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This study investigates the electrochemical impedance diagrams obtained for a Mg electrode in a sodium sul-
phate solution at different pHs. A comprehensive model, independent of the pH range, with the presence of two
adsorbed intermediates accounting for the anodic dissolution and the cathodic reaction was proposed to explain
the singular behaviour of Mg at low pH values. It was also shown that, in acidic media, the contribution of the
double layer as well as the cathodic partial reaction must be considered, whereas at higher pH values the oxide/
hydroxide layer plays a significant role and slows down the magnesium corrosion rate.

1. Introduction

The corrosion mechanisms of magnesium and its alloys have been
widely investigated and discussed in the literature, under different
conditions using a large variety of electrochemical and surface analysis
techniques [1-18]. Many articles, including reviews, have been pub-
lished aiming at clarifying the proposed corrosion mechanisms and to
give new insights for the development of the corrosion protection of
these materials [19-30]. Despite of all the knowledge gathered about
Mg corrosion, its corrosion mechanism, and in particular the anomalous
anodic hydrogen evolution (known as negative different effect — NDE),
are considered as enigmatic and are still not clearly understood [18,30,
31]. This is because of the complexity of the chemistry and electro-
chemistry of magnesium in aqueous solutions [32], which may involve,
depending on the authors [30], an oxide film on the surface of Mg
[33-35], water dissociation [32,36-42], the NDE [16-18,43-47],
adsorption of species, monovalent magnesium ion (Mg") formation
[9-15,48], interfacial pH variation [17,49-52], and precipitation of
corrosion products [9-15, 52].

Many attempts have been made to understand and identify the

various phenomena occurring at the Mg/electrolyte interface with a
particular emphasis on the NDE analysis [30]. These works have led to
the suggestion of several mechanisms, based on the formation of inter-
mediate species, such as the univalent Mg" ion model [19-27,53-55],
the partially protective surface film model [3,56,57] or the incomplete
film univalent Mg+ ion model [19,30] corresponding to the combination
of these two mechanisms [30]. For the latter, Mg surface is partially
protected by a thin oxide film and film-free area increases with
increasing the anodic potential or current [30]. On the bare surface, Mg
is first electro-oxidized to form a Mg" species which, in turn, is either
electro-oxidized to form Mgt or chemically reacts with water or hy-
dronium cations leading to hydrogen evolution [30]. This chemical re-
action could be the reason for the anodic hydrogen evolution but is
based on the presence of the monovalent Mg™ which, to the best of our
knowledge, has not been detected when investigating the corrosion of
Mg in aqueous solutions [30,54,58]. However, Al Bacha et al., provided
for the first time, evidence of the formation of an univalent intermediate
on the metal surface, MgOH and/or MgH_" using in situ Raman spec-
troscopy [59], whereas Samaniego et al. disproved the existence of Mg™
as stable species in the aqueous solution [58] when revisiting the Petty
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experiment [54] with the help of Raman spectroscopy. Studies based on
first-principle modelling are in contradiction with each other regarding
the theoretical existence of such an intermediate entity [38,60-63], but
disagreements are usually explained by short life of the Mgt [30].

Similarly, another model has been proposed based on the adsorption
of the intermediate species, Mg™, on the film-free areas, since this cation
is believed to be highly reactive with water and thus could not exist in
the solution as a hydrated compound [6,17,45]. Moreover, in this
model, the Mg corrosion is controlled mainly by the development of a
thin oxide film on the Mg surface [6,17,45]. At this point, it should be
mentioned that other mechanisms aiming always to clarify the different
experimental observations, have also been proposed such as the mag-
nesium hydride model [30,64-70], the enhanced cathodic catalytic ac-
tivity [30,71,72], the impurity particle cathode model [16,30,73,74]
and, the Mg*H/Mg*OH catalysts model [36,37,39,40], but they
partially account for the whole observations reported in the literature
[30].

It is well-known that magnesium dissolves to a greater extent under
acidic or neutral conditions than in alkaline media [4,46]. In alkaline
solutions, the formation of a protective magnesium oxide/hydroxide
film prevents its dissolution [4,35,46,52]. Moreover, the pH at the
Mg/solution interface tends to increase to a value of about 11, since the
cathodic reaction produces hydroxide ions or consumes protons [4,46].

