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Abstract 

Without rechargeable batteries, the modern world would probably look different. Lithium 

ion batteries are currently the most popular and widely used ones, almost omnipresent within 

modern society, in portable devices, electrical vehicles, energy storage stations, etc. The 

demand for more efficient, more durable, and more sustainable batteries is rapidly growing. 

The electrolyte is a key element to improve the performance of lithium ion batteries. 

      Traditionally, the electrolyte generally consists of lithium salts and organic solvents, 

which are volatile and flammable, therefore present safety risks for some applications. 

Moreover, it is difficult to tune the formula for certain purposes. It has been long practice and 

a hot research topic to find or innovate novel electrolytes that can ensure the high rate and 

energy density, stable and safe operations. In this work, we focus on ionic liquid (IL) which 

consists of an anion and a cation and presents many advantages, such as good thermal and 

chemical stability, wide electrochemical window, hard to volatile, etc. More importantly, IL is 

a designable solvent, thus it provides big potential for the variety of IL electrolytes. So far, 

there are still some unresolved problems in understanding the IL electrolytes, such as the 

solvation effect, the kinetic behavior, the mechanism of lithium ion transport, etc., Molecular 

dynamics simulations are powerful tools in investigating these phenomena, processes, and 

mechanisms at the molecular level, which is the main research method in this work with the 

support of experimental and theoretical methods.  

First, two organic solvents (dimethyl carbonate, DMC, and diethyl carbonate, DEC) and 

four IL solvents (1- alkyl -3- methyl imidazole IL ,viz. [Cnmim][BF4] and [Cnmim][TFSI] 

(n=2,4)) were computationally investigated for the high concentration lithium electrolytes, 

2mol/L lithium bis(trifluoromethylsulfonyl) imide (LiTFSI). The physicochemical properties 

of the electrolyte solutions, such as density, viscosity, self-diffusion coefficient, and 

conductivity, were calculated to compare the organic and IL solvent electrolytes. The 

microstructures of LiTFSI were analyzed further in various solvent electrolytes by evaluating 

the radial distribution function and ionic coordination number to explore the correlations 

between structural and physical properties at a micro-scale level. The simulation shows that 

the IL solvent electrolytes exhibit higher density and viscosity, larger self-diffusion coefficient, 

and conductivity than the organic solvent electrolytes. The [BF4]-type IL electrolytes have 

higher conductivity than the [TFSI]-type IL electrolytes, especially the [C4mim][BF4] with the 

highest conductivity among the IL-based electrolytes. To explore the causes of this 

phenomenon, the microstructure was analyzed, which revealed that the organic solvents restrict 
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the free movement of the ions, and reduce the conductivity of the electrolytes. 

Following this study, in order to systematically study the influence of different lithium 

salt concentrations,  the properties and solvation structure of IL electrolytes under four different 

lithium concentrations (0.3mol/L, 0.5mol/L, 1.5mol/L, 2.0 mol/L) were explored by molecular 

dynamics simulations and experiment. The result indicated that the density and viscosity of IL 

electrolytes and the transfer number of lithium ions increased with the increase of the LiTFSI 

concentration. Furthermore, the effects of the concentration of lithium salt on the ionic 

associations of Li+ and anion of IL were explored. The structural analysis indicated that strong 

bidentate and monodentate coordination were found between Li+ and anion of all IL 

electrolytes. More importantly, the existence of the ion cluster [Li[anion]x]
(x-1)- in IL 

electrolytes was found, and the cluster became more closed and compact as the concentration 

of LiTFSI increases.  

Due to the discovery of Li-anion clusters in IL electrolytes, a range of IL electrolytes 

including 1-alkyl-3-methyl imidazole-based IL ([Cnmim][PF6] (n=2,4)) doped with six  

different concentrations of LiTFSI (0.5M, 1M, 1.5M, 2M, 3M and 4M) are investigated based 

on the previous work. The transport properties of IL electrolytes by combining molecular 

dynamics simulations and density functional theory (DFT) were systematically studied, 

including ion diffusion coefficient, conductivity, lithium-ion transfer number (apparent transfer 

number, and effective transfer number), effective charge, ion residence time, etc. In the 

meanwhile, the microstructure of the IL electrolytes is carefully explored to reveal the 

influence of ion interactions and cluster structure on the transmission properties. It is found 

that negative lithium transference number and negative effective charge exist, which is caused 

by strong interactions in IL electrolytes with different lithium concentrations. More importantly, 

due to the consideration of ion dependence, the negative lithium transference number behavior 

fundamentally deviates from the apparent transference number obtained using the self-

diffusion coefficient analysis. In addition, the calculation of the effective lithium-ion charge 

shows that the lithium-containing clusters in the IL electrolytes are always negatively charged 

in a very wide range of concentrations. This indicates that the lithium ions in the IL electrolytes 

are transferred by the lithium ion-anion charged cluster transfer mechanism. At the same time, 

the configuration and stability of the charged clusters were quantitatively analyzed by the 

agglomerated hierarchical clustering algorithm. This discovery is of great significance to the 

understanding of lithium ion transfer mechanism in lithium ion batteries. 
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Resume på Dansk 

Uden genopladelige batterier vil den moderne verden sandsynligvis se anderledes ud. 

Lithiumbatterier er i øjeblikket de mest populære og udbredte batterityper. De bliver anvendt i 

for eksempel bærbare computer, elektriske køretøjer, energilagringsstationer osv. Men 

efterspørgslen efter mere effektive, holdbare og bæredygtige batterier typer stiger hurtigt. 

Elektrolyt er nøgleelementet til at forbedre lithiumbatteriets ydeevne. Traditionelt består 

elektrolytten i lithiumbatterier af lithiumsalte og organiske opløsningsmidler, som er flygtige 

og brandfarlige. Der er derfor behov for at finde nye elektrolytter, som er hurtigere, mere 

energitætte, stabile og sikker end elektrolytter i lithiumbatterier. I dette projekt fokuserer vi på 

ioniske væsker(IL), som består af en anion og en kation. Ioniske væsker har mange fordele. 

For eksempel er de termiske og kemiske stabile. Derudover består IL af en mindre flygtige 

solvent, som kan opløse forskellige typer af IL-elektolytter.  

Indtil videre er mange af IL-elektrolytternes egenskaber stadigvæk ukendte. Dette gælder 

for eksempel deres opløsningseffekt, den kinetiske opførsel og mekanismen for 

lithiumiontransport. For at undersøge disse egenskaber bruges i dette projekt molecular 

dynamics simulation. 

I dette projekt undersøges først to organiske opløsningmiddler (dimethylcarbonat, DMC 

og diethylcarbonat, DEC) og fire IL-opløsningsmidler (1- alkyl -3- methyl imidazole IL ,viz. 

[Cnmim][BF4] og [Cnmim][TFSI] (n=2,4)) med høj lithiumelektrolytter koncentration (2mol / 

L lithiumbis (triuormethylsulfonyl) imid (LiTFSI)). De fysisk-kemiske egenskaber såsom 

densitet, viskositet, selvdiffusionskoefficient og ledningsevne for de organiske elektrolytter 

med IL-opløsningsmiddelselektrolytter bliver beregnet og sammenlignet. Derefter undersøges 

sammenhængen mellem de strukturelle og fysiske egenskaber på det mikroskopiske niveau ved 

at bestemme den radiale fordelingsfunktion og koordinationsnummeret af mikrostrukturen af 

LiTFSI.  

Simuleringen viser, at IL-opløsningsmiddelelektrolytter har højere densitet, viskositet, 

større selvdiffusionskoefficient og ledningsevne end de organiske 

opløsningsmiddelelektrolytter. [BF4] -type IL-elektrolytter har højere ledningsevne end [TFSI] 

-type IL-elektrolytter. Især [C4mim] [BF4] har den højeste ledningsevne blandt de IL-baserede 

elektrolytter. For at undersøge årsagerne til dette resultat analyseres elektrolytterens 

mikrostruktur. Det viser, at de organiske opløsningsmidler begrænser ionernes frie 

bevægelighed og derved reducerer elektrolytternes ledningsevne. 
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For at systematisk undersøge indflydelsen af forskellige lithiumsaltkoncentrationer, bliver 

egenskaberne og opløsningsstrukturen af IL-elektrolytter analyseret under fire forskellige 

lithiumkoncentrationer (0,3 mol/L, 0,5 mol/L, 1,5 mol/L, 2,0 mol/L) ) via molekylære 

dynamiske simuleringer og eksperimenter. Resultatet indikerer, at IL-elektrolytternes densitet 

og viskositet, og lithiumioners overføringsnummer stiger med stigende LiTFSI-koncentration. 

Derudover bliver effekten af lithiumsaltes koncentration på ioniske association af Li+ og anion 

af IL undersøgt. Den strukturelle analyse viser, at der er stærke bidentate og monodentate 

koordinationer mellem Li+ og anion af alle IL-elektrolytter. Endvidere bliver der fundet ioniske 

klynger [Li[anion]x]
(x-1)- i IL electrolytter. Disse klynger bliver mere isoleret og tætpakket med 

stigende koncentration af LiTFSI. 

På grund af opdagelsen af Li-anion klynger i IL-elektrolytter bliver en række IL-

elektrolytter, heri inkludere 1-alkyl-3-methylimidazolbaseret IL ([Cnmim] [PF6] (n = 2,4)), 

doteret med seks forskellige koncentrationer af LiTFSI (0,5 M, 1 M, 1,5 M, 2 M, 3 M og 4 M) 

undersøgt baseret på det tidligere arbejde. Transportegenskaberne af IL-elektrolytter bliver 

systematisk undersøgt ved at kombinere molekylær dynamik-simuleringer og 

densitetsfunktionsteori (DFT). Disse egenskaber indkludere iondiffusionskoefficient, 

ledningsevne, lithium-ionoverførselsnummer (tilsyneladende overførselsnummer og effektivt 

overførselsnummer), effektiv ladning, ionophold tid osv. Derudover bliver mikrostrukturen af 

IL-elektrolytterne udforsket for at undersøge effekten af ioniske interaktioner og 

klyngestruktur på transmissionsegenskaberne. Det viser sig, at der eksistere et negativt 

lithiumoverførselsnummer og en negativ effektiv ladning, hvilket er forårsaget af stærke 

interaktioner i IL-elektrolytter med forskellige lithiumkoncentrationer. Ydermere, på grund af 

en potential ionafhængighed, afviger det negativ lithiumoverførselsnummer fra det 

tilsyneladende overførselsnummer, som er fundet via self-diffusion coefficient analysen. 

Desuden viser beregningen af den effektive lithium-ion-ladning, at de litiumholdige klynger i 

IL-elektrolytterne altid er negativt ladede i et meget bredt koncentrationsområde. Dette 

indikerer, at lithiumionerne i IL-elektrolytterne overføres af den lithiumion-anion-ladede 

klyngetransfermekanisme. Samtidig bliver konfigurationen og stabiliteten af de ladede klynger 

analyseret kvantitativt af den agglomeratet hierarkiske klyngealgoritme. Denne opdagelse er af 

stor betydning for forståelsen af lithiumionoverførselsmekanisme i lithiumionbatterier. 
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Chapter 1  Introduction  

In this chapter, first, an overview of the lithium-ion battery electrolytes is introduced. 

Then, the ionic liquids including the history, classification, and application are 

introduced and described. Next, an overview of ionic liquid electrolytes is discussed. 

Finally, the main molecular simulation method including the force field and simulation 

scale of this work is introduced. 
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1.1 Lithium Ion Battery Electrolytes 

With the popularity of electronic equipment, the rapid development of new energy vehicles and 

renewable energy, electrochemical energy storage systems with high energy density, high cycle stability, 

and high power density is facing great challenges and has gradually become the main research direction 

around the world.1,2 High-performance energy storage devices, such as lithium ion batteries and 

supercapacitors, play a vital role in these industries and have become a hot issue of common concern 

among academia, industry, and society.3,4 In order to meet the needs of new energy vehicles, large energy 

storage equipment, and other industries, a battery system with high specific energy, high power, good 

stability, good cycling performance, and good environmental adaptability is the key. Since the successful 

commercialization of lithium ion battery in the early 1990s, it has been dominating the battery market 

with its characteristics of high voltage, high specific energy and long cycle life. However, with the 

expansion of the application scenario and application requirements of strict, battery performance and 

chemical composition of increasingly stringent requirements, lithium ion battery safety problems 

exposed constantly and the increasingly prominent, it is difficult to satisfy the light-duty, large capacity, 

long life of electronic devices and applications of electric vehicles and other technical requirements. 

Therefore, the development of a new generation of high-performance, environmentally friendly green 

battery systems has become a common challenge faced by the international community. Lithium-ion 

batteries are mainly composed of positive electrode material, negative electrode material, electrolyte, 

and a separator separating the positive and negative electrodes (Figure 1-1). 
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Figure 1-1. Schematic illustration of the first Li-ion battery (LiCoO2/Li+ electrolyte/graphite).5 

 

 

Lithium ion electrolyte is used as transmission medium transmission between the positive and 

negative electrodes, through its emergence and embedded between the two electrodes to realize the 

battery charge and discharge processes, so the lithium ion battery charge and discharge capacity and 

cycle stability and important properties such as charge and discharge rate, and lithium ion electrode 

materials in the embedded process and storage are closely related. It can be said that the performance of 

lithium ion battery is closely related to the lithium storage performance of electrode materials and 

electrolytes. Figure 1-2 shows the classification of lithium-ion battery electrolytes. The electrolyte 

categories can be divided into liquid electrolytes, solid electrolytes or quasi-solid-state electrolytes, and 

redox-active electrolytes. 
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Figure 1-2. Classification of electrolytes for electrochemical supercapacitors.6 

 

At present, most lithium ion battery electrolytes use lithium salts (LiTFSI, LiBF4, LiPF6, LiTFSI, 

LiAsF6, etc.) dissolved in organic solvents, such as ethylene carbonate (EC), propylene carbonate (PC), 

dimethyl carbonate (DEC), etc. However, this kind of electrolytes is toxic, volatile, low ignition point, 

easy to occur with the battery internal thermal decomposition reaction, causing the explosion and other 

safety hazards. Therefore, to ensure that lithium-ion batteries exhibit long cycle life and good rate 

performance, the electrolyte of lithium-ion batteries should meet the following requirements: (1) high 

ion conductivity and large lithium ion migration in a wide temperature range; (2) wide electrochemical 

window; (3) good thermal stability; (4) reasonable cost and low environmental pollution. In recent years, 

in order to improve the performance of lithium ion electrolytes, researchers have been continuously 

developing various new electrolytes. 
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1.2 Ionic Liquid 

Ionic liquid (IL) is also known as room temperature ionic liquid.7,8 It is composed of organic cations 

and organic or inorganic anions. It is a salt that is liquid at or near room temperature and has a very low 

melting point, and has many properties not found in other conventional solvents.: (1) Wide liquid 

temperature range, with good thermochemical stability; (2) Low vapor pressure, non-volatile; (3) High 

viscosity, 10-500𝑚𝑝𝑎 ∙ 𝑠 at room temperature; (4) Strong solubility and polarity; (5) Not easy to burn, 

small toxicity; (6) There are many kinds of IL, which can regulate their physical and chemical properties 

by regulating the functional groups of cation and anion, and design thousands of IL with different 

structures and functions.9,10 IL, as a new green solvent, has been widely used in materials science, 

chemical synthesis, extraction and separation, and other research fields in recent years.11 Due to their 

unique physicochemical properties and environmental friendliness, IL are very popular in the chemical 

industry. Qualitative comparison between organic solvents and IL is shown in Table 1-1. 
 

