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ABSTRACT
Metallic Mg anodes are incompatible with conventional electrolytes, such as Mg(BF4)2 or Mg(ClO4)2, due to the formation of a passivation
layer that blocks the transport of Mg ions, thus limiting the selection of electrolytes and cathodes. Alloying anode materials for Mg batteries,
such as Sn and its intermetallics, have recently been proposed as a new class of anode materials for Mg-ion batteries to address the issues
of incompatibility with the conventional electrolytes. However, the large changes in the volume of the Mg–Sn alloy during cycling lead to
poor Coulombic efficiency and rapid capacity degradation. The underlying reasons for how the structural changes hamper electrochemical
performance remain unclear. In this work, we perform a theoretical study of the Mg–Sn alloys to have a deeper insight into the alloying
process and the phase transformation in the Sn anode. This work is the first in-depth computational study that combines density functional
theory and cluster expansion to investigate the phase transition process in the Mg–Sn system that includes Mg2Sn, α-Sn, and β-Sn structures.
We considered three possible routes for the transformation pathway from Mg2Sn to β-Sn: Mg2Sn→ α-Sn→ β-Sn, Mg2Sn→ β-Sn, and Mg2Sn
→ amorphous phase → β-Sn. Our study shows that the transformation of Sn between its α- and β-phases hinders the alloying process. This
hindrance, together with the amorphization of the alloy, is revealed to be the key factor to understand the poor electrochemical performance
of the Mg–Sn alloy.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087046

I. INTRODUCTION

Li-ion batteries (LIBs) are currently the dominant energy stor-
age technology used in electric vehicles and portable electronic
devices. LIBs still face challenges in meeting future energy stor-
age requirements due to limited mineral resources (e.g., Li and Co)
that could lead to an increase in prices and geopolitical tensions.1–4

As a result, next-generation batteries based on naturally abundant
materials are in demand, driving current research toward alterna-
tive battery chemistries. Rechargeable magnesium batteries (RMBs)
are one of the promising post-Li-ion batteries. Mg is abundant in
nature and safe for the environment. The divalent Mg2+ cations
give an attractive theoretical volumetric energy density of 3833 mA
h/ml,5 which is around two times that of Li. Metallic Mg can be
used as an anode for RMBs since it does not suffer from the dendrite

formation6–8 problem that affects the usage of metallic Li anodes in
lithium batteries.

The metallic Mg anode suffers from two major limitations.
The first issue is the incompatibility of the metallic Mg anode with
conventional electrolytes, such as Mg(BF4)2 or Mg(ClO4)2; a passi-
vation layer that forms at the electrode–electrolyte interface blocks
the transport of Mg ions, preventing reversible plating and strip-
ping from taking place.9,10 The passivating layer consists of insoluble
magnesium salts/halides formed as a reaction product of metal Mg
and anions, such as ClO4 and BF4,11 which got deposited on the Mg
anode surface. The formation of the Mg-ion-blocking passivating
layers can be prevented by using electrolytes with tetrahydrofuran
(THF) and Grignard Mg salts, although they can only be operated
within a narrow electrochemical window,10,12,13 limiting the use of
many high-voltage cathode materials. The second limitation of the
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Mg anode is the brittleness of the Mg metal, which makes it difficult
to be drawn into thin foils to be used as an anode in battery appli-
cations. Lightly doped Mg alloys can increase the ductility, but care
should be given to ensure that the added dopants do not adversely
affect the electrochemical properties.14

The alloying anode materials for Mg batteries, such as Sn,15

In,16 Pb,17 Bi,18 and their intermetallics, have recently been proposed
as a new class of anode materials for Mg-ion batteries to address the
issues of incompatibility with the conventional electrolytes. These
alloying anodes are shown to be compatible with a wide range of
conventional electrolytes and are less susceptible to the passivation
layer formation.15,19,20 Among the alloying anodes, Sn appears to be
a promising anode because of its high gravimetric capacity, ductil-
ity, and low intercalation voltage.15 A theoretical study by Wang
et al.21 indicated that Sn has a relatively low migration barrier for
Mg2+ ions, making it a competitive anode for RMBs.

