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ABSTRACT: The development of stable, high-performance e

electrolytes is essential to addressing the safety concerns and X

limited lifespan caused by the thermal and chemical instability of _ '°f .

traditional organic carbonate-based electrolytes in lithium-ion § EM?’;V
batteries (LIBs). This study examined the potential of mixed g ™ . =

solvent systems, specifically ethyl methyl carbonate (EMC) and ©® ]
tetramethylene sulfone (TMS), to modify ion solvation and My el
improve ionic conductivity in LIB electrolytes. Through molecular

dynamics simulations, we investigated the solvation structure and 0 0 O oI O e O G O S0
transport properties of lithium ions (Li*) in these solvent Mole fraction of TMS

environments. The inclusion of TMS altered the solvation

structure, with TMS molecules preferentially coordinating with Li" ions, displacing PF,~ anions and reducing their electrostatic
interference. Our results demonstrated a synergistic interaction between EMC and TMS, where an EMC/TMS ratio of 1:2 led to a
significant improvement in ionic conductivity, reaching 0.91 mS/cm, with a corresponding Li" transference number of 0.40. These
findings provide key insights into the molecular-level interaction governing electrolyte behavior, offering guidance for the design of
future solvent mixtures to improve the safety and efficiency of LIBs.

Bl INTRODUCTION solvents, such as EMC, with highly stable alternatives such as
tetramethylene sulfone (TMS).”® TMS is recognized for its
excellent electrochemical stability and oxidation resistance,
properties that can enhance electrolyte performance, especially
at elevated temperatures. In contrast, EMC, with its lower
viscosity, complements TMS by improving ion mobility and
reducing the viscosity challenges posed by TMS. Together,
these solvents have the potential to create a stable, high-
performance electrolyte system.

High oxidation potential of TMS (>6.5 V) and desirable
thermal properties, such as a flash point of 166 °C and a
boiling point of 285 °C, make it an attractive solvent for high-
voltage applications. Despite these advantages, its high
viscosity (10.34 cP at 25 °C) and melting point (26 °C)
present challenges for practical use by hindering ion move-
ment. To overcome these limitations, researchers have
explored blending TMS with lower-viscosity cosolvents. For
example, Li et al. proposed a novel electrolyte using lithium
bis(oxalato)borate (LiBOB) in a sulfolane/diethyl carbonate

The electrolyte in lithium-ion batteries (LIBs) plays a crucial
role in facilitating the transport of lithium ions (Li*) between
the anode and cathode during charge and discharge cycles. The
performance and safety of LIBs are inherently linked to the
properties of the electrolyte, as it influences key parameters
such as energy density, charging speed, and overall battery
stability. For optimal performance, electrolytes must exhibit
high ionic conductivity, chemical stability, and resistance to
electrochemical degradation.'

Most commercial LIBs rely on nonaqueous liquid electro-
lytes, typically composed of lithium hexafluorophosphate
(LiPFg) dissolved in organic carbonates like ethylene
carbonate (EC), propylene carbonate (PC), dimethyl carbo-
nate (DMC), or ethyl methyl carbonate (EMC).”® These
solvents effectively facilitate ion transport, yet they come with
significant drawbacks, such as flammability, toxicity, and
instability at high voltages and temperatures. Addressing
these limitations by developing safer and more stable
electrolytes, without compromising on energy density and
power output, is essential for advancing LIB technology.

Significant research has focused on conventional solvent
systems, particularly those based on EC. However, mixed
solvent systems that could overcome the limitations of
traditional electrolytes have been relatively underexplored.
One promising approach involves combining low-viscosity
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(DEC) mixture for high-voltage LIBs,® while Watanabe et al.
demonstrated improved cycling performance in lithium cells
when sulfolane was mixed with ester-based solvents.”

Molecular dynamics (MD) simulations have proven
invaluable in uncovering the molecular-level interaction within
these systems. They provide a detailed examination of
solvation structures, ion coordination, and transport mecha-
nisms at the atomic scale.*” Prior studies, including those by
Kumar and Seminario and Ong et al,'® have utilized MD
simulations to explore how solvent environments influence
solvation shell structure and ion mobility. These tools provide
insights into how EMC and TMS combinations impact the
solvation dynamics and overall performance of LIB electro-
lytes.

