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Abstract

Rechargeable Mg-ion batteries (MIBs) are an advantageous alternative solution to

Li-ion batteries in many ways. Mg is safer and abundant in the Earth, and has a

high electrochemical capacity owing to its divalent nature. It is yet relatively less

studied largely due to primal success of Li-base batteries and challenges associated

with the design of MIBs including high performance electrode materials. Herein, us-

ing first-principles calculation, we study the electrochemical and mechanical proper-

ties of the most viable alloy anode Mg2Sn with special attention to its amorphous

phase—unavoidable phase forming during cyclic Sn magnesiation in MIBs due to vol-

ume changes. We create amorphous Mg2Sn via simulated annealing technique using ab

initio molecular dynamics. We find while Mg2Sn undergoes a substantial atomic-level

structural changes during the crystal-to-amorphous transformation, its polycrystalline

properties degrade slightly and become softer by only 20% compared to the crystal

phase. Moreover, we predict competitive electrochemical properties for the amorphous

phase assuming it goes under similar reaction path as the average electronic charge on

Mg ions almost remain unaffected. This work thus not only demonstrate that a-Mg2Sn
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phase could be a bypass to combat the challenges associated with the crystal cracking

during volume change, but also serves as first step to better understand the widely used

Mg2Sn alloy anode in MIBs.

Introduction

Li-ion batteries (LIBs) are considered the most important and widespread energy storage

solution in consumer electronics largely owing to their unrivaled combination of high volu-

metric and gravimetric energy capacities, and indeed thier early technological maturity in

1991.1,2 They are also seen as an immediate viable candidate for the next generation of elec-

tric vehicles reducing our dependence on fossil fuels.3 The ever-increasing reliance on limited

Li reserves as well as inherent safety issues and environmental impacts associated with LIBs,

however, have raised concerns about the sustainability of this technology.4 Na-ion batteries

(NIBs) have emerged an appealing alternative solution with multifaceted benefits such as

less expensive sodium precursors, and being more abundant and less toxic.5 The performance

of NIBs have constantly being improved especially during the last few years.5,6 Yet this rel-

atively unexplored technology is far behind its Li-counterparts limiting its application due

to its intrinsic differences, and debated cost advantage.5,7 Still they are deemed as an ideal

storage technology for large-scale applications i.e. power grids, where size is not a major

design concern.2,5,8 The situation has fueled an active research towards the development of

alternative safe and cost-effective technologies beyond LIBs technology.9–12

Mg-ion batteries (MIBs) are further recognized as attractive low-cost and high-capacity

substitute for energy storage. Mg is naturally abundant in the Earth and is environmen-

tally benign, and has a negative reduction potential of -2.37 V vs. SHE. The divalency of

Mg2+ cations gives an attractive volumetric energy density in excess of 3833 mAh ml−1, ap-

proximately twofold(threefold) higher than Li(Na). In addition, MIBs offer wider operating

temperatures and better safety features compared to LIBs due to higher melting temperature

of Mg (648.8◦C). The formation of a passivation layer at the interface of electrode and elec-

2



trolyte during Mg plating and stripping completely blocking Mg2+ ions to shuttle, and the

strong electrostatic interaction of Mg2+ with the host largely hampering Mg2+ ions mobility

are major drawbacks hindering their practical applications. Addressing these issues have be-

come the mainstream of MIBs’ research and development.13–15 There has been a promising

progress on finding compatible electrolytes and suitable electrodes led to the introduction of

promising electrolytes and cathode candidates.16–20 However, identifying failure-free anode

materials has received less attention and remains a big challenge.

