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Electrolytes diluted with fluorinated solvents exhibit potential qualities for improved Li-ion battery
performance. Tuning the characteristics and creating novel electrolytes for rechargeable batteries
requires investigating the structure and Li-ion transport. In this study, we investigated the detailed
structure and dynamics of an electrolyte containing lithium hexafluorophosphate (LiPFg) in nonagueous
3,3,3-trifluoropropylene carbonate (TFPC) in a wide range of temperatures (283.15-333.15 K) using clas-
sical molecular dynamics simulations. The analyzed results provide insights into the different microstruc-
tures, such as contact and solvent-separated ion pairs, and the effect of temperature on their existence
in the electrolyte. The potential of mean force calculation shows the relative stability of microstructures
consisting of ions and solvents. The diffusivity and conductivity were calculated to assess the ionic
transport. The electrolyte’s temperature-dependent transport properties and ion-cage dynamics have
significance in understanding the atomistic details of a lithium-ion battery electrolyte. Overall, the
dynamics of the electrolytes are facilitated by the balanced ion—ion and ion-solvent correlations with a
vital contribution from electrostatic interactions. Our results indicate that the formation of microstruc-
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1. Introduction

High energy density and power-based lithium-ion batteries
(LIBs) are critical given the rising need for various battery-
operated devices.'™ By raising the working voltage of LIBs, the
energy density of those devices can be improved. Although high
operational voltage anode and cathode materials have been
available for a while, it is still challenging to discover an
electrolyte that can operate at high voltages.®® Commercially
available carbonate-based electrolytes are widely used in non-
aqueous lithium-ion batteries."®** The high affinity of solvents
with Li-ions and the flammability of carbonate electrolytes limit
the operational ranges of temperature and voltage.'> Moreover,
traditional carbonate-based electrolytes fail beyond 4.4 V due to
parasitic reactions occurring at high voltages and oxidative
decomposition of the cathode surface.'® Hence, developing a
stable electrolyte with an appropriate ionic conductivity and
stability at high voltage is in great demand.
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diffusivity of the Li-ion battery electrolyte.

The additive solvents should have a very high dielectric
constant to dissociate the lithium ions from their respective
anions to achieve a higher ionic conductance. However, these
requirements lead to many detrimental physical and chemical
characteristics, which significantly restrict the performance of
batteries.'””'® Firstly, a higher dielectric constant means a
stronger affinity of the solvent molecules with the Li-ions.
Hence, suppressing the desolvation process on the electrode’s
surface limits the kinetics of lithium-ion intercalation. Sec-
ondly, the stronger binding of the lithium ions with the solvent
decreases the transference. Thirdly, the higher dielectric con-
stant enhances dipole-dipole interaction, increasing the sol-
vent’s freezing point temperature and reducing the electrolyte’s
low-temperature functioning. These features of the non-aqueous
electrolytes create long-term challenges. Thus, this limits the
voltage and temperature window as well as safety.

Fluorinated and nonflammable electrolytes have relatively
higher ionic conductance, and the electrochemical stability
window is wide.'®'°2> However, because of the increased
interactions of the lithium ions with the fluorinated solvents,
these fluorinated electrolytes fail to work below —30 °C
temperature.'® To achieve a wider operating temperature range,
they reduce the interactions between the lithium ions and the
solvents by dissolving the fluorinated electrolyte into the highly
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nonpolar fluorinated solvent, forming a super electrolyte.
As the affinity of the nonpolar solvents with the lithium ions
was much weaker than the fluorinated carbonates with the
lithium ions, the fluorinated electrolyte solvation structure was
maintained in the electrolyte.'” Hence, the fluorinated electro-
lyte enhances its physical properties by keeping the electro-
chemical features. All fluorinated solvents have a higher
chemical and electrochemical stability, improving the electro-
chemical potential window and safety.”” The change in the
solvation structure of the super electrolyte is also expected to
enhance the electrochemical process, charge, and mass trans-
fer. The temperature has dramatic effects on the ionic transport
properties of battery electrolytes. The electrolytes should show
appropriate conductance at low temperatures to achieve the
acceptable performance of a battery. The affinity between the
solvent and the Li-ions was tuned by dissolving the fluorinated
electrolyte into a highly fluorinated nonpolar solvent." Also,
adding to the nonflammability characteristic, their electrolyte
enabled higher electrochemical stability in the range of
0.0-5.6 V and a higher ionic conductivity in the temperature
range of —125 to +70 °C.