The complex chemistry of the Mg corrosion as function of pH and
electrolyte composition can explain why so many types of mechanisms
have been proposed [9-14,75-80]. Generally, the following mecha-
nisms are involved in the dissolution of divalent metals, M(II) [81]:

The aquo-ligand mechanism:

M-Mf +e” (al)

+
Mads

—>M§q+ +e (a2)

The hydroxo-ligand mechanism:

M + H,0-MOH,y + H" +e~ (bD)

MOH,4,~MOH, +¢" (b2)

The aniono-ligand mechanism:

M+ A >MAy, +e (c1)

MA,—MA], + ¢~ (c2)

In the hydroxo-ligand mechanism, it is common to consider MOH,g;
as the first intermediate involved in the formation of a passivation
layer following the reaction [81]:

MOH,y, + H,O—M(OH), + H" + ¢~ (b3)

Electrochemical impedance spectroscopy (EIS) is a powerful in situ
technique to investigate the Mg corrosion mechanism which involves
multiple steps with adsorbed intermediate species [1,4,6,13,17,35,81,
82]. It provides accurate information about the different processes
occurring at the metal/electrolyte interface, and gives access to several
parameters of the system. Here, it must be emphasized that ex situ sur-
face analysis, even at the nanoscale, such as transmission electron mi-
croscopy (TEM) or X-ray photoelectron spectroscopy (XPS) cannot be
used to detect the adsorbed intermediate species.

As far as we know, the corrosion of magnesium at the early stages in
highly acidic media, has never been investigated by means of EIS [45,46,
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49-52], and so far, the existence of two inductive loops in the low fre-
quency range, has been reported only for Mg alloys [83-87] and has
generally been ascribed to corrosion initiation and adsorption of
corrosion products in the pits [83], localized or micro-galvanic corrosion
and corrosion associated with porosity [84], hydrogen corrosion pro-
cess, and initiation of pitting [85], corrosion product desorption and
chemical reaction between Mg+ and H,0 [86], as well as local disrup-
tion of passive layer contributing to localized corrosion and adsorption
of hydrogen atoms [87]. In all these studies, the inductive behaviour has
not been deeply investigated and the description of the corrosion
mechanism was only limited to the use of equivalent electrical circuits.

The aim of the present work is to discuss new experimental results on
the pH dependence of the Mg corrosion, at the early stages of immersion
in sodium sulphate solutions using EIS. From impedance data analysis, a
comprehensive model accounting for the adsorption of hydrogen atoms
is proposed to complete the existing mechanism [6,17] and thus, to fully
describe all the time constants observed experimentally in the whole
investigated pH range.

2. Experimental

The experiments were performed in naturally aerated 1 M sodium
sulphate (NaSO4) solutions, acidified with diluted HySO4 solution to a
pHof7.7,2.9 and 1.8 at 25 °C. It can be mentioned that Mg corrosion is
relatively insensitive to the oxygen concentration because the reduction
of water molecules or protons are the main cathodic reactions involved
in the corrosion process.

Electrolytes were prepared using anhydrous sodium sulphate (99%,
Acros Organics), sulphuric acid (96% for analysis, Carlo Erba Reagents)
and deionized water. A volume of 50 mL of Na;SO4 solution was used for
the EIS measurements.

The pH of the different solutions and pH monitoring were conducted
at 25°C using a pH meter and a pH electrode from Radiometer
analytical.

It is worth mentioning that during the impedance measurement, the
pH increases but insignificantly from 1.8 to 1.9 for the first 2 h (corre-
sponding to 30 min holding time at E.o followed by 1.5h for EIS
measurement), then from 1.9 to 2.2 after 3 h (corresponding to 1.5h
holding time at Ecor + 1.5 h EIS measurement). This will be further
discussed in the following section.

All the experiments were performed using a Gamry Ref
600+ potentiostat, an Mg (99.9%, Goodfellow) rotating disk electrode
(5 mm in diameter) at 1000 rotations per minute (rpm), a saturated
mercury sulphate reference electrode (MSE - E = 0.64 V/SHE at 25 °C)
and a large platinum grid as a counter electrode. The temperature of the
electrolytic solutions was controlled to 25 + 0.5 °C by using a water
circulating bath. The impurity contents of the Mg, the working electrode
preparation as well as the polishing and cleaning of the Mg surface are
reported elsewhere [17].

EIS measurements were conducted using a potentiostatic regulation
at the corrosion potential (E.o) after a holding time of 30 min. The
measurements consisted in applying a 10 mV,y,s amplitude perturbation
in a frequency domain ranging from 100 kHz to few tens mHz with an
acquisition of 8 points per frequency decade. The measured impedance
data was tested for compliance with the Kramers—Kronig relations [82,
88] using the Gamry software. At very high frequencies, the impedance
diagrams are influenced by the geometry effect of the rotating disk
electrode on the current and potential distributions [82], whereas
depending on the pH, data accuracy at very low frequencies may be not
sufficient due to the low stationarity of the electrochemical systems and
thus in some case these points were disregarded. Reproducibility was
checked from several experiments. Despite the high reactivity of the Mg
and bubbles formation at the surface of the electrode, partially removed
by the electrode rotation, high reproducibility was achieved. The results
presented are representative of each experimental condition.

