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Abstract

Charging large format lithium ion batteries within ten to fifteen minutes requires changes to the electrolyte 

composition in addition to modification of electrode and cell architectures.  Several approaches to address 

this need have been proposed; but there is not a lot of clarity on understanding what factors limit the 

performance of existing electrolytes.  This work takes a closer look at the solvated components of a 

mixture of LiPF6 in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) in the context of extreme 

fast charging and relates these findings to cell-level requirements.  Molecular dynamics studies of the 

Gen-2 electrolyte compositions with increasing salt concentrations, have been performed to estimate 

transport properties like diffusivity, transference number and conductivity. Molecular-level differences in 

the structure of solvation shells under extreme LiPF6 concentrations are probed here and some key aspects 

on solvent structure that help overcome barriers to Li+ transport under extreme fast charge are discussed. 

Keywords: Extreme Fast Charging, Solvation Shells, Transport Properties in Carbonate-based Mixtures
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1. Introduction

Lithium ion battery technology has improved significantly in terms of efficiency and energy density which 

has resulted in its increased adoption by automotive industry in production of battery electric vehicles 

(BEV). Limitations on charging times are still a major challenge for battery electric vehicles since 

conventional automobiles can be refueled much faster. Fast charging could increase BEV market 

penetration [1] by allowing consumers who do not have access to either residential or workplace charging 

to use it as their primary means of charging, in addition to alleviating range anxiety. Technical limitations 

associated with extreme fast charging including lithium plating, accelerated aging, poor thermal 

efficiencies, and electrolyte degradation have been extensively documented in recent literature.[2–5] 

Colclasure et al. [6] recently developed a continuum model to rank factors that limit fast charging 

performance at the electrode-level and identified poor electrolyte transport resulting in salt depletion 

within the anode and Li plating at the graphite/separator interface as the major contributor. The team 

recommended reducing tortuosity within the electrodes and/or operating at elevated temperatures; but 

pointed out that electrolyte limitations must be overcome to accomplish meaningful improvements to fast 

charging.

Several approaches have been proposed to overcome transport limitations in carbonate-based electrolytes 

for Li-ion cells.  However, our understanding of factors that relate cell-level performance degradation 

under extreme fast charging to specific mechanisms of electrolyte degradation is still limited.[2] Liu et 

al.[7] also attributed poor fast charging performance to electrolyte mass transport limitations including 
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slow diffusion and low transference numbers that lead to incomplete utilization of active materials and 

recommended the use of Li-neutralized polyanions dissolved in polar aprotic solvents.  The Li+ 

conductivity in the presence of bulky polyanions has been discussed at length in the literature.[8,9] It has 

been challenging to maintain ionic conductivity while delivering adequate improvements to the 

transference numbers.[10] 

A second strategy widely used to improve conductivity is the use of a low-viscosity co-solvent.  Aliphatic 

esters (acetates and formates) have been widely used to improve electrolyte transport across a wide range 

of temperatures.[11,12] There are two limitations often associated with this approach:  i) the reductive 

decomposition of the short chain esters at the anode surface interfere with the formation of a stable 

passivation layer resulting in shorter cycle life for these formulations.[9] ii) poor stability of these co-

solvents against high voltage cathodes also limits the operating voltage window, resulting in lower energy 

densities.  The use of nitrile-based solvents has been explored due to their high dielectric constants coupled 

with a low viscosity.[13–19] Poor solubility of lithium salts in aliphatic nitriles and limited voltage 

windows have been cited as reasons for why these molecules have not been widely adopted in battery 

electrolytes. More recently, the use of highly concentrated (> 4M) electrolytes has been suggested to 

improve reductive stability of nitrile-based solvents and enable fast charging. [20,21] A good overview of 

all these strategies is summarized in a recent review by Logan and Dahn.[22] 

To overcome impedance build-up with ester-based solvents and balance conductivity against 

electrochemical stability, Smart et al. investigated the properties of a series of quaternary mixtures of 

carbonates consisting of EC/DEC/DMC/EMC.  The authors also documented the importance of localized 

interactions, in addition to bulk properties in influencing electrolyte performance.[23] Other groups have 

also documented via experiments, the importance of considering localized phenomena as opposed to 

screening electrolytes based on bulk properties such as dielectric constants.[24] To date, a mixture of 
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cyclic carbonates, such as ethylene carbonate (EC) or propylene carbonate (PC), and linear carbonates 

such as ethyl methyl carbonate (EMC), dimethyl carbonate (DMC) or diethyl carbonate (DEC) has been 

