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Despite the growing interest in Mg and its alloys, their use has been largely limited due to their high reactivity in
aqueous environments. Improving the understanding of the basic principles of Mg corrosion represents the first
step to explain and, eventually, improve the corrosion behaviour of Mg alloys. Herein an original mechanistic
surface kinetic DFT model that clarifies the mechanism of anomalous HE on anodically polarised Mg is pre-
sented. In accordance with several experimental observations, this model describes anomalous HE proceeding at
the regions dominated by anodic dissolution via the reaction of an Mg*H intermediate with water. The Mg*H

intermediates undergo oxidation upon anodic polarisation, resulting in hydrogen evolution and Mg dissolution.
Furthermore, it is revealed that increasing rates of an electrochemical cathodic reaction are possible within a

dissolving anode.

1. Introduction

When magnesium (Mg) is exposed to water, corrosion occurs with
hydrogen evolution (from the reduction of water) as the primary
cathodic reaction. According to the theory of electrochemical kinetics
typified by the Butler—Volmer equation, the rate of a cathodic reaction
decreases exponentially with increasing potential [1]. However, in
aqueous environments, Mg exhibits the opposite behaviour with the
rate of the hydrogen evolution reaction (HER) increasing with in-
creasing anodic polarisation above the open circuit potential [2], which
contradicts expectations of standard electrochemical kinetics. This be-
haviour, which we refer to as anomalous HE has been observed for a
long time [3], but its reaction mechanism is unknown and remains a
topic of intense investigation. Recent observations have determined
that the vast majority of anomalous HE originates at the actively dis-
solving regions [4-8]. We present herein an original mechanistic sur-
face kinetic DFT model that clarifies the mechanism of anomalous HE
on anodically polarised Mg. Furthermore, it is revealed that increasing

rates of an electrochemical cathodic reaction are possible within a
dissolving anode.

Present theories to explain anomalous HE on anodically polarised
pure Mg exposed to water include: the effect of the corrosion products,
which have been shown to be more catalytic than the native metal
surface towards the HER [9-14]; enrichment of metal impurities (pre-
sent even in ultra-high purity Mg) during Mg dissolution, which may
act as preferred sites for HE even at potentials when Mg is undergoing
anodic polarisation [4,15-19]; and an impurity-based mechanism in
which metal impurities present in the Mg electrode undergo non-far-
adaic release from dissolution of the surrounding Mg matrix and re-
deposit onto the electrode surface after aqueous free corrosion
[7,20-23]. Even though the aforementioned phenomena are able to
rationalise a source for anomalous HE, their contribution has been
shown, from a range of empirical tests, to only account for a fraction of
the total anomalous HE rates measured during anodic polarisation
[4-7]. An accumulation of experimental evidence reveals that actively
dissolving anodic regions are the primary source for anomalous HE on
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anodically polarised pure Mg [4-6,8]. However, the mechanistic and
molecular level origins of anomalous HE have not been elucidated to
date.

First-principles density functional theory (DFT) calculations enable
the estimation of the electrochemical activity of Mg species on surfaces
and in aqueous electrolytes, providing one approach to understanding
surface evolution during electrochemical/chemical reactions at the Mg/
H,0 interface [24-27]. Herein we present an original mechanistic
surface kinetic DFT model that clarifies the mechanism of anomalous
HE on anodically polarised Mg based on prior experimental observa-
tions and supported by ab initio molecular dynamics (AIMD) simula-
tions. Furthermore, it is revealed that increasing rates of an electro-
chemical cathodic reaction are possible within a net dissolving anode.
This model explains the origins of the increasing rate of the cathodic HE
reaction at anodic potentials, whereas previous ab initio models could
not, without considering the hydroxide desorption reaction. Briefly,
Taylor proposed that HE under anodic polarisation is not the result of
an electrochemical reaction but the product of the chemical re-
combination of adsorbed hydrogen atoms on the Mg surface (i.e. Tafel
pathway) [27]. However, Yuwono et al. [25] showed that the con-
tribution of the Tafel mechanism is insignificant both under anodic and
cathodic polarisation. Furthermore, the model by Yuwono et al. did not
explicitly describe the regions of HE and Mg dissolution, whereas pre-
vious experimental evidence indicated that both reactions occur at the
same surface regions [4-6]. Lastly, this model only accounts for
anomalous HE within a very narrow window of anodic potentials and
therefore cannot fully explain the numerous empirical observations of
anomalous HE over large anodic overpotentials. AIMD simulations (as
shown in Fig. 1, but explained below) support a model where oxidation
(Mg dissolution) and reduction (HE) reactions on the Mg surface may
occur simultaneously at the local active sites, not separately at distant
local anodes and cathodes.