The anodic and cathodic potentiodynamic curves, for the pH = 1.8
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solution, were plotted separately after a holding time of 30 min at Ecqyr,
from Ecorr - 10 mV to Egopr + 250 mV and from Ecorr + 10 mV to Ecopy -
250 mV. A slow sweep rate of 0.1 mV s~ was used to ensure quasi
steady-state measurements. The polarization curves were corrected from
the ohmic drop using the electrolyte resistance, R., graphically deter-
mined from the EIS diagrams as the high frequency limit of the real part
(R was about 2.1-2.2 Q cm? depending on the position of the reference
electrode).

3. Results and discussion
3.1. Electrochemical impedance measurements
3.1.1. Impedance diagrams at Eor

Fig. 1 shows the impedance diagrams for the Mg electrode for
different initial pH (1.8, 2.9 and 7.7). For a pH of 7.7 (Fig. 1a), a classical
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Fig. 1. Electrochemical impedance diagrams (Nyquist representation) of Mg
after 30 min immersion at Ec,, in 1 M Na,SO4 solution at different pH values
(electrode rotation rate Q = 1000 rpm): (a) pH =7.7; (b) pH =2.9; (c)
pH =1.8.
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three-time constants impedance diagram, usually observed for a Mg
electrode in neutral or alkaline sodium sulphate solution [1,6,17], was
obtained. The first capacitive loop, in the high frequency range, corre-
sponds to the charge transfer resistance in parallel with the interfacial
capacitance [1,6,17]. In alkaline media, this interfacial capacitance is
mainly dominated by the response of the thin oxide layer and thus, the
contribution of the double layer can be neglected [1,6,17,35]. The sec-
ond time constant, in the medium frequency range, corresponds to the
diffusion of Mg2+, or other species, e.g., OH’, inside the porous Mg(OH),
corrosion layer formed on top of the oxide layer (MgO) [6,17,45] when
the pH is sufficiently high [4,35,46,52]. In the low frequency range, the
inductive loop corresponds to the relaxation of adsorbed intermediates
[81,82], very likely adsorbed monovalent magnesium cations “Mgaqs” as
previously stated in [6,17,45].

The use of a monovalent intermediate is in agreement with the
Marcus theory as discussed in detail by Koper [89], stating that a
monoelectronic transfer is more favoured than a simultaneous transfer
of two electrons. Indeed, the latter requires an activation energy which
is four times larger than in a monoelectronic transfer confirming that the
route with an adsorbed intermediate should be preferred [89]. In
addition, according to the quantum mechanics principle, it is unac-
ceptable to transfer two electrons in one step [60-63,81,90]. Moreover,
the use of electrochemical impedance spectroscopy revealed the pres-
ence of adsorbed monovalent intermediate for many other metals e.g.,
Fe [91-94], Al [95,96], Cr [97], Zn [98,99] and Mo [100,101] and, the
use of monovalent adsorbed species, to describe this relaxation phe-
nomenon, is indeed a very common way for describing multi-electron
transfer mechanisms for metal dissolution [102-105].

It should also be noticed that Mg intermediate could be present as
Mgids, (MgOH),4s or any other equivalent species, that can lead to the
final formation of stable hydrated divalent Mg ions, depending on the
Mg chemistry, electrochemistry, thermodynamics in aqueous environ-
ment, as well as the pH and potential [30]. On this aspect, a detailed
description of the Mg interface with respect to corrosion products, in-
termediate species and their role in catalysing the anodic hydrogen
evolution was recently published by Huang et al. [106].

When the initial pH of the solution is 2.9, a slightly different shape
for the impedance diagram is observed (Fig. 1b). In the high frequency
range, the time constant is attributed to the charge transfer in parallel
with the interfacial capacitance [6,17]. The medium frequency time
constant, which is poorly separated, may be attributed to the diffusion of
species inside the Nernst diffusion layer and/or through a thin porous
metastable passive layer, which is formed and dissolved under the
competition between hydroxide ions formation at the Mg surface and
protons provided by the bulk of the solution [3]. In the low frequency
range however, an inductive loop is also observed which is again
ascribed to the relaxation of adsorbed Mg+ intermediates [6,17].

When the initial pH of the solution is more acidic, i.e., 1.8, a different
shape for the impedance diagram, with three distinct time-constants, is
obtained (Fig. 1c¢). In the high frequency range, the time constant is
attributed to the charge transfer in parallel with the double layer
capacitance only, since no hydroxide layer can be formed and the oxide
layer chemically dissolved according to the reaction [3,35,107-109]:

