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Facet-dependent magnesiation behavior of a-Sn as
an anode for magnesium ion batteries

Wei Jin and Zhiguo Wang & *

The adsorption and magnesiation behavior of Mg onto «-Sn and Mg,Sn through (100), (110) and (111)
surfaces were investigated by using first-principles calculations. It was found that the Mg atom prefers to
be adsorbed on the surface rather than diffuse into the sub-surface of Sn. The diffusion energy barrier is
higher for Mg diffusing from the surface to the subsurface compared with the internal diffusion. Mg
diffuses much faster along the <100> direction than along the <110> and <111> directions. The diffusion
process from the surface to the subsurface is a rate-limiting step for Mg intercalation into Sn. The
surface magnesiation is also a rate-limiting step for Mg intercalation into Mg,Sn though (100) and (110)
surfaces, whereas the surface magnesiation of the Mg,Sn (111) surface is easier than the (100) and (110)
surfaces. Surface modification is necessary to improve the magnesiation behavior of Sn as an anode for

rsc.li/rsc-advances

1. Introduction

Magnesium ion batteries (MIBs) have attracted much attention
in recent years'” due to their advantages compared with current
commercial lithium ion batteries, such as high safety, high
specific capacity, and low price. To further improve the overall
battery performance of MIBs, a variety of materials have been
studied to be used as anodes and cathodes for MIBs.*° Because
of the incompatibility between Mg metal and conventional
electrolyte, the development of the anode materials is slower
than that of the cathode materials."* Among all the anode
candidates, tin (Sn)*>** has been regarded as a promising anode
for MIBs owing to its high capacity and compatibility with the
conventional electrolyte. It was found that the Sn can endure
much higher strain and capacity retention by reducing their size
to nanoscale.'*" Many studies had been focus on the under-
standing of Mg diffusion process within the Sn anodes.'*'®
However, Mg ions transport in the Sn surface exposed to the
electrolyte is of great importance as the first step of the Mg
insertion into the anode. The surface magnesiation can hardly
be observed by an experimental setup; density functional theory
(DFT) calculations can provide an atomistic understanding of
the magnesiation procedure and predict the electrochemical
properties of surface magnesiation.”””*®* Kaghazchi et al.*® have
studied the lithiation of Li into Sn(100) surface and found that
Li was more stable at interstitial sites between the topmost
surface-layers of Sn(100) than at the surface sites and bulk sites
using DFT. Jung et al.*® investigated the intercalation of a Li
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MIBs, especially when the anode materials are reduced to the nanoscale.

atom into the surface and subsurface layers of Ge and Sn using
DFT calculations. Their simulation results suggested that the
rate-limiting step in Sn was the subsurface diffusion in both the
Sn(100) and Sn(111) surfaces. They also found that Li diffused
faster by at least two orders of magnitude along the [100] crystal
orientation than along the [111] crystal orientation."”

Although Sn has been studied as anode for MIBs,">** yet few
studies have been performed on Mg magnesiation into Sn
surfaces. As the surface lithiation is the rate-limiting step when
Sn used as anode for lithium ion batteries, in this work we
studied Mg magnesiation into Sn(100), Sn(110), Sn(111),
Mg,Sn(100), Mg,Sn(110), and Mg,Sn(111) surfaces using DFT
calculations to understand the electrochemical behavior of the
Sn as the anode materials for the MIBs.

