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A B S T R A C T   

Second phase strengthening has been widely applied in Mg alloy designs, many of which however have been 
reported to aggravate the galvanic corrosion of Mg alloys. In this study, the hydrogen evolution reaction (HER) 
on MgZn2 Laves phase, which serves as a local cathode, is investigated by first-principles calculations based on 
density functional theories. We first calculated the surface energy of MgZn2 and found (0001) surface with Mg- 
rich termination to be the most stable one, and the favored adsorption sites for relevant molecule species were 
further identified. By using Nudged Elastic Band (NEB) method, the reaction pathway and energy barriers of H2O 
molecule decomposition, H adatom diffusion, and H2 molecule recombination were obtained, among which 
hydrogen recombination is thermodynamically unfavored. This study provides fundamental insights into the 
cathodic reaction on Mg alloys, from determining the cathode, identifying the most stable surface, obtaining 
reaction energy barrier, to comparing corrosion property among different intermetallics, which may be a 
guidance to the corrosion-resistant Mg alloys design.   

1. Introduction 

Nowadays, nearly 20% carbon dioxide (CO2) emissions are from 
burning fossil fuels for ground, air, and marine transportation [1,2], 
where the application of lightweight alloys with enhanced mechanical 
properties is beneficial. Magnesium (Mg) alloys are promising engi
neering metals in the aerospace and automotive industries due to their 
high specific strength (ratio of tensile strength to density). However, the 
poor corrosion resistance limits their further applications [3–8], to 
which much efforts should be devoted. It has been reported that alloying 
is an effective method to improve both mechanical and corrosion 
properties of magnesium alloys [9–11]. 

Up to now, some commercial magnesium alloys Mg-X (X = Al, Zn, Zr, 
RE) have been developed. Al is the most common addition to improve 
the strength of Mg because of low price [12]. AZ31 is believed to give an 
optimum balance between strength and corrosion properties for Mg al
loys. Zr is added to Mg due to its ability to refine the grain size, 
improving both mechanical and casting properties [13]. Other rare earth 
elements, such as La, Y, Er and Ce are reported to modify the micro
structure and enhance the protective effectiveness of surface oxide 
[14–16]. Among them, Mg-Zn alloy aroused great interests as promising 

alternatives to permanent implant materials [17–19]. Zinc is an essential 
trace element for the human body and many experimental results 
revealed that the addition of Zn plays a very important role in refining 
grains and improving the corrosion resistance of Mg alloys [18,20,21]. 
Up to now, several Mg-Zn alloy systems have been studied, such as the 
Mg–Zn [22] binary system and Mg–Zn–RE [23,24] ternary system. 

Mg-Zn alloys are one of the well-known ZK series of precipitation- 
hardening alloys with the fine and rod-like precipitated binary β’

1 
phase, which hinders the motion of dislocations and resists the basal 
slip. Some recent experiments on Mg-Zn and Mg-Zn-X (X = Ca, Zr, Ag) 
alloys showed that rod-like binary β’

1 phase has a Laves MgZn2 structure 
[25,26]. Therefore, understanding the fundamental mechanism of 
corrosion process on MgZn2 is crucial for improving the corrosion 
resistance of Mg-Zn alloys. Yao et al. [27] measured polarization curves 
for pure Zn and Zn-Mg binary alloy and found that with the increase of 
Mg content the current density and corrosion potential do not change 
monotonously. Zhang et al. [28] and Birbilis et al. [29] reported that the 
corrosion potential of MgZn2 is − 1.03 V relative to the Saturated 
Calomel Electrode (SCE, a reference electrode based on the reaction 
between elemental mercury and mercury chloride), which indicated 
MgZn2 would serve as the local cathode during the galvanic corrosion 
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process of Mg-Zn alloys. Recently, some density functional theory (DFT) 
studies of MgZn2 have been performed, but not much on its corrosion- 
related properties. Shao et al. [30] calculated defect formation energy 
in MgZn2. Mao et al. [31] and Wu et al. [32] had studied the stabilities 
and elastic properties of some common Mg intermetallics, systematically 
summarizing the elastic constants, bulk moduli, shear moduli and 
Poisson’s ratio of MgZn2, MgCu2 and Mg2Ca. Tsuru et al. [33] investi
gated the hydrogen segregation at the MgZn2 precipitate in Al-Mg-Zn 
alloys, and the calculated trap energy elucidates that hydrogen tends 
to gather at the interface between MgZn2 and Al. 

