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ABSTRACT: The stability of the solid electrolyte interphase
(SEI) layer during the charging−discharging cycles is reasonably
related to its microscopic elasticity. For the first time, it was
theoretically revealed that each component of the elastic moduli
takes a maximum at an optimal concentration of 1.0 vol % of
fluoroethylene carbonate (FEC) for the SEI layer formed in the
FEC-added NaPF6/PC-based electrolyte. The elastic constants
indicated that the SEI layer formed at lower FEC concentrations is
more resistant to tensile and shear deformations. The optimal
hardness is sensitive in the lower FEC concentrations although it
simply decreases as the FEC concentration increases. This is due to
the formation of a denser SEI structure with small cavities in the lower concentrations. The results are excellently consistent with the
experimental one, justifying the microscopic understanding of the FEC additive effect on the mechanical stability of the SEI layers
designed through the Red Moon simulation.

1. INTRODUCTION
The design of the advanced electrolytes remains one of the
fundamental challenges for next-generation Na-ion batteries
(NIBs). An appropriate electrolyte selection is essential for
good electrochemical performance, higher ionic conductivity,
and the formation of a stable solid electrolyte interphase (SEI)
layer on the surface of the anode. Indeed, the SEI is mainly
created during the first charging cycle before use and is
considered part of the manufacturing process.1,2 The stability
of the SEI layer is directly related to the safety and lifetime of
NIBs. Realistically, it should protect the electrolyte from
further reductive decomposition during the subsequent
charge−discharge cycles while allowing Na+ to exchange
between the electrolyte and the anode.3−7

The stability of the SEI film is related to its resistance to
mechanical failure during the charging−discharging cycles of
the batteries. In fact, several studies have showed that the SEI
layer is exposed to initial physical damage or instability due to
volume change, stress, and pressure due to the intercalation-
induced strain and gas production.8,9 Thus, the degradation of
the SEI layer, such as dissolution/breakdown, and growth, can
occur during the long charge−discharge cycles.10−14 Such
degradation should be closely related to the elastic properties
of the SEI film material in determining its capability to resist
the degradative deformation and to return to its original

structural form when the force of deformation is removed. In
fact, elastic deformation of SEI is more preferred than
permanent (irreversible) plastic deformation.7 Although the
deformation of SEI is inevitable, fracture and delamination of
SEI should be avoided, and, therefore, its hardness and
adhesion to the electrode are the two key descriptors. Thus,
understanding not only the chemical aspect of the SEI layer
components but also its mechanical properties is crucial to
have a stable SEI layer and then enhance the cyclability of the
NIBs further.

So far, little attention has been paid to the mechanical
properties of the SEI layer. Experimentally, atomic force
microscopy (AFM) based on the nano-indentation technique
was mainly used to explore the mechanical properties of in situ
formed SEI layers.15−17 These studies demonstrated the
inhomogeneity of the SEI film in morphology, structure, and
mechanical properties. Also, it was found that Young’s
modulus of the SEI film on the anode changes during the
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SEI formation.16 Shin et al. combined AFM measurements
with X-ray photoelectron spectroscopy analysis to investigate
the dependence of SEI elasticity on its structure and
composition of compounds.17 These experimental results
have revealed that the inner layer contains considerably more
of the stiff species than the outer layer does. The measured
Young’s moduli are mainly in the range of 0.2−4.5 GPa, while
some values above 80 GPa are also observed. Such wide
variation was elucidated by atomistic calculations, where
significant differences in the SEI elastic properties were
obtained among organic/polymeric and inorganic components
of the SEI layer.17 The calculation results showed that the
Young’s moduli range from 2.4 to 58.1 GPa in the order of the
polymeric, organic, and amorphous inorganic components.
The crystalline inorganic component (LiF) shows the highest
value (135.3 GPa) among the SEI species.17 In addition, the
elasticity of ordered and amorphous organic layers was studied
using Monte Carlo (MC) and molecular dynamics (MD)
simulation.18,19 The bulk modulus was calculated at 393 K and
was estimated to be about 7 and 7.1 GPa, while the shear
modulus was estimated to be about 1.7 and 2.7 GPa for
ordered and amorphous Li2BDC layers, respectively.18 The
bulk and shear modulus of the inorganic Li2CO3 were
estimated about 27 and 8 GPa at room temperature.19

