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a b s t r a c t 

The influences of solute atoms (Li, Al, Mn, Zn, Fe, Ni, Cu, Y, Zr) and Cl adsorption on the anodic corrosion 
performance on Mg (0001) surface have been investigated based on first-principles calculations, which might 
be useful for the design of corrosion-resistant Mg alloys. Work function and local electrode potential shift are 
chosen as descriptors since they quantify the barrier for charge transfer and anodic stability. We found that at 
25% surface doping rate, Y decreased the work function of Mg, while the impact of remaining doping elements 
on the work function of Mg was trivial due to the small surface dipole moment change. The adsorption of Cl 
destabilized the Mg atoms at surface by weakening the bonding between surface Mg atoms. We find that a 
stronger hybridization of d orbits of alloying elements (e.g. Zr) with the orbits of Mg can greatly increase the 
local electrode potential,which even overbalances the negative effect introduced by Cl adsorbates and hence 
improves the corrosion resistance of Mg alloys. 

© 2018 Elsevier B.V. All rights reserved. 
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. Introduction 

As the lightest structural materials with high specific strength, Mg
as the potential to be used in auto-mobile industries and aerospace
elds [1–3] . However, the poor corrosion resistance of Mg alloys limits
heir applications [2,4–7] , which is believed to related to following fac-
ors: 1) magnesium is generally an active metal and the passivation film
omposed of its oxide and hydroxide is only partially protective [8,9] ;
) small ions like Cl − in aqueous solutions are believed to be able to
enetrate the surface film and accelerate the corrosion [5,10] . Inspired
y stainless steels, many efforts have been made to improve the corro-
ion resistance of Mg by alloying. Unfortunately, Mg matrix is anodic
o most secondary phases and trace impurities in the alloy, and the gal-
anic dipole formed between them will usually accelerate the corrosion
11,12] . Nevertheless, researchers found that alloying may improve the
orrosion resistance of Mg by effective grain refinements [13] , cathodic
inetics control [14,15] , and surface passivation [16] . These findings
uggest the practicability of improving the corrosion resistance of Mg
y alloying. 

Theoretic investigation in Mg corrosion mechanism is indispensable
or a better understanding of the corrosion behavior and the design of
orrosion-resistant Mg alloys. In the case of pure Mg, Taylor [17] devel-
ped a surface reaction kinetic model for hydrogen evolution and anodic
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issolution based on first-principles calculations. It has been reported
hat solute atoms will influence heats of overall hydrolysis reaction of
g matrix [18] as well as the cathodic behavior of the matrix, such as

ydrogen adsorption [19] . In most galvanic corrosion of Mg alloys, the
econd phases and trace impurities serve as cathodes where hydrogen
volution takes place, while Mg matrix will serve as anode and dissolve
n the aqueous solution as ions. Therefore, it is of great significance to
tudy the anodic behavior of Mg matrix, but there were few reports on
he impact of solute atoms on the anodic behavior of Mg matrix. More-
ver, although the attack of small ions like Cl − on the Mg surface is
mplied in various Mg alloys in experiments [5,20,21] , there were few
heoretical works on how Cl ions accelerate the anode dissolution. 

In the anodic reaction, the electrons will transfer from anode to cath-
de and the atoms on the anode surface will dissolve into the aqueous
olution. Work function, which is the minimum work that must be done
o remove an electron from the metal [22,23] , could describe the degree
f difficulty for such a charge transfer. A high work function corresponds
o a larger barrier for electrons to escape from a solid and thus better
orrosion resistance [24] . Moreover, the corrosion potential is found to
e the sum of the potential introduced by work function and contact
otential difference at the material and solution interface, so that a pos-
tive shift in work function can give rise to a positive shift in corrosion
otential [25–27] . On the other hand, the degree of difficulty for an-
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Table 1 

Surface energy and work function of Mg (0001) slabs with 1 × 1, 1 × 2, 2 × 2 
surface unit cells. 