2. Computational methods
2.1. Reaction kinetic model

All reactions considered in the kinetic model are briefly introduced
here and their mechanism will be discussed further in the next section.
The latest experimental observations revealed that the increasing cat-
alytic activity of Mg towards the hydrogen evolution reaction is asso-
ciated with the regions undergoing active Mg dissolution [4-6,28]. This
leads to the development of one possible microkinetic pathway, invol-
ving the dissolution of Mg*H from the surface (Eq. (1)). Mg*H acts as an
intermediate species that assists the simultaneous Mg dissolution and

Mg*OH
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HE reactions. Mg* is an available metallic Mg site on the surface. For all
reactions presented below, “r;” are the rates of reaction, “k;” are the rate
constants, and 0y, 6oy and 0y are the surface fractional coverage of
Mg*H, Mg*OH and Mg*, respectively.

Mg + Mg*H + H' - Mg* + Mg?* + H, + e~
n =kfy (€]

The basic HE reaction pathway remains important, especially under
cathodic polarisation. The Heyrovsky pathway (Eq. (2)) is used in this
model considering that it occurs at a significantly higher rate than the
Tafel pathway. It is important to note that the total HE rate is obtained
from the combination of reactions producing H,, Egs. (1) and (2). The
removal of Mg*H produces active sites that make the surface capable of
supporting other reactions.

Mg*H + H* + e~ = Mg* + H,
I = kO 2
Egs. (3) and (4) describe the dissociation of water molecules on the
Mg surface, which are followed by the adsorption of hydrogen and
hydroxide ions (viz. 2Mg* + H,0 — Mg*H + Mg*OH). Herein, the
water dissociation occurs via heterolytic pathway, meaning that the
rates of hydrogen and hydroxide adsorption depend on the pH and
applied potential and do not equally compete in any condition, such as
has been described previously in many studies [25,27].
Mg* + H" + e~ - Mg*H
13 = ks 3)

Mg* + OH™ — Mg*OH + e~
Iy = k49M (4)
Water molecules assist the dissolution of Mg from the surface (viz.
Mg* + Mg + 6 H,0 — [Mg(H;0)6]>" + Mg* + 2e7). Since the kinetic
model herein was based on steady state equations and equilibrium
coverage, Egs. (5) and (6) include the adsorption of hydrogen and hy-
droxide ions to model the Mg dissolution via water-assisted reaction
and to consider the changes on the surface coverage.
Mg* + H* + Mg —» Mg*H + Mg?* + e~
5 = KsOyu (5)
Mg* + OH™ + Mg — Mg*OH + Mg?** + 3e~
I = KeOym (6)

Egs. (3)-(6) exhibit the overall reduction-oxidation occurring on the

Dissolved Mg?* Evolved H, Dissolved Mg?*

Mg*H

Evolved H,

Fig. 1. Series of snapshots showing Heyrovsky HE and Mg dissolution reactions occur at the Mg/H,O interface. The complete process of Mg interfacial reactions in
water during AIMD simulation is available on the Supporting Information. Orange, red and white balls represent Mg, O and H atoms. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Rate constants from ab initio simulations for the construction of Mg electro-
chemical kinetic model.

Reaction no.  Prefactor, k° Energy Standard Dependent

barrier, E, electrode variable

(eV) potential, E°

(V vs. SHE)

[6)) 1.0 x 10*® 1.51 —-2.363 [Mg?*], pH
(2) 1.0 x 10*® 1.08 0 pH
3) 1.0 x 103 1.06 0 pH
@ 1.0 x 10™® 1.06 —-1.862 pH
5) 1.0 x 103 1.51 —2.363 [Mg?*], pH
6) 1.0 x 10%® 1.51 —2.363 [Mg>*], pH
8 1.0 x 10™® 1.51 —-2.363 [MgOH*]

Notes: [Mg®*] =2 x 10 °M and pH = 3, 7, 11.