On the other hand, some previous studies have devoted to hydrogen 
evolution reaction (HER) and water dissociation reaction on Mg(0001) 
surface [34–40], while limited investigations on the intermetallic phases 
are available. Considering the second phases and impurities in Mg alloys 
usually serve as the local cathode [41], a comprehensive theoretical 
investigation of the cathodic reaction on second phase surface, e.g., the 
reaction path and the associated energy barrier, is necessary to under
stand the reaction mechanisms of galvanic corrosion for Mg binary 
alloys. 

In this work, we have applied the DFT calculations to theoretically 
study the galvanic corrosion behavior of Mg-Zn alloy, which is 
composed of Mg matrix and MgZn2 intermetallic phase. According to the 
calculated equilibrium potential, MgZn2 is determined to serve as the 
local cathode. The thermodynamics of the water dissociation, hydrogen 
adatom diffusion and hydrogen evolution reaction on the most stable 
MgZn2 surface have been investigated by Nudged Elastic Band (NEB) 
method, where the rate-determining step for HER on MgZn2 has been 
identified. Finally, the activation energy barrier of cathodic reactions on 
Mg, MgZn2 and Mg2Ge were compared and free energy of H adatom 
were suggested to be a quick criterion for screening the promising 
corrosion resistant Mg intermetallics. 

2. Computational details 

All DFT [42] calculations were carried out by using the projector 
augmented wave (PAW) [43] method, as implemented in the Vienna Ab 
Initio Simulation Package (VASP) [44]. The Perdew-Burke-Ernzerhof 
[45] version of the generalized gradient approximation (GGA) [46] is 
applied to describe the exchange–correlation energy functional. The cut- 
off energy of plane wave is set at 520 eV and the Brillouin zone inte
gration uses Gamma-centered grids of 5 × 5 × 3 k-point mesh. The 
convergence criteria of energy and force are set to 10− 6 eV/atom and 
0.01 eV/Å, respectively. The optimized lattice parameters of MgZn2 are 
a = 5.23 Å and c = 8.54 Å, in accordance with the experimental value (a 
= 5.20 Å and c = 8.57 Å [23,47,48]) and other theoretical results 
[30,49] (a = 5.22 Å and c = 8.57 Å). To study the cathodic reactions on 
MgZn2 surface, a 2 × 2 supercell model with 15 Å vacuum layer was 
employed along Z direction, which is adequate to avoid the interaction 
between the repeating slabs. The (1010), (1120) and (0001) symmetric 
surfaces with different terminations have been considered in this work. 
The details about the surface models could be found in Fig. S1 of Sup
porting Information. During the process of surface optimizing, all the 
atoms in the slab are relaxed and no surface reconstruction is observed. 

3. Results and discussion 

3.1. Equilibrium potential and work function 

Since Mg alloys are prone to the galvanic corrosion, it is necessary to 
determine the local anode and cathode [50,51]. In experiments, we 
usually identify the anode and cathode based on corrosion potential and 
most intermetallics will serve as the local cathode besides Mg2Ca 
[29,41]. However, developing the corrosion-resistant Mg alloy based on 
experimental results is pretty hard due to the limited data. Our prior 
study proposed a positive correlation between the experimental 

corrosion potential and the equilibrium potential which can be used as a 
quick criteria to determine the local cathode [52]. 