Surface energy Work function 
(J · m 

−2 ) (eV) 

Surface unit cell 1 × 1 0.55 3.63 
1 × 2 0.56 3.64 
2 × 2 0.53 3.72 

Reference 0.54 a , 0.56 b 3.74 a , 3.66 b 

a Computational results from ref [42,43] . 
b Experimental results from ref [44,45] . 
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Fig. 1. (a) 50%-doped surface for work function calculation; (b) 25%-doped sur- 
face for work function and Cl adsorption calculation; 8 different high-symmetry 
adsorption sites are considered, including: Mg Top ( T Mg ), X Top ( T X ), Mg-Mg 
bridge ( B Mg ), Mg-X Bridge ( B X ), FCC hollow all surrounded by Mg atoms ( F Mg ), 
HCP hollow surrounded by Mg ( H Mg ), FCC hollow surrounded by Mg and X ( F X ), 
HCP hollow surrounded by Mg and X ( H X ); Mg and dopant are silver and blue 
spheres and are labelled respectively in (a). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this 
article.) 
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dic dissolution can be understood as the stability of anode, which can
e quantified as the electrode potential. A positive shift in electrode po-
ential implies the stabilization of the electrode [28] . Both experimental
bservation and first-principles calculations show that solute atoms and
dsorbates on the surface are likely to change the work function [29–
2] as well as electrode potential [28,33–35] . 

In this work, first-principles calculations were performed to inves-
igate the influence of Cl adsorbates and solute atoms on the anodic
ehavior of Mg matrix. Li, Y, Zr, Al, Mn, Fe, Cu and Ni are considered to
e solute atoms herein since they are all common alloying or tracing el-
ments in Mg alloys. The work function change and electrode potential
hift introduced by the solute atoms and Cl adsorbates were calculated
nd used to quantify their influence on the anodic behavior of Mg ma-
rix. It is revealed by our calculation that elements like Y at surface will
ecrease the work function of Mg (0001) surfaces, and elements with
trong hybridization with Mg, such as Zr, can raise the local electrode
otential and stabilize Mg atoms on the surface. 

. Computational methods 

Spin-polarized density functional theory (DFT) calculations were
erformed by using Vienna ab initio simulation package (VASP)
36] with Perduw–Burke–Ernzerholf functional (PBE) [37] and the pro-
ector augmented wave (PAW) [38] . Energy cutoff for plane-wave ba-
is and augmentation charge was 350 eV and Γ-centered k -meshes of
4 × 14 ×10 were used for the bulk optimization of Mg primitive cell.
he optimized lattice parameters of Mg are: 𝑎 = 3 . 19 Å, 𝑐 = 5 . 17 Å,
hich agree well with the experiment results 𝑎 = 3 . 20 Å, 𝑐 = 5 . 20 Å

39] . For doped system, the same energy cutoff 350 eV was applied
xcept Li. For Li-doped slabs, the energy cutoff was 600 eV. In the struc-
ural optimization of slabs, the energy convergence criteria were set as
.1 meV and 1 meV for electronic and ionic relaxations. Methfessel–
axton scheme [40] was used for k space integration during struc-
ure optimization. For static calculations, the electronic convergence
riterion was 5 × 10 −5 meV to get accurate energy, density of states
DOS) and a smooth distribution of charge and electrostatic potential
nside materials. Tetrahedron method with Blöchl corrections [41] was
dopted for k space integration in the static calculations. A slab with
 monoatomic layers (ML) of Mg atoms with 11 ML of vacuum region
28.5 Å) was good enough to capture the relevant features including
ork function and surface energy, which are in good agreement with

xperiments as shown in Table 1 . 
The electrochemical stability and the corrosion behavior of metals

re very sensitive to the surface properties, and surface treatments are
sually used to improve the corrosion resistance of metals [46,47] . An-
dic dissolution always happens at surfaces and charge transfer also
akes place at the surface or interface. Moreover, the enrichment of tran-
ition metal elements on Mg surface during corrosion is reported in the
xperiments [48] . As results, we doped first mono-atomic layer of the
g (0001) surface to study the influence of solute atoms on the work

unction and local electrode potential shift. 
69 
In work function calculations, two surface doping concentrations,
0% and 25%, were considered here as shown in Fig. 1 (a) and (b). For
0%-doped surfaces, slabs of 2 × 1 surface unit cells were used with a Γ-
entered k -meshes of 7 × 14 ×1, while for 25%, 2 × 2 surface unit cells
ith Γ-centered k -meshes of 7 × 7 ×1 were adopted. Work function is
efined as the energy difference between vacuum level and the Fermi
evel of the slab as displayed: 