Table 1-1. Comparison of organic solvents with ionic liquid12 

 

Property Organic solvents Ionic liquid 

Number of solvents >1000 >1000000 

Applicability Single function Multifunction 

Catalytic ability Rare Common and tuneable 

Chirality Rare Common and tuneable 

Vapour pressure Obeys the Clausius-Clapeyron 

equation 

Negligible vapour pressure under normal 

conditions 

Flammability Usually flammable Usually nonflammable 

Solvation Weakly solvating Strongly solvating 

Polarity Conventional polarity concepts apply Polarity concept questionable 

Tuneability Limited range of solvents available Virtually unlimited range means “designer 

solvents” 

Cost Normally cheap Typically between 2 and 100 times the cost of 

organic solvents 

Recyclability Green imperative Economic imperative 

Viscosity/cP 0.2-100 22-40000 

Density/g cm-3 0.6-1.7 0.8-3.3 

Refractive index 1.3-1.6 1.5-2.2 
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1.2.1 Brief History of Ionic Liquid 

The earliest room temperature IL was ethylamine nitrate (EtNH3NO3) synthesized by the reaction of 

ethylamine and concentrated nitric acid by Walden in 1914, with a melting point of only 285 K.13 

However, EtNH3NO3 was unstable in the air and easy to explode, so it did not attract much attention at 

that time. In 1948, Hurley et al. mixed N-methylpyridine with AlCl3 and heated it to obtain a colorless 

liquid for aluminum plating research, creating the first generation of IL.14 But the liquid releases 

hydrogen chloride when it meets water, making it unfriendly to the environment, and it also has a narrow 

temperature range as a liquid. Therefore, the significance of practical application is not great. Until 1992, 

Wilkes et al. synthesized the second generation IL with imidazole as cation, [BF4]
-, [PF6]

-, etc. as 

anions.15 These IL were easy to prepare and relatively stable in air and water, so IL were widely accepted 

and began to be widely used. In the 21st century, research on IL has grown rapidly. The statistical results 

of ”Web of Science” show that the number of articles and reports on IL has increased from 1284 in 2000 

to 11,000 in 2020, as shown in Figure 1-3. Nowadays, IL are widely used in organic synthesis,16,17 

catalysis,18,19 electrochemistry20-23 and other green chemistry fields with their unique advantages. At the 

same time, the diversification of the types of IL, the extensive application and research have also brought 

us new problems. How to choose the appropriate IL and how to design a more appropriate IL according 

to the practical application requirements has become a new challenge. 
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Figure 1-3. The number of papers of ionic liquid for nearly 20 years. 

 

1.2.2 Classification of Ionic Liquid 

Most common IL are composed of organic heterocyclic cations and organic or inorganic anions. As 

shown in Figure 1-4, organic heterocyclic cations, such as dialkyl imidazole and alkyl-substituted 

pyridine, in which the five-membered and six-membered carbon atoms are mostly substituted by nitrogen, 

are generally characterized by large molecular volume, relatively dispersed positive charge, and not 

concentrated in a single point. Among them, imidazoles substituted by alkyl have been studied most and 

applied widely, and the length of the alkyl chain has a great influence on the properties of IL. Common 

anions (Figure 1-5) can be divided into two categories according to their water solubility. One is soluble 

in water, such as [CH3CO2]
-, [N(CN)2]

-, [BF4]
-, [OTf]- Br- or Cl-. The second type is insoluble in water, 

such as [PF6]
-, [TF2N]-, etc. According to the different properties of these anions, we can design different 
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IL to meet the practical application requirements. 

 

 

Figure 1-4. Structure of common cations in ionic liquid 

 

 

  

Figure 1-5. Structure of common anions in ionic liquid 
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1.2.3 Application of Ionic Liquid 

Ionic liquid, as a new green solvent, has been widely used in catalysis, extraction separation, and 

electrochemistry. In the field of catalysis, high specificity and high efficiency are the important 

characteristics of "green" catalysis. IL as a substitute of organic solvent is a new way to "green" catalytic 

method and mainly reflects in two aspects: (1) Due to the unique solvent properties of IL, it can replace 

the organic solvent for dimerization reaction, Heck reaction, and hydroformylation reaction; (2) IL can 

replace liquid acid for alkylation reaction and Friedel-Crafts reaction due to its variable acidity. For 

example, Karimi et al. loaded the triglycol imidazole IL onto the surface of iron oxide nanoparticles to 

prepare the magnetic IL for the Heck reaction in an aqueous solution.23 The results showed that the 

solubility of the catalyst in aqueous solution was very low, and the activity did not significantly decrease 

after 10 times of use. Meanwhile, He et al. used the 1-butyl-3-methylimidazole bis (trifluoromethyl) 

sulfonyl imide/aluminum chloride ([Bmim][TFSI]-AlCl3) IL as the catalyst for the Friedel-Crafts 

reaction between benzene and 1-dodecane.24 The research showed that IL could improve the catalytic 

activity of the reaction due to its stability and hydrophobicity. Meanwhile, it is well known that gases 

such as SO2 and CO2 produced by burning fossil fuels can affect human health and the environment.25,26 

Therefore, the effective, reversible, and economical capture of these gases is of great importance. IL has 

been considered as a new material in separation technology due to its advantages of low vapor pressure 

and high stability in recent years, and the research on extraction and separation of IL has been increasing 

year by year. In 1999, Blanchard et al. first reported the use of IL to capture CO2.
27 This research group 

used 1-n-butyl-3-methylimidazole hexafluorophosphate to achieve solubility of CO2 up to 0.6 mol at 80 

bar. Since then, the use of IL for gas capture has attracted much attention. IL are often used in the field 

of electrochemistry due to their wide electrochemical window and high conductivity.28,29 The application 

of IL electrolytes will be highlighted below. In addition, IL are also widely used in materials science,30 

biomass,31 pharmaceutical industry,32 environmental science33 and other fields. 

1.3 Ionic Liquid Electrolytes 

Ionic liquid has the advantages of non-volatile, non-flammable, high conductivity, wide 

electrochemical window, wide temperature range, etc., so it has a broad application prospect as the 

electrolyte of lithium ion battery. At present, IL electrolytes (ILE) are mainly divided into two types: one 

is directly used as liquid electrolytes, and the second is to introduce IL into the polymer composite to get 
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IL/polymer electrolyte. This work will focus on the first ILE, and clarify the advantages of the electrolyte. 

According to the type of cation of IL, ILE can be categorized into (1) imidazole-based ILE; (2) pyrrole-

based ILE; (3) piperidine-based ILE; (4) quaternary ammonium-based ILE. Recently, Reiter et al. 

studied an ILE which composed as 0.5 M LiTFSI, N-allyl-N-methylpiperidinium 

bis(trifluoromethanesulfonyl)imide ([PP13][TFSI]) (20–80 wt%), and the results show that the ILE is 

thermally stable at temperatures up to 320°C, meanwhile it has a high ionic conductivity of 2.4 × 10−3 S 

cm−1 at 55 °C.34 Furthermore, Li et al. proved that the Li/LiFePO4 battery assembled by [PP14][TFSI]-

gel polymer ILE can provide a discharge capacity of about 120.4 mAh g-1 at a rate of 0.1C at room 

temperature.35  Passerini et al. successfully demonstrated that adding N-alkyl-N-methyl-pyrrolidinium 

bis(trifluoromethanesulfonyl) imide ([PYR1A][TFSI]) to PEO based solid electrolyte can improve ionic 

conductivity up to 10−4 S cm-1 at 20°C with broad electrochemical stability and good compatibility with 

lithium anode even after extended storage time.36  Recently, some researchers have applied ILE to 

sodium-ion batteries, it also has shown excellent performance. The binary electrolytic mixtures based on 

IL 1-ethyl-3-methyl-imidazolium, trimethyl-butyl-ammonium, and N-alkyl-N-methyl-piperidinium 

were designed and investigated by Mariangela et al. 37 Aiming at a safer sodium battery system, NaTFSI-

ILE was studied. The room temperature conductivity can reach 10−4 or 10−3 S/cm and the thermally stable 

up to 275 ◦C.  

1.4 Molecular Simulation Method 

As a green and designable solvent composed of small molecular units, the properties of IL can be 

changed by changing the structure and this method can be applied in various fields. Theoretical 

exploration at the molecular level would be very helpful in designing new IL and ILE. At present, there 

are mainly three methods for the theoretical research of ILE: the method based on electronic structure, 

the method based on molecular mechanics, and the method based on classical molecular dynamics. 

Calculation method based on the electronic structure consists of Ab initio method (Ab initio), semi-

empirical calculation method (Semi-empirical) and density functional method (DFT), which are derived 

directly from quantum mechanics to its structure, so the precision and accuracy of this method is very 

high, but the method has a very high computational cost and it is therefore only suitable for small static 

simulation systems. The second method is the classical molecular dynamics (MD) simulations based on 

molecular mechanics. This method can effectively observe and explain the interaction between the ions 
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of IL and any dissolved solute, as well as between the ions themselves. This method is different from the 

first method in that atoms are used instead of electrons as the basic simulation unit, so the calculation 

time can be reduced for the system with little interaction between electrons. The electronic properties of 

each atom are represented by force fields, which represent charges, interactions, bond lengths, bond 

angles, and dihedral angles. Therefore, the accuracy of the force field is the main factor affecting the 

accuracy of MD simulations. The third method is coarse-grained simulations, which are based on 

classical MD simulations and treat several atoms as a "bead" or "particle". The parameters of these groups 

are usually obtained from the all-atomic MD simulations, which can greatly improve the computational 

efficiency for large systems. In recent years, it has been widely used in multi-scale system simulation. 

Molecular simulations start from the microscopic level of the research object, and can study in-depth 

the motion process and microscopic rules in the simulation system, and then fundamentally explain the 

principles and deepen the understanding of some problems, and usually can be verified with experiment. 

For some experiments, because of the harsh physical conditions, the technical means are difficult to 

achieve, then computer simulations can play their unique role. Besides, molecular simulations can be 

used to speed up research and product screening, greatly reducing the cost of experimental research. In 

a word, molecular simulations have become an indispensable research method. Therefore, we will briefly 

introduce the two most important parts of molecular simulations: force field and simulation scale. 

1.4.1 Force Field 

Molecular simulations can be used to study the microstructure, kinetic and thermodynamic 

properties of substances from the perspective of intermolecular interactions. These molecular 

interactions are expressed in terms of a function, that is, the force field. At present, most commonly used 

force fields take atoms as the basic simulation unit, such as AMBER,38 CHARMM39 and OPLS,40 which 

are collectively referred to all-atom force fields (AAFF). The AAFF is expressed as follows: 

 

𝑈 = ∑ 𝑘𝑟(𝑟 − 𝑟0)
2

𝑏𝑜𝑛𝑑𝑠 + ∑ 𝑘𝜃(𝜃 − 𝜃0)
2

𝑎𝑛𝑔𝑙𝑒𝑠 + ∑ 𝑘𝜒[1 + 𝑐𝑜𝑠( 𝑛𝜒 − 𝛿)]𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑠  +
12 64 [( / ) - ( / ) ] /ij ij ij ij ij i j ij

i j i j

r r q q r  
 

+ +                                                                                                                (1) 

                 

where 𝑈 is the total energy of the system, ∑ 𝑘𝑟(𝑟 − 𝑟0)
2

𝑏𝑜𝑛𝑑𝑠  is the simple harmonic bond stretching 

term, ∑ 𝑘𝜃(𝜃 − 𝜃0)
2

𝑎𝑛𝑔𝑙𝑒𝑠  is the angle bending term, ∑ 𝑘𝜒[1 + 𝑐𝑜𝑠( 𝑛𝜒 − 𝛿)]𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑠  is the dihedral 
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angle torsion term represented by the cosine function, ∑ 4휀𝑖𝑗[(𝜎𝑖𝑗/𝑟𝑖𝑗)
12 − (𝜎𝑖𝑗/𝑟𝑖𝑗)

6]𝑖<𝑗  is the short-

range potential represented by the Lenard-Jone (LJ) potential, and ∑ 𝑞𝑖𝑞𝑗/𝑟𝑖𝑗𝑖<𝑗  is the long-range 

electrostatic potential. 

For more precise or specific systems, the polarization parameters of some atoms may also be added. 

Therefore, through these parameters, the constructed model can complete the computer molecular 

simulations. The accuracy of molecular simulations almost solely depends on the choice of force field. 

For a specific system, the chosen force field needs to achieve a good balance between computing speed 

cost and computational accuracy. 

1.4.2 Simulation Scale 

In recent years, computer technology has made great progress, the computing speed has increased 

exponentially, and parallel computing has also been realized in various computing software, such as 

NAMD,41 LAMMPS,42 and GROMCAS,43, etc.  However, the size of the simulation systems is still 

limited by computers in the simulation scale of time and space. Quantum chemical computing, which 

takes into account electron cloud computing, can only calculate a few dozen to a few hundred atoms. 

Generally, due to the Born-Oppenheimer approximation and simple potential energy model, molecular 

simulations can simulate thousands of atoms more easily than quantum chemistry. 

In the molecular simulation, therefore, the system is usually between a few nanometers and dozens 

of nanometers and the time scale of each step motion is between 0.5-4 fs, which basically determines the 

time scale of our simulation, and it is difficult to break through to more than 100 ns for complex systems 

within a certain amount of simulation time, e.g. one week. Therefore, the scale of our simulation is 

limited from the hardware condition, with the size of tens of nanometers and the simulation time of tens 

of nanoseconds, as shown in Figure 1-6.  
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Figure 1-6. The space scale and the time scale of the molecular simulation.44 
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Chapter 2  Research Motivition and Purpose 
 

 

 

 

 

 

 

 

 

 

 

  

In this chapter, firstly, the current research status of electrolytes, especially ionic liquid 

electrolytes, is briefly described and the motivation of this research is indicated. 

Secondly, the main objectives of this research in detail are introduced, and finally the 

research results during the PhD period are summarized. 
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2.1 Research Motivation 

Electrolytes are an indispensable element in energy storage since the positive and negative 

electrodes are interconnected by an electrolyte that determines the charge transport during the 

charge/discharge processes.45,46 Ideal electrolytes should fulfill the following requirements: wide voltage 

window, excellent electrochemical stability, high conductivity, high ionic concentration, small solvated 

ionic radius, low viscosity, environmental friendliness, low cost, and easy availability with high 

purity.47,48 Thus far, most studies on the development of high-performance lithium-ion batteries still 

involve the use of organic solvent electrolytes, such as propylene carbonate, diethyl carbonate, and 

dimethyl carbonate. However, the uses of organic solvent electrolyte in the lithium-ion battery exist two 

flaws: (i) the inevitable chemical reactions within the electrolyte decrease battery lifetime and (ii) the 

high inflammability of organic substances increases the risk of fire or explosion. Therefore, developing 

safe and sustainable novel electrolytes for lithium-ion batteries is a crucial challenge in the current energy 

storage industry.49,50  

Ionic liquid (IL) as an ionic electrolyte due to their unique physicochemical properties such as wide 

potential window, high thermal stability, negligible vapor pressure (i.e., neither flammable nor volatile), 

relatively high ionic conductivity, and good thermal and electrochemical stability.51,52 To solve the safety 

problems in the field of battery capacity, life, and energy storage, developing new electrolytes is an 

urgent need in modern society. Ionic liquid electrolytes (ILE) use the ionic liquid as the solvent, co-

solvent, or additive, which can improve the safety and cycling performance.53,54 Meanwhile, ILE 

provides strong support for the development of green energy. In recent years, many researchers have 

been focusing on developing new types of IL to improve the performance of new lithium batteries.55,56 

However, despite the extensive experimental and theoretical studies in the past few years, the current 

understanding of the physical and chemical properties of ILE are still insufficient, especially the high 

concentration ILE. 

2.2 Research Purpose 

As sketched in Figure 2-1, in order to deeply understand the molecular mechanisms and transfer 

mechanisms of Li ion of different concentrations of lithium salts in ILE. Due to molecular dynamics 

simulation can study dynamics, thermodynamic properties, and microstructure through intermolecular 

interactions. Therefore, this method can be used to screen and design the optimal IL and lithium 
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concentration, and a series of ILE models with high electrochemical properties can be developed to guide 

experiments and applications. In this study, the main purposes are as following: 

(1) Establishing the model for ILE and organic electrolytes that select different types of IL as the solvent. 

(2) Comparing organic solvents and IL for high concentration lithium ion electrolytes to reveal the 

advantages of ILE by investigating the performance and structure of electrolytes. 

(3)  Investigation of the relationship between the type of IL and the performance of electrolytes by 

molecular dynamics simulations, for determining the optimal type of ILE. 

(4)  Comparing the properties of electrolytes (conductivity, electrochemical window, transport property, 

etc.) of different concentrations of lithium salts by molecular dynamics simulations to determine the 

optimal concentration of lithium salts for ILE. 

(5)  Revealing how the solvation structure of a Li ion changes with salt concentration and how this affects 

its dynamics. 

(6)  Exploring how the key groups or structures affect the electrochemical performance in different 

concentrations of lithium salts for ILE. 

(7)  Revealing the composition and size of Li-IL clusters at different lithium salt concentrations by the 

agglomerative hierarchical clustering algorithm. 

(8)  Explaining the influence of cluster structure on the lithium ion diffusion and the properties of ILE 

in different concentrations of lithium salt. 

(9)  Investigating the stability of the Li-IL cluster in different concentrations of lithium salts by the 

quantum chemical calculations. 



 

(27) 
 

 
Figure 2-1. overview of the different progressive research steps carried out during the thesis. 