10%

Mg*H produced Mg*H and Mg*OH

produced

10°+ —=—pH 3
—A—pH7
—e—pH 11

Water dissociation reaction / a.u.
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Potential / VSHE

Fig. 2. Kinetic profile at different pH values of the water dissociation reaction
on the Mg(0001) surface plotted as a function of potential.

Mg surface (Eq. (7)), where Mg is oxidised into Mg?* and Mg*OH and
water is reduced on the surface into Mg*H. In this reaction, active sites
on the surface are consumed following the adsorption of hydrogen and
hydroxide ions.

2Mg + 4 Mg* + 2H,0 — 2 Mg*H + 2 Mg*OH + 2 Mg?* + de~ @

Magnesium dissolution via OH-assisted reaction is also present
along with the previous Mg dissolution via H-assisted reaction (Eq. (1))
and water-assisted (Egs. (5) and (6)) reactions. The active sites are
produced following the dissolution of Mg*OH (Eq. (8)) from the sur-
face.

Mg + Mg*OH — Mg* + Mg(OH)* + e~
15 = kgBon (8)

Following the reaction kinetic pathway described above, polarisa-
tion curves were developed using the formalism used on the previous
studies, steady state equation and equilibrium coverage. The reaction
kinetic equations are described by Egs. (9)-(12), and their parameters
for each individual reaction are presented in Table 1.

doy/dt = (ki + k»)On + kgBon — (ks + ka4 + ks + ke)Ou 9)
dBy/dt = (ks + ks)By — (k; + ky)By (10)
dOon/dt = (k4 + ke)Om — ksBon 1D
Om + B + Bop =1 12
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2.2. AIMD simulation

Ab initio molecular dynamics simulations were performed to ana-
lyse the interaction of water molecules with a stepped clean surface of
Mg. The (311) surface was modelled, as it contains step sites that could
reasonably be expected to be more reactive towards activation of water
molecules, leading to hydrogen evolution, as well as potential anodic
reactions such as Mg dissolution or Mg*OH, formation. Since AIMD
simulations have a limited access to time-scales (10-100 ps at most),
the system of a stepped surface described above with a minimal slab
size (3 layers), low precision, only a gamma-point mesh, and a time-
step of 1.0 fs was developed so that the simulation is as time-efficient as
possible with regards to accessing potential reaction chemistry. The
temperature was set constant at 300 K using velocity scaling algorithm
(SMASS = —1). While these settings considerably reduce the accuracy
of the simulation, it is emphasised that the purpose of these AIMD si-
mulations was to explore potentially significant surface reactivity ra-
ther than to obtain detailed kinetic or thermodynamic parameters. A
total of 10.0 ps was simulated using AIMD.

Several phenomena were observed during the AIMD simulations of
water on pure Mg. This condition represents the early stages of Mg free
corrosion in aqueous electrolytes. Water molecules were determined to
react quickly to produce Mg*OH and Mg*H on the clean Mg surface,
particularly in the region of step atoms. Additionally, Mg*H on the
surface interacts with water molecules near the clean Mg surface to
form molecular H,, which is emitted into the solution phase of the slab
model. Finally, one of the outermost Mg atoms on the step begins to
dissolve from the slab, as it interacts more with water molecules, thus
showing tendency towards Mg dissolution at the same time as H, is
being evolved. The presence of sub-surface hydrogen atoms was also
observed, which indicates the hydride formation that act as an inter-
mediate species for the progression of HER.