= Φ𝑣𝑎𝑐 − 𝐸 𝑓𝑒𝑟𝑚𝑖 , (1)

here Φvac is the vacuum level and E fermi is the Fermi level of the slab.
he Fermi level is calculated by following steps: first we calculate the
ifference between the Fermi level and the averaged electrostatic poten-
ial in bulk Mg; then we calculate the averaged electrostatic potential
ithin the bulk region in the Mg slab; finally we add the aforementioned
ifference in bulk to the averaged electrostatic potential in slab to obtain
he position of Fermi level in the slab [29] . 

Local electrode potential shift ΔV introduced by Cl adsorbates on Mg
0001) is labelled as ΔV 

Cl , while ΔV 

alloy stands for the ΔV introduced
y solute atoms, and ΔV 

alloy, Cl is the shift due to simultaneously effects
f solute atoms and Cl adsorbates. For simplification, superscript A is
sed to represents the aforementioned 3 factors (Cl adsorption, alloying
nd both Cl adsorption and alloying together), and the corresponding
lectrode potential shift is labelled as ΔV 

A . To calculate ΔV 

A , we started
rom the local dissolution process of Mg on the surface at initial stage,
hich is the escapes of a Mg from the surface and generation of a Mg

urface vacancy as expressed below: 

 𝑔 𝑝𝑢𝑟𝑒 ∕ 𝐴 → 𝑀 𝑔 
𝑝𝑢𝑟𝑒 ∕ 𝐴 
𝑣𝑎𝑐 + 𝑀 𝑔 𝑛 + + 𝑛𝑒 − , (2)

here Mg pure / A represents the pure Mg slabs and Mg slabs with afore-
entioned effect A , and 𝑀𝑔 

𝑝𝑢𝑟𝑒 ∕ 𝐴 
𝑣𝑎𝑐 is the corresponding slab with a va-

ancy on the surface; 𝑀𝑔 𝑛 + represents the dissolved Mg ions from sur-
ace; n is the transferred charges during the reaction. Here we assume
hat the charge transfer remains constant throughout pure system and
ll alloy systems. The open circuit voltage of the electrode can be calcu-
ated with the Gibbs free energy change of the corresponding reaction.

ith regard to standard hydrogen electrode (SHE), the open circuit volt-
ge of the reaction in Eq. (2) is given by [49] : 

 𝑛𝑒𝑉 
𝑝𝑢𝑟𝑒 ∕ 𝐴 
𝑀𝑔 

= 𝑛𝜇0 
𝐻 

+ + 𝐺( 𝑀𝑔 𝑝𝑢𝑟𝑒 ∕ 𝐴 ) 

− 𝐺( 𝑀𝑔 
𝑝𝑢𝑟𝑒 ∕ 𝐴 
𝑣𝑎𝑐 ) − 𝐺( 𝑀𝑔 𝑛 + ) − 𝑛 ∕2 𝜇0 

𝐻 2 
, (3) 

here 𝑉 𝑝𝑢𝑟𝑒 ∕ 𝐴 
𝑀𝑔 

stands for the local electrode potential of pure Mg slab
r Mg slab with A; G standards for the Gibbs free energy of the slab
onfiguration or ions in the brackets; 𝜇0 

𝐻 

+ and 𝜇0 
𝐻 2 

are the chemical
otential of 𝐻 

+ and H 2 at standard states. If the concentrations of 𝑀𝑔 𝑛 + 

s kept invariant in pure and doped systems, which is often adopted
n the experiments, the Gibbs free energies of 𝑀𝑔 𝑛 + in two reactions
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Table 2 

Work function (eV) of 50%-doped and 25%-doped Mg (0001), most stable Cl 
adsorption site and corresponding Cl adsorption energies (eV) of 25%-doped 
Mg (0001). 

