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Abstract: Lithium-ion batteries (LIBs) play a vital role in advancing the hybrid
industry, especially in electric vehicles, as clean and sustainable electrochemical
energy sources. However, the prevalent use of organic solvents in the liquid elec-
trolytes of these energy storage systems raises environmental concerns. In this
study, we investigated the impact of a polar aprotic solvent, ethylene carbonate
(EC), on the structural, dynamic and dielectric properties of the LiF electrolyte
using molecular dynamics simulations. By employing the CHARMM 36 force
field, our goal was to comprehend the various physicochemical phenomena
occurring in this electrolytic system across different temperatures within the sat-
uration region. The structural properties were analyzed through the computation
of the radial distribution function (RDF) for various pairs, while the dynamic and
dielectric behaviors were elucidated by simulating the self-diffusion coefficient
(D) and the dielectric constant (¢).

Keywords: molecular dynamics; energy storage; solvation phenomenon; lithium
fluoride; ethylene carbonate; lithium-ion batteries.

INTRODUCTION

Energy storage is at the heart of today’s challenges because it is an essential
element for the evolution towards a more sustainable, reliable, and profitable
energy future.! It modulates energy production and consumption by reducing
waste and storing excess energy when available, releasing it during periods of
higher demand.2 This capability proves particularly useful in compensating for the
intermittency or fluctuation of renewable energy production, thereby meeting a
constant demand.3 Various forms of energy, including thermal, chemical, mech-
anical and electrical energy.®> Energy storage technologies are diverse and
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1312 RABII et al.

encompass batteries, systems such as flywheels, springs, gravity energy storage
systems and pumped hydraulic storage.®

Rechargeable lithium-ion batteries (LIBs) stand out as one of the most ver-
satile battery systems, exhibiting significant improvements in energy density and
efficiency. They find wide applications in electronic devices, such as laptops and
mobile phones, and are crucial for storing the energy required to power electric
vehicles.”~12 Furthermore, the performance of rechargeable lithium batteries is
strongly influenced by the nature of the chosen electrolyte and the understanding
of the different mechanisms at play within the electrolyte solution in the presence
of an organic solvent. Presently, new materials utilized as cathodes or anodes
necessitate solvate electrolytes to ensure the highest possible conductivity and ion
mobility between electrodes.13:14

The objective of this study is to use the molecular dynamics approach to
simulate the structural, dynamic and dielectric behavior of the LiF—ethylene
carbonate (EC) system, and then understanding the effect of temperature on the
solvation mechanism of Li™ and F~ in the presence of an organic aprotic solvent
namely EC widely used in lithium battery technology, it can also be used in other
applications as plasticizer and precursor of vinylene carbonate, and it is present in
fibers, plastics, surface coatings, and dyes.15-16

The present article is a continuation of our previous work focused on mole-
cular simulations.!7-19 Literature analysis has shown that this LiF-EC energy
storage system is very little studied, especially in the temperature range from
313.15 to 373.15 K, which is the subject of our simulations using the molecular
dynamics approach.

COMPUTATIONAL DETAILS

The molecular dynamics (MD) simulations approach is one of the powerful and appropri-
ate methods to study the properties of the LiF-EC energy storage system due to its precision,
its ability to provide a detailed understanding of molecular interactions, its flexibility, its num-
erous applications, and its capacity for validation through experimentation. The GROMACS-
-2020-6 software package was employed to conduct radial distribution function (RDF), self-
diffusion coefficient and dielectric constant calculations, allowing for the extraction of the struc-
tural, dynamic and dielectric properties of this system over a wide range of temperatures.2%-21
In this work, all simulations were performed using the CHARMM force field.22-23

The values of the charges and intermolecular interactions between the solvent molecules,
Li* and F~ are described with the Lennard—Jones (LJ) parameters (Table I). The Ewald sum-
mation method was used to calculate electrostatic interactions.2*2

After the optimization process, the following dynamics simulation procedures are per-
formed, NVT equilibration was executed to control the temperature for this system using Nose—
~Hoover thermostat.?%-?7 After that, NPT equilibration was done using Parrinello-Rahman
barostat?® at 1 bar for 60 ns. All these simulations were conducted with a time-step of 1 fs.

