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ABSTRACT
Salt-concentrated electrolytes are emerging as promising electrolytes for advanced lithium ion batteries (LIBs) that can offer high energy
density and improved cycle life. To further improve these electrolytes, it is essential to understand their inherent behavior at various oper-
ating conditions of LIBs. Molecular dynamics (MD) simulations are extensively used to study various properties of electrolytes and explain
the associated molecular-level phenomena. In this study, we use classical MD simulations to probe the properties of the concentrated elec-
trolyte solution of 3 mol/kg lithium hexafluorophosphate (LiPF6) salt in the propylene carbonate solvent at various temperatures ranging
from 298 to 378 K. Our results reveal that the properties such as ionic diffusivity and molar conductivity of a concentrated electrolyte are
more sensitive to temperature compared to that of dilute electrolytes. The residence time analysis shows that temperature affects the Li+

ion solvation shell dynamics significantly. The effect of temperature on the transport and dynamic properties needs to be accounted care-
fully while designing better thermal management systems for batteries made with concentrated electrolytes to garner the advantages of these
electrolytes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049259

I. INTRODUCTION

Lithium ion batteries (LIBs) continue to dominate the mar-
ket of portable electronic devices since their commercialization
three decades ago.1 The high energy density and long cycle life
of LIBs make them an indispensable part of modern society. LIBs
are now emerging as energy storage systems for electric vehicles2,3

and electric grids integrated with renewable energy sources (e.g.,
solar energy),4 thus contributing toward a sustainable energy
ecosystem. The increase in demand for batteries of higher energy
density and enhanced cycle life calls for the research and develop-
ment of novel methodologies and chemistries that enable advanced
LIBs and beyond lithium ion battery technologies.

Despite their garnered success, LIBs are susceptible to certain
safety issues such as short circuits,5,6 release of flammable and toxic
gases,7,8 and thermal runaway of batteries.9–13 It can be attributed
to overheating and overcharging of the batteries and highly volatile
nature of the electrolyte.14 The side reactions between the elec-
trolyte and the electrodes result in consumption of active mate-
rials, which in turn leads to the capacity fade of the battery.15,16

Commercial LIBs, typically, use an electrolyte of 1M solution of
lithium-hexafluorophosphate (LiPF6) salt in a mixture of cyclic

and linear polar organic solvents such as ethylene carbonate (EC),
dimethyl carbonate (DMC), and ethyl methyl carbonate (EMC).17–19

The salt concentration (i.e., 1M) and composition of the solvent
mixture (i.e., proportion of solvent and co-solvents) in the con-
ventional electrolytes are chosen to maximize the ionic conduc-
tivity, which defines the power performance of the battery.20,21

Though the EC-based electrolytes offer higher ionic conductivity
(11–15 mS/cm) and wide potential window (3–4.5 V), most of
the issues faced by current generation LIBs are attributed to
the electrolyte.14,20 Concerned with this, researchers worldwide
are endeavoring to develop novel electrolyte materials that can
address various issues associated with EC based electrolytes. For
instance, room temperature ionic liquids (RTILs),22 solid-state inor-
ganic electrolytes,23 polymer electrolytes,24 aqueous electrolytes,25

and salt-concentrated organic electrolytes26 are being proposed
as alternatives to the conventional 1M organic carbonate-based
electrolytes.

In recent years, owing to their ability to offer better thermal and
reactive stabilities, the concentrated electrolytes are widely tested
in the LIBs.27,28 These electrolytes have been shown to enable the
formation of a stable and uniform solid-electrolyte-interface (SEI),
resulting in long cycle life of batteries. For example, the LIB made
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of the concentrated propylene carbonate (PC) based electrolyte
(2.5 mol/kg LiPF6 salt in PC) is shown to offer better cycling
performance.29 Besides offering better cycle life, the concentrated
electrolytes have less corrosion of Al current collectors even at high
potentials.30,31 Several studies highlight fast charging and enhanced
charge/discharge cycles of batteries that use super-concentrated Li
electrolytes of organic solvents.32,33 The concentrated electrolytes
are also proposed to be potential candidates for high energy density
Li-metal (Li–O2 and Li–S) batteries. It was shown that Li-salt
concentrated electrolytes enable better cycling34–36 with increased
Coulombic efficiency and reduce the formation of dendrites that
result in short-circuits37 and other safety issues with Li metal
batteries.29–31,38–40 In spite of these advantages, the application of
the concentrated electrolytes is limited by their lower ionic conduc-
tivity and higher viscosity.41 The ionic conductivity of electrolyte
impacts the internal resistance and rate capability of batteries.31,41,42

