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ABSTRACT: Using first-principles calculation based on density functional theory,
diffusion of Mg atom into a- and f-Sn was investigated. The diffusion barriers are
0.395 and 0.43S5 eV for an isolated Mg atom in the a- and f-Sn, respectively.
However, the diffusion barriers of the Mg atom decrease in the @-Sn, whereas they
increase in the $-Sn, when an additional Mg atom was inserted near the original
diffusing Mg atom, which is mainly due to strong binding of Mg—Mg atoms in the f-
Sn. Therefore, it is better to use the @-Sn, rather than the -Sn, as an anode material {

for Mg ion batteries.
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1. INTRODUCTION

Electrochemical energy storage devices such as rechargeable
batteries are key components for large-scale high-power
systems such as plug-in hybrid electric vehicle (PHEV) or
plug-in electric vehicle (PEV). For these applications, a high-
capacity anode and a high-voltage cathode are generally
desirable. Rechargeable magnesium ion batteries (MIBs) are
emerging as a viable next-generation technology for reversible
electrochemical energy storage and conversion.” A magnesium
ion in the MIBs carries two electrical charges (unlike the single
charge of a lithium ion), thus possibly resulting in a higher
theoretical volumetric energy density. The MIBs have other
benefits compared with the conventional lithium ion batteries
(LIBs), such as a high theoretical specific capacity (2205
m.Ahg_l), abundance in the raw material, and operational
safety.” Despite these attractive aspects of the MIBs, there are
several challenges associated with uses of cathodes, electrolytes,
and anodes materials in the MIBs.” In comparison to the LIBs,
the major obstacles for the MIBs are the kinetically sluggish
intercalation/insertion of Mg ions and their low diffusion in
electrode materials. The search for suitable electrode materials
with a fast and reversible insertion of magnesium ions still
remains a major challenge.> Magnesium manganese silicate,*
manganese dioxides,’ graphene-like V,0,° and MoS,”® were
investigated as high energy density electronde materials for the
MIBs. Metallic Mg can be used as anodes for the MIBs as Mg
does not have the problem of dentrite formation which plagues
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the successful application of metallic Li anode in the LIBs.
However, the MIBs using the Mg anodes”'® show a poor
cycling ability for the reactions between the Mg anode and
electrolye, due to the easy formation of a blocking layer.”
Currently, research for novel anode materials for the MIBs is
urgently needed.

Among various anode candidates, Bi, Sb, and Bi,_,Sb, have
been tested and results showed that Bi can be used as the anode
with the conventional electrolyte.'”'* Recently, Sn has also
been investigated as the anode, and results showed that the Sn
display superior operating voltages and capacity for the
rechargeable MIBs.">'* Sn has two allotropic forms at various
conditions. At the ambient pressure, the stable phase at a
temperature lower than transformation temperature, T, of 13
°C is @-Sn (gray tin), a zero-gap semiconductor with a diamond
structure. When the temperature is raised above T of 13°C, the
Sn crystal transforms into § phase (white tin), a body centered
tetragonal metal (tetragonal)." It is noted that the 3-Sn can be
changed into a-Sn upon delithiation, and the a-Sn in a
polymorph remains stable at room temperature.'® The a-Sn
appearance is attributed to the nano-size effect.'® So far, the
transformation between @-Sn and f-Sn has not been reported
when the Sn is used as anode for the MIBs. It is necessary to
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investigate the suitability of the a-Sn as an anode for the MIBs
and effects of the phase transformation on the diffusion of Mg
atom. Understanding the Mg diffusion in the a- and S-Sn
would be useful to develop the MIBs with a high capacity
density.

Computer simulation is now playing a vital role in design,
prediction, and characterization of the structures and properties
of novel materials such as the rechargeable electrode materials,
especially at the atomic scale. First-principles calculation (ab
initio) based on the density functional theory (DFT) has been
widely used to predict the output voltage of electrode
materials'’~'® and other critical properties for the LIBs,
including rate capability (such as electronic®® and ionic*' and
safety”®). Total energy calculations were also frequently used to
estimate diffusion barriers by calculating energy changes along a
diffusion pathway.’ In the present study, the DFT computa-
tions are used to investigate the diffusion of Mg in the a- and f-
Sn, in order to fully understand the effect of polymorphic
change on Mg storage of Sn, key information for designing the
high capacity density MIBs.

2. COMPUTATION DETAILS

All the calculations were performed using the DFT calculations as
implemented in the Vienna ab initio package (VASP)** with a plane
wave basis set. The projector augmented wave (PAW) method®* was
used to describe electron—ion interactions, while the generalized
gradient approximation using the Perdew—Burke—Ernzerhof (PBE)
functional was applied to describe the electron exchange correlation.
The plane wave basis was set up to an energy cut-off of 450 eV.
Computations for the a- and f-Sn were based on 2 X 2X2 supercell
(consisting of 64 atoms) and 3 X 3x3 supercell (consisting of 108
atoms), respectively. A 3 X 3 X 3 and 3 X 3 X 5 Monkhorst—Pack®
mesh for the k-point sampling of the Brillouin zone integration was
used for the a- and f-Sn, respectively. Tonic coordinates were fully
relaxed until the residual forces were less than 0.02 eV/A.