Extending this understanding, the solvation structure of Li*
in organic solvents, particularly in the presence of PF, anions,
has been widely examined through both experimental and
computational approaches. Research on mixed carbonate
electrolytes highlights how solvent composition affects
solvation shell rigidity and ion-pairing dynamics.'’ Addition-
ally, PF4~ anions are known to interact competitively with
solvent molecules for coordination sites, influencing solvation
environments and ionic mobility. These findings underscore
the critical role of solvent-anion interaction in shaping ionic
transport properties and emphasize the importance of
desigrlling tailored solvent systems to enhance battery perform-
ance.

Motivated by these insights, the current study aims to
elucidate the effects of TMS on the solvation dynamics and
overall performance of Li* ions in mixed solvent electrolytes,
particularly in combination with EMC. Using MD simulations,
we investigate the molecular-level interaction governing Li*
solvation and transport within LiPF4-based electrolytes
containing varying ratios of EMC and TMS. These simulations
provide critical insights into how solvent composition
influences electrolyte behavior, guiding the development of
safer and more efficient electrolyte systems for LIBs.

B METHODOLOGY

MD simulations were performed using the GROMACS 2023.2
package to investigate the behavior of lithium-ion electro-
lytes."” The molecular structures of the Li* cation, PF¢~ anion,
EMC, and TMS are shown in Figure 1. The optimized

° M ;
¢ ot ‘

(™) v

Li* PFg EMC T™MS

Figure 1. Molecular structures of Li*, PF;~, EMC, and TMS used in
MD simulations. The color coding is as follows: purple = lithium,
brown = phosphorus, pink = fluorine, cyan = carbon, red = oxygen,
white = hydrogen, and yellow = sulfur.

potential for liquid simulations-all atom (OPLS-AA) force field
was employed to model the EMC and TMS molecules,
ensuring accurate representation of their interaction.'* The
parameters for the Li* ions were derived from the work of Lee
and Rassiah,"” while those for the PF¢~ anions were taken from
Bhargava and Balasubramanian.'® Lennard-Jones parameters

and partial charges were adopted from the study of Jorgensen
and co-workers."*

Table 1 summarizes the composition, concentration, and
density of the simulation systems. Each system contained 30
LiPF,; molecules and 300 solvent molecules, resulting in a
concentration of approximately 1 M. To investigate the effects
of different solvent environments, we examined a range of
EMC/TMS molar ratios, from pure EMC (1:0) to pure TMS
(0:1), as well as intermediate ratios of 2:1, 1:1, and 1:2. These
variations were chosen to capture a broad spectrum of
solvation dynamics and ionic transport behavior. Periodic
boundary conditions were applied in all three dimensions
(XYZ) to simulate bulk behavior. Long-range electrostatic
interaction was calculated using the particle-mesh Ewald
(PME) method with a 12 A cutoff, and Lennard-Jones
interaction was treated using the same cutoff distance.

The simulation process began with energy minimization
using the steepest descent algorithm, which was employed to
eliminate any strained contacts in the system. Following this,
the systems were heated to 500 K for 2 ns to ensure sufficient
thermal energy, and then cooled from 500 to 300 K over
another 2 ns, preventing local configuration confinement and
ensuring proper system relaxation. Subsequently, isothermal—
isobaric (NPT) equilibration was performed for 2 ns at 300 K
and atmospheric pressure, using a 0.001 ps time step, to adjust
the system density to the desired level.'” This was followed by
isothermal-isochoric (NVT) equilibration,18 conducted for 10
ns with the same time step, to further stabilize the temperature
and volume of the system. Finally, simulations in the
microcanonical ensemble (NVE)," were performed for an
additional 10 ns with a 0.001 ps time step to compute time-
averaged static and dynamic properties of the electrolyte.