 

2.3 Dissemination of the PhD Project Results 

This section contains a list of publications and conference presentations in PhD period.  

Publications 

1. Jiahuan Tong, Xiaodong Liang, Feng Huo, Nicolas von Solms, Suojiang Zhang. “Negative 

effective transference numbers and effective charge in Li salt-ionic liquid electrolytes: a sign of 

lithium ion-anion cluster transfer mechanism”, Journal of Power Sources, 2020, In preparation. 

2. Jiahuan Tong, Yuanyue Zhao, Feng Huo, Yandong Guo, Xiaodong Liang, Nicolas von Solms, 

Hongyan He. “The dynamics behavior and intrinsic mechanism of CO2 absorption by amino acid 

ionic liquids”, Physical Chemistry Chemical Physics, 2020, https://doi.org/10.1039/D0CP05735E. 

https://doi.org/10.1039/D0CP05735E
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3. Jiahuan Tong, Shengli Wu, Nicolas von Solms, Xiaodong Liang, Feng Huo, Qing Zhou, Hongyan 

He, Suojiang Zhang. “The effect of concentration of lithium salt on the structural and transport 

properties of ionic liquid-based electrolytes”, Frontiers in Chemistry. 2020, 7, 945.  

4. Qifeng Li, Yandong Guo, Jiahuan Tong, Hongyan He, Xiaochun Zhang, Feng Huo. “Development 

of a coarse-grained force field model of polymeric 1-vinyl-3-ethylimidazolium tetrafluoroborate 

ionic liquids, Chemical Physics Letters, 2020, 754, 137656.  

5. Jiahuan Tong, Xingqing Xiao, Xiaodong Liang, Nicolas von Solms, Feng Huo, Hongyan He, 

Suojiang Zhang. “Insights into the solvation and dynamic behaviors of a lithium salt in organic- and ionic 

liquid-based electrolytes”, Physical Chemistry Chemical Physics, 2019, 21, 19216-19225.  

6. Jiahuan Tong, Yandong Guo, Feng Huo, Xiaodong Xie, Hongyan He, Nicolas von Solms, 

Xiaodong Liang, Suojiang Zhang. “Developing a Coarse-Grained Model for 1-Alkyl-3-methyl-

imidazolium Chloride Ionic Liquids”, Industrial & Engineering Chemistry Research, 2018, 57, 

15206–15215. 

Contribution to international conferences 

1. Jiahuan Tong, Xiaodong Liang, Nicolas von Solms, Feng Huo, Suojiang Zhang. 2019. “Structure 

and Dynamics Properties of Li-Ion Electrolytes in High Concentration Solution”, Type: Poster, 

presented at: Electrochemical Conference on Energy and the Environment: Bioelectrochemistry and 

Energy Storage (ECEE-2019), Glasgow, Scotland. 

2. Jiahuan Tong, Feng Huo, Xiaodong Liang, Nicolas von Solms, Suojiang Zhang. 2019. “Structure 

and Dynamics Behavior of High Concentration Ionic Liquid Electrolytes”, Type: Poster, presented 

at: The 8th International Congress on Ionic Liquids (COIL-8), 2019, Beijing, China. 

3. Jian Ding, Jiahuan Tong, Feng Huo, Hongyan He, Suojiang Zhang. 2019. “Ionic Liquids-air 

Interface Probed by Sum Frequency Generation Spectroscopy and Molecular Dynamics Simulation: 

Influence of Alkyl Chain Length and Anion Volume”, Type: Poster, presented at: The 8th 

International Congress on Ionic Liquids (COIL-8), 2019, Beijing, China. 

 

  

https://www.frontiersin.org/articles/10.3389/fchem.2019.00945/full?report=reader
https://www.frontiersin.org/articles/10.3389/fchem.2019.00945/full?report=reader
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Chapter 3 Insights Into Solvation and Dynamics   
Behaviors of Lithium Salt in Organic- and Ionic 
Liquids-based Electrolytes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, two organic solvents (DMC and DEC) and four ILs solvents 

([Cnmim][BF4] and [Cnmim][TFSI] (n=2, 4)) to examine the physicochemical properties 

and micro-structural of the high concentration electrolytes. Further,  the effect of the 

organic and ILs solvents on the ionic associations of the ions Li+ and TFSI- were 

explored. At the same time, the dissolution process of lithium salt in ionic liquid is 

discussed. 

 

 

 

Chapter structure and contents: 

3.1 Significance of the Study 

3.2 Hights of the Study 

3.3 Simulation Method and Model 

3.4 Paper 



 

(30) 
 

3.1 Significance of the Study 

This chapter forms the basis of the following publications:  

Jiahuan Tong, Xingqing Xiao, Xiaodong Liang, Nicolas von Solms, Feng Huo, Hongyan He, Suojiang 

Zhang. “Insights into the solvation and dynamic behaviors of a lithium salt in organic- and ionic liquid-based 

electrolytes”, Physical Chemistry Chemical Physics, 2019, 21, 19216-19225. (DOI: 10.1039/C9CP01848D ) 

 

⚫ Comparing the difference between the organic solution and IL for high concentration lithium ion 

electrolyte; 

⚫ Revealing the advantages of ILE; 

⚫ Exploring the microstructure and solvation behavior of Li+ in ILE. 

 

3.2 Highlights 

The preliminary results of this study suggested that the LiTFSI-ILs solvent electrolytes have higher 

density and viscosity, larger self-diffusion coefficient and conductivity than the LiTFSI-organics solvent 

electrolytes, indicating that the ILs-based electrolytes exhibit stronger energy power, lower solvent 

evaporation, and faster ion transport than the organics-based electrolytes. Later, we examined the effect 

of the organic and ILs solvents on the ionic associations of the ions Li+ and TFSI- by evaluating the radial 

distribution function (g(r)) and ionic coordination number (Ni). For both the organic and ILs solvent 

electrolytes, the cation Li+ has strong interactions with the anion TFSI- through coordinating with the 

O(TFSI) atom, not the more electronegative N(TFSI) atom. The cis-trans isomerism of TFSI- was 

observed to appear near Li+ at the positions of 0.32nm and 0.42nm, respectively. At the same time, by 

calculating the coordination number N(Li+) of the Li+-Li+, we found that the [BF4]-type ILs have the 

fastest ion transport, followed by the [TFSI]-type ILs, DEC, and DMC. The organic solvents restrict the 

free movement of the anion TFSI-, resulting in a low conductivity for the organics-based electrolytes, 

while the ILs solvents facilitate the ionic association of the TFSI--TFSI-, causing a high conductivity for 

the ILs-based electrolytes. Additionally, we realized that the dissolution of LiTFSI in ILs solvents is an 

anion-driven process. The presence of high-polarity anion like [BF4]
- in the solution promotes the 

coordination with the ion Li+(LiTFSI), improving the electrolyte solvation of the lithium salt. 

https://doi-org.proxy.findit.dtu.dk/10.1039/C9CP01848D
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3.3 Simulation Method and Model 

All the atomistic MD simulations in this work were conducted for the lithium salt LiTFSI with a 

concentration of 2 mol/L when got solvated in the organic solvents of dimethyl carbonate (DMC) and 

diethyl carbonate (DEC), and the ionic liquids of [Cnmim][BF4] and [Cnmim][TFSI] (n=2,4), at 298K 

and 313K, respectively. The general Amber force field (GAFF) was used to describe the atom types for 

DMC, DEC. Meanwhile, an optimized all atom force field based on Amber was used to describe 

[Cnmim]+, [BF4]
-, [TFSI]-. The partial charges of these organic solvents and ILs were obtained by 

following the restrained electrostatic potential (RESP) procedure. To accurately capture the 

thermodynamic and transport properties of ILs in this work,  scaled down the atomic partial charges by 

a charge scaling factor of 0.8 to alleviate the problem associated with overestimating the electrostatic 

interactions between ions due to polarization effects.  

To keep a consistent salt concentration in our simulations, 40 ion pairs Li+-TFSI- were placed in a 

periodic boundary box containing 135 DMC or 94 DEC for organic solvents, and 75 [C2mim][BF4] or 

61 [C4mim][BF4] or 45 [C2mim][TFSI] or 39 [C4mim][TFSI] for ILs, respectively (Figure 3-1). The 

initial configurations of the simulated models were constructed by using Packmol package. All the MD 

simulations were carried out in the Gromacs software. Details of the simulation procedure are given as 

follows. Each simulation system is relaxed in the canonical (NVT) ensemble for the first 5ns and then in 

the isothermal-isobaric (NPT) ensemble for the next 5ns. Production simulation is carried out for 30ns 

in the NPT ensemble and for 10 ns in the microcanonical (NVE) ensemble to achieve the configurational 

equilibria. The Verlet algorithm with a time step of 1.0 fs is employed to integrate Newton’s equations 

of motion. The van der Waals interaction is treated with the Lennard-Jones potential and the electrostatic 

interaction is evaluated using the Particle Mesh Ewald (PME) technique. During the simulation, the 

trajectories are recorded at every 0.1ps for further post-analysis. 
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Figure 3-1. Structures of the ions and solvent molecules involved in our MD simulations: (a) lithium 

(Li+); (b) [bis(trifluoromethanesulfonyl)imide] (TFSI-); (c) dimethyl carbonate (DMC); (d) diethyl 

carbonate (DEC); (e) 1-ethyl-3-methylimidazolium ([C2mim]+); (f) 1-butyl-3-methylimidazolium 

([C4mim]+); (g) tetrafluoroborate ([BF4]
-). 
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ABSTRACT: 

The new-generation lithium-ion batteries use ionic liquids (ILs) as electrolyte solution, greatly enhancing 

the safety and energy storage capacity of battery. Fundamental molecular insights are useful for 

understanding the advantages of high conductivity of ILs solvent electrolytes over organic solvent ones. 

In this work, we computationally studied two organic solvents (DMC and DEC) and four ILs solvents 

([Cnmim][BF4] and [Cnmim][TFSI] (n=2, 4)) to examine the physicochemical properties of the 

high concentration electrolytes. As expected, the ILs solvent electrolytes exhibit higher density and 

viscosity, larger self-diffusion coefficient and conductivity than the organics solvent electrolytes. Further, 

the microstructures of the lithium salt LiTFSI in various solvent electrolytes were investigated to explore 

the effect of the organic and ILs solvents on the ionic associations of the ions Li+ and TFSI-. The 

structural analysis of LiTFSI revealed that the organic solvents restrict the free motion of the ions, 

reducing the conductivity of the electrolytes. The [BF4]-type ILs electrolytes have higher conductivity 

than the [TFSI]-type ILs electrolytes, especially the [C4mim][BF4] with the highest conductivity among 

the ILs-based electrolytes. More importantly, the dissolution of LiTFSI in the ILs solvents is an anion-

driven process was proved. 

KEYWORDS: Electrolyte Solvation, Imidazole-based Ionic liquids, Dissolution Behavior, 

Physicochemical Properties 

javascript:;
javascript:;


 

(34) 
 

1. Introduction 

Lithium-based battery, as opposed to traditional alkaline battery, has emerged as a novel 

rechargeable energy storage device due to its high charge density and low self-discharge.1,2 Technically, 

lithium-ion battery utilizes the transportations of lithium ions from the negative electrode to the positive 

electrode in organic solvent electrolytes to achieve the charging/discharge process.3,4 Lithium 

bis(trifluoromethylsulfonyl) imide (LiTFSI), a most commonly-used lithium salt, takes advantage of its 

two unique sulfonyl groups to effectively disperse the negative charges on the anions so as to yield more 

free Li+ cations for charge transport, thus exhibiting higher ionic conductivities than other lithium salts, 

such as LiClO4, LiPF6, in both liquid and solid polymer electrolytes.  

Thus far, most of studies on the development of high-performance lithium-ion battery still involve 

the use of organic solvent electrolytes, such as propylene carbonate, diethyl carbonate, and dimethyl 

carbonate. Peng et al. utilized multinuclear magnetic resonance to study the solvation behaviors of two 

lithium salts, viz. lithium hexafluorophosphate (LiPF6) and lithium tetrafluoroborate (LiBF4), in the 

mixed electrolytes of ethylene carbonate /dimethyl carbonate, and they found that low solvent polarity 

favors ion aggregations in both LiPF6 and LiBF4 electrolytes.5 Fulfer et al. investigated the structure and 

dynamics of electrolytes composed of LiPF6 in various linear organic carbonates using a combination of 

linear and two dimensional infrared spectroscopies. Their experimental results indicated that all the linear 

carbonates can form tetrahedral solvation shells around the ion Li+, thereby strengthening the interactions 

between Li+ and the carbonate group (-CO).6,7 Heckmann et al. added LiPF6 and LiTFSI into dimethyl 

carbonate, diethyl carbonate or ethyl methyl carbonate to produce high-concentration electrolytes for 

dual-ion batteries and dual-graphite batteries. They demonstrated that the use of the newly-formulated 

electrolytes enables a highly reversible cycling stability for the lithium-ion batteries, thus providing high 

specific discharge capacities.8 However, the uses of organic solvent electrolyte in the lithium-ion battery 

exist two flaws: (i) the inevitable chemical reactions within the electrolyte decrease battery lifetime and 

(ii) the high inflammability of organic substances increases the risk of fire or explosion. Therefore, 

developing safe and sustainable novel electrolytes for the lithium-ion battery is a crucial challenge in 

current energy storage industry.  

Ionic liquids (ILs), an environmentally-friendly green solvent, is an alternative to traditional organic 

solvent in battery manufacturing industry, because of its unique physicochemical properties, such as high 
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thermal stability, negligible vapor pressure (i.e., neither flammable nor volatile), and high ionic 

conductivity.9,10 The IL is a molten salt in the liquid state at room temperature, which exists a large 

number of free cations/anions and short-lived ion pairs. Generally, when using the ILs as solvent to 

dissolve lithium salt, the free IL ions are easy to associate with the Li+ through ionic coupling interactions. 

The formation of ion association increases ionic strength, thereby improving the electrical conductivity 

of solutions. Hu et al. developed a novel polymeric ionic liquid-based gel electrolyte and then 

characterized several important property parameters, such as thermal stability, ionic conductivity, and 

electrochemical stability. They found that this polymeric electrolyte film exhibits high polymer 

segmental mobility, a large number of charge carriers as well as high mobility.11 To develop novel high-

safety lithium-ion battery, Yang et al. improved the electrolyte by mixing pyrrolidinium-based ionic 

liquid with organic additive and LiTFSI. Their work indicated when the content of ionic liquid in the 

mixed electrolyte is 65 vol%, the LiFePO4/Li cells produced by the mixed electrolyte showed a good 

cycle performance at room temperature, delivering high reversible capacities in the range of 152-157 

mAhg-1 at 0.1 C.12 Borodin et al. conducted computational studies on the transportations of the ions Li+ 

in the ILs-based electrolytes.13 They simulated the self-diffusion of Li+ in ionic liquids, N-methyl-N-

propylpyrrolidinium bis(trifluoromethanesulfonyl) imide ([mppy][TFSI]) and N,N-dimethyl-

pyrrolidinium bis(trifluoromethanesulfonyl)imide ([mmpy][TFSI]), and found that the ion self-diffusion 

coefficients follow the order Li+ < TFSI- < mmpy+ or mppy+.14  

To enhance the electrochemical performance of lithium-ion battery, it is necessary to examine the 

solvation behaviors of lithium salt in varied electrolyte solutions. Fundamental molecular insights are 

useful for understanding the advantages of novel ILs solvent electrolytes over traditional organic solvent 

electrolytes. However, few studies were conducted to provide a systematic comparison of the organic- 

and IL-based electrolytes, especially in high concentration of lithium salt solution. Further, a detailed 

discussion regarding “how the cation/anion moieties in ILs affect the physicochemical properties of the 

ILs-based electrolytes” is lacked in other studies. Understanding the effect of IL cation/anion moieties 

on the dissolution of Li salt in the electrolytes is useful in improving the ionic conductivities of ILs-based 

electrolytes. In this work, we conducted atomistic molecular dynamics (MD) simulations to examine the 

solvation behaviors of LiTFSI in two organic solvent electrolytes (viz. dimethyl carbonate (DMC) and 

diethyl carbonate (DEC)) and four 1- alkyl -3- methyl imidazole ILs solvent electrolytes (viz. 

[Cnmim][BF4] and [Cnmim][TFSI] (n=2,4)). The physicochemical properties of the electrolyte solutions, 
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such as density, viscosity, self-diffusion coefficient, and conductivity, were calculated to compare the 

organic and ILs solvent electrolytes. The microstructures of LiTFSI were analyzed further in various 

solvent electrolytes by evaluating the radial distribution function (g(r)) and ionic coordination number 

(N) to explore the correlations between structural and physical properties at a micro-scale level. 

