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The orthorhombic crystal Li2MnSiO4 is widely studied as a potential high specific energy cathode material

for rechargeable batteries. However, low ion diffusion hinders its development. In this paper, first principles

calculations were performed to investigate the effect of lattice strain on the ionic diffusion and the defect

formation in Li2MnSiO4, which are directly related to the rate performance. The computational results show

that the Li2MnSiO4 material has a two dimensional pathway for effective lithium ion transport, and the Li ion

migration barrier is sensitive to the strain applied on the lattice. When strain is applied in bc plane, the

migration energy increases/decreases with compressive/tensile strain (from �5% to +5%) for both

channels. Furthermore, strain applied in ab and ac planes can also affect Li migration, but the effect is

not as obvious as when strain is applied in the bc plane. The Li/Mn anti-site defect cannot be produced

spontaneously, and the defect formation energy slightly decreases when strain works on the lattice. In

fact, an appropriate strain value can improve the rate performance of Li2MnSiO4 effectively for applications.
1. Introduction

The high energy and power density of Li-ion rechargeable
batteries have been focused on since the development of electric
vehicles, portable electronics and large-scale grid storage.1,2

However, most batteries deliver capacities far below their
theoretical values in practical use. One important reason is the
low ionic diffusion or electronic conductivity of the electrode
materials.3,4 Research into electrodematerials plays a major role
in the development of lithium ion batteries. Much attention has
been concentrated on the development of electrode technology,
in particular for the cathode material, which is the most
expensive and capacity limiting component in battery systems.5

In search of various cathode materials, Nytén et al.6 rst
successfully synthesized the Li2FeSiO4 material in 2005. The
family of Li2MSiO4 (M ¼ Mn, Fe, Co, Ni) silicate materials has
attracted much attention as potential materials for Li-ion
batteries,7 because these compounds’ elements are abundant,
low cost and environmentally friendly, and two lithium ions
could be extracted per formula unit (f.u.) in theoretical work.
Li2CoSiO4 exhibits a large irreversible capacity in the cycle
process, about 170 mA h g�1 capacity (1.1 Li per f.u.) at the rst
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charge and only 60 mA h g�1 irreversible capacity in the rst
discharge.8 The Ni-based silicate material has not been
synthesized experimentally, and theoretical calculations
pointed out prohibitively high voltages when lithium is extrac-
ted from Li2NiSiO4.5,9 In 2012, Rangappa et al.10 prepared Li2-
FeSiO4 and Li2MnSiO4 by a rapid one pot supercritical uid
synthesis method. It is found that the two cathode materials
provide a high reversible capacity (about 340 mA h g�1 at 45� 5
�C) and two lithium ions could be completely extracted/inserted
into the structure. Some research also suggests that the second
lithium ion is removed more easily from Li2MnSiO4 than from
Li2FeSiO4, because the high oxidation state Mn4+ is more
accessible than the unusual Fe4+ state.11 Therefore, Li2MnSiO4

is one of the most promising cathode materials for lithium ion
batteries.

For the pure Li2MnSiO4 material, the intrinsic electronic and
ionic conductivity is poor, and the capacity has a serious loss
upon cycling. So far, there are many methods to improve the
performance of the material, such as carbon coating, chemical
doping and particle nanosizing. Research suggests that carbon–
Li2MnSiO4 exhibited a stable discharge behavior and improved
electrochemical performance.12,13 Al, Ga, Fe, Cr, V, etc. have
been doped to the Li2MnSiO4 material,14–17 and these dopants
play an active role in improving the electrochemical properties
in some cases. It should be noted that many problems still
remain. Recently, some researchers reported that changing the
lattice strain could be considered as a useful method to improve
the kinetic properties of various cathode materials, as the acti-
vation barrier energy is sensitive to the lattice strain. The
layered LiCoO2 has a one-dimensional pathway for Li
RSC Adv., 2017, 7, 26089–26096 | 26089
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migration, and rst principles calculations show that activation
barrier decreases/increases depend on tensile/compressive
stress along the c-axis direction between �5% and +5%.18 For
the olivine compounds LiFePO4 and NaFePO4, Tealdi et al.19