B RESULTS AND DISCUSSION

Validation of Simulated Densities and Force Field
Parameters. The selection of an appropriate force field is
essential for obtaining accurate results in MD simulations.
Various force fields have been developed, generally falling into
two main categories: classical force fields, such as OPLS-AA,™*
and reactive force fields, like ReaxFF.”’ In this study, we
employed the OPLS-AA force field, widely recognized for its
suitability in simulating electrolytes in MD simulations. The
OPLS-AA force field consists of six terms, as represented by
the following equation:

U= Z Bkb,i(ri - To,i)z] + Z Bk"""(e" B 9011.)2]

bonds angles
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The simulated densities, along with their associated error
bars derived from two independent simulation runs, are
provided in Table 1. To validate the accuracy of the OPLS-AA
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Table 1. Composition, Concentration, and Density of Systems Containing 30 LiPF, Molecules and Varying Numbers of EMC

and TMS Molecules

number of molecules

system EMC/TMS LiPF4 EMC TMS
1 1:0 (pure EMC) 30 300 0
2 2:1 30 200 100
3 1:1 30 100 100
4 1:2 30 100 200
S 0:1 (pure TMS) 30 0 300

volume (A®)

concentration (M) simulated density (g/cm?®)

37.51 X 37.51 X 37.51 0.94 1.10 £ 0.0006
37.10 X 37.10 X 37.10 1.08 1.19 + 0.0024
36.64 X 36.64 X 36.64 0.98 1.25 + 0.0012
36.52 X 36.52 X 36.52 1.01 1.30 + 0.0023
35.88 X 35.88 X 35.88 1.02 1.22 + 0.0001

force field, we compared the simulated densities of pure EMC
and TMS to experimental values,”>*' as shown in Table S1
and Figure S1 in the Supporting Information. The results show
excellent agreement, with deviations within 1—3%, confirming
the reliability of the force field for pure solvents.

To further validate the performance of the OPLS-AA force
field in electrolyte systems, we analyzed Li*—PF4~ interaction
through radial distribution function (RDF) and coordination
number plots for pure EMC and pure TMS (Figures S2 and
S3, respectively). The RDF results for pure EMC reveal strong
Li'—PF¢~ ion pairing, with prominent peaks in both Li'—
P(PF,") and Li*—F(PF,") interactions. In pure TMS, the RDF
peaks are less pronounced, indicating reduced ion pairing due
to the stronger solvation of Li* by TMS molecules. These
findings are consistent with previous studies,””*’ providing
confidence in the accuracy of the force field for mixed solvent
systems.

While density validates force fields, it cannot fully capture
solvation structures or dynamics. RDF and coordination
number analyses provide additional reliability for ion-pairing
results. Although direct experimental data are unavailable,
future work could compare solvation free energies from
quantum mechanical or QM/MM methods. Polarizable force
fields could further enhance validation and improve MD
simulation accuracy for electrolytes.

Solvation Structure. Figure 2 shows the Li* solvation
structure in pure EMC and pure TMS systems, highlighting

(@)  1:0 (Pure EMC) (b)  0:1(Pure TMS)
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Figure 2. Structural snapshots of Li* solvation environments in (a)
pure EMC and (b) pure TMS. The black dashed lines indicate the
coordination between Li* and surrounding solvent molecules.

their distinct solvation environments. In pure EMC (Figure
2a), Li* forms a loosely structured solvation shell coordinated
by EMC molecules, while the PF™ anion is positioned near Li*
and contributes to the solvation structure. This configuration
suggests partial interaction between Li* and PF4~ in the EMC
system. In contrast, in pure TMS (Figure 2b), the solvation
shell is more structured, with six TMS molecules tightly
coordinating around Li*. The PF4~ anion is displaced to the
outer shell, indicating a separation between Li* and PF,".

2143

Figure 3 shows the solvation structure of Li* in mixed EMC/
TMS systems with different molar ratios. In the 2:1 EMC/
TMS system (Figure 3a), Li" is coordinated by two EMC
molecules and three TMS molecules, while PF,~ remains close
to Li*, indicating partial ion pairing similar to that in pure
EMC. In the 1:1 EMC/TMS system (Figure 3b), both EMC
and TMS molecules participate in the solvation shell, and PF,~
is located near Li*. In the 1:2 EMC/TMS system (Figure 3c),
TMS dominates the solvation shell, and PF~ is fully excluded
from the immediate vicinity of Li*, indicating a greater
separation between Li* and PFy".