2. Simulation Method and Model 

All the atomistic MD simulations in this work were conducted for the lithium salt LiTFSI with a 

concentration of 2 mol/L when got solvated in the organic solvents of dimethyl carbonate (DMC) and 

diethyl carbonate (DEC), and the ionic liquids of [Cnmim][BF4] and [Cnmim][TFSI] (n=2,4), at 298K 

and 313K, respectively. The general Amber force field (GAFF)15 was used to describe the atom types 

for DMC, DEC. Recently, Zhang et al.16 evaluated the GAFF for 19 pure organic electrolyte solvents 

including DMC, DEC and EC. They found the GAFF performed very well for liquid densities, with 

deviations from experiment averaging around 3%. Meanwhile, an optimized all atom force field based 

on Amber which developed by Liu et al.17 was used to describe [Cnmim]+, [BF4]
-, [TFSI]-. As they shown 

that a reliable description of the density, diffusion coefficients and conductivity is achieved for ILs based 

on this force field. The partial charges of these organic solvents and ILs were obtained by following the 

restrained electrostatic potential (RESP) procedure.18 To accurately capture the thermodynamic and 

transport properties of ILs in this work,  scaled down the atomic partial charges by a charge scaling factor 

of 0.8 to alleviate the problem associated with overestimating the electrostatic interactions between ions 

due to polarization effects.19,20 Using the reduced partial charges and the polarizable force field, 

Schmollngruber et al.21 simulated and compared the diffusion coefficient and the electrical conductivity 

of ILs, and found that their results are comparable in the two approaches. 

To keep a consistent salt concentration in our simulations, 40 ion pairs Li+-TFSI- were placed in a 

periodic boundary box containing 135 DMC or 94 DEC for organic solvents, and 75 [C2mim][BF4] or 

61 [C4mim][BF4] or 45 [C2mim][TFSI] or 39 [C4mim][TFSI] for ILs, respectively (Figure 1). The initial 

configurations of the simulated models were constructed by using Packmol package.22 All the MD 

simulations were carried out in the Gromacs software.23 Details of the simulation procedure are given as 

follows. Each simulation system is relaxed in the canonical (NVT) ensemble for the first 5ns and then in 

the isothermal-isobaric (NPT) ensemble for the next 5ns. Production simulation is carried out for 30ns 

in the NPT ensemble and for 10 ns in the microcanonical (NVE) ensemble to achieve the configurational 
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equilibria. The Verlet algorithm with a time step of 1.0 fs is employed to integrate Newton’s equations 

of motion. The van der Waals interaction is treated with the Lennard-Jones potential and the electrostatic 

interaction is evaluated using the Particle Mesh Ewald (PME) technique. During the simulation, the 

trajectories are recorded at every 0.1ps for further post-analysis. 

 

Figure 1. Structures of the ions and solvent molecules involved in our MD simulations: (a) lithium (Li+); 

(b) [bis(trifluoromethanesulfonyl)imide] (TFSI-); (c) dimethyl carbonate (DMC); (d) diethyl carbonate 

(DEC); (e) 1-ethyl-3-methylimidazolium ([C2mim]+); (f) 1-butyl-3-methylimidazolium ([C4mim]+); (g) 

tetrafluoroborate ([BF4]
-). 

 

3. Results and Discussions 

3.1 Physicochemical properties 

3.1.1 Density 

Aqueous electrolyte solutions with high density offer battery a more powerful energy. In this work, 

the average bulk density (𝜌 ) of the electrolyte solutions was calculated in 30ns NPT ensemble 

equilibration simulations using the equation (1)24  

〈𝜌〉 =
∑𝑛𝑖𝑀𝑖

〈𝑉〉
                                                                             (1)    



 

(38) 
 

Where 𝑛𝑖  is the amount of substance of component i, 〈𝑉〉  is the volume, 𝑀𝑖  is the molar mass of 

component i. 

The densities of both the LiTFSI-organic solvent and LiTFSI-ILs solvent electrolytes at 298K and 

313K (Table 1) were firstly calculated. Meanwhile, the experimentally-measured densities of these pure 

solvents are given in Table 1. Obviously, the addition of the lithium salt LiTFSI to the electrolytes causes 

the increase of density due to their strong mutual interactions between Li+ and TFSI- (The ion-ion 

interactions will be discussed in detail at a molecular level later). This observation has been reported in 

other studies of ILs/Li+ mixtures.25 By comparing the organic solvents DMC and DEC with the ILs 

solvents [Cnmim][TFSI] and [Cnmim][BF4] in Table 1, it is seen that the computed density of the LiTFSI-

ILs solvent electrolytes is higher than that of the LiTFSI-organic solvent electrolytes at each temperature. 

Additionally, it is found that for a common anion ([BF4]
- or [TFSI]-), [C2mim]-type ILs solvent 

electrolytes have higher density than [C4mim]-type electrolytes, while for a common cation ([C2mim]+ 

or [C4mim]+), [TFSI]-type ILs solvent electrolytes have higher density than [BF4]-type ILs solvent 

electrolytes. As the temperature increases from 298K to 313K, the densities of both the LiTFSI-organic 

solvent and LiTFSI-ILs solvent electrolytes experience a notable decrease, which is in accordance with 

Yang’s experimental observation.26  

Table 1.  Density (unit: g/cm3) for the LiTFSI-organic and LiTFSI-ILs solvent electrolytes*. 

Temperature(K) DMC DEC [C2mim][TFSI] [C2mim][BF4] [C4mim][TFSI] [C4mim][BF4] 

298 1.471(1.07a) 1.373(0.98b) 1.743(1.52c) 1.538(1.28c)  1.672(1.42c) 1.429(1.19c)  

313 1.448 1.361 1.708 1.534 1.599 1.383 

     *Densities of these pure solvents at 298K are provided in parentheses.   
(a) Tojo et al. experiment (ref.27). (b) Shukla et al. experiment (ref.28). (c) Zhang et al. experiment (ref.29). 

 

3.1.2 Viscosity 

The electrolyte with moderate viscosity can effectively prevent the solvents from evaporation, 

thereby reducing environmental pollution and increasing energy storage capacity of battery. In this work, 

the zero-shear viscosity was calculated in 30ns NPT ensemble equilibration simulations using the Green-

Kubo (GK) formula30 
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η =
𝑉

10𝐾𝑏𝑇
∫ 〈∑ 𝑃𝑥𝑦(0)𝑃𝑥𝑦(𝑡)𝑥𝑦 〉𝑑𝑡

∞

0
                                                  (2), 

where 𝑉 is the volume of the system, 𝑇 is the temperature, 𝐾𝑏 is the Boltzmann constant, and 𝑃𝑥𝑦 refers 

to an independent component of stress in the x-y direction. 

The calculated viscosity of the six electrolyte systems was given in Table 2. It is seen that the four 

LiTFSI-ILs solvent electrolytes, viz. [C2mim][TFSI], [C2mim][BF4], [C4mim][TFSI] and [C4mim][BF4], 

have higher viscosity than the two LiTFSI-organic solvent electrolytes, viz. DMC and DEC, at 298K and 

313K. Additionally, for the ILs solvent electrolytes with the common anion ([BF4]
- or [TFSI]-), we 

observed that the viscosity of [C2mim]-type electrolytes is a little higher than [C4mim]-type electrolytes, 

indicating that the viscosity of the [Cnmim]-type ILs solvent electrolytes is affected by the chain length 

n of cyclic carbonate. As the temperature increases, both the organic and ILs solvent electrolytes 

encounter a decrease in viscosity.  

Table 2.  Viscosity (unit: kg/m·s) for the LiTFSI-organic and LiTFSI-ILs solvent electrolytes. 

Temperature(K) DMC DEC [C2mim][TFSI] [C2mim][BF4] [C4mim][TFSI] [C4mim][BF4] 

298 0.396 0.949 1.924 1.554 1.035 1.537 

313 0.116 0.663 1.491 1.154 0.836 0.802 

 

3.1.3 Self-diffusion coefficient 

A high rate of self-diffusion of ions can enhance the conductivity of electrolyte for lithium-ion 

battery. Therefore, according to the Einstein equation, we calculated the self-diffusion coefficient (D) of 

the Li+ and TFSI- ions in the organic and ILs solvent electrolytes, which is a function of the mean square 

displacement (MSD) of ions in solution, as given in equation (3): 

D =
1

6
lim
𝑡→∞

𝑑

𝑑𝑡
〈∑ [𝑟𝑖⃗⃗ (𝑡) − 𝑟𝑖⃗⃗ (0)]

2𝑁
𝑖=1 〉                                                   (3) 

where 𝑟𝑖⃗⃗ (𝑡) indicates the positional vector of the center of mass of the ith ion at a given time t. In this 

work, we calculated the MSDs of Li+ and TFSI- in solution over the time interval (t) from 2ns to 6ns, as 

an example of the LiTFSI-DMC and LiTFSI-[C2mim][BF4] electrolytes at 298K (Figure 2). Through 
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linearly fitting the slope of the MSD-t plots, we can obtain the self-diffusivity coefficients of Li+ and 

TFSI- in the electrolytes, as listed in Table 3. 

As compared to the organic solvents DMC and DEC, the ILs solvents allow the Li+ and TFSI- ions 

move more freely in the electrolytes, as evidenced by the self-diffusion coefficients in Table 3. As a 

matter of fact, it occurs on many ILs, including, but not limited to, [Cnmim][TFSI] and 

[Cnmim][BF4].
31,32 Ray et al. point out that the mobility of Li+ in solution is proportional to the strength 

of the interionic interactions within the electrolytes.33 In our work, stronger cation-anion coupling 

interactions were observed in the ionic-type solvents rather than in the molecular-type solvents, 

increasing the ionic strength of the ILs electrolytes. Therefore, ionic association facilitates the mobility 

of cation/anion in the ILs electrolytes. (Detailed discussions can be seen later in the text). No matter what 

the solvents are, the arising temperature increases the kinetic energy of systems, eventually resulting in 

the increase of self-diffusion of ions. Further, our simulation results revealed that Li+ and TFSI- have 

higher diffusion rates in the [C4mim]-type electrolyte than in the [C2mim]-type electrolyte, which differs 

from the results of density and viscosity studies. Among all the organic and ILs solvents, the 

[C4mim][BF4] was found to be the best solvent, facilitating the transport of  Li+ and TFSI- in solution. 

Since stronger coordination with the surrounding solvent molecules, the cation Li+ exhibits lower rate of 

diffusion in the electrolytes than the anion TFSI-(The solvation behaviors of Li+ and TFSI- will be 

discussed in detail later in the text). 

 

Figure 2. The plots of mean square displacement (MSD) of Li+ and TFSI- vs. simulation time (t) in the solvents DMC 

and [C2mim][BF4] at 298K. 
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Table 3.  Self-diffusion coefficients (unit: 10-12 m2/s) of the lithium salt LiTFSI in the organic and ILs solvent 

electrolytes. 

T(K) LiTFSI-DMC LiTFSI-DEC LiTFSI-

[C2mim][BF4] 

LiTFSI-

[C2mim][TFSI] 

LiTFSI-

[C4mim][BF4] 

LiTFSI-

[C4mim][TFSI] 

 Li+  TFSI-  Li+  TFSI-  Li+  TFSI-  Li+  TFSI-  Li+  TFSI-  Li+  TFSI-  

298 0.24  0.44  0.17  0.25  1.43 3.01  1.75 3.84 5.83  6.57 5.62 6.24 

313 0.55  0.81  0.19 0.28  2.17  4.94 2.08 4.18 6.24  6.65  6.74 6.83 

 

3.1.4 Conductivity 

High-performance electrochemical device requires its electrolyte having a high ionic conductivity. 

To compare the organic and ILs solvents, we examined the total conductivity of the cation Li+ and the 

anion TFSI- in the six electrolytes using the equation (4):  

σ = lim
𝑡→∞

1

6𝑡𝑉𝐾𝑏𝑇
∑ ⟨([𝑅𝑖(𝑡) − 𝑅𝑖(0)]𝑞𝑖) ∙ ([𝑅𝑗(𝑡) − 𝑅𝑗(0)]𝑞𝑗)⟩

𝑁
𝑖,𝑗                                           (4), 

where 𝑁 is the number of ions in the electrolyte, 𝑉 is the volume, 𝑘𝑏 is the Boltzmann’s constant, 𝑇 is 

the temperature, 𝑞𝑥 (𝑥 = 𝑖, 𝑗) indicates the charge of the 𝑥𝑡ℎ ion, and 𝑅𝑥(𝑡) (𝑥 = 𝑖, 𝑗) is the position of 

the 𝑥𝑡ℎ ion at a given time 𝑡. The angle bracket <…> denotes an ensemble average and the sum Σ runs 

over all the ions in the electrolyte. According to the difference of ionic species and correlations, we could 

divide the total conductivity (σtot) into five distinct sub-terms34,35, viz. cation-self (σ𝑐𝑎𝑡
𝑠  ), anion-self 

(σ𝑎𝑛
𝑠  ), cation-distinct (σ𝑐𝑎𝑡

𝑑  ), anion-distinct (σ𝑎𝑛
𝑑  ), and cation/anion-distinct (σ𝑐𝑎𝑡,𝑎𝑛

𝑑 ), which σ𝑐𝑎𝑡
𝑠  and 

σ𝑎𝑛
𝑠  are conductivity types for self (uncorrelated) ions, while σ𝑐𝑎𝑡

𝑑 , σ𝑎𝑛
𝑑  and σ𝑐𝑎𝑡,𝑎𝑛

𝑑  are conductivity 

types for distinct (correlated) ions. The σ𝑐𝑎𝑡
𝑑  and σ𝑎𝑛

𝑑  describe the correlations between two distinct 

cations and between two distinct anions, respectively; while the σ𝑐𝑎𝑡,𝑎𝑛
𝑑  describes the correlations 

between one cation and one anion. These five conductivity types, which are general expressions derived 

from linear response and conservation laws, can be applied for any binary ILs of symmetric and 

asymmetric charge. Details on the calculations of the five sub-terms are given in Supporting Information, 

and the results of the five conductivity types for the organic and ILs solvent systems are shown in Table 

S1 and Table S2, respectively. 
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We calculated the total conductivity (σtot) of the six electrolytes at 298K, as listed in Figure 3(a). 

Simulation results revealed that the four ILs solvents exhibit a notable higher ionic conductivity than the 

two organic solvents, implying that ionic-type solvents have higher conductivity than molecular-type 

solvents. It is also seen that the conductivity of the two [C4mim]+-type electrolytes is 5.593 S/m and 

5.075 S/m, which is a little higher than the two [C2mim]-type electrolytes of 4.265 S/m and 2.748 S/m. 

The [C4mim][BF4] with the highest conductivity among the electrolytes is considered to be the best 

solvent to dissolve LiTFSI. A number of high-conductivity ILs-based electrolytes have been reported in 

other experimental work. Rosol et al.36 experimentally measured the conductivity of LiTFSI in the 1-

butyl-3-methylimidazolium thiocyanate ([C4mim][SCN]) electrolyte, showing a high conductivity 3 S/m 

at the salt concentration [LiTFSI] = 0.4 mol/L. Zygadlo-Monikowska et al.37 examined a class of 

imidazolium ILs with short polyoxyethylene chain ([Im nEO]+[X]-; where n=0, 3, 7, 20 and X=Cl, BF4, 

N(CF3SO2)2), and found that the electrolytes produced by these imidazolium ILs are good solvents for 

lithium salts, such as LiBF4 and LiN(CF3SO2)2. Especially for the [BuMeIm 3EO][BF4] electrolyte, a 

low viscosity and high conductivity can be achieved even at high salt concentration of LiBF4 and 

LiN(CF3SO2)2 in solution. Kalaga et al.38 studied the solvation of LiTFSI in the electrolyte of 1-methyl 

1-propylpiperidinium bis(trifluoromethylsulfonyl)imide. They revealed that as the salt concentration 

[LiTFSI] increases from 0.2 M to 1.0 M, this kind of ionic liquid electrolyte has a notable increase in 

conductivity. Chagnes et al.39 used the mixture of γ-Butyrolactone and 1-butyl 3-methyl-imidazolium 

tetrafluoroborate (BmimBF4) (ratio: 3/2, v/v) as electrolyte to solvate LiBF4. Their experiment indicates 

that as the temperature arises, this mixture exhibits a higher conductivity in solution, even up to 

9.5 S/m at 25 °C. The aforementioned experimental observations reflect a common fact that ionic 

conductivity depends on the unique molecular structure of the ILs, and on the temperature and salt 

concentration applied, which qualitatively agree to our simulation results. Figure 3(b,c) shows each 

individual contribution of the five sub-terms to the total conductivity of the LiTFSI-organic and LiTFSI-

ILs solvent electrolytes, respectively. The uncorrelated conductivity types σ𝑐𝑎𝑡
𝑠  and σ𝑎𝑛

𝑠  of the cations 

Li+ and the anions TFSI- that are positive values for both organic and ILs solvents, contribute positively 

to the total conductivity of the electrolyte. The correlated conductivity types σ𝑐𝑎𝑡
𝑑  and σ𝑎𝑛

𝑑
 of the same 

ionic species are close to zero for the [C2mim]-type electrolytes, making little contribution to the total 

conductivity; while the σ𝑐𝑎𝑡
𝑑  and σ𝑎𝑛

𝑑
 for the [C4mim]-type electrolytes are unfavorable to the total 

conductivity due to the negative values. Since the correlated conductivity type  σ𝑐𝑎𝑡,𝑎𝑛
𝑑  of the distinct 
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ionic species is almost zero for all the six electrolytes, we, therefore, neglect the contribution between 

the cations and anions. 