To study the Mg diffusion kinetics, energy barriers were calculated
using a climbing image nudged elastic band (CI-NEB) theory.2® The
CI-NEB is an efficient method to determine the minimum energy path
and saddle points between the given initial and final positions. After
optimization of all degrees of freedoms for each structure, the search of
transition state began with a NEB calculation, which involves a chain
of images (seven in the present calculations) determined through
linear interpolation from the fixed initial and final configurations.

3. RESULTS AND DISCUSSION

The calculated lattice constants of the a- and f-Sn are a = 6.654
and a = 5.935, ¢ = 3.222 A, respectively, which are in a good
agreement with experimentally obtained values of a = 6.483”
and a = 5.831, ¢ = 3.184 A.>® Different non-equivalent positions
of the Mg in the a- and $-Sn lattices have been examined. After
a geometry optimization, it is observed that the tetrahedral
interstitial site (T,; symmetry) is the most stable form of the
interstitial Mg in the a-Sn, as shown by the green balls in Figure
la. They have four nearest-neighbor Sn atoms and six second-
nearest-neighbor Sn atoms, with Mg—Sn distances of 3.03 and
3.267 A, respectively. This is similar to the behavior of Li** and
Na* atoms in the Si lattice. The most stable position for an
interstitial Mg in the $-Sn is shown by the green ball in Figure
1b, which is enclosed by five Sn atoms with a bond length of
~2.00—2.73 A. The diffusion process consists of the Mg atoms
moving from one stable position to a neighboring position by
passing through a hexagonal site of the @-Sn or a rhombus
interstitial site of the -Sn, as shown by the red balls in Figure
la,b, respectively. At the hexagonal site in the a-Sn, Mg has six
nearest neighbor Sn atoms, and their configuration can be
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(b)

Figure 1. Atomic structures of two allotropic forms of Sn: (a) a- and
(b) B-Sn. The a-Sn has a diamond structure, while the $-Sn has a
tetragonal structure. The medium purple ball represents Sn atoms.
Green and red balls represent the stale and transition state of Mg
atoms in Sn, respectively.

viewed as two parallel triangles, both of which are perpendicular
to the diffusion pathway with a Sn—Mg bond length of 2.809 A.
At the rhombus interstitial sites in the f-Sn, Mg has two
nearest-neighbor Sn atoms and two second-nearest-neighbor
Sn atoms, with Sn—Mg distances of 1.912 and 2.501 A,
respectively.

The energy curves for an isolated Mg diffusing between the
adjacent stable sites in the a- and $-Sn are shown in Figure 2a,b
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Figure 2. The energy curves for Mg diffusion between the adjacent
stable sites in (a) a- and (b) B-Sn. The diffusion paths are shown
above. The dashed line represents an isolated Mg diffusion, and the
solid line represents the diffusion of Mg with the addition of a second
Mg atom.

(the dashed line), respectively. The diffusion paths are also
shown in the figures. In this case, the Mg atom marked by a red
circle was not considered in the investigation in order to
represent a low Mg concentration. The energy barriers are
0.395 and 0.435 €V for the Mg in the a- and $-Sn, respectively,
which indicates that the Mg diffuses easily in the a- and $-Sn at
a low Mg concentration. The slightly higher energy barrier for
the Mg atom in the $-Sn is caused by the smaller space of the
rhombus interstitial site in the $-Sn than that of the hexagonal
site in the a-Sn.

Clearly, Mg atom transports easily in both of the a- and $-Sn.
However, in a Mg insertion process, more Mg atoms will
appear in the matrix. Therefore, we further investigated the
addition of a second Mg atom (the Mg atom enclosed by a red
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circle in Figure 2) and considered the Mg—Mg interaction
which could change the mobility of the Mg atoms. The energy
curves of the Mg atoms in the a- and $-Sn are shown in Figure
2ab (ie., the solid lines), respectively. Results clearly showed
that the destabilization of the Sn matrix after addition of Mg
atoms and the initial Mg migration caused by Mg—Mg
interaction results in an asymmetrical migration pathway. It is
noticed that, with the addition of a second Mg atom, the energy
barrier increases from 0.43 to 0.77 eV as the Mg atoms diffuse
from site O to site 2 in the -Sn (as shown in Figure 2b). The
addition of the second Mg atom does not affect the diffusion
energy barrier of the Mg atoms from site 2 to site 3. However,
in the @-Sn, the energy barrier is ~0.05 eV lower than that in
the $-Sn for the Mg diffusion from site 0 to site 1. This can be
viewed as an example of a cooperative diffusion, in which the
diffusion occurs with a decreased energy barrier when two Mg
atoms are placed closely in the low doping regime. The similar
results have been reported for the Li diffusion in Si*’ Due to
the nature of the localized lattice distortions caused by the Mg
insertion, the effect of Mg—Mg interaction quickly diminishes
with an increase in the distance between the Mg atoms; thus,
the addition of the second Mg atom does not affect the
diffusion of the Mg atoms from site 1 to site 2.