For pure Mg, the dissolution reaction is Mg→Mg2+ + 2e− . From 
Nernst equation, we can get the equilibrium potential of pure Mg 

E
(
Mg|Mg2+) = E◦

(
Mg|Mg2+)+

RT
2F

ln
[
c
(
Mg2+) ] (1) 

where E◦ ( Mg|Mg2+
)

is the standard potential of Mg, − 2.37 V relative 
to the Standard Hydrogen Electrode (SHE, the primary reference elec
trode and declared to be 0 at standard state) [7]. c(Mg2+) is the con
centration of Mg2+, R is the universal gas constant, 8.314 K-1mol− 1, T is 
the room temperature, 298 K, and F is the Faraday constant, 96485C/ 
mol. By convention, corrosion is considered to have happened when the 
minimum concentration of the dissolved ion reaches 10-6 mol/L [53], 
which has been applied for our equilibrium potential calculations in this 
work and the corresponding equilibrium potential of Mg is thus quan
tified to be − 2.55 VSHE. 

Similarly, based on the DFT calculations and Nernst equation, we can 
derive the equilibrium potential of the intermetallic MgZn2. From the 
pourbaix diagram [54,55], we assume the dissolution reaction accom
panied by hydrogen evolution occurs in a neutral environment with all 
ionic concentration of 10-6 mol/L. Without over potential, the stable 
product MgZn2 dissolution is Mg2+ and Zn2+. The corresponding reac
tion is MgZn2→Mg2+ +2Zn2++6e− and the equilibrium potential of 
MgZn2 can be expressed as 

E
(
MgZn2

⃒
⃒Mg2+,Zn2+) =

1
6e

[
μ
(
Mg2+)+ 2μ

(
Zn2+) − μbulk

MgZn2

]
(2) 

Since the chemical potential of some intermetallics are difficult to 
measure experimentally, we approximately express that of MgZn2 in the 
form of enthalpy of formation by ignoring the influence of entropy 

μbulk
MgZn2

= μMg + 2μZn ≈ μbulk
Mg + 2μbulk

Zn + ΔHbulk
MgZn2

(3) 

where μMg and μZn are the chemical potential of Mg and Zn atoms in 
MgZn2, μbulk

Mg and μbulk
Zn are the chemical potentials of Mg and Zn in its 

standard elemental state (bulk hcp Mg and Zn), respectively. ΔHbulk
MgZn2 

is 
the enthalpy of formation of MgZn2, which is taken from Material 
Project database [56]. The calculated equilibrium potential of MgZn2 is 
− 1.41 VSHE, higher than that of Mg, indicating MgZn2 will act as cathode 
in the galvanic reaction of Mg-Zn alloys. 

It has previously been observed that the corrosion potential is 
strongly related to work function [57–59], we further compared the 
work function of Mg and MgZn2. The calculated work function of MgZn2 
with the favored surface termination is 3.88 eV, larger than that of Mg 
(0001), 3.70 eV. This means it will need more energy to lose an electron 
for MgZn2 than Mg, and thus MgZn2 will serve as local cathode during 
the corrosion, in agreement with our equilibrium potential results. 

3.2. Surface energy of MgZn2 

To investigate the water decomposition and hydrogen evolution 
process on MgZn2 surfaces, we firstly determined its most stable surface 
termination based on the surface energy (γ). The chemical potential of 
Mg and Zn atoms in MgZn2, μMg and μZn, shall be less than that of the 
corresponding elemental solid state [60,61] to avoid the precipitation of 
solid metals and satisfy the following equations 

μMg < μbulk
Mg (4)  

μZn < μbulk
Zn (5) 

Combining Eq. (3), Eq. (4) and Eq. (5), we can obtain the allowed 
atomic chemical potentials in MgZn2, as shown below 