  

Figure 3. (a) Results of the total conductivity σtot (S/m) of the six electrolytes at 298K. (b) Results of the five 

conductivity types, viz. σ𝑐𝑎𝑡
𝑠 , σ𝑎𝑛

𝑠 , σ𝑐𝑎𝑡
𝑑 , σ𝑎𝑛

𝑑  and σ𝑐𝑎𝑡,𝑎𝑛
𝑑 , for (b) the two organic solvent systems and (c) the four ionic 

liquids solvent systems at 298K. 

 

3.2 Microstructural analysis 

Radial Distribution Function (RDF)40 provides a molecular insight into exploring the correlations 

between structural and physical properties at a micro-scale level. We investigated the RDF, g(r), for 

center of mass of the ions in the six electrolytes: 

𝑔(r) =
〈∑ 𝛿(𝑟−𝑟𝑖𝑗)𝑖,𝑗 〉

𝑁𝜌
                                                                    (5), 

where N is the number of particles, 𝜌 is the number density, 𝑟𝑖𝑗 is the spatial distance of the particles 𝑖 

and j, and <…> indicates an ensemble average. 



 

(44) 
 

The coordination number (𝑁 )25 is identified by integrating the site-site RDF along the radial 

direction. The coordination number 𝑁(𝑖−𝑗) of the particle i, herein, is defined to be the number of the 

molecule j surrounding the particle i in its first solvation shell, as calculated in equation (6):  

𝑁(𝑖−𝑗) = 4𝜋𝜌𝑗 ∫ 𝑔𝑖𝑗(𝑟)𝑟
2𝑑𝑟

𝑟′

0
                                                                 (6), 

where 𝑟′ is the first minimum in the g(r) plot, r is the distance and 𝜌𝑗 is the density of particle j. 

In this section, the effect of solvents on the density distributions of cations and anions was examined 

firstly to explore the ionic association tendency of Li+ and TFSI- in various solvent electrolytes. Later, 

the electrolyte solvation of the cation Li+ was discussed in the organic and ILs solvents to reveal the 

solution interactions between solute and solvent. 

 

3.2.1 The effect of solvents on the density distributions of cations and anions 

The RDF of the lithium salt LiTFSI in various solvent electrolytes at 298K were shown in Figure 4 

to study the effect of solvents on the density distributions of the cation Li+ and the anion TFSI-. It is clear 

to see that regardless of the solvents (Figure 4) and temperatures (Figure S1), the primary peak in the g(r) 

plots of the Li+-TFSI- always appear at the position of around 0.2 nm, indicating that the Li+ and TFSI- 

have a strong coordination in the electrolytes and the structural stability is affected less by the 

temperature. Seo et al.41 systematically studied the ionic association of lithium salts in electrolyte, and 

reported that the changes of temperature slightly affect the coordination structure of Li+ and TFSI-, which 

is in accordance with our simulation results. Followed by the primary peak, there are another two 

secondary peaks in the g(r) plots of the Li+-TFSI-, which exist at 0.32nm and 0.42nm, respectively. Seo 

et al.41 considered that the cis-trans isomerism of TFSI- is the main cause for the two secondary peaks. 

However, in their study, they did not clarify a question how the cis-trans isomerism of TFSI affects the 

presence of the two secondary peaks in the g(r) plots of the Li+-TFSI-. By analyzing our MD simulations, 

we found that more cis-TFSI appear at the peak position of 0.32nm, while more trans-TFSI at 0.42nm 

(Figure 4a). Further, we investigated the interactions of the cation Li+ with the oxygen (O) and nitrogen 

(N) atoms within the anion TFSI- to shed light on the coordination mechanism of the ions Li+ and TFSI- 

in the electrolytes. Take the LiTFSI-DMC electrolyte system as an example (Figure 5), where the density 
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distributions of the Li+-O(TFSI) and Li+-N(TFSI) were demonstrated. The computed coordination 

numbers (N) of Li+-O(TFSI) and Li+-N(TFSI) are N(Li-O)=2.5 and N(Li-N)=0.7, implying that each cation 

Li+ preferentially coordinates with the O(TFSI) atoms, not the more electronegative N(TFSI-) atom in 

the electrolytes. The same conclusions were drawn by Li et al.42 in their simulation study of the LiTFSI-

acetamide electrolyte. 

The interactions of the cations Li+ in various solvent electrolytes can be examined by plotting the 

Li+-Li+ RDF (Figure 4). Strong interaction between Li+ promotes the fast ion transport in electrolytes, 

thereby improving the performance of Li-ion battery. As observed in Figure 4, the g(r) plots of the Li+-

Li+ of the four ILs-type electrolytes exhibit a larger peak value and a closer peak location than those of 

the two organic solvent electrolytes, implying that the cations Li+ have stronger mutual interactions in 

the ILs solvents than in the organic solvents. We computed the coordination numbers (N(Li-Li)) of the Li+-

Li+ in the two organic solvents and the four ILs solvents: N(Li-Li)=1.4 for DMC,  N(Li-Li)=1.5 for DEC,  

N(Li-Li)=2.1 for [C2mim][BF4], N(Li-Li)=1.9 for [C2mim][TFSI], N(Li-Li)=2.7 for [C4mim][BF4], and N(Li-

Li)=1.7 for [C4mim][TFSI]. Obviously, the strengths of the Li+-Li+ interactions in the six electrolytes 

follow the order: [C4mim][BF4] > [C2mim][BF4] > [C2mim][TFSI] > [C4mim][TFSI] > DEC > DMC. 

Additionally, we calculated the average positions of the primary peak in the g(r) plots of the Li+-Li+: 

0.46nm for the ILs solvents and 0.51nm for the organic solvents, which is in consistency with the 

observations in the LiTFSI crystal by Nowinski et al.43 

The g(r) plots of the TFSI--TFSI- in Figure 4 indicated a variety of association behaviors of the 

anions TFSI- when dissolved in the organic and ILs solvents. Obviously, the ILs solvents (Figure 4(c-f)) 

rather than the organic solvents (Figure 4(a,b)) can facilitate the ionic association of TFSI-, resulting in 

a notable peak at around 0.13nm in the g(r) plot of the TFSI--TFSI-, especially for [C2mim][BF4] (Figure 

4c) and [C4mim][BF4] (Figure 4e). Due to the presence of the anion [BF4]
- in the [Cnmim][BF4] solvents, 

the anion TFSI- of the lithium salt (LiTFSI) is repelled to self-aggregate into a cluster, causing a highly-

protruding peak at the position of 0.13nm (Figure 4(c,e)). However, in the [Cnmim][TFSI] solvents, the 

anion TFSI- of the lithium salt (LiTFSI) is distributed uniformly in the electrolytes and simultaneously 

interacts with other ions TFSI- and Li+, resulting in two sizeable peaks at around 0.13nm and 0.20nm 

(Figure 4(d,f)). Additionally, we can observe that the position of the primary peak in the g(r) plot of the 

TFSI--TFSI- shifts forward from 0.18nm in the organic solvents (Figure 4(a,b)) to 0.13nm in the ILs 
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solvents (Figure 4(c-f)). The mobility of ions in solution depends on ionic strength. In the organic- and 

IL-based electrolytes, the ionic strength is a function of the coordination number (N) of ion-ion. A small 

value of N(TFSI-TFSI) indicates a low mobility of the anion TFSI- in the solvents. We computed the N(TFSI-

TFSI) in the organic and ILs solvents: N(TFSI-TFSI)=1.31 for DMC, N(TFSI-TFSI)=1.38 for DEC, N(TFSI-

TFSI)=1.83 for [C2mim][BF4], N(TFSI-TFSI)=1.55 for [C2mim][TFSI], N(TFSI-TFSI)=1.87 for [C4mim][BF4], 

and N(TFSI-TFSI)=1.57 for [C4mim][TFSI]. By comparing the values of N(TFSI-TFSI), we found that the ionic 

strength of the anions TFSI- in the organic solvents is weaker than that in the ILs solvents, indicating that 

the free motion of the anions TFSI- is restricted in the organic solvents. This observation about the 

structural distribution of TFSI- proves our previous calculations in Table 3: lower the self-diffusion 

coefficients of TFSI- in the organic solvents as compared to in the ILs solvents. 
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Figure 4. Radial distribution function of the lithium salt LiTFSI at 298K in the organic solvents (a) DMC and (b) DEC, 

and the ILs solvents (c) [C2mim][BF4], (d) [C2mim][TFSI], (e) [C4mim][BF4] and (f) [C4mim][TFSI]. 
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Figure 5. (a) Simulation snapshot of the cation Li+ (purple sphere) surrounded by the anion TFSI- in the first solvation 

shell for the LiTFSI-DMC electrolyte at 298K. (b) Site-site radial distribution function (g(r)) and coordination number 

(N) of Li+-O(TFSI-) (red trace) and Li+-N(TFSI-) (blue trace) in the LiTFSI-DMC electrolyte. 

 

3.2.2 The electrolyte solvation of lithium salt in the organic and ILs solvents 

Figure 6(a) presents the spatial correlations of the cation Li+ with the two organic solvent molecules 

DMC and DEC at 298K. It is clear to see that there are two peaks existing in the g(r) plots of both the 

Li+-organic solvents: one is at 0.2nm and the other is at 0.4nm, which signifies that the organic solvents 

DMC and DEC form a two-layer solvation shell to wrap the cation Li+. A small value of N(Li-Li) indicates 

a low mobility of the cation Li+ in the electrolytes. As stated above, the values of N(Li-Li) in the DMC and 

DEC solvents are 1.4 and 1.5, respectively. Also, we computed the coordination numbers (N) of the Li+-

DMC and Li+-DEC: N(Li-DMC)=2.4 and N(Li-DEC)= 2.5. It is found that the N(Li-Li) is smaller than the N(Li-

organic solvent) in both the DMC or DEC solvents, indicating that the organic molecules hinder the free 

motions of Li+ in the electrolytes. It is the main reason why the diffusion rates of the lithium salt (LiTFSI) 

are slow in the organic solvent (Table 3). 
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Figures 6(b,c) present the spatial correlations of the cation Li+ in LiTFSI with the cations ([C2mim]+ 

and [C4mim]+) and anions ([BF4]- and [TFSI]-) of the four ILs solvents at 298K. For both the [BF4]-type 

and [TFSI]-type ILs solvents, only a small peak takes place at a relatively-far position of about 0.7nm in 

the g(r) plots of the Li+-cation(ILs) (Figure 6b), indicating a weak interaction between Li+ and the ILs 

cations [C2mim]+ and [C4mim]+. In contrast, a strong interaction between Li+ and the ILs anions [BF4]- 

and [TFSI]- is observed in both the [C2mim]-type and [C4mim]-type ILs solvents, as evidenced by a 

protruding peak occurring at 0.2nm (Figure 6c). Also, we found that the peak values in the g(r) plots of 

the Li+-[BF4]- reach up to 10 or more, which are higher than that of around 6.5 in the g(r) plots of the 

Li+-[TFSI]- (Figure 6c). It reflects a fact that it is easier to disperse the ions Li+(LiTFSI) into the [BF4]-

type ILs solvents, rather than  into the [TFSI]-type ILs solvents. Our hypothesis about the reason is that 

the anion [BF4]
- exhibits a higher polarity than the [TFSI]-, leading to a stronger coordination with the 

ions Li+(LiTFSI). Thus, it is reasonable to believe that the dissolution of LiTFSI in ILs solvents is an 

anion-driven process. 

 

Figure 6. Composite graph of the radial distribution functions representing the spatial correlations of the cation Li+ 

with (a) the two organic solvent molecules, and with the (b) cations and (c) anions of the four ILs solvents at 298K. 

 

To avoid simulation errors resulting from a small electrolyte system with 40 ion pairs of Li+-TFSI-, 

we examined a large electrolyte system including 200 LiTFSI and organic/ILs solvent molecules. The 

674 DMC, 469 DEC, 371 [C2mim][BF4], 221 [C4mim][BF4], 304 [C2mim][TFSI], and 194 

[C4mim][TFSI] were added separately to solvate the 200 LiTFSI to maintain a same concentration of 2 

mol/L. Following the above computational procedure, we calculated the density, viscosity, and 

conductivity of both the LiTFSI-organics and LiTFSI-ILs solvent electrolytes, as listed in Table S3. The 
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spatial correlations of the cation Li+ with the DMC and DEC, the cations ([C2mim]+ and [C4mim]+), and 

the anions ([BF4]- and [TFSI]-) were shown in Figure S2. In observation of Tables (1, 2 and S1) and 

Figures (6 and S2), we found that the two systems of 40 and 200 LiTFSI exhibit the same 

physicochemical properties and microstructures of the electrolytes, proving the reliability of our 

simulation results. 

 

4. Conclusions 

Ionic liquids that are used as electrolytes in battery manufacturing industry enhance the safety, 

energy storage capacity, cycling life of lithium-ion battery. Fundamental molecular insights are useful 

for understanding the advantages of novel ILs solvent electrolytes over traditional organic solvent 

electrolytes. In this work, atomistic MD simulations were employed to investigate the solvation 

behaviors of the lithium salt LiTFSI in two organic solvent (DMC and DEC) and four ILs solvent 

([Cnmim][BF4] and [Cnmim][TFSI], n=2,4) electrolytes. 

We firstly calculated the physicochemical properties of both the organic and ILs solvent electrolytes. 

Simulation results revealed that the LiTFSI-ILs solvent electrolytes have higher density and viscosity, 

larger self-diffusion coefficient and conductivity than the LiTFSI-organics solvent electrolytes, 

indicating that the ILs-based electrolytes exhibit stronger energy power, lower solvent evaporation, and 

faster ion transport than the organics-based electrolytes. Later, we examined the effect of the organic and 

ILs solvents on the ionic associations of the ions Li+ and TFSI- by evaluating the radial distribution 

function (g(r)) and ionic coordination number (Ni). For both the organic and ILs solvent electrolytes, the 

cation Li+ has strong interactions with the anion TFSI- through coordinating with the O(TFSI) atom, not 

the more electronegative N(TFSI) atom. The cis-trans isomerism of TFSI- was observed to appear near 

Li+ at the positions of 0.32nm and 0.42nm, respectively. By calculating the coordination number N(Li+) 

of the Li+-Li+, we found that the [BF4]-type ILs have a fastest ion transport, followed by the [TFSI]-type 

ILs, DEC, and DMC. The organic solvents restrict the free motion of the anion TFSI-, resulting in a low 

conductivity for the organics-based electrolytes, while the ILs solvents facilitate the ionic association of 

the TFSI--TFSI-, causing a high conductivity for the ILs-based electrolytes. Additionally, we realized 

that the dissolution of LiTFSI in ILs solvents is an anion-driven process. The presence of high-polarity 
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anion like [BF4]
- in the solution promotes the coordination with the ion Li+(LiTFSI), improving the 

electrolyte solvation of the lithium salt. 
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Chapter 4 The Effect of Concentration of Lithium 
Salt on the Structural and Transport Properties 
of Ionic Liquid-Based Electrolytes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the recent progress in the field of ILE and aimed to shed light on the 

future roadmap of this area of research were first summarized. Then the effect of lithium 

concentration on the performance of electrolyte in four IL solvents ([Cnmim][TFSI] and 

[Cnmim][FSI], n=2,4) were investigated by all atom molecular dynamics simulation and 

experiment. Further, the microstructure of the lithium salt in the ILE of various 

concentrations was studied, and the change of the lithium salt concentration on the ion 

association was discussed. 
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4.1 Significance of the Study 

This chapter forms the basis of the following publications:  

Jiahuan Tong, Shengli Wu, Nicolas von Solms, Xiaodong Liang, Feng Huo, Qing Zhou, Hongyan He, 

Suojiang Zhang. “The effect of concentration of lithium salt on the structural and transport properties 

of ionic liquid-based electrolytes”, Frontiers in Chemistry. 2020, 7, 945. 