The fluorinated electrolyte dramatically improves the safety
of the battery due to its non-flammable nature."® This design,
therefore, represents a promising path for developing safe
lithium batteries with a broad functional temperature range.
Molecular engineering of the structure of electrolytes has
successfully led to the application of 3,3,3-trifluoropropylene
carbonate (TFPC), a fluorinated derivative of a traditionally
used electrolyte, i.e., propylene carbonate (PC), in the next
generation high-energy high-voltage lithium-ion battery.'® The
Li" solvated species intercalates in the graphene layer in propy-
lene carbonate electrolytes, exfoliating the graphitic anode.
In contrast, a TFPC-based electrolyte at lower potentials is
highly compatible with the graphitic anode.'® Also, it shows
excellent oxidation stability on the surface of the charged
cathode electrode due to the -CF; group present in the TFPC
solvent-based electrolyte. Our work uncovers the various
dynamics present in the electrolyte, which may help reach
and discover a modern electrolyte required for modern energy
storage devices. The electrolyte, lithium hexafluorophosphate
electrolyte in TFPC (LiPF¢/TFPC), was studied using molecular
dynamics simulations at different temperatures. The tempera-
tures were directly taken from the experiment for better
comparison.'® Our main objective is to provide insight into
the microstructures present in bulk electrolytes. We under-
stand the dynamics of electrolytes by calculating the MSD,
diffusivity, self-part of the van Hove function, non-Gaussian
parameter, ionic conductivity, and ion-cage lifetime.

2. Computational method

The classical molecular dynamics simulations were performed
using GROMACS 5.0.4.>*>** All-atom optimized potential for
liquid simulation (OPLS-AA) force field®® parameters were used
to define the bonded and nonbonded parameters. Eqn (1)-(7)
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depict the bonded and non-bonded interactions of the ions and
molecules. The total energy of the system is the sum of bonded
and non-bonded energy. The bonded energies are the sum of
individual bond stretch, angle bend and torsion. In eqn (4) and
(5), K: and Ky are force constants of bond and angle, respec-
tively. V and f; in eqn (6) represent the Fourier coefficient and
phase angle, respectively. The 1,4 non-bonded interactions are
presented in eqn (7). ¢ and o are the well depth and Lennard-
Jones radii, respectively.

Eiotal = Evonded T Enonbonded (1)
Ebonded = Ebond + Eangles + Etorsion (2)
Enonbonded = ECoulomb + ELJ (3)

Ebond - Z kr (l’ - rcq)2 (4)

Eanglcs = Z k(9 (0 - OCq)2 (5)

Eiorsion = Z BVU(I +COS<(/’,‘ +J/il)>
+%V1‘,-(1 —COS<2(P1'+J/1'2>> ()
)

+ lVU(I + cos(3<Pi + /i }

2
() -@)]) o

Individual ions were optimized in Gaussian 09%¢ software using
the B3LYP*”*® functional with a 6-311+G(2d,p) basis set. The
atomic charges were assigned to atoms of individual ions/
molecules using the Antechamber package.*® Previous studies
have mentioned that using a charge scaling factor could
improve the system’s dynamics.’*® Therefore, we have used
0.8 e charge scaling for this work. The partial charges of Li" and
PF,~ were scaled to 0.8 e to approximate the influence of charge
transfer and polarizability in the bulk phase. Two hundred ion
pairs of cation (Li*), and anion (PFs ") with nineteen hundred
ninety-one TFPC molecules were packed in a cubic box using
Packmol software.*® The chemical entities used in this study
are presented in Fig. 1. The ESI{ Tables S1-S3 present the non-
bonded parameters used in this study. Firstly, energy minimi-
zation was done using the steepest-descent’” method. Further-
more, a 10 ns simulation within an NVT ensemble was
performed to mix the solvent and ions at a 200 K higher
temperature than the six targeted temperatures. After that,
annealing was performed to cool down the system stepwise.
The temperature was decreased by 20 K in each step, and
cooling was done in 10 steps. The annealing rate is 20 K ns™ ..
All six systems were equilibrated to 283.15, 293.15, 303.15,
313.15, 323.15, and 333.15 K. Then, the simulations within
the NPT ensemble were performed for 40 ns to equilibrate the
volume of the simulation box. The leapfrog algorithm was used
to integrate Newton’s equation of motion with a time step of

2
e
Eronbonded = Z {% + 481'/'

Tij

i
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Fig.1 Chemical entities, (a) lithium cation, (b) hexafluorophosphate
anion, and (c) 3,3,3-trifluoropropylene carbonate (TFPC), used for mole-
cular dynamics simulations.