In this article, the mechanical stability of the SEI layer will
be investigated. For that, the conventional electrolyte based on
NaPF6 salt and fluoroethylene carbonate (FEC) additives in
propylene carbonate (PC)-based electrolyte solution will be
considered. In fact, previous experimental studies showed that
the addition of FEC molecules significantly enhances the
capacity and cyclability of NIBs, with an optimal performance
that is sensitive at a low concentration.20,21 Theoretically,
major advances were done to SEI layer modeling in order to
elucidate the microscopic effect of the FEC additive.22−25

Using reactive force field−molecular dynamics (ReaxFF-MD)
simulations and density functional theory calculations, Wang et
al. investigated the initial process of SEI formation and showed
that FEC decomposition generates lithium fluoride (LiF) and
vinylene carbonate (VC), which could be regarded as
important electrolyte additives to improve battery perform-
ance.22 Furthermore, Wu et al. performed a hybrid ab initio
and reactive force field (HAIR) method to provides a critical
information about the initial reduction mechanism of FEC-
added electrolytes. HAIR simulations resulted in FEC
molecules to be decomposed quickly to build LiF as the
major component of the inner layer of the inorganic SEI, which
has been demonstrated to protect the Li-metal anode.23 In our
group, the microscopic effect of the FEC additive on SEI layer
formation has been successfully studied using the Red Moon
(RM) methodology,24,25 by analyzing the aggregation process
of electrolyte reduction products.26−30 Figure 1 shows the
obtained SEI layers using RM simulations at 0.0, 1.0, and 10.0
vol % of the FEC additive. Various properties, such as porosity,
dissolution, and aggregation of SEI layer products, which
strongly influence the SEI layer stability, could be considered
in the RM simulation.26−30 Consequently, both microscopic
effects, positive and negative, were revealed at low and high
concentrations of FEC, respectively. In addition to the role of
FEC decomposition in forming a NaF-rich SEI film, it was
certified that intact FECs play a significant role in suppressing
the dissolution to form a compact and stable SEI film.
However, the increase in FEC concentration suppressed the
organic dimer formation by reducing the collision frequency
between the monomer products during the SEI film formation
processes.27 Nonetheless, compatible with the chemical aspect
of the SEI layer, knowledge of the mechanical properties are
also inevitable for obtaining a stable SEI. Thus, the present
study will investigate, for the first time, the mechanical

Figure 1. Typical snapshots of SEI layers formed in NaPF6/PC electrolyte solutions at (a) 0.0, (b) 1.0, and (c) 10.0 vol % of FEC concentration.27
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properties of SEI films depending on the FEC concentration
by using theoretically prepared SEI layer structures themselves.

2. MODELS AND THEORETICAL TREATMENTS
We investigated the mechanical properties and the composi-
tion effect through the microscopic analysis of the SEI layers
obtained computationally by RM simulations at five different
FEC concentrations, that is, 0.0, 1.0, 3.0, 5.0, and 10.0 vol %.27

For that purpose, we extracted only the SEI film compounds
from all the compounds included in the whole rectangular
simulation cell, without the electrolyte compounds (no liquid
portion in the “extracted” SEI structure). Thus, the
investigated SEI film structures were composed of Na2CO3,
NaPC, Na2DMBDC, and NaF products.27 For those
structures, each extracted structure was electrically neutralized
by removing the excess cations/anions located at the longest
distance from the anode surface and subjected to geometry
optimization under the NPT condition at 300 K.
MD simulations were performed by LAMMPS (large-scale

atomic/molecular massively parallel simulator)31 using the
generalized AMBER force field (GAFF).32 Uniaxial and shear
deformations with a strain rate of 7.5 × 10−4 ps−1 were applied
2000 times under the NVT condition. The slab model was
adopted using the shrink-wrapped boundary condition along
the z-axis (Figure 1), where the position of the face was set so
as to encompass the atoms in that dimension. The present
simulations were performed under 300 K by using 20 different
initial configurations of the SEI layer, and the standard errors
were estimated with the two-sided 95% confidence interval.
We adopted the mechanical analysis based on the