the most successful electrolyte formulation that meets most of the requirements for use in lithium ion 

batteries.[25] Experimentally measured values for transport properties of Li+ in these electrolytes as a 

function of salt concentration as well as temperature has been widely reported. [26,27]  Extensive 

modeling efforts have also been undertaken on these systems. [28–32] Molecular modeling of electrolytes 

provides a method to screen potential candidates and optimize electrolytes under numerous conflicting 

requirements. Quantum chemistry calculations and classical molecular dynamics calculations have been 

used to gain significant insights into solvation structures and transport properties for several solvents at 

various concentrations. [33,34] The composition of Li+ solvation sheath plays a very important role in 

solid-electrolyte interface (SEI) chemistry and performance of the battery.[35] Molecular dynamics 

simulations have been used to study how solvent composition affects the structure and dynamics of lithium 

solvation shell in non-aqueous electrolytes.[36]  Accurate force fields have been mandated as a pre-

requisite for making good prediction of electrolyte properties.[37] Several approaches, including reactive 

force fields have been proposed.[31] Both non-polarizable and polarizable force-field have also been used 

in molecular dynamics simulations. Even though non-polarizable force-fields have been successful in 

reproducing structural properties of electrolytes, transport properties like diffusivity are often 

underpredicted.[38] Nonetheless, MD simulations provide crucial molecular-level insight into the 

solvation structure of various electrolyte compositions and play a crucial role in enabling the rational 

design of novel performance advantaged electrolyte molecules.

In this study, we use classical molecular dynamics simulations to study the dependence of transport 

properties and changes in structural properties of the electrolyte with salt concentration.  We use a 3:7 

wt.% EC-EMC solvent, which is consistent with the solvent formulation for the Gen-2 electrolyte, at four 
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different LiPF6 concentrations. Specifically, we examine the structure and composition of the solvation 

sheath around lithium ions to interpret their implications for transport at the macroscale and identify 

electrolyte design principles that will help overcome these limitations and enable extreme fast charging. 

To this end, we compute the self-diffusivities from MD calculations and use these as input to generate 

effective Fickian diffusion coefficients, transference numbers and Li+ conductivities as a function of salt 

concentration. Next, we employ target values for these properties prescribed by continuum-scale 

simulations to analyze what features on the solvation structure and composition of the electrolyte will 

enable the design of candidate solvents or additives suitable for extreme fast charging.

2. Computational Methodology

2.1.  QM calculations for point charges

For the accurate representation of charge distribution amongst the solvent molecules (EC and EMC) and 

 , their structures were geometry optimized at the B3LYP/6-311++g(d,p) [39,40] level using the  𝑃𝐹 ―
6

Gaussian16 package. [41] This was chosen as Zhang et. al recently demonstrated that this method provides 

reliable point charges for electrolyte molecules. [42] The point charges were then derived using restricted 

electrostatic potential (RESP) method. [43] Uniform scaling of the point charges was not adopted since 

the focus of this manuscript was to reproduce experimental trends and not specific values. 

2.2.  Classical Molecular Dynamics

Molecular dynamics simulations on Li+- -EC-EMC systems were conducted for 4 systems with 𝑃𝐹 ―
6

increasing molarities of Li+-   (Table 1). The antechamber [44] tool was employed to generate 𝑃𝐹 ―
6

parameter files for EC and EMC molecules using the RESP derived point charges along with the geometric 

(bonds, angles, dihedrals) and non-bonded parameters from the generalized amber forcefield (GAFF). 

[45] The atom types and geometric parameters for   were obtained from Chaumont et al. [46] The 𝑃𝐹 ―
6

Amber format prep files listing RESP derived point charges for EC, EMC and   are included in 𝑃𝐹 ―
6
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Section S2 of the supplementary information. The parameters for Li+ ion were obtained from Joung et al. 

