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Abstract 

This work reported a detailed analysis of the electrochemical impedance spectra obtained for 
the Mg electrode during immersion in a sodium sulfate solution. A model was proposed which 
took into account the presence of: (i) a thin oxide film (MgO) which progressively covered 
the Mg electrode surface, (ii) film-free areas where the Mg dissolution occurs in two 
consecutive steps, (iii) a thick layer of corrosion products (Mg(OH)2), (iv) an adsorbed 
intermediate Mg#$%

&  which is responsible for the chemical reaction allowing the negative 
difference effect to be explained. From the impedance data analysis, various parameters were 
extracted such as the thin oxide film thickness, the resistivity at the metal/oxide film 
interface and at the oxide film/electrolyte interface, the active surface area as a function of 
the exposure time to the electrolyte, the thickness of the thick Mg(OH)2 layer and the kinetic 
constants of the electrochemical reaction.  

 

 Keywords: Magnesium; Oxide film; Power-law model; Negative difference effect (NDE); 
Adsorbed intermediate.  
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1. Introduction 

The corrosion mechanism of Mg has been the subject of a huge amount of work [1-5], and 
despite its ubiquity and history, the elementary mechanism remains little understood. This is 
mainly due to an anomalous phenomenon called the negative difference effect (NDE) which 
results in an increase of the hydrogen evolution rate when the magnesium is anodically 
polarized [6, 7]. Indeed, even if this phenomenon has been well documented in the literature 
[4, 7-9] and has been observed from various techniques [10-14], the mechanism itself is tricky 
and the subject has become controversial. At the corrosion potential, there is a good 
agreement with the global reaction: 

Mg +	H& + 	H*O 	
											

Mg*& + OH, + H*		     (Eq. 1) 

and the formation of corrosion products: 

Mg*& + 2OH, 	
											

Mg OH *       (Eq. 2) 

The rate of the NDE has been deeply investigated as a function of impurities contained in 
the Mg [15-18]. Metal impurities (e.g. Fe, Cu, Ni) result in large overpotential for the 
hydrogen evolution reaction at the Mg corrosion potential. However, from a thermodynamic 
point of view, even if these impurities act as local cathodes, any shift of the potential towards 
the anodic domain should result in a decrease of the hydrogen production reaction. 
Consequently, the metal impurities cannot be the only ones responsible for the NDE, but 
such behavior has been further investigated for alloying elements [19, 20]. 

Other developments, including film based model [4, 21], formation of magnesium hydride [22, 
23], or formation of univalent Mg [24-26] have been used to make an attempt to explain the 
NDE. For the latter, the existence of soluble univalent species dissolved in solution remains 
questionable [4]. Thus, there is still a need to understand how the NDE occurs at the 
electrode surface. Additionally, the overall corrosion of Mg also leads to the formation of a 
thin oxide film (in the nanometer range) on the Mg surface in different corrosive 
environments that has been evidenced using X-ray photoelectron spectroscopy (XPS) [27, 28] 
or time-of-flight secondary ion mass spectroscopy (ToF SIMS) depth profiles [29, 30]. 

Interestingly, the use of electrochemical impedance spectroscopy (EIS) has already shown to 
give reliable and reproducible results for the study of Mg corrosion [31-34]. However, the 
analysis of the impedance spectra was usually limited to the study of the charge transfer 
resistance and of the polarization resistance [35]. Recently, a mathematical model for 
describing the inductive loop has been devised in order to account for the production of the 
excess of hydrogen [36]. This model took into account the evolution of the electrode surface 
over time, but it was uncorrelated from any kinetic aspect allowing the NDE to be linked to 
the corrosion mechanism of Mg. Moreover, plotting EIS data in different representations 
allows further analysis, in particular the determination of the interfacial capacitance [37]. For 
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instance, the use of complex-capacitance representation allows thin oxide layers formed on 
passivable metals [38-41], or on Mg alloys [42] to be characterized, leading to the evaluation 
of the oxide layer thickness.  

In the present work, a detailed analysis of the corrosion mechanism of Mg in a sodium sulfate 
solution was undertaken, based on the use of EIS. A particular attention was paid to the 
interfacial capacitance analysis and to the inductive loop. For the latter, the previous model 
involving the relaxation of an adsorbed intermediate was further developed [34] and the 
fitting of the EIS spectra allowed the variation of the kinetic parameters to be obtained as a 
function of the immersion time in the Na2SO4 solution.   

