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Abstract: Due to great interest in the development of electric vehicles and other applications, improv-
ing the performances of lithium-ion batteries (LIBs) is crucial. Specifically, components of electrolytes
for LIBs should be adequately chosen from hundreds of thousands of candidate compounds. In this
study, we aimed to evaluate some physical properties expected for combinations of molecules for
electrolytes by microscopic simulations. That is, the viscosity, ionic conductivity, degree of dissocia-
tion, diffusion coefficient, and conformation of each molecule were analyzed via molecular dynamics
(MD) simulations. We aimed to understand how molecular-sized structures and properties collabora-
tively affect the behavior of electrolytes. The practical models of molecules we used were ethylene
carbonate (EC), fluoroethylene carbonate (FEC), propylene carbonate (PC), butylene carbonate (BC),
y-butyrolactone (GBL), y-valerolactone (GVL), dimethyl carbonate (DMC), ethyl-methyl carbonate
(EMCQ), diethyl carbonate (DEC), and lithium hexafluorophosphate (LiPFg). Many molecular systems
of electrolytes were simulated, in which one molar LiPFs was mixed into a single or combined solvent.
It was found that small solvent molecules diffused with relative ease, and they contributed to the
higher ionic conductivity of electrolytes. It was clarified that the diffusion coefficient of lithium (Li)
ions is greatly affected by the surrounding solvent molecules. We can conclude that high-permittivity
solvents can be selectively coordinated around Li ions, and Li salts are sufficiently dissociated, even
when there is only a small content of high-permittivity solvent. Thus, we can confirm solely by MD
simulation that one of the better candidates for solvent molecules, formamide (F), will exhibit higher
performance than the current solvents.

Keywords: lithium-ion battery; molecular dynamics; electrolyte; diffusion; ionic conductivity;

molecular size

1. Introduction

In recent years, new technologies have become important to avoid future global
warming. Instead of using fossil fuels, we must shift to sustainable energy resources, such
as solar and wind power generation, and electric vehicles should become widespread in
the near future. However, electric cars still have limitations in cruising distance due to the
insufficient capacity of batteries and their long charging times. To solve these issues, a more
compact and lightweight battery with a large capacity and rapid charging time is required.
As is well known, lithium-ion batteries (LIBs) are widespread as rechargeable batteries
and are leading the market. However, safety problems are often reported for LIBs, and
the issue of their output power is also known. To satisfy these requirements, researchers
are now trying to develop new rechargeable batteries called “innovative batteries” [1-3],
which operate differently from LIBs, including all-solid-state batteries [4]. However, since
a high operating voltage and large capacity are demanded for rechargeable batteries, the
lithium-ion type is still leading in industry, and it resolves the issues above. In addition,
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LIBs have recently developed and enhanced their safety [5], and many researchers are
making an effort to improve their performances.

To improve the performances of LIBs, many researchers have studied materials of elec-
trodes and electrolytes. A thin film called a solid electrolyte interphase (SEI) is often formed
by the decomposition of electrolyte on the surface of the negative electrode. Additionally,
lithium ions (Li*) are incorporated into the negative electrode, which suppresses further
decomposition of the electrolyte. This mechanism will reduce the battery life and is unfa-
vorable. Many researchers are studying the processes of SEI formation and growth [6-9].
It is also reported that when an organic solvent made of fluorine compounds is used, an
electrolyte will improve the performance of the negative electrode, owing to better SEI
formation [10]. Recently, a theoretical study using molecular simulation techniques has
been applied to see the detailed SEI mechanism and started to produce insightful results to
complement the experimental studies effectively [11].

In general, the fundamental role of the electrolyte is to mediate ion transport between
the electrodes. The transport performance of ions in the electrolyte is characterized well by
ionic conductivity, and it is an important research subject to seek the electrolyte material that
will improve ionic conductivity. Thus far, the main electrolyte used for the battery is a solu-
tion using lithium hexafluorophosphate (LiPF¢) mixed in organic solvents. Among some
lithium salts, it is said that LiPFg fits LIBs because of its high resistance to oxidation. Several
carbonate solvents which have been used in many ordinary LIBs are ethylene carbonate
(EC), fluoroethylene carbonate (FEC), propylene carbonate (PC), butylene carbonate (BC),
v-butyrolactone (GBL), y-valerolactone (GVL), dimethyl carbonate (DMC), ethyl-methyl
carbonate (EMC), and diethyl carbonate (DEC). Among these solvents, EC, FEC, PC, BC,
GBL, and GVL are high-permittivity solvents (HPS) that can promote salt dissociation but
with high viscosity, whereas DMC, EMC, and DEC are called low-viscosity solvents (LVS)
that play a role in lowering the viscosity of an electrolyte solution. Therefore, currently,
there is no single type of solvent to furnish all the desirable properties, so the industry
is making an effort to design electrolyte solutions to produce high ionic conductivity by
mixing HPS and LVS [12]. These carbonate-type electrolytes that we will investigate in the
present paper, and ionic liquids for electrolytes, seem popular, and their experimental data
already exist [13-15]. On the other hand, theoretical and nano-scale information should be
scrutinized by using microscopic-simulation methodology.

