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Abstract: In this study, first-principles density functional theory (DFT) calculations are performed to investigate the 

contribution of each individual reaction at the magnesium/water interface. Thermodynamic and kinetic models derived 

from the DFT-calculated parameters are used to describe interdependent reactions at the interface and the resultant 

magnesium electrochemical activity at different pH and potentials. These models are able to rationalise experimental 

findings, such as those obtained from polarisation and immersion tests, and provide new insights for defining a complete 

and viable mechanism of aqueous magnesium electrochemistry. 
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1. Introduction 
Magnesium (Mg) is the lightest engineering metal with a density of ~1.7 g.cm-3, which is significantly lower than that of 

aluminium (Al, ~2.7 g.cm-3) and iron (Fe, ~7.9 g.cm-3)1. Magnesium and its alloys exhibit high strength-to-weight ratios1. 
Their use enables the design of lighter engineered systems, which is beneficial for automotive and aerospace applications for 
reducing the energy consumption2. Furthermore, Mg alloys show potential to be used as viable biodegradable materials, 
battery electrodes and hydrogen storage materials3–9. Despite a great interest in Mg, there remains a persistent limitation, 
namely the high reactivity and high corrosion rate of Mg10,11.  

A very early investigation of Mg electrochemical activity, which here is used to described processes occurring at open 
circuit potential (OCP) or during polarisation, reported that Mg corrosion is accompanied with a copious release of hydrogen 
(H2) gas. It was in 1866, when Beetz reported an unusual H2 evolution (HE) in Mg during anodic polarisation12, the first 
mention of so-called the negative difference effect (NDE). In 1954 Petty proposed the involvement of univalent Mg+ ions 
during aqueous Mg corrosion13. Nonetheless, the lack of experimental evidence for Mg+ species becomes a major barrier for 
this theory to advance14–16. Despite being a subject of numerous studies performed over the past decades, there is yet no 
comprehensive understanding of the mechanism of aqueous Mg corrosion and the accompanying anomalous HE. Most 
experimental studies have successfully identified many phenomena in aqueous corrosion of Mg alloys. For instance, the 
recent use of scanning vibrating electrode technique (SVET), scanning electrochemical microscopy (SECM) and atomic 
emission spectroelectrochemistry (AESEC) allowed the investigation of local electrochemical reactions and the detection of 
corresponding species at the interface17–23. The characterisation conveyed strong links among the formation of surface-film, 
anodic rate (Mg-dissolution) and cathodic rate (HE) as previously proposed18,20,24–27. It was revealed that the presence of 
impurities leads to a cathodic-activation in Mg, which is associated with the anodic HE19,21,28–32. However, there is at present 
no definitive theory that clearly describes the mechanisms of Mg interfacial reactions33,34. 
1.1. Mechanistic model of Mg electrochemical activity 

The high reactivity of Mg and its alloys in aqueous environments is attributed to two main factors: i) high electronegative 
potential of Mg35,36, and ii) poor protection of Mg surface-films37,38. Considering the Mg electrochemical activity, this metal 
demonstrates a very unique phenomenon known as the NDE. Normally, in most metals, e.g. platinum, copper, nickel and etc., 
the anodic reaction rate increases and the cathodic reaction rate decreases with increasing potential or current density39–41. 
However, Mg exhibits increasing rate of HE (which is typically known as the cathodic reaction) during anodic polarisation 
that apparently defies the basics of electrochemical theory. With increasing potential, the anodic reaction of Mg-dissolution is 
expected to increase and the cathodic reactions of water-splitting and HE are expected to decrease. Tafel-equation describes 
the relation approximation between electrochemical reaction rate and overpotential. The difference rationalised between 
theoretical predictions following Tafel-equation and experimental observations of HE in Mg describes what is so called the 
NDE. Moreover, Mg is a weakly polarisable metal. During anodic polarisation, Mg exhibits a high exchange current density 
following a small increase of anodic potential26. The release of high amount of hydrogen gas during anodic polarisation causes 
fluctuating changes of electrolyte resistance, known as ohmic drop. Consequently, this behaviour does not allow the 
observation of Mg electrochemical activity at a large anodic overpotential. This is also simply because of the current limit of 
potentiostat used nowadays that is not able to assess many decades of current following a large anodic polarisation. The NDE 
of Mg can be defined by the following phenomenon: the dissolution of Mg leads to increasing activity of HE (reactions 1 and 
2). 

Mg → Mg2+ + + 2e-  [1] 
2H2O + 2e- → H2 + 2OH-  [2] 
Understanding the origins and mechanisms of anomalous HE in Mg has remained an open question for decades. In 

response, multiple assumptions and mechanistic models were developed27,33,34,42–44, which lead into a debate whether the NDE 
remains as either a cathodic or an anodic reaction. These models are summarised and critically discussed below. 

1.1.1. Partial protective surface-film and univalent Mg model 
The presence of univalent Mg ion (Mg+) was posited to be responsible for the NDE with a proposed mixed electrochemical/ 

chemical reactions model14,42. It was assumed that Mg+ ions are produced electrochemically via a single-electron process 
(reaction 3), which then reacted with water and formed hydrogen gas (reaction 4). This mechanism suggested that both the 
rate of Mg-dissolution and the HE increased with increasing potential and current density. According to this model, the Mg+ 
ions must be stable for a considerable lifetime in aqueous environments13,45–47. In combination with the partially protective 
surface-film (PPSF) model48–50, this univalent model hypothesised that increasing film free area following an anodic 
polarisation will eventually lead to increasing rates of both anodic and cathodic reactions34,42,51–54. Anomalous HE was 
expected to occur at the same location of anodic Mg-dissolution55. 

Mg → Mg+ + e-
  [3] 

Mg+ + H2O → Mg2+ + ½H2 + OH- [4] 
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However, it is important to note that the Mg+ species in aqueous environments have not been detected experimentally to 
date56. Such an accurate determination of Mg oxidation number is difficult to achieve, as it is complicated by many factors 
during aqueous Mg corrosion tests57,58. It is known that even if the Mg+ ions exist in aqueous solution, the ions lifetime will be 
very short considering their spontaneous reaction with water molecules14–16. 

 
1.1.2. Magnesium hydride and univalent Mg model 
In addition to the typical anodic and cathodic reactions, the HE was proposed to occur via a chemical reaction between 

magnesium hydride and water (reaction 5). The previously published Pourbaix-diagram revealed the formation of stable 
MgH2 in wide range of potentials and pH values59,60, which supports the claim that MgH2 contributes to the NDE. MgH2, 
which is expected to form following the adsorption of H+, was believed to form at cathodic potential and decompose at anodic 
potential61. The presence of Mg+ ions was also expected to give contribution towards the anodic HE (reaction 6). Nonetheless, 
the contributions of MgH2 and Mg+ to the NDE have never been validated experimentally. 

MgH2 + 2H2O → Mg2+ + 2OH- + 2H2
 [5] 

Mg+ + H+ → Mg2+ + ½H2  [6] 
Recently, a new theory considering the role of MgH2 as a metastable species, which helps the production of hydrogen gas 

during anodic polarisation was proposed62. It was hypothesised that MgH2 is formed beneath the nature oxide film and 
exhibits a more significant role to support the formation of H2 than that of surface films and noble impurities. However, the 
role of hydride remains unclear. 

 
1.1.3. Enhanced surface-film catalytic activity and impurities enrichment model 
According to this model, the dissolution of magnesium at the OCP and anodic potential was proposed to occur via a double-

electron dissolution reaction (reaction 1) in which the NDE is driven by two factors, i.e. surface-film and impurities. First, the 
study by Williams and co-workers.17 revealed that the Mg surfaces become more active in supporting the HE with the 
formation of surface-film. This mechanism, called the cathodic-activation, suggested that the film formed upon the surface has 
an ability to catalyse the HE following: i) the transformation of prior anodic areas into later cathodic areas, and ii) the 
expansion of cathodic areas with time17–19,63–65. Second, increasing HE rate over time was caused by the enrichment of 
impurities on the Mg surface following dissolution. Many studies revealed that the noble impurities were accumulated in the 
surface-film with a higher concentration than that in the bulk metal21,31,32,66–68. Following their dissolution from Mg matrix, 
there is a possibility of noble impurities re-deposit on the surface, and acting as remote cathodic active sites31,69,70. It was 
understood that the NDE occurs as the result of a persistent development of cathodic reaction, which was dictated by the 
formation and growth of dark film areas and the enrichment of noble impurities on the surface. Considering this mechanism, 
the primary source of HE was believed to occur at or near the dark film areas18,71,72. However, to date, there are conflicting 
reports about the role of surface-film in supporting the anodic HE in Mg20,27,64,65,71,73,74. The recent studies by Fajardo28,75,76 
indicated that the HE contributions from the surface-film and noble impurities were insignificant compared to the overall rate 
of anodic HE. This was confirmed by the study of Lysne68, which suggested that the efficiency of impurities to the anodic HE 
is insignificant; revealing that impurities are not primarily responsible for the overall NDE. 

 

1.1.4. Enhanced surface catalytic activity model 
A recent model used to explain the NDE considered the catalytic nature of dissolving Mg surface27,28,75–77. Magnesium, as a 

highly reactive metal in aqueous environments, spontaneously oxidises and also catalyses other interfacial reactions (e.g. HE). 
It was observed that the surface catalytic activity changes with the changes of surface-dissolution rate, as observed in 
experiments reporting that the exchange current density for the HE increased with increasing Mg-dissolution rate77. The 
primary source of HE was believed to occur in the anodic region where Mg-dissolution occurs. The availability of active sites 
for interfacial reaction is essential in this theory. The activation occurs following the breakdown of MgO and Mg(OH)2 films 
and the dissolution of surface in the presence of chloride ions (Cl-), while the deactivation occurs following the saturation and 
adsorption of OH- on the surface. According to this model, increasing surface catalytic activity is a major contributor for the 
anodic HE observed in Mg28,75,76,78. However, a complete understanding of Mg surface catalytic activity remains unknown and 
more evidence is required to support this theory to advance. 