2. Experimental 

The working electrode consisted in a Mg rod (5 mm in diameter) with a purity of 99.9%; 
purchased from Goodfellow. The impurity contents of this commercial pure Mg (given by the 
provider) are (in ppm): Al = 70, Cu = 20, Fe = 280, Mn = 170, Ni < 10, Si = 50 and Zn < 
20. The lateral part of the cylinder was insulated with a cataphoretic paint and in sequence 
with an epoxy resin thus exposing a disk electrode of 19.6 mm2 surface area. Before the 
electrochemical experiments, the electrode was ground with successive SiC abrasive papers up 
to grit P4000. 
All the experiments were performed using a rotating disk electrode (RDE) and a Gamry Ref 
600+ potentiostat. The electrode rotation rate was fixed at 1000 rpm. During the 
experiment, the temperature was maintained at 25 °C and the electrolyte was in contact with 
air. The experiments were performed in a 0.1 mol.L-1 Na2SO4 electrolytic solution (pro 
analysis grade) with an initial pH of 5.6. It is generally accepted that SO4

2- anions are less 
aggressive than Cl-. Leleu et al. [42] have shown that the corrosion rate of a commercially 
pure Mg was about four times higher in a NaCl solution than in a Na2SO4 solution. Thus, in 
the present study a less aggressive electrolyte was chosen to reduce the dissolution of the Mg 
rod for performing EIS measurements over extended time periods. 

The reference and the counter electrodes were a mercury sulfate electrode (MSE) in a 
saturated potassium sulfate solution (EMSE = 0.64 V/SHE) and a platinum gauze of large 
surface area, respectively.  

The anodic and cathodic current / potential curves were plotted separately (two independent 
measurements) after a preliminary hold time of 2 h at the corrosion potential (Ecorr). The 
potential sweep rate was fixed at 0.167 mV s-1. The polarization curves were corrected from 
the ohmic drop, experimentally determined from the high-frequency limit of the impedance 
diagrams. 
Impedance diagrams were obtained under potentiostatic regulation, Ecorr, over a frequency 
range of 100 kHz to a few mHz with 8 points per decade, using a 10 mVrms sinusoidal voltage. 
The linearity was checked by varying the amplitude signal. At least two experiments were 
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performed. The obtained impedance diagrams were always consistent with the Kramers-
Kronig relations [43, 44]. 

3. Results and discussion  

3.1. Steady-state measurements 

Fig.  1 shows the current / potential curve obtained on the Mg electrode in a 0.1 mol.L-1 
Na2SO4 solution after a preliminary 2 h hold time at Ecorr. As previously reported, the anodic 
polarization curve shows 3 different domains [34]. The first domain, close to the corrosion 
potential, is almost linear. This behavior might be explained by the formation of a 
monovalent adsorbed intermediate followed by the formation of the divalent Mg2+ ion (vide 
infra). The second domain starts at about -1.9 V/MSE for which a significant change in the 
slope of the curve can be observed. Such behavior could be ascribed to a change of the 
limiting process in the dissolution mechanism. The last domain, for potentials larger than -
1.8 V/MSE, is characterized by a plateau of current of about 20 mA cm-2. In the present 
work, we mainly focused on the study around Ecorr, thus limiting the investigation on the 
corrosion / dissolution mechanism to the first domain for low dissolution rate.  

The cathodic polarization curve corresponds to the hydrogen evolution reaction and shows 
two different slopes that are difficult to interpret due to the formation of hydrogen bubbles 
at the electrode surface. 

 

3.2. Electrochemical impedance measurements 

 3.2.1. Impedance diagrams at Ecorr 

Fig.  2a shows the impedance diagrams (Nyquist coordinates) for the Mg electrode obtained 
at Ecorr as a function of immersion time in the Na2SO4 solution. Independently of the 
immersion time, the shape of the diagrams is very similar and shows three distinct time 
constants. In the high-frequency range, the first capacitive loop corresponds to the charge 
transfer resistance in parallel with the interfacial capacitance. This capacitance will be 
thoroughly discussed in the following. The medium-frequency time constant is attributed to 
the diffusion of species inside the porous layer formed by the corrosion products (it has been 
previously shown that this time constant was independent of the electrode rotation rate) [32]. 
The low-frequency inductive loop is ascribed to the relaxation of adsorbed intermediates. 
Such mechanism, involving a monovalent species adsorbed on the electrode surface, has 
already been observed for the corrosion of different metals, including Fe [45, 46], Cr [47] or 
Zn [48, 49], that is for multi-step reaction mechanism involving adsorbed species [45, 50, 51].  