suggested that the strain of the lattice has a remarkable effect
on the material, with a major increase of the Li+ and Na+

conductivity and a decrease of the blocking defect. Moreover,
changing the lattice strain is regarded as an effective method to
modulate the properties of materials, such as optics,20 super-
conductivity21 and conductivity.22 With the development of
technology, some experiments have shown an improvement in
the performance of oxide materials for solid oxide fuel cells
(SOFCs) by tuning the lattice strain. The lattice strain plays
a positive role in ionic migration, oxygen vacancy formation,
and oxygen molecule adsorption.23 For example, the ionic
conductivity has been greatly improved, increasing by about ve
to eight orders of magnitude.24,25 Thus, researching the lattice
strain in the Li2MnSiO4 material is necessary.

Controlling the ion dynamics of the electrode material is
critical for the Li ion battery. In this paper, we present a density
functional theory investigation of a silicate type of Li2MnSiO4

material. The inuence of the crystal structure under biaxial
strain on the ab, ac and bc planes is considered in detail. Then
the strain effects on the Li ion migration and defect formation
are discussed. So far, there have been no experiments about
improving the properties of Li2MnSiO4 by controlling the strain.
We hope our results could play a guiding role for further prac-
tical applications in the future.
2. Computational details

First principles calculations were performed using the Vienna
Ab Initio Simulation Package (VASP) code,26,27 and core ion and
valence electron interactions based on the projector augmented
wave (PAW) potentials.28 The Perdew–Burke–Ernzerhof gener-
alized gradient approximation (PBE-GGA) was used for the
exchange–correlation energy.29 In order to accurately simulate
the strong interaction character of the d electrons for the
transition-metal ions, the Hubbard-type correction is
included.30

The lattice parameters, cell volumes and the atomic posi-
tions are fully optimized and relaxed until the energy is less
than 1.0 � 10�5 eV and the force on each atom is less than
0.02 eV Å�1. We used the conjugate gradient minimization
method for geometry optimization. A Monkhorst–Pack grid
with 2 � 2 � 2 (for a 2 � 2 � 2 supercell) meshes was employed
in the irreducible Brillouin zone.31 A kinetic energy cutoff of
500 eV was used for the plane-wave. Following previous reports,
the effective Ueff (U–J) is xed at 5 eV for the Mn-3d state.32,33

According to the above calculation method, biaxial lattice strain
is applied in the ab, ac and bc planes. For the strained systems,
in the range of �5% to +5%, the strain value is compared with
the relaxed lattice parameters and is applied simultaneously in
two crystal axes. The lattice strain, 3, is expressed by the
following equation:
26090 | RSC Adv., 2017, 7, 26089–26096
3 ¼ as � a0

a0
(1)

where as and a0 are the strained and unstrained lattice
parameters, respectively.34,35 When 3 > 0, tensile strain is formed
in the structure; otherwise, compressive strain (3 < 0) is formed.
Energy minimization of the strain applied structures is based
on a series of the third axis parameter and then relaxation of all
atomic coordinates, so as to nd the one associated with the
minimum in the total energy of the structure. A similar
approach has been successfully applied to study ion conduction
and oxygen transport for SOFC materials.36,37

The minimum energy pathways and activation barriers of Li
ionmigration were calculated using the climbing image nudged
elastic band (CI-NEB) method,38,39 in which a number of images
are optimized between the starting point and the end point
along the reaction path. The CI-NEB method is a modication
of the NEB method. The image is made to climb up along the
elastic band to converge rigorously on the highest saddle point.
3. Results and discussion
3.1 Strain effects on the crystal structure