[47] The GAFF forcefield with RESP derived point charges has been demonstrated to accurately 

reproduce the transport properties of electrolytes in addition to ionic liquid and other solvated condensed 

phase systems. [42,48–51] While the topology and coordinate files were generated using AmberTools, the 

open-source package LAMMPS was used as the molecular dynamics engine. The conversion of Amber 

format files to LAMMPS format was done using the Intermol package.[52] Packmol was used to generate 

initial solvated configurations for the 4 systems.[53] The simulation protocol for the solvated systems 

involved initial equilibration for 1 ns in the isobaric-isothermal ensemble at 1 bar and 298K. The computed 

densities were observed to plateau to within 5% of the experimental values for systems with similar 

molarities. This was followed by a production run for 25 ns in the canonical (NVT) ensemble. The particle-

particle particle-mesh (pppm) technique [54] with a long-range cut off of 12 Å was considered for non-

bonded interactions. All simulations were conducted with a time-step of 1 fs and considered periodic 

boundaries. Velocities and coordinates for the MD trajectories were saved every 0.1 ps. The python 

LAMMPS analysis tool (pyLAT) was used for analysis of trajectories for transport properties 

(diffusivities, conductivities, ion-pair lifetimes) and characterizing the solvated structures (radial 

distribution functions, coordination numbers).[55] The volmap tool in VMD was used for visual analysis 

of the trajectories.[56]

Table 1. Composition and properties of electrolyte systems considered in this study

System Number of molecules Density (MD) LiPF6 Molarity
EC EMC [Li]+ [PF6]- (g/cc) (M)

A 716 1422 20 20 1.156 0.108
B 716 1422 100 100 1.196 0.528
C 716 1422 200 200 1.236 1.023
D 716 1422 400 400 1.310 1.926

2.3.  Binding Energy Calculations
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The software package Gaussian16 [57] was used to perform quantum chemistry calculations to extract 

binding of lithium in gas phase with EC and EMC.  Both cis and trans configurations of EMC are 

considered with lithium ion positioned both towards carbonyl oxygen and away from it giving a total of 

four configurations. For EC, binding energy is calculated only with the ion at the carbonyl oxygen since 

using the initial position closer to non-carbonyl oxygens resulted in lithium ion moving towards the 

carbonyl oxygen after static relaxation. All the binding energy calculations were performed at M062x  

level of theory [58] and the 6-311G(2d,d,p) basis set in the gas phase.[59]  

3. Results and Discussion

Calculation of solvation structures as a function of solvent composition [25,60] including the effect of 

additives [61] and salt concentrations [17] have been reported before. Experimental ranking of the 

solvating power of various electrolyte solvents for lithium batteries has also been attempted.[24] Mapping 

of device level requirements to molecular structures is a crucial gap currently not addressed in the 

literature, in considering choice of solvents for fast charging. Continuum-scale simulations have 

stipulated[6] twice the conductivity against the baseline values for the Gen-2 electrolyte, three-to-four 

times the diffusivity, and a transference number of 0.5–0.6 as requirements for enabling charge rates of 

4C through 6C.  Whereas individual solvents can meet a subset of these requirements under specific 

operating conditions, there are constraints specific to fast charge such as higher frequency of solvation, 

longer solvation times and the need for maintaining conductivities at twice the average salt concentration 

(1.2 M) to account for sharp local gradients within the electrodes.  We start by examining transport 

properties of the electrolytes computed using classical molecular dynamics and compare these against the 

effective properties in the solution.  Next, we attempt to understand these trends in light of the solvation 

shell structures and energies for the various species in the electrolyte to solvate charge carriers at different 

concentrations.  We conclude with a discussion of features identified on the solvation structure that will 
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likely help improve transport properties for extreme fast charge and how to tailor the solvent molecules 

towards these goals.

3.1.  Binding Energy Calculations

Considering the flexible structure of the EMC electrolyte and the multiple possible interaction sites for 

Li+, we conducted gas phase biding energy calculations to evaluate four possible configurations of Li+ 

interacting with EMC (Figure 1). Our gas-phase binding energy calculations indicate that the 4 possible 

Li+-EMC binding configurations are within a 1 kcal/mol of each other and may not be considered to be 

particularly preferential. However, as discussed later, from our volumetric probability density maps 

(Section 3.5, Figure 6) we do observe significantly more Li+ interaction with the carbonyl oxygen sites 

which is statistically more representative of Li+-EMC behavior in a solvated system.  

Figure 1. Lithium ion interactions with EC and EMC molecules. The gas-phase binding energy for each 
configuration is reported in kcal/mol. Lithium ions interacting with the EMC molecule do not show a 
preference for a particular oxygen site over others in the gas phase calculations, unlike the Li+-EC 
interactions which are dominated by the carbonyl group. Changes to this behavior in a solvated system 
are discussed in subsequent sections.

Page 9 of 33 Journal of Materials Chemistry A



This is likely due to the freely rotatable bonds in EMC. In contrast, although EC has two ring oxygens in 

addition to the carbonyl oxygen, Li+ was observed to only bind with the carbonyl oxygen. It is also noted 

that the Li+-EC binding energy is ~6 kcal/mol greater than that for Li+-EMC.