These findings reveal that increasing TMS content enhances
the separation between Li* and PF,~ by allowing TMS to
dominate the solvation shell. This result aligns with previous
studies showing that higher TMS concentrations lead to
greater Li* and PFg  separation.””””* By reducing the
likelihood of ion pair formation, this separation could improve
ionic conductivity in the electrolyte.

To gain insights into the solvation structure and
coordination environment of Li* ions in mixed EMC/TMS
solvent systems, we performed RDF and coordination number
analysis based on MD simulation trajectories. The RDF,
denoted as g(r), represents the probability of finding a particle
at a distance r from a reference particle, providing the local
structure of ions and solvent molecules. This analysis helps
quantify the spatial arrangement and interaction among the
different components of the electrolyte mixture. The RDF for a
pair of particles x and y is mathematically defined as*®

__n(r)
8(r) = 4rr*pdr

”

)

where n(r) is the number of y atoms at a radial distance r from
a reference particle x, 47r*dr is the volume of a shell of
thickness dr at r, and p is the bulk number density of y atoms.

The number of atoms within a sphere of radius r
surrounding a reference ion is determined by integrating the
Rlz)éF, which yields the coordination number, N(r), calculated
as

N(r) = 4np /O‘rrzg(r)dr 3)

Figure 4 provides insights into the interaction of Li* and
PF,~ with solvent molecules (EMC and TMS) across varying
EMC/TMS compositions through the RDF and coordination
number.

In Figure 4a, the RDF peak for Li*—O.(EMC) appears
strongly at ~2.3 A in pure EMC, indicating close coordination
between Li* and carbonyl oxygen atoms. As the TMS content
increases, the intensity of this peak decreases, reflecting the
displacement of EMC molecules from the first solvation shell
of Li*. The peak heights drop from 14.5 (pure EMC) to 8.7
(2:1 EMC/TMS), 7.0 (1:1 EMC/TMS), and 4.0 (1:2 EMC/
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Figure 3. Structural snapshots of Li" solvation environments in different EMC/TMS molar ratios: (a) Li(EMC),(TMS);PFs (EMC/TMS = 2:1),
(b) Li(EMC),(TMS),PFs (EMC/TMS = 1:1), and (c) [Li(EMC),(TMS);]* (EMC/TMS = 1:2). The black dashed lines indicate the

coordination between Li* and surrounding solvent molecules.
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Figure 4. Radial distribution function g(r) (solid lines) and coordination number N(r) (dashed lines) for interaction involving Li* and PF,~ with
solvent molecules: (a) Li*'—O(EMC), (b) Li*—O,(TMS), (c) P(PFs~)—O.(EMC), and (d) P(PF;")—O,(TMS). Data are shown for systems with
varying EMC/TMS ratios: 1:0 (pure EMC), 2:1, 1:1, 1:2, and 0:1 (pure TMS).

TMS). Similarly, the coordination number for O (EMC)
declines from 5.1 (pure EMC) to 2.2 (2:1 EMC/TMS), 1.4
(1:1 EMC/TMS), and 0.6 (1:2 EMC/TMS). These trends
show that the number of EMC molecules around Li* decreases
as TMS concentration increases.

Figure 4b shows the RDF for Li*—O,(TMS), where the
coordination number increases as TMS content rises,
indicating the growing dominance of TMS in the Li* solvation
shell. However, the RDF peak height decreases with higher
TMS concentrations, reflecting reduced localization and
dynamic competition among TMS molecules in the solvation
shell. The coordination number for O,(TMS) decreases as
TMS content is reduced, moving from 5.9 (pure TMS) to 5.2
(1:2 EMC/TMS), 4.2 (1:1 EMC/TMS), and 3.2 (2:1 EMC/
TMS), confirming that TMS displaces EMC in the solvation
shell of Li* as its concentration increases. The plateaus in the
coordination number integrals (dashed lines) across all panels
reinforce these findings. TMS demonstrates stronger inter-
action with Li* compared to EMC, effectively displacing EMC

2144

molecules from the first solvation shell as its concentration
increases. In addition, PF;~ becomes excluded from the
immediate environment of Li’, supporting the conclusion that
TMS-rich systems reduce ion pairing.