(https://doi.org/10.3389/fchem.2019.00945) 

 

⚫ Revealing how the solvation structure of a Li ion changes with salt concentration. 

⚫ Investigating the influence of the change of lithium salt concentration on the dynamic behavior of 

ILE. 

⚫ Exploring the key groups or structures affecting the electrochemical performance in ILE. 

 

4.2 Highlights 

The results of physicochemical properties in this study suggested that the density and viscosity 

increase with the increased concentration of LiTFSI for all LiTFSI-ILs electrolytes. The turning point of 

the self-diffusion coefficient indicates that the migration of ions in the ILE is nonlinear with 

concentration. Therefore, exploring the extremes value of the electrolyte concentration environment is 

critical to improving lithium ion migration and improving battery performance. Later, we investigated 

the effect of the concentration of lithium salt on the ionic associations of the ions Li and ILs by evaluating 

the radial distribution function (g(r)) and ionic coordination number (Ni). For all ILE, strong coordination 

between Li+ and anion of ILs, bidentate and monodentate coordinating were observed at the positions 

between 2.8 Å and 5.0 Å, respectively. Meanwhile, the cis and trans isomerism of [FSI]- were observed 

to appear near Li+ at the positions of 3.5 Å and 4.2 Å. Further, the ionic cluster [Li[anion]3]
2- in the ILE 

has been found by analyzing the coordination of lithium ion and anion of ILs. Additionally, by calculating 

the residence time of cation and anion of ILs in the first coordination shell of Li ion, we see that increasing 

the concentration of LiTFSI leads to a more closed and compact coordination structure, as well as strong 

correlation/coupling between residence time and Li+ mobility has been demonstrated. 

 

https://www.frontiersin.org/articles/10.3389/fchem.2019.00945/full?report=reader
https://www.frontiersin.org/articles/10.3389/fchem.2019.00945/full?report=reader
https://doi.org/10.3389/fchem.2019.00945
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4.3 Materials and Methods 

4.3.1 Experimental 

In this work, all the ILE including the lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and four 

different pure ILs, i.e. 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide 

([C2mim][TFSI]), 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide ([C2mim][FSI]), 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (C4mim][TFSI]), 1-butyl-3-methyl-imidazolium 

bis(fluorosulfonyl)imide (C4mim][FSI]) were purchased from Lanzhou Institute of Chemical Physics, 

Chinese Academy of Sciences. All the samples were obtained by mixing the ILs with the different 

molarity concentration (0.3mol/L, 0.5mol/L, 1.5mol/L and 2.0 mol/L) of LiTFSI and stirring for 

overnight in an argon filled glovebox.  

The density and viscosity measurements were carried out by using a viscosity/density meter 

(DMA5000M-Lovis2000ME) at 25 ℃. Furthermore, the diffusion property of electrolytes are measured 

as follows: approximately 20 mg of the samples were dispersed in 1 ml of D2O and it were measured in 

a 5 mm NMR (nuclear magnetic resonance) tube. DOSY (diffusion ordered spectroscopy) NMR 

measurements were conducted on a Bruker spectrometer (500 WB AVANCE III). The instrument was 

equipped with a 5 mm PABBO probe (operating at 500.137 MHz for. 1H, 19F, 7Li) and a z-gradient coil 

with a nominal maximum gradient of 50 G cm-1. The pulse sequence was a ledbpgp2s (longitudinal eddy 

current delay bipolar gradient pulse). Experiments were carried out with 8 scans (1H and 19F: Δ = 100 

ms; 7Li: Δ = 100 ms). The DOSY spectra acquired on the spectrometer were processed with Bruker 

Topspin 3.2.  

4.3.2 Simulation Details 

In this work, all atom MD simulations were produced for the lithium salt LiTFSI with four different 

concentrations (0.3mol/L, 0.5mol/L, 1.5mol/L and 2 mol/L) when got solvated in the ILs of 

[Cnmim][TFSI], [Cnmim][FSI] (n=2,4) at 298K. The atom Li was described by Amber force field, 

meanwhile all ILs were described by an optimized Amber force field. Further, scaled down the atomic 

partial charges by a charge scaling factor of 0.8 to solve the problem that the electrostatic interaction 

between ions is overestimated due to the polarization effect. In order to maintain different salt 

concentrations in this work, 100 pairs of LiTFSI are placed in periodic boundary simulation boxes with 
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different number of ILs, respectively (Table 4-1). The initial configurations of all simulated models were 

built by using Packmol package. All the MD simulations were performed using Gromacs software. The 

Verlet algorithm was used to integrate Newton’s equations of motion. Meanwhile, the van der Waals and 

electrostatic interaction were treated with Lennard-Jones potential and the Particle Mesh Ewald (PME) 

algorithm, respectively. For each system the canonical ensemble (NVT) and the isothermal isobaric 

ensemble (NPT) are relaxed for the first 10ns and the next 60ns, respectively. Furthermore, the NPT 

ensemble and the microcanonical ensemble (NVE) are carried out for 50ns and 10ns to achieve the 

confgurational equilibria. In the process of simulation, the trajectory is recorded every 0.1ps with time 

step of 1.0 fs for further analysis. 

 

Table 4-1. Compositions of simulation systems 

Ionic liquids Structure 

Number of ILs Number 

of 

LiTFSI 
0.3mol/L 0.5mol/L 1.5mol/L 2.0mol/L 

[C2mim][TFSI] 

 

964 551 140 88 100 

[C2mim][FSI] 

 

1540 882 223 141 100 

[C4mim][TFSI] 

 

900 515 130 82 100 

[C4mim][FSI] 

 

1327 760 192 121 100 

 



 

(60) 
 

4.4 Paper 

The effect of concentration of lithium salt on the structural and transport 

properties of ionic liquid-based electrolytes 

Jiahuan Tonga,b, Shengli Wua, Nicolas von Solmsb, Xiaodong Liangb,*, Feng Huoa,*, Qing Zhoua,c, Hongyan Hea, 

Suojiang Zhanga,c,* 

aBeijing Key Laboratory of Ionic Liquids Clean Process, Institute of Process Engineering, Chinese Academy of Sciences, 

Beijing 100190, P.R. China 

bDepartment of Chemical & Biochemical Engineering, Technical University of Denmark, DK 2800 Kgs. Lyngby, 

Denmark 
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ABSTRACT: 

Ionic liquids are used as electrolytes in high-performance lithium-ion batteries, which can effectively 

improve battery safety and energy storage capacity. All atom molecular dynamics simulation (MD) and 

experiment were combined to investigate the effect of lithium concentration on the performance of 

electrolyte in four IL solvents ([Cnmim][TFSI] and [Cnmim][FSI], n=2,4). The IL electrolytes exhibit 

higher density and viscosity, meanwhile larger lithium ion transfer numbers as the concentration of 

LiTFSI increases. Furthermore, in order to explore the effect of the concentration of lithium salt on the 

ionic associations of Li+ and anion of IL, the microstructures of the lithium salt in various IL electrolytes 

at different concentrations were investigated. The structural analysis indicated strong bidentate and 

monodentate coordination were found between Li+ and anion of all IL electrolytes. Both cis and trans 

isomerism of [FSI]- were observed in [FSI]--type IL electrolytes systems, furthermore, the existence of 

the ion cluster [Li[anion]x]
(x-1) - in IL electrolytes, and the cluster became more closed and compact as 

the concentration of LiTFSI increases. 
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1. Introduction 

With the popularity of personal portable electronic devices, new energy vehicles and renewable 

energy are developing rapidly. The electrochemical energy storage system with high energy density, high 

cycle stability and high power density is facing enormous challenges, and has gradually become the main 

research direction in the world. Lithium ion batteries have dominated the battery market since their 

successful commercialization in the early 1990s due to their high voltage, high specific energy and long 

cycle life. (Goodenough and Kim, 2011; Scrosati and Garche, 2010) However, the battery performance 

and composition requirements are becoming more and more stringent as the application requirements 

continue to improve. The safety of lithium ion battery has been exposed and increasingly prominent, it 

is difficult to meet the requirements of lightweight, high-capacity, long-life electronic equipment, electric 

vehicles and other technologies. Therefore, the development of a new generation of green battery system 

with high performance and environmental protection has become a common challenge for the 

international community. 

Electrolyte, as a key component of lithium battery, not only plays a role in conducting lithium ions 

and conducting internal circuit, but also is one of the important factors that determine battery capacity 

and cycle stability. Excellent battery electrolyte generally has the following characteristics: (1) good 

chemical and electrochemical stability, does not react with the electrode in the operating voltage range; 

(2) high lithium ion transport capacity; (3) good compatibility with positive electrode and lithium metal 

negative electrode; (4) excellent electronic insulation performance; (5) low cost, low toxicity, 

environmental protection, etc. However, the most widely used organic solvent electrolyte in industry 

cannot meet all the above comprehensive performance currently. Therefore, optimization and design of 

electrolyte composition and formula has become one of the best ways to promote the rapid development 

of lithium ion batteries. (Kim et al., 2015; Xu, 2014;Wu et al., 2019) 

Ionic liquids (ILs) are defined as molten salts with melting point below 100°C, which is considered 

to be the third type of solvent following water and organic solvents. Meanwhile ILs are typically 

characterized by unique properties such as high thermal stability, negligible vapor pressure, non-

volatility and high ionic conductivity, etc. (Galiński et al., 2006; Lewandowski and Świderska-Mocek, 

2009; Zhang et al., 2018) Therefore, they are widely used in many energy storage devices, such as 

electrochemical double-layer capacitors, solar cells, etc., especially as electrolytes in lithium batteries in 
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resent years (Figure S1). However, these properties are much affected by Coulombic interactions, the 

directionality of interactions between cations and anions, and Van der Waals interactions between ions. 

Thus, we should carefully consider these characteristics, structures as well as select the appropriate ILs 

in practical applications. However, due to the flexibility of ILs structure, theoretically there are 1018 types 

of ILs. Therefore, it is impossible to verify all ILs through experiments and select the best system for 

lithium ion batteries. Up to now, in the application of lithium batteries, only a few ILs are used as 

electrolytes (Figure 1), and it also indicated that ILs wraps lithium salt when the concentration of lithium 

salt is lower, otherwise, the conclusion is opposite. Therefore, in this study, we first summarized the 

recent progress in the field of IL electrolyte and aimed to shed light on the future roadmap of this area 

of research. 

 

Figure 1. The structure of anion and cation of ionic liquids and lithium salt commonly used in lithium 

ion batteries (when the concentration of lithium salt is lower, ionic liquids wrapped with lithium salt, 

on the contrary, ionic liquids are wrapped with lithium salt);  

 

Since the commercialization of lithium batteries, the electrolytes are based on organic carbonate. 

Although these type of electrolyte allow large number of charge and discharge cycles, there are some 

serious safety issues due to flammability and volatility, etc. In the past decades, lots of efforts have been 

paid to solve this issue to find potential alternatives to available solvent. Due to the enormous advantages 
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of ILs, a common strategy is to test available ILs to take the place of problematic organic carbonates, 

which has been widely and successfully applied. Sakaebe et al.(Sakaebe and Matsumoto, 2003) found 

that in Li/LiCoO2 cell containing N-methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl)imide as 

electrolyte showed good performance with a consistent capacity of LiCoO2 and the Coulombic efficiency 

at entire cycles of more than 97% at C/10 current rate. After that, Garcia et al.(Garcia et al., 2004) 

investigated ethyl-methyl-imidazolium bis-(trifluoromethanesulfonyl)-imide ([C2mim][TFSI]) droped 

with LiTFSI as electrolyte in lithium battery. The results have been compared with conventional liquid 

organic solvent ethylene carbonate/carbonates electrolytes (EC/DMC). They found that the IL 

electrolytes could provide better cycling performance, meanwhile, the conductivity was similar to that 

of the organic solvent electrolyte, reaching 7 mS/cm. Gradually, the researchers found IL electrolyte not 

only could effectively improve the conductivity, but also shows its advantages in the stability and 

cyclicity of the electrode and battery, respectively. For example, Ishikawa et al.(Ishikawa et al., 2006) 

first reported pure IL 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide ([C2mim][FSI]) and N-

methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide ([Pry13][FSI]) as electrolyte could provide a 

stable and reversible capacity for a graphitized negative electrode without any additives or solvents at 

ambient temperature. Experimental results found that the reversible capacity of a graphite negative 

electrode have a stable value of approximately 360 mAh/g during 30 cycles at a charge/discharge rate of 

0.2 C. Subsequently, Sugimoto et al.(Sugimoto et al., 2010) compared IL electrolytes [C2mim][FSI] and 

DMC , in which reported that [C2mim][FSI] electrolyte is applied to a silicon–nickel–carbon composite 

anode for rechargeable lithium ion batteries. The experimental results show that galvanostatic cycling of 

the Si-based composite anode in the FSI--based electrolyte with a charge limitation of 800 mAh/g is 

stable and provides a discharge capacity of 790 mAh/g at the 50th cycle, corresponding to a cycle 

efficiency of 98.8%.  At the same time, more and more researchers realize that IL electrolytes could be 

used for various electrode in lithium battery with high performances. (Zhang et al., 2008; Ma et al., 2019; 

Kim et al., 2008; Chagnes et al., 2005) 

However, only from the experimental point of view the research on IL electrolytes are very limited 

due to ILs are too complicated in comparison with common solvents. Therefore, it has been widely 

developed to explore the microstructure and properties of electrolyte by simulation method. Borodin et 

al. investigated Li+ cation environment, transport, and mechanical properties for N-methyl-N-

propylpyrrolidinium bis(trifluoromethanesulfonyl) imide ([mppy][TFSI]) and N,N-dimethyl-
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pyrrolidinium bis(trifluoromethanesulfonyl)imide ([mmpy][TFSI]) IL with 0.25 mol/L LiTFSI salt at 

303K-500 K by molecular dynamics simulations. The simulation reveals that less than four oxygen atoms 

coordinate with Li+ cation on average, meanwhile, ion self-diffusion coefficients followed the order Li+ 

< TFSI- < mmpy+ or mppy+. (Borodin et al., 2006) Recently, Lesch et al. (Lesch et al., 2016) reported 

dynamical and structural properties of two IL electrolytes ([C2mim][TFSI] and [Pyr13][TFSI]) doped 

with LiTFSI salt via atomistic molecular dynamics simulations. They found the structure of the 

coordination shell of Li+ was largely independent from the cation of the ILs. Further, through the analysis 

of the structure, they clarify that [pyr13][TFSI]-based electrolyte have higher lithium transference 

numbers due to the stronger interaction between [pyr13]+ and [TFSI]-. Therefore, molecular dynamics 

simulation has become a common tool to investigate the key structural and dynamical mechanisms. 

Meanwhile, it is a powerful technique for screening and designing new electrolytes in recent years. 

Recently, high concentration concentrated electrolyte (≥2M Li salt) has also attracted more and more 

attentions of researchers. Studies have shown that high concentrated electrolytes could inhibit the 

formation of lithium dendrites during the lithium deposition/stripping process, thereby improving the 

stability of the SEI layer and the thermal stability of the electrolyte effectively. (Yamada and Yamada, 

2015; Qian et al., 2015;Yamada et al., 2014)  More importantly, high concentrated electrolytes have an 

unusual solvation structure compared to conventional low concentration electrolytes. Shirai et al. 

investigated by Raman and NMR experiments and showed that in high concentrated electrolytes 

composed of LiTFSI and  ILs (N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium 

bis(trifluoromethanesulfonyl)amide, Li+ coordinates with four oxygen atoms within two [TFSI]- anions 

to form [Li(TFSI)2]
− structure. (Shirai et al., 2008) At same time, Umebayashi et al. reported the 

influence of temperature on the structure of high-concentration LiTFS-[C2mim][TFSI] electrolyte, 

indicating that the cis form of [TFSI]- is more stable at high concentration of lithium salt.(Umebayashi 

et al., 2008) After that, Yamada et al. reported that the performance of 3.6mol/L dual (fluorosulfonyl) 

lithium amide (LiFSA) and DME electrolytes is much higher than that of commercial electrolytes under 

ultrafast charge. This discovery is an important breakthrough in fast-charging Li ion batteries and also 

breaks the recognition that the performance of high concentration electrolyte is poor.(Yamada et al., 

2013) Recently, we have also carried out study on highly concentrated IL electrolytes. By comparing 

2mol/L lithium salt (LiTFSI) with pure organic solvents (DMC and DEC) and IL solvents (([Cnmim][BF4] 

and [Cnmim][TFSI] (n=2, 4))), we found that IL electrolytes have higher conductivity than organic 
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solvents at high concentration of Li salt, meanwhile, the dissolution of LiTFSI in the IL solvents is an 

anion-driven process. (Tong et al., 2019) To sum up, high concentrated IL electrolytes are expected to 

be suitable for the development of high voltage and high energy density batteries. 