generalized Hooke’s law33

= C (1)

where σ and ε are the stress and the strain tensor, respectively,
described as the second-order 3 by 3 tensors
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where σαβ and εμν are the components of σ and ε, respectively,
denoting the elastic tensor C, a fourth-rank tensor Cαβμν, with
α, β, μ, and ν representing the Cartesian coordinates x, y, and
z. Because of the symmetricity of σ and ε, the Voigt notation is
used to reduce their order and simplifies the notations. Then,
by representing pairs of indices ij written as singlets, with xx =
1, yy = 2, zz = 3, yz = 4, zx = 5, and xy = 6, σ and ε can be
written as vectors with six components, and C as a 6 by 6
matrix. Thus, the generalized Hooke’s law is simply written as

= Ci ij j (3)

using also the implicit sum convention with j = 1 to 6 and ε4 =
2εyz, ε5 = 2εxz, and ε6 = 2εxy. The Voigt notations will be used
throughout this study, assuming that σi is the stress matrix
along the i-axis and εj is the deformation along the j-axis. For
the computation of σi, we used the following expression from a
previous theoretical study of the stress value that can be
expressed as a function of strain energy stored by a system
undergoing deformation via the strain εi
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where V is the volume of the simulation box and U is the
potential energy of the whole SEI layer. The elastic constants
Cij then were obtained using the derivative of eq 4 concerning
εj
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Taking into account the anisotropic characteristic of the SEI
film structure, all elastic constants were calculated using the
bulk (B) and shear (G) moduli according to the Voigt
formula35
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Then, the equivalent Young’s modulus (E) was derived from
B and G according to the following relation36

=
+

E
GB

G B
9

3 (8)

3. RESULTS AND DISCUSSION
To explore the SEI film stability depending on the FEC
concentration, the atomic potential energies epot, eintra, and einter
were evaluated.27 The total potential energy Epot includes the
intramolecular interaction energy Eintra and the nonbonding
intermolecular interaction energy Einter.

32 The former consists
of bond length, bond angle, and dihedral angle energies.30

Then

= = + = +e
N

E
N

E E e e1 1
( )pot pot intra inter intra inter (9)

where N is the total number of atoms in the extracted part of
the SEI film.

First, among various characteristic evaluation functions,
taking the above atomic potential energies as the descriptors,
Figure 2 shows the FEC concentration dependences of the
atomic potential energies of the organic and inorganic
components and the total SEI layer averaged over 20 samples,
that is, epot (organic), epot (inorganic), and epot (SEI),
respectively. So far, for the organic SEI film (NaPC and
Na2DMBDC), Figure 2a shows that epot (organic) takes a
minimum at 1.0 vol % concentration of the FEC additive,
showing the highest energetic stability of the organic SEI
portion at a lower FEC concentration. Then, by increasing the
FEC concentration, epot (organic) increases, meaning the
organic SEI layer becomes energetically unstable.27 However,
Figure 2b shows an opposite tendency that epot (inorganic),
that is, epot of the inorganic SEI components (NaF and
Na2CO3), takes a maximum at 1.0−3.0 vol % of the FEC
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additive concentration, showing the lowest energetic stability
around 1.0 vol % of the FEC concentration. Then, epot
(inorganic) decreases as the FEC concentration increases,
meaning that the inorganic SEI layer becomes more energeti-
cally stable. This should be due to the lowest production of
NaF and Na2CO3 around 1.0 vol % concentration of the FEC
additive, as was previously reported by Bouibes et al. (check
Table 1 of ref 27). Furthermore, Figure 2c shows that epot of
the total SEI film also takes a maximum at 1 vol % of the FEC
concentration. This is because the inorganic products on the
whole SEI film contribute more significantly to the total
energetic stability.

On the other hand, the experimental studies reveal that the
porous organic layer covers most of the SEI film surface.37−39

Also, the stability of the SEI film is related to the skillful
formation of the organic layer, which allows the cation
transport at the electrode−electrolyte interface.40,41 Accord-
ingly, in the following, we will resolve this seeming
inconsistency by several theoretical arguments on how the
organic porous layers play on the stability of the entire SEI
layer.