Sn exists in two allotropic forms: α- and β-Sn. The ground-state
structure of Sn is a face-centered cubic (fcc) with a diamond crystal
structure known as a α-Sn phase, which is a zero-gap semiconduc-
tor.22 At a transition temperature of 13 ○C, α-Sn transforms into the
β-Sn phase, a body-centered tetragonal (bct) metal.23 Most exper-
imental studies of Sn are based on the β-Sn phase as it is the stable
phase at room temperature. The β-Sn structure becomes Mg2Sn with
the fcc structure upon magnesiation.15

Significant volume change during charge and discharge is a
known issue of Sn.11,24 The structural distortion due to the volume
change leads to poor Coulombic efficiency and rapid capacity degra-
dation.25 The underlying reasons for how the structural changes
hamper electrochemical performance remain unclear. Singh et al.15

indicated that amorphization, accompanied by the structural trans-
formation, hinders a complete extraction of Mg2+ from Mg2Sn,
which leads to poor Coulombic efficiency and fast capacity fade. The
first step of improving the performance of the Sn anode is to gain an
in-depth understanding of the phase transformation process during
charge and discharge, which can be used for designing future anode
materials.

The aim of this study is to investigate the phase transformation
from pure Sn (bct) to Mg2Sn (fcc) on magnesiation. While the β-
Sn and Mg2Sn are the only two known crystalline phases during the
cycling of the Sn anode, no detailed information is available for the
transformation from bct to fcc structures. This study investigates
the relative thermodynamic stability of the bct to fcc phase at inter-
mediate magnesiation levels. The cluster expansion (CE) method
coupled with first-principle density functional theory (DFT) calcu-
lations have been proven to predict the structures formed during
the battery charging and discharging.26–28 Previous CE study on
Mg–Sn alloys only considers hcp and fcc structures29 while over-
looking the bct structure, which is known to be the most stable phase
for pure Sn.23 The present work is the first theoretical study that
includes the missing bct structure in the phase analysis. The hcp
phase has not been considered in this study as it is not present dur-
ing the charge–discharge process of the RMBs. Two CE models are
developed to determine the most thermodynamically stable phase at
different Mg concentration levels by comparing the formation ener-
gies of bct and fcc structures. In addition, we simulated the voltage
profile using Monte Carlo (MC) simulations to gain more insights
into how the thermodynamic stability of the materials is related to
their performance.

II. METHOD

First-principles calculations based on DFT were employed to
calculate the total energies of all structures. DFT calculation results
are used to train CE models, and all of the calculations were per-
formed using the Vienna Ab initio Simulation Package (VASP).30,31

The Perdew–Burke–Ernzerhof (PBE) parameterized generalized
gradient approximation (GGA) functional was employed to describe
the exchange and correlation effects, and the projector augmented
wave (PAW) method was used to account for the core–valence
interactions.32,33 A plane-wave basis set with a cut-off energy of
520 eV is used for the calculations. The Brillouin zone is integrated
with the k-point mesh generated using the Monkhorst–Pack scheme
with a k-point density of 4 per Å−1.34 The convergence threshold
for electronic degrees of freedom was 10−6 eV, and the interatomic
forces were set to 10−2 eV Å−1 for the structural relaxation.