Interestingly, the impedance diagrams in Fig. 2a are homothetic to each other. This can be 
better visualized in Fig.  2b (each diagram was normalized by the maximum value of the real 
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part of the impedance). With such a dimensionless representation, all the EIS diagrams 
superimpose and the three time constants remain unchanged regardless of the immersion 
time except for the first times (here 2 h). This difference can be ascribed to the reactivity of 
the bare Mg during the first hours of immersion which will be detailed in a next section. 
Moreover, the characteristic frequency of the first capacitive loop slightly varies with time. 
Conversely, the second characteristic frequency corresponding to the diffusion process is 
constant, in agreement with the RDE theory for the diffusion in a finite-thickness layer. As a 
result, whatever the frequency domain considered, the variation of the amplitude of the 
impedance response of each process follows the same proportionality law. This behavior can 
be attributed to a variation of the active surface area with the immersion time. In other 
words, the increase of the impedance translates into a decrease in current, that is, in a 
decrease of the active surface area of the electrode on which the Mg dissolution occurs. It 
should be noticed that this active surface area is small by comparison with the surface area 
covered by MgO (see below). This conclusion is in agreement with scanning electrochemical 
microscopy experiments performed above a corroding Mg substrate that showed a decrease of 
the surface area of the reactive domain as a function of the immersion time [34].  

 

 3.2.2. Impedance diagrams at low anodic over potentials: inductive 
contribution analysis 

Fig.  3a shows the impedance diagrams of the Mg electrode after 11 h of immersion in 0.1 
mol L-1 Na2SO4 solution at Ecorr (black circles) and for two low anodic over potentials (blue 
and red circles for Ecorr + 10 mV and Ecorr + 20 mV, respectively). These polarization 
potentials correspond to steady-state anodic current densities of 100 µA cm-2 and 220 µA 
cm-2, respectively (Fig.  1). It can be seen that the global shape of the two impedance 
diagrams is independent of the applied potential and shows the same time constants as those 
previously described, indicating that the same mechanism occurs at Ecorr and for low anodic 
over potentials.  Fig.  3b shows the dimensionless representation of the EIS diagrams 
obtained from the normalization by the maximum value of the real part of each spectrum 
presented in Fig.  3a. It can be seen that each time constant slightly depends on the 
potential. In particular, the amplitude of the low-frequency inductive loop increases with the 
potential, regardless of the variation of the active surface area. Such observation has been 
already reported for this inductive feature, but only to evaluate the Mg dissolution rate [35]. 
Indeed, this inductive contribution can be ascribed to an adsorbed intermediate relaxation 
and fulfill the hypothesis of the surface coverage relaxation with the potential. In the present 
case, within the small anodic investigated potential domain, the  Mg./0

&  surface coverage 
increases with the potential. Also, it should be mentioned that the existence of adsorbed 
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intermediates has been proposed for many different systems, regardless of the technique used, 
impedance spectroscopy or polarization curves [52-54].  

The intermediate frequency domain corresponding to the diffusion of species through the 
Mg(OH)2 layer is slightly affected by the change in potential. 

 

 3.2.3. Interfacial capacitance: graphical analysis and power-law model 

The impedance results, presented in Fig.  2 and in Fig.  3, show that the high-frequency 
response corresponding to the charge transfer resistance in parallel with the interfacial 
capacitance is characterized by a flattened capacitive loop. Graphical analysis of the results 
allows a constant phase element (CPE) to be clearly evidenced in the high-frequency domain 
(Fig.  4a) and the a parameter of the CPE (the impedance of which is given by 𝑍234 =

6
7 89 :) to be determined from the variation of the imaginary part of the impedance (in 

absolute value) as a function of frequency (Fig.  4b) [37, 55]. In Fig. 4a, it can be seen that 
the phase angle value on the plateau, for the corrected curve, is -79°. Thus, the CPE 
parameter is equal to 79:90 = 0.88, in agreement with the value determined in Fig. 4b. The 
plateau observed at high-frequency is characteristic of a pure CPE behavior which may be 
the consequence of a resistivity distribution along the thin oxide film thickness. This CPE 
behavior can be analyzed by the power-law model [56, 57]. However, the use of the power-law 
model introduces a large number of parameters. The capacitance of the oxide film can be 
extracted from the impedance data by using the complex-capacitance representation [58, 59] 
and then, the oxide film thickness can be calculated. It was shown that this methodology 
allows an easy determination of the oxide film thickness that agrees well with the results 
obtained with other techniques, such as XPS [38] or reflectometry [41]. A similar 
methodology has been recently used to investigate the stability of the oxides film formed on a 
Mg alloy containing rare-earth elements [42]. Thus, in a first step, the film capacitance was 
graphically determined from the EIS response through the relationship: 

𝐶 𝜔 = 6
89 => 9 ,?@

        (Eq. 3) 

Where 𝑍A is the impedance of the Mg electrode and 𝑅C is the electrolyte resistance, which 
can be determined from the high frequency limit of the impedance diagram.   