Identification of co-solvents that reduce the overall viscosity of the
electrolyte and novel solvents offering various required properties
that help reaping the benefits of the concentrated electrolytes is an
active research today.

The improved cycling performance shown by the LIBs made of
concentrated PC based electrolytes40,43–45 leads to renewed interest
in the PC as the electrolytic solvent. Owing to its properties such
as high dielectric constant (ε ≈ 65),46 wide operating temperature
limit (MP: −49 ○C, BP: 240 ○C), and wide electrochemical stability
window, PC was the preferred choice of solvent in the first genera-
tion LIBs.47However, co-intercalation of PC along with Li+ ions into
the graphite electrode and consequent disruption of the electrode
led to poor cycle life of the batteries.47,48 The increased reduction
of the anion and alleviation of solvent co-intercalation lead to better
cycle life of batteries made of concentrated PC based electrolytes.38,49

The reduced co-intercalation of PC is attributed to the change in
the solvation structure of Li+ ions.29,31,50 Molecular dynamics (MD)
and quantum mechanics (QM) simulation studies played an impor-
tant role in understanding the variation in the solvation structure of
the ions and the dynamic behavior of the electrolyte with salt con-
centration, cation transport, and diffusion mechanisms within bulk
electrolyte systems.51–56

The conventional LIBs are found to operate optimally in the
temperature range of 15–35 ○C and typically operate at temperatures
up to 60 ○C.57–59 However, it is to be noted that the fast charging
and operation of LIBs result in generation of heat causing a signif-
icant rise in temperature,60 which can affect the dynamic behavior
and various properties of the electrolytes. The ionic conductivity of
the electrolyte is significantly affected by the variations in temper-
ature depending upon the age of the battery, especially at elevated
temperatures.57,58,61 The impact of temperature on various prop-
erties of widely used 1M lithium electrolytes is well studied.54,62

However, such studies are limited for the electrolytes of higher
concentration (e.g., c ≈ 3M), which are now considered to be the
candidate electrolytes for safer and durable LIBs and beyond lithium
ion battery technologies.45 The study of the effect of tempera-
ture on various properties of the concentrated electrolytes such as
conductivity and viscosity helps one to tailor them to offer better
performance over a range of temperatures and design thermal
management systems such as active/passive cooling systems for
battery packs. In the present work, we simulate the PC–LiPF6
electrolyte of concentration c = 3 mol/kg at various temperatures

ranging from T = 298 to 378 K using molecular dynamics (MD)
simulations to study the bulk behavior of the electrolyte. We further
compare and contrast the results with that of the dilute electrolyte of
concentration, c = 0.5 mol/kg.

II. SIMULATION METHODOLOGY
Classical molecular dynamics simulations are carried out

to study the temperature-altered behavior of the concentrated
PC–LiPF6 electrolyte. The inter- and intra-molecular interactions
are modeled using the class II force field. The CFF93 parameters
reported by Sun et al.63 are used to enable the bonded interactions
of the PC solvent. The parameters reported by Sharma and Ghorai64

are used for the bonded interactions of PF−6 ions. The Lennard-Jones
(LJ) parameters and partial atomic charges for PC and LiPF6 are
taken from the studies of Soetens, Millot, and Maigret,65 Jorn et al.,66

and Sharma and Ghorai,64 respectively. Refer to Tables S1–S8 of the
supplementary material for further details.