The dendrite-free Mg metal initially gained popularity as an anode material for MIBs. It

was later realized that its application is largely impeded due to the formation of the reduced

layer.13,21 Magnesium alloys, a family of insertion-type materials based on Mg alloying/de-

alloying, are then found the most appealing anode candidates owing to their superior volu-

metric and gravimetric capacities as well as their compatibility with conventional electrolytes

(e.g. magnesium salts).22–25 The magnesiation of group-14,15 elements during the electro-

chemical reaction was reported experimentally.26–35 It was shown that Sn could achieve

higher gravimetric capacities than other group-14,15 elements, and operates in a low volt-

age window.28,32–37 Moreover, some theoretical studies suggest that Sn (α/β-Sn) is the most

competitive alloy anode for MIBs due to relatively low diffusion barriers of Mg ions.27,35,38

Nevertheless, Sn magnesiation results in large structural changes in an electrochemical

cell—in excess of 180 % volume change with reference to pure Sn during the formation of

crystalline Mg2Sn (c-Mg2Sn).27–29 It is well established that the electrochemical performance

of alloys is largely hampered by structural failures as a result of drastic volume changes upon

successive intercalation and de-intercalation of active ions during charge and discharge.13,39–42

Sn magnesiation during charge and discharge results in remarkable capacity fade.36 The

underlying reasons are not clear, it is hypothesized that, along with the known issue of the

formation of the passivation layer, large structural changes accompanied by pulverization

and amorphization could be responsible.28,36 Very recent strategies like the formation of

nanostructured Sn34 or dual phase alloying of nanoporous Bi-Sn alloy25 or developing eutectic
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alloys have demonstrated a very good progress; still remains an open challenge in the field.

Sn magnesiation is somewhat similar but less severe to alloy anodes in LIBs and NIBs

in terms of expansion; there is a crucial difference though. In Li/Na-based alloy anodes,

various crystalline and amorphous phases coexist during charge and discharge complicates

the phase transformations leading to the accumulation of internal stresses due to the coherent

boundaries between phases.43–47 For Mg-Sn system, Mg2Sn is the only binary equilibria

phase, hence less susceptible to detrimental phase transformations.48,49 Yet Sn magnesiation

cuasing drastic volume changes lead to the inevitable magnesiation-induced amorphization

affecting the electrode performance.36 Understanding the mechanical behavior during charge

and discharge is essentailly the first step towards designing a failure-free electrode.50–52 While

c-Mg2Sn is studied extensively in literature,53–56 to the best of our knowledge, no information

is available about the atomic structure as well as mechanical properties of electrochemically

formed amorphous Mg2Sn phase (a-Mg2Sn). These properties are well documented for Li

and Na binary alloys, whereas such knowledge is missing for the Mg-Sn system.43–47

In this work, we study the fundamental electrochemical and elastic properties of Mg2Sn—

the only phase in the binary Mg-Sn system at equilibrium—in crystalline and amorphous

form using first principles calculations.48,49 We obtained the atomic level structure of a-

Mg2Sn by creating an amorphous phase using simulated annealing technique at three tem-

peratures (above the melting point of c-Mg2Sn phase) using ab initio molecular dynamics.

We provide a quantitative and qualitative atomic level insight into the a-Mg2Sn phase us-

ing radial distribution functions and rings statistics. Our results suggest that a-Mg2Sn is

elastically softer than c-Mg2Sn, and it is alike c-Mg2Sn in terms of electrochemical properties.

Methodology

The Vienna Ab Initio Simulation Package (VASP) was used to perform density functional

theory (DFT) calculations within GGA-PBE approximation.57 Projector-augmented wave
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Table 1: Optimized lattice parameters (a, b, and c in Å) and formation energy Ef (in eV)
of Mg, c-Mg2Sn, β-Sn, and a-Mg2Sn obtained from our DFT calculations.

Phase x Space Group a b c Ef

crystalline
β-Sn 0.00 I41/amd 5.95 5.95 3.21 -
Mg2Sn 2.0 Fm3m 6.82 6.82 6.82 -0.192
Mg 0.00 P63/mmc 3.20 3.20 5.18 -

amorphous
Mg2Sn∗ 2.0 - 6.52 6.71 6.82 -0.064

* The corresponding unit cell of the used a-Mg2Sn super cell.