The results presented in Fig.  5 shows an example of the complex-capacitance plot obtained 
from the impedance response of the Mg electrode after 35 h of immersion at Ecorr in 0.1 mol.L-

1 Na2SO4 solution (Fig.  2). From the HF frequency limit of the impedance, 𝐶D, the dielectric 
capacitance of the thin MgO oxide film formed at the electrode surface can be determined. 
The thin oxide film thickness,	𝛿FG, was afterwards calculated from the usual relationship 

𝐶D = HHI
JKL

         (Eq. 4) 
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where 𝜀 and 𝜀N are the relative permittivity of the thin oxide film and the vacuum 
permittivity (𝜀N = 8.85	10,6T	Fcm,6), respectively. Assuming a permittivity value of 9 for 
MgO, this leads to an oxide film thickness of 6.6 nm for the results presented in Fig.  5. The 
oxide film thickness was calculated from all the impedance spectra obtained at Ecorr. The	𝛿FG 
values are reported in Fig. 6 as a function of the immersion time in the Na2SO4 solution. The 
film thickness slightly increases with time from 5.4 nm up to 7 nm after 60 h of immersion. 
 

Then, the power-law model, previously introduced to account for a normal distribution of the 
time constants at an interface [56, 57], was used for describing the impedance contribution of 
the oxide film and is given by the general formula  

𝑍FGX/C 𝜔 = Y G
6&89HHIY G

𝑑𝑥JKL
N       (Eq. 5) 

in which 𝜔 is the pulsation, 𝑗 the imaginary number solution of 𝑗* = −1, and 𝜌 𝑥  the 
resistivity distribution inside the film, which is expressed as a function of the normal 
coordinate, 𝑥, to the film as 

𝜌 𝑥 = 𝜌J
Y_
YI
+ 1 − Y_

YI

G
JKL

` ,6
      (Eq. 6) 

where 𝜌N and 𝜌J are the boundary values of the resistivity at the metal / oxide interface and 
at the oxide / solution interface, respectively. 

It has been previously shown that this impedance has an analytical solution in a restricted 
frequency domain depending on the value of  𝜌N and 𝜌J [56, 57]. In the present work, the 
non-linear regression analysis was performed with the integral formula, which is valid over 
the whole frequency domain.  

The parameters, 𝜌N and 𝜌J, corresponding to the interfacial capacitances were determined 
and are reported as a function of the immersion time in Fig.  7. Both at the metal / oxide 
interface and at the oxide / solution interface the resistivity values remain relatively 
constant. These values show that the MgO conductivity changes by about 6 orders of 
magnitude over a nanometric distance. This should be explained by the hydration of the 
layer that should decrease along the thin film thickness. These constant values are also in 
agreement with the fact that the oxide film (MgO) mainly grows laterally over the electrode 
surface decreasing the active surface area as it can be observed on the variation of the 
impedance diagrams with the immersion time.  

Finally, it can be assumed that the thin MgO oxide film dominates the capacitive response of 
the interface, that is, the surface area covered by the MgO is higher in comparison with the 
film-free area and thus, the double layer capacitance is negligible.  
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3.3. Corrosion mechanism 

3.3.1. Kinetics model 

From the above results, a detailed description of the impedance response can be provided 
accounting for both, the corrosion mechanism of the Mg in sulfate solution and the interfacial 
capacitance of the electrode. Unlike most of the literature, we provide a mechanistic 
description of the corrosion mechanism in terms of elementary reactions together with the 
analysis of the CPE behavior accounting for the thin oxide film at the Mg surface. Such an 
approach allows to avoid the use of electrical equivalent circuits, and allows to demonstrate 
the significant role played by the adsorbates on the corrosion mechanism. 	

 At Ecorr, the description of the corrosion mechanism of a metal accounts for both the anodic 
and the cathodic processes, resulting in a null net current. In the case of Mg, the impedance 
results (Fig.  2 and Fig.  3) showed that, at Ecorr and for low anodic potential values, the 
impedance diagrams shows the same time constants, the impedances only increased by a 
multiplying factor depending on the immersion time. Thus, it can be concluded that the Mg 
dissolution dominates the impedance response and in the following, only the anodic reaction 
was taken into account to describe the dissolution mechanism of Mg that is valid at Ecorr and 
for low anodic over potentials. Moreover, the anodic steady-state curve and the inductive 
loop observed on all the EIS diagrams suggest that the mechanism involved an adsorbed 
intermediate. Hence, it is proposed a corrosion mechanism involving the  Mg./0

&  species that 
remains as an active site on the electrode surface. Interestingly, such an intermediate has 
been previously proposed by Baril et al. [34] and is also in agreement with the recent works 
of Taylor [60] and Yuwono et al. [15] involving the formation of adsorbed intermediates at 
the electrode surface leading to the formation of hydrogen bubbles.  