MgO + 2H* ->Mg** + H,0 @

In the medium to low frequency range, two inductive loops are
observed. One can be ascribed to the relaxation of Mg ™ intermediates [6,
17] and, the other to the relaxation of a second adsorbed intermediate
[110]. From the impedance diagrams, it can be clearly seen that the Mg
corrosion mechanism, at the early stages, is strongly dependent on the
initial pH of the bulk solution and the corrosion resistance of the ma-
terial is significantly diminished by one to two orders of magnitude
when the initial pH of the solution is decreased from 7.7 to 1.8 (Fig. 1).
The emergence of a second inductive loop is very likely to be linked to
the pH change.
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To confirm this assumption, additional experiments were performed
(data not shown). They consist in measuring the impedance response of
the Mg electrode first, in the Na;SO4 solution at pH = 7.7 after 30 min of
immersion at Ecqr, and then, the solution was acidified at pH = 1.8 and a
second EIS measurement was performed after again 30 min of immer-
sion at E.or. In the neutral solution, a classical three-time constants
impedance diagram is obtained similarly to the diagram presented in
Fig. 1a. When the pH is decreased, a similar diagram to the one pre-
sented in Fig. 1c is obtained.

This result supports the hypothesis that at low pH values, almost all
the oxide/hydroxide present on the surface was dissolved. Moreover,
one of the inductive loops is related to the relaxation of adsorbed Mg™*
intermediates whereas the other may be ascribed to the adsorption of
protons on the magnesium surface corresponding to the cathodic reac-
tion, i.e., the Volmer reaction.

3.1.2. Influence of immersion time

Electrochemical impedance measurements were performed for two
immersion times (30 min and 2 h) at various pH. Since in alkaline
conditions the behaviour of Mg has already been deeply investigated [1,
5,6,17], our main focus in this study is on experiments performed in
acidic sulphate solutions.

Fig. 2a and Fig. 2b show the impedance diagrams for the Mg elec-
trode obtained at E.,, for two consecutive immersion times in the
NaySO4 solution at pH = 1.8 and pH = 2.9, respectively. The effect of
the immersion time was limited to relatively short times to avoid a
significant change of the pH of the solution. As can be seen, the
impedance diagrams are almost not affected by short immersion times,
regardless of the initial solution pH. The slight variations observed for
the time constants can be related to the high reactivity of Mg, which is
affected by minute change in pH in the vicinity of the electrode surface,
showing that the pH of the solution plays an important role on the
mechanism and its change as a function of time [111,112]. This was also
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Fig. 2. Electrochemical impedance diagrams of Mg after 30 min (black circles)
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(b) in 1 M N Na,SO,, pH = 2.9.
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supported by measuring the pH of a 30 mL solution (initial pH = 1.8)
during 20 h with the Mg rotating electrode, at Eco;y and Q = 1000 rpm
(Fig. 3). The pH in the bulk solution increased from 1.8 to 3.8 within
20 h, corresponding to a decrease in proton concentration by a factor of
100. However, the best way to understand the Mg corrosion mechanism
using a RDE would be to measure the interfacial pH, but such mea-
surement, as far as we know, has not been reported to date and needs
further development in the field of pH sensors in combination with a
rotating disk-electrode. Additionally, when a still electrode is used,
monitoring of the interfacial pH remains challenging since the vigorous
hydrogen evolution can affect both the stability of the sensor and the
reproducibility of the results [113,114]. Thus, for now, this result is only
accessible using modeling and simulations [115].

3.1.3. Influence of the electrode rotation rate

Impedance diagrams obtained for two rotation rates (500 rpm and
1000 rpm) are shown in Fig. 4a. The shape of the impedance diagrams is
unchanged with a small variation in the different time constants
(amplitude of the loops). The high frequency time constants are too high
to be ascribed to a diffusional process [82]. Thus, this is only related to
charge transfer and the small changes observed might be directly related
to the interfacial pH variation [1,5,6,17]. Interestingly, this assumption
can be verified using normalized impedance diagrams [1,5,6,17]
(Fig. 4b).

3.1.4. Impedance diagrams in the anodic and cathodic domains

To investigate the origin of the two inductive loops observed for the
lowest pH (1.8), impedance measurements were performed at different
anodic and cathodic potentials. First, Fig. 5 shows the current/potential
curve, corrected from the ohmic drop, obtained for Mg in a 1 M NaySO4
solution acidified at pH 1.8. The anodic and the cathodic branches were
obtained from independent measurements and the different polarization
potentials at which impedance measurements were performed are
indicated on the curve.

The effect of the applied anodic and cathodic potentials on the Mg
electrode is shown in Fig. 6a and Fig. 6b, respectively. The results
clearly indicate that the mechanism, at E., holds also for low anodic
and cathodic overpotentials. However, the first inductive loop (medium
frequency range) is strongly affected by both the anodic and the
cathodic polarizations. In fact, the amplitude of the impedance response
of the first inductive loop is decreasing with anodic potential and almost
disappears for high anodic overpotentials. This shows that this time
constant should be ascribed to a cathodic process, very likely to the
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16 1 1 1 1 1 L L L 1
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Fig. 3. Change of the pH of the Na»,SO, solution (volume of 30 mL) during 20 h
immersion of the Mg electrode at Eco,r and Q = 1000 rpm.
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hydrogen evolution reaction, which occurs through the Volmer-
Heyrovsky mechanism. This two steps pathway, involving the adsorp-
tion of protons, is known to be more favorable on a Mg surface than the
Volmer-Tafel process [32]. By analyzing the cathodic impedance
spectra, the same conclusion can be made on the contribution of
cathodic and anodic reactions to the global impedance. It is important
here to point out that, when the pH is increasing, the two inductive time
constants overlap (Fig. 1) and at higher pH values, the cathodic
contribution to the global faradic impedance becomes negligible as re-
ported in several works [6,17] (this point will be discussed in the
non-linear regression section).