We developed two separate CE models for α-Sn and β-Sn sys-
tems, where both of them are trained using corresponding DFT
calculations. For simplicity, we refer to α-Sn and β-Sn systems
as fcc and bct structures, respectively, based on their parent lat-
tice structures. The energies from the first-principles calculations
were then used to build the CE model to explore the configura-
tional space more effectively. The CLuster Expansion in Atomic
Simulation Environment (CLEASE) package was used to gener-
ate training structures for DFT calculations and to construct the
CE model by fitting the effective cluster interactions (ECIs).27 The
training structures were generated systematically using different
generation schemes provided in the CLEASE package. The first set
of structures was generated using a random generation method.
The subsequent structures are generated to ensure that energetically
stable structures are included in the training set while the configu-
rational space is sufficiently explored. Two generation schemes are
employed for this work: a probe structure35,36 scheme was used to
generate structures that differ the most from the existing training set
in the database and the ground-state structure generation scheme
based on simulated annealing was used to include low-energy
structures.37

A template lattice structure describing the substitutional dis-
order is needed to construct a CE model. A structure with a space
group 216 [shown in Fig. 1(a)] is used to represent fcc structures
(α-Sn and Mg2Sn) as it is the common subgroup with the highest
symmetry for the space groups of Mg2Sn (space group 225) and
Sn (space group 227). The structure becomes α-Sn when 4b and 4c
Wyckoff positions are occupied by Sn and vacancy, respectively. The
Mg2Sn structure can be realized using the template when 4b and 4c
positions are occupied by Mg. The charging procedure can be mim-
icked by letting the 4b sites be occupied by either Mg or Sn, while the
4c sites are occupied by either Mg or vacancy. A total of 200 struc-
tures are generated for the fcc structures while applying the above
site constraints. The 200 structures consist of structures with a con-
ventional cell (1 × 1 × 1 cell consisting of 12 atoms), 2 × 1 × 1 cell (24
atoms), and 2 × 2 × 1 cell (48 atoms).

A template structure with space group 141 was used to con-
struct the CE model for bct structures [shown in Fig. 1(b)] as the
β-Sn phase has a bct crystal structure with the space group 141.
There is no imposed constraint for the occupation of the lattice sites,
which means any of the lattice sites can be occupied by either Mg or
Sn. It is known from experiments that the solubility of magnesium in
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FIG. 1. (a) Structures of Sn and Mg2Sn, which can be represented using a com-
mon template with space group 216. (b) Template with space group 141 for bct
structures.

bct Sn is very low.38,39 Therefore, we limited the magnesiation con-
centration in the bct structure to be up to 12.5% Mg to allow for a
thorough sampling at low Mg concentration. We generated 170 bct
structures with the Mg concentration below 12.5% to train the CE
model. The CE models for bct and fcc structures were constructed
using the maximum cut-off radii of 9, 9, and 7 Å for the two-body,
three-body, and four-body clusters, respectively. Two regularization
schemes, ℓ1 and ℓ2 types, are compared for its predictive power,
which is evaluated using leave-one-out cross-validation (LOOCV)
score.

One technical issue for constructing an accurate CE model
is the large lattice distortion after the structure relaxation, which
originates from the presence of vacancies or large mismatch in
atomic radii of elements that occupy the lattice. The lattice distor-
tions introduce “noise” in the CE model, which assumes an ideal
lattice structure. One strategy to alleviate the issue of lowered accu-
racy is to eliminate the heavily distorted structures.29,40,41 The lattice

distortion can be quantitatively measured using normalized mean
square displacement (NMSD), which is described as40

NMSD = MSD
V

2
3

, (1)

where V is the volume of the structure and MSD is the mean square
displacement calculated using

MSD = ∑atom∑X=x,y,z(X[ f ] − X[i])2

Natom
. (2)

X[f ] and X[i] are Cartesian coordinates of the final relaxed
structure and initial unrelaxed structure, respectively, and Natom is
the total number of atoms in the structure. The structures with a high
value of NMSD (i.e., heavily distorted structures) are removed from
the training set to construct a CE model without much distortion
noise.