The simulation was conducted with 803 EC solvent molecules, and the concentration of
the system is 0.9 M LiF salt, corresponding to 68 Li* and 68 F~ in a simulation box of (5%5x5)
nm?3, with temperatures ranging from 313.15 to 373.15 K.
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In addition, our previous research?®0 elaborates on the theoretical and mathematical
approaches employed to analyze all properties calculated in this work.

TABLE I. Lennard—Jones and electrostatic parameters for the EC solvent3!; O;: oxygen of
ethylene carbonate cycle, C;: carbon of ethylene carbonate cycle, O,: Oxygen of carbonyl
group, C,: carbone of carbonyl group

Element q(e) oL/ nm gLy / kJ/mol
Li* +1.000 0.2311 0.0097
F- —-1.000 0.2513 0.5648
0, —0.4684 0.3153 0.6363
(O 0.0330 0.3875 0.2301
0, 0.6452 0.3029 0.5021
C, 1.0996 0.3563 0.4602
H 0.1041 0.2351 0.0920
RESULTS AND DISCUSSION

Thermodynamics and solvation properties

The structural properties of the electrolytic system involving lithium fluoride
dissolved in the aprotic solvent ethylene carbonate (EC) were determined through
molecular simulation. This was achieved by calculating the radial distribution
function (RDF), which evaluates the structural behavior of various pairs: ion—ion,
ion—solvent and solvent—solvent. The interatomic distance and the degree of coor-
dination were also calculated. Table II presents the solvation’s structural and
thermodynamic properties for this electrolytic system at different temperatures
ranging from 313.15 to 373.15 K.

TABLE II. Simulation values of thermodynamics and structural properties of LiF-EC energy
storage system at various temperatures

LiF-EC system for 0.9 M 1 2 3 4 5 6 Reference
Temperature, K 313.15323.15333.15343.15353.15 373.15 -
Volume, nm? 96.704 97.499 98.203 99.039 99.883 101.446 -
Density, 103 kg m? 1.244 1234 1225 1.215 1.204 1.186 1.320 for EC*?
Eyin / 10? kJ mol! 27.70528.591 29.476 30.363 31.247 33.015 -
Fmax(Li-02) / M 0.19 0.19 0.19 0.19 0.19 0.19 0.19%
Coordination number (CNLio2) 1.81 1.67 1.57 148 133 1.29 -
Pmax(F-H) / M 025 025 025 025 025 0.25 -
Coordination number (CNF.n) 248 245 236 223 213 210 -
Finax(Li-F) / M 0.18 0.18 0.18 0.18 0.18 0.18 0.17%
Coordination number (CNLir) 223 259 266 283 314 3.19 -
Pmax(O2-H) / M 020 020 020 0.20 020 0.20 0.28%
Tnax(©02-02) / M 038 0.38 038 0.38 038 0.38 0.39%

Fig. 1 illustrates that the density of the LiF-EC electrolyte system decreases
as the temperature increases, with values ranging between 1.244 and 1.186 g cm 3.
Additionally, our molecular simulation results follow the same trend observed by
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Chang et al. for the pure aprotic solvent EC.32 Indeed, the observed difference is
mainly due to the effect of adding the LiF electrolyte, which generates mutual
interactions between the aprotic polar solvent (EC) and the ions (Li* and F")
present in the electrolyte solution, leading to a noticeable decrease in density. In
Fig. 2, the microstructure formed by organic solvent molecules is analyzed. The
RDFs variation as a function of the interatomic distance for O—O in ethylene car-
bonate exhibits multiple peaks. The first layer, situated at a distance of 0.38 nm,
indicates a maximization of intramolecular dipole interactions. The intensity dec-
reases with rising temperature due to thermal agitation.32.35

1.324

—#— Our MD results of {LiF-EC}

1.30
—e— Results of EC by Chang et al*?

1.28 4

m3

1.26 4

p /10% kg

1.24
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T
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300 320 340 360 380 400 420
Temperature / K

Fig. 1. Density simulations for the LiF-EC system at different temperatures.