 
As summarised above, experimental approaches cannot provide a complete understanding of complex mechanisms of 

reactions at surfaces and interfaces, mainly because most experimental insights are derived from the rate measurement, which 
consists of several elementary steps that occur simultaneously42,45,58,79. The present analytical tools found their limit for 
capturing the real-time molecular processes during aqueous Mg corrosion80,81. Complementary to the experimental 
approaches, quantum chemical simulations can be used as a valuable tool82–86 to provide additional insights into aqueous Mg 
electrochemical activity35,36,87–91. For the past recent years, first-principles calculations are increasingly being used for 
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describing thermodynamic profiles of Mg under different conditions such as for developing Pourbaix diagrams36,92,93. The 
investigations of kinetic profiles of Mg using first-principles calculations also offers new possibilities to explore various 
electrochemical reactions and validate different theories proposed for Mg electrochemistry35,88,90,94. Different additional factors 
such as alloying elements, anions and grain-boundaries have been introduced separately in the models of first-principles 
calculations87,91–95. Despite the capabilities to obtain accurate prediction of Mg electrochemistry, these methods are limited in 
the size and complexity of simulation model. Until now, first-principles DFT calculations cannot effectively simulate a system 
under electric field (such as during polarisation) and a system with large number of atoms that consists of multiple species 
(alloying elements and ions). This reveals that the scope of first-principles DFT investigations are limited in a very small 
system and the findings have to be used in combination with other results obtained from different methods, including the 
experiments. 

Herein, this approach is used to develop a model for Mg/H2O electrochemical system, revealing its unique information at 
the molecular level during interfacial reactions. This study aims to provide a fundamental and comprehensive understanding 
of aqueous Mg electrochemical activity using first-principles density-functional-theory (DFT) methods, as detailed in 
Computational Methods (section 2). The Results and Discussion (section 3) is organised as follows. Section 3.1 investigates 
the thermodynamic stability of various Mg species in water, considering the formation of complex species with different 
oxidation-states. Section 3.2 develops the kinetic profile of aqueous Mg electrochemical activity, which includes various 
reactions at the Mg/H2O interface, capturing the complexities of aqueous Mg corrosion such as that observed during a real-
time process. Section 3.3 studies the formation of surface-film (MgO/Mg(OH)2) and its thermodynamic stability on the 
Mg(0001) surface, following the interaction with water molecules. Section 3.4 explores the formation of electrochemical 
double layer (EDL) of water molecules on the Mg(0001) surface. The results from the DFT-calculations are then rationalised 
with the experimental observations in section 3.5, in which a complete mechanism of Mg electrochemical activity in aqueous 
environments was developed and validated accordingly. 

 

2. Computational Methods 
Herein, two first-principles DFT-calculations methods are employed: i) molecular-orbital and ii) plane-wave DFT methods. 

The molecular-orbital DFT is highly efficient for studying electronic structure of isolated molecules, and is used for screening 
different possible structures of Mg species in water. On the other hand, the plane-wave DFT is highly efficient for studying 
the electronic structures of solids and surfaces, and consequently is utilised for developing the electrochemical profiles of 
Mg/H2O system. The molecular-orbital DFT-calculations for Mg atom with explicit water (H2O), hydroxide (OH), hydrogen 
(H) and oxygen (O) in both neutral and positive charged-states were implemented using Spartan "14 v1.1.4 molecular 
modelling software96. The geometries of Mg species were constructed—using Spartan graphical model builder—, optimised 
and calculated using RB3LYP/6.311G* basis set with SM5.4/A water solvation model97,98. For each calculation, atomic 
charges of Mg and its species were calculated using the Weinhold's natural population analysis (NPA) method99. The 
computed electronic energies were then used to calculate the reaction and ionisation enthalpies for different species. 

The plane-wave DFT-calculations were implemented using Vienna ab initio software package100,101 (VASP) with energy 
cut-off of 500 eV. The approximations for electron exchange and correlation were carried out using the generalised gradient 
approximation (GGA) and the revised Perdew-Burke-Ernzerhof (RPBE) functional102–104. In all cases, a Γ centred k-points 
grid for sampling the Brillouin zone was employed. Geometrical optimisations were achieved by relaxing all ionic positions 
as well as supercell vectors until the Hellman-Feynman forces were less than 0.01 eV Å-1. The interactions between surface 
and environment were modelled using “slab method”, with a semi-infinite surface was calculated using six layers of Mg 
periodically extended in the x and y directions and separated by 30 Å vacuum layer in the z-direction. The bottom two layers 
were fixed while the upper four layers were relaxed to obtain a surface-bulk like configuration. In contrast to previous studies, 
which often simplified their model by using an implicit water solvent36,89,91, this study provides a better understanding of the 
interfacial reactions and EDL structure by using explicit water molecules were introduced on the Mg(0001) surface105. The 
nudged elastic band (NEB) method106,107 was used to investigate different pathways of Mg interfacial reactions considered in 
this study. 

 

3. Results and Discussion 
3.1. Thermodynamic stability of Mg species in water 

To probe all possible Mg species in water108, different structures of Mg-xH2O, Mg-xOH, Mg-xH and Mg-O (defined as Mg 
complex species) are considered for geometry optimisation. The structures were optimised in neutral and positive charged-
states (+1 and +2). The reaction and ionisation enthalpies for each Mg species were calculated using Spartan (Table S1). 
Magnesium atom readily bonds with water molecules, and forming either Mg-xH2O or Mg-xOH and x/2 H2. The ionisation 
energy of Mg species decreases with increasing number of bonds with water molecules, as shown in Figure 1. The lowest 
energy-configuration is found in Mg-6H2O. From the geometry optimisation, it is revealed that some Mg species, such as in 
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Mg-2H2O and Mg-3H2O complexes, are not stable in +2 charged-state. However, as Mg atom bonds with more water 
molecules, such as in Mg-5H2O and Mg-6H2O complexes, the formation of +2 charged-state becomes more favourable. It is 
important to note that the charged-state of Mg species is not similar to the Mg atom oxidation-state (Table S2). The natural 
population analysis (NPA) method is used to calculate the charge on Mg atom. Magnesium atom shares electron with the 
neighbouring atoms (H and O); thus, it is unlikely for Mg to have nominally full atomic charge of +2. 

The requisite energies for Mg ionisation are ranked from the lowest to the highest as follows: i) from Mg to Mg+, ii) from 
Mg+ to Mg2+ and iii) from Mg2+ to Mg3+. Divalent magnesium ion, Mg2+ is found as the most stable oxidation-state for Mg 
atom. This is because further ionisation to Mg3+ requires electron removal from an inner shell, which demands an extensive 
amount of energy that cannot be supported or compensated by any natural processes. The first stage of Mg ionisation (from 
Mg to Mg+) is stable in vacuum, but not available in aqueous environments. The ionisation energy from Mg to Mg+ and from 
Mg+ to Mg2+ is 7.7 and 68.6 eV, respectively. Meanwhile, the ionisation energy from Mg-6H2O to [Mg-6H2O]+ and from 
[Mg-6H2O]+ to [Mg-6H2O]2+ is 3.1 and 15.0 eV, respectively. The requisite ionisation energy decreases when Mg bonds with 
H2O, H+ and OH-. Despite the ionisation energy for Mg2+ being higher than that of Mg+, the bonding of Mg with water 
molecules facilitates the formation of Mg2+ species from Mg and Mg+ species at lower enthalpies. This denotes that the 
ionisation of Mg in the complex form occurs more favourably than in its atomic form. For instance, the ionisation energy for 
two most stable Mg species in aqueous environments, viz. Mg-6H2O and Mg-4H2O-2OH are presented in Table 1. It is 
revealed that the total ionisation-reaction enthalpy could be achieved at a slightly lower enthalpy in a simultaneous process 
compared to that in consecutive individual processes. The results imply that Mg2+ readily forms complex species of [Mg-
6H2O]2+ in aqueous environments. Therefore, it is expected that during aqueous Mg corrosion, the “dissolving” Mg atom from 
the surface will directly transform into a divalent ion of Mg complex species. 

 

 

Figure 1. Reaction enthalpy of Mg atom with water molecules forming Mg.(H2O)x complexes in aqueous environments 
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Table 1. The DFT-calculated reaction enthalpy for Mg complex in aqueous environments 

Structure 
Reaction enthalpy - ΔΗ°r (eV per functional unit) 

0 → +1 0 → +2 +1 → +1 +1 → +2 +2 → +2 

Mg-6H2O 0.473 15.502 -7.255 7.775 -60.867 

Mg-4H2O-2OH 1.401 13.690 -6.326 5.963 -62.679 

Note: 

ΔΗ°rMg−6H2O (0→+1)  =  Η°
Mg−6H2O+ −  Η°

Mg − 6 Η°
H2O  

ΔΗ°rMg−6H2O (+1→+1)  =  Η°
Mg−6H2O+ −  Η°

Mg+ − 6 Η°
H2O  

ΔΗ°rMg−6H2O (+1→+2)  =  Η°
Mg−6H2O2+ −  Η°

Mg+ − 6 Η°
H2O   

 

3.2. Kinetic profiles of Mg interfacial reactions in water 

3.2.1. Construction of the kinetic model 
Magnesium interfacial reactions proposed in this study are listed below with the following assumptions in order to 

understand Mg electrochemical behaviour in water. The construction of the Mg kinetic model was based on the parameters 
obtained from the first-principles calculations, theoretical literatures and standard reference databases. The Arrhenius-
equation (equation 7) with the existing prefactor109,110 (A) and calculated energy barrier (Ea) was used to estimate the rate 
constants, k1 – k7 (Table S3). 

k0 = A exp (-Ea / RT)  [7] 
According to the conservation law, the total number of surface sites is conserved based on the system-constraint (Equation 

8). This constraint denotes a fixed number of available sites for adsorption on the Mg(0001) surface, up to a single monolayer 
(1 ML). In this case, the presence of subsurface *O is considered as the surface adsorption, *O, similar to the adsorption of *H 
and *OH. The reaction kinetic equations (equations 9 – 15) exhibit the rate of surface site changes considering the production 
and consumption of Mg*, Mg*OH, Mg*H and Mg*O. To simulate the effect of different pH and background Mg2+ 
concentrations, the Nernst-equation was introduced into Arrhenius-equation. Several combinations of [Mg2+] = 2 x 10-5 M and 
pH = 1, 3, 5, 7, 9, 11, 13 were used in the construction of Mg surface kinetic profiles90. Equations 16 – 19 were then solved 
under steady-state conditions i.e. with the time-derivatives set to zero to obtain the steady-state coverage and reactions rate 
profile. 