We simulate PC–LiPF6 electrolytes of two different salt con-
centrations (c = 0.5 and 3 mol/kg) at various temperatures rang-
ing from 298 to 378 K. The simulated systems consist of 196 PC
solvent molecules. The electrolyte of concentration c = 3 mol/kg
consists of 60 salt molecules, and the electrolyte of concentration
c = 0.5 mol/kg consists of 10 salt molecules.53 These molecules
are packed randomly into a cubic box of size 40 × 40 × 40 Å3

using PACKMOL.67 Refer to Table S9 of the supplementary
material for details of equilibrium density, molarity, and volume of
the simulation boxes for the electrolytes at various temperatures.

Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)68 is used to perform MD simulations. Short-range LJ
interactions are truncated at 12 Å. The geometric mixing rule is
used to compute the parameters for the LJ interactions between two
different atoms. Long-range electrostatic interactions are computed
using the Particle–Particle Particle–Mesh (PPPM) method.69 Peri-
odic boundary conditions are applied along all three directions to
mimic bulk solution. An integration time step of 1 fs is used.

First, each simulation system is energy minimized using the
conjugate gradient algorithm. This is followed by equilibration
in the NPT ensemble at a pressure of p = 1 atm and a high tem-
perature of T = 398 K for 1 ns. After this, the systems are further
equilibrated in NPT and NVT ensembles for 1 ns each at the desired
temperature. The prescribed temperature and pressure of 1 atm
are maintained using the Nosé–Hoover thermostat (time
constant—0.1 ps) and Nosé–Hoover barostat (time constant—1 ps),
respectively.70,71 The systems are finally simulated in the NVE
ensemble for sufficiently long (i.e., at least 4 ns) such that the
systems attain their equilibrium (see Fig. S2 of the supplementary
material). We compare the radial distribution functions (RDFs)
obtained from different time frames. The time invariance of RDFs
is used as a criterion to verify the attainment of equilibrium. An
electrolyte of c = 3 mol/kg is run for a longer time for systems
simulated at lower temperatures (T = 298 K to T = 328 K) to
achieve equilibration. The equilibrated systems are simulated for a
production run of 50 ns in the case of c = 0.5 mol/kg electrolytes and
60 ns for the electrolytes of c = 3 mol/kg. The equilibrated systems
are also utilized to find the viscosity of various electrolytes using the
periodic perturbation method.72 The trajectories of various atoms
are recorded at every 1 ps during the production (NVE) run and
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are post-processed to obtain various properties. The average values
computed from at least five independent runs are presented in
Sec. III.

III. RESULTS AND DISCUSSION
A. Transport properties

We analyze the transport properties of the electrolytes such as
self-diffusivity of the ions, cationic transference number, and molar
conductivity at various temperatures to understand the impact of
temperature on the behavior of concentrated electrolytes.

1. Diffusivity
The self-diffusion coefficient D of an ion (or a molecule) can

be computed from its mean-square displacement (MSD) using the
Einstein relation,73

D = 1
6

lim
t→∞

d
dt
⟨[r(t) − r(0)]2⟩, (1)

where r(t) is position of the ion at time t and ⟨ ⟩ represents ensem-
ble averaging of MSD. We fit a linear function to the MSD data
in the long-time limit to obtain D. Refer to Figs. S3 and S4 of the
supplementary material for further details.

In Fig. 1, we show the diffusivity of Li+ and PF−6 ions in the
electrolyte of concentration c = 3 mol/kg at various temperatures
(T) ranging from T = 298 K [i.e., (1000/T) ≈ 3.35 K−1] to 378 K
[i.e., (1000/T) ≈ 2.65 K−1]. It is to be noted that D of PF−6 shown
in Fig. 1 is obtained from MSD of P (i.e., central atom of the PF−6
ion).74 Figure 1 also shows D of the ions in the dilute electrolyte
of c = 0.5 mol/kg for the same temperature range. It shows good
agreement with the literature.75 In addition, the comparison data
shown in Table S10 of the supplementary material suggests that
the simulation systems considered are appropriate. At any given
temperature, D of ions in the electrolyte of c = 3 mol/kg is

FIG. 1. Effect of temperature on diffusivity of ions. The diffusivity of Li+ (circles) and
PF−6 (squares) ions is plotted as a function of 1000/T for electrolytes of salt con-
centrations c = 0.5 and 3 mol/kg. D of ions increases exponentially with increasing
temperature. The solid lines show the Arrhenius fits [i.e., Eq. (2)] to the data. The
open symbols (DLi—circle and DPF6 —square) denote the values simulated in the
literature for c = 0.569M by Takeuchi et al.75

TABLE I. Arrhenius activation energy Ea (kcal/mol) for Li+ and PF−6 ions for systems
described in Fig. 1.