2 fs. The electrostatic interactions were dealt with using the
particle-mesh Ewald (PME)*® method. We used a short-range
cut-off of 1.3 nm for all the simulations. The pressure and
temperature were controlled during simulation using a Berend-
sen barostat® and a V-rescale thermostat,’® respectively. The
equilibrated average volume of 40 ns was used to calculate the
density, and the corresponding box length was used for sub-
sequent simulations. Furthermore, the system was equilibrated
for 50 ns within the NVT ensemble. Finally, 200 ns NVE
simulations were performed to calculate various properties
related to the structure and dynamics of the electrolytes.

For the calculation of potential mean force (PMF) between
the center of mass of the cation and anion, we performed
constrained molecular dynamics simulations for three tem-
peratures: 283.15, 303.15, and 323.15 K. We simulated a
reduced system of 30 ion pairs and 299 TFPC and randomly
chose two pull groups (one cation and one anion) and varied
the interionic distance between them from 0.2 to 1.5 nm.
A harmonic force constant of 10000 k] mol™* nm > was used.
Multiple windows were used to separate the pull groups by
0.025 nm. Each window was energy minimized and equili-
brated for 50 ns each within the NVT and NPT ensembles.
The weighted histogram analysis method (WHAM), which uses
the bootstrap technique for statistical error estimation, was
used to calculate PMF from the constrained MD simulations.**
For the calculation of ionic conductivity, small trajectories of
1 ns were generated for each temperature by integrating equations
of motion at 1 fs and saving the trajectory at every step.

3. Results and discussion
3.1. Force field validation and structural analysis

Initially, we performed NPT simulations for 40 ns to obtain
the density from the equilibrated volume. We calculated the
density of the LiPF¢/TFPC electrolyte at six different tempera-
tures and the density of pure TFPC solvent at 298.15 K to
validate the force field parameters. Densities decrease with an
increase in simulation temperature. The decrease in density is
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Table1 The calculated simulation box length, corresponding density and
concentration of the electrolyte, LiPFg in TFPC, at different temperatures

Temperature Box length Calc. density Calc.
(K] [nm)] [kg m™? concentration [M]
283.15 7.12 1570 0.922
293.15 7.14 1560 0.912
303.15 7.16 1540 0.904
313.15 7.19 1530 0.893
323.15 7.21 1510 0.886
333.15 7.23 1500 0.878

due to the inefficient packing with increasing temperature.
The densities of the electrolyte at different temperatures are
presented in Table 1. The calculated density of TFPC solvent is
1484.94 4+ 0.17 kg m >, which is in good agreement with the
experimental density of 1554 kg m™> with 4.45% deviation.*

The structural properties were analyzed by studying the
radial distribution function (RDF) and spatial distribution
function (SDF) using the NVE simulation trajectory. The elec-
trolyte structure was investigated by calculating the center of
the mass (COM) RDF and coordination number, which are
shown in Fig. 2 and 3. Eqn (8) represents the RDF, where r is the
distance from the reference particle. () and bulk are the local
density and bulk density of the observed particle, respectively.
Integrating the COM RDF, we obtained the coordination
number (eqn (9)).

P
g(r) =—— 8
") Pbulk (®)
CN = NI() = [ elr)ppupdnrdr )
0

The COM RDF of the Li'-PFs~, Li'~TFPC, and PFs -TFPC
pairs shows the first minima at 0.47, 0.8, and 0.75 nm, respec-
tively (Fig. 2). A sharp and intense peak was observed for Li‘-
TFPC at 0.51 nm, indicating their utmost interactions. With the
increase in temperature, the peak height of the Li'-TFPC COM
RDF decreases (Fig. S1(b), ESIT), showing the change in the
solvation structure of Li'-TFPC at higher temperatures. The
first peak positions of Li'~PFs~ and Li'-TFPC are different. The
Li'-PF¢ ‘s first peak is observed at 0.36 nm, while Li'~TFPC’s
first peak is observed at 0.51 nm, indicating that PFs~ ions
appear closer to Li" than TFPC’s. The first peak height of Li‘-
PF,~ RDF increases with an increase in temperature; however,
the 2nd peak height decreases - this indicates that anions in
the second solvation shell come into the first solvation
shell with an increase in temperature. At higher temperatures
(303-333 K), a peak between 0.2-0.4 nm is observed for Li'-
PF¢~ as more anions stay in the first solvation shell. To under-
stand the anion solvent interaction, we are looking into
the PFs -TFPC RDF (Fig. 2(c)). Sharp peaks were observed for
PFs -TFPC for different temperatures; however, the peak
heights are less compared to Li'-TFPC, indicating less PFs -
TFPC interaction than Li*™-TFPC.
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Fig. 2 The centre of mass radial distribution functions of (a) Li*—PF¢~, (b) Li*~TFPC, and (c) PFg~=TFPC pairs, and the dashed line shows the number

integrals of the same at six different temperatures.