Constraint of the system 
θM + θH + θOH + θO = 1  [8] 
 
Reaction kinetic equation 
Water-splitting: 2Mg* + H2O → Mg*OH + Mg*H [9] 
K1 = k1θM

2 
Tafel-HE pathway: 2Mg*H → 2Mg* + H2 [10] 
K2 = k2θH

2 
*OH-desorption: Mg*OH + e- → Mg*+ OH-  [11] 
K3 = k3θOH 
Mg-dissolution via OH: Mg + Mg*OH → Mg* + Mg2+  + OH- + e- [12] 
K4 = k4θOH 
Heyrovsky-HE pathway: Mg*H + H+  + e- → Mg* + H2

 [13] 
K5 = k5θH 

*OH-dissociation: Mg*OH + Mg → Mg*O + Mg*H [14] 
K6 = k6θOH 
Mg-dissolution via O: Mg + Mg*O + H2 → Mg* + Mg2+ + H2O + 2e- [15] 
K7 = k7θO

 

 
Reaction kinetic model 
dθM/dt = -2k1 θM

2 + 2k2 θH
2 + (k3 + k4) θOH + k5 θH + k7 θO [16] 

dθH/dt = k1 θM
2
 – 2k2 θH

2 – k5 θH + k6 θOH [17] 
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dθOH/dt = k1 θM
2 – (k3 + k4 + k6) θOH [18] 

dθO/dt = k6 θOH – k7 θO  [19] 
 

3.2.2. Investigation of Mg interfacial reactions in water from first-principles 
3.2.2.1. Water-splitting reaction 
The splitting of water molecules on Mg(0001) surface with the co-adsorption of OH- and H+ is investigated by 

incorporating a water bilayer network. This process is equivalent to the consumption of two available metal sites (Mg*) on the 
surface (reaction 9). The previous study by Williams and co-workers considered this process up to a water dimer 
configuration88. In the presence of network of water molecules, the energy barrier for water-splitting reaction increases due to 
the hydrogen-bonding in water molecules. The water-splitting energy barriers with monomer and dimer configuration are 0.87 
and 1.06 eV88, respectively. It is thus necessary to consider the water-splitting mechanism on the surface from a more complex 
network, since it can provide an accurate prediction closer to the real-interactions between Mg surface and water layer105,111–

115. 
A water bilayer configuration with six water molecules is introduced above the Mg surface. Different configurations for 

water molecules, for example, with hydrogen atoms of H2O molecules pointing away from the surface (H-up), towards the 
surface (H-down) or with H2O molecules parallel to the surface (flat) are considered (Figure S1). The water-splitting energy 
barriers vary based on the orientation of hydrogen relative to the surface, which is affected by potential, pH and the presence 
of adsorbed species. From the NEB calculation, H-down water molecule has the least energy barrier of 2.73 eV to dissociate 
into H+ and OH-, while H-up and flat water molecules have the energy barriers of 3.87 and 3.74 eV, respectively. It is 
observed that in the single bilayer water-network, the interaction between water molecules is -0.26 eV per H2O molecule, 
while after the dissociation of a single water molecule, the interaction between water molecules decreases to -0.23 eV per H2O 
molecule. It means that the water-splitting reaction reduces the interaction between the water molecules. For instance, in the 
dimer structure, the binding between water molecules is less stronger (with -0.09 eV per H2O molecule) than in a larger water 
network. The changes of the energy barrier as a function of the structure of water molecules can be interpreted as a catalytic 
mechanism for Mg interfacial reactions, where the weakening of the hydrogen bond networks in water contributes to 
decreasing energy barrier for the following water-splitting reaction. This mechanism can be explained as follows. The active 
Mg surface attracts a water molecule from an ordered structure of water bilayer network. The water molecule near the surface 
dissociates and adsorbs as *H and *OH. Following the disruption of water bilayer network (due to the preceding water-
splitting), the succeeding water-splitting reaction occurs with a lower energy barrier; thus progressing at a higher rate than that 
of the preceding reaction. 

The water-splitting reaction is posited to occur in water molecules with a weak hydrogen bond network, such as in 
monomer and dimer configurations. Considering that the low rate of water-splitting reaction from bilayer network is expected 
the rates of other interfacial reactions may be influenced. The result therefore contradicts the fact that the water-splitting 
reaction is expected to occur spontaneously35,36. This inconsistency reveals that the properties of water layer near the surface 
are different from the properties of water layer far from the surface, the bulk water112,113,116. The changes of surface conditions 
(e.g. the impurities enrichment, the surface oxidation and the surface hydroxylation) may alter the interaction between Mg 
surface and water layer; thus, creating a unique water layer configuration at the interface, which behaves differently from the 
bulk water. 

3.2.2.2. Hydrogen-evolution reaction 
Following the splitting of water molecules and the adsorption of hydrogen, hydrogen atoms on the surface can recombine 

(and form H2) via either Tafel or Heyrovsky mechanism117–120. These two mechanisms are considered herein for the 
construction of Mg kinetic model. The Tafel pathway is a homolytic reaction type with no electron transfer process (chemical 
reaction). It means that the variation of the potential has no significance for the changes of reaction rate. This mechanism 
becomes more significant with the occurrence of *OH-desorption, as described in the previous study90. Meanwhile, the 
Heyrovsky pathway is a heterolytic reaction type with an electron transfer process (electrochemical reaction). Consequently, 
the Heyrovsky reaction rate is sensitive to the changes of potential and pH.  

In the Tafel reaction, two *H from Mg*H sites recombine and produce H2, leaving two available Mg* sites (reaction 10). 
This reaction along with the *OH-desorption is deemed to be responsible for the cathodic HE. In the *OH-desorption reaction, 
one *OH from Mg*OH site desorbs from the surface, leaving one available Mg* site (reaction 11). The Tafel reaction rate 
depends on the hydrogen coverage (θH). In the Heyrovsky reaction, one *H from Mg*H site recombines with H+ from the 
solution, producing H2 and leaving one available Mg* site (reaction 13). Adsorbed hydrogen (*H) is a negatively charged 
species due to the interaction with Mg surface. The Heyrovsky reaction rate varies according to the changes of potential, pH 
and θH. Using NEB calculations, the energy barriers for the Heyrovsky and Tafel mechanisms are obtained as 1.08 and 1.31, 
respectively (Figure S2 and S3, respectively). It is shown that the Heyrovsky reaction is the dominant pathway for HE on the 
Mg surface, as it occurs with a lower energy barrier than that of the Tafel reaction. To support this claim obtained from the 
static 0 K DFT-calculations, molecular dynamics (MD) calculations at 298 K were also performed, in which the results 
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exhibit consistent findings: the Heyrovsky mechanism is more favourable than the Tafel mechanism. The hydrogen-
recombination occurs with the energy barrier and reaction enthalpy of 0.7 and -0.3 eV, respectively (Figure S4). 

3.2.2.3. Mg-dissolution reaction 
There are two dissolution mechanisms that are proposed in this study: i.) a water-assisted and ii.) a hydroxide-assisted 

dissolutions. The dissolution of Mg from the surface is investigated using the model previously developed121. Herein, the 
dissolution process is simulated with an adsorbed Mg atom on the Mg(0001) surface in vacuum and in the presence of explicit 
water molecules. The adsorbed Mg atom, which is bonded with H2O or OH-, is sequentially displaced to 5.5 Å above the 
surface. Initially, an oxygen-assisted dissolution mechanism is considered. However, during the geometrical optimisation, it is 
found that oxygen reacted with the water molecules and converted into two *OH groups, which then facilitated the Mg-
dissolution from the surface (as if it follows the hydroxide-assisted mechanism). The water-assisted Mg-dissolution, a double-
electrons transfer mechanism, has an energy barrier of 2.51 eV with the dissolving Mg atomic Bader charge122,123 of +0.72 and 
+1.82 at the initial and final states, respectively (Figure S6). Meanwhile, the hydroxide-assisted Mg-dissolution, a single-
electron transfer mechanism, has an energy barrier of 4.32 eV with the dissolving Mg atomic Bader charge of +0.93 and +1.46 
at the initial and final states, respectively (Figure S6). These findings validate the results obtained in section 3.1 regarding the 
formation of divalent ions of complex Mg species. The Bader charge calculations also give a confidence that there is a 
formation of positive charged Mg complex species in both mechanisms.  

In addition to these mechanisms as derived from the NEB calculations, which exhibit high-energy barrier for Mg-
dissolution, the cohesive energy for Mg ionic solids is considered. This attempt has also been applied in earlier study by 
Taylor90. The cohesive energies for Mg, MgO and Mg(OH)2 are -1.50, -10.22 and -21.52 eV, respectively and these are 
consistent to the previous studies87,124,125. This indicates that the energies requisite to break ionic-bonding in bulk MgO- and 
Mg(OH)2-systems are higher than to break metallic-bonding in bulk Mg-system. 

From the NEB and cohesive energy calculations, it is revealed that the dissolution of Mg occurs primarily via the water-
assisted mechanism in the clean Mg surface. The dissolution of Mg from the surface covered by the film requires more energy 
than in the clean surface, indicating that the film-covered surface may act as a local cathode. A selective surface-dissolution 
may occur in the regions where there are no films or surface contaminants. For the construction of Mg reaction kinetic model, 
the energy barrier for reactions 7 and 10 is set to be identical to 1.50 eV. This is based on the assumption that the effect of 
Mg*O to the surface-dissolution was negligible, knowing that the oxygen will adsorb on the surface and diffuse into the bulk. 

3.2.2.4. Hydroxide-dissociation reaction 
The films formed on the Mg surface have diffuse bilayer structures, made of MgO as the inner film and Mg(OH)2 as the 

outer film34,126. The previous DFT-calculations revealed that the film stability is sensitive to the presence of surface impurities, 
e.g. alloying elements (from the metal) and anions (from the environment)89. However, there remains a gap in the 
understanding for the formation of bilayer films as observed in many experiments66,126–131. Herein, the absorption of O from 
*OH on the surface to the bulk Mg was considered, where the formation of a bilayer film can be understood with the presence 
of *O in the Mg subsurface (as the inner MgO layer) and *OH on the Mg surface (as the outer Mg(OH)2 layer). During the 
hydroxide-dissociation reaction, oxygen moves to the available subsurface site and hydrogen remains on the available surface 
site. The adsorbed hydrogen (*H) then recombines with another adsorbed *H or H+ ion and evolves as H2 gas. There are two 
mechanism of *OH-dissociation investigated for the differences in the Tafel- and Heyrovsky-HE (Figure S6). Considering 
these reaction pathways, the energy barrier for *OH-dissociation is calculated to be 1.08 eV. It is found that the presence of 
*H (and other surface contaminants) on the surface affects the *OH-dissociation process as observed from the energy 
differences between the two plots. Further investigation about the formation of surface-film composed of Mg*O and Mg*OH 
on the Mg(0001) surface is discussed in section 3.3. It is important to note that the kinetic model built herein does not 
consider the changes of surface morphology during the chemisorption of elemental O into Mg lattice. 