Dopant Work function Cl adsorption 

50% 25% site 𝐸 

𝑎𝑑𝑠 
𝐶𝑙 

pure 3.64 3.72 F Mg − 4.156 
Li 3.60 3.68 H X − 4.362 
Y 3.18 3.29 F X − 4.701 
Zr 3.63 3.71 T X − 4.824 
Mn 3.82 3.73 F X − 4.230 
Al 3.75 3.74 F Mg − 4.350 
Zn 3.72 3.75 F Mg − 4.334 
Fe 3.74 3.71 F Mg − 4.249 
Cu 3.74 3.71 F Mg − 4.353 
Ni 3.72 3.69 F Mg − 4.412 

Fig. 2. Work function change of Mg (0001), Δ𝜙 in presence of surface doping as 
a function of electronegativity of dopants. Dashed horizontal and vertical lines 
represent the work function and electronegativity of Mg respectively. 
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re the same. Moreover, it is safe to assume that the entropy terms in
he Gibbs free energy cancelled during the calculations, so that we can
eplace the Gibbs free energy G with the DFT energy E . As results, the
ocal electrode potential shift introduced by A with regard to pure Mg
urface, Δ𝑉 𝐴 = 𝑉 𝐴 

𝑀𝑔 
− 𝑉 

𝑝𝑢𝑟𝑒 

𝑀𝑔 
can be calculated by: 

𝑒 Δ𝑉 𝐴 = 𝐺( 𝑀𝑔 𝑝𝑢𝑟𝑒 ) − 𝐺( 𝑀𝑔 𝑝𝑢𝑟𝑒 
𝑣𝑎𝑐 

) 

− ( 𝐺( 𝑀𝑔 𝐴 ) − 𝐺( 𝑀𝑔 𝐴 
𝑣𝑎𝑐 

)) . (4)

It is quite close to Ma ’s methods for PtM 3 alloys [34] , where M stands
or the alloying elements, whereas we did not apply his approximation
f ( 𝐸( 𝑀𝑔) − 𝐸( 𝑀𝑔 𝑣𝑎𝑐 )) as the surface chemical potential of Mg. Given
he possible existence of unipositive Mg during corrosion process [4,50] ,
he transferred charges n should stay in the range between 1 and 2. Be-
ause n is already assumed constant throughout all the cases (pure slab,
lloyed slabs, slabs with Cl adsorbate and alloyed slab with Cl adsorbate)
nd comparison is of more interest between the electrode potential shift
ntroduced by different factors, the exact value of n is not so important.
t needs to be emphasized that steps and kinks on the surface or surfaces
ith different miller index are also likely to change the local electrode
otential, which makes the potential in Equation (3) at standard condi-
ion differ from the standard hydrogen potential of Mg. But our focus
ere is the influence of chemical composition, so the surface topography
s not covered in our study. 

In the calculation of ΔV 

A , slabs with 2 × 2 unit cells are adopted
s shown in Fig. 1 (b). It is expected that the pure Mg slabs with Cl
dsorbate ( Mg Cl ) and alloyed Mg slabs with Cl adsorbate ( Mg alloy, Cl ) and
heir corresponding structure with vacancy ( 𝑀𝑔 𝐶𝑙 

𝑣𝑎𝑐 
and 𝑀𝑔 

𝐴,𝐶𝑙 
𝑣𝑎𝑐 ) in the

eaction expressed by Eq. (2) have different configurations. The most
nergetic favored configurations are of specific interest here and used
n the calculation of local potential shift. For slab with Cl adsorbates,
he most stable configuration is one with lowest Cl adsorption energy
 

𝐶 𝑙 
𝑎𝑑𝑠 

, which is defined as: 

 

𝐶 𝑙 
𝑎𝑑𝑠 

= 

1 
2 
( 𝐸 ( 𝑀𝑔 𝐶 𝑙 ,𝑝𝑢𝑟𝑒 ∕ 𝑎𝑙 𝑙 𝑜𝑦 ) − 𝐸( 𝑀𝑔 𝑝𝑢𝑟𝑒 ∕ 𝑎𝑙 𝑙 𝑜𝑦 ) − 2 𝐸 𝐶𝑙 ) , (5)

here E ( Mg Cl, pure / A ), E ( Mg pure / A ) and E Cl represent the DFT energy of
ure/alloyed slab with Cl adsorbate, clean pure/alloyed slab and single
l atom respectively. The factor of 2 in the denominator results from the