Salt concentration
(mol/kg) Li+ PF−6

0.5 5.82 5.74
3.0 12.07 11.74

lower (about 100 times at high temperatures) compared to that of
the dilute electrolyte. The reduction in ion diffusivities at higher
concentration can be attributed to the higher viscosity of the concen-
trated electrolytes (see Fig. 3), which hinders the diffusive motion of
ions.76

As shown in Fig. 1, the temperature significantly impacts the
diffusivity of both the ions, independent of the concentration of
the electrolyte. We also observe that for both concentrations, dif-
fusivity increases exponentially with temperature, which can be
approximated using the Arrhenius relation,

ln D(T) = ln D∞ −
Ea

kBT
, (2)

where D∞ is the limiting value of D, Ea is the activation energy,
and kB is the Boltzmann constant. Equation (2) suggests that the
increase in temperature or decrease in Ea results in faster diffusion.
We calculate Ea for both the ions by fitting the data presented in
Fig. 1 to Eq. (2). The resulting values are reported in Table I. For a
given concentration, Ea is nearly the same for both the ions. How-
ever, a change in concentration from c = 0.5 to 3 mol/kg leads to
approximate doubling of the activation energy. It means that the
ionic diffusivity in concentrated electrolytes shows stronger depen-
dence on temperature compared to that of the dilute electrolytes. It
indicates that transport properties are more sensitive to temperature
for the batteries made of concentrated electrolytes.

Higher Ea values observed for the 3 mol/kg electrolyte indi-
cate the higher energy barrier for the ions to diffuse through the
surrounding fluid medium. It suggests that the molecular arrange-
ment of the concentrated electrolyte is not as conducive as that of
the dilute electrolyte for the ions to diffuse. It can be attributed to
strong Coulombic interactions between the ions (due to the lack of
sufficient solvent molecules to screen the charge), resulting in the
formation of associated salt complexes at a higher concentration
(see Fig. 5).77

2. Transference number
The cation transference number describes the fraction of total

current transported due to the migration of Li+ ions (i.e., cation).
The low cation transference number indicates the lower mobility of
the cation compared to that of the anion. When subjected to high
currents, electrolytes with a low cation transference number are sus-
ceptible to large concentration gradients. Conversely, the high trans-
ference number allows batteries to operate at large constant currents
and achieve high charging rates, while mitigating internal resistance
and extending their efficiency.78,79

In MD simulations, one can compute the apparent cation
transference number (t+) from ion diffusivities as
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TABLE II. Apparent cationic transference numbers (t+) with absolute errors as a
function of temperature for electrolytes of concentrations c = 0.5 and 3 mol/kg.

Temp. (K) t+ (0.5 mol/kg) t+ (3 mol/kg)

298 0.27 ± 0.003 0.43 ± 0.021
308 0.31 ± 0.003 0.45 ± 0.014
318 0.29 ± 0.010 0.46 ± 0.023
328 0.29 ± 0.008 0.40 ± 0.010
338 0.29 ± 0.004 0.43 ± 0.011
348 0.31 ± 0.011 0.42 ± 0.028
358 0.31 ± 0.009 0.46 ± 0.022
368 0.30 ± 0.007 0.40 ± 0.018
378 0.32 ± 0.018 0.45 ± 0.044

t+ = DLi

DLi +DPF6

. (3)