Previous studies [16-18] reported that ionic conductivity depends on the temperature,
solution viscosity, degree of salt dissociation, and diffusion coefficient of the ions. The
“solvation” values have also been found, which means a solvated configuration of molecules
where a single lithium ion is sterically surrounded by several solvent molecules. The
solvation structure around Li* has been studied by experimental techniques, such as
Fourier transform infrared (FTIR) spectroscopy [19,20], Raman spectroscopy [21], and
nuclear magnetic resonance (NMR) spectroscopy [21,22]. Some studies have attempted
to determine the number of coordinating molecules around the Li* ion. The reported
coordination numbers in experiments range from 2 to 5. However, there has been relatively
little experimental characterization of the details of the coordination structures in LIBs,
and molecular simulations are expected to provide such microscopic insights [23-28]. The
solvation is caused by the dielectric polarization of solvent molecules, which depends on
the intensity of Coulomb interaction (electrostatic force). It is guessed that lithium ions
that are forming the solvation are to migrate through electrolyte liquids, so it is crucial to
understand the relationship between the physical (mainly transport) properties and the
actual configuration of lithium ions.

To develop novel batteries with higher performance, discovering new substances for
electrolytes or electrodes is necessary. For electrolytes in particular, there are hundreds
of thousands of candidate compounds, so we must explore them and choose good ones
from among them. Thus, we should try to establish a methodology using the molecular
dynamics (MD) simulation method to investigate the physical and structural properties
of electrolytes useable in LIBs and to assess the best structure of electrolyte molecules. In
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many cases recently, simulation studies have been recognized to be suitable for inquiring
about the microscopic mechanisms of electrolytes and their unknown physical properties.
Additionally, this type of study will become an essential methodology to complement
somewhat limited experimental data [29-31]. The discussion of this paper focuses on
the mutual correlations among many properties, such as the molecular sizes of solvents,
solvation structures, diffusion coefficients, ionic conductivity, and coordination numbers of
Li* (lithium ions), in LIB electrolytes. In addition, we characterize “the selective solvation”,
in which electrolytes have desired properties, such as a high degree of dissociation and low
viscosity at the same time. The correlations between properties for the selected solvation
structure guide us to discover other substances that can be considered for better electrolytes
and better solvation structures in the future.

2. Computational Details and Models
2.1. Computational Procedure

We simulated models of electrolyte solutions by using the MD method, and then
analyzed their microscopic dynamics and their macroscopic physical properties. In this
study, we utilized “GROMACS” [32], which has been developed as a general-purpose
and parallelizable software package for molecular simulation. The force field employed
for all MD simulations here was derived from “Assisted Model Building with Energy
Refinement (AMBER)” software [33]. Compared with other molecular simulation software,
we found that the atomistic simulation procedure by GROMACS and AMBER used here
is preferable for electrolyte materials, including hydro-carbonate molecules such as those
used in this study.

As solvent molecules are usually categorized into either HPS or LVS electrolytes, we
observed several molecular models in MD simulation as stated above: EC, FEC, PC, BC,
GBL, GVL, DMC, EMC, DEC, and formamide. Among them, EC, FEC, PC, BC, GBL, GVL,
and formamide are supposed to be in the HPS group with high conductivity but high
viscosity (low fluidity). On the other hand, DMC, EMC, and DEC are in the LVS group,
which has low conductivity but low viscosity (high fluidity). We understand that the
differences between two groups are primarily brought about by their molecular shape.

In the actual manufacturing of electrolytes, the molecule of salt is typically lithium
hexafluorophosphate (LiPFq). LiPF is a frequently used salt in the electrolyte as it exhibits
high ionic conductivity [24,34]. It dissociates into a Li* cation and a PF4- anion in solvation.
All solution models of electrolytes were prepared by mixing 1.0 mol/L salt with solvents
(i.e., IM-LiPFg). A cubic-shaped and three-dimensionally periodic cell for MD simulation
was prepared. The MD cell included 500 LiPF4 molecules and a given number of solvent
molecules, where positions of molecules were assigned randomly without overlapping.
This procedure was accomplished by using “packmol” [35], which is software that creates
the initial structure of molecules in liquid state in a periodic MD cell. Table 1 shows the
details of molecular compositions for every electrolyte model.