3.2. Classical Molecular Dynamics

The gas-phase QM calculations provide us with only limited insight into the Li+ interactions with EC and 

EMC with binding energies and only account for the interaction between the one ion and electrolyte 

molecule. The conditions inside a Li-ion battery are far different with a much more crowded environment 

accompanied by competitive interactions with neighboring electrolytes, both identical and otherwise, and 

other ions. In order to explore the Li+-electrolyte behavior in this solvated system, we set-up molecular 

dynamics systems with statistically significant number of electrolyte molecules and salt concentrations 

relevant to experimental systems. The analysis of the MD simulations yields transport properties and 

molecular-level insight into the changes in solvation structure with increasing salt concentration. The MD 

simulations conducted using LAMMPS were analyzed using PyLAT. [55] 

3.3 Diffusivity Calculations

The self-Diffusivity ( ) of each species i can be computed from molecular dynamics trajectories using 𝐷𝑖𝑖

the mean-squared displacement (MSD) as follows:

𝐷𝑖𝑖 =
1
6 lim

𝑡→∞

𝑑
𝑑𝑡[𝑟(𝑡) ― 𝑟(0)]2 (1)

where r(t) is the position of molecule/ion varying with time and r(0) is the initial position. Self-diffusivity 

of each component in the mixture decreases with an increase in salt concentration. The solvated Li+ ion 

has the lowest diffusivity owing to the solvation shell around the ion affecting its mobility. 

As discussed earlier, local composition of the electrolyte within each electrode can vary significantly 

under fast charge conditions, frequently resulting in salt concentrations upwards of 2M.  The interactions 
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across different species present within the electrolyte are particularly important when considering such 

concentrated electrolytes.  The cross-diffusion terms of the Stefan-Maxwell diffusivity (Dij) are used to 

capture these interactions. (See supplementary information: S1) We use the generalized Darken 

formulation adopted by Kim and Srinivasan [62] to compute these terms from the self-diffusivity of the 

individual species:

𝐷𝑖𝑗 =
𝑥𝑖

𝑥𝑖 + 𝑥𝑗
𝐷𝑗𝑗 +  

𝑥𝑗

𝑥𝑖 + 𝑥𝑗
𝐷𝑖𝑖 (2)

Figure 2. (a) Self-diffusivity of the components in the electrolyte decreases with increasing salt 
concentrations due to an increase in the bulk viscosity of the electrolyte. The error bars represent + one 
standard deviation and are of the same magnitude as the size of the markers. (b) Transference numbers 
calculated from our MD results compare well against experimentally measured values from the literature.

The effective binary diffusivities for Li+ and   with respect to the solvent are then computed using: 𝑃𝐹 ―
6

[63]

𝐷 +,0 =
(1 ― 𝑥𝐿𝑖 + )

𝑥𝐸𝐶

𝐷𝐿𝑖 + ,𝐸𝐶
+

𝑥𝐸𝑀𝐶

𝐷𝐿𝑖 + ,𝐸𝑀𝐶

(3)
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𝐷 ―,0 =
(1 ― 𝑥𝑃𝐹 ―

6 )
𝑥𝐸𝐶

𝐷𝑃𝐹 ―
6 ,𝐸𝐶

+
𝑥𝐸𝑀𝐶

𝐷𝑃𝐹 ―
6 ,𝐸𝑀𝐶

(4)

These effective binary diffusivities are related to the thermodynamic diffusion co-efficient by the 

following expression: [64]

D =
(𝑧 + ― 𝑧 ― )𝐷 +,0𝐷 ―,0

𝑧 + 𝐷 +,0 ― 𝑧 ― 𝐷 ―,0
(5)

A thermodynamic correction factor is often used to correct for structural interference of the solvent 

molecules with transport.  In here, we use the experimental data for the Gen-2 electrolyte from Stewart 

and Newman:[27]

1 +
𝑑ln 𝛾 ±

𝑑ln 𝑚 = 𝑐0𝑉0{1 + 𝑐[ ―1.0178
2(1 + 0.9831 𝑐)( 1

𝑐 ―
0.9831

1 + 0.9831 𝑐) + 1.5842]} (6)

Equation (6) is an empirical expression fit to experimental data; hence, the choice of units for the different 

variables needs close attention.  c0 is the concentration of the solvents in mol/l computed using c0 = 

 where  are the densities of the pure solvents and are their respective molecular ∑
𝑘
𝜌0,𝑘 M0,𝑘 𝜌0,𝑘 M0,𝑘