The structure of Li2MnSiO4 was rst reported by Dominko
et al.40 in 2006, and it is analogous to that of the Li2FeSiO4 (ref.
41) crystal, with the space group pmn21 accompanied by
a slightly distorted orthorhombic lattice. The lattice parameters
are a¼ 6.3109(9) Å, b¼ 5.3800(9) Å, c¼ 4.9662(8) Å, and a¼ b¼
g ¼ 90�. The Li2MnSiO4 compound has a rich polymorphism
with a series of [MnO4], [SiO4] and [LiO4] tetrahedral units. As
seen in Fig. 1, the [MnO4] and [SiO4] tetrahedral structures are
in the same direction parallel to the c axis and form an inter-
action arrangement in the ab plane. All tetrahedra are corner-
sharing at the red oxygen atoms, and the Mn and Si ions are
located at the centers of the oxygen tetrahedra. The Li ions are
located between the layers of [MnO4] and [SiO4]. The optimized
crystal parameters of Li2MnSiO4 are listed in Table S1 in the
ESI.† Our results are in excellent agreement with experiments
and other theoretical work.40,42,43 The good reproduction of the
experimental structure provides a good starting point for our
calculations.

The Li2MnSiO4 supercell was rst optimized with zero strain
applied. Subsequently, plane biaxial compressive and tensile
strains were applied in the ab, ac and bc planes. By providing
a strain value, the atomic position is able to be optimized
satisfactorily. Using this procedure, for example, when strain is
applied in the ab plane, the lattice parameter c becomes the only
lattice parameter of the crystal structure for scaling behavior.
Fig. 2 shows the total energy of the Li2MnSiO4 supercell as
a function of the lattice parameter c for both compressive and
tensile strain in the ab plane. The optimized total energy is
obtained by employing parabolic curves. Here we use twice
optimization (with two different accuracy values: 1% and 0.1%)
for energy minimization to obtain the accurate lattice parame-
ters. We can easily get the result that the introduction of posi-
tive tensile strain is more favorable than compressive strain
from the total energy. When no strain is applied, optimized c
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic crystal of Li2MnSiO4 with the pmn21 space group: (a) the unit cell, (b) polyhedral view of the 2 � 2 � 2 supercell. Li ions are
shown in green, Mn tetrahedra in purple and Si tetrahedra in blue; red spheres represent oxygen atoms.

Fig. 2 Total energy for the supercell (2 � 2 � 2) of Li2MnSiO4 as
a function of the lattice parameter c for different strain applied in the
ab plane.
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equals 10.065 Å, and this value is between +1% and�1% strain.
With strain applied in the ac and bc planes (see Fig. S1, ESI†), we
can get the same results. The strained structures of minimized
energy were used as the initial congurations for ion migration
and defect calculations.

In general, as a positive strain is applied in the biaxial plane,
a decrease in the third parameter is observed whereas the
Fig. 3 The calculated volumes for the Li2MnSiO4 (corresponding to
unit cell) structure under various strains applied in the ab, ac and bc
planes.

This journal is © The Royal Society of Chemistry 2017
volume slightly increases. When the strain is applied negatively,
the third parameter increases and the volume decreases
slightly.36 Fig. 3 shows the calculated volumes with compressive
and tensile strain applied. Comparing Fig. 2 and S1 (ESI†), we
notice an excellent agreement of the lattice parameters and
volumes with our computational results. The computed struc-
tural parameters and volumes of Li2MnSiO4 under six strains
are summarized in Fig. S2, ESI.† All of this supports the ratio-
nality of our models and the stability of the structure under the
strain applied.
3.2 Lithium ion migration in the Li2MnSiO4 structure

To investigate the inuence of lattice strain on the Li ion
diffusion behavior, rst we studied the migration properties in
the unstrained Li2MnSiO4 structure. The CI-NEB method,
combined with a DFT+U approach, was used to calculate the
saddle points. The lithium diffusion process uses a vacancy
mechanism in the 2a � 2b � 2c supercell, which contains 31
lithium ions and one lithium vacancy. The essence of diffusion
is the position exchange of a lithium vacancy and the neigh-
boring lithium ions. For the Li2MnSiO4 structure, three possible
migration pathways are identied: (a) pathway A – along the
[100] direction, (b) pathway B – zigzag trajectory in the bc (011)
crystal plane, and (c) pathway C – also in the bc plane and across
the [MnSiO4] layer.