 
3.2.3. Implementation of the kinetic model 
In this study, the Mg surface electrochemical activity as the functions of potential and pH is successfully developed using 

the kinetic model based on the DFT-calculated parameters. Individual contribution of elementary reactions is shown in Figure 
2. It is worth noting that this contribution is valid when all the reactions proposed in section 3.2.1 are fully considered when 
solving the steady-state equation. The surface coverage plots at different pH values, considering the competitive production 
and consumption sites of Mg*, Mg*OH, Mg*H and Mg*O (Figure S7), denotes that the rates of interfacial reactions are 
sensitive to the dynamics of surface coverage. It is known from this study that the concentration of Mg*OH on the surface 
increases with increasing pH and is found at the overpotential regions near the OCP. The range of overpotential for Mg*OH 
concentration becomes wider in alkaline conditions than that in acidic conditions. Cathodic potential regions are dominated by 
Mg*, while anodic potential regions are dominated by Mg*H. Compared to a previous finding90, there is no significant Mg*H 
concentration available on the surface during cathodic polarisation, as this model considers a new mechanism for HE, known 
as the Heyrovsky reaction. This pathway facilitates a more rapid desorption rate of hydrogen than the Tafel reaction. In 
addition, the concentration of Mg*O is negligible in any conditions, indicating that Mg*O is more dominant to be formed in 
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the substrate than on the surface. This implies a rapid diffusion rate of oxygen into bulk or alternatively a slow dissociation 
rate of hydroxide from the surface. On the other hand, the presence of MgO as inner film in the experiments is expected to 
form before the immersion in aqueous electrolytes or during the contact between Mg and atmosphere. In principle, the surface 
coverage, which varies according to the potential and pH, plays an important role for controlling the reactions at the Mg/H2O 
interface. This denotes that the thermodynamic stability of Mg surface dictates the competition among the water-splitting, 
hydroxide-desorption and hydroxide-dissociation, hydrogen-evolution and Mg-dissolution reactions on the surface. Overall, 
the effect of pH to the interfacial reactions can be summarised as follows, with decreasing pH (from alkaline to acidic 
conditions): 

• The rates of water-splitting, hydroxide-desorption and Heyrovsky-HE reactions increase, 
• The rate of Tafel-HE reaction decreases, 
• The rates of hydroxide-dissociation and Mg-dissolution reactions increase at anodic regions and decrease at 

cathodic regions, respectively, 
• The OCP shifts to a nobler value. 

The rates of water-splitting reaction change with the changes of pH and potential. Overall, the water-splitting reaction 
occurs at higher rates in acidic conditions than that in alkaline conditions. Increasing anodic potential leads to the fluctuating 
rates of water-splitting near the OCP, which then continues to decrease with a larger anodic overpotential. This alteration is 
mainly caused by the increasing coverage of Mg*OH and Mg*H on the surface, where water-splitting reaction prefers take 
place on the clean surface to the covered surface (noting the effect of surface-passivation). Two different HE pathways 
considered in this study exhibit that the HE does not follow the normal Tafel cathodic slope, where the HE rate is expected to 
decrease with increasing potential. The Tafel chemical hydrogen-recombination pathway becomes more favourable with 
increasing hydrogen coverage on the surface following the increase of anodic potential. Meanwhile, the Heyrovsky rates 
fluctuate at the narrow overpotential regions near the OCP (showing the NDE) before they continue to decrease with 
increasing anodic potential. This denotes that the Heyrovsky electrochemical hydrogen-recombination pathway dictates the 
production of H2 during cathodic polarisation, which invalidates the formation of stable Mg*H species59,132, and both the 
Heyrovsky and Tafel pathways dictate the production of H2 during anodic polarisation. Hydroxide-dissociation and 
hydroxide-desorption reactions play an important role for controlling the rates of other reactions, since they control the 
availability of active sites on the surface, where the water-splitting, Mg-dissolution and HE reactions occur only on the clean 
surface and not on the hydroxide-covered surface.  

From this kinetic model, the rates for hydroxide-desorption are higher than those for hydroxide-dissociation. However, the 
hydroxide-desorption rates decrease significantly with increasing anodic potential and pH. It is important to note that during 
anodic polarisation, the hydroxide-desorption reaction is accompanied by the dissolution of Mg atoms from the surface, where 
the Mg-dissolution reaction rate increases with increasing anodic overpotential. There are two types of hydroxide-desorption 
mechanisms: i) direct pathway during cathodic polarisation and ii) indirect pathway during anodic polarisation. Slow 
hydroxide-dissociation reaction rate denotes that the diffusion of oxygen into bulk may also negligible, as the hydroxide-
desorption is found to be more dominant process. These mechanisms, hydroxide-desorption and hydroxide-dissociation, are 
critical for maintaining the availability of active sites59,90 as they convert Mg*OH into Mg*.  

The HE rates presented herein are the combination of both the Tafel (reaction 10) and Heyrovsky (reaction 13) reactions, 
while the Mg-dissolution rates are the combination of both single- (reaction 12) and double-electron (reaction 15) dissolution 
reactions. The DFT-calculated polarisation curves for Mg(0001) surface in water (Figure 3) give credible predictions of Mg 
electrochemical activity that are in agreement with the experimental polarisation curves for pure Mg. The cathodic 
polarisation curves resemble the process of water-splitting reaction that is equivalent to the HE, while the anodic polarisation 
curves resemble the process of Mg-dissolution reaction. 
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Figure 2. Kinetic profiles of various elementary reactions on the Mg(0001) surface as the functions of potential and pH 

 
In addition, the NDE of Mg is observed at any pH, and the difference between cathodic and anodic HE increases with 

increasing pH. This means that the NDE becomes more dominant with the formation of bilayer films of MgO/Mg(OH)2, 
which is in agreement with the previous findings20,65,133,134. Increasing pH makes the NDE manifested over wider cathodic and 
anodic overpotential ranges. The rates of HE are the lowest at the OCP, and increase with increasing cathodic and anodic 
overpotentials. However, the rates of HE then tend to decrease at larger anodic overpotential. The trends found herein seem to 
be inconsistent with the previous theory about the catalysing surface-film20,73,89. Firstly, the formation of bilayer films, 
especially Mg*OH is supposed to enhance the rates of water-splitting and HE, which means that HE rate in alkaline 
conditions should be higher than that in acidic conditions20. Secondly, the rates of anodic HE keeps on increasing even at a 
large anodic overpotential64,71,134–136. The reasonable explanations for the difference, which also becomes the limitation of the 
present kinetic model, can be listed as follows: 

• This model does not consider the formation of different features on the surface due to the preceding interfacial 
reactions that may develop micro-galvanic cells, 

• This model does not consider the changes of active sites due to the preceding interfacial reactions that may alter 
the succeeding interfacial reactions28,65,66,137–141, 

• This model does not consider the evolution of the surface morphology, especially due to Mg-dissolution that may 
enrich the concentration of noble impurities on the surface21,28,29,31,66,142. 
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Figure 3. The DFT-calculated polarisation curves for Mg electrochemical activity in aqueous environments at different pH values, 
showing cathodic (water-splitting/ HE – dotted lines) and anodic (Mg-dissolution – solid lines) branches 

 
Consistent with the results presented in section 3.2.1, both reactions 12 and 15 can be assumed to occur via a double-

electron dissolution process. However, in reaction 12, a single hydroxide ion reacts with Mg2+ as if the dissolution occurs with 
the formation of an Mg(OH)+ ion complex. Different mechanisms of Mg-dissolution are captured well using these two 
reactions, in which reaction 12 is sensitive to the potential and pH and reaction 15 is sensitive only to the potential. The 
energy barrier for Mg-dissolution reactions is approximated using the cohesive energy of bulk Mg solid, as the previous 
calculations using NEB cannot produce sensible values for both reactions. The rates of Mg-dissolution increase with 
increasing anodic overpotential, in which the rates at cathodic regions are higher in alkaline conditions than that in acidic 
conditions, while the rates at anodic regions are higher in acidic conditions. It is believed that at cathodic regions, the positive 
contribution of electrode potential for reducing activation energy is compensated by the negative contribution of pH. 
However, it is worth noting that Mg-dissolution is mainly recognised as the anodic reaction, in which the trends obtained in 
this model are in agreement with the experiments143. Considering that corrosion rate of Mg is the balance between anodic and 
cathodic reactions, the corrosion rate of Mg is higher in acidic conditions than that in alkaline conditions. In accordance with 
enhanced surface catalytic activity theory, the kinetic model also exhibits slightly higher Mg-dissolution rates than that of HE. 
This denotes that the formation of actively dissolving Mg surface may correspond to the occurrence of anodic HE. This once 
again emphasises the importance of active sites for the occurrence of interfacial reactions, in which it is driven by the 
dissolution of Mg at anodic regions. 

 
3.3. Formation of oxide and hydroxide film on the Mg surface 

The mechanistic basis for the formation of bilayer film (MgO/Mg(OH)2 formation following the partial (reaction 20) and 
complete water-splitting reactions (reaction 21), is sought to be understood next. The films formed upon the Mg surface in 
aqueous environments are diffused bilayer structures made of a thick-porous Mg(OH)2-rich outer-layer and a thin-dense 
MgO-rich inner-layer34,126. Experiments have shown that the concentration of Mg(OH)2 decreases and MgO increases with an 
increasing depth of the film from the surface131,144. However, the kinetic model developed in the previous section indicates a 
negligible oxygen surface coverage (Mg*O). This is mainly because the current model does not consider the presence of 
oxygen in the substrate (subsurface – where it is typically found in the experiments), also noting that the dissociation of 
hydroxide occurs at lower rates than the desorption of hydroxide from the surface. It is important to understand the interaction 
between the covered surface (Mg surface with adsorbed species: Mg*O and Mg*OH) with water molecules, as it may 
represent the realistic experimental conditions. The partial and complete splitting of a water molecule can be represented as: 
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H2O → *OH + *H  [20] 
H2O → *O+ 2 *H  [21] 
The reaction enthalpies for partial and complete water-splitting are calculated from the formation energies of Mg*Ox, 

Mg*(OH)y and Mg*Ox(OH)y, as shown in Figure 4. The DFT-calculated energies for Mg*O and Mg*OH formations are 
presented in Table 2. It is observed that the complete water-splitting reaction on the surface, which is accompanied with 
higher amount of H2 gas release per H2O molecule, has a more negative reaction enthalpy than that of the partial water-
splitting reaction. With the formation of Mg*O on the surface, water-splitting still occurs favourably on the surface, although 
with decreasing enthalpy per H2O molecule. This means that the formation of MgO/Mg(OH)2 film (modelled as MgO*OH) 
can be achieved spontaneously on the Mg(0001) surface altogether with H2 gas production through the series of complete and 
partial water-splitting reactions. In addition, the strong thermodynamic driving force obtained from Mg/MgO transformation 
to Mg/MgO/MgOH suggests that the surface is continually oxidised in aqueous environments by simultaneously forming 
mixed oxide and hydroxide films. 