2. Computational methods

All the calculations were carried out using the DFT as imple-
mented within the SIESTA code.”® The generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
function was used to describe the electron exchange-correla-
tion term.”"** The interactions between the core and valence
electrons were described by nonlocal norm-conserving pseudo-
potentials.”® The valence electron wave functions were
expanded using double-{ basis functions. For calculating the
self-consistent Hamiltonian matrix elements, the charge
density was projected on a real space grid with a cutoff of
150 Ry. The calculated bulk bond length of Sn-Sn was 2.89 A for
a-Sn, which was in good agreement with experimental value of
2.81 A (ref. 24) and previous DFT calculated value of 2.88 A.*®
The surfaces of a-Sn were modeled using asymmetric slabs
which composed of fourteen layers Sn atoms. One side of the
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slabs was saturated with hydrogen atoms. The bottom four Sn
atomic layers and the hydrogen layer were fixed to model the
bulk Sn, and the remaining layers and the adsorbed Mg atom
were allowed to relax freely. The slab thickness are 22.4, 31.8,
and 25.5 A for slabs with (100), (110) and (111) surfaces,
respectively, which has been previously tested to be reliable* for
investigating adsorption and diffusion for Li in Sn,*** Ge™ and
Si'7?¢ surfaces. The surfaces of the Mg,Sn were modeled with
slab thickness of 22.8, 32.3, and 25.3 A for (100), (110) and (111)
facets, respectively. The use of such asymmetric slabs was cor-
rected by the dipole correction scheme of Neugebauer and
Scheffler.”” A vacuum spacing between the slabs and its image
exceeds 20 A to avoid the periodic image interactions.

Because the unreconstructed Sn(100)-(1 x 1) surface has
been proved to be unstable,'® we used the (4 x 2) surface unit
cell to simulate the Sn(100) surface which is the ground state of
Sn(100) consisting of buckled rows of Sn dimers, as shown in
Fig. 1a. The relaxed Sn(110) and Sn(111) surfaces were shown in
Fig. 1b and c, respectively. The adsorption energy (E,q) of Mg on
Sn surfaces was calculated using eqn (1):

_ EMg/slab - nEMg - Eslab (1)
n

Ead

where Eyg/siab and Egjqp, are the total energies of Sn slab with and
without the Mg atom adsorption, respectively. Ey is the energy
of a free Mg atom, and 7 is the number of adsorbed Mg atoms.

3. Results and discussion
3.1 Adsorption and magnesiation Mg into Sn(100) surface

There are four possible adsorption sites for Mg on Sn(100)-c
(4 x 2) surface due to the symmetry of the geometric struc-
ture, shown in Fig. 1a. The H1 is the pedestal site, and B is the
dimer bridge site. The cave (H2) site is located at the bottom of
the trough and the valley bridge (T) site is on top of the third-
layer Sn atom.”® According to the definition of adsorption
energy in eqn (1), a negative value means a favorable exothermic
reaction between the substrate and Mg. The larger the negative
value is, the more favorable of the reactions is. The calculated
adsorption energies are listed in Table 1. Among all the

(a) Sn(100)

Top view

Side view

(b) Sn(110)
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adsorption sites, the H2 site is with the largest negative values,
which means that the Mg prefers to be adsorbed at the H2 site.
The H1 site is less stable than H2 site by 0.15 eV. The geometry
optimizations for Mg adsorption starting from the B site even-
tually led to the stable H1 site. Besides, the T site is with
adsorption energy of —0.53 eV, which is less stable adsorption
site for Mg.