(PAW) pseudopotentials were employed for describing core and valence electrons interac-

tions.58,59 The 2p63s2 and 4d105s25p2 states were treated as valence electrons for Mg and Sn,

respectively. All crystalline phases were obtained from the crystal structure database.60 For

geometry optimization we used a 7×7×7 Monkhorst-Pack k-point sampling for the unit cell

of c-Mg2Sn and a plane-wave kinetic energy cutoff of 500 eV ensuring the total energy con-

verge within 1 meV/atom.61 The structures were then optimized by allowing lattice vectors

and ionic positions to relax until the Hellmann-Feynman forces were less than 0.01 eV/Å. A

denser k-point (15×15×15 grid) and higher energy cutoff (700 eV) were used for the same

cell for the single-point energy calculations.

We used a 2×2×2 super cell of c-Mg2Sn to create the a-Mg2Sn phase. Using ab initio

molecular dynamics (AIMD) as implemented in VASP, the structure was annealed up to three

different temperatures (1600 K, 1800 K, 2000 K) above the melting point of c-Mg2Sn (1053

K). These tests allow to examine the impact of annealing temperature on amorphousity. The

temperature was then maintained for 1000 MD time steps (time step = 2 fs). The system

was then quenched rapidly down to room temperature at the rate of 20×1014K/s. Finally

the system was allowed to equilibrate at this temperature for another 2500 MD time steps

for (time step = 2 fs). We analyzed the produced a-Mg2Sn phases using radial distribution

functions (RDFs) and rings statistics as implemented in Interactive Structure Analysis of

Amorphous and Crystalline Systems (I.S.A.A.C.S) software package.62

The a-Mg2Sn structure was relaxed with a similar plane wave kinetic energy cutoff and
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an atomic force tolerance of 0.02 eV/Å, and a 7×7×7 k-point Monkhorst-Pack grid. We then

calculated the formation energy Ef with respect to Mg/Mg+2 as Ef = E(MgxSn − [xE(Mg

+ E(Sn)] where x is the number of Mg atoms per Sn atoms, E(MgxSn) is the total energy per

Sn atoms of MgxSn phase, E(Mg) is the total energy per atom of Mg in hcp crystal lattice,

and E(Sn) is the total energy per atom of Sn in tetragonal crystal lattice. The optimized

lattice parameters, formation energy per atom of all phases are summarized in Table 1. Our

results for the crystalline phases are in excellent agreement with reported theoretical and

experimental measurements.53–56

Obtaining intrinsic elastic properties of single crystal structures using DFT is well es-

tablished in literature and is explained in length in our earlier works.46,47 Briefly, when a

uniform and infinitesimal strain is applied to a homogeneous system, the internal energy of

the system can be expressed in terms of strain components. Using energy-strain curve, one

can obtain the elastic constants for all phases. For instance in c-Mg2Sn with cubic symmetry,

uniaxial distortion, volumetric distortion and pure shear were applied to obtain the three

independent elastic constants i.e. C11, C12, and C44, respectively (Voigt notation is used for

all elastic constants).63 The isotropic nature of a-Mg2Sn phase only gives two independent

elastic constants, C11 and C12 similarly obtainable through uniaxial and volumetric strains,

respectively. For C11, uniaxial strain was applied along three orthogonal directions and av-

erage C11 was determined. In a similar fashion, we obtained the five and six independent

elastic constants of Mg and Sn crystal structures, respectively.

Moreover, crucial electrochemical properties were calculated including electrode potential

-Ef/x with respect to Mg/Mg+2, and specific capacity nF/ΣM , where n is the total number

of Mg electrons in the reaction, F is Faraday’s constant (26.802 Ah/mol) and ΣM is the

total molecular weight of Mg2Sn. We also obtained volumetric energy density versus a

hypothetical 3.75 V cathode by a method introduced by Obrovac et al.64,65
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Results and Discussion