Second, we have explored the structural stability of the SEI
film by analyzing its mechanical properties as another
descriptor. The uniaxial strain (along the x-, y-, and z-axes)
and the shear strain (in the yz-, zx-, and xy-planes) were
applied with a strain rate of 7.5 × 10−4 ps−1 in the NVT
ensemble, and the corresponding stresses were calculated. The
stress S of the entire system of atoms is in general obtained by
the following formula42

=S
Nk T

V

rf

V3
B i

N
i i

(10)

where N is the number of atoms, kB is the Boltzmann constant,
T is the temperature, V is the volume, and ri and f i are the
position and force vector acting on atom i, respectively.

Figure 3 shows the smoothed curves of the stress evolution
concerning the strain of the obtained SEI films at 0.0, 1.0, 3.0,
5.0, and 10.0 vol % FEC concentrations. We can remark from
Figure 3a−i that the stress inside the SEI film is maximal at 1.0
vol % of the FEC additive. Three domains can be, in general,
observed in the stress−strain curves. First, the elastic domain
appears where the stress increases linearly concerning the
strain, that is, the elastic domain. Second, a small plastic
domain appears where the stress remains almost constant
when the strain increases. Third, the rupture occurs in the
domain where the stress decreases when the strain increases.
Interestingly, we can clearly remark that the elastic domains are
larger in Figure 3g,h for the shear deformations in the xz- and
yz-planes, compared to those in the other figures.

In the elastic domains, that is, the linear parts of the curves,
we can evaluate 21 elastic constants Cij, that is, 21 elements of
the elastic tensor C, from the gradients of the linear parts of the
stress−strain curves. However, for those materials with the
symmetry of orthogonal anisotropy, for example, the present
model SEI film, only 9 independent elements of the elastic
tensor, C11, C22, C33, C23, C31, C12, C44, C55, and C66, are
retained since the remaining elements can be regarded as zero.
Further, the present model SEI layer should show, in principle,
the D2 symmetry along the z-axis direction; therefore, it holds
that C11 = C22, C23 = C31, and C44 = C55. By considering the
elastic domain up to 0.3 of strain in Figure 3g,h, while up to 0.1
of strain in the other figures, Table 1 summarizes the elastic
constants averaged over 20 SEI films obtained at 0.0, 1.0, 3.0,
5.0, and 10.0 vol % FEC concentrations.

We notice that C11, C22, and C33 take the maxima at 1.0 vol
% of the FEC concentration, while C11 and C22 are relatively
larger than C33, meaning that the SEI film is more resistant to
the longitudinal expansion along the x- and y-axes than along
the z-axis. Figure 4a,b shows typical snapshots of the SEI films
formed at 1.0 and 10.0 vol % FEC concentrations, respectively,
under 0.0, 0.15, and 1.0 of the tensile strain along the x-axis.
We can observe that rupture occurs starting at the cavity. Our
previous studies demonstrated that each cavity inside the SEI
film is the smallest at a low FEC concentration, while it

Figure 2. Averaged potential energies over 20 samples of the obtained
SEI films at 0.0, 1.0, 3.0, 5.0, and 10.0 vol % of FEC concentration, (a)
for organic products, (b) for inorganic products, and (c) for the whole
SEI products, that is, epot (organic), epot (inorganic), and epot (SEI),
respectively.
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increases as the FEC concentration increases.27,30,37−41 Such
results could explain that the SEI film becomes less resistant to
the tensile strain if it is formed at a higher FEC concentration.
Similarly, C23, C31, and C12 take the maxima at 1.0 vol % of

the FEC additive, meaning the highest resistance to the

transversal compression, while C12 is slightly larger than C23

and C31, so that the SEI film is more resistant to the transversal
compression in the xy-plane than in the yz- and zx-planes,
respectively.