R N L L
- (2) Li"-PF, .
0.16 - ~
z
0.08 |- ~
ooal L1 1 1 1 1|
7283 293 303 313 323 333
12.4
o T T T T 1
(®) Li"-TFPC .
122 ~
g 121 -
1.8} —
el Ll 1 1 1 1 1

283 293 303 313 323 333
Temperature [K]

Fig. 3 Co-ordination number of (a) Li*-~COM(PFs") and (b) Li*—

COM(TFPC).

In the case of the Li'-PF,~ RDF, the first peak (g(r) > 1) is
observed at 0.36 nm at higher temperatures. The g(r) being less
than one at a lower temperature indicates the very low prob-
ability of finding PFs at 0.36 nm. The first peak at 0.36 nm is
due to the formation of a contact ion pair (CIP).*>** Another
peak is observed at 0.95 nm for all the temperatures, indicating
the formation of solvent-separated ion pairs (SSIPs).*>*® The
ion cluster analysis section presents the details of SSIP for-
mation and other configurations.

Furthermore, to support the outcomes of RDF analysis, we
calculated the coordination number (CN) of the anion and
solvent around the cation in its 1st solvation shell. The cutoff

This journal is © the Owner Societies 2025

for solvation was taken from the 1st minimum of RDF. Eqn (9)
represents the CN. Fig. 3 shows the CN of the anion and solvent
around the cation at different temperatures.

With the increase in temperature, the anion coordination
number increases. But, the opposite was observed in the case
of Li'-TFPC. TFPC CN decreases with temperature. As the
temperature increases, the Li'~TFPC solvation environment is
disturbed, and anions come closer to the cation solvation
environment. Anion CN is less compared to TFPC CN with a
cation. Higher coordination is due to higher interaction
between the electron-rich oxygen atom of the TFPC solvent
and the electron-deficient Li-ion. The coordination number of
Li'-PFs~ is much less (<1) at all temperatures. The previous
studies showed the lower CN (<1) for Li'-PF,_ in the propylene
carbonate (PC)-based electrolytes at 1 M concentration.*”™>°
The TFPC solvates the cation, and the TFPC-Li" interaction
hinders the Li*-PF,~ interaction.

To analyze the correlation in three dimensions, the spatial
distribution functions (SDFs) of Li" around TFPC were calcu-
lated and are shown in Fig. 4. The distribution of Li* is mainly
present around the oxygen atoms, as the oxygen atom tends
to attract the positively charged ion. Also, the distribution
became less dense as particles gain energy with increasing
temperature.

3.2. Ion cluster analysis

Apart from the Li'-TFPC interaction, the Li'-PF,~ RDF has
two peaks, the first at <0.47 nm and a second peak between
0.47-1.17 nm. The first peak is due to the direct contact of PFs
with Li", which is also known as contact ion pair (CIP) for-
mation. The second peak is due to the interaction of PFs~ with
the solvated Li* (SOLI). The interaction of solvated Li* with PFg~
forms a solvent-separated ion pair (SSIP). The cation will form
CIP if the anion is within 0.47 nm of the cation. For SSIP
formation, the anion will be separated from Li" by solvent and
stays between 0.8 and 1.5 nm from the cation. When the cation
is only in contact with solvents within 0.8 nm, SOLI will be
formed. The examples of CIP, SOLI, and SSIP extracted from the
trajectory are presented in Fig. 5. Furthermore, we have calcu-
lated the percentage of Li* forming different configurations in
the electrolyte, as presented in Fig. 5(a). At 283.15 K, 6.59%
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Fig. 4 A particular configuration of Li-ion interactions with TFPC is shown
in the upper panel. The spatial distribution functions of Li* around TFPC at

various temperatures are shown in the lower panel. The isosurface density

value is 1.5 pm™—>.

of Li" is part of CIP, and 93.17% of Li* forms SSIP. With the
increase in temperature, the percentage of Li" forming of CIP
increases to 14.36%, and SSIP decreases to 85.35% at 333.15 K.
The rise in CIP percentage at higher temperatures indicates
that anions are coming closer to the cation by disturbing the
solvation environment of the cation at higher temperatures.
Apart from SSIP and CIP, solvated Li* (SOLI) is also present, less
than 0.3% at all temperatures.