 

Figure 4. Optimised geometries of (2x2x1) Mg supercell used for the transformation study of Mg surface forming an oxidation film 
of MgO, Mg(OH)2 and MgO/Mg(OH)2 

 
Table 2. The DFT-calculated reaction enthalpy for the Mg surfaces transformation during the interaction with water 
molecules in aqueous environments 

Electrochemical Reaction 
∆Ηr 

(eV per H2O) 

Mg + 3H2O → Mg*O3 + 3H2 -2.76 

Mg + 6H2O → Mg*O6 + 6H2 -2.67 

Mg + 4H2O → Mg*(OH)4 + 2H2 -1.67 

Mg + 8H2O → Mg*O4(OH)4 + 6H2 -1.90 

Mg*O3 + 5H2O → Mg*O4(OH)4 + 3H2 -2.32 

Mg*O3 + H2O + H2 → Mg*(OH)4 1.58 

Mg*O3 + 3H2O → Mg*O6 + 3H2 -2.59 

Mg*O6 + 2H2O → Mg*O4(OH)4 3.93 

 
During the transformations from Mg to Mg*O and Mg*OH, the volume changes of crystal structure are expected, where 

Mg*O and Mg*OH cause the contraction and expansion of the structure, respectively. The lattice parameters of the 
corresponding supercell containing those structures are presented in Figure 4. The change is obvious in the lattice parameter 
of z-axis, whose value is altered by -9.5% and 13.6% from that of the Mg supercell with the formation of Mg*O and Mg*OH, 
respectively. This is consistent with the experimental findings which suggest the formation of thin-dense MgO and thick-
porous Mg(OH)2 films from the occurrence of both partial and complete water-splitting reactions34,66,126–130. As water molecule 
dissociates and oxygen adsorbs on the surface, crystalline MgO nucleates and grows laterally forming an oxide-cluster, 
followed by the precipitation and thickening process145,146. At later stages, because of the continuous hydration on the surface, 

 12 



crystalline MgO experiences severe breakdown (volume expansion) forming Mg(OH)2 via the dissolution-precipitation 
reactions131. 

Herein, the formation and growth of the bilayer film is studied using hexagonal close-packed (hcp) crystal structures of Mg, 
MgO and Mg(OH)2 with (0001) surface orientation. The results obtained here provide qualitative information that is beneficial 
for predicting the electrochemical activity trends for different compounds. This is particularly important to understand the 
evolution of surface activity following the occurrence of preceding interfacial reactions, e.g. water reduction. The effects of 
potential and local pH on the thermodynamic stability and catalytic role of film can be examined from the DFT-calculated 
Pourbaix-diagrams developed for different surfaces: Mg(0001), MgO(0001) and Mg(OH)2(0001). Firstly, the Mg(0001) 
surface interaction with H2O as expressed by the complete and partial water-splitting reactions is presented in Figure 5a. All 
competing electrochemical reactions (reactions 22 – 28) that occur on the Mg(0001) surface are outlined in Table S4 with 
their corresponding DFT-calculated Nernst-equations. 

Mg + x H2O ⇆ Mg*(OH)x + x/2 H2 [22] 
Mg + x H2O ⇆ Mg*Ox + x H2 [23] 
Mg*(OH)x  ⇆ Mg*Ox + x/2 H2 [24] 
Mg1v + [Mg(H2O)6]2+ ⇆ Mg*(OH)x + 2[(H3O)(H2O)]+ + (1-x/2) O2 + (1-x/2) H2 [25] 
Mg1v + [Mg(H2O)6]2+ ⇆ Mg*Ox + 2[(H3O)(H2O)]+ + (1-x/2) O2 + H2 [26] 
Mg + 2[(H3O)(H2O)]+ + 2H2O ⇆ Mg1v + [Mg(H2O)6]2+ + H2 [27] 
Mg + x/2 H2 ⇆ Mg*Hx  [28] 
The clean Mg(0001) surface, hydroxylated Mg(0001) surface, oxidised Mg(0001) surface and Mg(0001) surface with one 

surface vacancy are represented by Mg, Mg*(OH)x, Mg*Ox and Mg1v, respectively. Meanwhile, the hexa-hydrated Mg ion 
and hydronium ion are represented by [Mg(H2O)6]2+ and [(H3O)(H2O)]+, respectively. 

As shown in Figure 5a, increasing *O coverage shifts the phase boundary between Mg and Mg*O to the right while 
increasing *OH coverage shifts the phase boundary between Mg and Mg*OH to the left. The transformation from MgO to 
Mg(OH)2 occurs at a large anodic overpotential from the OCP which denotes that this process requires significant amount of 
energy. In addition, it is found that the reaction enthalpy for surface hydroxylation above 1 ML becomes more endothermic 
with increasing surface coverage (Figure S8). The presence of excess *OH groups leads to a structural disorder 
(rearrangement) of surface atoms, which can potentially explain the formation of porous Mg(OH)2 film. A unit cell of the hcp 
Mg contains two Mg atoms while a unit cell of hcp Mg(OH)2 contains one Mg atom. This suggests that the formation of two 
hcp Mg(OH)2 unit cell (1x1x2) is equivalent to the breakdown of one hcp Mg unit cell (1x1x1). The DFT-calculated 
Pourbaix-diagram for the Mg(0001) surface indicates that during anodic polarisation, water molecules first dissociate 
according to reaction 21, which then dissociate according to reaction 20 with increasing potential. During this process, both 
Mg*O and Mg*OH are formed on the surface and their presence alters the overall electrochemical behaviour on the Mg(0001) 
surface, especially when the adsorbates diffuse into the bulk Mg and form stable MgO and Mg(OH)2 crystals that have 
different electrochemical properties. It is posited therefore that the water-splitting reaction initiates the formation of micro-
galvanic cells at different regions on the surface. 
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Figure 5. The DFT-calculated Pourbaix-diagrams of (0001) surfaces of hcp Mg (a), MgO (b) and Mg(OH)2 (c) in aqueous 
environments 

 
Secondly, as the previous calculation in section 3.2 only considers the presence of surface *O on the Mg(0001) surface, this 

calculation considers the presence of subsurface *O in the bulk Mg as the MgO(0001) surface. The competing 
electrochemical reactions (reactions 29 – 31) and their corresponding DFT-calculated Nernst-equations are presented in Table 
S5. The preliminary study reveals that the *OH favourable adsorption sites on the MgO(0001) surface are fcc hollow, hcp 
hollow and a-top with the adsorption energies of -1.91, -1.34 and -1.0 eV per H2O, respectively. The dissolution potential of 
MgO, -1.543 V vs. SHE, is nobler than that of Mg, -1.934 V vs. SHE (Figure 5b). This reveals that MgO acts as the cathode 
and Mg acts as the anode during the electrochemical processes in aqueous environments. 

MgO + x H2O ⇆ MgO*(OH)x + x/2 H2 [29] 
MgO1v + [Mg(H2O)6]2+ ⇆ MgO*(OH)x + 2[(H3O)(H2O)]+ + (1-x/2) O2 + (1-x/2) H2 [30] 
MgO + 2[(H3O)(H2O)]+ + 2H2O ⇆ MgO1v + [Mg(H2O)6]2+ + H2 [31] 
Thirdly, the electrochemical interactions between Mg(OH)2(0001) surface and water molecules were studied as the 

functions of potential and pH. It is revealed that hollow sites remain as the most favourable adsorption sites for *OH with the 
adsorption energy of -1.21 eV per H2O which is much weaker than the previous two surfaces. The corresponding DFT-
calculated Nernst-equations of three competing electrochemical reactions (reactions 32 – 34) are listed in Table S6. The 
Mg(OH)2(0001) surface Pourbaix-diagram is presented in Figure 5c. It is understood that the surface readily dissolves into 
Mg2+ with increasing potential at any pH. There is no favourability of the surface to form additional hydroxide-film. This is 
because every Mg atom is already bonded with two *OH groups. Therefore, the behaviour of Mg(OH)2 in promoting surface-
dissolution will ensure continuous consumption of Mg atoms from the surface, which is equivalent to a thickening mechanism 
of Mg(OH)2 film. 

Mg(OH)2 + x H2O ⇆ Mg(OH)2*(OH)x + x/2 H2 [32] 
Mg(OH)2 1v + [Mg(H2O)6]2+ ⇆ Mg(OH)2*(OH)x + 2[(H3O)(H2O)]+ + (1-x/2) O2 + (1-x/2) H2 [33] 
Mg(OH)2 + 2[(H3O)(H2O)]+ + 2H2O ⇆ Mg(OH)2 1v + [Mg(H2O)6]2+ + H2 [34] 
 
Following the oxidation of Mg surface, the formation of insulating film made of MgO and Mg(OH)2 is expected to affect 

the occurrence of charge transfer reactions, both thermodynamically and kinetically. In this study, MgO and Mg(OH)2 (0001) 
surfaces are not completely oxidised, where outer Mg layer still have active sites that can facilitate charge transfer reactions. 
This is evidenced from negative reaction enthalpies of hydroxide adsorption and Mg dissolution reactions (Tables 2, S5 and 
S6). Although, these reactions are thermodynamically favourable, the formation of insulating film can significantly decrease 
the reactions kinetic. Such behaviour is observed in previous section, showing that increasing *OH coverage decreases the 
rates of water splitting and HE reactions (Figures 2 and S7). Further investigations considering different possible Mg 
electrochemical reactions on oxidised Mg surface are required to clarify the role of surface film and its electronic conductivity 
on the electrochemical reactions at Mg/H2O interface. 