act that Cl adsorbates are putted on each side of the slab with symmetry.
ll the possible adsorption sites for pure Mg surface are considered, in-
luding top site, bridge sites, fcc/hcp hollow sites. For doped surfaces,
ll 8 high-symmetry adsorption sites are also considered as shown in
ig. 1 (b): T Mg , T X , B Mg , B X , F Mg , H Mg , F X , H X . When the energy differ-
nce between certain configuration of Mg Cl or Mg alloy, Cl and the most
table one is less than 0.025 eV ( ∼Boltzman constant times room tem-
erature), the corresponding local electrode potential is also calculated
nd listed in Table S1 for comparison. 

. Results and discussion 

.1. Work function of doped Mg (0001) surface 

Work functions of doped Mg (0001) surfaces are displayed in Table 2
nd plotted in Fig. 2 with respect to their electronegativity. For 50%
oping rate, elements more electronegative than Mg will increase the
ork function on Mg (0001). When the surface doping concentration
ecrease from 50% to 25%, the influence of doping elements on the work
unction is greatly reduced for most cases. Only yttrium has a strong
mpact at 25% doping rate, severely reducing the work function, which
ndicates that Y doping will make electrons more easily to escape from
he surface compared to pure Mg. 

Generally when the surface dopant is more electronegative than Mg,
he dopant will be negatively charged and cause a negative dipole on the
urface, which will lead to an increase in work function. However, the
hanges in work function are not just determined by the quantity and
70 
he sign of charge transferred between dopants and Mg atoms, but also
y the details of the charge redistribution [51] . Work function difference
s more related to the charge redistribution perpendicular to the surface.
o be more specific, it is reported that the work function difference is

inear to the surface dipole moment change [51,52] : 

𝜙 = −4 𝜋Δ𝜇∕ 𝐴, (6)

here Δ𝜇 is the surface dipole moment change only dependent on the
harge redistribution perpendicular to surface, Δ𝜙 is the corresponding
ork function difference and A is the surface area. 

The work function of 25%-doped Mg surface is plotted in Fig. 3 with
espect to the surface dipole moment change, which reveals that influ-
nce of doping elements here on the surface dipole moment change is
lso negligible except Y. The small change in surface dipole moment
ntroduced by most dopants here indicates that charge transfer perpen-
icular to the surface is not strong or the vertical charge displacement is
mall at 25%-doping concentration. Since the dopants are within surface
toms plane, the charge transfer between dopants and the remaining 3
g atoms in the same mono-atomic layer can be mainly parallel to the

urface, and the displacement of charge perpendicular to surface might
e more obvious if the radius of dopants and Mg are very different.
arge decrease introduced by Y may result from the combination of sev-
ral factors: Yttrium has the greatest atomic radius 1.80 Å [53] among
opants considered here, which allows larger charge displacement per-
endicular to the surface than other dopants; Y located at higher position
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Fig. 3. Work function change Δ𝜙 plotted as a function of surface dipole moment 
difference for Δ𝜇 25% doped Mg (0001) slabs. The dashed line represents the 
theoretical relation between Δ𝜙 and Δ𝜇. 

Table 3 

Cl adsorption energy 𝐸 

𝐶𝑙 
𝑎𝑑𝑠 

(eV) on pure Mg (0001) and local electrode potential 
shift by Cl adsorption with respect to pure clean Mg surface, ΔV Cl (V). 

Adsorption site This work Reference 

𝐸 

𝐶𝑙 
𝑎𝑑𝑠 

T Mg − 3.540 − 3.557 a 

B Mg − 4.019 
H Mg − 4.103 − 4.147 a 

F Mg − 4.111 − 4.156 a 

ΔV Cl − 0.099 

a Computational results from ref [43] . 
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Fig. 4. (a) First ML of Mg atoms of Mg Cl slab with Cl adsorbate at F Mg ; orange dot 
is Cl adsorbate whose site-projected DOS is shown in (d); two types of Mg atoms 
are labelled as Mg 1 , Mg 2 , whose site-projected DOS is shown in (e); the grey lines 
are the metallic Mg-Mg bonds and orange lines are Mg-Cl bonds. (b)(c) two types 
of configuration of 𝑀𝑔 𝐶𝑙 

𝑣𝑎𝑐 
labelled as 𝑀𝑔 𝐶𝑙 

𝑣𝑎𝑐, 1 and 𝑀𝑔 𝐶𝑙 

𝑣𝑎𝑐, 2 , corresponding the slab 
with removal of Mg 1 and Mg 2 respectively and it turns out that configuration in 
(c) is more energetic favoured and used in the determination of local electrode 
potential shift; the grey rings are Mg vacancies and the dashed lines are the 
broken bonds. 