μbulk
Mg + ΔHbulk

MgZn2
< μMg < μbulk

Mg (6) 
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μbulk
Zn +

1
2
ΔHbulk

MgZn2
< μZn < μbulk

Zn (7) 

The calculated surface energies of MgZn2 shown in Fig. 1 indicate 
that under Zn-rich condition, (0001)-ZnII surface is most stable, while 
under Mg-rich condition, (0001)-MgII surface of MgZn2 has the lowest 
surface energy, the configuration of which is shown in Fig. 2. Consid
ering a Mg-rich condition shall be achieved in the Mg alloys. Thus, 
(0001)-MgII surface of MgZn2 is most likely to be present and would be 
further considered for the cathodic reactions in section 3.3. 

3.3. Cathodic reaction on MgZn2 

The cathodic reaction on MgZn2 is 

2H2O+ 2e− →+ 2OH− +H2(g) (8) 

One of the main products of cathodic reaction during the corrosion 
process is H2. From the mechanism of HER, there are three basic re
actions, namely, the Volmer reaction, the Tafel reaction and the Heyr
owsky reaction [62]. In a neutral solution, we consider the HER on metal 
surface follows the Volmer-Tafel mechanism [63,64], which includes 
water dissociation, hydrogen ion discharge and diffusion, and further 
recombination of H adatoms (H*). Hence, to study the galvanic corro
sion of Mg-Zn binary alloys, we should first examine the adsorption and 
decomposition of H2O molecules on MgZn2 surface in details. 

The adsorption energy (Eads) is calculated to represent the system 
stability after adsorbing related molecular or atomic species, which is 
calculated by 

EH
ads = Eslab*H − Eslab −

1
2

EH2 (9) 

where Esalb*H is the total energy of the slab with one H* on the surface. 
Similarly, we also calculated the adsorption energy (Eads) of OH, H2 and 
H2O, namely EOH

ads , E
H2
ads, and EH2O

ads . 
As shown in Fig. 2, we selected representative top, hollow, and 

bridge initial adsorption sites for H and OH on (0001)-MgII surface, and 
the adsorption energies are listed in Table 1. After structure optimiza
tion, it is found that the most stable adsorption site for H* atom is be
tween the first layer Mg (denoted as Mg1) and Zn atom with the 
adsorption energy of 0.04 eV. While OH* prefers the site enclosed by 
second layer Mg atom (denoted as Mg2), Mg1 and Zn atom with the 
adsorption energy of − 1.19 eV. It is interesting that after the structure 
optimization, OH*, which is initially located at B1, B2, TMg2 and TZn 
initial site, will move to same stable site according to the symmetry, 
causing the small adsorption energy difference. The details about the 

most stable adsorption sites of H* and OH* are shown in Fig. S2. 
As for water adsorption, we consider 15 possible initial configura

tions (shown in Fig. S3). After structure optimization, the water mole
cule at TMg1-II site (O atom on the top site of first layer Mg and the 
center of two H atoms point to second layer Mg) possesses the lowest 
adsorption energy of − 0.60 eV, indicating the water adsorption process 
is exothermic and thermodynamically favorable. The NEB calculations 
were performed further to obtain the minimum energy path (MEP) for 
the water dissociation reaction. The final state was determined to be the 
lowest adsorption energy state of H* and OH* co-adsorption. 

Fig. 3(a) shows the MEP for the dissociation of H2O* on the MgZn2 
surface with a reaction barrier of 0.53 eV. The final state with adsorbed 
H* and OH* on MgZn2 surface is 0.69 eV lower than the initial adsorbed 
H2O* state, enabling the dissociation reaction to easily proceed ther
modynamically. Moreover, the relative energy change during the 
hydrogen atom diffusion and HER process are also investigated as shown 
in Fig. 3(b) and Fig. 3(c). For both processes, the energy differences 
between the initial and final state are negligible (0 and 0.04 eV). The 
energy barriers for the hydrogen atom diffusion and hydrogen evolution 
are 0.12 eV and 0.90 eV, respectively. 