Electrochemical Properties. The specific capacity of c/a-Mg2Sn phases as used in MIBs

is 641 mAh g−1 since both have the same total molecular weight and assuming the same

number of Mg electrons participate in the reaction (it is noted that specific capacity in

excess of 903 mAh g−1 is also interchangeably reported in literature by taking into account

only the molecular weight of Sn instead of Mg2Sn).31,34,36,37 The volume expansion of the

optimized a-Mg2Sn is about 160 % with reference to pure Sn, which is lower by 20 % when

compared to c-Mg2Sn. We find the electrode potentials as low as 0.15 and 0.06 V for c, a-

Mg2Sn, respectively. Comparative low potentials ≈ 0.04 V have been found for fully lithiated

amorphous Si (a-Li3.75Si),66 and fully lithiated amorphous C (a-Li0.75C6) in LIBs,67 and have

been reported experimentally for electrode materials in rechargeable batteries.66,68 In Mg-Sn

system, as obtained from our calculations, this gives a-Mg2Sn phase a volumetric energy

density in excess of 8.50 Wh cc−1 greater than 8.25 Wh cc−1 for c-Mg2Sn.

Examination of Amorphous Mg2Sn Phase. The optimized c-Mg2Sn and a-Mg2Sn

phases are shown in Fig. 1a and b, respectively.69 The former has a well-defined atomic

positions, whereas the latter has a disordered atomic positions. RDFs results, as shown in

Fig. 1c, further demonstrate that while c-Mg2Sn is characterized with well-defined peaks

indicating the crystallinity of the phase, the peaks of a-Mg2Sn are flattened indicating the

amorphousity of the phase, similar to amorphous Li-Si phase in Li-ion battery.70 We also

compare the amorphousity of a-Mg2Sn at the three chosen temperatures.Evidenced by the

RDFs, we obtain qualitatively similar a-Mg2Sn phases regardless of the choice of annealing

temperature.

The RDFs give us a qualitative understanding on the formation of a-Mg2Sn phase upon

annealing. It fails to elaborate on the origin of amorphousity, and provide an atomic-level

insight into interatomic bonds. We employ rings statistics technique as implemented in

I.S.A.A.C.S. package to obtain such insight and compare it against c-Mg2Sn. The a-Mg2Sn

phase—obtained by annealing at 2000 K—was chosen for further analyses as no significant
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Figure 1. (a) c-Mg2Sn, and (b) a-Mg2Sn (obtained by annealing c-Mg2Sn at 2000 K) super
cells, (c) Radial distribution function g(r) for Mg-Mg and Mg-Sn in c-Mg2Sn, and a-Mg2Sn
as obtained at three annealing temperatures. Orange and purple spheres denote Mg, and Sn
atoms, respectively.

changes were found in results when other temperatures were used. The rings statistics results

are shown in Fig. 2a. The abscissa shows different types of rings from 3–10 membered rings.

The ordinate shows the number of rings per atom normalized by the total number of atoms

in the unit cell. The cut-off distance of 3.4 Å, and 3.0 Å were chosen for Mg-Mg and Mg-Sn

pairs, respectively, corresponding to the first peak in our RDF results (see Fig. 1a).

We have identified only 4-membered rings of Mg and Sn atoms in c-Mg2Sn due to well-

defined atomic positions in the crystalline structure representing a single sharp peak at four

as shown in Fig. 2a (in black). The magnitude of 2 for the number of rings per atom for
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Figure 2. (a) Ring statistics for c/a-Mg2Sn phases, (b) Schematic representation of different
rings in (b) c-Mg2Sn phase, (c) a-Mg2Sn phase. All single atoms which are not participating
in any bonds were removed from the original a-Mg2Sn phase for visual clarity. Orange and
purple spheres denote Mg, Sn atoms, respectively.

c-Mg2Sn is derived by a total number of the 4-membered rings, which is 12, normalized by

six the total number of atoms in the unit cell. The 4-membered rings are schematically

shown in Fig. 2b, constituting the c-Mg2Sn crystal structure. On the contrary, we see a

disordered network of Mg and Sn atoms in a-Mg2Sn leading to the formation of series of 3-

to-10-membered rings. The distribution of such rings is shown in Fig. 2a (in red). We have

not seen any significant qualitative differences in ring statistic results when other a-Mg2Sn

phases, obtained by different annealing temperatures, were used. The number of rings per

atom falls within a narrow range of 0.4–0.8 with a relative dominance of 8, 9-membered rings.