Figure 3.  Comparison of effective transport properties against experimental data: (a) self-diffusivity and 
Fickian diffusivity for Li+ (error bars represent + one standard deviation) in the Gen-2 electrolyte against 
experimental values[6]: the thermodynamic correction factor (See equation 6) is a major contributor to 
bringing the Fickian diffusivities closer to experimentally measured values. (b) Conductivity values 
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computed using the Onsager-Stefan-Maxwell formulation matches experimentally reported values for Li+ 
conductivity in the Gen-2 electrolyte.

weights.  is the partial molar volume of the solvent.  The Fickian diffusion coefficients often used in 𝑉0

continuum-scale simulations are then computed as follows:

𝐷𝑒 = D
𝑐𝑇

𝑐0(1 +
𝑑ln 𝛾 ±

𝑑ln 𝑚 ) (7)

A comparison of the self-diffusion co-efficient for lithium against the calculated (equation 7) and 

experimentally measured [6] effective Fickian-diffusivity as a function of salt concentration is shown on 

Figure 3.  Considering that experimentally measured diffusion coefficients are only accurate to an order 

of magnitude, the MD simulations predict the Fickian diffusivities reasonably well.

3.4 Ionic Conductivity and Transference Number

Ionic conductivity ( ) is usually estimated from self-diffusivities using the Nernst-Einstein 𝜅

relationship:[61-62]

𝜅 =
𝑒2

𝑘𝐵𝑇𝑉∑
𝑖

𝑁𝑖𝑞2
𝑖 𝐷𝑖 (8)

However, the Onsager-Stefan-Maxwell formulation accounts for the interaction between the charge 

carriers as well as those with the solvent:[64]

1
𝜅 =

―𝑅𝑇
𝐹2𝑧 + 𝑧 ― 𝑐𝑇

[ 1
𝐷 +, ―

+
𝑐0𝑡0

―

𝑐𝐿𝑖 + 𝐷 ―,0] (9)

where  is computed from the Li+ transference number ( ) using the following expression:𝑡0
― 𝑡0

+

𝑡0
+ = 1 ― 𝑡0

― =
𝑧 + 𝐷 +,0

𝑧 + 𝐷 +,0 ― 𝑧 ― 𝐷 ―,0
(10)

From the target values for transport properties specified at the beginning of Section 3, and results shown 

in Figure 2b we gather that a 25 to 50% enhancement to the values of  is required to achieve the fast 𝑡0
+
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charge goals. At very low salt concentrations, the ionic conductivity is limited by the availability of charge 

carriers.  With increasing salt concentrations,  increases due to adequate number of ions being available 𝜅

to transport charge. But as the salt concentration increases further, drop in pairwise diffusivities due to 

strong interaction of the solvent molecules with neighboring species limits the ionic conductivity. This 

latter result correlates well with the experimentally observed increase in viscosity of the electrolyte at 

higher salt concentrations.

In equation (7), there are two contributions to the Fickian diffusivity: the first term is the thermodynamic 

diffusivity D, which is computed directly from the self-diffusivity values for the different species obtained 

from MD simulations.  This term accounts for the interaction of Li+ with the solvent molecules under ideal 

conditions (i.e., where there are no limitations imposed by say, steric hinderance of the adjoining entities, 

to the interaction between the charge carrier and the solvent).  The correction factor introduced in equation 

(6) accounts for these interactions and thus makes the calculated values relevant to experimental results. 

As seen from Figure 1, the role of steric interactions is quite significant in these systems, and increasingly 

so at higher salt concentrations.

3.5 Solvation Structure

Coordination numbers obtained from molecular dynamics simulations (Table 2) give us a picture of 

solvation shell composition. The location of the solvent molecules (both EC and EMC) closer to the Li+ 

compared to the location of the  ions confirms good solvation using these molecules and affirms the 𝑃𝐹 ―
6

choice of  as a good candidate for the counterion. Even though binding energy calculations show that 𝑃𝐹 ―
6

EC has a higher preference for binding with Li+, molecular dynamics results indicate that EMC has a 

higher coordination number with the lithium ion in the first solvation shell. A more detailed understanding 

of the coordination numbers can be obtained from the radial distribution functions (RDF) shown in Figure 

4, which are a plot of likelihood of occurrence of a specific pair-wise ion-solvent interaction as a function 

Page 14 of 33Journal of Materials Chemistry A



of distance from the center of the ion. The RDF for each solvent molecule is plotted with respect to Li+ to 

gain preliminary insights into the structure of solvation shell around Li+. The RDF plots of EC and EMC 

molecules with respect to lithium ion also indicate a preference for EMC binding with Li+. This is likely 

an artifact of having twice the number of EMC molecules in our system and binding energies changing in 

the solution phase as opposed to the gas phase. 