Thus, on the film-free areas, two successive anodic reactions occur 

Mg 	
					ab					  Mg./0

& + 	e,       (Eq. 7) 

and  

Mg./0
& 	

					ac					

				adc			
 Mg*& + 	e,       (Eq. 8) 

where 𝑘X and 𝑘,X are the forward and the backward rate constants of the reaction, 
respectively and expressed in cm-2 s-1. Assuming that the kinetic constants of the 
electrochemical reactions follow the Tafel’s law, each reaction has a normalized time constant 
𝐾X corresponding to its rate constant 𝑘X by 

𝐾X = 𝑘X exp ±𝑏X 𝐸 − 𝐸N        (Eq. 9) 

where 𝑏X is the charge transfer coefficient, and 𝐸 − 𝐸N  the applied over potential with 
respect to the origin of potentials, 𝐸N. The sign in the exponential term is positive for an 
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oxidation reaction and negative for a reduction reaction. In the following, the origin of 
potentials is chosen as the corrosion potential obtained after reaching the steady-state in 
solution, and thus 𝑉 = 𝐸 − 𝐸kFll.  

For the NDE, which is a chemical reaction of the  Mg./0
& , formed on the Mg surface, with 

water to produce dihydrogen (Eq. 10) the increase of the magnitude of the inductive loop, 
observed on the EIS diagrams as a function of the applied potential (Fig.  3), indicated that 
the surface coverage by the adsorbed species also increased with the potential. Such a 
behavior is in agreement with the relaxation of adsorbed species [37, 61] and also with the 
increase of the H2 formation when the potential of the Mg electrode is shifted towards anodic 
values. It is thus proposed that the NDE occurs only with the Mg./0

& , and expresses as 

 Mg./0
& + H*O 	

					am					  Mg*& + 	OH, + 6
*
H*     (Eq. 10) 

Assuming that the adsorbate  Mg./0
&  obeys a Langmuir’s isotherm with a maximum number 

of sites per surface unit 𝛽, and a fraction of surface coverage 𝜃, the charge and mass balance 
express as  

𝛽 /p
/q
= 𝐾6 1 − 𝜃 − 𝐾*𝛽𝜃 + 𝐾,*𝐶Mg2+ − 𝑘r𝛽𝜃    (Eq. 11) 

𝐷
2Mg2+

JtKuu
= 𝐾*𝛽𝜃 − 𝐾,*𝐶Mg2+ + 𝑘r𝛽𝜃      (Eq. 12) 

where 𝐶Mg2+ is the interfacial concentration of Mg2+ in solution. 𝛿kFll is the total thickness of 

the corrosion product layer. It should be recalled that 𝛿kFll accounts for the thickness of the 
Mg(OH)2 and is different from the the MgO film thickness (	𝛿FG), previously determined from 
the capacitance plots (Fig.  5). The faradaic current expresses as  

𝑖A = 𝐹𝐴 𝐾6 1 − 𝜃 + 𝐾*𝛽𝜃 − 𝐾,*𝐶Mg2+      (Eq. 13) 

where F is the Faraday constant and A is the electrode surface area.  

At steady-state, /p
/q
= 0, which leads to the determination of steady-state Mg2+ concentration 

and surface coverage as 

𝜃0q.q =
yb&ydc2Mg2+

yb&ycz&amz
        (Eq. 14) 

and  

𝐶Mg2+ = yc&am zp{|}|
~

_tKuu
&ydc

        (Eq. 15) 

thus  

𝜃0q.q =
yb

~
_tKuu

&ydc

yb
~

_tKuu
&ydc & yc&am z

~
_tKuu

      (Eq. 16) 
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The linearization of the governing equations allows the calculation of the faradaic impedance 
as the solution of the linear system of equations (Eqs. 17-19): 

𝑗𝜔𝛽Δ𝜃 = − 𝐾6 + 𝐾*𝛽 + 𝑘r𝛽 Δ𝜃 + 𝐾6𝑏6 − 𝐾6𝑏6𝜃 − 𝐾*𝑏*𝛽𝜃 − 𝐾,*𝑏,*𝐶Mg2+ Δ𝑉 + 𝐾,*Δ𝐶Mg2+ 

𝑗𝜔𝛽 + 𝐾6 + 𝛽 𝐾* + 𝑘r Δ𝜃 = 𝐾6𝑏6 1 − 𝜃 − 𝐾*𝑏*𝛽𝜃 − 𝐾,*𝑏,*𝐶Mg2+ Δ𝑉 + 𝐾,*Δ𝐶Mg2+ 

∆𝑖A
𝐹𝐴

= 𝐾*𝛽 − 𝐾6 ∆𝜃 + 𝐾6𝑏6 − 𝐾6𝑏6𝜃6 + 𝐾*𝑏*𝛽𝜃 + 𝐾,*𝑏,*𝐶Mg2+ ∆𝑉 − 𝐾,*∆𝐶Mg2+ 

 

The concentration variation ∆𝐶Mg2+ inside a finite diffusion layer of thickness 𝛿kFll is given 

by the solution of the second Fick’s law using the Nernst hypothesis [37].  