Moreover, the second inductive loop (low-frequency range) is almost
unchanged by the anodic polarization (Fig. 6a) and decreases with
cathodic potential (Fig. 6b). This response may be related to a catalytic
adsorbed intermediate (Mgaq4s™) as postulated for iron dissolution [111,
112]. In the present work, we limit our analysis to the corrosion
mechanism at the corrosion potential and for low anodic and cathodic
overpotentials and the classical adsorbed intermediate (Mgzqs) will be
used as intermediate species in our model.

3.2. Corrosion mechanism

3.2.1. Kinetics model

From the experimental results, a comprehensive model is proposed
to complete the existing mechanism [1,5,6,17] and to describe the
corrosion of Mg over a wide pH domain. Thus, when the pH is very low,
a simplified interfacial process is described in Fig. 7a and, when the pH
is low but, not enough to dissolve the oxide layer, one may suggest the
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(a)

Solution R.

Nernst diffusion layer (&)

(b)

Solution

Nernst diffusion layer (J)

(c)

'Solution

Mg(OH), diffusion layer (6.,,,)

Fig. 7. Schematic representation of the Mg interface and of the equivalent
circuits for: (a) very low pH, (b) low pH and (c) neutral or alkaline pH.

presence of a partially thin oxide layer (Fig. 7b) and the diffusion layer is
ascribed to the diffusion of proton in solution (Nernst diffusion layer). In
neutral to alkaline solution, the Nernst diffusion layer is replaced by the
diffusion in the hydroxide layer and the interfacial capacitance is then
governed by the contribution of the oxide film capacitance (Fig. 7¢).
More complex equivalent circuits describing the interface, for instance
taking into account the contribution of both the double layer and the
oxide thin film can be used, but we represent here only the kinetically
limiting elements, i.e. those from which a value can be extracted from
the analysis of the diagrams.

In acidic medium and at the corrosion potential condition, the bare
Mg surface is in contact with the solution and thus four anodic and
cathodic partial reactions and a chemical reaction have to be considered
[1,5,6,17]:

ky ooy _
Mg —Mg™ 4 +e @
1** partial anodic reaction
ks
Mg, Mg* +e”
e @
-2
2" partial anodic reaction
k; 1
Mg", + H" > Mg* +-H
g2 g TH = Mg™ + 52 (3)
Chemical reaction (NDE)
k
H' +e = Hu “

1** partial cathodic reaction (Volmer step)
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+ _ks
Hus +H"+e S H, 5)
2" partial cathodic reaction (Heyrovsky step)

As both Nernst potentials Eeq(Mg) and Eeq(H) are apart from each
other, one may neglect in the following discussion, the anodic hydrogen
oxidation [81].

Although it is known that hydrogen evolution reaction can occur
following two different two-step mechanisms, the Volmer-Tafel pathway
and/or the Volmer-Heyrovsky pathway [81], the predominant mecha-
nism on a Mg surface is the Volmer-Heyrovsky mechanism as shown by
Yuwono et al. [32] and will be the only mechanism considered in this
work. Moreover, these steps are followed either by the diffusion of Hy
from the surface to the bulk solution or by its coalescence at the surface
[81], but these phenomena are disregarded since they do not contribute
to the global impedance response (i.e., we assume that hydrogen bub-
bles do not remain on the electrode surface under the vigorous agitation
of the RDE). The absorption of hydrogen into Mg is also neglected.

On the basis of the obtained results and literature, the proton
discharge occurs without diffusion kinetic limitation [6]. In neutral to
alkaline solutions, a corrosion layer is also formed and thus, the
following reactions should be considered:

ks _ 1
Mg" 4 + H,O > Mg + OH™ + St ®)
Chemical reaction (NDE)
Kk -

H,O+e — Hy,, + OH @

1** partial cathodic reaction (Volmer step)

_ks -

Hads +H,O0+e = H, + OH (8)

2" partial cathodic reaction (Heyrovsky step)

At a given potential, the reduction of water occurs with a lower rate
constant in comparison with the proton reduction, thus this reaction is
predominant only when the proton concentration is very low [81].