The energetically favorable adsorption site, H2, on Sn(100)
was taken to be the initial site for the magnesiation of Mg into
the Sn crystal through Sn(100) surface. Based on the adsorption
energies listed in Table 1, the diffusion pathway H2 — S1 —
S2 — S3 — S4 — S5 was investigated, which is the energetic
favorable diffusion pathway for Mg magnesiation into Sn
through (100) surface. A similar diffusion behavior was found
for the lithiation of Si(100),*® Sn(100)" and Ge (100)* surfaces.
We used Sn (n =1, 2, 3, 4, 5) to represent the adsorption sites of
Mg at the nth layer of Sn away from the surface. As shown in
Fig. 2, the Mg atom is energetically favorable at the tetrahedral
site with the four nearest Sn atoms. Mg diffuses from on stable
tetrahedral site to a nearest one by passing through a hexagonal
site. The diffusion energy profile of Mg through the pathway
H2 — S1 — S2 — S3 — S4 — S5 was shown in Fig. 2. The
energy for Mg at the H2 and Sn site increases as the Mg mag-
nesiation into the inside of Sn. The closer the adsorbed site to the
Sn(100) surface, the lower the energy is, which is due to more
effective stress release near the surface.” The diffusion energy
barriers for Mg magnesiation into Sn through the (100) surface
can be read from Fig. 2. The diffusion energy barrier is 1.05 eV for
Mg diffuses from H2 to S1 site, and which are 0.84, 0.66, 0.65 and
0.63 eV for Mg diffuses to S2, S3, S4 and S5, respectively. It is can
be seen that the surface magnesiation of Mg is with the highest
diffusion energy barrier, whereas the inside diffusion with small
one, which also shows less dependence on the position. So the
surface magnesiation (H2 — S1) becomes the rate-limiting step
during Mg intercalated into Sn through the (100) surface.

3.2 Adsorption and magnesiation Mg into Sn(110) surface

Three adsorption sites, i.e. H, B and T sites were considered for
the adsorption of Mg on Sn(110) surface, as shown in Fig. 1b.

(¢) Sn(111)

Fig.1 Surface geometries and Mg adsorption sites of (a) Sn(100), (b) Sn(110) and (c) Sn(111), respectively. The orange balls represent the different
adsorption sites (hollow sites, bridge sites and top sites are indicated by H, B, and T, respectively) on these surfaces, and gray balls represent Sn

atoms.
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Table 1 The adsorption energy of Mg atom on the Sn(100), Sn(110)
and Sn(111) surfaces

Sn(100) Sn(110) Sn(111)

Adsorption Adsorption Adsorption

site E.q/eV  site E.q/eV  site E.q/eV
H1 —-1.20 H —4.39 H —1.62
H2 —-1.35 B —-1.39 T1 —0.81
B —-1.20 T —-1.39 T2 —1.46
T —0.53

The H site is above the center of triangle structure composed of
three Sn atoms on the surface, B site is on top of a Sn-Sn bond,
and T site is above the top of one Sn atom. The calculated
adsorption energies were listed in Table 1. The H site is the
energetically stable one with an adsorption energy of —4.39 eV.
It was found that the T site is not stable for Mg adsorption, and
the Mg atom moves from the T site to the adjacent H site after
relaxation. The adsorption energy is —1.39 eV for the Mg
adsorbed at B site, which is the metastable adsorption site.
The magnesiation of Mg into Sn through (110) surface were
studied by investigating the diffusion of Mg along H — S1 —
S2 — S3 — S4 — S5 diffusion path. The energetically stable sites
for the intercalated Mg atom are the interstitial tetrahedral sites.
The diffusion of Mg inside the Sn is through jumping from one
tetrahedral site to an adjacent one by passing through

Mg/Sn(100)

s3 s4 53
)

Sl

D barrier (eV)

Reaction coordinate

Fig. 2 Diffusion energy profile for Mg magnesiation into the surface
and subsurface sites of Sn(100) and the atomic geometries at local
minimum points in the profile.
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a hexagonal site. The diffusion energy profile and diffusion paths
for Mg magnesiation into Sn through (110) surface are shown in
Fig. 3. The diffusion energy barrier for Mg diffusing along the H
— S1 path is 1.58 eV, which is 0.44 eV higher than that for Mg
along S1 — S2 path. The diffusion energy barriers are 1.09 eV,
0.69 and 0.74 eV for Mg diffuses along S2 — S3,S3 — S4 and S4
— S5 paths, respectively. It is like the diffusion of Mg through the
(100) surface, and the H — S1 path is the rate-limiting step upon
Mg intercalated into Sn through the (110) surface.