Fig. 3 depicts the RDF for Op—H. The temperature-disrupting effect is evident,
showing a single peak at a distance of 0.20 nm. This interatomic distance is shorter
compared to that found between O,—0,, suggesting that carbonyl oxygen has a
preference for association with hydrogen atoms due to the attraction between Or—
H.32,36

Analysis of Fig. 4 reveals a prominent peak at a distance of 0.19 nm, suggest-
ing a coordination number between 1.81 and 1.29 EC molecules around Lit*. This
value is lower than those reported in classical simulations by Skarmoutsos et al.,3”
Smith and Borodin38 and other theoretical studies.3%4! Experimental studies gen-
erally indicate a coordination number of lithium between 4 and 5 in the presence
of EC, with the highest value observed so far being CN =7 in 1 M of LiClO4 by
Castriota et al.*? Additionally, we found that lithium completes its coordination
with F~ which compete with the oxygen of the carbonyl due to their high electro-
negativity. The absence of an acidic proton in the aprotic solvent, such as EC,
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facilitates the penetration of fluoride. Consequently, lithium manages to complete
its coordination with 5 species (2 EC molecules, and 3 F7).
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Fig. 2. Evolution of the gn,.0,(7) functions at different temperatures.
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Fig. 3. Evolution of the gg,.5(7) functions at different temperatures.

Moreover, the distribution of F—H bonds is depicted in Fig. 5. This curve
illustrates that F~ is predominantly surrounded by two hydrogen shells of EC mole-
cules. The first shell, located at 0.25 nm, is broad and intense, resulting from the
mutual polarizability of F~ and the solvent. Notably, there is no contribution to the
solvation of the anions through hydrogen bonding, as the aprotic polar solvent’s
nature exclusively favors the solvation of Li". Consequently, F~ remains free and
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unsolvated in the solution due to the absence of an acidic hydrogen atom. Addit-
ionally, the distribution of the F-H network undergoes significant degradation due

to thermal agitation evolution, as observed by Castriota, Armand and Parker et
al 4244
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Fig. 4. Variation of the g ;.oo(#) functions at various temperatures.
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Fig. 5. Variation of the gg_(») functions at various temperatures.

The analysis of Fig. 6 reveals that the solvation process of the LiF electrolyte
in the presence of an aprotic solvent primarily occurs in the form of pairs of contact
ions. This process is evidently influenced by temperature evolution; specifically,
an increase in temperature results in heightened intensity of RDF functions. This
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is substantiated by the presence of a major and more intense peak at a distance of
0.18 nm, corresponding to the formation of a substantial number of contact ion
pairs (CIP) in the electrolyte.34 Consequently, this leads to the creation of success-
ive shells formed by F~ around Li*, attributed to the freedom of the anion and the
aprotic polar behavior of the solvent, suggesting robust interactions between non-
-ionized ions, influenced by the solvent’s polarity.
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Fig. 6. Variation of the g ; () functions at various temperatures.

Moreover, our findings indicate that Li* is surrounded by 2.32 up to 3.19 F~.
This coordination variation is significantly impacted by thermal agitation, electro-
negativity difference in Li—F, as well as the size and charge, particularly of the
fluorides.5-46

Dynamics and dielectric properties

In this study, we investigated the transport and dielectric properties of the elec-
trolytic system LiF-EC at various temperatures for a concentration of 0.9 M using
molecular dynamics simulations, as summarized in Table III.

TABLE III. Simulation results for the dynamical and dielectric properties of EC, Li* and F at
various temperatures — the self-diffusion coefficient (10" m2/s)

Temperature, K DEC-LiF DEC DLi+ DF— e

313.15 0.202+0.002 0.206+0.002 0.046+0.004 0.050+0.003 59.67+0.34
323.15 0.287+0.003 0.293+0.003 0.057+0.017 0.071+0.022 54.88+0.43
333.15 0.364+£0.003 0.372+0.003 0.055£0.003 0.069+0.005 56.03+0.59
343.15 0.451+£0.006 0.459+0.007 0.092+0.004 0.126+0.005 58.52+0.24
353.15 0.628+0.009 0.641+0.007 0.113£0.075 0.116+£0.074 61.82+0.48
373.15 0.812+0.005 0.829+0.007 0.139+0.071 0.145+0.067 57.20+0.07
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The analysis of Fig. 7 illustrates that the self-diffusion coefficient increases
with the evolution of the temperature. In addition, Lit and F~ move with almost
the same speed during the simulation time, suggesting that this relative mobility is
mainly due to the strong electrostatic interactions, the difference in electro-
negativity between the two ions (1 ;_f = 3), the size of the ions, and also the polar
and aprotic nature of the solvent. These factors favor the formation of contact ion
pairs and the reduction of ion—solvent interactions.32-47-48
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Fig. 8 reveals that the temperature evolution influences the dielectric behavior
of the electrolytic system; indeed, the dielectric constant decreases with an increase
in temperature. Additionally, we observed a significant decrease in the dielectric
constant of the pure solvent, dropping from 89.78 to 59.67 at T = 313 K.*° This
phenomenon can be explained by the disruptive effect of the LiF on the pure EC
solvent. Furthermore, Parida et al. reported a similar behavior during the study of
the energy system LiPF¢-EC.33
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Fig. 8. Dielectric constant of the LiF-EC system at various temperatures.
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CONCLUSION