In the [100] direction, the migration steps are schematically
shown in Fig. 4(a). There are two kinds of pathways according to
the different surrounding environments, which are labeled
from site 1 to site 2 and site 2 to site 3. The calculated activation
energy for pathway A is given in Fig. 4(b). Actually, there are
different twice hopping situations for different activation
energies. When lithium jumps from site 1 to site 2, the activa-
tion barrier is about 0.77 eV, the jumping distance is 3.70 Å, and
the neighbor of the migrating ion is a [SiO4] tetrahedron. For
another removal of a Li ion from site 2 to site 3, the neighbor is
a [MnO4] tetrahedron, the activation barrier is about 0.88 eV and
the jumping distance is 3.60 Å. From the above results, pathway
A characterizes a linear channel in the Li layer. The activation
barrier energy is 0.88 eV when a lithium ion migrates by
pathway A.

For the bc plane, Li ion migration along pathway B is char-
acterized by a zigzag trajectory between the Mn–Si–O layers. The
RSC Adv., 2017, 7, 26089–26096 | 26091
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Fig. 4 Activation barriers calculated by a CI-NEB method for two
available pathways. The positions of these paths in Li2MnSiO4 are
represented by ball-stick models and five hops are included. Pathway
A is parallel to the a axis and includes twice hopping. The Li ion
migration steps are shown in (a), and the activation barriers are shown
in (b).

Fig. 5 Pathway B is in the bc plane, not across the [MnSiO4] layer. The
Li ion migration steps are shown in (a) and activation barriers are
shown in (b).
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migration steps and activation barriers are schematically shown
in Fig. 5(a) and (b), respectively. Pathway B also consists of twice
hopping, i.e. jumping from site 3 to site 4 and then from site 4 to
site 5. From the migration structure (Fig. 5(a)), the twice
hopping exhibits the same migration performance. The calcu-
lated activation barrier is about 0.78 eV and the jumping
distance is 3.62 Å. For pathway C, the Li ion migrates across the
[MnSiO4] layer, which induces a large electrostatic repulsive
interaction between Li+ and the [MnSiO4] layer.44 This migration
26092 | RSC Adv., 2017, 7, 26089–26096
leads to a large activation barrier of 1.90 eV and the jumping
distance is 4.95 Å (Fig. S3, ESI†), which are both substantially
larger than the values for pathway A and pathway B. Therefore,
it can be regarded as impossible that the Li ion migration
follows pathway C.

In the Li2MnSiO4 structure, all the Li ions occupy the same
Wyckoff (4b) positions. So in each migration process, jumping
into or out of different Li sites, the total energy remains the
same. This can be seen clearly in the activation energy curves
(Fig. 4(b), 5(b) and S3, ESI†); i.e. in pathway A, the energy of the
system is almost the same whether the Li vacancy is at site 1,
site 2 or site 3, likewise in pathway B and pathway C. From the
lithium migration result, we can infer that the Li2MnSiO4

compound has a two dimensional pathway for Li ion migration.
This is in good agreement with other theoretical work.11,44

Moreover, the other orthosilicate materials, Li2FeSiO4 and Li2-
CoSiO4, also have a 2D migration of lithium ions.45,46
3.3 Strain effects on Li ion migration

To illustrate the relationship between lattice strain and the Li
ion migration barrier energy, the activation barrier of Li2-
MnSiO4 under different strains was calculated for two pathways.
The lithium migrations were subjected to biaxial compressive
and tensile strains between �5% and +5% in the ab, ac and bc
planes. According to the migration of lithium ions in the
unstrained Li2MnSiO4 material, here twice hopping mecha-
nisms were calculated for pathway A and once hopping mech-
anisms were calculated for pathway B. The migration energy
curves are shown in Fig. 6(a) and (b), (c) and (d), and (e) and (f),
representing the energy when strain is applied in ab, ac and bc
planes, respectively. For pathway A, the twice migration exhibits
different energy barriers. We use the higher one as the lithium
ion diffusion energy. Moreover, due to the crystal anisotropy,
the mechanism of lithiummigration shows different properties
when biaxial strain is applied on different planes for Li2MnSiO4.