Figure 4c,d examine the proximity of PF,”~ to EMC and
TMS oxygen atoms, respectively. In Figure 4c, the RDF peak
between P(PF;~) and O.(EMC) is weak across all solvent
compositions, indicating limited interaction. As TMS concen-
tration increases, the RDF peak intensity decreases further,
indicating the diminished presence of EMC in the ionic
environment and reduced PFs”—EMC proximity in TMS-rich
systems.

Figure 4d shows the proximity of PF~ to the sulfonyl
oxygen atoms (O,) of TMS. Interestingly, the RDF peak in
pure TMS systems (0:1) is lower than in mixed systems,
suggesting reduced PF¢~ proximity to TMS oxygen atoms in
TMS-dominant environments. This behavior can be attributed
to the strong coordination of TMS with Li*, which creates a
tightly structured solvation shell. The tight Li"'—=TMS solvation
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(b) Li*—F(PF¢"). Data are shown for systems with varying EMC/TMS ratios: 1:0 (pure EMC), 2:1, 1:1, 1:2, and 0:1 (pure TMS).

shell reduces the availability of TMS oxygen atoms for PF4~
proximity and displaces PF,~ further from the immediate ionic
environment, weakening PF,~ interaction with TMS.

Figure S provides the RDF and coordination number for the
interaction between Li* and the phosphorus (P) and fluorine
(F) atoms of PF, in systems with varying EMC/TMS ratios.
These results offer insights into the extent of ion pairing
between Li" and PF,~ under different solvent compositions.

In Figure Sa, the RDF for Li*—P(PF,~) shows a prominent
peak at ~3.8 A, indicating a coordination interaction between
Li* and the phosphorus atom of PF,~. The peak heights
decrease as the TMS content increases, from 8.4 in the pure
EMC system (1:0 EMC/TMS) to 6.9 (2:1 EMC/TMS), 5.6
(1:1 EMC/TMS), 4.4 (1:2 EMC/TMS), and 3.3 in the pure
TMS system (0:1 EMC/TMS). This trend reflects a reduction
in the interaction strength between Li* and PF~ as TMS
concentration increases. The sharper RDF peak in pure EMC
indicates stronger and more stable ion pairing in EMC-rich
systems. In contrast, the lower and broader peaks in TMS-rich
systems suggest weaker interaction and greater separation
between Li* and PF~. The coordination number for Li*—
P(PFs"), shown by the dashed lines, further confirms these
observations. In pure EMC, the coordination number is
approximately 0.6, meaning that, on average, each Li" ion is
coordinated by 0.6 phosphorus atoms of PFs~. As TMS
content increases, the coordination number decreases,
dropping to ~0.2 in the pure TMS system. This indicates
that TMS effectively displaces PF4~ anions from the immediate
solvation shell of Li*, reducing ion pairing.

Figure Sb shows the RDF for Li*—F(PF,"), with a primary
peak at ~3.6 A and a smaller secondary peak at ~4.5 A. The
primary peak represents the direct coordination between Li*
and the fluorine atoms of PF;~ that are closest to Li* in the
solvation shell. The secondary peak corresponds to interaction
with fluorine atoms positioned farther away within the
tetrahedral structure of PF,". As TMS content increases,
both peaks decrease in intensity, indicating weaker ion pairing,
The coordination number for Li*—F(PF,~) also decreases with
higher TMS content, confirming that TMS displaces PF4~
from the Li* solvation shell, promoting ion dissociation and a
more separated ion environment.

This further supports the conclusion that higher TMS
content weakens the interaction between Li" and PF, . The
reduced interaction between Li* and PF,~ in TMS-rich
systems contributes to a more dissociated ion environment,
as also reflected by the structural snapshots in Figure 3, which
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show greater separation between Li* and PF,~ as TMS
concentration increases.

However, while the displacement of PF¢~ from the Li*
solvation shell reduces ion pairing and contributes to a more
dissociated ion environment, the higher affinity of TMS for Li"
simultaneously tightens the solvation shell around Li*. This
increased rigidity hinders Li* mobility by increasing its effective
mass. These dual effects result in a trade-off between the
benefits of reduced ion pairing and the drawbacks of a more
rigid solvation shell, particularly at intermediate TMS
concentrations (e.g, EMC/TMS = 1:1). As a result, Li*
mobility is lowest at intermediate TMS concentrations,
where these opposing effects are most pronounced. Beyond
this point, the solvation shell stabilizes, allowing for slight
improvements in mobility at higher TMS concentrations.