In this study, we employed the molecular dynamics approach to simulate new
structural, dynamic and dielectric properties of the innovative energy storage sys-
tem LiF—ethylene carbonate, an electrolyte system with an ionic composition
widely employed in lithium-ion battery technology. Specific algorithms were imp-
lemented based on the choice of a CHARMM force field, enabling the description
of various ion—ion, ion—solvent and solvent—solvent interactions. The influence of
temperature on structural behavior was assessed using the radial distribution func-
tion (RDF), which involved calculating the interatomic distance and coordination
of various pairs within the solvation shells.

Furthermore, this scientific approach allowed us to enhance our understanding
of different interactions and molecular mechanisms inherent in such an innovative
energy storage system extensively used in rechargeable lithium battery technology.
Temperature also plays a significant role in influencing the mobility and dielectric
behavior of the current system, with its self-diffusion coefficient increasing as the
temperature rises. Notably, the solvent was found to have a minimal impact on ion
diffusion. The molecular simulation results obtained will offer valuable inform-
ation for designing new materials and improving our comprehension of the pro-
cesses governing this type of electrolytic energy storage systems.

H3BOI

MOJEJIOBAIGE CTPYKTYPHUX, ITMHAMUWYKHX U TUEJIEKTPUUHUX CBOJCTABA
CUCTEMA LiF-ETHUJIEH-KAPBOHAT 3A CKJTAOJUILITELE EHEPTUJE MOJIEKYJICKOM
OUHAMHUKOM HA PA3JTMUUTUM TEMITEPATYPAMA

SANAA RABII, AYOUB LAHMIDI, SAMIR CHTITA, MHAMMED EL KOUALI, MOHAMMED TALBI
n ABDELKBIR ERROUGUI

Laboratory of Analytical and Molecular Chemistry, Faculty of Sciences Ben M’Sick, Hassan II University of
Casablanca, Morocco

Jlutujym-joHCKe DaTepHje Urpajy BaXkHy YJIOTY y Pa3B0jy MHAYCTpHje XudpHia, mocedHo y
CITy4ajy elekTPUYHUX BO3MIIA, Ka0 YUCTH U OZIPKUBHU €IeKTPOXeMHUjCKH U3BOpH eHepruje. Mehy-
THM, nipeosnahyjyha ymorpeda opraHCckix pacTBapaya y TEYHUM eJIeKTPOTHTHMA OBUX CHCTEMa
3a CKJIa[IMIITeHe eHepryje u3a3rBa 3aDpHUHYTOCT 3a KUBOTHY CpeluHy. Y 0BOM Pajly, HCIIUTHBAaH
je yTHliaj noslapHOT alpoOTUYHOT pacTBapaya, eTHIeH-kapdoHaTa, Ha CTPYKTYpHa, AUHAMHYKa U
IueneKkTpuyYHa cBojctea LiF enexTposnTa NpUMEHOM CUMYyJIaliija MOJIeKyIcKke JUHaMuke. [1pu-
menom CHARMM 36 nossa cuna, nuss je 61o na ce odjacHe pasnuunTy GU3HUKOXeMHUjCKH deHo-
MEHH KOjH Ce jaBhajy Y OBOM €JEeKTPOJIMTHYKOM CHCTEMY Ha PaslIM4YUTHM TeMIlepaTtypama y
odnmacty 3acuhema. CTpyKTypHe 0cODMHe Cy aHalIM3upaHe Kpo3 MpopavyyHe panujaiHe JUCTPU-
OyuroHe dyHKUHMje 3a paslIHyUTe NapoBe, IOK Cy JUHAMHYKO M JWIEKTPHYHO IIOHALIabke pas-
jallleHu cuMyranyjama koeduirjeHTa camonudysyje U ArenekTpuyHe KOHCTaHTe.

(ITpumiseHo 5. dedpyapa, peBunvpaHo 21. mapTa, npuxsaheHo 16. jyna 2024)
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