Monte Carlo (MC) simulations were performed using the con-
structed CE model to investigate the relative stability of fcc and bct
structures and to obtain the voltage profile.28,42 We used canonical
MC at various fixed concentrations for the phase stability analysis.
The lowest energy structure for each concentration was obtained
using a simulated annealing technique. The starting temperature of
the MC simulations was set to 1010 K, which was gradually lowered
to 2 K. A 5 × 5 × 15 supercell consisting of 1200 atoms was used
for the fcc structures, while a 6 × 6 × 9 supercell consisting of 1296
atoms was used for bct structures.

The relative stability of the phases was investigated using
convex-hull analysis. The formation energy for the construction of
convex hull is calculated using the following equation:

Ef = EMgxSn − XMgEMg − XSnEα−Sn, (3)

where EMgxSn (0 < x < 2) is the total energy of the structure and XMg
and XSn are the concentration of Mg and Sn in the structure, respec-
tively. EMg and Eα−Sn are the energy per atom of pure Mg (hcp) and
α-Sn, respectively.

The open-circuit voltage (OCV) profile was obtained using
semi-grand canonical Monte Carlo (sgcMC) simulations. The
sgcMC has the advantage of controlling the concentration of the sys-
tem by imposing fixed chemical potential. Each trial move in sgcMC
simulation consists of selecting a random site and substituting the
site with a different element, which makes the concentrations of
species in the cell to fluctuate from one point to another. The cho-
sen value of chemical potential controls the average concentration
of species. The sgcMC simulations presented in this work require
two chemical potential values since there are two binary sub-lattices
in the simulation cell that consists of Mg–Sn and Mg–vacancy.
Throughout this work, the two sub-lattices were kept in internal
equilibrium by constraining the chemical potential of Mg to be the
same on both of the two sub-lattices. This constraint allows us to
control the Mg concentration by varying one chemical potential.
This chemical potential can be directly used to calculate the OCV
of the half-cell consisting of Mg and Sn electrodes (the Sn electrode
is the material under study, which is magnesiated up to Mg2Sn). The
OCV is calculated using the following formula:

OCV = −
μMgxSn

Mg − μMg

e
. (4)
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Here, μMgxSn
Mg (0 < x < 2) is the chemical potential in eV per Mg atom

in MgxSn (this is the chemical potential obtained from sgcMC), μMg
is the energy per atom of the pure Mg in the hcp crystal structure
calculated as −1.5095 eV, and e is the electric charge, which is 2 for
Mg2+ ion. The same settings were used for the simulated anneal-
ing for the sgcMC simulations, except for the use of a 10 × 10 × 10
supercell consisting of 12 000 atoms for simulating fcc structures.
The large supercell was used to allow the system to explore very
low magnesium concentrations as a dip in voltage is observed in the
experimental voltage profile at low magnesium concentrations.15

III. RESULTS AND DISCUSSION
A. Cluster expansion

As the first step of constructing the CE model, the relaxed struc-
tures from the DFT simulations are examined to determine their
NMSDs to quantitatively investigate their degree of distortion. The
lattice distortion of relaxed structures in the considered magnesium
range and their distributions are shown in Fig. 2. The Mg concentra-
tions ranging from 0% to ∼67% and from 0% to 12.5% are considered
for fcc and bct structures, respectively. It is noted that lattice distor-
tion is low in the vicinity of known stable concentrations (α-Sn and
Mg2Sn for fcc structures and β-Sn for bct structures). The heavily
distorted structures tend to be present in the concentration ranges
that deviate significantly from the known stable structures (i.e., α-Sn,
β-Sn and Mg2Sn). The inclusion of these heavily distorted structures
in the training set has been shown to have an adverse effect on the
predictive power of the CE model.29,40 In particular, Nguyen et al.40

demonstrated that the accuracy of the CE model improved when it
is trained with structures with the NMSD value of less than 0.1%.40

Of the 200 fcc and 170 bct structures, 106 fcc and 71 bct structures
had the NMSD values below 0.1%.