Table 1. Details of the molecular compositions for the electrolyte model. (a) Single solvent of
electrolyte solution. (b) Mixed solvents of electrolyte solution.

(@)

Molecule The Number of Molecules
EC 7184
FEC 6664
PC 5572
BC 4639
GBL 6191
GVL 4951
DMC 5607
EMC 4580

DEC 3896
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Table 1. Cont.

(b)
The Number of Molecules

Model * HPS LVS

EC DMC EMC DEC
1ECI9LVS 718 5047 4122 3507
2EC8LVS 1437 4486 3664 3117
3EC7LVS 2155 3925 3206 2727
4EC6LVS 2873 3365 2748 2338
5EC5LVS 3592 2804 2290 1948
6EC4LVS 4310 2243 1832 1559
7EC3LVS 5028 1682 1374 1169
8EC2LVS 5747 1121 916 799
9ECI1LVS 6465 561 458 390

* In the label of each model, a single digit preceding a molecular type represents the mixing volume ratio per 10%.
For example, 3EC7LVS means that volume ratio of EC is 30%, and for LVS molecules (DMC, EMC, or DEC) it
is 70%.

As shown in Table 1a, the simulation models composed of single molecular types were
denoted by their molecular names (nine types in total), that is, EC, FEC, PC, BC, GBL, GVL,
DMC, EMC, and DEC. On the other hand, simulation models of mixed solvents comprised
one type of HPS molecule (with high permittivity, i.e., EC) and one of three types of LVS
molecules (with low viscosity, i.e., EMC, DMC, or DEC). The composition of HPS molecules
to LVS ones was changed every 10 percent, from 10 to 90 percent. Consequently, there were
nine models of mixed solvents. As shown in Table 1b, the labels of mixed solvents were
given such that a single digit represented the composition of solvent molecules.

The system temperature was kept at 300 K by a Nose-Hoover thermostat [36,37], and
the pressure was controlled at standard atmospheric condition (100 kPa) by a Parrinello—
Rahman barostat [38]. For calculating long-range Coulomb forces effectively, the Particle
Mesh Ewald (PME) method [39] was applied. In the PME method, the ordinary process
of the Ewald method for the summation of Coulomb interactions is divided into short-
and long-range parts. Using a cut-off length of 1.0 nm for the short-range part, Coulomb
interaction can be evaluated with sufficient accuracy.

Structural relaxation of the molecular system of the electrolytes was performed as
follows. First, the total system was calculated keeping constant volume at constant temper-
ature using the NVT ensemble for 0.5 nanoseconds (ns). Subsequently, it was equilibrated
under constant temperature and pressure using the NPT ensemble for 0.5 ns, which resulted
in density optimization of the electrolyte system. After, it was calculated again under the
NVT ensemble for 1.0 ns to evaluate physical properties and obtain molecular behavior.
The properties and behavior include the degree of salt dissociation, viscosity, diffusion
coefficients of solvents and ions, and solvation structure. Finally, a non-equilibrium MD
simulation was conducted with the NVT ensemble for 2.0 ns with a uniform electric field
of 0.8 V/nm, and ionic conductivity of the system was evaluated. The time increment of all
the MD simulations was set to be 1.0 femtosecond (fs).

2.2. Estimation of Electric Conductivity and Diffusivity of lons

In discussing the performance of an electrolyte solution, the most important physical
property is the ionic conductivity . In general, the mutual relationship among x, the degree
of dissociation, and the diffusion coefficient of ion is explained analytically by the following

Nernst-Einstein relation:
EZNA
K= D‘(Danion + Dcution)r (1)
kgT

wheree, Ny, kg, T, , and D05, and D¢ g4io, represent the elementary charge, the Avogadro
number, the Boltzmann constant, temperature, the degree of dissociation, and the diffusion
coefficients of the anion and cation, respectively. The importance of this relation is that
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ionic conductivity is proportional to the averaged diffusivity of constitutive ions. As
explained in the previous section, the ionic conductivity x of electrolyte solution was
computationally estimated from a non-equilibrium MD simulation in which an electric
field E was applied under an NVT ensemble. As shown in Figure 1, an example snapshot of
the non-equilibrium molecular system, every ion is driven primarily in the direction of the
electric field, which was applied to the calculation cell (in the figure, it is in the direction of
left to right). As confirmed by us previously [40,41], the electric current of the total system,
I(t), can be calculated by summing up the product between charge and displacement of all
ions, as expressed by Equation (2). Then, ionic conductivity « can be obtained directly from
Equation (3), where the electric current is divided by the cross-sectional area perpendicular
to the current and by the magnitude of electric field.