Fig. 7 shows the migration barrier along the two channels as
a function of applied strain. The activation barrier increases
slightly with the strain applied in the ab and ac planes for Li
diffusion in pathway A ([100] direction, Fig. 7(a)). Interestingly,
the activation barrier shows an obvious decrease in the bc plane.
As the strain changes from �5% to 5%, the activation barrier
drops from about 1.36 eV to 0.54 eV. The energy value decreases
gradually with the increase of strain from negative (3 < 0) to
positive (3 > 0), and by almost forty percent for the unstrained
system when +5% tensile strain is applied. That is to say, the Li
ion diffusion coefficient becomes larger/smaller when the a axis
lattice is elongated/compressed. The mechanism of the change
in lithium migration under strain is very complicated.47 In
general, the Li ion migration barrier is determined by the
potential energy surface along the migration pathway, which is
related to both the migration space and structural modica-
tions.18,19,48 From the energy minimized structures, we can
obtain the result that lattice parameter a gradually decreases
when strain is applied in the bc plane. Therefore, the Li–Li
hopping distance for migration along the [100] direction
decreases, while it increases for the other planes (Fig. S2, ESI†).
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The migration barriers for lithium ions under different lattice strain between �5% and +5%. According to different atomic arrangements,
twice hopping mechanisms were calculated for pathway A and once hopping mechanisms were calculated for pathway B. (a) and (b), (c) and (d),
and (e) and (f) represent the strain effect in the ab, ac, and bc planes, respectively. The left images represent pathway A; the right images represent
pathway B.

Fig. 7 Change in the lithium ion activation barriers as a function of
strain for (a) pathway A and (b) pathway B.

This journal is © The Royal Society of Chemistry 2017
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Additionally, the available polyhedron volumes at the saddle
points also inuence the activation barrier. Shorter Li–Li
hopping distances and larger polyhedron volumes can decrease
the Li ion activation energy. This rule is also useful in olivine
systems; Tealdi et al.19 reported that LiFePO4 and NaFePO4 both
have a one dimensional pathway for alkali-ion migration (along
with the [010] direction). When strain is applied in LiFePO4 and
NaFePO4, the migration energy decreases along with strain for
the ac plane, while it increases slightly along with strain for the
ab and bc planes.

Then, we start to consider Li ionmigration in the bc plane for
pathway B. We plot the activation barrier as a function of
applied strain in Fig. 7(b). The activation barrier is different to
that for pathway A. When strain is applied in the ab and bc
planes, the lithium ion activation energy barriers decrease as
a function of strain. In other words, the barriers are increased
with compressive strain and reduced with tensile strain,
compared to the unstrained condition. For the ac plane, the
activation barrier has a slight change when compressive strain
is applied. When tensile strain is applied it shows an obvious
decrease. From our calculations, the strain-induced change of
RSC Adv., 2017, 7, 26089–26096 | 26093
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Fig. 8 (a) The total energy for the Li2MnSiO4 and SE structures as
a function of the applied biaxial/compressive strain in the bc plane.
(b) Formation energy of one pair of Li/Mn site-exchange, based on
eqn (2).
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the activation barrier in the bc plane is more sensitive than that
imposed in the ab and ac planes. During migration of lithium
ions with a zigzag trajectory in the bc plane (pathway B), the
tensile strain applied in the bc plane enlarged the lattice
parameters b and c. Even though this increased the Li–Li
hopping distances, the available polyhedron volumes at the
saddle points were increased. Finally, under both different
effects for Li migration, the barrier energy decreased. As the
strain changes from �5% to 5%, the activation barrier drops
from 1.03 eV to 0.50 eV. For the strain applied in the ab and ac
planes, the change of the activation barrier for Li migration is
less sensitive than the strain in the bc plane.