∆2Mg2+

∆X>
= − 6

A��

�#�� JtKuu
��
~

��
~

= − 6
A�
𝑁 𝜔      (Eq. 20) 

with 

𝑁 𝜔 =
�#�� JtKuu

��
~

89�
        (Eq. 21) 

then, the faradaic contribution to the impedance can be calculated 

𝑍A 𝜔 = ∆�
∆X>

=
6&ycc� 9 6, �c�d�b

�����b�� �c��m

A� lb&lc &
�c�d�b ubduc

�����b�� �c��m

     (Eq. 22) 

with 

𝑟6 = 𝐾6𝑏6 1 − 𝜃         (Eq. 23) 

and  

𝑟* = 𝐾*𝑏*𝛽𝜃 + 𝐾**𝑏**𝐶Mg2+       (Eq. 24) 

The overall impedance is then obtained by taking into account the contribution of the 
interfacial capacitance, 𝑍FGX/C 𝜔 , and the electrolyte resistance, 𝑅C: 

𝑍 𝜔 = 𝑅C +
=> 9 ×=KL��@ 9 	
=> 9 &=KL��@ 9

       (Eq. 25) 

 

Fig.  8 shows the EIS diagrams in Nyquist representation for the Mg electrode after 35 h 
immersion (black circles). On the same graph, the result of the non-linear regression with the 
proposed model (Eqs.22 & 25) is reported (red crosses). This non-linear regression was 
performed with an in-house made software based on a simplex algorithm allowing analytical 
expression of the impedance and of the conductivity to be used. A detailed analysis of the 
EIS diagrams presented in Fig. 2 and 3 was performed with the model, and in the following, 
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the results of this analysis and the variations of the most significant parameters are 
presented and discussed. The electrolyte resistance remains constant as a function of the 
immersion time. Such behavior is expected since Re is measured in the high-frequency domain 
and only depends on the geometry of the electrochemical cell, and in particular of the 
electrode size. Thus, for the fitting procedure, the Re value was graphically determined and 
then used as a constant. Similarly, the thin oxide film thicknesses (	𝛿FG) determined from the 
complex-capacitance diagrams (Fig.  6) were also fixed in the fitting procedure. Thus, the 
number of parameters to be adjusted was smaller allowing a greater accuracy for the 
remaining parameters to be obtained. It should also be underline that this model enables to 
explain both the dissolution kinetics of Mg with a two-elementary-step reaction mechanism 
and the NDE phenomenon, is in agreement with the experimental results of the literature [2-
6]. 

 
3.3.2. Modeling of the electrochemical response  

From the fitting procedure, the thickness of the Mg(OH)2 layer formed on the electrode 
surface during the corrosion process can be readily obtained.  Its variation as a function of 
the immersion time in the Na2SO4 solution is presented in Fig.  9. It slightly decreases from 
29 µm to 21 µm after about 60 h of immersion. A thickness, in the same order of magnitude 
(15 µm), has been measured from ex situ SEM examination of the cross-section of the 
Mg(OH)2 layer formed at a Mg sample after 21 h of immersion in a sodium sulfate solution 
[32]. Most of the variation of the layer thickness is observed during the first hours of 
immersion. Indeed, no corrosion product was initially present, and the thickness variation in 
the first hours is a result of two phenomena: the convective diffusion of redox species in 
solution for short immersion time (i.e. during the formation of the corrosion layer, the 
thickness of the Nernst layer being in the range of 20 µm for a RDE at 1000 rpm), and then 
the diffusion inside the corrosion layer for longer immersion time. After 20 h, it is assumed 
that a steady-state is reached between the formation and the dissolution of the Mg(OH)2 
layer. A general sketch of the interface is presented in Fig.  10. 