The effect of filtering out the distorted structures is verified by
comparing the performances of the CE models constructed with and
without the distorted structures. The performance is measured using
the LOOCV score, and the NMSD value of 0.1% is used as a thresh-
old to filter out the distorted structures. The LOOCV score of CE
models with and without distorted structures is given in Table I.
Two commonly used regularization schemes, ℓ1- and ℓ2-regularized
fits, are used for obtaining the LOOCV scores. The LOOCV score
of the fcc system improved substantially upon the removal of the
highly distorted structures; the LOOCV score improved from 24.95
to 6.59 meV/atom for the ℓ1-regularized fit and from 25.89 to
5.89 meV/atom for the ℓ2-regularized fit. The improved LOOCV
scores agree well with the findings of Nguyen et al.40 The differ-
ence in the LOOCV for ℓ1- and ℓ2-regularized fits is negligible, and
they deliver similar MC simulation results and convex hull diagram.
The key difference is in the number of ECIs used in the CE model.
The ℓ1-regularized fit yields a lower number of ECIs, leading to a
reduced computational time for the subsequent MC simulations.
Consequently, the CE model constructed using the ℓ1-regularized
fit was used for the subsequent MC simulations for the fcc
system.

No significant improvement in the LOOCV is found for the
bct system upon the removal of the distorted structures. Despite
the lack of significant change in the LOOCV score, it is observed
that the structures with high NMSD values relax into different space

FIG. 2. Distortion of the structures based on the normalized mean square
displacement (NMSD) values for the (a) fcc system and (b) bct system.

groups. The structures with high NMSD values are discarded from
the training set since the relaxed structures no longer correspond to
the original lattice model. In other words, we only used the struc-
tures in the training set that remain to have the same space group as
we specified. It is evident from Table I that the LOOCV score with
ℓ1 regularization is significantly higher than those with ℓ2 regulariza-
tion. Hence, the ECIs based on ℓ2-regularized fit is used for the MC
simulation of the bct system.

TABLE I. LOOCV score for the CE models of the fcc and the bct structures before
and after removing distorted structures. LOOCV scores with ℓ1- and ℓ2-regularized
fits are given for all models.

All structures Undistorted structures

No. LOOCV No. LOOCV
structures (meV/atom) structures (meV/atom)

ℓ1 ℓ2 ℓ1 ℓ2

fcc 200 24.95 25.89 106 6.59 5.89
bct 170 13.66 4.39 71 13.31 3.7
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B. Convex-hull analysis
The stable structures at different levels of magnesiation are

identified through convex-hull analysis. The convex-hull plot
obtained from DFT calculations without distorted structures for bct
and fcc structures are shown in Fig. 3(a), and the one from the
canonical MC based on CE models trained with this DFT dataset
is shown in Fig. 3(b). It can be seen from both convex-hull plots
that α-Sn (fcc) is more stable than the β-Sn (bct), which agrees
with experimental and theoretical studies that α-Sn is the stable
phase at low temperatures (temperature below 13 ○C).23,43 Further-
more, the fcc structures are energetically more favorable for the
entire magnesiation levels considered. The canonical MC simulation
for bct structures predicts a new phase when the Mg concentra-
tion is around 11% [Fig. 3(b)]. However, the relative energy of
this phase with respect to the fcc is high, which indicates that this
phase will not form at low temperatures. Jain et al.44 reported an
Mg9Sn5 phase to be thermodynamically stable. This phase is not
observed in our convex hull since we only considered the structures
in space groups 225 and 141. We calculated the formation energy
of this structure and observed that this structure falls on the hull
line. However, this structure is reported as a high temperature and

pressure phase and will not form under normal operating conditions
of batteries.45

The vibrational contributions should be added to the forma-
tion energies to compare the bct and fcc systems at temperatures
higher than 0 K. As the phonon calculations using DFT are compu-
tationally expensive, we include the vibrational contribution from
the study of Legrain and Manzhos43 on α-Sn and β-Sn based on
DFT and the harmonic approximation. They calculated the differ-
ence in vibrational contribution to energy between β-Sn and α-Sn
at transition temperature to be 0.024 eV/atom. The difference in
energy is subtracted from the energies of all the bct structures to
include the vibrational contributions effectively. This approximation
is valid since our training set consists only of low Mg concentration
structures and stays in the original parent lattice after discarding the
highly distorted structures.

