555 150 0.79 1175 2 400 2960
�535 120 0.80 1000 3 250 3400
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According to the values in the literature of b1=13 V�1

and b2=8 V�1 [36], Eqs. (27), (28), (29) and (30) allow
us to obtain the values of k1, k2, k3 and h0 in a simple
manner. These values are listed in Table 2. Also h1 and
h2 values have been calculated assuming that the system
reaches the steady state. The values obtained for h0 are
relatively small if compared with h1 values, as is expected
for a fast dissolution process. h2 values are relatively
high, which is consistent with the important role of
Ni(II) species in the nickel electrodissolution process.

The dependence of k1 and k2 on the potential has
been plotted in Fig. 3 in order to check the consistency
of the calculation procedure. From the slope of this plot
bi values are recalculated for each electron transfer. The
values obtained for b1=15±2 V�1 and b2=8±1 V�1

are very close to values used in order to solve the sim-
plified equation system.

Moreover, as seen in Table 2, the k3 value is smaller
than k1 and k2 in all the potential range studied. The
dependence of k3 on the potential could be explained if
the transport of Ni2+ to the solution is a migration;
however, this point requires further studies since neither
the solubilization and transport of Ni2+ from the sur-

face to the solution nor the other paths of the assumed
mechanism (Eqs. 1, 2 and 3) are really elementary steps.
At the tested conditions of Fig. 3, the capacitive loop at
low frequencies is directly related to the value of k3 by
Eq. (29), since the time constant R1C1 is lower than
R2C2.

In particular, it is widely known that anions play an
important role in the kinetics of anodic dissolution of
metals. In the case of the nickel dissolution, the kinetic
parameters calculated by means the proposed procedure
depend on the previous history of the electrode, the
hydrodynamic conditions of the electrode as well as on
the composition of the aqueous media. When chloride
anions are present, the dissolution of nickel is favored
and pitting of the surface appears [8, 38, 39]. An
inductive loop is observed in the Nyquist plots at low
frequencies instead of the capacitive loop, as can be seen
in Fig. 4. In this way, the behavior at low frequencies is
inductive in these experimental conditions as occurs in
the anodic dissolution of zinc [37]. Therefore, and from

Table 2 Kinetic parameters, ki, and surface concentration of Ni(0) species, h0, Ni(I) species, h1, and Ni(II) species, h2, on the electrode
surface as a function of the applied potential. The experimental conditions are the same as in Fig. 2. In the presence of chloride (same
experimental conditions as in Fig. 4)

E (mV) k1(s
�1) k2(s

�1) k3(s
�1) h0(·1012)

(mol cm�2)
h1(·109)
(mol cm�2)

h2 (·109)
(mol cm�2)

�0.650 230 0.44 0.24 1.3 0.1 0.2
�0.600 300 0.54 0.33 1.7 0.1 1.6
�0.585 490 0.89 0.43 3.6 2.0 4.1
�0.585a 8700 3.80 6.02 1.6 3.8 2.4
�0.555 550 1.10 0.59 3.5 1.8 3.3
�0.535 710 1.23 0.62 3.5 2.0 3.9

aIn the presence of chloride (KCl 0.1 M) (same experimental conditions as in Fig. 4)

Fig. 3 Dependence of the calculated constant rates of the two
electron transfers steps on the potential in the same experimental
conditions as in Fig. 2

Fig. 4 Shape of Nyquist impedance plot in the presence of chloride
within the acid solution. E0=�585 mV; 0.245 M K2SO4;
5·10�3 M H2SO4; 0.1 M KCl; pH=2.7; T=298 K. Solid line
indicates the fitting to the equivalent circuit. A=126/lF cm�2 sa�1;
a=0.80; R=3 W cm2; R1=147 W cm2; C1=2 lF cm�2;
R2=29 W cm2; L2=3 H cm�2

87



similar assumptions to those used to deduce the system
of equations (Eqs. 27, 28, 29 and 30), the electrical ele-
ments of the equivalent circuit can be related to the ki-
netic magnitudes of the anodic dissolution mechanism
(see Appendix 2). These kinetic parameters are collected
in Table 2. It is observed that the rate constants for all
elemental steps have increased, but in this case k2<k3
(see Table 2) and the surface concentration of Ni(I) in-
creases with respect to the experimental case when
chloride is absent in the medium. Therefore, and
according to previous analysis of similar faradaic
impedance functions, the capacitive or inductive nature
of the low frequencies loop can be explained on the basis
of the k2/k3 ratio which also implies the highest or lowest
values for the surface concentration of intermediate
species.

Conclusion

The analysis of mass/electrical charge ratio during the
EQCM experiments proved that nickel electrodeposition
takes place jointly with a pronounced hydrogen evolu-
tion. In addition, higher values of this ratio during the
oxidation peak are explained by the presence of Ni(I)
species on the nickel metal surface.

A procedure is proposed and analyzed to obtain ki-
netic parameters from the fitting of experimental data to
the equivalent circuit. The dependence of kinetic con-
stants on the applied potential is similar to that expected
from b1 and b2 parameters obtained from other elec-
trochemical techniques.