The modelling and the fitting of EIS impedance diagrams were ob-
tained by assuming that the adsorbates Mgjgs and H,gs obey a Lang-
muir’s isotherm and that the rate constants of electrochemical reactions
are exponentially potential dependent (Tafel’s law). Each reaction
(index i) has a normalized rate constant K; corresponding to its rate
constant k; by [6,17]:

K; = ke (EE) )

Where b; is the activation coefficient, and E° is the origin of potential (in
this work, the corrosion potential). It is worth noting that the rate
constants ks, K4 and Ks include for convenience the concentration terms
[116].

Let us assume that the maximum numbers of sites per surface unit
that can be occupied by the adsorbates Mgiqs and Hags are p; and Py,
respectively. We also assume that no competitive adsorption of other
ions or dissolved species, with Mggqs and H,gs, occurs in the studied
potential range. The mass and charge balances can be expressed as
functions of the fractions of the surface coverage, 6; and 6., of the
adsorbed species

o

ﬁthl: Ki(1—0; —0;) — KoP,0; + K oCye — k3P0, 10)
o

BZTE:&(I -6, —8,) — Ksp,0, an

G

D“jTg“ = Kop,0) — K 2Cy + ksP, 6, (12)

Where § is the thickness of the diffusion layer. Cyg2; is the concentra-
tion of the Mg?" ions at the electrode interface and, D is the diffusion
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Alr
FA
((1 =6, — 0)(Kiby+Kybs ) + B,0,Ksbs + B0 Kab; + Cys K gb_o]

(= Ki+Ky + Kop, ) A8, + (— Ky +Ky—Ksp,) A6+

coefficient of Mg?™.

Interestingly the same set of equations can be used for acidic media,
neutral and alkaline media under the assumption that these reactions are
not limited by mass transport of protons or water molecules and that Mg
cations diffuse either inside a finite-thickness diffusion layer (the Nernst
diffusion layer or inside the porous hydroxide layer depending on the
pH). Thus, only the diffusion coefficient and the thickness of the diffu-
sion layer need to be adjusted depending on the pH (Fig. 7).

The total faradic current I is given by

Ir = FA[K(1 —08; — 6,) + K2, 6,

— K ,Cygr — Ky(1 = 6; — 6,) — Ksp,0; ]

Corrosion Science 205 (2022) 110463

(22)

AV — K_,ACyp-

ACpg2, is the concentration variation inside a finite-thickness
diffusion layer, 3, and is related to the Warburg impedance, N(®), as

[82].
fjo
tanh (6 D) ©23)

a tanh (5, /%”)
‘ . e L A Nw) @4
Where F is Faraday’s constant, A is the electrode surface area. Al FAD i FA
At steady-state, d6;/dt= 0 and d6,/dt= 0, which allows to calculate D
) 2+ P a-
Ee steady-state Mg~ concentration Cy2« and surface coverages 0; et Fq. 19 thus expresses as
02 as the solution of the set of 3 linear equations with 3 unknowns:
K;(1—0; —0,) —Kop,0; + K ,Cyper —ksp,0; =0 14
1 Alg
Z AV FA((1 — 6, — 6,)(K;b;+Kyby ) + B,60,Ksbs + §,6,Kybs + CMgz+K,2b,2]+
' AC 25
A8, AB, Mg+
FA(—-K K —+FA(—-K —-K —— — FAK_
( 1+Ky + ZBI)AV+ ( K —KsB,) AV AV
Ky (1 -8, —0,) — Ksp,0, =0 15
4 ! 2) 3P202 1s) Under this form, 1/Z¢, we can clearly see the different contributions
o related to the charge transfer resistance (the two first terms in the right-
024» - —_ b~ . . . .
DM _K,B,6, — K_,Cyer + k3,8 (16) hand side of Eq. 22), the relaxation of the two adsorbed intermediates

At steady-state, the Mg?" concentration at the interface is a function
of the surface coverage of the Mgigs:

= (K +k)Bis
Coo = 2 8Py

) (9+ K,2> an

)
with
= K
0, = K + Kopy) (1-0y) (18)
D
o(2x)

0, = (19)

D Ky D
gﬁl(Kz +ks) (Ksﬁz + 1) + K, (g-l‘ K72>

The linearization of Eqs. 7, 8 and 10, for amplitude perturbations,
allows to calculate the faradic admittance, 1/Z¢

Bijo + Ky + B, (Kz +k3)]A0; + K, A6, =

[(1- 6, — 02)K by — B,0,Kabs — Cyye K 5b 5JAV + K 5AC,e 20

Ky A8, + (Bojo + Ky + KspB,) A8, = [B,0,Ksbs — (1—0, —0,)Ksby]AV  (21)

and the contribution of the diffusion of Mg?" inside the diffusion layer.
For the sake of simplicity in the global expression of the impedance,
we use the following notations

r = (1-0, —6,)Kb, (26)
1 = Koby,0; + Kob_yCyer @27
= (1-0, —6,)Kyby (28)
rs = Ksbsp,0, (29)
L 30)