Figure 4. Radial distribution functions of solvent molecules EC, EMC with respect to Li+ (a, b 
respectively) and   (c, d respectively).𝑃𝐹 ―

6

Our simulations indicate a consistent decrease in Li-EMC interactions that is accompanied by a consistent 

increase in Li-EC interactions with increasing salt concentrations. This observation is also consistently 

reflected in the coordination numbers in Table 2. 
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Table 2. Coordination numbers indicate a consistent decrease in Li-EMC interactions that is 

accompanied by a consistent increase in Li-EC interactions with increasing salt concentrations

System  𝑃𝐹 ―
6

around Li+
EC around 

Li+
EMC around 

Li+
EC around 

𝑃𝐹 ―
6

EMC around 
𝑃𝐹 ―

6
Distance 

from center 7.5 Å 4.5 Å 4.5 Å 4.9 – 5.0 Å 5.2 – 5.3 Å

A (0.108M) 0.2457 0.5266 4.7303 0.6609 1.5022
B (0.528M) 0.6789 0.6092 4.5891 0.6812 1.6998
C (1.023M) 1.1722 0.7408 4.3454 0.7282 1.9866
D (1.926M) 2.1508 1.1629 3.2882 0.9039 2.2408

From RDF plots of - Li+ (Figure 4), we see that at lower concentrations the peak at the smallest 𝑃𝐹 ―
6

distance is lower than the peaks at larger distances. This is again, a result of high degree of dissociation 

of LiPF6 salt. As the concentration increases, the peak closest to the center of the ion increases and the 

other peaks reduce due to a smaller fraction of the salt dissociating. This is indicative of the fact that the 

dissociation of Li+-   is hindered at larger salt concentrations and might be the primary reason for the 𝑃𝐹 ―
6

observed drop in Li+ transport parameters in Figure 2. 
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Figure 5. Radial distribution functions of  with respect to Li+ at increasing salt concentrations 𝑃𝐹 ―
6

(0.108 M in red, 0.528 M in green, 1.02 M in orange and 1.93 M in blue). Sharp peaks at ~3 Å indicate 
greater association of Li+ and   at high salt-concentrations. 𝑃𝐹 ―

6

We also infer that the formulation of an ideal electrolyte composition with the optimum Li-ion transport 

performance will ultimately be dictated by the solvation structure at the molecular level.  These results 

are in agreement with the observation from Table 2 that the sum of the coordination numbers for Li+-EC 

and Li+-EMC decreases with salt concentration while that for Li+-  increases.𝑃𝐹 ―
6

Molecular simulations offer the unique opportunity to explore the impact of molecular structure on the 

solvation and ordering in condensed phase systems. The volumetric probability density maps shown in 

Figure 6 depict the probability of finding a given molecular moiety around another molecular moiety in a 

3-D space. For the EC molecule, the volumetric probability density maps indicate clearly demarcated 

regions for  and Li+ interactions. The carbonyl oxygen on EC being negatively charged offers the 𝑃𝐹 ―
6

only favorable site for Li+ interaction while the -CH2 groups on the ring structure of EC being diametrically 

opposite provide the only sites of interaction for .   𝑃𝐹 ―
6
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Figure 6. Volumetric probability density maps of  (magenta clouds), Li+ (green clouds) and the other 𝑃𝐹 ―
6

solvent EMC/ EC (lavender clouds) with respect to EC and EMC molecules respectively for systems B, 
C and D. The probability density iso-values used to plot the volumetric maps are also depicted.

This results in a highly charge separated molecular ordering around EC. In contrast, for the EMC 

molecule, the volumetric density maps indicated a more distributed probability density for  𝑃𝐹 ―
6

interaction which can be rationalized by the presence of positively charged ethyl and methyl groups on 

both sides of the EMC molecule. Amongst the ethyl and methyl groups,  is observed to interact more 𝑃𝐹 ―
6

with the methyl group. This is rationalized by the fact that the oxygen atom with ethyl group has a RESP 

derived partial charge of -0.62 while the oxygen atom attached to the methyl group has a partial charge of 

-0.43.  being negatively charged is repelled to a greater extent by the ethyl group when compared to 𝑃𝐹 ―
6

the methyl group due to the more negatively charged oxygen atom attached to the ethyl group. This is 
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manifested in the decreased volumetric probability of  near ethyl group when compared to the methyl 𝑃𝐹 ―
6

group.