 
3.4. Configuration of electrochemical double layer at the Mg/H2O interface 

Water structures were optimised by considering the water-water and metal-water interactions, using the RPBE D-3 
functional to yield a correct wetting behaviour on the Mg(0001) surface147–156. There are many different water structures that 
are very close in energy (Figure S9). The trend for water-cluster formation is determined based on the competition between 
hydrogen-bonding and metal-water bonding (Table S7), in which the formation of proton donor and acceptor is significant for 
controlling the thermodynamic and kinetic properties of water EDL. This behaviour can be used to explain the intrinsic 
characteristics of water molecules on the metal surface, whose structures often undergo cluster-formation and bulk-
evolution111,116. 

The single water molecule adsorbs through its oxygen atom at a-top site with the adsorption energy of -0.41 eV per H2O. A 
more refined structure with 2.22 Å Mg-O interatomic distance is obtained by considering van der Waals effect. The 
adsorption energy increases with increasing number of water molecules adsorbed on the surface (Table S7). Dimer water 
molecules exhibit different interactions on the surface, indicating the competition between hydrogen-bonding among water 
molecules and metal-water bonding at the interface. The upper water molecule, which is weakly bonded to the metal surface, 
acts as a proton acceptor, while the water molecule nearest to the surface, which is strongly bonded to the metal surface, acts 
as a proton donor112. This buckled water structure is normally found in the dimer configuration, where the upper water 
molecule favours stronger hydrogen-bonding between water molecules than water molecules near the surface. This behaviour 
manifests in the shift from the ideal a-top adsorption sites by 0.20 and 0.49 Å with 2.78 Å O-O interatomic separation 
between water molecules. In addition, there were two different configurations in trimer and tetramer water molecules 
considered, i.e. cyclic and open structures. The ground-state structure for water trimer is found in the open structure with the 
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adsorption energy of -0.51 eV per H2O, which consists of two proton donors and one proton acceptor. The ground-state 
structure for water tetramer is found in the cyclic structure with the adsorption energy of -0.54 eV per H2O molecule. 

 

Figure 6. Top and side view of the optimised geometries for the water EDL on the Mg(0001) surface with (a) single, (b) double and 
(c) triple water bilayer structure 

 
Moreover, the single bilayer (water hexamer), double bilayer and triple bilayer water structures were built to better 

understand the bulk configuration of water molecules on the Mg(0001) surface (Figure 6). The model of bulk water structure 
with six water molecules is in agreement with experiments, in which the structure has a density of 5 x 1014 cm2 at a water dose 
of 1 x 10-6 mbar157. In the single bilayer water structure, the interaction between water molecules increases with all six water 
molecules interconnecting together and forming an ice Ih(0001) water bilayer structure158. In the double bilayer and triple 
bilayer water structures, a three-dimensional network of tetragonal and hexagonal structure is formed, respectively. This 
finding is consistent with increasing binding energy observed among water molecules. As a result, the cluster formation of 
water molecules reduces the interaction between Mg surface and water molecules, as their molecular interactions are 
increasingly being more dominant with the incorporation of more networks of water molecules. In this study of water bilayer 
configurations, there is a significant increase of binding energy between water molecules from -0.26 eV per H2O molecule for 
single bilayer to -0.43 eV per H2O molecule for triple bilayer along with a slight change of the water adsorption energy on the 
surface from -0.53 eV per H2O molecule for single bilayer to -0.55 eV per H2O molecule for triple bilayer. 

Herein, the energy barrier for water-splitting reaction is found to be sensitive to the hydrogen-bonding within the water 
molecules as well as the surface conditions. For instance the dissociation of water molecules from the dimer and single bilayer 
structure requires the energy of 1.0688 and 2.73 eV, respectively. The energy barrier for water-splitting reaction is thought to 
increase with increasing number of water molecules present on the surface. By considering high reactivity of Mg in aqueous 
environments, this water-splitting reaction can be expected to initiate in the region where hydrogen-bonding within water 
molecules is weak (or in the region where metal-water bonding is dominant), e.g. regions with noble impurities. The 
occurrence of continuous water-splitting reaction accelerates the subsequent water-splitting, mainly because the preceding 
reaction disrupts the configuration of water bilayer network that weaken the hydrogen-bonding between water molecules. 
Meanwhile, from the kinetic model developed in the previous section, the water-splitting energy barrier on the MgO or 
Mg(OH)2 surface is not taken into account; therefore, the rate of water-splitting decreases with the formation of Mg*OH on 
the surface. Nonetheless, it is found that the single bilayer water structure is altered on the hydroxylated Mg(0001) surface 
with θOH=1, showing stronger hydrogen-bonding of -0.28 eV per H2O molecule than that on the clean Mg(0001) surface. 
From the surface Pourbaix-diagrams, the dissociation of water molecules on the MgO(0001) surface becomes more 
favourable across the wide range of pH compared to that on the Mg(0001) surface. This clarifies the experimental findings 
which suggest that H2 emerges at or near the surface-film region18,38,66,159. 

 
3.5. Discussion of Mg electrochemical activity in water 

Experimental literatures, as presented in section 1.1, reported several models to explain the source and mechanism of high 
HE rates on the anodically polarised Mg. This distinctive phenomenon, the so-called NDE, is only found in the Mg and active 
metals160. 

Previously, it was proposed that Mg+ ions exist in the solution, they will be readily attacked by water molecules and have a 
very short lifetime14–16. However, this behaviour is clarified in section 3.1 — it is found that Mg readily reacts with H2O, OH- 
and H+ and instantaneously forming a stable +2 charged Mg species. The magnesium hydride (MgH2) intermediate model is 
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also no longer relevant, as the present study highlights a more favourable mechanism for hydrogen-recombination via the 
Heyrovsky reaction at the cathodic potentials. In the previous kinetic model90, the Tafel reaction is the only mechanism 
considered for hydrogen-recombination, in which the formation of hydrogen-rich surface (Mg*H) is possible due to a lower 
hydrogen-recombination rate. As presented in section 3.2, the Heyrovsky reaction occurs at a higher rate, therefore the surface 
has equivalent rates for both the hydrogen-adsorption and hydrogen-desorption processes. This finding is supported by the 
DFT-calculated Pourbaix-diagram developed for the Mg(0001) surface in water as elaborated in section 3.3. Moreover, a 
recent study also confirmed a favourable Heyrovsky pathway on Mg surface, which is expected to occur only during 
polarisation and not at the OCP161. The polarisation was expected to facilitate lateral transfer of surface charge following the 
changes of adsorption behaviour. In this study, it is evident that Mg*OH prefers to form within the potential ranges near at the 
OCP (depends on pH), and decreasing the Heyrovsky reaction rate. 

The HE reaction in Mg cathodic and anodic potentials is described from a water-splitting reaction, which consists of three 
steps: i) Volmer (reaction 9), ii) Tafel (reaction 10) and iii) Heyrovsky (reaction 13). The cathodic (βc) and anodic (βa) Tafel 
slopes for HE is presented in Figure 7 and Table S8. It is known that from the literature the values of βc and βa were ≥ 200 
mV/decade and ≤ 150 mV/decade, respectively. In combination with the experiments, the values of βc and βa obtained from 
the simulations at different pH values are presented in Table 3. The Tafel slopes of Mg are sensitive towards the changes of 
pH at the interface and the values of βc and βa are within the normal ranges as suggested from the experiments. However, the 
DFT-calculated polarisation curve herein denotes the inversion of anodic curves for Mg-dissolution at a large anodic 
overpotential, which has never been reported previously in the experiments. This behaviour is difficult to obtain in real-tests 
mainly due to the difficulties in normalising the effect of voltage drop from the electrolyte resistance that varies according to 
electrolyte conditions. It is commonly known that most of the anodic Tafel slopes from the experiments are over-corrected 
since the electrolyte resistance is often approximated with a single fixed value77,143. It is important to note that the results 
obtained from DFT calculations of Mg(0001) surface in water have certain limitations during modelling, meaning that the 
findings could not be directly compared with the experimental results. However, such modelling does permit for focusing 
future experiments required to better understand Mg electrochemistry in aqueous electrolytes. In this case, this study does not 
consider factors such as natural oxide film, crystal orientation (surface plane), grain size, alloying element, intermetallic 
particle and ion, which will definitely give a significant change of Mg electrochemical properties. 
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Figure 7. Cathodic and anodic branches determined from reactions 4, 5 and 8 with their corresponding Tafel slopes (β) are listed in 
Table S8 

 

The previous studies proposed the formation of magnesium hydride (MgH2) at cathodic and anodic potentials60,61,132. 
However, from the kinetic model presented in section 3.2, the formation of Mg*H is only observed at a large anodic 
overpotential. Although there is a high *H coverage on the surface, the rate of hydrogen-recombination via Tafel pathway is 
lower than that of via Heyrovsky pathway. The claim that the Tafel anodic HE contributes to the NDE at a large anodic 
overpotential is confirmed. However, the major contributor of anodic HE in this condition may also come from the noble 
impurities enrichment on the surface. A high rate of Mg-dissolution reaction at this potential range increases the noble 
impurities concentration on the surface, which in turn creates micro-galvanic cells between different surface features, 
including the film. In addition, the claim of MgH2 forms at cathodic region is not observed59,162, in both the kinetic and 
thermodynamic models presented in section 3.2 and 3.3, respectively. In contrast, the results denote a favourable formation of 
MgO at the potential range near the OCP, whose value changes with pH. 