Dynamical Properties. Transport properties of electro-
lytes play a critical role in assessing battery performance. Faster
movement of Li" ions within the solution leads to higher
current density in LIBs. By examining ion trajectories under
zero electric field conditions during MD simulations, we can
determine the diffusion coefficient of ions and the ionic
conductivity of the solution.”’

In our study, ion transport in MD simulations was quantified
using the diffusion coefficient (D), which was computed
through least-squares fitting of the mean-squared displacement
(MSD) data.”® This fitting process can be expressed using the
following equation:

<MSD,(t)>
6t

lim

At— 0

P (@

In the eq 4, MSD,(t) represents the mean-squared
displacement of the center of mass of a component i after
time f, < > denotes an ensemble average. The diffusion
coeflicient were calculated using the MSD curves within the
linear region corresponding to the time interval of 1—9 ns.
This interval was selected to ensure reliable fitting by excluding
the 0—1 ns region (to avoid distortions from the ballistic
motion phase) and the 9—10 ns range (to minimize statistical
fluctuations and finite-size effects). For Li* ions, the MSD
quantifies the motion of individual atoms, whereas for PF,~
ions, the MSD captures the dynamics of the molecular center
of mass. By separately accounting for atomic and molecular
motions, this approach ensures precise estimates of the ionic
diffusion coefficient.

To ensure the reliability of the calculated D values and
address equilibration concern, the MSD data were further
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Figure 6. (a) Diffusion coefficient of Li*(D,) ions and PF, anions (D_) and (b) transference number of Li*(¢) ions and PF4 anions (t7) on

increasing the mole fraction of TMS.

analyzed across overlapping trajectory subsets (1—5, 5—9, and
1-9 ns). This addition analysis verifies that the D values has
reached a steady state and is independent of the specific
trajectory segment. As illustrated in Figure S7, the MSD plots
for all systems with varying EMC/TMS ratios (1:0, 2:1, 1:1,
1:2, and 0:1) demonstrated a clear linear relationship with time
over the investigated time intervals. The D values calculated
from these subsets, presented in Table S2, shows consistent
values, confirming that the dynamic properties are representa-
tive of an equilibrated system. These findings align with
established practices in MD simulations for assessing steady-
state behavior.”

Building on this analysis, the transference number emerges
as another critical parameter, offering insights into the relative
mobility of active Li" ions compared to the migration of both
cations and anions.’® In nonaqueous solutions, the Li*
transference number typically falls within the range of 0.20
to 0.40, depending on the properties of the solvents and salts.”’
For a 1:1 electrolyte, donated as MX, consisting of a cation M*
and anion X7, the transference number can be estimated by
considering the diffusion coefficient of both the cation and
anion, as shown in the following equation:

! __ D
D, +D_’ D, + D_ ©)

The ionic conductivity () for the system can be calculated
. o 2832 a1
using the Nernst—Einstein equation, which is expressed as
follows:

N, .¢
pair 2 2
= D+ q°D_
VT (¢,D. + q°D_) ©
where N, is the number of ion pairs, ¢ is electric charge, g,

and q_ are the total charges on cation and anion, respectively,
D, and D_ are the diffusion coefficient of cation and anion,
respectively, V is the simulation box volume, T is the
temperature, and kg is the Boltzmann constant. The Nernst—
Einstein equation, commonly applied to dilute solutions, was
used in this study as a reference framework to estimate ionic
conductivity trends in the mixed electrolyte systems. While this
equation assumes uncorrelated ion motion and does not
account for the strong ion—ion correlations and ion pairing
present in concentrated solutions, it provides valuable
qualitative insights into how solvent composition influences
ionic transport properties. These trends are consistent with
structural data obtained from RDF and coordination number
analyses. Future work will incorporate advanced techniques,
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such as Onsager transport theory,”” to address ion correlation
effects and improve the quantitative accuracy of conductivity
predictions in concentrated electrolyte systems.