3.3. Thermodynamics of the microstructures

The ion dynamics in electrolytes depend on the formation and
the thermodynamic stability of microstructures such as CIP
and SSIP. The thermodynamic stability can be accessed
through PMF (W(r)), as shown in eqn (10), which is calculated

@ —333.15
£323.15 |
g
2313.15
<
S 303.15
o
5293.15 |
& 283.15

0 20 40 60 80 100

283.15 293.15 303.15 313.15 323.15 333.15 “ ©
m%SSIP 9317 91.94 90.51 89 86.95 85.35

u % CIP 6.59 7.8 9.2 10.73 12.77 1436
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by integrating the mean force between the pull groups.
W(r)=—| AF(r)dr+2KsTIn_, (10)
Jry ro
W, TH+AT) - W(r,T —AT)
AS(r) = AT (11)
AH(r) = W(r,t) + TAS(r) (12)

Here, AF is the mean force between the cation and anion pairs,

ro. . . .
2KgT In— is added to consider the rotational motion of solute
ro

particles. AS(r), and AH(r) are the entropic and enthalpic
contributions to the PMF. W(r,T + AT) is the PMF at £+ 20 K
from the reference temperature of 303.15 K. The histogram
shows the optimum overlap of adjacent windows, as presented
in Fig. S1 of the ESL Fig. 6(a) shows the PMF between Li'-PFg~
at three temperatures. The first minimum is observed at
0.36 nm due to CIP formation. The first minimum is followed
by a transition state, and the second minimum is formed at
0.95 nm, which is due to the formation of SSIP. The energy
levels of the second minimum are lower compared to the first
minimum, which implies that the SSIP is more stable than the
CIP. At higher temperatures, CIP shows lower energy, but a
reverse scenario is observed at SSIP. To understand the thermo-
dynamic contribution to the formation of CIP and SSIP,
we calculated the AH(r), —TAS(r) for each interionic distance.
The finite temperature difference method was used to calculate
the entropy contribution at the interionic distance presented in
eqn (11),>'* where AS(r) is the entropy contribution at inter-
ionic distance, W(r,t) is the PMF at temperature T, and AT is the
temperature difference. Furthermore, eqn (12) was used to
calculate the enthalpy contribution (AH(r)). Fig. 6(b) shows
the thermodynamics of the association and solvation of
the Li*-PF,~ ion pair. At CIP (0.36 nm), it is stabilized by the
enthalpy and destabilized by entropy. However, SSIP (0.95 nm)
is stabilized by entropy.

% 09 ° &k ;:ﬁ?x .
cIp SSIP ¢ ?«}f SOLI

00000

H O P F L

Fig. 5 (a) Percentage of Li* forming different microstructures present in the bulk electrolyte at various temperatures, (b) example of contact ion pair
(CIP), (c) solvent separated ion pair (SSIP), and (d) example of solvated Li* (SOLI).
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namic contribution as a function of distance at 303.15 K.

3.4. Transport properties

Transport properties like diffusion coefficient and ionic con-
ductivities were calculated using the NVE simulation trajectory.
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The movement of particles leads us to different aspects of
dynamics in the system that contribute to the transport proper-
ties. Ionic diffusion refers to the electrostatic interaction due to
the diffusion of charged particles. Mean square displacement
(MSD) was used to calculate the ionic diffusion of the particles
present in the system using eqn (13). Here, r,(¢t) and, r{0) are the
positions of the ith particle at time ¢ and zero, respectively. N is
the number of ion pairs.