N
1) = gy Lot + 40 —x() @
=1 %)

where g; and x; are the electric charge and the x position of the ion labeled by i; L is the side
length of the basic cell; and t and At are time and its increment.

Figure 1. An example of a snapshot of molecules in a non-equilibrium MD simulation conducted
with a constant electric field.

The viscosity of electrolyte solution greatly influences the ionic conductivity, so estima-
tion of the viscosity of the system is crucial. It is well known that viscosity in the molecular
system can be estimated by applying the Green—-Kubo relation to atomic trajectories ob-
tained from equilibrium MD run, or it is extracted directly from non-equilibrium-type
MD calculation. However, in general, the Green-Kubo relation has a drawback in that
the MD calculation requires a very long time, and too high of a computational cost is
needed. Additionally, the viscosity obtained in the non-equilibrium calculation is far from
that in an equilibrium state. Therefore, a theory-assisted computational method, called
the Transverse-Current Auto-correlation Function (TCAF) [42], was successfully used to
evaluate the viscosity in this study. With a low computational cost, TCAF is capable of
estimating the viscosity from momentum field of the system in equilibrium state.

From the macroscopic viewpoint, the diffusion coefficient D correlates to temperature
T, viscosity u, and Stokes radius R, via the Stokes-Einstein relation:

kgT

D= SR’ 4)

We might assume in the case of a uniform electrolyte that the radius of solvent
molecules is equivalent to the Stoke radius R in this equation. Then, the equation means
that the diffusivity should be reciprocally proportional to the radius of solvent molecules.
Both R and y in this equation can be estimated in an equilibrium MD simulation. Addi-
tionally, the diffusion coefficient of solvents or ions is calculated from the mean square
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displacement (MSD) of atoms in the system, which is continuously monitored at each time
t. by Equation (5) (called Einstein’s relation):

D= (Il ~ (), ®)
e
where r; represents the position vector of an atom 7, and the triangular brackets ( - ) indicate
an ensemble average or, equivalently, a time and molecular average. Accordingly, the
Stokes—-Einstein relation can be confirmed just by MD simulations, and we check this in our
simulation results later in Section 3.1.

A commonly used measure to identify a specific liquid structure on a molecular scale
is the radial distribution function (RDF) g(r). The RDF focuses on one atom and means a
radial distribution of other atoms around it in the form of density over distance r. In this
study, the structure of the solvation shell around a Li* ion was scrutinized by using the
RDEF. When the RDF is integrated over an adequate volume, the number of atoms that are
involved in a coordination shell can be estimated. It was determined in a previous study
that the first solvation shell from one Li* ion should be formed within 0.25 nm [43].

The degree of dissociation of a salt molecule can be simply defined as the atomic
distance between elements Li and P [43]. When the Li atom is at a position separated more
than 0.4 nm from the P atom, LiPFy was determined to be in a dissociated state. When the
number of Li* ions in the dissociated state is N;; and the total number of LiPFg molecules
is Npipre, the degree of dissociation a should be simply defined by the following equation:

Ny
K = .
NLipFe

(6)

3. Results and Discussion
3.1. Single-Solvent + 1M-LiPF; Electrolyte Solutions

Simple electrolyte solution models, which are produced by mixing 1M-LiPF4 into one
type of solvent molecule (as shown above in Table 1a), were put into the MD simulation
procedure, and the results were compared. Some physical properties were considered for
the results of these models, and correlations between those properties were investigated.

First, to see how much the molecular simulation agrees with a corresponding experi-
ment, the correlation was checked. Figure 2 shows the comparison of properties ((a) density,
(b) diffusion coefficient, and (c) viscosity) obtained by our simulation and those obtained
by experiments in the literature [44—46] (those were completed at room temperature and
in atmospheric pressure). We found allowable agreement between experiments and simu-
lations, although some discrepancies remain. The difference is due partly to the fact that
simulations were very microscopically focused and relatively short, and therefore, the
fluctuation of each property tended to be larger than that in a real experiment. Besides
this, we should realize the limitation in terms of the accuracy of force-field modeling (one
of the best at present was utilized here). However, no critical difference in the order of
magnitude was confirmed for each molecule, so we recognize sufficient reliability in our
simulated data.
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Figure 2. Correlations of physical properties between molecular simulations and experiments (dashed
lines represent the equivalence between computations and experiments). (a) For density [44,45];
(b) for diffusion coefficient [46,47]; (c) for viscosity [46,47].