The calculation of the surface coverage by the adsorbate  Mg./0
&  with Eq. 16 and the 

regressed parameters showed a variation of 𝜃0q.q that increased during the 10 first hours from 
2×10-3 to 4×10-3, and then decreased down to 3×10-3, in agreement with the progressive 
formation of the corrosion products layer that partially hindered the surface reactivity. 
Moreover, from Eq. 15, the interfacial concentration of Mg2+ was calculated. Values in the 
range of a few 10-7 molL-1 were obtained, that is 2 to 3 orders of magnitude lower than the 
solubility limit of Mg(OH)2 for a pH of about 10 [31, 32]. Such a value is in agreement with a 
local pH increase at the Mg surface and the presence of a concentration gradient in the close 
vicinity of the electrode. 
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In contrast, the variation of the different kinetic constants, which were obtained from the 
fitting of the different time constants, cannot be directly interpreted. Indeed, the evolution of 
the EIS diagrams as a function of the immersion time strongly depends on the variation of 
the active surface area, and thus the fitted parameters, obtained from the raw data, must be 
corrected from the surface area variation. The evolution of the active surface area was 
calculated from the charge transfer resistance, determined from the diameter of the first 
capacitive loop of the impedance diagram for each immersion time and by using the first 
measurement (after 2 h of immersion) as reference value. The results are presented in Fig.  
11. It should be noted that the same result is obtained if the active surface area is calculated 
from the maximum value of the real part of the impedance diagrams as it was done for 
performing the normalization of the EIS spectra presented in Fig.  2. A significant decrease 
of the active surface with time can be observed (in other words, an increase of the electrode 
surface area covered by the oxide layer), which is about twice smaller after 60 h of 
immersion. Even if the active surface area cannot be accurately determined and should 
represent a small fraction of the whole electrode surface, the obtained variation underlines 
that the oxide film does not completely cover the electrode surface (free-film area still 
remains present on the Mg surface). This is in agreement with the Pilling-Bedworth (PB) 
ratio. For pure MgO, the PB ratio is smaller than 1 (0.8 [5, 62]) indicating that the MgO 
oxide film cannot fully cover the Mg surface. 

The fitting procedure allows all the parameters of the model to be determined. The 
variations of the kinetic constants, k1 and k2, and the related Tafel parameters, b1 and b2, are 
presented in Fig.  12 as a function of time. The variation of the raw values of k1 (open blue 
circles - Fig.  12a) shows a decrease of the kinetic constant with time. However, the active 
surface area also varies as a function of time (Fig.  11) and the apparent kinetics parameters 
obtained from the impedance variations can be described as extensive parameters. The 
variations of k1 have to be corrected from the active surface area variations (plain blue circles 
- Fig.  12a), thus showing an almost constant behavior with time. The Tafel’s coefficient, b1 
(red squares - Fig.  12a) is independent of the immersion time. It should be noted that this 
parameter, the units of which are V-1, is to be seen as an intensive parameter, i.e. 
independent of the surface variation. It is thus concluded that the first step of the anodic 
dissolution is not modified by the formation of the corrosion product or by the minute 
change of the interface. Conversely, the second kinetic constant k2 (Fig.  12b) varies 
whatever the representation, whereas b2 remains constant. Thus, the second step (dissolution 
rate of Mg, from adsorbed species,  Mg./0

& , to Mg2+) is governed by the immersion time. 
These kinetic parameters allowed the steady-state current to be calculated, using Eq. 13, 
which corresponds in this case to the corrosion current density. After 2 h of immersion, the 
value is about 115 µA cm-2, which is in agreement with the current densities measured on the 
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current/potential curve (Fig. 2). This value is close to that obtained in similar conditions 
(commercially pure Mg in Na2SO4 solution with a RDE)[63]. 

 

It can be concluded that the impedance measurements which allowed the evaluation of the 
corrosion rate from the charge transfer resistance, showed that the variation of the active 
surface area of the Mg electrode is mainly responsible for the apparent decrease of the 
corrosion rate as a function of time.  

 

4. Conclusions 

In the present work, a model was proposed to fully describe the three time constants 
observed on the impedance diagrams as a function of the immersion time in a sodium sulfate 
solution. The Mg dissolution was described by an elementary mechanism involving the 
exchange of two electrons in two steps and including an adsorbed intermediate (Mg./0

& ). The 
Mg./0

&  is involved in a chemical reaction to describe the NDE (Eq. 10). All the impedance 
diagrams were perfectly adjusted with the model. 

First, the increase of the impedance magnitude with time was ascribed to the decrease of the 
active surface area. In the high-frequency range, the charge transfer resistance in parallel 
with the interfacial capacitance allows a fine description of the thin oxide MgO film formed 
on the Mg surface. Its thickness was obtained from the analysis of the complex capacitance 
plot, whereas the CPE behavior was explained and analyzed by using the power-law model 
that describes the resistivity variations inside the film [56, 57].  

The second time constant was attributed to the diffusion of electroactive species inside the 
thick-layer of corrosion products (Mg(OH)2), as previously described in the literature [34].  