In summary, owing to the enormous possibilities of IL electrolytes, how to effectively screen ILs, 

explore the electrolyte environment and formulation, meanwhile, design new high-performance IL 

electrolytes has become the key to improve the performance of lithium-ion batteries. Based on our 

previous studies, in this work a range of IL electrolytes including 1-alkyl-3-methyl imidazoled-based ILs 

([Cnmim][TFSI] and [Cnmim][FSI] (n=2,4)) doped with four different concentration of lithium 

bis(trifluoromethylsulfonyl) imide (LiTFSI) (0.3mol/L, 0.5mol/L, 1.5mol/L and 2.0mol/L) are 

investigated. The effect of lithium concentration on the performance of IL electrolytes such as density, 

viscosity, self-diffusion coefficient, lithium ion transference number, meanwhile, the structures of these 

electrolytes are also revealed combining computational and experimental techniques. 

2. Materials and Methods 

2. 1 Experimental 

In this work, all the IL electrolytes including the lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) and four different pure ILs, i.e. 1-ethyl-3-methylimidazolium 

bis[(trifluoromethyl)sulfonyl]imide ([C2mim][TFSI]), 1-ethyl-3-methylimidazolium 

bis(fluorosulfonyl)imide ([C2mim][FSI]), 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (C4mim][TFSI]), 1-butyl-3-methyl-imidazolium 

bis(fluorosulfonyl)imide (C4mim][FSI]) were purchased from Lanzhou Institute of Chemical Physics, 

Chinese Academy of Sciences. All the samples were obtained by mixing the ILs with the different molar 

concentration (0.3mol/L, 0.5mol/L, 1.5mol/L and 2.0 mol/L) of LiTFSI and stirring for overnight in an 

argon filled glovebox.  

The density and viscosity measurements were carried out by using a viscosity/density meter 

(DMA5000M-Lovis2000ME) at 25 ℃. Furthermore, the diffusion property of electrolytes are measured 

as follows: approximately 20 mg of the samples were dispersed in 1 ml of D2O and it were measured in 

a 5 mm NMR (nuclear magnetic resonance) tube. DOSY (diffusion ordered spectroscopy) NMR 

measurements were conducted on a Bruker spectrometer (500 WB AVANCE III). The instrument was 
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equipped with a 5 mm PABBO probe (operating at 500.137 MHz for. 1H, 19F, 7Li) and a z-gradient coil 

with a nominal maximum gradient of 50 G cm-1. The pulse sequence was a ledbpgp2s (longitudinal eddy 

current delay bipolar gradient pulse). Experiments were carried out with 8 scans (1H and 19F: Δ = 100 

ms; 7Li: Δ = 100 ms). The DOSY spectra acquired on the spectrometer were processed with Bruker 

Topspin 3.2. All results will be discussed later in detail.  

2.2 Simulation Details 

In this work all atom MD simulations were produced for the lithium salt LiTFSI with four different 

concentrations (0.3mol/L, 0.5mol/L, 1.5mol/L and 2 mol/L) when got solvated in the ILs of 

[Cnmim][TFSI], [Cnmim][FSI] (n=2,4) at 298K. The atom Li was described by Amber force field,(Wang 

et al., 2004) meanwhile all ILs were described by an optimized Amber force field which developed by 

Liu et al.(Liu et al., 2004) As they shown that a reliable description of the density, diffusion coefficients 

and conductivity were achieved for ILs based on this force field. In addition, the restrained electrostatic 

potential (RESP) procedure were used to process the partial charge of all ILs. (Bayly et al., 1993) Further, 

scaled down the atomic partial charges by a charge scaling factor of 0.8 to solve the problem that the 

electrostatic interaction between ions is overestimated due to the polarization effect. Therefore, more 

accurate thermodynamic and structure properties of IL electrolytes in this work were obtained. (Maginn, 

2009; Salanne, 2015) The effectiveness of this method is also reported by Schmollngruber et 

al.(Schmollngruber et al., 2015) 

In order to maintain different salt concentrations in this work, 100 pairs of LiTFSI are placed in 

periodic boundary simulation boxes with different number of ILs, respectively (Table 1). The initial 

configurations of all simulated models were built by using Packmol package.(Martínez et al., 2009) All 

the MD simulations were performed using Gromacs software.(Van Der Spoel et al., 2005) The Verlet 

algorithm was used to integrate Newton’s equations of motion. Meanwhile, the van der Waals and 

electrostatic interaction were treated with Lennard-Jones potential and the Particle Mesh Ewald (PME) 

algorithm, respectively. For each system the canonical ensemble (NVT) and the isothermal isobaric 

ensemble (NPT) are relaxed for the first 10ns and the next 60ns, respectively. Furthermore, the NPT 

ensemble and the microcanonical ensemble (NVE) are carried out for 50ns and 10ns to achieve the 

confgurational equilibria. In the process of simulation, the trajectory is recorded every 0.1ps with time 

step of 1.0 fs for further analysis. 
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Table 1. Compositions of simulation systems 

Ionic liquids Structure 
Number of ILs Number of 

LiTFSI 0.3mol/L 0.5mol/L 1.5mol/L 2.0mol/L 

[C2mim][TFSI] 

 

964 551 140 88 100 

[C2mim][FSI] 

 

1540 882 223 141 100 

[C4mim][TFSI] 

 

900 515 130 82 100 

[C4mim][FSI] 

 

1327 760 192 121 100 

 

3. Results and Discussions 

3.1 Physicochemical properties  

High density and moderate viscosity for electrolyte could provide more powerful energy as well as 

effectively to prevent solvent evaporation. Therefore, environmental pollution could be solved  and the 

energy storage capacity of batteries will be improved. In this work, the density (ρ) and dynamic viscosity 

(η) from experiment and simulation at atmospheric pressure as a function of concentration of LiTFSI for 

all four IL electrolytes are depicted in Figure 1 where the dotted line is the experimental value, and the 

solid line is the the result from MD simulation. It is clearly that the simulated density is slightly higher 

than the experimental value, but the errors are all less than 3%. Viscosity differs by an order of magnitude 

due to the limitation of the nonpolarized force field, but the trend remains the same. Take into account 

the simplicity of the force field employed in this study, the simulation results are relatively satisfactory. 

The same results have also been reported by Rey-Castro et al.(Rey-Castro and Vega, 2006) 

In Figure 2, it is also obviously shown that the density trends with concentration of LiTFSI are linear, 

meanwhile viscosity are almost exponential for all IL electrolytes in this work. Previously reported by 

our group, due to their strong interactions between Li+ and TFSI-, adding lithium salt LiTFSI to 
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electrolyte will lead to the increase of density.(Tong et al., 2019) Meanwhile, it is found that for a 

common cation ([C2mim]+ or [C4mim]+), [TFSI]--type IL electrolytes have higher density and viscosity 

than [FSI]--type IL electrolytes. This results are the same as that reported by Gouveia et al, they proved 

that when the ILs have a common cation, the densities is related to the number of denser atoms in the 

anions (the density of IL is higher when higher proportions of oxygen and/or fluorine atoms are present 

in anions).(Gouveia et al., 2017) However, for a common anion ([TFSI]- or [FSI]-), the density of the IL 

electrolytes decreases as the length of the side chain increased, and the viscosity is reversed. In addition, 

according to the function of the viscosity and concentration of lithium salt, it can be seen that the viscosity 

of the [FSI]--type IL electrolytes changes slowly compared with the [TFSI]--type electrolyte. 

 

Figure 2. Density (a) and viscosity (b) vs concentration of LiTFSI for all ionic liquid electrolytes (The 

dashed line and open points are the result from experiment and the solid line and filled points are from 

MD simulation) 

 

3.2 Transport properties  

The transport of ions in MD simulation is usually measured by the self-diffusion coefficient (D), 

which is a function of the mean square displacement (MSD) that was given in equation (1), meanwhile, 

the larger D value in a given time is related to the faster diffusion dynamics.  

D =
1

6
lim
𝑡→∞

𝑑

𝑑𝑡
〈∑ [𝑟𝑖⃗⃗ (𝑡) − 𝑟𝑖⃗⃗ (0)]

2𝑁
𝑖=1 〉                                                   (1) 

where 𝑟𝑖⃗⃗ (𝑡) indicates the positional vector of the center of mass of the ith ion at time t.  
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In this work, the MSDs of Li+, cation and anion of IL in electrolytes were calculated from 2ns to 

6ns. Then the slope of the MSD-t plots were linearly fitted, the self-diffusion coefficients could be 

obtained, as an example of the LiTFSI-[C2mim][FSI] electrolytes under four different concentration at 

298K (Figure 3). When the lithium salt concentration increases from 0.3 to 2mol/L, the D of all ion show 

two turning point: the ion motion rapidly speeds from 0.3 to 0.5 mol/L, then remains slowly drop until 

the concentration is above 1.5mol/L, after that all ion accelerates again. In addition, the trend in self 

diffusion coefficient is that Dcation > Danion > DLi
+, which is consistent with Liu et al.(Liu and Maginn, 

2013) they indicated that the small Li+ has the slowest diffusivity due to the fact that Li+ interact strongly 

with anion of ILs. (Details of the interaction of Li+ and TFSI- will be discussed later in the text). Details 

on the results of self-diffusivity coefficients for all IL electrolytes are shown in Table S1. More 

importantly, in terms of experiments, we also got the same trend through NMR measured and the result 

are listed in Table S2. Although the results of experiments and simulations are several orders of 

magnitude different, this is due to the polarization of the electrolyte in this study is high, and the 

limitations of traditional force fields in MD cannot be calculated accurately. Therefore, in future work, 

we will optimize with respect to transport properties using polarization force field.  
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Figure 3. Mean square displacement (MSD) of Li+, [C2mim]+ and [FSI]-  vs concentration of LiTFSI for 

LiTFSI-[C2mim][FSI] at 298K. 
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In a given time period, lithium ion transference number 𝑇𝐿𝑖, i.e., the contribution to conductivity 

due to Li+ transport, can be approximated from D through an equation: (Lesch et al., 2016; Chen et al., 

2018) 

𝑇𝐿𝑖 =
𝑁𝐿𝑖𝐷𝐿𝑖

∑𝑁𝑖𝐷𝑖
                                                                        (2) 

Where 𝑁𝑖 is number of ions of species i, and Di is the corresponding self-diffusion coefficient. The 

resulting lithium ion transference numbers are shown in Table 2. 

 

Table 2. The lithium ion transference number (𝑇𝐿𝑖) for all IL electrolytes under four different 

concentration of lithium salt 

Concentration of 

LiTFSI (mol/L) 
[C2mim][TFSI] [C2mim][FSI] [C4mim][TFSI] [C4mim][FSI] 

0.3 0.015 0.013 0.028 0.018 

0.5 0.047 0.031 0.041 0.028 

1.5 0.217 0.167 0.154 0.188 

2.0 0.277 0.209 0.350 0.290 

 

Lithium transference number is one of the most crucial properties for lithium battery and other 

capacitor applications. In Table 2 obviously shows that higher lithium salt concentrations lead to higher 

transference numbers. In addition, the lithium ion transference number is roughly 24% higher in the 

[C2mim][TFSI] electrolytes than in [C2mim][FSI], meanwhile, 14% higher in the [C4mim][TFSI] 

electrolytes than in [C4mim][FSI] at all concentrations. Thus, the lithium ion dynamics in the [TFSI]--

type systems are relatively faster in the same length of side chain of IL electrolytes system. This can be 

mainly related to the different interaction between Li+ and [TFSI]- of ILs. 
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3.3 Structural Analyses 

Radial Distribution Function (RDF)(Méndez-Morales et al., 2013) is a powerful method to explore 

the relationship between structure and physicochemical properties on the micro scale. Therefore, the 

RDF for center of mass of the ions in this work were investigated: 

𝑔(r) =
〈∑ 𝛿(𝑟−𝑟𝑖𝑗)𝑖,𝑗 〉

𝑁𝜌
                                                              (3), 

where N is the number of particles, 𝜌 is the number density, 𝑟𝑖𝑗 is the spatial distance of the particles 𝑖 

and j. 

The coordination number (𝑁)(Lourenço et al., 2018) is a function of  RDF, as shown in equation 

(4). The number of particle j surrounding the particle i in its first solvation shell described by the 

coordination number 𝑁(𝑖−𝑗), 

𝑁(𝑖−𝑗) = 4𝜋𝜌𝑗 ∫ 𝑔𝑖𝑗(𝑟)𝑟
2𝑑𝑟

𝑟′

0
                                                     (4), 

where 𝑟′ is the first minimum in the g(r) plot, r is the distance and 𝜌𝑗 is the density of particle j. 

The residence time (τ) is reflects the degree of solvation for the IL electrolytes solvent, which 

determined from the integration of the autocorrelation function (ACF). The residence time of cation and 

anion of ILs in the first coordination shell of Li+ could be calculated by equation (5):  

                                                                       𝜏𝑖 = ∫ 𝐴𝐶𝐹(𝑡)
∞

0
 

𝐴𝐶𝐹(𝑡) =
〈𝐵𝑖𝑗(𝑡)𝐵𝑖𝑗(0)〉

〈𝐵𝑖𝑗(0)𝐵𝑖𝑗(0)〉
                                                                  (5), 

where Bij = 1 if ions i and j are inside the first coordination shell of each other, otherwise Bij = 0.  

As mentioned about our previously studied, there is an anion driving effect in the IL electrolytes, ie, 

lithium ions mainly interact with anions of IL in the electrolytes solution.(Tong et al., 2019) Therefore, 

in this section, as Figure 4 shown that we study the effect of four lithium salt concentration on the 

structure and interaction of Li ions with anions in ILs by radial distribution function, coordination number 

and residence time, as well as the ion association trend and solvation effect are also investigated. 
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3.3.1 Coordination structure 

The RDF between lithium ion and anion of ILs in four types of IL electrolytes at all concentrations 

of LiTFSI were shown in Figure 4. It is clear to see that the interaction between lithium ions and anion 

decreases with the increased of lithium concentration. More importantly, for the same side chain, the 

structure of [TFSI]--type IL electrolytes system change dramatically with concentration of lithium salt 

compared to that of [FSI]--type IL electrolytes system (Figure 4a and b), which reflects the slower change 

of viscosity of the [FSI]--type system as mentioned above. Furthermore, the interactions for longer side 

chain of cation ([C4mim]+) are much stronger for the [FSI]--type IL electrolytes (Figure 4b and d), which 

indicate why [C4mim] [FSI] has a higher viscosity than [C2mim] [FSI]. However, for the [TFSI]--type 

electrolyte, the interaction between Li+ and anion of [C4mim] [TFSI] is larger than that of [C2mim] [TFSI] 

when the concentration of LiTFSI is less than 1.5 mol/L. But when the concentration is high (1.5mol/L 

and 2mol/L), they are almost the same. This indicates that the cations of imidazoled-based ILs have an 

effect on the interaction between anions and lithium ions at low concentration of lithium salt, however, 

the influence of cations gradually decreases as the concentration of LiTFSI increased. Further, our 

simulation results revealed that the Li+-anion has a double-peak structure between 2.8 Å and 5.0 Å 

regardless of the type of ILs, meanwhile, the first peak is much higher than the second peak. This 

indicated that a strong coordination between Li+ and anion in the electrolytes system were existed and 

the structure of the first peak stability was less affected by the type of ILs. More importantly, two possible 

coordinations of anion and lithium ions were proved by the double peak structure, in which the first peak 

represent the bidentate coordinating of Li+ and anion (TFSI- or FSI-), and the second one from 

monodentate as shown in Figure 4a. The same conclusions were also obtained by Lesch et al.(Lesch et 

al., 2016b) Additionally, we can observe that there are two secondary peaks of the RDF between Li+ and 

FSI- followed by the primary peak at 2.8 Å, which exist at 3.5 Å and 4.2 Å, respectively. According to 

our previous studied, we considered that the cis-trans form structure of anion is the main reason for the 

two secondary peaks that is more cis-FSI appear at the peak position of 3.5 Å, while more trans-FSI at 

4.2 Å (Figure 4b). 
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Figure 4. Radial distribution function of Li ion and anion of [Cnmim][TFSI] and [Cnmim][FSI] (n=2,4) 

for four concentration of lithium salt LiTFSI at 298K.  