Figure 3 shows the variation in size of the solvation shell, which was estimated for
each of the electrolyte solutions. As shown in Figure 3, it is well known that the lithium
ion (Li*) will have a certain solvated structure, where the cation is sterically surrounded
by several solvent molecules [23-28]. For a LiPF4 salt molecule to dissociate, the Li* ion
should be fully surrounded by other solvent molecules. A previous study [24] reported
that a linear-type molecule, such as DMC, due to its shape, tends to interfere with other
molecules that are to be coordinated to the Li* ion; therefore, it is an unfavorable molecule
to establish effective coordination around the cation. Additionally, in this study, as shown
in Figure 3b, it was observed that one of the DMC molecules near the Li* ion was greatly
deformed. This result indicates that the tendency to form effective coordination to one Li*
ion greatly depends on the molecular shape of solvents.

Largely deformed

(a) (b)
Figure 3. Comparison of solvation shell. (a) EC + 1M-LiPFg; (b) DMC + 1M-LiPFg.
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Figure 4 shows the correlation between the molecular radius of the solvent and the
coordination number of Li* ions, which was observed and averaged during the MD
simulation. It was found that approximately four molecules were coordinated to one Li*
ion for solvents categorized into HPS. A solution composed of HPS-type solvents has a
high dielectric constant; therefore, it will promote the dissociation of lithium salts. On the
other hand, in LVS-type solvents, the solution cannot satisfactorily dissociate lithium salts,
so the number of solvent molecules coordinated to the Li* ion was reduced to around three.
This situation means that three solvent molecules and one anion, PF,-, are arranged around
the centered cation, Li*, but the salt itself is not fully dissociated yet. It is understood that
it is difficult for this type of solvent molecule to neatly coordinate to a lithium ion due to
their relatively large size. Figure 5 shows the correlation between the molecular radii of
solvent molecules and the degree of dissociation. As shown in Figure 5 (a dashed green or
a blue line represents an approximation for the HPS or LVS solvent, respectively), whether
the solvent is HPS or LVS, the smaller the molecular size of the solvent, the higher the
degree of dissociation that will be realized. Compared with experimental results (at room
temperature) for the HPS group [18], the degree of dissociation was estimated at between
0.6 and 0.7, which is a little smaller than our computation. However, the dependency of the
molecular size found here is like that observed in the experiment [18].
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Figure 4. Correlation between molecular radius and coordination number of Li*.
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Figure 5. Correlation between molecular radius and degree of dissociation.

According to the Stokes-Einstein relation, Equation (4), the diffusion coefficient is
related to temperature T, viscosity y, and Stokes radius R. The Stokes radius represents a
kind of virtual radius of a molecule diffusing in the solvation shell. In this study, we regard
R as the characteristic radius of the solvent molecule, because we can expect that there is a
correlation between the radii of solvent molecules and the sizes of their solvation shells.
In Figure 6, the abscissa is the product of the viscosities and radii of solvent molecules,
and the ordinate is the diffusion coefficient calculated from MD simulations. The dashed
blue line is based on the MD simulation, whereas the dashed green line is a theoretical
value based on the Stokes—Einstein relation, Equation (4). Although the type of curve is
similar, the simulated diffusion coefficient seems to be much larger than the theoretical
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one. This discrepancy might be brought about by the fact that the viscosity obtained in
the MD calculation is usually smaller than the actual value, and a molecular radius was
calculated under the assumption of a perfect sphere. However, basically, the theory and
MD results qualitatively agree well. Thus, it was concluded that the diffusion coefficient
strongly depends on the radius of the solvent molecule.

11
10 N Theoretical line
9 [\ Approximate line ————

™ \

& 8 F N\
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= 6 N EMC

% 5[ W
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Figure 6. The curve of the Stokes-FEinstein relation using the viscosity and the radius of the solvent
molecule, which was calculated by MD simulations.