(13)

The semilog plots of MSD of Li*, PF~, and TFPC are shown
in Fig. 7. The MSD plot of Li" differs from PFs and TFPC
solvent; PF,~ and TFPC solvent show similar diffusion and are
higher than that of the cation, ie., Li'. The lower diffusion of
Li" compared to PF,~ and TFPC solvent can be attributed to the
strongly correlated motion of Li* with the PFs~ ion and TFPC
solvent. The oxygen and fluorine atoms in the TFPC molecule
interact electrostatically with the Li'-ion, disrupting its free
motion and decreasing its MSD. Also, with an increase in
temperature, diffusion increases due to a gain in kinetic energy,
thus starting to move faster, thereby increasing their transport
properties. On the other hand, the MSD of the PF,~ anion is
higher than that of Li". Therefore, the Li-ion interacts electro-
statically with both the anion and the solvent very strongly, but
PF,~ interacts statistically only with Li"; hence, its connected
interaction is relatively suppressed, increasing its diffusion
property. The diffusion coefficients were obtained from appro-
priately selected diffusive regions from the entire simulation
trajectory for each temperature. For capturing diffusive regions,

100 = (a) Li* 100 = (b) PFg" 100 3 (c) TFPC
i L i /'/
s F E E
Q = L L
E I 283.15K
— 293.15K ‘
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Fig. 7 Semi-log plot of MSDs (a)-(c) and corresponding values of 8 (d)—(f). The unshaded parts, the diffusive regions of the trajectories, were used to
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calculate the transport properties of the electrolytes.
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Table 2 Diffusion coefficients [x107 m? s71] of entities

Temperature [K] 283.15 293.15 303.15 313.15 323.15 333.15
Li-ion 0.65 1.04 1.65 3.42 4.85 6.08
PF¢ anion 1.2 2.02 2.77 5.82 8.55 11.52
TFPC 1.34 2.27 3.12 6.29 9.12 12.53

the f value from MSD was calculated, as shown in eqn (14).

_ dIn(MSD)

B = i (14

When f is close to one, particles reach the diffusive regime. The
f plot is represented in the lower panels of Fig. 7, and shaded
parts represent the region where f is close to one (45-135 ns).
We calculated the diffusion coefficient of Li*, PFs~, and TFPC
in the diffusive regions (45-135 ns). The diffusion coefficient
of TFPC is the highest, followed by PFs~ and Li'-ions. The
diffusion coefficient was calculated from MSD by fitting the
diffusive region using the following eqn (15).

(15)

The diffusion coefficients of the ions and solvent are given
in Table 2. The self-diffusion coefficient follows the same trend
as the MSD. The cation diffusion is the lowest, and it increases
with increasing temperature. TFPC diffuses faster than Li* and
PF¢ , and its diffusivity increases with increasing temperature.
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3.5. Microheterogeneity in dynamics

To understand the distribution of displacements of entities, we
calculated the self-part of the van Hove function®* (eqn (16)) of
the cation and anion for three different temperatures and six
different time intervals, presented in Fig. 8.

N

Gs(r,0) = 4 S0~ () ~FO)),  (16)

i=1

where, Gs(r,t) indicates the probability of an ion that has moved
a certain distance r within the time ¢. The self part of the van
Hove function is the spatial Fourier transform of experimen-
tally accessible incoherent intermediate scattering function,
Fs(g,t). For the homogeneous dynamics, Gg(r,t) follows
the Gaussian approximation®>*® in eqn (17), where r(¢) is the
displacement of the ion.

Golr 1) = (M)ixp(zi;(z[») (47)

The deviation from the Gaussian approximation shows hetero-
geneous dynamics, which can be quantified by calculating the
non-Gaussian parameter®”*® (x(¢)), as shown in eqn (18), where
r(t) is the displacement of the ion.

(18)

Panels (a)-(c) in Fig. 8 show the van Hove function of Li" at
283.15, 303.15, and 333.15 K, respectively. Sharp peaks are
observed at shorter time intervals, and at longer time intervals,
the peak shifts towards the right and becomes broader. No humps
after the first peak shows the absence of an ion-hopping
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Fig. 8 Panels (a), (b) and (c) show the van Hove function of Li* at 283.15, 303.15, and 323.15 K, respectively; (d), (e) and (f) show the van Hove function of
PFs™ at 283.15, 303.15 and 323.15 K, respectively, for six different time intervals.
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Fig. 9 Non-Gaussian parameter o(t) of (a) Li* and (b) PFg~ at six different
temperatures.

mechanism. So, the ions follow a diffusive mechanism. For
PFs, the shorter time interval showed humps after the first
peak at 283.15 and 303.15 K, indicating the hopping mecha-
nism. However, at a longer time, PF,~ also followed a diffusive
mechanism.

Fig. 9 shows the non-Gaussian parameter for cations and
anions at six different temperatures to understand the hetero-
geneous behavior in their dynamics. The values of «(t) for the
cation are higher than those of the anion at any given tempera-
ture, indicating higher dynamics in heterogeneity. At higher
temperatures, cations attain a zero value of «(¢) at around 30 ns,
marking the start of a diffusive region. For lower temperatures,
the «(f) does not attain zero at infinite time, showing that the
ions are still in their sub-diffusive region.