To evaluate whether the Mg—Mg complexes can easily form
and stably exist in the Sn lattice, we calculated the binding
energy (E,) of Mg—Mg, defined as the difference between the
formation energy of the Mg—Mg (H{(Mg—Mg)) complex and
summation of each formation energy in the case of isolated Mg
existing, i.e.,

E, = 2H(Mg ) — H¢(Mg — Mg) (1)

A positive value of E}, indicates that Mg—Mg complex tend to
bind each other when they are present in the samples. Figure 3
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Figure 3. Binding energy of Mg—Mg complex as a function of Mg—
Mg distances.

shows the calculated binding energy values as a function of
Mg—Mg distance. The binding energies have negative values as
the two Mg atoms are at the stable positions in the a-Sn. The
binding energies decrease with increasing the Mg—Mg distance,
indicating the weakening of the Mg—Mg interaction in the a-
Sn. The results suggest that the Mg atoms do not tend to
become clustered in the a-Sn. The destabilizing effect of the
Mg—Mg will cause the decrease of the diffusion energy barrier
of the Mg in the a-Sn.

However, in the f-Sn, the binding energy has a positive value
of 0.354 eV when the Mg—Mg distance is about 2.96 A,
showing a dependence on the Mg—Mg distance. As the two Mg
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atoms appear in the -Sn with a distance smaller than 4.0 A,
they tend to bind together. This result agrees with the above
obtained dynamic results of the diffusion process, and the
diffusion barrier increases with the addition of the second Mg
atom in the f-Sn. We calculated the charge density differences
of the Mg—Mg complex with distances of 3.15 and 2.96 A in
the a- and S-Sn, respectively, using the following equation,

Ap(l‘) = ng—Mg—Sn(r) - ng—Mg(r) - psn(r) (2)

where py_rgsa (r) is the charge density of the Mg—Mg
complex adsorbed @- and f-Sn system, pg, (r) is the charge
density of the Sn, and pyg_y, (r) is the charge density of
complex Mg—Mg atoms located at the same position as in the
Mg—Mg complex adsorbed a- and f-Sn system. Figure 4a,b

Figure 4. Isosurface of the charge density difference (0.02 e/A?) for
Mg—Mg complex in (a) a- and (b) f-Sn. Yellow surfaces correspond
to charge gains, and cyan surfaces correspond to an equivalent charge
lost.

show the differences in the charge densities of the Mg—Mg
complex in the a- and f-Sn, respectively. Yellow colored
surfaces correspond to a gain of charges, and cyan colored
surfaces correspond to a loss of equivalent charges. There is a
net loss of electronic charge for each Mg atom, whereas there is
a net gain of electronic charge around the Mg—Mg complex,
indicating a significant difference in the charge transfer
mechanisms for the single Mg atom and the Mg—Mg complex.
It is noticed that the net gain of the electronic charge around
the Mg—Mg complex in the $-Sn is much denser than those in
the a-Sn, indicating strong binding of the Mg—Mg complex in
the f-Sn.

From the above results, we can conclude that the Mg atoms
are inclined to occupy the isolated stable positions in the a-Sn,
which results in a homogeneous distribution. The Mg diffusion
is accelerated when another Mg atom is closely positioned.
However, the diffusion barrier increases with the addition of the
second Mg atom in the 3-Sn, which is a problem for an efficient
Mg diffusion. It is much better to use the a-Sn, rather than the
f-Sn, as the anode material for the MIBs.

The diffusion coefficient varies exponentially with the
diffusion barrier following an Arrhenius-like formula:*'

D o ¢ H/keT

(©)

where E, is the diffusion energy barrier, kg is the Boltzmann
constant, and T is the temperature. Therefore, temperatures
could also affect the Mg mobility according to eq 3. However,
the value of E, is the key factor that affects the diffusion
process, and a reduction of energy barrier (0.2 €V) can result in
a change in the Mg mobility by a factor of ~3000 at room
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temperature according to eq 3. Therefore, it needs further
investigations of various processing parameters to stabilize the
a-Sn by reducing the size, etc., to obtain the best performance
of the Sn anode for the MIBs.

4. CONCLUSION

In summary, we performed DFT computations to investigate
the possibility of using both a- and $-Sn as anode materials for
the MIBs. Mg atoms prefer to be isolated in the a-Sn but form
clusters in the $-Sn. The diffusion barriers of Mg atoms either
decrease or increase in a- and f-Sn, respectively, when an
additional Mg atom appears near the diffusing Mg atom. a-Sn is
a better candidate than f-Sn to be used as an anode material for
the MIBs, with high power densities and fast charge/discharge
rates.
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