Aqueous Mg electrochemical activity can be understood from the latest popular model which combines the contributions of 
surface-film, noble impurities and surface catalytic activity to the anodic HE. In the surface-film based model, the H2 gas 
emerges at or near the region of a dark film on the surface. This dark film is characterised as the bilayer structure composed of 
MgO and Mg(OH)2. The study by Casey38 proposed that the overall Mg corrosion is determined by the rate of ions transported 
through the surface-film. It is now known that the formation of this film does not effectively protect the underlying metal 
surface, which is mainly due to two factors: i) the Pilling-Bedworth ratio of Mg surface-film is smaller than 1, and ii) the 
Mg(OH)2 film dissolves in the acidic conditions. Although it is known to be ineffective, the formation of film greatly 
influences Mg interfacial reactions in aqueous environments. A poor protection of the surface-film triggers the formation of 
micro-galvanic cells on the surface, where Mg, MgO and Mg(OH)2 have different electrochemical behaviours in aqueous 
environments (section 3.3). This results into the simultaneous increase of the HE and Mg-dissolution rate at a small anodic 
overpotential. This mechanism is consistent with a recent model143, which suggested the enhancement of surface catalytic 
activity. A preservation of active sites is found to be essential for maintaining continuous interfacial reactions, and herein it is 
achieved via *OH desorption and Mg dissolution reactions. Following the increase of Mg-dissolution rate on the surface, the 
HE rate also increases. The accumulation of noble impurities on the surface can provide an additional contribution to the 
anodic aqueous activity of Mg. The NDE increases with increasing rates of breakdown of the film and dissolution of Mg. The 
breakdown of the film reveals that MgO surface favours the water-splitting reaction and consequently the HE. Meanwhile, the 
dissolution of Mg surface atoms will cause the dislodgement of noble impurities, which in turn redeposit on the surface and 
take an active part in the electrochemical reactions as the cathode. This mechanism is particularly important for the NDE of 
Mg since the enrichment of noble impurities might be important for increasing aqueous Mg activity at a large anodic 
overpotential, in which the anodic HE in clean Mg surface obtained herein indicates decreasing trends. Otherwise, the 
behaviour of Mg observed at a large anodic overpotential here may represent the real behaviour of Mg that is not captured 
during the experiments. It is difficult to large anodically polarised Mg, considering that Mg is weakly polarisable metal and 
the current limit of present potentiostat. 
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Table 3. Comparison of Tafel slope calculated in this study and reported in the literature 

 
The formation of MgO is considered as two-step processes of partial water-splitting followed by *OH-dissociation, rather 

than one-step process of complete water-splitting. Furthermore, the dynamic surface changes that occur due to the interfacial 
reactions are not fully considered in the construction of kinetic model. The interfacial reactions were only studied as the 
functions of potential, pH and surface adsorbates. Therefore, the changes of energy barrier as the formation of surface defects, 
which arrives from the surface-dissolution and water-splitting reaction, are not established herein. The mechanisms and 
energy barriers for interfacial reactions may be slightly different in the defective surface than that in the perfect surface, 
because of the changes of interaction with other species, i.e. H2O, H+ and OH-. Due to this factor, the estimation of rate 
constants from each pH does not allow an accurate prediction of the Mg reactions absolute rate. The model constraint used 
herein assumes that each site of the metal is occupied before another layer of adsorbates can form. A moving boundary 
condition will permit the quantification of reaction rate and thus offers an accurate prediction of reaction rate as the functions 
of potential, pH and Mg2+ concentration. Moreover, this study did not take into account the transport of ions towards and away 
from the surface. This is especially important to understand the catalytic activity of surface-film at different conditions. In this 
study, the (0001) surfaces are chosen considering that they are the highest close-packed surface, where corrosion tends to 
attack; while also building a better understanding of the early oxidation process when Mg develops Mg*O and Mg*OH. The 
trends obtained using theoretical studies of the kinetic behaviour of pure Mg are in remarkable agreement with the 
experimental studies of the aqueous Mg electrochemical activity. Therefore, the approximations made on the Mg(0001) 
surface are expected to represent the overall electrochemical behavior of pure Mg in aqueous environments. 

The most frequent and reliable mitigation strategy used for improving Mg electrochemical resistance is achieved by either 
changing the composition (via alloying) and the microstructure or modifying the surface properties (via coating)43,167–171. 
However, since the mitigation strategies remain ineffective due to a lack of fundamental understanding of aqueous Mg 
corrosion mechanism, this study offers a new approach for understanding the aqueous electrochemical activity of pure Mg. It 
is known that the Mg surface electrochemical reactions consist of different complex reactions, in which their rates are 
controlled by different parameters (i.e. overpotential, pH, corrosion products, impurities and anions). Reflecting that many 
Mg-based applications do not only interact with water molecules, it is important to also consider the contribution of surface 
defects and crystal orientation, alloying elements in the Mg and anions in the solutions. Those factors are not fully considered 
herein since this study primarily focuses on providing a mechanistic basis for the aqueous electrochemical activity of pure 
Mg. However, the studies considering several of those aspects have been previously investigated by Yuwono and co-
workers92.  

 

4. Conclusions 
Persistent challenges in the understanding of aqueous Mg electrochemistry have been clarified using first-principles DFT 

calculations; including addressing: i) the oxidation-state of Mg, ii) the nature of surface-film, and iii) the role of alloying 
elements (impurities). The holistic overview of the electrochemical response of Mg in aqueous environments is presented, 
where the contribution of each individual reaction is elaborated. It is revealed that the aqueous Mg electrochemistry consists 
of a series of chemical and electrochemical reactions that are associated with the presence of adsorbed species (*OH, *H and 
*O). Periodic DFT calculations are used to map the minimum energy pathways (MEP) for different Mg interfacial reactions in 
water as well as to understand the formation of bilayer films and water EDL structures on the surface. 

Material Tafel Determination Method 
OCP 

(V vs. SHE) 

βa 

(mV dec-1) 

βc 

(mV dec-1) 
pH Electrolyte Ref. 

Pure Mg Simulation Tafel extrapolation -1.50 127.65 346.42 3 H2O This study 

Pure Mg Simulation Tafel extrapolation -1.65 146.13 170.82 7 H2O This study 

Pure Mg Simulation Tafel extrapolation -1.80 141.61 135.72 11 H2O This study 

CP Mg Experimental Tafel extrapolation -1.38 31.0 186.0 - NaCl 163 

CP Mg Experimental Tafel extrapolation -1.31 150.0 315.0 5.4 NaCl 26 

CP Mg Experimental Tafel extrapolation -1.29 58.0 246.0 - NaCl 163 

CP Mg Experimental Levenberg-Marquardt -1.35 54.5 334.5 - NaCl 164 

CP Mg Experimental Levenberg-Marquardt -1.35 50.0 304.7 - NaCl 164 

CP Mg Experimental Levenberg-Marquardt -1.31 82.0 260.0 - NaCl 165 

CP Mg Experimental Levenberg-Marquardt -1.06 31.5 183.0 - NaCl 165 

CP Mg Experimental Tafel extrapolation -1.31 27.0 168.0 - NaCl 166 
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The electrochemical response (including corrosion and during polarisation) of Mg in water is also determined based on the 
changes of potential and pH. Herein, the contribution of the Tafel-HE pathway is determined to be small, and increases at a 
large anodic overpotential. Meanwhile, the contribution of the Heyrovsky-HE pathway is large at both cathodic and anodic 
overpotentials. It is observed that to support continuous HE, both the *OH-desorption and Mg-dissolution reactions play 
prominent role in providing active sites for the water-splitting reaction. In acidic conditions, the rates of *OH-desorption (at 
cathodic potential) and Mg-dissolution (at anodic potential) reach their maximum along with the rates of water-splitting and 
the Heyrovsky-HE (at both cathodic and anodic potentials). The so-called NDE is smaller without the formation of stable 
Mg*OH, which influences other interfacial reactions, particularly water-splitting and HE. In neutral and alkaline conditions, 
the surface accommodates the formation of stable Mg*OH, causing the HE occurs at a significantly lower rate at OCP than 
that at both cathodic and anodic overpotentials. The simulations performed in the present study reveals Tafel slopes similar to 
the experiments at both cathodic and anodic polarisations. 

The formation of bilayer films is investigated by characterising the electrochemical behaviour of Mg, MgO and Mg(OH)2 
(0001) surfaces in aqueous environments. Electrochemical activities are plotted as the functions of potential and pH. It is 
revealed that the formation of surface-film made of thin-dense MgO as the inner-layer and thick-porous Mg(OH)2 as the outer-
layer occurs spontaneously in aqueous environments. Both MgO and Mg(OH)2 surfaces exhibit different electrochemical 
responses towards the water-splitting, *OH adsorption and HE compared to those exhibited by a clean Mg surface. In 
addition, since the oxidation film does not completely cover the surface, the formation of micro-galvanic cells on the surface 
could lead to increasing electrochemical activity. 

The water EDL structure on the Mg(0001) surface denotes the correlation between the energy barrier for water-splitting 
reaction and the complexity of the network of water molecules near the surface. A successive water-splitting reaction on the 
surface is desired as it accelerates the reaction rate by weakening the water-water interaction or strengthening the metal-water 
interaction. The presence of adsorbed species, e.g. *OH and *H on the surface also alters the interaction between Mg surface 
and water molecules in a bilayer network. 

Furthermore, the catalytic activity of surface-film during the Mg interfacial reactions is sought to be clarified, and it could 
be explained by the formation of Mg*O/ Mg*OH and the disruption of water layer network at the Mg/H2O interface. These 
two factors are considered as the major contributors for the NDE of Mg, where anodic HE is observed together with Mg-
dissolution. Meanwhile, the enrichment of noble impurities and the enhancement of surface catalytic activity are deemed to be 
important for supporting the anodic HE only at a large anodic overpotential. 
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Table 1. The DFT-calculated reaction enthalpy for Mg complex in aqueous environments 

Structure 

Reaction enthalpy - ΔΗ°r (eV per functional unit) 

0 → +1 0 → +2 +1 → +1 +1 → +2 +2 → +2 

Mg-6H2O 0.473 15.502 -7.255 7.775 -60.867 

Mg-4H2O-2OH 1.401 13.690 -6.326 5.963 -62.679 

Note: 

ΔΗ°rMg−6H2O (0→+1)  =  Η°
Mg−6H2O+ −  Η°

Mg − 6 Η°
H2O  

ΔΗ°rMg−6H2O (+1→+1)  =  Η°
Mg−6H2O+ −  Η°

Mg+ − 6 Η°
H2O  

ΔΗ°rMg−6H2O (+1→+2)  =  Η°
Mg−6H2O2+ −  Η°

Mg+ − 6 Η°
H2O   
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Table 2. The DFT-calculated reaction enthalpy for the Mg surfaces transformation during the interaction with water 
molecules in aqueous environments 

Electrochemical Reaction 
∆Ηr 

(eV per H2O) 

Mg + 3H2O → Mg*O3 + 3H2 -2.76 

Mg + 6H2O → Mg*O6 + 6H2 -2.67 

Mg + 4H2O → Mg*(OH)4 + 2H2 -1.67 

Mg + 8H2O → Mg*O4(OH)4 + 6H2 -1.90 

Mg*O3 + 5H2O → Mg*O4(OH)4 + 3H2 -2.32 

Mg*O3 + H2O + H2 → Mg*(OH)4 1.58 

Mg*O3 + 3H2O → Mg*O6 + 3H2 -2.59 

Mg*O6 + 2H2O → Mg*O4(OH)4 3.93 
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Table 3. Comparison of Tafel slope calculated in this study and reported in the literature 

 
Material Tafel Determination Method 

OCP 

(V vs. SHE) 

βa 

(mV dec-1) 

βc 

(mV dec-1) 
pH Electrolyte Ref. 