Table II shows the comparison of t+ for electrolytes of c = 0.5 and
c = 3 mol/kg at various temperatures. The electrolytes do not
show any noticeable dependency of t+ on temperature. It indicates
an identical impact of temperature on the diffusivity of both the
ions (i.e., the change in D of both the ions with temperature is
proportional). On the contrary, we observe the significant influ-
ence of salt concentration on t+. The t+ values of the electrolyte of
c = 0.5 mol/kg are lower than the values of the electrolyte of
c = 3 mol/kg. The reduced difference between DLi and DPF6 for the
c = 3 mol/kg electrolyte (Fig. 1) reflects in increased t+. The observed
lower Li+ ion diffusivity (clearly seen in the case of electrolyte of
c = 0.5 mol/kg) can be attributed to the bulky and tightly coordi-
nated Li+-PC complex (i.e., tight solvation shell of Li+).80,81 Refer to
Fig. S12 of the supplementary material for further details. For
the electrolytes of higher concentration, the reduced availability of
solvent molecules per Li+ ion makes the first coordination shell of
Li+ less bulky compared to the same in a dilute electrolyte.82 In
turn, it leads to a reduced difference between the diffusivities of
the ions. Thus, the higher transference number observed for the
concentrated electrolytes in Table II and the significant presence of
associated ionic complexes in the 3 mol/kg electrolytes (see Fig. 5)
suggest the correlated (associated) motion of Li+ and PF−6 ions in
the concentrated electrolytes.77,83

3. Molar conductivity
The conductivity of an electrolyte is a measure of its ability to

conduct electricity. In this study, we compute the molar conduc-
tivity (Λ) of the electrolyte by using the collective displacement of
ions as84

Λ = NAe2

6nkBT
lim

t→∞

d
dt∑i

∑
j

zizj⟨Δri ⋅ Δrj⟩, (4)

where NA is the Avogadro number, e is an electron charge, n is the
number of ions, zi is the charge on ion i, and Δri = ri(t)− ri(0) is the
displacement of ion i. Refer to Fig. S5 of the supplementary material
for further details.

In Fig. 2, we show the molar conductivities of electrolytes of
concentrations 3 and 0.5 mol/kg for a range of temperatures. As the

FIG. 2. Effect of temperature on the molar conductivity (Λ) of electrolytes. Λ is
plotted as a function of 1000/T for electrolytes of salt concentrations c = 0.5
mol/kg (squares) and 3 mol/kg (circles). Λ increases exponentially with temper-
ature for both the electrolytes. The solid lines show the Arrhenius (exponential) fits
to the data. The open symbol denotes the simulated Λ data from the literature for
c = 0.569M by Takeuchi et al.75

temperature increases, the conductivity of the electrolytes increases
in an exponential manner. As expected, the variation in conductivity
with temperature is high for the concentrated electrolyte compared
to that of the dilute electrolyte. However, the magnitude of molar
conductivity for the c = 3 mol/kg electrolyte is significantly smaller.
The molar conductivity can be impacted by both the association of
the salt ions and the bulk property of the electrolyte such as viscosity.

4. Viscosity
We compute the viscosity η of the electrolytes using the non-

equilibrium periodic-perturbation method described by Hess.72 In
this method, the response of an electrolyte (at equilibrium) to a set
of applied periodic forces is studied to find its viscosity. We apply
a unidirectional external force (i.e., x-component force), defined by
the acceleration,

ax(z) = A cos(2 π z
lz
),

ay(z) = 0,

az(z) = 0,

(5)

to the atoms of the simulation box. Here, lz is the length of the
simulation box in the z-direction and A is the amplitude of the peri-
odic acceleration in the z-direction: ax(z). The applied acceleration
results in a velocity profile that is a function of only z within the
simulation system,

ux(z) = V cos(2 π z
lz
). (6)

Here, V is the amplitude of the velocity. The steady-state
Navier–Stokes equation for this system is given as

− ρ ax(z) = η
∂2ux(z)
∂z2 , (7)
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where ρ is the density of electrolyte. The shear viscosity as a function
of A is defined as72

η(A) = A
V

ρ

( 2π
lz
)

2 . (8)

In the simulations conducted to find the viscosity of the electrolytes,
we apply the acceleration of various amplitudes A within the range of
0.14 to 0.28 nm/ps2 depending upon the salt concentration and the
temperature of the electrolytes.85,86 The simulation runs of length
1 ns are carried out for each of the A values considered. Following
Doherty and Acevedo,85 we extrapolate the obtained η(A) values to
the A = 0 limit (see Fig. S6 of the supplementary material for further
details) to obtain the viscosity.