As stated above, the Li* ion in the electrolyte solution forms a solvation shell composed
of solvent molecules, so it is natural that the diffusion coefficient of the Li* ion is influenced
by that of the solvent. Therefore, the radius of the solvent molecule indirectly affects the
diffusion coefficient of the Li* ion. Figure 7 shows the relation between diffusion coefficients
of the solvent Dy, (Or Degtion) and D0, for ions. As expected, it was found that D 4oy
and D,,;,, increase proportionally with increasing Ds,;,. We also found a relationship of
D ation < Danion for HPS-type solvents. This is due to the largeness of the diffusion radius of
HPS. In those solvents, the lithium salt tends to dissociate into Li* and PF-, and this results
in the formation of a solvation shell with radius larger than that of Li* itself. Consequently,
the solvation shell will migrate into one diffusional body.

Z 2 o+
Q> Li" (HPS)
o GBL _ | PFs HPS)

s 15¢ \I/E(' DMC) L wys) --—-
X y ~ PFg (LVS)
g ~ EMC .~ 6 (-V>)
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A FEC e e P
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' *BC 7"

Q 0 A"”’ 1 1 1 L 1

0 1 2 3 4 5 6 7

Dy, x1070m?%s

Figure 7. Relationship between Dy, and Dy, 0F Dgpion-

The ionic conductivity is related not only to the degree of dissociation of the lithium
salt, but also to the diffusion coefficient of its ions. As discovered in Figure 7, the radius of
the solvent molecules greatly influences the ionic diffusion coefficient and the degree of
dissociation of lithium salts. The ionic conductivity of the electrolyte is augmented by the
increase in dissociated ions in it, so the ionic conductivity should correlate indirectly to the
molecular radius of the solvent.

Figure 8 shows the correlation between the radii of solvent molecules and their ionic
conductivity. The radii of the solvent molecules were estimated from the simulated total
volume of the system under adequate pressure. Those ionic conductivities were obtained
via the electric current occurring in non-equilibrium MD simulations, as explained in
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Section 2.2, so they are fully computational. The authors found that corresponding experi-
mental results (at room temperature) were somewhat smaller (e.g., for EC, the experimental
value was 8.3), but the dependency on the radii of solvent molecules was similar for the
computational and experimental results [18,47]. It was found that the ionic conductivity
becomes higher as the molecular radius of the solvent decreases. From the Nernst-Einstein
relation expressed by Equation (1), the ionic conductivity can be assumed to be exactly
proportional to the diffusion coefficient of ions. Additionally, then, from the Stokes—Einstein
relation expressed by Equation (4), the diffusion coefficient is inversely proportional to the
diffusion radius of the solvent molecule. Thus, from these results, a solvent molecule as
small as possible is preferable to improve the ionic conductivity of the electrolyte, and we
expect the development of a much smaller molecule for a better solvent. In this context, we
see later in Section 3.3 the possibility that, when a smaller molecule is used, the performance
can be enhanced.

12

g 4 GBL

o A 7
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. 8
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= 0 . EMC | Dr;(
0.6 0.65 0.7 0.75 0.8

Radius of solvents nm

Figure 8. The correlation between the radii of solvent molecules and their ionic conductivity. The
ionic conductivity is inversely proportional to the radius of the solvent, as approximated by the
dashed curve.

3.2. Mixed Solvents + 1M-LiPF Electrolyte Solutions

In addition to the electrolyte solutions using single solvents reported on in the previous
section, we also calculated solution models comprising mixed solvents, as shown in Table 1b.
We investigated the dependency of the mixture ratio on ionic conductivity and observed
the atomic behavior of the solvation shell around Li* ions.

Figure 9 shows the ionic conductivities obtained for electrolyte solutions made of
mixed solvents. The solid and dashed lines represent the results obtained by the MD
simulations and experiments (conducted at room temperature and atmospheric pressure),
respectively. For the mixed solvent of EC + EMC (blue lines), the simulation agrees very
well with the experimental values. The agreement is confirmed for only one group of
solvents at present, but we found that this qualitative agreement between experimental and
molecular (nano-scale) simulation results confirms the reliability of the methodology of our
simulations. According to a previous study [48], it is suggested that the best performance is
achieved with some electrolytes when the volume ratio of ingredients is 50:50. Additionally,
in the present study, such a tendency of a maximal value can be clearly observed for the
electrolyte comprising the mixture of EC+DMC, as shown in Figure 9 (red line). It is
understood that the ion conductivity exhibits the maximum value when the volume ratio
of the two molecules, EC and DMC, is approximately one. This fact also means that ion
conductivity has a local maximum strongly depending on the best mixing ratio between
solvents [12]. Figure 10 shows the estimates of the coordination numbers of Li* ions in
mixed electrolytes, which were calculated by numerically integrating RDF graphs. It is
interesting that the number of total coordinates around Li* ions is always approximately
four in any electrolytic solution. In the EC + DMC electrolyte type, the coordination number,
i.e., the size of the solvation shell, expands in proportion to the composition of EC molecules
in the electrolytic solution. This indicates there is a tendency to build the coordination
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around the Li* ion, which primarily selects EC molecules. This situation is called “selective
coordination”. On the other hand, in other combinations of electrolytes, such as EC+EMC
or EC + DEC, the coordination shell does not increase in a linear relation. That is, in
these cases, selective coordination is not configured. Generally, due to high permittivity, a
solvent molecule such as EC in the HPS category is more selectively coordinated to Li* than
solvents in the LVS category. As the number of coordinates of an EC molecule increases,
the coordination number of PF.- decreases (almost reaching zero in the extreme). In that
situation, EC molecules that have coordinated to the Li* ion promote the dissociation of
lithium salts. At this point, we must confine our conclusion to the solvent models we treated
here. However, it is possibly stated that, if we can preferentially (selectively) configure
HPS molecules to Lit ions—that is, if selective solvation is formed—the lithium salt can
be sufficiently dissociated even when the volume ratio of HPS is substantially small. This