Next, from a macroscopic context, we take a closer look at the solvation structure around the Li+-ions in 

an attempt to identify factors that limit the value of transport properties and identify means to mitigate 

these limitations. We start with the macro-scale calculations of the diffusivities and conductivities 

presented above and conduct a sensitivity analysis of the various contributing species diffusivities (Dii and 

Dij).  In the simplest case, this is accomplished by systematically increasing the component diffusivities 

one at a time, by a factor of 10 and observing the changes to the effective Fickian diffusivity and Li+ 

conductivity.  For instance, on System A, Dii for Li+ has a baseline value of 9.26e-11 m2/s computed from 

MD calculations.  The baseline Fickian diffusivity for this case is 3.61e-9 m2/s and the Li+ conductivity 

2.54 mS/cm.  Upon setting the Dii value for Li+ to ten times the baseline value, the values of these 

properties change to 9.37e-9 m2/s and 9.19 mS/cm respectively.  For this simple case, the increase in self-

diffusivity corresponds to switching the charge carriers from Li+ to a hypothetical ion with much lower 

atomic mass. This change in turn trickles through the cross-diffusion terms and eventually results in an 

improvement to the effective properties.  Similar hypothetical changes to the Dii and Dij terms reveal that 

 values have the largest influence on improving transport at low LiPF6 concentrations while 𝐷𝐿𝑖 + ,𝐸𝑀𝐶

improving self-diffusivity of EMC is most likely to be effective at higher salt concentrations.  This is in 

line with some experimental observations: for instance Shim[60]  showed that properties such as the bulk 

dielectric constant have limited influence on the solvation shell compared to local-concentrations of 

individual species.  Other attempts to modify the EMC molecules include substituting the hydrogens in 

the molecule with alternate species.  For example, Jow et al. propose the use of fluorinated EMC for 

improved transport properties. [65] 
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The presence of multiple stereo isotopes in the linear-chain carbonates has been used to reconcile 

differences between computed values for diffusivities and experimental measurements.[25]   However, in 

our calculations (Figure 1) we found that the differences in binding energies between Li+ and the carbonyl 

oxygens in the cis and trans configurations for EMC were less than 1 kcal/mol, which is within the bounds 

of accuracy of these methods.  Alternately, binding of Li+ to the oxygens in the ether position, in addition 

to the carbonyl groups has also been proposed, albeit at very small percentages.  The self-diffusivity of 

the linear carbonate solvents can in turn be improved by opting for smaller chain lengths (e.g., replacing 

EMC with DMC).  The marginal improvements to viscosities (0.65 cP for EMC versus 0.59 cP for DMC 

at 250C) however, are not adequate to bring about an increase in diffusivities that will help accomplish the 

fast-charge targets.

Typically, analysis of contributions from the EC molecules towards improving bulk transport properties 

are limited to higher dielectric constants and consequent increase in solubilities in addition to their 

excellent ability to form very stable SEI layers. This is because, interactions of EC molecules with Li+ are 

limited to the carbonyl oxygen, which necessitates the rotation of the solvent molecule or a longer distance 

for the ion to traverse before accommodating additional interactions.  However, in the context of fast 

charging, there are a few other properties worth examining closer:

i) The EC molecule, with a high dielectric constant dissociates the contact pair (Li+– ) and 𝑃𝐹 ―
6

thus stabilizes Li+ ions. In contrast, the linear carbonates reorient to solvate both dissociated 

Li+ as well as the contact pairs.  Bohn-Oppenheimer MD calculations by Borodin et al.[25] 

even suggest that the contact ion pairs may have a higher number of coordinated DMC 

molecules than for fully solvated Li+ cations.  This is one of the main drawbacks with improved 

solubilities realized from the use of small-chain linear solvent molecules: the transference 

numbers are still below target in these situations.
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ii) Recent FTIR results reported by Liang and co-workers[66] showed that the formation and 

dissociation dynamics of Li+-cyclic carbonate complexes are faster than those with the linear 

carbonate complexes. This aspect is crucial to accelerate solvation and mitigate plating of 

metallic lithium, as large fluxes of Li+ tend to accumulate at the surface of the anode during 

extreme fast charge.