As shown in Fig. 3, the viscosity of both the electrolytes
decreases linearly with the increase in temperature. It is expected
that at high temperature the constituent particles of the electrolyte
possess higher thermal energy, leading to frequent disruption of the
molecular structure formed due to inter-molecular interactions. In
turn, it leads to reduction in the viscosity of the electrolytes with
temperature. We note that the degree of change in the viscosity of
the concentrated electrolyte for unit change in temperature is high
compared to that of the dilute electrolyte. It explains the higher
impact of temperature on the diffusivity of ions in concentrated
electrolytes shown in Fig. 1. The observed behavior of the decrease
in the viscosity of concentrated electrolytes (compared to dilute
electrolytes) with the increase in temperature may emerge from
the fact that at high temperature, the ion–solvent and salt com-
plexes undergo frequent rearrangement due to involved thermal
energy fluctuations (i.e., the frequency of formation and breakage
of complexes is high at high temperature).87 In Sec. III B, we
study structural properties and salt ion complexes of concentrated
electrolytes to further understand the reasons for higher sensitivity
of dynamic properties such as self-diffusivity of ions, molar
conductivity, and viscosity to the temperature.

FIG. 3. Effect of temperature on the viscosity (η) of electrolytes. η in mPa s is
plotted as a function of 1000/T for electrolytes of salt concentrations c = 0.5 mol/kg
(squares) and 3 mol/kg (circles). η of both the electrolytes decreases with the
increase in temperature. The open symbols denote the η values from the literature.
Square: c = 0.565M by Kondo et al.,88 circle: c = 2.91M by Kondo et al.,88 and
triangle: 3 mol/kg by Yamaguchi et al.89 at 298 K.

B. Structural properties
Spatial distribution of ions and solvent molecules in the elec-

trolyte (i.e., molecular arrangement in the electrolyte) can be
quantified using the radial distribution functions (RDF).90 The
Li–Oc RDF describing how the PC molecules surround the Li+ ion
is defined as

gLi,Oc
(r) = n(r)

4πρr2Δr
, (9)

where Oc denotes the carbonyl oxygen atom of the PC molecule (see
Fig. S1 of the supplementary material), n(r) is the number of Oc
atoms present in a spherical shell of thickness Δr at a distance r from
the position of the Li+ ion. Similarly, the relative arrangement of Li+

and PF−6 ions in the electrolyte can be given by the RDF of Li–P (gLi,P)
and Li–F (gLi,F) pairs.

Figure 4 shows gLi,Oc
at various temperatures for the electrolyte

of concentration c = 3.0 mol/kg. A sharp peak at r ≈ 1.8 Å indi-
cates a tight solvation shell. Figure 4 also shows gLi,F and gLi,P. The
first peaks are found at r ≈ 1.65 Å and r ≈ 3.15 Å, respectively. The
peak positions of gLi,Oc

, gLi,F, and gLi,P compare well with the litera-
ture.65,75 A plot similar to Fig. 4 for c = 0.5 mol/kg is shown in the
supplementary material (see Fig. S9). The comparison of various
RDFs in Fig. 4 for a range of temperatures shows that there is little
or no change in the position of peaks and their heights in the RDFs.
It suggests that the change in temperature does not affect the relative
distribution of solvent molecules and ions in the electrolyte.