concept in optimizing the configuration of solvents around Li* ions is shown schematically
in Figure 11.
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Figure 11. A schematic of a molecular configuration of the selective solvation (LVS means a solvent
molecule with low viscosity, HPS means a solvent molecule with high permittivity).

3.3. Using Formamide for the Electrolyte Solution

As discussed above, it is expected that if HPS molecules can be selectively coordinated
to Li* ions, an electrolyte solution will have a high degree of dissociation and low viscosity
at the same time. In addition, as we see in Section 3.1 and Figure 5, a solvent molecule
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with a small size can be easily organized to have compact coordination with a Li* ion.
Hence, thinking highly of the size of the solvent molecule in the electrolyte solution, we
computed and analyzed one of the ideal candidates, formamide, which was not treated
above. In particular, the ionic conductivity and solvation structure of formamide were
evaluated. Formamide is a substance with a relatively small molecular size, and its dielectric
constant is larger than that of a water molecule. Figure 12 shows the molecular structure of
formamide compared with other solvent molecules investigated above (EC, GVL, and DEC,
for example), and at a glance, it is well recognized that formamide is a very compact and
somewhat spherical molecule. Recent studies have already focused on formamide itself
and a similar structure as a solvent molecule or an additive in electrolytes of LIB [49,50].
However, as a drawback, this molecule is a protic solvent having an N-H bond, which is
easily dissolved. However, the performance of the electrolyte solution is highly improved if
formamide can be put to use, since very high ionic conductivity can be expected. As models
of electrolyte solution using formamide molecules, we prepared a model with pure solvent
and one with a combination of solvents: formamide + 1M-LiPF¢ and 30 Vol.% formamide
+70 Vol.% DMC + 1M-LiPFg (which is named 3F + 7DMC).

HQH

(©) (d)

Figure 12. Molecular structure of formamide, the smallest one investigated here, compared with
other larger molecules of solvents treated above. (a) Formamide (F); (b) ethylene carbonate (EC);
(c) y-valerolactone (GVL); (d) diethyl carbonate (DEC).

Figure 13 shows the relation between ionic conductivity and molecular radius in the
single-solvent type of electrolyte solution (in Figure 13, plots of most solvents except for F
(formamide) is the same as that already shown in Figure 8, but the range of the horizontal
axis has changed to recognize the very small size of formamide). By including formamide,
ion conductivity twice as high as that of EC + 1M-LiPFg solvent was obtained. Figure 14
shows the RDF of Li* ion in the model, 3F + 7DMC. It is guessed that selective solvation
formed, because very high condensation of formamide molecules is clearly observed at
the first peak of the RDF graph. It may be concluded that a small HPS molecule such as
formamide will certainly improve the ionic conductivity of the electrolyte by virtue of the
mechanism of its selective coordination. The effect of cyclic behavior on the performance
was not at all estimated here, but we think that better solvents can be designed and
developed effectively, such as this example.
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3.4. Discussion

As predicted by our knowledge of molecular chemistry, it was firmly confirmed by MD
simulations that the physical properties of electrolyte solvents composed of a single type of
molecule depend on the size of the molecule. Density, diffusion coefficient, and viscosity
obtained by the simulations are equivalent to those obtained by experiments [44—47]. This
fact means that the force field used in the present MD simulation and a classical theory
including dynamics of molecular system are quite appropriate for modeling these types of
solvents. Unfortunately, the interaction of solvent molecules with an electrode could not be
looked into by the classical MD theory used here, and new methodology that can should
be considered in the future work (to the authors” knowledge, there have already been
some advanced studies [51-55]). Diffusivity and viscosity were theoretically considered by
using Stokes—Einstein (SE) relation, and it was exhibited that the theory can explain the
molecular motion which was equivalently obtained by MD simulation. By both theory and
simulations, it was also confirmed that the molecular radius is one of key factors to decide
properties of the electrolyte solvent. The simulation approach used here seems to possess
great possibility, and in the future the approach will play an important role for designing
new electrolyte solvents, being justified by experimental facts.