FA(r| 41, 414 +715)

([32]0) + K4 + K5ﬁ2)( — K1+K4 + Kzﬁl) — K4( — K1+K4—K5ﬁ2)

=TT B0+ Ky + By (Ks + k) ) (Bai0 + Ky + Kopy) — KiKs

(3D

(Bijo +Ki +B; (Ko +k3) ) (= Ki+Ka—Ksf,) —Ki (= Ki+Ks + Kop))

S, = - -
(Bijo+Ki +B, (K2 +k3) ) (B,jo+ Ky +Ksp,) = KiKy

(32)

The faradic impedance can thus be written as
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1 14+ K N()[1 —S)]

T — —
f FA (I‘l — r2)S] + (I‘5 71’4)82 + (1‘] +1Iy+ 1y +I’5)

(33)
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(1'1 — rz) + K,2(2r1 +14+ I'5)N((,l))
(r —)S; + (rs — 14)So + (1) + 12 + 14 +15)
S (rs — ) (1 + K»N(0) )
)
(1'1 — [‘2)81 + ([‘5 - 1'4)52 + (I'] +1;+14 + 1‘5)

14+ KN —S,
Z =R,

(35)

(34)

7 = Rl{l +K_,N(0) —

(rp —12)Sy + (rs — r4)S + KoN(@)[(2r) + 14 4+ 15)S; + (15 — 14)S2 ] }
(r) —12)Sy + (15 —14)Sy + (11 + 12 + 14 +715)
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Fig. 8. Impedance diagrams of the Mg electrode after 30 min at E o in 1 M
NapSO4 (© = 1000 rpm) (blue circles) and the result of the fitting procedure
with the model (Egs. (30) and (33)) (red crosses) at (a) pH = 1.8, (b) pH = 2.9,
and (c) pH =7.7.

The global impedance, Z, can then be obtained by taking into ac-
count the electrolyte resistance and the interfacial capacitance (the
double layer or the thin oxide film contribution), which is considered as
a CPE element to account for the non-ideal behaviour of the experi-
mental results [82].

Zs X Zcp
Z=R,+——7F— 36
Zy + Zcpg (36)
in which, the CPE impedance is defined as
pA— 37)
CPE — Q(Iw)(l

where Q has units of Q' em 2 s* and «a is the CPE exponent [82].

Interestingly, if the impedance response is dominated by the anodic
branch (contribution of the cathodic reaction is neglected), a similar
expression to that reported in [6,17] is obtained.

3.2.2. Non-linear regression

The fitting was performed using a home-made software based on a
non-linear regression. The diffusion coefficient at pH = 1.8 and pH
= 2.9 was fixed at D = 7.06 107 % em? s ! [117] whereas at pH = 7.7, it
was obtained from the fitting procedure. Because experiments in low pH
solutions can only be performed for short immersion times, we assume
that the diffusion layer is the Nernst diffusion layer, which was calcu-
lated [82] for pH = 1.8 and pH = 2.9 using the rotation rate of the
electrode and fixed at § = 15.7 um for the fitting procedure, whereas for

Table 1
Parameters obtained from the regression of the EIS experimental data.
pH=1.8 pH =2.9 pH=7.7
ky / mol em 257! 8.07107° 1.09 1077 1.00107°
by/v! 30.0 20.0 15.2
ky /s 9.0010°! 8.0510°! 2.8010°3
by / V7! 7.6 6.8 4.9
ko /cmst 1.38 1072 3271073 5.61107*
b/ V! 2.0 2.0 7.5
ks /st 1.00107! 9.931072 1.00 1072
kq / mol em 257! 2.61107* 3.0110°° 3311077
by/ V7! 15.0 8.7 8.1
ks /st 1.26 107! 2.62 1072 4951073
bs/ V7! 34.9 22.0 21.8
D/cm?s7! 7.06 107 7.06 10°° 9.071077
8/ pm 15.7 15.7 20.0
Qox / Q' em2s® - 1.0210°° 2.9810°°
Cox - 0.938 0.921
Qa/Q em 25" 1.2010°° 2.1210°° 4241077
ol 0.907 0.893 0.922
Rox / Q cm?® - 95.30 1.00 10%°
R./ Q cm? 2.05 2.15 2.23
1 / mol cm~?2 571077 7.51077 1.010°°
B2 / mol cm™2 6.11077 7.6 1077 8.91077
0, 31073 281072 2107°
0, 0.997 0.993 0.985
1107 8107 31078

Cy2+ / mol L!
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Fig. 9. Variations of the different kinetic parameters related to the corrosion of
the Mg electrode after 30 min at E.oy in 1 M NapSO4 (Q = 1000 rpm) as
function of the pH: (a) kinetic constants and (b) activation coefficients.

longer immersion times and neutral or alkaline pH, the thickness of the
corrosion product layer at pH = 7.7 was obtained from the fitting. All
the other parameters were also obtained from the fitting procedure.