The coordination number (CN) of Oc with respect to the Li+

ion is computed using the following equation:91

CNLi,Oc = ∫
rmin

0
gLi,Oc

(r) dr. (10)

Here, rmin refers to the first minima of gLi,Oc
, r = 2.4 Å. As shown

in Fig. S10 of the supplementary material, Li+ ions have only three
PC molecules on an average in the first coordination shell. How-
ever, for the electrolyte of c = 0.5 mol/kg, Li+ is coordinated by four

FIG. 4. Effect of temperature on the relative arrangement of molecules in the elec-
trolyte of salt concentration c = 3 mol/kg. Radial distribution functions (RDFs)
of Li–Oc (top row), Li–P (second row), and Li–F (bottom row) are presented for
various temperatures.
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PC molecules. The total coordination number of the Li+ ion shell
is 4, independent of the concentration and temperature. CNLi,Oc = 3
observed for concentrated electrolyte indicates that PF−6 ions replace
at least a PC molecule from the first coordination shell of the Li+ ion.
It also indicates a higher degree of association of the two oppositely
charged ions in the concentrated electrolyte.

1. Salt-ion complexes
In an electrolyte of high concentration, ions have a tendency to

associate and form complexes. The ionic complexes can be classified
into contact ion pairs (CIPs) or aggregates (AGGs) depending upon
the degree of ionic association. We use rmin of gLi,P(r) = 3.60 Å as a
cutoff distance to identify the associated ions. An ion pair (i.e., Li+

and PF−6 ) is said to be a CIP if only one counter ion is present in
the spherical shell of a given Li+ ion. The ionic complex is said to
be an aggregate (AGG) when a counter ion present within the cutoff
distance from the center of the Li+ ion is paired with other Li+ ions
or when two or more number of counter ions are present within the
cutoff distance. The Li+ ions having no counter ion present in the
spherical shell of radius rmin are considered as free ions or solvent
separated ion pairs (SSIPs).

In the electrolyte of 3 mol/kg salt concentration, ions form a
range of complexes. In Fig. 5, we show the percentage of Li+ present
in the form of various complexes for a range of temperatures. As
seen, the associated ionic complexes are, in general, found more
than SSIPs and the temperature does not show a significant impact
on the nature of complexes as well. The presence of aggregates at
c = 3 mol/kg explains the reduced difference in the diffusivities of
Li+ and PF−6 ions (Fig. 1) and higher cationic transference numbers
(Table II). In Sec. III B 2, we analyze the dynamic behavior of these
ionic complexes to understand the effect of temperature.

2. Interaction dynamics
The mean residence time tr of the PF−6 ion forming a complex

with the Li+ ion helps us in determining the kinetics of the formation

FIG. 5. Effect of temperature on the complexation of ions for electrolytes of
salt concentration c = 3 mol/kg. Percentages of lithium existing as various salt
complexes: Solvent separated ion pairs (SSIPs), contact-ion pairs (CIPs), and
aggregates (AGGs) are presented for temperatures ranging from T = 298 to
378 K.

of ionic complexes such as CIPs and aggregates. It is computed using
the residence correlation function given by

C(t) = ⟨H(t)H(0)⟩⟨H(0)H(0)⟩ , (11)

where H denotes the Heaviside function.92 If the PF−6 ion is present
inside the sphere of radius, rc centered at the Li+ ion, H(t) = 1,
otherwise H(t) = 0. We consider rmin of gLi,P(r) as the cutoff radius,
rc. The H(t) data of various Li–P pairs at time intervals of 2 ps are
considered to compute C(t) using Eq. (11). We express the C(t) data
as a series of six exponential functions,

C(t) =∑
i

aie−bit , (12)

and compute tr by analytically integrating the series [Eq. (12)] as

tr = ∫
∞

0
C(t)dt. (13)

The upper limit of integration is considered as high as 109 fs (see
Fig. S7 of the supplementary material). The computed tr values for
different temperatures are reported in Fig. 6. With increasing tem-
perature, we observe an exponential decay in tr values. This implies
that the thermal energy acquired by the ions affects the lifetime of
the CIPs and AGGs.