For the mixed solvents, experimental data in literatures are limited, so the results by
MD simulation should be scrutinized to obtain physical properties and detailed molecular
behaviors. As in the literature [13-22], solvation structures around Li* ion were reproduced
for many mixtures of molecules by the present study. There was a limitation that the degree
of dissociation of lithium salts had to be estimated by assuming some solvation structure
in microscopic scale. On the other hand, the present study showed that the coordination
number of each molecular kind can be directly obtained by numerical integration of
RDF values, and its dependency on the composition of molecules clearly exists. Our
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computational examples mean that MD simulations can determine or visualize the detailed
microscopic state of a solvation structure in both qualitative and quantitative manners.

Based on our discussion of the dependency of coordination number on molecular size,
formamide (F) could be an effective component of solvent molecules, though it may be a
computational example that does not work well in practice. There exist some experimental
facts on the use of F and similar molecules as electrolyte solvents [49,50], and our MD
simulations suggested that it is a favorable component. However, if using F and similar
molecules in actual solvents, one must check many things, such as the interactions with the
electrode and the performance during the process cycle. Therefore, the results obtained
here should be recognized as one insight in using smaller molecules such as F for solvents.
The point is that the methodology of molecular simulations has the ability to explore such
new materials and to help to develop LIB electrolytes [27,28].

4. Conclusions

In this study, we built molecular dynamics (MD) models of the electrolytes which are
to be used in lithium-ion batteries and evaluated their macroscopic physical and structural
properties, such as the diffusion coefficient, degree of dissociation, solvation shell, and
coordination number, although a limited number of solvents were treated, and practical
properties which will be important in the process cycle and other processes were not dealt
with. These MD simulations revealed, at the atomistic level, different behaviors between
electrolyte solvents. We were also successful in obtaining correlations between properties
and between solvent molecules.

It was found that the smaller the molecular size of the solvent, the higher the degree
of dissociation tends to be. When the molecular size of the solvent is relatively large, it is
hard for those molecules to neatly or compactly coordinate to a lithium ion. However, the
smaller the solvent molecule is, the more easily it forms a coordinated structure with Li*,
leading to enhanced dissociation of lithium salts.

From the theoretical Stokes—Einstein relation, the diffusion coefficient is inversely
proportional to the diffusion radius of the solvent molecule. Usually, a Li* ion in electrolyte
solution forms a certain solvation shell surrounded by solvent molecules. It was conceived
that the diffusion coefficients of ions are closely related to those of the solvent molecules.
Thus, it was suggested and confirmed that the molecular radius of the solvent is indirectly
correlated to the ionic diffusion coefficient.

In the analyses of mixed solvent types, the averaged coordination number of the Li*
ion was approximately four in any electrolytic solution. In the EC+DMC electrolyte model,
the size of the solvation shell changed in proportion to the coordination number. This
indicates that there is no selective coordination to Li*" ions. Unlike this result, in other cases
of combinations of solvent molecules in electrolytes, EC + EMC and EC + DEC, many EC
molecules were selectively coordinated with Li*. As the number of EC coordinated with
the Li* ion increases, the coordination number of PF- decreases. This result reflects the
fact that EC molecules close to the Li* ion promote the dissociation of lithium salts. Thus, it
is understood that if we can selectively coordinate HPS molecules with Li* ions, lithium
salt will be dissociated well, even when the volume ratio of HPS molecules is small.

We also assessed the performance of formamide (F) as a possible and small solvent
molecule. In the electrolyte combining formamide and DMC (3F + 7DMC), it is guessed
that selective solvation will be successfully formed. From a general perspective, very small
HPS molecules such as formamide will effectively improve the ionic conductivity of the
electrolyte. It is supposed that such an electrolyte will provide sufficient dissociation of
lithium salt and low viscosity; therefore, high ionic diffusivity may be realized. Thus, small
HPS molecules, e.g., formamide, are encouraged to be included in the electrolyte so as to
effectively improve its ionic conductivity.
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