Finally, if chloride anions are present in the solution,
an inductive loop appears at low frequencies instead of
the capacitive loop. This result is explained from the
values obtained for k2<k3.

Therefore, this procedure is useful for characterizing
the anodic dissolution of nickel by the use of equivalent
circuits since a physical meaning can be attributed to all
elements.

Acknowledgements This work has been supported by CICyT-Mat/
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Appendix 1

A mathematical method, similar to that used by Diard
et al. [40, 41] for the Volmer–Heyrovsky reduction
mechanism, was used for obtaining the theoretical
impedance function of the anodic dissolution of the
metal. It can be considered that a metal dissolves by
means of two consecutive electron transfers followed by
a transport step, according to the reaction scheme:

Me 0ð Þ!r1 Me Ið Þ þ e� ðA1Þ

Me Ið Þ!r2 Me IIð Þ þ e� ðA2Þ

Me IIð Þ!r3 Me2 + ðA3Þ

where r1, r2 and r3 are the reaction rates for each ele-
mentary step. Me(I) and Me(II) are the reaction inter-
mediates.

The charge balance at the electrode surface defines
the faradaic current:

iF
AF
¼ r1 þ r2 ðA4Þ

where A and F are the electrode surface and the Faraday
constant, respectively. The mass balance at the electrode
surface, for each reaction intermediate, is described by
the equations:

dh1
dt
¼ r1 � r2 ðA5Þ

dh2
dt
¼ r2 � r3 ðA6Þ

h0 þ h1 þ h2 ¼ h0 ðA7Þ

where h0, h1 and h2 are the surface concentrations
of Me(0), Me(I) and Me(II) species at the electrode
surface and h0 is the initial concentration of free sites at
the electrode surface. r1, r2, r3, h0, h1 and h2 will be a
function of potential E and hi. If each elementary step
obeys kinetics of first order, it can be expressed as:

r1 ¼ k1h0 ðA8Þ

r2 ¼ k2h1 ðA9Þ

r3 ¼ k3h2 ðA10Þ

If a small sinusoidal perturbation of potential is
applied around a defined steady state at a potential
E0, we can write the Taylor expansion for Eqs. (A4),
(A5), (A6) and (A7) around this steady state in the
Laplace plane. If the amplitude of the potential per-
turbation is small, only the terms of first order need
be considered:
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where p=jx is the Laplace variable. Dividing each
term of Eqs. (A11), (A12) and (A13) by DiF an
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equation system for ZF ¼ DE=DiF , Dh1=DiF and
Dh2=DiF is defined, where ZF is the faradaic imped-
ance which can be determined by means of the
Kramer’s rule:
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Appendix 2

When chloride ion is present in the acid medium the
experimental impedance spectra are fitted to the equiv-
alent circuit of Fig. 4. The faradaic impedance function
for this equivalent circuit is:

If Eq. (A15) is compared with Eq. (11), the following
equation system can be written:

@r1
@h0

@r2
@h1
þ @r1

@h0
þ @r2

@h1

� �

@r3
@h2

2 @r2
@E

@r1
@h0

@r3
@h2
þ 2 @r1

@E
@r2
@h1

@r3
@h2

¼ F Rþ R1ð Þ ðA16Þ

@r1
@h0
þ @r2

@h1
þ @r3

@h2

2 @r2
@E

@r1
@h0

@r3
@h2
þ 2 @r1

@E
@r2
@h1

@r3
@h2

¼ F
L2 Rþ R1 þ R2ð Þ þ RR1R2C1ð Þ

R2

ðA17Þ

@r1
@h0

@r2
@E þ 2 @r1

@E
@r2
@h1
þ @r1

@E
@r3
@h2
þ @r2

@E
@r3
@h2

2 @r2
@E

@r1
@h0

@r3
@h2
þ 2 @r1

@E
@r2
@h1

@r3
@h2

¼ R2R1C1 þ L2

R2
ðA18Þ

@r1
@E þ

@r2
@E

2 @r2
@E

@r1
@h0

@r3
@h2
þ 2 @r1

@E
@r2
@h1

@r3
@h2

¼ R1C1L2

R2
ðA19Þ

1

2 @r2
@E

@r1
@h0

@r3
@h2
þ 2 @r1

@E
@r2
@h1

@r3
@h2

¼ F
R1L2C1 Rþ R2ð Þ

R2
ðA20Þ

which can be simplified as in the previous case (two
capacitive loops). If R and C1 are very low and if it is
considered that k1�k2,k3, the following equation system
is obtained:

k2 þ k3
2k1k3b2h0

¼ FR1 ðA21Þ

1

2k1k3b2h0
¼ F

R1 þ R2ð ÞL2

R2
ðA22Þ

1

2k3
¼ L2

R2
ðA23Þ

b1 þ b2

2k1k3b2
¼ R1C1L2

R2
ðA24Þ
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