Table 1. Averaged Elastic Constants of the Obtained SEI Films at 0.0, 1.0, 3.0, 5.0, and 10.0 vol % of FEC Concentration: C11,
C22, and C33 for Longitudinal Expansion; C23, C31, and C12 for Transversal Compression; and C44, C55, and C66 for Shear
Deformation

FEC concentration (vol %)

Cij (GPa) 0.0 1.0 3.0 5.0 10.0

C11 15.68 ± 1.07 23.00 ± 1.03 22.21 ± 0.98 19.69 ± 1.00 16.79 ± 0.92
C22 15.14 ± 1.04 21.29 ± 0.99 20.34 ± 0.95 18.97 ± 0.99 15.73 ± 0.89
C33 10.09 ± 1.01 16.96 ± 0.95 12.25 ± 0.97 12.88 ± 1.01 11.11 ± 0.90
C23 5.80 ± 0.75 8.93 ± 0.73 8.03 ± 0.68 7.57 ± 0.67 6.89 ± 0.57
C31 5.79 ± 0.77 9.18 ± 0.75 8.39 ± 0.66 7.74 ± 0.68 6.96 ± 0.57
C12 8.85 ± 0.85 11.28 ± 0.79 10.47 ± 0.75 9.66 ± 0.77 9.25 ± 0.70
C44 1.83 ± 0.10 2.23 ± 0.19 2.14 ± 0.09 2.13 ± 0.17 1.98 ± 0.11
C55 1.81 ± 0.09 2.13 ± 0.16 2.07 ± 0.12 2.04 ± 0.14 2.00 ± 0.08
C66 7.42 ± 0.78 8.96 ± 0.73 8.71 ± 0.68 8.21 ± 0.70 7.67 ± 0.65

Figure 3. Stress−strain smoothed curves of the obtained SEI film structures at 0.0, 1.0, 3.0, 5.0, and 10.0 vol % of FEC concentrations. (a) C11, (b)
C22, (c) C33, (d) C23, (e) C31, (f) C12, (g) C44, (h) C55, and (i) C66.
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From Table 1, we can also find that C66 is larger than C44
and C55, meaning that the SEI structures are more resistant to
the shear deformation in the xy-plane. Concerning the
resistance against the shear deformation, C44, C55, and C66,
each take a maximum at 1.0 vol % of FEC additive
concentrations, showing the highest shear resistance at low
FEC concentrations. Figure 5a,b each show three typical
snapshots at 1.0 and 10.0 vol % FEC concentrations,
respectively, under 0.0, 0.35, and 1.0 of the shear deformations

in the yz-plane. It is intriguing that we can notice that the
plastic domain in the shear deformation following yz- and zx-
planes is larger than that in the other deformations, while the
rupture occurs quickly in xy-plane shear and tensile
deformations. This is due to the structural characteristic of
the SEI layer that spreads to the x- and y-directions and is finite
in thickness in the z-direction.

In Table 2, the calculated elastic quantities are summarized.
We can understand that bulk (B) and shear (G) moduli take

Figure 4. Typical snapshots of the SEI film structures formed at (a) 1.0 and (b) 10.0 vol % of FEC concentrations under the tensile deformation
along the x-axis.

Figure 5. Typical snapshots of the SEI film structures formed at (a) 1.0 and (b) 10.0 vol % of FEC concentrations under shear deformation in the
yz-plane.

Table 2. Averaged Bulk, Shear, and Young’s Moduli of the Obtained SEI Film Structures at 0.0, 1.0, 3.0, 5.0, and 10.0 vol % of
FEC Concentrations

FEC concentration (vol %)

Voigt moduli (GPa) 0.0 1.0 3.0 5.0 10.0

bulk modulus B 9.09 ± 0.87 13.34 ± 0.73 12.07 ± 0.28 11.28 ± 0.78 9.98 ± 0.67
shear modulus G 3.58 ± 0.29 4.79 ± 0.31 4.44 ± 0.25 4.25 ± 0.29 3.70 ± 0.17
Young’s modulus E 9.49 ± 0.88 12.83 ± 0.94 11.88 ± 0.85 11.32 ± 0.83 9.88 ± 0.78
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such values in the range of the same numerical order as that
reported by the previous studies. In fact, according to the
estimations that Bedrov et al. calculated for the main organic
SEI compounds Li2DMBDC, the B moduli were about 7.1 and
7.0 GPa and the G moduli were about 2.7 and 1.7 GPa at their
amorphous and ordered phases, respectively.18 On the other
hand, they also reported that the B and G moduli of the
inorganic compounds Li2CO3 were about 27 and 7 GPa,
respectively.19 More importantly, as shown in Table 2, it was
found, for the first time, that the present B and G moduli both
take maximal values of 13.34 and 4.74 GPa, respectively, at an
optimal value of 1.0 vol % FEC concentration.
Young’s modulus (E), defined as the ratio of the tensile