The convex-hull plots after including the vibrational contribu-
tions to DFT and canonical MC results are shown in Figs. 3(c) and
3(d), respectively. The energies of α-Sn and β-Sn become almost
the same upon the inclusion of the vibrational contribution corre-
sponding to the transition temperature. The updated convex-hull
plots show that Sn and Mg2Sn are the two stable phases upon

FIG. 3. Convex hull from (a) DFT calculations, (b) canonical MC simulations, and (c) DFT calculations with 0.024 eV/atom subtracted from the energy per atom of bct
structures to include the vibrational contribution and (d) canonical MC based on the CE model trained with vibrational contribution added DFT dataset.
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alloying Sn with Mg. Furthermore, it can be seen from the convex-
hull plots that no other stable intermediate states are present during
the charging of the Sn electrode to Mg2Sn. The energies of fcc and
bct structures overlap slightly only when the Mg concentration is
very low, and the fcc structures become more stable as the Mg con-
centration is increased, indicating that bct structures are only stable
when the Mg concentration is negligible. The results indicate that
the nucleation of Mg2Sn (fcc) will take place upon adding Mg to
β-Sn. Legrain et al.46 showed that low-concentration doping of Mg
is unfavorable in both α-Sn and β-Sn, i.e., Mg prefers to segregate
when doped in low concentration in these phases. Although doping
of Mg is unfavorable in both phases, β-Sn exhibits lower defect for-
mation energy relative to that of α-Sn, indicating that doping in the
β-Sn phase is more stable. A similar trend can be observed in
the present study as the system at low Mg concentrations is above
the hull line [Figs. 3(b) and 3(d)], and the formation energies of low-
concentration Mg in β-Sn are lower than those of α-Sn. We only
considered the vibration contribution corresponding to the transi-
tion temperature 13 ○C, but a similar approach can be used to study
the phase transformation at higher temperatures. It is worth noting
that the energy difference between the α-Sn and β-Sn without any
vibrational contribution (ΔEα−β) is 0.026 eV/atom in our study. This
matches with the ΔEα−β value of 0.02–0.06 eV/atom reported in the
previous DFT studies.43,44 Legrain and Manzhos43 pointed out that
slight changes in the ΔEα−β can lead to a large difference in the tran-
sition temperature, and they obtained a ΔEα−β value of 0.04 eV/atom
using the GGA functional. The ΔEα−β value of 0.026 eV/atom calcu-
lated in the present study is slightly lower than the value reported in
their study. A larger ΔEα−β value will result in pushing the formation
energies of β-Sn in Fig. 3 upward, making it less stable compared to
the α-Sn.

C. Open-circuit voltage profile
The thermodynamic stability of the phases studied using the

convex-hull plots is directly related to the voltage profile of batteries.
The voltage profile obtained from the sgcMC simulation is shown
in Fig. 4. The voltage plateau at 0.15 V obtained from the sgcMC
matches the experimental value reported by Singh et al.15 In their
results, a slight dip in the voltage was observed at the beginning of
magnesiation, which could originate from the kinetics of the bct to
fcc transition. Since we only considered the thermodynamics of the
phase transformation, the dip is not observed in the simulated volt-
age profile. The flat voltage profile predicted by the MC simulations
indicates that the anode material is phase-separated during charging
and discharging.