Therefore, the above results show that lithium ion migration
can be enhanced substantially for both diffusion pathways
through applying tensile strain in the bc plane. This suggests
that applying strain in the bc plane is an effective method for
increasing the ionic conductivity, which improves the rate
performance of Li2MnSiO4 as a cathode material. This provides
a good direction for future investigations into controlling the
lattice parameters. In fact, this is a great challenge for the
experimental technology associated with lattice mismatch,
defect effects, the Jahn–Teller effect and so on. In order to nd
a more accurate explanation for the correlation between Li ion
migration and lattice strain, further studies are necessary.
3.4 Strain effects on defects

The inherent defect of the silicate cathode materials Li2MSiO4

(M¼Mn, Fe, Co, Ni), which involves the exchange of Li for anM
atom, can be detrimental to the ion intercalation properties:

Li�Li þMn�
Mn/LicMn þMn0

Li (2)

It was reported that anti-site disorder occurred when Li2-
MnSiO4 was rst experimentally synthesized,40 with partial
occupancies of Li and Mn at the 4b and 2a sites. The rear-
rangement of atoms in site-exchange materials inuences the
overall electrochemical performance.49

In order to determine whether the biaxial strain affects the
intrinsic site-exchange defect, models with one pair of Li/Mn
site-exchange (SE structure) based on the strained structures
were built, and then the total energies of the defect structures
were calculated. Comparing these energies with the energy of
the undefective structure, we get the formation energy of one
pair of Li/Mn site-exchange. Fig. 8 shows the total energy of two
types of structure and the formation energy as a function of the
biaxial strain in the bc plane for Li2MnSiO4. The formation of
undefective Li2MnSiO4 is more favorable than that of the SE
structure, no matter how much strain (�5% to +5%) is applied
in the material. The result agrees well with other theoretical
work when no strain is applied in Li2MnSiO4.11 This suggests
that the SE defective structure cannot be produced spontane-
ously in theory. Besides, from the two curves of the total energy,
both the Li2MnSiO4 and SE structures have the highest stability
without strain.

In particular, as the imposed strain increases from
compressive to tensile strain, the Li/Mn site-exchange
26094 | RSC Adv., 2017, 7, 26089–26096
formation energy slightly decreases. From Fig. 8(b), the forma-
tion of this defect ranges from 0.60 eV to 0.43 eV when the strain
is applied from compressive �5% to tensile +5%. These values
indicate that the defect is more pronounced for tensile strain.
Changes in defect formation energy can be interpreted from
structural modications. Notice that the volume of the system
increases gradually when the strain value increases. The
increase of structural space makes the Li ion migration barrier
decrease, and exchange of the defect Li andMn sites is easier. In
the LiFePO4 olivine system, the exchange of a Li ion with
a neighboring Fe atom is involved, but the strain effects on
defect formation are different from those in Li2MnSiO4.19 This
suggests that the strain in LiFePO4 is not a crucial parameter to
modulate the Li/Fe anti-site defect population, and the anti-site
formation energy does not change dramatically when the
applied strain is changed from compressive �3% to
tensile +3%.

Therefore, from this section the key conclusion is that the
defect of Li/Mn site-exchange cannot be produced spontane-
ously when strain is applied in the bc plane for Li2MnSiO4.
Unfortunately, the calculation of one pair Li/Mn site-exchange
formation energy found that the defect is more pronounced
for tensile strain. Although the strain is applied in the bc plane,
the ionic conductivity can be greatly improved. In summary,
when trying to improve the performance of Li2MnSiO4 by using
lattice strain, both types of strain should be taken into account
and an appropriate value of strain chosen.

4. Conclusions

Changing lattice strain is considered to be a promising method
to modulate the structural properties of materials. In this work,
we use rst principles and a CI-NEB method to investigate the
ionic diffusion properties of Li2MnSiO4 when strain is applied in
the ab, ac and bc planes. The result from the total energy shows
that the introduction of tensile strain is more favorable than that
of compressive strain. More importantly, the strain applied in
the bc plane has a remarkable effect on Li migration, and the
This journal is © The Royal Society of Chemistry 2017
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activation energy increases/decreases upon application of
compressive/tensile strain for both pathways. For the Li2MnSiO4

material, the migration barriers are about 0.88 eV and 0.78 eV.
These are reduced to 0.54 eV and 0.49 eV when the tensile strain
is +5%. Besides, the Li/Mn anti-site defect of Li2MnSiO4 is also
calculated, and the structure without defects has more stability
than the SE system. But the formation energy of the defect
decreases slightly when strain is applied. This is a slightly
unfavorablemodication to improve the rate performance of the
material. These results suggest that an appropriate strain
applied in the bc plane could improve the Li ion conductivity.
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