Fig. 5. Electrode potential shift on Mg (0001) introduced by surface solute 
atoms, ΔV alloy vs. that by both surface solute atoms and Cl adsorbates, ΔV alloy, Cl . 
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s  
han the average Mg atoms at surface; Y is less electronegative than Mg
ence positively charged. The combination of these factors results in a
arge positive surface dipole moment compared to other elements, thus
eading large decrease in work function. 

.2. Local electrode potential shift 

.2.1. Local electrode potential shift introduced by Cl adsorption on pure 

g (0001) 

For pure Mg (0001), the Cl adsorption energy on varied site and the
ocal electrode potential shift introduced by Cl adsorbate with respect
o pure clean Mg surface, ΔV 

Cl are shown in Table 3 , where F Mg is the
ost stable Cl adsorption sites, similar to the work of Zhou et al. [43] .
he bond length of Cl and Mg without doping is 2.57 Å, very close to
he sum of ionic radii of Mg and Cl ion, 2.53 Å [53,54] . As mentioned,
ositive electrode potential shift represent the stabilization of surface
g atoms. So the negative electrode potential shift, ΔV 

Cl = − 0.099V,
mplies that Cl adsorbates destabilize Mg atoms on the surface. 

To understand the negative local potential shift introduced by Cl,
etailed information on the surface chemical environment is necessary.
ig. 4 (d) (e) illustrates the site-projected DOS of Cl, and two types of Mg
toms, Mg 1 atom and Mg 2 atom in Fig. 4 (a) when Cl is on the FCC hol-
ow sites. The highest DOS peaks of both Cl atom and Mg 1 atom lie about
5.1 eV below Fermi level, indicating strong Mg-Cl chemical bonding
lotted as orange lines in Fig. 4 (a); the highest DOS peak of Mg 2 atom,
ies about -5.3 eV below Fermi level and the amplitude is much smaller,
ndicating Mg 2 atom is barely involved in the bonding with Cl . On pure
g surface, metallic bonds between Mg atoms need to be broken to re-
ove Mg atoms, which is formed by the attraction between positively

harged metal ions and delocalized ”free ” electrons. Due to the local-
zation of electrons after Cl adsorption, the “free ” electrons shared by
71 
g atoms are less compared to those before Cl adsorption, so that the
etallic bonding between Mg atoms (grey lines in Fig. 4 (a)) appears be
eakened, and only metallic bonds need to be broken to remove Mg 2 

rom surface as shown in Figure. 4 (c), and less energy is required to re-
ove Mg 2 atom from surface after Cl adsorption consequently. Namely,
l adsorbate destabilizes the Mg atom at surface. 

.2.2. Local electrode potential shift introduced by alloying 

The local electrode potential shifts introduced by alloying with re-
pect to pure clean Mg surface, ΔV 

alloy , are displayed in Fig. 5 . Positive
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Fig. 6. (a) Site-projected DOS of Zn and Mg atoms at 25% Zn-doped surface. (b) Site-projected DOS of Zr and Mg atoms at 25% Zr-doped surface. Orbital projected 
DOS are also shown for Zn and Zr. 
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V 

alloy implies that the dopants stabilize the Mg atoms on the surface.
t can be seen from Fig. 5 that dopants considered here with positive
V 

alloy are all d -block elements. It is reported that the addition of d -
lock solute atoms results in higher bulk modulus of Mg matrix than s
nd p -block atoms [55] , and a hybridization of d orbits of solute ele-
ents with the s and p orbits of Mg will enhance the bonding between

olute atoms and Mg [56] , which is also observed in our study for d -
lock elements. 