This disordered system characterized by existence of various rings—opposed to c-Mg2Sn—

further signifies the formation of a-Mg2Sn phase. In order to provide an atomic-level view

of a-Mg2Sn phase, a few multi-membered rings are identified and highlighted in Fig. 2c.

Fundamental Elastic Behavior Table 2 outlines the second order elastic constants
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Table 2: Second order elastic constants Cijs (in GPa) of Mg, c-Mg2Sn, Sn, and a-Mg2Sn
phases obtained from DFT calculations.

Phase C11 C12 C13 C33 C44 C66

crystalline
β-Sn 72.22 33.55 30.59 87.77 19.66 23.71
Mg2Sn 76.02 23.41 31.97
Mg 64.17 22.68 24.51 62.78 16.44

crystalline (exp)
β-Sn 75.50 23.40 28.00 87.00 22.00 22.65
Mg2Sn 82.40 20.80 36.60
Mg 59.74 26.24 21.70 61.70 16.39

amorphous
Mg2Sn 65.18 18.49

Cijs of Mg, Sn and c/a-Mg2Sn phases as obtained from our DFT calculations. Our Cijs are

in good agreement with the experimental measurements and first principles calculations of

elastic constants for crystalline Mg, Mg2Sn, Sn phases (see Table 2).53–56 These values are

elastic constants of single crystals as opposed to polycrystalline structures with randomly

oriented single crystals and do not reflect the elastic properties of the microstructure of an

alloys anode.50,71,72 The correlation between the elastic properties of single crystals and an

aggregate is made by employing the Voigt and Reuss continuum theories.73,74 Moreover, Hill

demonstrated that the arithmetic average of the Voigt and Reuss values gives a better approx-

imations for the elastic properties of the polycrystalline microstructures. Table 3 presents the

bulk moduli (B), Young’s moduli (E), and shear moduli (G) of polycrystalline Mg, c-Mg2Sn,

Sn, and a-Mg2Sn adopting Hill averaging method. The B/G ratio, and anisotropy factor of

Young’s and shear moduli (calculated as AX = Xmax/Xmin with X being either Young’s or

shear moduli) are also given in the table.75 In addition, we plot Young’s and bulk moduli

of all phases including a-Mg2Sn as a function of the Mg fraction y = x/(x + 1) in Fig. 3,

where y= 0 and 1 represents the pure polycrystalline Sn phase and Mg phase, respectively.

It is evident from Table 3 that Young’s and shear modulus for c-Mg2Sn are greater than

that of pure Mg and Sn phases. This can be understood from B/G ratio—an indication to
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Table 3: Bulk modulus (B), Young’s modulus (E) and shear modulus (G) of Mg, c-Mg2Sn, β-
Sn, and a-Mg2Sn phases obtained via Hill (H) averaging methods from our DFT calculations.
AE and AG are anisotropy of Young’s modulus, shear modulus, respectively. All moduli are
in GPa.

Phase BH EH GH BH/ GH AE AG

crystalline
β-Sn 46.74 56.13 21.59 2.17 1.36 1.32
Mg2Sn 40.95 71.5 29.57 1.38 1.17 1.21
Mg 37.17 47.78 18.58 2.09 1.14 1.26

amorphous
Mg2Sn 34.05 57.01 23.35 1.46 1 1

the ductility of metal alloys suggested by Pugh.76 The ratio less(greater) than 1.75 suggests a

brittle(ductile) behavior.76 Pure Mg and Sn phases are thus ductile materials, while c-Mg2Sn

is more brittle. The transition from ductile (Sn) to brittle (c-Mg2Sn) upon Sn magnesiation

could be a responsible factor for a sudden increase in moduli. This elastic behavior may lead

to the accumulation of internal stresses causing particle cracking and fracture during discon-

tinuous phase transformation upon magnesiation/de-magnesiation during the formation of

c-Mg2Sn phase.36 This phenomenon is distinct from the mechanical response of group-14,15

elements to sodiation and Li-Si alloy anodes but somewhat similar to Li-Sn system (in which