3.3 Adsorption and magnesiation Mg into Sn(111) surface

Three possible adsorption sites, i.e. H, T1 and T2 sites, were
considered for the adsorption of Mg on the Sn(111) surface as
shown in Fig. 1c. The H is above the center of hexagon structure
composed of six non-plane Sn atoms. T1 and T2 sites are above
the top of topmost and sub-high surface Sn atoms, respectively.
The adsorption energies for Mg at H, T1, and T2 sites are listed
in Table 1. The Mg prefers to occupy the H site on the Sn(111)
surface with an adsorption energy of —1.62 eV. T2 site is less
stable adsorption site, which is with an adsorption energy of
0.16 eV higher than the H site. The T1 site is not favorable
adsorption site for Mg with the adsorption energy of —0.81 eV.

The magnesiation of Mg into Sn through the (111) surface
was studied by considering the diffusion of Mg along the H —
S1 — S2 — S3 — S4 — S5 path, and the diffusion energy

; Mg/Sn(110)

g2.1 1 S3 S4 S5
§14 - S2

Reaction coordinate

Fig. 3 Diffusion energy profile for Mg magnesiation into the surface
and subsurface sites of Sn(110) and the atomic geometries at local
minimum points in the profile.
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profile was shown in Fig. 4. A similar diffusion behavior was
found for Mg magnesiation into Sn through the (111) surface as
through the (100) and (110) surfaces. The diffusion energy
barrier is much higher for Mg diffuses from the surface to the
subsurface of Sn, and the diffusion energy barrier is 1.27 eV for
Mg along the H — S1 path. The diffusion barrier decreases as
Mg diffuses inside the Sn. The diffusion energy barriers are 0.56
and 0.54 eV for Mg diffuses along S1 — S2 and S3 — S4 path,
respectively. And they are 1.21 and 0.91 for Mg diffuses along S2
— S3 and S4 — S5 path, respectively. So the H — S1 path is the
rate-limiting step upon Mg intercalated into Sn through the
(111) surface. It is noticed that the diffusion of Mg inside the Sn
through the (111) crystal facet with small and large diffusion
energy barriers repeatedly. As shown in Fig. 4, the diffusion
energy barriers of Mg diffuses are 0.56 eV (small) for S1 — S2,
1.21 eV (large) for S2 — S3, 0.54 eV (small) for S3 — S4, and
0.91 eV (large) for S4 — S5. The same diffusion behavior has
been observed for Li diffusion into Si*” and Sn" through the
(111) surface. The diffusion of Mg inside the Sn is through
jumping from one tetrahedral site to an adjacent one by passing
through a hexagonal site. As the hexagon is perpendicular to the
(111) surface, it is easy for the relaxation of atoms, which
induces a small diffusion barrier. Whereas the hexagon is
parallel to the (111) surface, it is difficult for the relaxation of
atoms, which induces a large diffusion energy barrier. So
a small and large diffusion energy barriers repeatedly when Mg
diffuses along the S1 — S2 — S3 — S4 — S5 path.

S Mg/Sn(111)

S ] S3 S4  S§

£0.6 A s2
[a)

Reaction coordinate

Ry
%% gy Sty

W - W

Fig. 4 Diffusion energy profile for Mg magnesiation into the surface

and subsurface sites of Sn(111) and the atomic geometries at local
minimum points in the profile.
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3.4 Magnesiation of Mg,Sn(100), Mg,Sn(110) and
Mg,Sn(111) surfaces