The magnesium solubility in Sn is low,38,39 which could be a
possible cause of the formation of two phases rather than a solid
solution. The flat voltage profile is consistent with the convex-hull
analysis, where no phases other than Sn and Mg2Sn are observed.
The single-phase β-Sn becomes phase-separated between β-Sn and
Mg2Sn during charge. At the end of charging, the system becomes
a single-phase Mg2Sn. Some studies suggest that an amorphous
phase can form during the transformation from Mg2Sn to β-Sn upon
discharge.15,47 Some of the highly distorted structures discarded for
CE training had low formation energies that lie close to the convex
hull, indicating that the system could transform into an intermedi-
ate phase (possibly an amorphous phase as indicated in previous

FIG. 4. Voltage profile obtained from the semi-grand canonical MC simulation for
fcc structures. The dotted line is the experimental voltage profile from Ref. 15.

experimental studies) during the charging/discharging of the bat-
tery. A sufficiently slow discharge process can transform Mg2Sn to
β-Sn without losing its crystallinity. This transformation can hap-
pen via two possible routes. The first route is that Mg2Sn transforms
to α-Sn upon demagnesiation as they share a common parent lat-
tice with space group 216 [Fig. 1(a)], followed by a transformation
from α-Sn to β-Sn (i.e., Mg2Sn → α-Sn → β-Sn). However, it is not
clear whether α-Sn to β-Sn transformation is massive or martensitic.
Mitchell and Donnelly48 reported that the α to β transformation is
highly likely to be massive in nature due to the absence of a specific
orientation relationship. Ojima et al.,49 on the other hand, suggested
that the transformation is mainly massive but also martensitic. The
discrepancy indicates that a detailed study on the transformation
from α-Sn to β-Sn is required. The second route is a direct trans-
formation from the Mg2Sn structure to β-Sn upon demagnesiation
without an intermediate α-Sn (i.e., Mg2Sn → β-Sn). As shown in
Figs. 3(c) and 3(d), the low-concentration Mg structures in the β-
Sn phase has lower formation energies than those in the α-Sn phase,
indicating the feasibility of taking the second route of bypassing the
α-Sn phase entirely. We performed a DFT calculation to test the
thermodynamic feasibility of the direct transformation from Mg2Sn
to β-Sn. A full structure relaxation calculation was carried out on
a structure where all the Mg atoms in Mg2Sn are removed from
the cell, followed by a slight rattling of all the atoms. The struc-
ture relaxed to a tetragonal crystal structure, which is very similar
to pristine β-Sn. The current work focuses on the thermodynamic
stability of the phases present during the cycling of the Sn anode in
RMBs. Further work on the kinetics of these phases to understand
the transformation pathway is under way.

IV. CONCLUSION
We investigated the phase transformation of the Sn anode for

RMBs using two DFT-based CE models to analyze the energetics
of bct and fcc structures. This is the first time the energetics of
fcc and bct phases are evaluated in the same framework to study
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the phase transformation in Mg–Sn alloys. We performed canon-
ical MC to obtain the convex-hull plots and sgcMC to obtain the
open-circuit voltage profile. The phase stability analysis using the
convex-hull plots demonstrates that bct structures are only stable
at very low magnesium concentrations. The bct-Sn starts to trans-
form into Mg2Sn upon magnesiation. The voltage profile obtained
from sgcMC simulations shows the voltage plateau that is consistent
with the value reported in previous experiments. The flat voltage
profile obtained from sgcMC is consistent with the phase stabil-
ity analysis where the material remains phase-separated between
β-Sn and Mg2Sn during the charging and discharging of the bat-
tery. The highly distorted structures discarded in the CE model had
low formation energies, suggesting that the material could trans-
form into an amorphous phase during cycling. Our novel approach
considers the three possible routes for the transformation from
Mg2Sn to β-Sn in this study. The first route is the transformation
via an intermediate α-Sn phase (Mg2Sn → α-Sn → β-Sn). The sec-
ond route is the direct transformation from Mg2Sn to β-Sn (Mg2Sn
→ β-Sn). The third route is via an intermediate amorphous phase
(Mg2Sn → amorphous phase → β-Sn). Further study is needed
to understand the kinetic barrier and the phase transformation
pathways.
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