Fig. 6 illustrates the projected DOS on the atoms of the Zn-doped
nd Zr-doped Mg surface respectively. The d orbits of Zr hybridizes with
he orbits of Mg from ∼4 eV below Fermi level to Fermi level, which
mplies a strong bonding between Zr and Mg and thus higher energy is
ecessary to remove the Mg atoms from the surface. In other words, the
ddition of Zr into Mg will stabilize the Mg atoms at surface and cause
 positive local electrode shift. Although Zn also has d -electrons, they
re highly localized below Fermi level at − 7 eV as shown in Fig. 6 (a),
hich indicating little interaction between with the 3 s or 3 p orbits of
g and d orbits of Zn. And the weak bonding between Zn and Mg leads

o a negative electrode potential shift. 
To further investigate the orbital in hybridization of Mg electrons

ith d electrons of d -block elements, we calculated the orbital energies
f isolated d -block atoms of interests here with respect to vacuum. The
loser of d orbital energy of dopant is to Fermi level of Mg slab, the
reater the overlap is between the d -orbits of dopants and electron orbits
g, and stronger hybridization is between the electrons on the orbits.
y setting the vacuum level as zero, the Fermi level of Mg in the slab
ith respect to vacuum is just negative work function, −Φ. The order of
rbital energies of all the d -block dopants considered here from high to
ow is: Y > −Φ > Zr > Mn > Fe > Ni > Cu > Zn. It agrees well as the
ocal electrode potential order as shown in Fig. 5 : Zr > Mn > Fe > Ni
 Y > (pure Mg) > Cu > Zn, as closer energy levels lead to stronger
ybridization. The exception of Y is believed to be caused by the fact
hat Y has only 1 d electron making the hybridization less strong. 

.2.3. Local electrode potential shift by both alloying and Cl adsorption 

As mentioned, the Cl adsorption calculation is necessary to de-
ermine the most stable configuration of Mg alloy, Cl and 𝑀𝑔 

𝑎𝑙 𝑙 𝑜𝑦,𝐶𝑙 
𝑣𝑎𝑐 in

q. (2) to calculate the electrode potential shift with regard to pure Mg
urface. The most stable adsorption site and the corresponding energy,
 

𝐶 𝑙 
𝑎𝑑𝑠 

is shown in Table 2 and 𝐸 

𝐶 𝑙 
𝑎𝑑𝑠 

on all sites are listed in Table S1. As
hown in Table 2 , the surface dopants will stabilize the Cl adsorbate on
he surface given by more negative Cl adsorption energy than that on
ure Mg. The detailed discussion on Cl adsorption energy difference is
n Figure.S1. 
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Local electrode potential shift by both alloying and Cl
dsorption, ΔV 

alloy, Cl , is demonstrated in Fig. 5 , along with that
ntroduced only by alloying, ΔV 

alloy . If ΔV 

alloy, Cl is greater than the
ocal potential introduced by Cl adsorbate, ΔV 

Cl , Mg atoms on the
orresponding alloyed surface with Cl adsorbate is more stable than
hose on pure Mg surface with Cl adsorbate. 

It can be seen from Fig. 6 that all the elements lies below the line for
𝑉 𝑎𝑙 𝑙 𝑜𝑦,𝐶𝑙 = Δ𝑉 𝑎𝑙 𝑙 𝑜𝑦 , which means the adsorption of Cl will shift down

he electrode potential not only for pure Mg surface but all doped sur-
aces as well. Because Cl is much more electronegative than all the
etals considered, it will lead to highly localized electrons way below

ermi level, which weakens the bonding between Mg and solute met-
ls. This decrease in electrode potential of alloyed surface due to Cl
dsorbate indicates the debilitating of the influence of doping elements
n Cl ions aqueous. For example, it is found that for Y, ΔV 

alloy > 0, but
V 

alloy, Cl < ΔV 

Cl . Namely, the local electrode potential of Y-doped sur-
ace is higher that of pure Mg surface, whereas the presence of Cl makes
he local electrode potential of Y-dope surface more negative than that
f Mg surface with Cl adsorbate. From this prospective of view, solute
 atoms will beneficial in environments without Cl ions but less bene-
cial with Cl ions, which is consistent with experimental findings [57] .
evertheless, positive correlation is still obvious between ΔV 

alloy, Cl and
V 

alloy , which proves that the bonds between Mg and dopants are still
f importance. ΔV 

alloy, Cl for Zr are still positive, which implies positive
hift introduced by Zr wins over the negative shift introduced by Cl ad-
orbates. This remarkable positive shift in electrode potential regardless
f the existence of Cl adsorbates provides theoretical evidence that Zr
an stabilize the Mg at surface, delaying the localized corrosion and re-
ucing the rate of anodic dissolution, which is experimentally indicated
y Song and StJohn [13] . 