A similar exercise is conducted to study the interaction time
of the solvent molecules in the first coordination shell of Li+ ions.
The distance between the Li+ ion and Oc atom of the PC molecule is
used to compute the tr values for Li+–PC pairs.53,84,93 Here, rc used
for the evaluation of C(t) in Eq. (11) is assumed to be rmin of gLi,Oc

(r) = 2.4 Å. Figure 6 shows a drop in the tr values of the Li–Oc pair
with an increase in temperature. The comparison of the tr values of

FIG. 6. Effect of temperature on the residence times (tr) of PC molecules and PF−6
ions in the first coordination shell of the Li+ ion for electrolytes of salt concentra-
tion c = 3 mol/kg. As the temperature increases, tr of both PC and PF−6 decay
exponentially. The straight lines depict the exponential fits to the data.
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Li–Oc and Li–P suggests that the Li+–PF−6 ionic complex structures
are more dynamic in nature than the Li+–PC solvation structures.
We fit an exponential function tr = αe−βT to tr vs temperature data.
Though the decay factor to Li–P data (β = 0.03 ns/K) is not signif-
icantly different from that of the fit to Li–Oc data (0.05 ns/K), the
higher β value for Li–Oc suggests that the thermal energy assists in
the rupturing of Li+ solvation structures more than that of Li+–PF−6
ionic complexes.

Temperature plays a significant role in altering the transport
properties of the concentrated electrolytes. The diffusivity and
conductivity of the electrolyte show an exponential increase with
temperature. This can be partly attributed to the decrease in
viscosity of the electrolyte with the increase in temperature. The
analysis of the molecular structure of the electrolyte in terms
of radial distribution functions and ion-complex classification
suggest that the change in temperature does not affect the
arrangement of the molecules in the electrolyte notably. The
residence time analysis of ionic and salt–solvent complexes suggests
that temperature significantly impacts the dynamic behavior
of the complexes. The higher thermal energy associated with
molecules of the electrolyte at high temperature results in faster
dynamics, i.e., faster exchange of counter ions and solvent molecules
from the first coordination shell of lithium ions. Consequently, the
temperature plays a crucial role in defining the electrolyte behavior
that may impact the overall battery performance with temperature
variations.

IV. CONCLUSION
Molecular dynamics simulations of LiPF6 in the PC electrolyte

of concentration c = 3 mol/kg are conducted for a range of tem-
peratures T = 298–378 K to understand the effect of temperature
on various properties of the concentrated electrolyte. It shows that
the temperature impacts transport properties such as diffusivity
of ions, molar conductivity, and viscosity of the electrolytes. We
further compare these properties with those of the dilute electrolyte
of concentration c = 0.5 mol/kg. For all the temperatures studied,
the ionic diffusivities and molar conductivities of concentrated elec-
trolytes are significantly lower. It also shows that the transport
properties of the concentrated electrolytes are more sensitive to the
temperature variation. It can be attributed to strong Coulombic
interactions between the ions due to the lack of sufficient solvent
molecules to screen the charge on the ions, which in turn results in
the formation of ionic complexes.

Concentrated electrolytes show the formation of a significant
fraction of contact-ion pairs and aggregates. However, tempera-
ture has no or marginal effect on the structural properties of the
electrolytes. The residence time analysis suggests that the interac-
tion times of both the Li+–PF−6 and Li+–PC pairs decrease with
the increase in temperature. The observations made in the present
study show that the transport properties and dynamic behavior of
concentrated electrolytes are more sensitive to temperature
compared to the dilute electrolytes, which asks for better
thermal management of the batteries made with the former class
of electrolytes. To reap the benefits offered by the concentrated
electrolytes that are proposed to be the candidate electrolytes for
advanced lithium ion batteries, one needs to carefully account for the

impact of the operating range of temperatures of the battery on the
performance of the electrolytes.

SUPPLEMENTARY MATERIAL

See the supplementary material file for the force-field equation
and the parameters, comparison of the properties of pure PC with
the experimental values, effect of temperature on the box volume,
density, and molarity of the electrolyte, description on the computa-
tion of transport and dynamic properties (D, Λ, η, tr) and sample
figures explaining the methodology, system size study of the
transport properties, RDF of Li+–Oc, Li+–P and Li+–F RDF for the
electrolyte of concentration c = 0.5 mol/kg, RDF and CN of P–Oc
for both the concentrations, and potential of the mean force (PMF)
comparison of Li+–PC and PF−6 –PC at c = 0.5 mol/kg.
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from the corresponding author upon reasonable request.
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