stress to the corresponding tensile strain, is often used to
provide information about the measure of the stiffness of the
solids. In Table 2, E moduli were additionally reported for the
present SEI layers as functions of the FEC concentration, to
also show maximal value of 11.79 GPa, meaning that the SEI
film is the most stiff at 1.0 vol % FEC additive concentration.
As the FEC concentration increases, E decreases to mean that
the SEI structural stiffness decreases.
Finally, the hardness (H) was estimated using Vickers

equation41

= ·H k G2 ( ) 32 0.585 (11)

where k is the Pugh’s ratio,44 equal to G/B, and related to the
ductile-brittle behavior of the SEI structure. It was reported
that G/B is larger than 0.571 for generally brittle materials,
whereas for the ductile ones, it is lower than 0.571.43 Table 3
shows that the optimal H is sensitive to the lower FEC
concentration, while H decreases as the FEC concentration
increases. This is considered due to the fact that the cavity size
inside SEI decreases at lower concentrations, leading to a
denser structure of SEI layers. In other words, as the FEC
concentration increases, the cavity size increases due to the
decrease in the production of dimer products. Consequently,
these above results are in excellent agreement with
experimental ones20,30 and support rationally microscopic
understanding of the mechanical stability of SEI structures
depending on the FEC additive concentration.
Hence, the present study has shown that the mechanical

stability of the SEI layer, determined by its topological
properties such as the porosity and the thickness, is critical in
the “stability” of the SEI layer, leading to enhancement of the
capacity and cyclability of NIBs. In addition, we could
understand that the energetic stability is not directly related
to the “stability” of the SEI layer. This could be explained by
the fact that each SEI layer is realized as one of the “free-
energetically” stable structures produced from the SEI
component assembly whose component ratio is decided
independently by each FEC-added NaPF6/PC-based electro-
lyte. Then, the comparison of the energetic stability among
them as a function of the FEC concentration could be said to
be insignificant. We can say that this resembles the situation
that the silica glass exists stably enough even though it is
energetically more unstable than crystal silica. We could,

therefore, resolve the seeming inconsistency regarding the
energetic stability and conclude that the mechanical stability is
unambiguously essential to the “stability” of NIBs.

4. CONCLUSIONS
In this study, we theoretically explored the mechanical stability
of the SEI layers formed in 1.1 mol/L NaPF6/PC with five
different concentrations of the FEC additive. Such various
effects as the porosity, dissolution, and aggregation of organic
and inorganic SEI products, which strongly influence the SEI
layer stability, were able to be systematically considered. For
the first time, it was demonstrated that, once each component
value of the elastic moduli increases from that of the FEC-free
SEI layer, it decreases by increasing the FEC concentration,
meaning to take a maximum for the SEI layer at a
concentration of 1.0 vol % of FEC. This observation shows
that the SEI layer formed at relatively lower FEC
concentrations is more resistant to tensile and shear
deformations. Accordingly, the optimization of elastic moduli
and hardness should be possible, even though sensitive due to
the lower FEC concentrations. These results are in excellent
agreement with the experimental ones, showing that adding a
small amount of FEC molecules significantly enhances the
capacity and cyclability of NIBs.20 This is considered due to
the fact that the cavity size inside SEI decreases in the lower
FEC concentrations, leading to a denser structure of SEI layers.
These results reasonably support a microscopic understanding
of SEI structures depending on the FEC additive concentration
by their mechanical stability analysis executable by the RM
simulation, even though the energetic stability seems to show
inconsistent behavior. Finally, we believe that the present study
contributes to establishing the theoretical predictability of
designing a high-performance electrolyte for next-generation
NIBs.
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