Finally, the inductive loop in the low-frequency domain was ascribed to the relaxation of the 
adsorbate on the Mg surface. It was shown that its magnitude increased with the anodic over 
potentials, showing that the adsorbed intermediates can be specific sites on which the NDE 
occurs.  
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Fig.  1 : Current/potential curve obtained after 2 h immersion at Ecorr in a 0.1 molL-1 Na2SO4 solution 
(W = 1000 rpm, v = 0.167 mVs-1). The anodic and cathodic branches were obtained separately from 
Ecorr (independent measurements) and the curves were corrected from the ohmic drop. 
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Fig.  2: Electrochemical impedance diagrams of Mg after different immersion times at Ecorr in a 
0.1 molL-1 Na2SO4 solution (W = 1000 rpm): (a) raw impedance diagrams (Nyquist representation); (b) 
normalized impedance diagrams (each diagram was normalized by the maximum value of the real part 
of the impedance). 
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Fig.  3: Electrochemical impedance diagrams of Mg in a 0.1 molL-1 Na2SO4 solution (W = 1000 rpm) at 
Ecorr and for two anodic over potentials: (a) raw impedance diagrams (Nyquist representation); (b) 
normalized impedance diagrams (each diagram was normalized by the maximum value of the real part 
of the impedance). 
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Fig.  4 : Electrochemical impedance response of Mg after 35 h immersion at Ecorr in a 0.1 molL-1 
Na2SO4 solution (W = 1000 rpm). (a) Variations of the phase angle (circle) and corrected phase angle 
from the ohmic resistance (triangle) as a function of the frequency; (b) variations of the absolute value 
of the imaginary part of the impedance as a function of the frequency. 
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Fig.  5: Complex-capacitance plot obtained from the electrochemical impedance response of Mg after 
35 h immersion in a 0.1 molL-1 Na2SO4 solution (W = 1000 rpm) – from the data presented in Fig.  4 
using Eq. 3. The axis is not orthonormal to make the extrapolation to the C’ axis better visible.  
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Fig.  6: Oxide film thickness formed on the Mg surface as a function of the immersion time in a 
0.1 molL-1 Na2SO4 solution (W = 1000 rpm) – Each point of this curve corresponds to the analysis of 
the complex-capacitance plot as shown in Fig.  5. 	
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Fig.  7: (a) Resistivity at the metal / oxide interface and (b) at the oxide / solution interface of the 
MgO thin film as a function of the immersion time for the corrosion of Mg in a 0.1 molL-1 Na2SO4 
solution (W = 1000 rpm). These data were obtained from the fitting procedure assuming a power law 
model for the description of the interfacial capacitance (see text).   
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Fig.  8: Impedance response of Mg after 35 h immersion in a 0.1 molL-1 Na2SO4 solution 
(W = 1000 rpm) in a Nyquist representation (black circles) and fitting of the EIS response with the 
model (Eqs. 22 & 25) (red crosses). The fitted diagram corresponds to the following parameters: 𝑏6 =
28.9	V-1, 𝑏* = 11.8	V-1, 𝑏,* = 9.3	V-1, 𝑘6 = 2.32	10,6N	cm2s-1, 𝑘* = 9.35	10,*	cm2s-1, 𝑘,* =
7.58	10,T	cm2s-1, 𝑘r = 8.16	10,r	cm2s-1, 𝛿kFll = 22.2	µm, 𝛿FG = 6.7	nm, 𝐷 = 3	6	cm2s-1, 𝛽 = 	10,�	mol	
cm-2. 
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Fig.  9: Total thickness of the corrosion layer formed on Mg surface as a function of the immersion 
time in a 0.1 molL-1 Na2SO4 solution (W = 1000 rpm) – obtained from the fitting of the impedance 

diagram as exemplified in Fig.  8. 
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Fig.  10 : Sketch of the interface describing the different layers formed during the Mg corrosion. 
According to the impedance data analysis, the MgO layer thickness is about 5-7 nm (Fig. 7) and the 
Mg(OH)2 layer thickness is about 20-30 µm (Fig. 9). 
 
  

MgO 

Mg 

Mg(OH)2 

Electrolyte 



 

	 29	

 
 

 
Fig.  11: Active surface area as a function of the immersion time for Mg in a 0.1 molL-1 Na2SO4 
solution (W = 1000 rpm). The relative surface area was calculated from the charge transfer resistance, 
determined from the diameter of the first capacitive loop of the impedance diagram for each immersion 
time (Fig. 2) and by using the first measurement performed after 2 h of immersion as reference value. 
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Fig.  12: Kinetic parameters as a function of the immersion time for the corrosion of Mg in a 
0.1 molL-1 Na2SO4 solution (W = 1000 rpm) – the blue open circles correspond to the raw kinetic 
constant determined from the fitting procedure; the blue plain circles are the same data corrected from 
the surface variations (see text); the red squares correspond to the variation of the Tafel coefficient.  

 

 