3.7. Ionic conductivities

A fundamental study of ionic motion is needed to investigate
the correlated and uncorrelated motions of ions and solvents in
electrolytes. Uncorrelated ionic conductivity assumes that par-
ticles’ diffusion is independent of the surroundings, whereas
correlated ionic conductivity considers correlations of neigh-
boring ions. The correlated motion of cations and anions
significantly decreases the ionic conductivity. Experimentally,
uncorrelated ionic conductivity is calculated by the pulse-field
gradient spin-echo NMR technique®® and correlated ionic

This journal is © the Owner Societies 2025
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Fig. 10 CACFs at various temperatures.

conductivity can be calculated by a conductivity meter. The
current-current autocorrelation function (CACF) was used to
calculate the correlated ionic conductivity and proved to pro-
vide the ionic conductivity with reasonable accuracy.’®®! This
method is based on the Green-Kubo®*®® relation, with J as the
electrical current vector:

o= ﬁfu(m +1) - I (19))de (19)

J is, in turn, obtained as the product of ionic charge (g) and
velocity (v) over all N species, Kg is Boltzmann constant, T is
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Fig. 11 (a) Conductivity and (b) lifetimes and relaxation times of the ion-
cage with the variation of temperature.
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temperature and V is volume.
N
J = Z qivi (20)
i=1

Appropriate ionic conductivity values can be obtained by
integrating the current-current autocorrelation function. The
CACFs for all the temperatures are shown in Fig. 10.

The values of ionic conductivities calculated from CACF are
in good agreement with experimental values at lower tempera-
tures, but deviated at higher temperatures."® The cutoff used
for the integration of CACF is 1 ps. The comparison of the
experimental and correlated conductivities at six different
temperatures is shown in the top panel of Fig. 11(a).'® Further-
more, to understand the temperature dependency on the ionic
conductivity, we applied the Arrhenius formulation.**

—FE
6 = 6 exp (kB ;) (21)
eqn (21) can also be written as eqn (22).
—E
Ino =Ingy + (kB;) (22)

Eqn (22) resembles the equation of a straight line with a slope
of (—E./Kg). 0, is the pre-exponential factor. The activation
energy of ionic conductivity can be derived from the slope.
We have plotted the graph between Ing vs. (1/T) presented in
the inset of Fig. 11(a). The linear regression fitting to the plot
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produces the parameters of a straight line (Inoc = 9.55 —
(2483.04/T)). From the slope, the calculated activation energy
of ionic transport is 20.64 kJ mol .

3.8. Ion-cage dynamics and correlation with conductivity

The calculation of ion-cage dynamics®>®® was performed with

the help of dimer autocorrelation functions, which are similar
to the previous studies reported by Mallik and Chandra®”°® for
hydrogen-bond dynamics. Ion-cage dynamics are identical to
H-bond dynamics, which are the interactions of different
moieties within a certain cutoff distance. These cutoff distances
are taken from the 1st minimum of the COM RDF. We defined
the population variable as f8;, which is 1 for the moieties (ions
and solvent) to be continuously in closest contact with one
another; otherwise, it is zero. Eqn (23) describes the dimer
autocorrelation function (DACF).

DACF(t) = N - <ZT Bi(t41) -ﬂy-(t)i,j> (23)
=0

N represents the number of possible ion pairs within a given
distance, T is the time, ¢ is the initial time and t is the increase
in time. The term inside the parentheses represents the overall
cation-anion and cation-solvent pairs. In this work, we have
calculated both the continuous and intermittent autocorrela-
tion functions for anion and solvent moieties with cations to
study their existence as ion-cages. Continuous and intermittent
autocorrelation functions are presented as Sic(f) and Cy(t),
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Fig. 12 Continuous ion-cage auto correlation functions of (a) Li*—=COM(PFs ") and (b) Li*—~COM(TFPC); intermittent ion-cage autocorrelation functions
(c) Li*—=COM(PF¢™) and (d) Li*—COM(TFPC) at six different temperatures. The solid lines show the fitting data.
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Fig. 13 The correlation of conductivity vs. ion-cage lifetime of Lit-
COM(PF¢™) and Li*—COM(TFPC).

respectively. The continuous autocorrelation function (Sic(¢))
indicates the existence of two moieties as closest neighbors
until time ¢. We calculated the average ion-cage lifetime by
stretched exponential fitting of the autocorrelation function.
Eqn (24) shows the stretched exponential fitting and z, repre-
sents the ion-cage lifetime, and f is the stretching exponent.