To better understand the cathodic reaction on MgZn2, a schematic 
reaction path of the HER on MgZn2 (0001)-MgII surface containing four 
sequential steps, namely water adsorption, water dissociation, hydrogen 
atom diffusion and recombination, was summarized in Fig. 4. According 
to Arrhenius equation and transition state theory, the relative value of 
reaction barrier can be compared in order to estimate the rate-limiting 
step of the whole reaction. The water absorption and dissociation step 
correspond to red line of Fig. 4. One water molecule first adsorbs with its 
oxygen atom at the TMg1-II site, releasing the energy of 0.60 eV. Sub
sequently, water molecule undergoes dissociation along with hydrogen 
atom and hydroxide moving towards B3 and B2 site, respectively. The 
energy barrier of water dissociation is 0.53 eV and the energy of 
hydrogen atom and hydroxide co-adsorption is lower than water mole
cule adsorption, which implies water dissociation is a thermodynami
cally favored process. The third step is presented in green color of Fig. 4. 
Without considering hydroxide, the adsorption energy of a single 
hydrogen atom is 0.04 eV and the reaction barrier for hydrogen atom 
diffusion from B3 site to adjacent B3 site is 0.12 eV. Finally, the 
hydrogen atom recombination was shown in blue color. With increasing 
the H atom coverage, the adsorption energy will slightly decrease. Two 
adjacent H atom on B3 site will move to TMg1 site to evolve hydrogen 
molecule gas with the barrier of 0.90 eV. Among the whole HER process, 
the hydrogen atom recombination process (Tafel process) with the 
largest reaction energy barrier is considered to be the rate-limiting step. 

The cathodic reaction on MgZn2 would be further compared to that 
of Mg-Ge series alloy (composed of Mg matrix and Mg2Ge second phase 
[65]) and pure Mg. Previous studies on pure Mg and dilute Mg alloys 
have calculated that Tafel reaction is the rate-determining step during 
the HER process [64,66]. A similar trend was also observed in this study 
on MgZn2 surface as shown in Fig. 5(a). However, water decomposition 
possesses the largest activation energy barrier on Mg2Ge, which is 
believed as a result of highly positive adsorption energy of H*. Nørskov 
fitted the relationship between exchange current density and free energy 
of H* (ΔGH* ) [67] (also known as volcano curve). If ΔGH* is highly 
negative, H* will be strongly adsorbed on the surface and subsequent 
Tafel step will be hindered. Inversely, a highly positive ΔGH* value, like 
Mg2Ge surface, will give rise to a slow rate for entire reaction because of 
repulsive interactions between the proton and cathode surface. Thus, a 
corrosion resistant Mg intermetallics are expected to have a large 
|ΔGH* |. Fig. 5 (b) shows ΔGH* on three surfaces and each of them is 
above zero. The strong repulsive interaction caused by large ΔGH* on 
Mg2Ge surface leads to a negligible Tafel reaction barrier. More specif
ically, the experimental results validate the relationship between 
corrosion rate and ΔGH* . The corrosion current density of Mg-Zn and 
Mg-Ge alloy is 23 to 52 μA/cm2 and 0.7 to 35.6 μA/cm2, respectively, Fig. 1. The calculated surface energy of the different surface terminations of 

MgZn2 as a function of the chemical potentials of Mg, μMg. 
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depending on the content of alloying elements [68,69]. The corrosion 
current density of pure Mg is about 680 μA/cm2, indicating it suffers the 
largest corrosion rate compared with Mg-Zn and Mg-Ge series alloy 
[68]. Assuming the corrosion under the same anodic reaction and 
ignoring the influence of solute elements, we found the larger |ΔGH* | 
corresponds to a smaller corrosion current density, which may be caused 
by weak or strong interaction during the proton adsorption(desorption) 
process. This could be a simple and quick criterion for screening the 
promising corrosion resistant Mg intermetallics. 