Pure Mg Simulation Tafel extrapolation -1.50 127.65 346.42 3 H2O This study 

Pure Mg Simulation Tafel extrapolation -1.65 146.13 170.82 7 H2O This study 

Pure Mg Simulation Tafel extrapolation -1.80 141.61 135.72 11 H2O This study 

CP Mg Experimental Tafel extrapolation -1.38 31.0 186.0 - NaCl 163 

CP Mg Experimental Tafel extrapolation -1.31 150.0 315.0 5.4 NaCl 26 

CP Mg Experimental Tafel extrapolation -1.29 58.0 246.0 - NaCl 163 

CP Mg Experimental Levenberg-Marquardt -1.35 54.5 334.5 - NaCl 164 

CP Mg Experimental Levenberg-Marquardt -1.35 50.0 304.7 - NaCl 164 

CP Mg Experimental Levenberg-Marquardt -1.31 82.0 260.0 - NaCl 165 

CP Mg Experimental Levenberg-Marquardt -1.06 31.5 183.0 - NaCl 165 

CP Mg Experimental Tafel extrapolation -1.31 27.0 168.0 - NaCl 166 
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Figure 1. Reaction enthalpy of Mg atom with water molecules forming Mg.(H2O)x complexes in aqueous environments 
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Figure 2. Kinetic profiles of various elementary reactions on the Mg(0001) surface as the functions of potential and pH 
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Figure 3. The DFT-calculated polarisation curves for Mg electrochemical activity in aqueous environments at different pH values, 
showing cathodic (water-splitting/ HE – dotted lines) and anodic (Mg-dissolution – solid lines) branches 
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Figure 4. Optimised geometries of (2x2x1) Mg supercell used for the transformation study of Mg surface forming an oxidation film 
of MgO, Mg(OH)2 and MgO/Mg(OH)2 
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Figure 5. The DFT-calculated Pourbaix-diagrams of (0001) surfaces of hcp Mg (a), MgO (b) and Mg(OH)2 (c) in aqueous environments 
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Figure 6. Top and side view of the optimised geometries for the water EDL on the Mg(0001) surface with (a) single, (b) double and (c) triple water bilayer structure 
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Figure 7. Cathodic and anodic branches determined from reactions 4, 5 and 8 with their corresponding Tafel slopes (β) are listed in Table S8 
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Table S1. The DFT-calculated reaction and ionisation enthalpy, ΔΗ° (eV per functional unit), for various reactions of Mg 
atom with water molecules in aqueous environments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Structure ΔΗ°r ΔΗ°i (0 → +1) ΔΗ°i (+1 → +2)  ΔΗ°i (+2 → +3)  

Mg - 
7.727 
(7.646)172 

68.642 

(15.035)172 

96.681 

(80.143)172 

Mg-2H2O -0.287 40.916 - - 

Mg-3H2O -0.158 4.169 - - 

Mg-4H2O -0.334 3.707 - - 

Mg-5H2O -0.360 3.270 14.586 - 

Mg-6H2O -0.440 3.114 15.029 - 

Mg-OH-H -1.023 9.909 15.839 - 

Mg-2OH -0.962 9.709 - - 

Mg-4H2O-2OH -1.058 7.912 12.289 - 

Mg-4H2O-O -0.300 4.617 11.862 - 

Mg-O 2.814 7.665 16.044 - 

Mg-2H 3.060 9.592 16.594  

 41 



Table S2. Atomic charge (au) for Mg atom in various Mg compounds, as calculated via NPA method 

 

  Structure 

Neutral state Positive charged-state 

0 +1 +2 

Mg 0 1 2 

Mg-2H2O 0.07 0.96 - 

Mg-3H2O 0.24 1.00 - 

Mg-4H2O 0.22 1.01 - 

Mg-5H2O 0.59 1.21 1.77 

Mg-6H2O 0.53 1.21 1.15 

Mg-OH-H 1.54 1.61 1.83 

Mg-2OH 1.73 1.85 - 

Mg-4H2O-2OH 1.72 1.76 1.78 

Mg-2H 1.30 1.27 1.73 

Mg-O 1.11 1.64 1.90 

Mg-4H2O-O 1.53 1.70 1.78 
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Table S3. Estimation of rate constants from the DFT-calculations for kinetic model of the aqueous Mg electrochemical 
activity 

Reaction 
No. 

A Ea U0 

[9] 1.0 x 1013 * 1.06 - 

[10] 1.0 x 1014 ** 1.31 - 

[11] 1.0 x 1013 * 1.90 -0.83 

[12] 1.0 x 1013 * 1.51 -2.38 

[13] 1.0 x 1013 * 1.08 -0.83 

[14] 1.0 x 1013 * 2.24 - 

[15] 1.0 x 1013 * 1.51 -2.83 

 

Note: The values of * and ** are obtained from references 109 and 110, respectively.  
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Table S4. Nernst-equations for competing electrochemical reactions on the Mg(0001) surface in aqueous environments 

Reaction 
No. 

Surface coverage, θ (ML) Nernst-equation 

[22] 0.056 

0.083 

0.194 

E = -1.534 – 0.0591 pH 

E = -1.550 – 0.0591 pH 

E = -1554 – 0.0591 pH 

[23] 0.056 

0.083 

0.194 

E = -2.342 – 0.0591 pH 

E = -2.317 – 0.0591 pH 

E = -2.186 – 0.0591 pH 

[24] 0.056 

0.083 

0.194 

E = -0.808 – 0.0591 pH 

E = -0.767 – 0.0591 pH 

E = -0.632 – 0.0591 pH 

[25] 0.056 

0.083 

0.194 

log[Mg2+] =  12.99 – 2 pH 

log[Mg2+] =  12.87 – 2 pH 

log[Mg2+] =  12.63 – 2 pH 

[26] 0.056 

0.083 

0.194 

log[Mg2+] =  -13.80 – 2 pH 

log[Mg2+] =  -12.96 – 2 pH 

log[Mg2+] =  -8.52 – 2 pH 

[27] 0 E = -1.934 + 0.0295 log[Mg2+] 

[28] 

 

0.056 

0.083 

E = -0.250 – 0.0591 pH 

E = -0.216 – 0.0591 pH 
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Table S5. Nernst-equations for competing electrochemical reactions on the MgO(0001) surface in aqueous environments 

Reaction 
No. 

Surface coverage, θ (ML) Nernst-equation 

[29] 0.25 

0.50 

E = -1.533 – 0.0591 pH 

E = -1.508 – 0.0591 pH 

[30] 0.25 

0.50 

log[Mg2+] =  0.35 – 2 pH 

log[Mg2+] =  1.19 – 2 pH 

[31] 0 E = -1.543 + 0.0295 log[Mg2+] 
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Table S6. Nernst-equations for competing electrochemical reactions on the Mg(OH)2(0001) surface in aqueous 
environments  

Reaction 
No. 

Surface coverage, θ (ML) Nernst-equation 

[32] 0.25 

0.50 

E = -1.206 – 0.0591 pH 

E = -2.440 – 0.0591 pH 

[33] 0.25 

0.50 

log[Mg2+] =  59.73 – 2 pH 

log[Mg2+] =  17.97 – 2 pH 

[34] 0 E = -2.971+ 0.0295 log[Mg2+] 
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Table S7. Metal-water and water-water interactions at the Mg(0001)/H2O interface 

Structure 
E Mg−H2O 

(eV per H2O) 

E H2O−H2O  

(eV per H2O) 

monomer -0.41 - 

dimer -0.48 -0.09 

"open" trimer -0.51 -0.15 

"cyclic" trimer -0.45 - 

"open" tetramer -0.51 - 

"cyclic" tetramer -0.54 -0.16 

single bilayer -0.53 -0.26 

double bilayer -0.53 -0.42 

triple bilayer -0.55 -0.43 
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Table S8. Tafel slope for multiple reaction pathways of HE in Mg surface 

pH 
Open circuit potential 

(V vs. SHE) 

Mg-dissolution 

Water-splitting Hydrogen-evolution 

Volmer Heyrovsky Tafel 

βa 

(mV dec-1) 

βc 

(mV dec-1) 

βa 

(mV dec-1) 

βc 

(mV dec-1) 

βa 

(mV dec-1) 

βa 

(mV dec-1) 

3 -1.50 127.65 346.42 388.45 346.42 388.45 45.56 

7 -1.65 146.13 170.82 194.37 170.82 194.37 36.91 

11 -1.80 146.61 135.72 137.07 135.72 137.07 31.86 
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Figure S1. Optimised geometries at selected stationary points along the MEP for the water-splitting reaction on the Mg(0001) surface with H2O under (a) H-up, (b) flat and (c) H-down 
configuration 
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Figure S2. Optimised geometries at selected stationary points along the MEP for the Tafel *H recombination on the Mg(0001) surface 
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Figure S3. Optimised geometries at selected stationary points along the MEP for the Heyrovsky *H recombination on the Mg(0001) surface 
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Figure S4. The Heyrovsky reaction energy profile versus reaction pathway as obtained from the molecular dynamics calculation  
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Figure S5. Optimised geometries at selected stationary points along the MEP for Mg-dissolution on the Mg(0001) surface  
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Figure S6. Optimised geometries at selected stationary points along the MEP for *OH-dissociation (into subsurface O and *H) 
followed by the (a) Tafel and (b) Heyrovsky *H recombination 
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Figure S7. First-principles prediction of fractional surface coverage for free metallic sites, hydroxide-adsorption, oxygen-adsorption 
and hydrogen-adsorption as the functions of potential and pH 
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Figure S8. Reaction enthalpy of hydroxylation vs. surface coverage of *OH groups 
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Figure S9. Optimised geometries of Mg/H2O interface with increasing number of water molecules with (a) dimer, (b) "cyclic" trimer, 
(c) "open" trimer, (d) "cyclic" tetramer, and (e) "open" tetramer configuration 
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