.3. Summary of the influence of alloying elements and Cl adsorption on 

he work function and local electrode potential shift of Mg (0001) 

Considering the solubility of alloying elements in Mg, 25% surface-
oped rate might be closer to real situation and the corrosion behavior in
he environment where Cl ions exist is of more interest. The influence of
olute atoms on the work function (25% doping rate) and local electrode
otential shift on Mg (0001) surface, is shown in Fig. 7 . Elements in Re-
ion I and II (Al, Zn, Mn) will increase the barrier for charge transfer
nd stabilize surface Mg atoms, potential in depressing the anodic re-
ction, which actually consistent with prior experiments [58] . Elements
n Region III (Cu, Li, Y) will decrease the barrier for charge transfer and
estabilize surface Mg atoms, accelerating the anodic reaction. And in
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Fig. 7. Influence of solute elements on the work function change (25% doped 
surface) and local electrode potential shift on Mg (0001) introduced by both 
alloying atoms and Cl adsorbates. Region I: Δ𝜙> 0, ΔV alloy, Cl > 0; Region II: 
Δ𝜙> 0, ΔV Cl < ΔV alloy, Cl < 0; Region III: Δ𝜙< 0, ΔV alloy, Cl < ΔV Cl . 
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emaining region (Zr, Fe, Ni), there is a compromise between the stabil-
ty of charge and surface Mg atoms. 

Albeit located in Region II, Zr can greatly and positively shift the
ocal electrode potential and the decrease in work function introduced
y Zr is nominal. So Zr atoms at surface should be able to depress the
nodic dissolution by stabilizing the surface Mg atoms while its influ-
nce on charge transfer is trivial. On the other hand, although Ni and
e will lead to positive shift in the local electrode potential according
o our results, they can be notorious trace impurities as cathodes in Mg
lloys considering their limited solubility in Mg, especially Fe. Whereas
he anodic reaction of most Mg-Li alloys is reported to be accelerated
58,59] as predicted in our work, Xu et al.found in a specific Mg–Li alloy
ith bcc matrix and self-healing films that the anodic reaction can be
uch depressed [16] . In our model and simplification, we focus on the

mpact of alloy elements on the thermodynamic stability of electrons
nd Mg atoms on the surface of Mg hcp matrix. Although influence of
lloying elements on other mechanisms such as passivation and struc-
ural difference is not included in our work, our model can serve as base
o give a more comprehensive explanation on the influence of alloy el-
ments on the corrosion behavior of Mg alloys. 

. Conclusions 

By conducting first-principles calculations, we evaluated the influ-
nce of Cl adsorbates and solute atoms (Li, Y, Zr, Al, Mn, Fe, Cu and
i) at surface on the anodic behavior of Mg matrix based on their in-
uence on work function and local electrode potential. At 25% surface-
oping rate, the change in work function introduced by aforementioned
lements is less than 0.1 eV except Y. Their impact in work function in-
icates that only Y will greatly decrease the barrier for charge transfer
hile the influence of the remaining elements here on charge transfer is
egligible at 25% surface-doping rate. Local electrode potential shift in-
roduced by solute atoms and Cl adsorbates depends on their bonds with
g atoms as well as the bonds between dopants and Cl. Cl adsorption
ill destabilize the Mg atoms on the surface by weakening the bond-

ng between the metallic atoms on the surface. Those metallic dopants
hich could strongly bonding with Mg atoms on the surface, such as Zr,
re likely to give rise to positive local electrode potential shift. It seems
hat d -block elements whose d electrons can hybridize strongly with the
 s and 3 p electrons of Mg have the potential in stabilizing the Mg atoms
n the surface. 
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