Further calculations on the kinetic barriers of HER on different Mg 
intermetallics are needed to screen the promising intermetallic 

Fig. 2. Schematic top and side views of the MgZn2 (0001)-MgII surface with the adsorption sites: T (top), B (bridge), H (hollow). The orange atoms represent first 
layer Mg atoms (denoted by Mg1), the light orange atoms in dashed circle represent the second layer Mg atoms (denoted by Mg2). TZn, TMg1, and TMg2 represent the 
top sites over Zn atoms, first/second layer Mg1/Mg2 atoms. B1, B2, and B3 represent the Bridge sites betweenMg1 and Mg2, Zn and Mg2, Mg1 and Zn, respectively. 

Table 1 
The adsorption energy (Eads) of H* and OH* at different initial adsorption sites 
on MgZn2 (0001)-MgII surface with the lowest Eads shown in bold. Some Eads are 
close since the adsorbate moves to same location after structural optimization.  

Initial adsorption sites Eads(eV)

B1 B2 B3 TMg1  TMg2  TZn 

H  0.04  0.16  0.04  0.67  0.74  0.29 
OH  − 1.18  ¡1.19  − 0.89  − 0.27  − 1.19  − 1.18  

Fig. 3. Optimized geometries (side and top view, upper panel) of reaction transition states (TS) and relative energy change (lower panel) for the water decom
position, H adatom diffusion and hydrogen evolution reaction on the MgZn2 (0001)-MgII surface. 
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candidates. Additionally, the effect of dilute alloying additions on the 
anodic reaction (metal dissolution) reaction should not be neglected. 
Moreover, the formation of oxide layer, e.g. MgO or Mg(OH)2, and the 
influence from the solution and other ions are beyond the scope of this 
study and would be investigated in the future. 

4. Conclusion 

In summary, we performed first-principles calculations to investigate 
the full hydrogen evolution reaction on MgZn2 surface. Based on 
Volmer-Tafel mechanism, this process is typically divided into four 
steps: water adsorption, water dissociation, H* diffusion and hydrogen 
evolution. Moreover, the cathodic reaction activation energy barberries 
of MgZn2, Mg2Ge and Mg are compared. The conclusions can be sum
marized as following  

(a) Equilibrium potential could determine the nobility of phases. In 
the Mg-Zn alloys, the thermodynamic driving force of corrosion is 
the equilibrium potential difference between Mg matrix and 

intermetallic phase, which causes dissolution of the Mg matrix. 
MgZn2 intermetallic phase serves as the local cathode during the 
galvanic corrosion process.  

(b) By using NEB method, the pathway and reaction energy barriers 
for H2O molecules decomposition, 0.53 eV, H atom diffusion, 
0.12 eV and H2 molecules evolution, 0.90 eV, were obtained, 
indicating the Tafel process is the rate-determining step during 
the cathodic reaction.  

(c) Free energy of H* (ΔGH* ) is a quick criterion for screening the 
promising corrosion resistant Mg alloys. Too strong or too weak 
interaction between H* and surface contributes to a small 
corrosion current density. 
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Fig. 4. Energy diagram for water dissociation and subsequent hydrogen evolution reaction on MgZn2 (0001)-MgII surface. The red, green and blue color represents 
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while transition states are labeled with TS. 

Fig. 5. (a) The activation energy barrier for water decomposition, H adatom diffusion and hydrogen evolution. The reaction barriers of Mg and Mg2Ge are sum
marized from literature [52,64,70]. (b) Calculated Gibbs free energies of hydrogen adsorption (ΔGH* ) for Mg2Ge, MgZn2 and pure Mg. ΔGH* was calculated as 
ΔGH* = EH

ads + ΔEZPE − TΔSH, where ΔEZPE − TΔSH is taken as 0.24 eV [67]. 
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