3. Results and discussion

The mechanism proposed herein is composed of competing reac-
tions that simultaneously occur at the interface between the Mg surface
and the aqueous electrolyte. In this model, anomalous HE proceeds via
the reaction of an Mg*H intermediate (the origins of which will be
addressed below), which represents adsorbed H (*H) on a metallic
surface site, Mg*. The intermediate species Mg*H undergo oxidation
upon anodic polarisation, resulting in hydrogen evolution and Mg dis-
solution (Eq. (1)). This anodic “Heyrovsky-like” reaction is consistent
with previous simulations by Surendralal et al. [29], where HE was
found to be favoured via an adsorbed H atom on Mg even under anodic
polarisation. Furthermore, Adhikari and Hebert [30] showed that dis-
solution of aluminum in alkaline solutions is mediated by the formation
and oxidation of interfacial aluminum hydride. Recently, Binns et al.
[31] provided strong evidence for the presence of MgH, in the leading
edges of a corroding Mg alloy and proposed that anomalous HE on
dissolving Mg may be due to chemical decomposition of this MgH,
species. Even though the hypothesis in this kinetic model that anom-
alous HE proceeds via the reaction of an Mg*H intermediate is in line
with the work by Binns et al. [31], a number of significant differences
exist. Briefly, while the formation of a chemical compound (namely
MgH,) is considered by Binns et al. [31], herein a hydrogenated reac-
tion intermediate is assumed. More importantly, the present kinetic
model is purely electrochemical with anomalous HE being controlled by
the amount of anodic polarisation (Eq. (1)), whereas Binns et al. con-
sider that this phenomenon occurs as a consequence of a chemical re-
action independent of potential. Finally, herein a complete reaction
mechanism is proposed.

Note that the Mg* created as a result of this reaction allows the
surface to continue to react. Even though Eq. (1) is unconventional in
the manner it is expressed, with species being simultaneously oxidised
(Mg) and reduced (H) in a net anodic process, this representation was
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Fig. 3. Kinetic profile at different pH values of various reactions on the Mg(0001) surface plotted as a function of potential.

sought to capture experimental observations whereby Mg dissolution
and anomalous HE simultaneously occur on the same Mg active site
during anodic polarisation (as shown in Fig. 1). Furthermore, the for-
mulation of the above reaction introduces an original approach to de-
scribe an electrochemical process. It comprises an oxidation and a re-
duction reaction in a global process not as separate half-reactions, but
as a net anodic reaction, as depicted by the presence of electrons on the
right hand side.

The HER under cathodic polarisation is also proposed to proceed via
the Mg*H intermediate. Yuwono et al. [25] demonstrated that, for
cathodically polarised Mg, the contribution of the Tafel pathway to the
total rate HE is minimal. For this reason, the HER in this model (Eq. (2))
is considered to occur exclusively through the Heyrovsky pathway.

Now that the reaction involved in the origins of the anomalous HE
have been introduced, it is necessary to consider the electrochemical
reactions involved in creating the Mg*H intermediates. Water-dis-
sociation is a heterolytic reaction that comprises electrochemical half-
reactions and co-adsorption of H* and OH™ (Egs. (3) and (4)), and
water-assisted Mg dissolution is modelled based on the assumption that
it is accompanied by the co-adsorption of H* and OH™ (Egs. (5) and
(6)).

Eq. (3) describes the situation for cathodic polarisation during
which the Mg*H intermediate will be the only reaction product. How-
ever, upon anodic polarisation (Eq. (4)), the formation of the inter-
mediate species Mg*OH is predicted. It is evident from Eq. (4) that,
under anodic polarisation, the production of Mg*H will not be
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Fig. 4. Kinetic profile of the hydrogen evolution reaction (HER) at different pH values on the Mg(0001) surface plotted as a function of potential.

favoured. Note that this intermediate species is essential for anomalous
HE as described by Eq. (1) to proceed. For this reason, we propose that
the adsorption of H* on the surface to form Mg*H may also occur via
Eq. (5), which is a net anodic reaction, with the simultaneous dissolu-
tion of Mg.

Assuming that the Mg*H intermediate is a precursor species to Hy
formation during Mg dissolution, Eq. (1) is in accord with vast ex-
perimental observations, whereby increased anodic polarisation from
the corrosion potential is accompanied by greater rates of HE. More-
over, such reactions (Egs. (5) and (6)) are also used to quantify the
occurrence of water-assisted Mg dissolution. Consequently, the global
water-dissociation reaction (Eq. (7)) will be described by a combination
of Egs. (3)-(6).