R(f) = A x exp ( (Ti) ﬁ) (24)

On the other hand, the intermittent autocorrelation func-
tion (Cic(t)) doesn’t depend on the continuous presence of the
nearest neighbor; it is unrestrained by the possible cleavage of
the ion cage. The ion-cage relaxation time was calculated by the
stretched exponential fitting of the intermittent autocorrelation
function. The autocorrelation functions for Li*-PF,~ and Li*-
TFPC are shown in Fig. 12. The ion-cage lifetime and relaxation
time are presented in Fig. 11(b). We observe that all the ion-
cage lifetimes are smaller than the ion-cage relaxation time
because the continuous correlation function depends on the
first breaking of the ion-cage, but intermittent allows for the
breaking and reforming of the ion-cage. The lifetimes of ion-
cage formation for cation-solvent are more than that of cation-
anion; this signifies that Li-ion coordinates to the solvent
rather than the counter anion in the electrolyte system.
As temperature increases, the mobility of ions gets faster, so
there is less chance of ion-cage formation, which can be
concluded from the ion-cage lifetime data.

Furthermore, to understand the correlation between ion
transport properties and ion-cage lifetime,*® we have plotted
the graph between ionic conductivity and intermittent ion-cage
lifetime as presented in Fig. 13. With the increase in ionic
conductivity, the lifetime of the Li'-PFs~ and Li'-TFPC pair
decreases; however, the dependency is not linear. So, we have
fitted the relation between ionic conductivity and lifetime with
a polynomial equation fit (y = Ao + A; X x + A, x x7).
We obtained the correlation coefficients of 0.9863 and 0.9859
for Li'-PFs~ and Li'-TFPC, respectively. To achieve higher
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conductivity, ions must cleave the formed ion-cages in the
electrolyte due to various interactions. A decrease in lifetime
indicates less interaction between ion-ion and ion-solvent
species, which results in higher ionic conductivity.

4. Conclusions

The performance and safety of a battery mainly depend on the
type of electrolytes and their solvation structure. In this piece of
work, we thoroughly investigated the temperature-dependent
solvation structure and dynamics properties. Structural and
transport properties were explored using molecular dynamics
simulations at six different temperatures. The electrolyte struc-
ture was investigated by calculating the center of mass radial
distribution function and coordination number. Due to elec-
trostatic interactions, a good correlation exists between Li‘-
TFPC and Li'-PF, . The Li"-PFs~ CN is much lower compared
to Li'-TFPC due to the formation of SSIP; anions do not stay in
the first solvation shell of the cations. Three types of associa-
tion are observed for the cation present in the electrolyte: CIP,
SSIP, and SOLI. The ion cluster analysis shows that the percen-
tage of Li* forming CIP is lower and SSIP is higher at all the
temperatures. With the increase in temperature, CIP formation
increases; on the other hand, SSIP formation decreases. The
spatial distribution of Li is mainly present around the oxygen
atom, which tends to attract the positively charged Li atom. The
PMF calculation shows the stability of CIP and SSIP. For CIP,
the enthalpy contribution stabilizes, and entropy destabilizes,
but for SSIP, entropy stabilizes.

PF¢~ and TFPC show similar diffusion, but higher than the
cation. The lower diffusion of Li* compared to PFs~ and TFPC
solvent is attributed to the strongly correlated motion of Li"
with the PFs~ ion and TFPC solvent. The self part of van Hove’s
function calculation indicates the diffusive mechanism of ion
transport for both the cation and anion. The calculation of non-
Gaussian parameters shows the heterogeneous dynamics for
both the cation and anion. The ionic conductivities calculated
from CACF are in agreement with the experiments. The lifetime of
ion-cage formation is longer for cation-TFPC compared to that of
cation-PFs~ and the relationship between the ion-cage lifetime
and conductivity is established; moreover, the value of lifetime
decreases with increased conductivity. We conducted a compre-
hensive set of analyses to gain deeper insights into the structural
and dynamic properties of the electrolyte. These investigations
include evaluations of ion coordination, solvation structure, ion-
pairing behaviour, diffusivity and other key microscopic features
that govern electrolyte performance. The results presented in this
study provide a valuable atomistic-level understanding that can aid
in developing electrolytes. Ultimately, these insights can contribute
to the design of advanced electrolyte systems for improved battery
performance.
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