Sn lithiation also experiences a sudden increase in Young’s and shear moduli with respect

to pure Sn phase).43–47 There is one remarkable difference: Sn magnesiation is susceptible

to electrochemically driven amorphization. Our results demonstrate that a-Mg2Sn has be-

come elastically soft by ≈ 20 % with respect to c-Mg2Sn. This elastic softening makes the

moduli’s trend to follow an approximate linear dependence on the Mg fraction as opposed

to c-Mg2Sn (see Fig. 3). This behavior may suggest a more gradual magnesiation-induced

phase transformation in favor of easing the build-up of severe internal stresses. We further

see that all crystalline phases are rather elastically isotropic polycrystalline materials due to

low anisotropy values consistent with the small deviation of their bulk and shear moduli from

the linear dependency (see Table 3, where A =1, A >1 signifies isotropic and anisotropic
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behavior, respectively).

Atomic-scale Insights via Charge Analysis. We obtain the net charges on each

atom by employing Bader charge population analysis using electronic charge distribution

from our DFT calculations.77 Table 4 presents the calculated charges. In c-Mg2Sn phase,

Mg and Sn atoms are in a single specific charge state. Mg atom donates majority of its

divalent electrons. Each Sn atom is surrounded by two Mg atoms hence adopting double

Mg charge state (positive sign). On the contrary, in a-Mg2Sn, atoms are in various charge

states—implying an inhomogeneous charge distribution—due to the participation of Mg and

Sn atoms in complex bonding networks. While it is evident that the charge state of Mg

atoms falls in a wide range for a-Mg2Sn phase (see Table 4), average charge remains nearly

at -1.1 e. This together with the inhomogeneity nature of net charges is another indication

to the amorphousity of a-Mg2Sn phase along with our RDFs and ring statistics results, and

supports the existence of local Mg-Sn networks. The calculations further suggest that the

average number of Mg-Sn bonds is decreased by going from c-Mg2Sn to a-Mg2Sn further

supporting the realized elastic softening behavior.
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Table 4: Net charges on Mg and Sn atoms in c/a-Mg2Sn phases obtained using Bader charge
population analysis.

Phase Net charge on
Mg atoms Sn atoms

c-Mg2Sn -1.43 2.85
a-Mg2Sn -0.32 to -1.32 1.12 to 2.83

Conclusions

In summary, we obtained the fundamental electrochemical and elastic properties of c/a-

Mg2Sn alloy anodes for Mg-ion batteries. We created the a-Mg2Sn phase using annealing-

quenching technique, and examined its amorphousity through RDFs and ring statistics. We

found while the elastic moduli of c-Mg2Sn phase show an abrupt increase (as large as 27 %)

with respect to pure Sn, a-Mg2Sn is elastically softened by 20 % with respect to c-Mg2Sn and

follows a linear trend of moduli in binary Mg-Sn system. The elastic softening is attributed

to the formation of various complex rings resulted in uneven charge distributions. We be-

lieve that the electrochemically-induced failures during Sn↔c-Mg2Sn phase transformation

could be due to the development of incompatible strains and stresses and subsequent sudden

change in elastic moduli. This study suggests that the formation of a-Mg2Sn phase could

be the key to mitigate this problem. The Sn↔a-Mg2Sn undergoes a relatively more gradual

phase transformation which increases the likelihood of alleviating the build-up of internal

stresses and capacity fade during volume change. Our results serve as the first step towards

the development of failure-free Mg-Sn alloy anode suitable for the next generation of Mg-ion

batteries. They can essentially be used in constructing macroscopic models to better under-

stand deformation behaviors, magnesiation-induced amorphization, and different modes of

failures.
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