iii) Given the large difference in dielectric constants between cyclic and linear carbonates, EC-

type molecules tend to form rigid solvation shells mitigating the “fluctuation” of solvents 

around the charge carriers during charge. [60]

Given these attributes, there are a few limitations to overcome, before considering cyclic molecules as 

effective solvents to improve fast charging capabilities. First off, the moment of inertia about the rotational 

axis of cyclic molecules is much bigger compared to the linear chain solvents. This in turn means that the 

carbonyl groups of the former set of compounds have to overcome a significantly higher energy barrier to 

rotate and interact with the Li+ ions as discussed earlier.  Secondly, the number of sites for Li+ to bind are 

limited to the carbonyl groups in EC, thus exponentially decreasing the probability of solvation as the 

local salt concentration increases during fast charge.  These limitations suggest alternate pathways to 

enhance Li+ diffusion: the traditional carrier-based diffusion mechanism wherein the Li+ is bound to a 

solvation shell will likely face constraints due to conflicting requirements of lower viscosities and higher 

solubilities under extreme fast charge conditions.  However, a hopping-mechanism where the Li+ jumps 

from one tailored site within a solvation shell to another is expected to result in faster diffusivities. 

[15,67,68] A similar argument is also supported by fast rotational dynamics in  anions that are also 𝑃𝐹 ―
6

bulky like the cyclic carbonates; but the presence of six conformal fluorine sites for the Li+ to bind lowers 

the energy barrier significantly for rotation of these anions.[36]  An equivalent configuration, where in 

there are multiple sites available for Li+ to bind, without necessitating an increase in the mole-fraction of 

Page 21 of 33 Journal of Materials Chemistry A



the cyclic solvent molecules will likely accomplish the transport goals for Li+ under extreme fast charging, 

without suffering from any further increase to viscosities under high salt concentrations.

In addition to these, design of a practical electrolyte system also entails a careful consideration of various 

additives used to alter properties in the bulk electrolyte as well as the interface.   Detailed computation of 

electrolyte properties in the presence of multiple salts and/or additives have been extensively studied in 

the literature both experimentally [61] and computationally [32].  Alternate electrolyte formulations also 

consider modifying the anion: for example, Bis(fluorosulfonyl)imides or FSI- anions have been a 

contender in recent literature.[69] While the discussion presented in the current work is limited to the 

standard Gen-2 formulation as the benchmark, it is widely recognized that additives play an indispensable 

role in enhancing electrolyte properties, as do alternate salt formulations. Methods presented in the current 

work readily extend to analyzing enhancements to Li+ transport in such systems.

4. Conclusions

Target values for extreme fast charging of lithium ion batteries set based on continuum level calculations 

are compared against predicted values obtained from molecular simulations.  The Onsager-Stefan-

Maxwell framework helps relate bulk transport properties to component-level interactions.  MD 

simulations allow us to attribute limitations in diffusivity and conductivity to specific pair-wise 

interactions.  There are still gaps in our understanding of ion-solvent interactions at very high local salt 

concentrations, which are beyond the scope of theoretical tools employed in this study.  Careful choice of 

force fields and implementing appropriate solvent-phase simulations are key to understanding 

experimentally relevant interactions in concentrated electrolytes required for fast charging of lithium ion 

batteries. Detailed characterization of solvation shell composition and interactions between the charge 

carriers and solvent molecules as a function of salt concentrations reveal several options for rational design 

of electrolyte compositions tailored to extreme fast charge conditions.  This approach also allows us to 
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understand limitations with commonly used solvents such as linear carbonates, that do not maintain 

transference numbers albeit exhibiting good diffusivities.  This is due to the fact that the linear solvent 

molecules promote solvation of the ion-conducting salts as ion-pairs rather than solvating the Li+ ions and 

are thus of limited practical value towards improving fast charge characteristics.  Alternate approaches to 

design of solvent molecules, including functionalization of ethylene carbonate-based solvents to promote 

rapid solvation and improving robustness of the solvation shells, were identified.  Many of these results 

agree very well with experimentally observed gaps in extreme fast charging.  Results presented in here 

are a first step in designing composition of solvents accounting for both bulk-properties (such as viscosity) 

that are readily measured experimentally as well as local effects that are difficult to characterize.  Based 

on these results specific recommendations to modify EC-type cyclic molecules and EMC-type linear 

molecules are currently being pursued to develop next generation electrolytes for extreme fast charging 

applications.
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