As depicted by Eq. (7), four available metal sites on the Mg surface
(Mg*) are consumed with the subsequent Mg dissolution and the for-
mation of the two intermediate species: Mg*OH and Mg*H.

Finally, it is proposed that, upon anodic polarisation, Mg*OH may
undergo desorption from the surface, accompanied by Mg dissolution
and the creation of a fresh newly available Mg site for water-dissocia-
tion. Together with the Mg dissolution reactions presented in Egs. (5)
and (6), this complementary reaction, OH-assisted Mg dissolution in Eq.
(8) is introduced with the aim of preventing the eventual reactive Mg
surface blockage by saturation with the Mg*OH intermediate, which
would poison both Mg dissolution and the anomalous HE reactions.

The rate associated with the water dissociation reaction (as shown
in Fig. 2) indicates that, under cathodic polarisation, the production of
Mg*H occurs more rapidly with decreasing potential. The increased
concentration of Mg*H intermediates during cathodic polarisation fa-
cilitates the HER by the Heyrovsky pathway (Eq. (2)). These assertions
are in excellent agreement with experimental observations, where more
negative applied potentials are accompanied by increasing rates of HE.
However, in the anodic region (potentials above the corrosion poten-
tial, as shown in Fig. 2), dissolution of Mg metal may occur with the
simultaneous production of Mg*OH and Mg*H, the latter being subse-
quently involved in the anomalous evolution of H, (via Eq. (1)).
Compared to previous reports where water dissociation reaction rates
increased with polarisation only in a narrow window of potentials, here
it is revealed that greater concentrations of Mg*H on the surface are
invariably favoured with increasing anodic polarisation.

Once water molecules have been adsorbed on the Mg surface as
Mg*H and Mg*OH intermediates, it is necessary to assess the rates at
which they will either react to produce H, or desorb from the surface to
leave fresh available Mg sites for the reaction to continue. Desorption
rates of Mg*OH (Eq. (8)) and Mg*H (Eq. (1)) are presented in Fig. 3a
and b, respectively. It can be observed that desorption of both

intermediate species is favoured with increasing polarisation over the
whole range of potentials tested. As expected, under anodic polarisa-
tion, desorption of Mg*H and Mg*OH is accompanied with dissolution
of Mg metal. Most importantly, simulation results indicate that at in-
creasing positive potentials, fresh available Mg sites are created to
further support the water dissociation reaction, preventing the reactive
Mg surface blockage by saturation with these adsorbates.

Under cathodic polarisation, the HER proceeds primarily via the
Heyrovsky pathway (Eq. (2), as shown in Fig. 3c), with increasing rates
of H, production as the potential takes more negative values. Note that
the cathodic kinetics are pH-dependent, with enhanced rates of HE at a
given cathodic potential as the environment near the electrode surface
becomes more acidic. This is direct consequence of the water dis-
sociation kinetics, which promote faster adsorption of Mg*H at lower
pH values thus favouring the Heyrovsky reaction (see Eq. (2)).

The combined kinetics of all the proposed reactions that lead to HE
(both under anodic and cathodic polarisation) indicate that the rate of
the HER will increase at potentials below and above E.,, (approxi-
mately between —1 and —1.2 Vgyg) as shown in Fig. 4, which is pre-
cisely what has been observed experimentally for a myriad of Mg po-
larisation studies.

4. Conclusions

The phenomenon of anomalous HE manifests under anodic polar-
isation; this is at potentials more positive than the corrosion potential,
E orr- Calculations presented herein, coupled with a universal reaction
scheme, indicate that the Heyrovsky pathway will not contribute to the
increased rates of HE. However, it is revealed that HE rates increase
with simultaneous dissolution of Mg with increasing potentials.
Furthermore, the governing reactions are pH-dependent and reveal
higher kinetics at lower pH values. The mechanism of Mg dissolution
accompanied with HER at the same active sites is the major contribu-
tion of this study — providing a holistic understanding of aqueous cor-
rosion for a widely used metal. Previous ab initio models were unable to
explain the increase in HE at anodic potentials due to the saturation of
hydrogen on the surface, which created a physical barrier separating
Mg active sites and reactive molecules in the electrolyte.
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