Fig. 8 compares the experimental Nyquist plots and the spectra ob-
tained from the non-linear regression using the proposed model for
different pH values. The experimental data are in good agreement with
the regression curves.

The different parameters obtained from the regression of the EIS
experimental data are reported in Table 1 for the different pH.

From the fitting procedure, the thickness of the Mg(OH), corrosion
product layer formed in 1 M NaySO4 at an initial pH 7.7 after 30 min,
was estimated at a few micrometers, in agreement with the fast forma-
tion of a thick layer in the early stages, when Mg is in contact with a
neutral to slightly alkaline media. The diffusion coefficient in the above-
mentioned case, was estimated at 9.07 10~7 ¢cm? s~!, which indirectly
underlines the high porosity of the corrosion product layer in its early
stages of the corrosion process. The surface coverage, 0,, by the Hygs
adsorbates is very high and decreases from 99.7% to 98.5% by changing
the solution pH from 1.8 to 7.7. This shows that H is strongly adsorbed
on the surface even for high pH values and for anodic polarizations. For
the surface coverage by the Mga4s adsorbates, 8; deceased from 3 103to0
2 1073 when the pH is increased from 1.8 to 7.7. The interfacial
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concentration of Mg?* ions is very low and also decreased from 110~ to
310 8 mol L™!. The variation of the kinetic constants and the activation
coefficients is given in Fig. 9.

Globally, all the time constants are decreasing when the pH in-
creases, which is in agreement with the increase of the corrosion resis-
tance in alkaline solution. Interestingly, the parameter k.o, which was
initially introduced in the model to take into account the effect of the
diffusion, decreased by almost one order of magnitude each time the pH
is increased, from 1.8 to 2.9 and then to 7.7. This may explain the
appearance of a diffusional time constant, starting from a pH of 2.9,
which becomes well-formed for higher pH values, at neutral to slightly
alkaline pH. All the Tafel coefficients are decreasing except b., which
increases from 2 to 7.5.

Regarding the constant phase element parameters, it is only for
higher pH values that the double layer capacitance contribution can be
neglected, whereas for lower pH, the contribution of the oxide film on
the bare electrode is disregarded. The difficulty when doing the fit is the
deconvolution between these two capacitive contributions, and a
comprehensive method should be used for this aim as was recently
demonstrated for the case of aluminium [118]. Thus, the obtained
values can be regarded as effective values related to both contributions
and at this stage the equivalent capacities cannot be estimated easily. As
aresult, in low pH domain, the double layer capacitance can be linked to
the active surface area.

4. Conclusions

In the present work, electrochemical impedance diagrams obtained
for a Mg rotating disk electrode in a sodium sulphate solution at three
different pH values (1.8, 2.9 and 7.7) were analysed and discussed by
considering not only the anodic dissolution, as it has been done usually
in the literature, but also the cathodic reaction. On the basis of the
experimental data and from the literature review, a comprehensive
model was proposed to complete the existing corrosion mechanism of
Mg [1,5,6,17] and thus, to fully describe all the time constants observed
on the impedance diagrams at the corrosion potential as a function of
pH. Two anodic and two cathodic partial reactions and a chemical re-
action were considered. The simulated impedance diagrams were in
good agreement with the experimental data. The two inductive loops
observed for low pH values were attributed to the presence of adsorbed
intermediates, most likely Hags and Mgags in the middle and low fre-
quency ranges, respectively. Interestingly, taking into account few as-
sumptions, the proposed mechanism can be used for all pH values. The
corrosion mechanism of Mg is governed by the presence (at high pH
value) or not (at low pH value) of a MgO/Mg(OH); layer. The key points
of the model are the following:

1. The diffusion occurs within a diffusion layer, the Nernst diffusion
layer when no hydroxide layer is present on the surface, or inside the
porous hydroxide layer when the pH of precipitation is reached.

2. The contribution of the double layer is much pronounced in the case
of a bare Mg surface and becomes negligible when an oxide/hy-
droxide layer is present on the surface.

3. The contribution of the cathodic partial reactions is to be considered
only in highly acidic medium and becomes negligible at higher pH
values. In other words, the corrosion mechanism is dominated by the
anodic branch only when the pH is neutral to alkaline.

4. Another explanation is that either the reduction of the protons or
water molecules is catalysed by the presence of the oxide/hydroxide
layer [119]. On this aspect, it is well-known that some metal oxides
such as MgO and Al,O3 are maximal valence oxides, whose cations
are in their highest valence state, and thus their surfaces are quite
inert in chemisorption, involving an electron transfer from the oxide
to the adsorbed molecule since their cations are not able to supply
electrons by oxidation [81].
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