Figure 6a illustrates the diffusion coefficient (D) of Li* and
PF,™ ions. The D values of Li* ions decrease from 0.0157 X
107 cm?/s in pure EMC (1:0) to 0.0072 X 10~° cm?/s in pure
TMS (0:1). Similarly, D values for PF;~ ions decrease from
0.0291 X 1075 cm?/s (1:0) to 0.0102 X 1075 cm?/s (0:1). The
lower mobility of Li* compared to PF4~ is due to its stable and
extensive solvation shell, which increases its effective mass and
restricts diffusion. Li* forms strong interaction with solvent
molecules, particularly TMS, creating a tightly bound solvation
environment. In contrast, PF,”, being larger and less charge-
dense, experiences weaker solvation effects and diffuses more
freely. The addition of TMS also increases the viscosity of the
medium, further reducing the diffusion coefficients of both
ions. These trends reflect the interplay between solvation
dynamics, ion size, and solvent composition in influencing
ionic mobility.

The transference number (t* for Li* and ¢~ for PF") as a
function of the mole fraction of TMS, shown in Figure 6b, also
reflects these dynamics. Across all systems, the transference
number of Li* is less than 0.5, indicating that PF4~ anions
contribute more to the total ionic conductivity. This
dominance of anions in charge transport is attributed to the
tightly packed solvation shell around Li*, which increases its
effective mass and reduces its mobility. As TMS is added to the
mixture, the solvation shell around Li* becomes stronger due
to the higher affinity of TMS for Li', further limiting its
movement.

Interestingly, the simulation results reveal a decreasing trend
in Li* transference number as the mole fraction of TMS
increases up to 0.50 (EMC/TMS = 1:1), where the lowest
transference number value is observed. This trend is likely due
to the strong interaction between Li* and TMS, which restricts
Li" mobility. While the changes in Li" transference number are
small, they are supported by the error bars for the underlying
diffusion coefficient shown in Figure 6a, which indirectly
validates the calculated transference number. Furthermore,
structural data, including RDF and coordination number
analyses, corroborate these trends by demonstrating changes in
solvation dynamics and ion-pairing behavior with increasing
TMS concentration. Together, these findings confirm the
robustness of the observed trends despite the minimal
differences.

At higher TMS concentrations (TMS mole fraction > 0.50),
the Li" transference number begins to increase slightly,
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suggesting that the solvation environment around Li" may
stabilize, allowing for slightly improved Li* mobility compared
to intermediate TMS concentrations. While PF,~ anions
dominate the charge transport in all systems, the variation in
Li* transference number with increasing TMS mole fraction
highlights the complex relationship between solvent composi-
tion, solvation structure, and ion mobility. Optimizing the
EMC/TMS ratio is crucial for enhancing the overall perform-
ance of the electrolyte, particularly by balancing the
contributions of Li* and PFy~ to the ionic conductivity.

Regarding the overestimated Li" transference number
reported in some literature, these differences may arise from
the inherent assumptions made in experimental methodology,
such as neglecting ion—ion correlations and solvent dynamics
that influence ion transport properties. Our simulations
explicitly incorporate these factors, capturing the detailed
solvation dynamics, ion-pairing, and their impact on Li"
mobility. The trends in Li* transference number observed
across varying TMS mole fractions are consistent with the
solvation structure and ion dynamics revealed by our
Coulombic interaction analysis, supporting the robustness
and reliability of our computational approach.

The ionic conductivity (c) of the electrolyte solutions with
varying molar ratios of EMC and TMS is shown in Figure 7.

20— T T T T T
m1.58
1.5¢ m1.47 1
E
°
D 10f -
£ M0.92 M0.91
° m0.70
051 E
00 1 1 1 1 L 1
00 02 04 06 08 10

Mole fraction of TMS

Figure 7. Ionic conductivity (6) of the electrolyte solutions on
increasing the mole fraction of TMS.