The crystalline Sn transforms to crystalline Mg,Sn upon the
insertion of Mg ions, and re-formation of crystalline Sn for the
de-magnesiated crystalline Mg,Sn,”> we further studied the
surface magnesiation behavior of (100), (110), and (111)
surfaces for crystalline Mg,Sn through a vacancy mechanism.
Fig. 5a shows the diffusion energy profile for the magnesiation
of Mg,Sn(100), Mg,Sn(110) and Mg,Sn(111) surfaces, and the
corresponding diffusion paths (1 — 2 — 3 — 4 — 5 path) are
shown in Fig. 5b, ¢, and d, respectively. Mg atom migrates from
the Mg layer to the adjacent Mg layer by passing through an
interstitial site located in the Sn layer through the Mg,Sn(100)
surface. And the diffusion barriers are 1.15, 0.38, 0.48, and
0.47 eV for Mg diffuses from the outmost surface to the inside
Mg layer along the 1 — 2 — 3 — 4 — 5 diffusion path through
the Mg,Sn(100) surface. As Mg diffuses from one Mg-Sn layer to
the adjacent Mg-Sn layer through Mg,Sn(110) surface, it needs
to overcome energy barriers of 0.75, 0.42, 0.44, and 0.34 eV. The
diffusion energy barriers are 0.20, 0.25, 0.36, and 0.42 eV for Mg
diffuses into Mg,Sn through (111) surface. It can be seen from
Fig. 5a that the surface diffusion is a rate-limiting step upon Mg
intercalated into Mg,Sn through (100) and (110) surfaces,
whereas the surface magnesiation of Mg,Sn(111) surface is
easier than (100) and (110) surfaces.

From the above results, it can be seen that the diffusion energy
barrier is higher for Mg diffuses from the surface to subsurface
compared with the inside diffusion as Mg intercalated into Sn
though (100), (110) and (111) surfaces and into Mg,Sn through
(100) and (110) surfaces. When Mg was intercalated into the Sn,
the diffusion process from the surface to the subsurface is the
rate-limiting step. Comparing the diffusion behavior of Mg into

(a) 2.0

|**Mg=Sn(100)
% 1.6 |*Mg.Sn(110)
= |*Mg.Sn(111)
.8
512
=]
o
208
£ b
a 0.4 3
0.0 T T T
1 2 3 4 5
Reaction coordinate
(b) Mg2Sn(100)

(¢) M2Sn(110) @ Mngn(lll)

Fig. 5 (a) Diffusion energy profile for Mg magnesiation into Mg,Sn
though (100), (110) and (111) surfaces, along with the schematic
diffusion path through (b) Mg,Sn(100), (c) Mg,Sn(110), and (d)
Mg,Sn(111) surfaces. The orange and gray balls represent Mg atoms
and Sn atoms, respectively. The black balls represent the Mg-vacancy.
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Sn through (100), (110) and (111) surfaces, the one from the (100)
surface is easier than (110) and (111) surfaces. The intercalation
of Mg into Mg,Sn through (111) surface is easier than through
(100) and (110) surfaces. The surface magnesiation should be
considered for Sn as anode for MIBs, especially when anode
materials are decreased to nanoscale, and the surface electro-
chemical reaction is a key factor that affects battery performance.
Surface modification such as metal doping® could be used to
reduce the surface magnesiation barrier.

4. Conclusion

In conclusion, Mg magnesiation into «-Sn and Mg,Sn through
(100), (110) and (111) surfaces was investigated using density
functional theory. The diffusion energies barriers are in the
range 0.63-1.05, 0.68-1.58 and 0.54-1.27 eV for Mg diffuses in
Sn along the <100>, <110> and <111> directions, respectively.
Mg diffuses faster along the <100> direction than along <110>
and <111> directions. The diffusion energy barriers are 1.05,
1.58 and 1.27 eV for Mg diffuses from the surface to subsurface
by penetrating Sn(100), Sn(110) and Sn(111) surfaces, respec-
tively, which are larger than the value of Mg diffuses inside Sn.
The surface magnesiation is also the rate-limiting step upon Mg
intercalated into Mg,Sn though (100) and (110) surfaces. The
Mg diffusion from the surface to subsurface becomes the rate-
limiting step for Sn used as anode for MIBs. Surface modifica-
tion to improve the magnesiation behavior should be consid-
ered for Sn as anode for MIBs, especially anode materials are
decreased to nanoscale.
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