The highest ionic conductivity (1.58 mS/cm) was observed in
the pure EMC system (EMC/TMS = 1:0), which aligns with
an earlier MD study by Saitoh et al.** However, experimental
measurements of the conductivity of the solution for 1 M
LiPF, in EMC at 298 K showed higher values (~4 mS/cm).
The lowest ionic conductivity (0.7 mS/cm) was observed in
the pure TMS system (EMC/TMS = 0:1), which is attributed
to the high viscosity of TMS (10.34 cP at 298 K). As TMS
molecules are added to the mixture, the ionic conductivity
decreases, consistent with the results reported by Kumar et al.”
Interestingly, the ionic conductivity remains relatively stable as
the mole fraction of TMS increases from 0.50 (EMC/TMS =
1:1) to 0.67 (EMC/TMS = 2:1), with values of 1.47 and 0.92
mS/cm, respectively, reflecting the balance between solvation
dynamics and solvent composition.

To understand these trends, the short-range Coulombic
(Coul-SR) interaction, shown in Figure S8, provides insights
into the solvation dynamics influencing ionic transport. The
interaction energy between Li* and TMS is significantly
stronger and more negative compared to Li*-EMC, indicating a
more rigid solvation shell in TMS-rich systems. This rigidity
restricts the mobility of Li", reducing its contribution to ionic
conductivity. Additionally, Li*'—PF,~ interaction remains
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strong across the trajectory, signifying persistent ion-pairing
that limits the availability of free ions for charge transport. The
interplay between solvation shell rigidity and ion pairing
contributes to the observed decrease in conductivity as the
TMS content increases. These findings align with the diffusion
coeficient and transference number trends shown in Figure
6a,b, highlighting the impact of solvation structure and solvent
composition on ionic mobility.

Despite these qualitative consistency, a notable gap remains
between simulated and experimental conductivity values. This
discrepancy stems from limitations in the nonpolarizable
OPLS-AA force field used in this study. By underestimating
dielectric screening and overestimating ion-pairing tendency,
the force field results in a more rigid solvation environment
and reduced Li* mobility. Consequently, the simulated ionic
conductivity values are lower than experimental observations,
where polarization effects enhance Li* mobility and reduce ion-
pairing. These findings underscore the importance of
accurately capturing dielectric and polarization effects in future
simulations to bridge this gap. Incorporating advanced
simulation approaches, such as polarizable force fields or
machine-learned potentials,”> could provide a more realistic
representation of jon dynamics and conductivity. These
improvements would help reduce discrepancy between
simulated and experimental results, enabling more accurate
predictions of electrolyte performance and guiding the design
of advanced solvent systems.

Taken together, the trends in ionic conductivity and
transference numbers highlight the relationship between
solvent composition, solvation structure, and ion mobility.
The Coul-SR analysis further supports these findings,
demonstrating the role of Li*-TMS interaction in shaping
solvation rigidity and ionic transport. These insights emphasize
the importance of balancing EMC and TMS ratios to optimize
electrolyte performance and achieve the desired transport
properties.

Bl CONCLUSIONS

This study examined the potential of mixed solvent systems,
specifically ethyl methyl carbonate (EMC) and tetramethylene
sulfone (TMS), to modify ion solvation and ionic conductivity
in LIB electrolytes using molecular dynamics simulations. The
findings revealed that increasing the TMS content significantly
altered the solvation environment. TMS strongly coordinated
with Li*, displacing PF,~ anions from the solvation shell and
promoting greater separation between Li* and PF,~, which
reduced ion pairing and enhanced ionic conductivity. A 1:2
EMC/TMS ratio was found to offer the optimal combination
of properties, yielding an ionic conductivity of 0.91 mS/cm
and a Li* transference number of 0.40. However, as the TMS
content increased further, the solvation shell tightened around
Li*, limiting its mobility and reducing the overall ionic
conductivity. These results emphasize the importance of
balancing EMC and TMS ratios to optimize electrolyte
performance. This study underscores the molecular interaction
that governs electrolyte behavior, offering valuable insights for
the design of safer and more eflicient electrolytes for LIBs.
Nonetheless, the study also underscores the limitations of the
nonpolarizable OPLS-AA force field, which underestimates
dielectric screening and overestimates ion-pairing tendency.
Addressing these limitations in future work by incorporating
polarizable force fields or machine-learned potentials could
improve the representation of dielectric effects and ion—
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solvent dynamics, enhancing the predictive power of MD
simulations. In summary, this study elucidates the impact of
EMC/TMS ratios on solvation dynamics and ionic con-
ductivity, offering a solid foundation for future research aimed
at developing advanced electrolytes for next-generation LIBs.
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