 

In order to further study the effect of lithium salt concentration on the ion association effect of IL 

electrolytes, we studied the coordination of lithium ion and anion of ILs. Take the LiTFSI-[C2mim] [FSI] 

system as an example (Figure 5), where the coordination number of each Li+-O(FSI) and Li+-N(FSI) 

were shown.  As we have proved that lithium ions are mainly coordinated with oxygen atoms in the anion 

in the ILs anion in our previous work. Therefore, the sum of coordination numbers of Li+-O(FSI) are 

computed,   when concentration of LiTFSI is 0.3mol/L N(Li-O) is 5.8, however, it is decreased to N(Li-

O)=3.42 in 2.0mol/L LiTFSI-[C2mim][FSI] system. Our hypothesis about the reason is that the ionic 

cluster, ie., [Li[FSI]3]
2- formed in the electrolytes. The results were validated in MD snapshots in this 
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work as shown in Figure 6. As mentioned above, when the concentration is low, as Figure 6 shown that 

lithium ion is located at the center of the three anions because of the bidentate coordination for Li-[FSI]-. 

However, when the concentration of LiTFSI increases the lithium ion and oxygen atom gradually become 

monodentate coordination, but the structure of the ion cluster is always the association structure of three 

anions with one lithium ion, which is in consistency with the observations from vibrational spectroscopic 

analysis by Lassègues et al.(Lassègues et al., 2009) Other IL electrolytes have also been calculated for 

the coordination number of lithium ions and oxygen atoms, the detailed results are in Table S3. 

Meanwhile, the ionic cluster [Li[TFSI]3]
- has been found in other LiTFSI-ILs system. The same 

conclusion have been demonstrated by Monteiro et al.(Monteiro et al., 2008)  

 

 

Figure 5 Site-site coordination number (N) of Li+-O(FSI-) and Li+-N(FSI-) for LiTFSI-[C2mim][FSI] 

electrolyte system (a) in the 0.3mol/L of LiTFSI (b) in the four different concentration of lithium salt.  
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Figure 6. (a) Snapshots of four different lithium concentrations of LiTFSI-[C2mim][FSI] system from 

MD (blue represent for ionic liquids, pink represent for lithium salts); (b) The [Li[FSI]3]
2- configurations 

were randomly captured at 0.3mol/L and 2mol/L for LiTFSI-[C2mim][FSI] electrolyte system, 

respectively. 

 

3.3.2 The residence time  

One of the most important properties for the stripping of the solvation shell in lithium ion batteries  

could be obtained by calculating the residence time of cation and anion of ILs in the first coordination 

shell of Li+. Therefore, the residence time of cation and anion in first coordination shell of Li+ could be 

calculated according to equation (5), respectively. The cooresponding residence times are shown in Table 

3. It is clearly that increasing the concentration of LiTFSI leads to increased of the residence time for all 

IL electrolytes. As mentioned above, an increase in the concentration of lithium salt results in a more 

closed and compact coordination structure. Therefore, a closed coordination shell should be existed due 

to the higher residence time. In addition, the residence times in the [C2mim]+-based electrolyte systems 

are lower than that in the [C4mim]+-based systems. This can be attributed to the different interaction of 

[C2mim]+ and [C4mim]+ with Li. More importantly, strong correlation/coupling between residence time 
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and Li+ mobility has been proved by Li et al.(Li et al., 2015) Therefore, it is the main reason why the 

lithium ion transference numbers are increased with the increased of concentration of LiTFSI.  

 

Table 3 Residence time (ns) of cation and anion of all ILs in the first coordination shell of Li+ 

Ionic liquids 0.3mol/L 0.5mol/L 1.5mol/L 2.0mol/L 

[C2mim][TFSI]-cation 3.18 4.08 4.59 4.71 

[C2mim][TFSI]-anion 3.72 4.22 4.63 4.74 

[C2mim][FSI]-cation 3.71 4.27 4.68 4.74 

[C2mim][FSI]-anion 3.78 4.08 4.69 4.64 

[C4mim][TFSI]-cation 4.14 4.284 4.658 4.743 

[C4mim][TFSI]-anion 4.15 4.43 4.64 4.66 

[C4mim][FSI]-cation 4.29 4.47 4.75 4.82 

[C4mim][FSI]-anion 3.95 4.09 4.71 4.85 

 

4. Conclusions 

ILs are used as electrolytes in energy storage devices due to their unique characteristics, thereby 

improving the safety and energy storage capacity of lithium ion batteries. In this work, we review the 

development and research trends of IL electrolytes, clarify the great possibilities of IL electrolytes. 

Combining atomistic MD simulations and fundamental physical property experiments we investigated 

the effect of lithium concentration on the performance of electrolyte in four ILs solvent ([Cnmim][TFSI] 

and [Cnmim][FSI], n=2,4). 

The physicochemical properties of all IL solvent electrolytes were calculated and measured at the 

first. Simulation results showed that the density and viscosity increases with the increased concentration 
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of LiTFSI for all LiTFSI-ILs electrolytes. As shown in the simulation results, higher values both in 

density and viscosity of LiTFSI-ILs electrolytes were detected as the concentration of LiTFSI increases. 

The turning point of the self-diffusion coefficient indicates that the migration of ions in the IL electrolytes 

is nonlinear with concentration. Therefore, exploring the extremes value of the electrolyte concentration 

environment is critical to improving lithium ion migration and improving battery performance. Later, we 

investigated the effect of the concentration of lithium salt on the ionic associations of the ions Li+ and 

ILs by evaluating the radial distribution function (g(r)) and ionic coordination number (Ni). For all IL 

electrolytes, a strong coordination between Li+ and anion of ILs, bidentate and monodentate coordinating 

were observed at the positions between 2.8 Å and 5.0 Å, respectively. Meanwhile, the cis and trans 

isomerism of [FSI]- were observed to appear near Li+ at the positions of 3.5 Å and 4.2 Å. Further, the 

ionic cluster [Li[anion]3]
2- in the IL electrolytes has been found by analyzing the coordination of lithium 

ion and anion of ILs. Additionally, calculating the residence time of cation and anion of ILs in the first 

coordination shell of Li ion, we see that increasing the concentration of LiTFSI leads to more closed and 

compact coordination structure, as well as strong correlation/coupling between residence time and Li+ 

mobility has been demonstrated. 
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Chapter 5 Transport Properties and Cluster 
Behavior of Ionic Liquids Electrolyte 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

In this chapter, combining atomistic MD simulations and quantum chemistry 

calculations,  the effect of lithium concentration on the lithium ion transfer mechanism 

of ILs electrolyte in [Cnmim][PF6], n=2,4 ILs were investigated. Meanwhile, the 

apparent transference numbers and the effective transference number of lithium ion were 

compared. At the same time, the effective lithium ion charge was analyzed, and the 

transfer mechanism of lithium ion-anion charged cluster was clarified. Furthermore, 

through the aggregation hierarchical clustering algorithm, the configuration and stability 

of lithium ion-anion clusters were quantitatively proved. 
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5.1 Significance of the Study 

This chapter forms the basis of the following publications:  

Jiahuan Tong, Xiaodong Liang, Feng Huo, Nicolas von Solms, Suojiang Zhang. “Negative effective 

transference numbers and effective charge in Li salt-ionic liquid electrolytes: A sign of lithium ion-

anion cluster transfer mechanism”, Journal of Power Sources, 2020, In preparation. 

 

⚫ Discussing different calculation methods of lithium ion transfer numbers in ILE. 

⚫ Exploring the effective transfer number and effective charge of Li ions under different lithium salt 

concentrations. 

⚫ Revealing the transport mechanism of lithium ions in ILE. 

⚫ Investigating the composition and stability of Li+-anion cluster. 

 

5.2 Highlights 

The results of this study suggested that the migration of all ions in the ILE is nonlinear with 

concentrations of lithium salt. Later, apparent transference numbers and the effective transference 

number of lithium-ion were obtained using the self-diffusion coefficient and conductivity, respectively. 

Surprisingly, the effective lithium-ion transfer number with a negative value was found, because the 

effective lithium-ion transfer number considered the correlation between ions. We have reason to believe 

that in a high-concentration lithium salt electrolyte, compared to the apparent transfer number, the 

effective lithium-ion transfer number can objectively reflect the existing form and transfer trend of 

lithium ions in the electrolyte. Subsequently, through the calculation of the effective charge, the lithium 

ion-anion charged cluster transfer mechanism was revealed. After that, we proved the existence of 

lithium ion-anion clusters by evaluating the radial distribution function and ion coordination number. 

Furthermore, through the aggregation hierarchical clustering algorithm, the configuration and stability 

of lithium ion-anion clusters are quantitatively proved. Quantum chemistry calculation results have 

shown that the symmetrical spatial coordination between fluorine atoms in [PF6]- anions and Li+ always 

appeared in the lithium ion-anion charged cluster. 
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5.3 Simulation Method and Model 

5.3.1 Molecular Dynamics Simulations 

In this work all-atom MD simulations were produced for the lithium salt LiTFSI with six different 

concentrations, 50 ion pairs Li+-TFSI- were placed in a periodic boundary box containing different 

numbers of [C2mim][PF6] and [C4mim][PF6], respectively. (Figure 5-1) The initial configurations of the 

simulated models were constructed by using the Packmol package. All the MD simulations were carried 

out in the Lammps software. Details of the simulation procedure are given as follows: each simulation 

system is relaxed in the canonical (NVT) ensemble for the first 5ns and then in the isothermal-isobaric 

(NPT) ensemble for the next 10ns. Production simulation is carried out for 20ns in the NPT ensemble 

and for 60 ns in the NVT ensemble to achieve the configurational equilibria. The Verlet algorithm with 

a time step of 1.0 fs is employed to integrate Newton’s equations of motion. The van der Waals 

interaction is treated with the Lennard-Jones potential. The partial charges of these ILs were obtained by 

following the restrained electrostatic potential (RESP) procedure. During the simulation, the trajectories 

are recorded at every 0.1ps for further post-analysis. The optimized all atom force field was used to 

describe [Cnmim]+ (n=2,4), [PF6]-, [TFSI]- and Li+.  

 

 

Figure 5-1. (a) Structures of the ions involved in this MD simulations: lithium (Li: pink); 

[bis(trifluoromethanesulfonyl)imide] ([TFSI]: Green); 1-ethyl-3-methylimidazolium 

hexafluorophosphate ([C2mim][PF6]: Yellow); (b) Compositions of the simulation systems in this work. 
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5.3.2. Quantum Chemistry Calculations 

The equilibrium geometries were optimized using the B3LYP method and 6-31+G(d,p) basis set 

(B3LYP/6-31+G(d,p)). We carried out vibrational frequency calculations at the same level to confirm 

the nature of the extreme points of the potential energy surface. Then, the intrinsic reaction coordinate 

theory with the B3LYP/6-311++G(d,p) method and basis set were employed to construct the minimum-

energy path (MEP). All the above calculations were performed by the Gaussian 09 program. 

 

5.4 Paper 

Negative Effective Transference Numbers and Effective Charge in Li Salt-Ionic 

Liquid Electrolytes: A sign of Lithium Ion-Anion Cluster Transfer Mechanism 

Jiahuan Tonga,b, Xiaodong Lianga, Feng Huob,*, Nicolas von Solmsa,*, Suojiang Zhangb,* 

aDepartment of Chemical & Biochemical Engineering, Technical University of Denmark, DK 2800 Kgs. Lyngby, 

Denmark 

bBeijing Key Laboratory of Ionic Liquids Clean Process, Institute of Process Engineering, Chinese Academy of Sciences, 

Beijing 100190, P.R. China 

ABSTRACT 

The new generation of ionic liquid electrolytes (ILE) has greatly enhanced the safety and energy 

storage capacity of lithium-ion batteries. Through molecular dynamics simulation, it is found that the 

negative lithium transference number is caused by strong interaction in ILE with different lithium 

concentrations. Due to considering the ion correlation, this behavior fundamentally deviates from the 

apparent transference number obtained using self-diffusion coefficient analysis. In addition, the 

calculation of the effective lithium-ion charge shows that the lithium-containing clusters in the ILE are 

always negatively charged in a very wide concentration range. This indicates that the lithium ions in the 

ILE are transferred by the lithium ion-anion charged cluster transfer mechanism. At the same time, the 

configuration and stability of the charged clusters were quantitatively analyzed by the agglomerated 

hierarchical clustering algorithm. This discovery is of great significance to the mechanism of lithium-

ion migration in lithium ion batteries. 

KEYWORDS: Ionic liquids, Lithium ion batteries, Negative transference number, Negative effective 

charge, Cluster.  
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1. Introduction 

With the rapid development of portable electronic devices, energy vehicles, and renewable energy, 

electrochemical and energy storage fields with high energy density, high cycle stability, and high power 

density are facing great challenges.1,2 Since the early 1990s, lithium-ion batteries have successfully 

dominated the battery market with their high voltage, high specific energy, and long cycle life.3,4 

However, with the improvement of application requirements of the electronic devices, the performance, 

and composition of the battery are more and more stringent. The safety of lithium-ion batteries has been 

exposed and increasingly prominent, and it is difficult to meet the requirements of portable, large-

capacity, long-life electronic devices, electric vehicles, and other technologies.5 Therefore, the 

development of a new generation of high-performance, environmentally friendly green battery systems 

have become a common challenge of the international community. As an important part of lithium battery, 

electrolyte not only plays a role in conducting lithium-ion and internal circuits but also is one of the key 

factors determining battery capacity and cycling stability.6 However, the most widely used organic 

solvent electrolyte can not meet all the above comprehensive properties. Therefore, the optimal design 

of electrolyte compositions and formulation has become one of the best ways to promote the rapid 

development of lithium-ion batteries.7 

Ionic liquids (ILs) are defined as molten salts with a melting point below 100°C and are considered 

to be the third type solvent after water and organic solvents.8,9 At the same time, ILs usually have unique 

characteristics, such as high thermal stability, negligible vapor pressure, non-volatility, and high ionic 

conductivity. Therefore, with the advent of ILs, they have been widely used in many scientific types of 

research, especially in energy storage devices, such as electrochemical double-layer capacitors, solar 

cells, and lithium batteries. Also, the ionic liquids electrolyte (ILE) that is the use of a mixture of lithium 

salt and IL as an electrolyte in lithium-ion batteries has been intensively studied in the past decade.10,11,12 

Therefore, understanding the microstructures, molecular interactions, cluster behavior, and their 

correlation with each ionic substance transport of ILs and lithium ion is critical for the optimization of 

ILE used as battery electrolytes.13 

The performance of ILE are usually characterized by electrical conductivity and transmission 

property which largely determine the charging/discharging rate capacity of the battery.14 Compared with 

the total ionic conductivity, the lithium ion transfer number is more important to the performance of the 
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electrolyte. 15,16 It should be pointed out that it is quite difficult to measure the lithium ion transfer number 

reliably in experimental. For a long time, the lithium ion transfer number is usually inferred from the 

self-diffusion coefficient, which is determined by pulsed-field gradient nuclear magnetic resonance 

(NMR). However, this approach is only correct if the effects of the correlation of ion motion is ignored, 

which is often referred to as the apparent the lithium ion transfer number (𝑡𝐿𝑖
𝑎𝑝𝑝

). Until recently, Zhang 

et al. and Gouverneur et al.17 performed an electrophoretic analysis of ion mobility based on 

electrophoretic NMR (eNMR) to determine the reliable lithium ion transfer number. Since it takes into 

account the correlation of ion mobility, is called effective lithium ion transfer number (𝑡𝐿𝑖
𝑒𝑓𝑓

). In their 

research, an abnormal mobility results for lithium ion were revealed, that is, a negative lithium ion 

transfer number. At the same time, based on the transfer number of lithium ion, the negative effective 

charge of lithium ion is also found. According to analysis by Gouverneur et al., this phenomenon 

confirms the existence of the [Li(anion)x]
(x-1)- cluster and dominates the migration of lithium ions in 

electrolyte.17 Similarly, the same results have been found in the latest theoretical studies. Molinari et al.18 

demonstrated the negative lithium ion transfer number in a series of lithium salt/1-ethyl-3-methyl 

imidazoled ILE Li[X]-[C2mim][X] ([X]=[BF4]
-, [PF6]

-, [TFO]-, [TFSI]-, [HCOO]-, [MS]-, [BNZ]-) using 

molecular dynamics simulation and strict concentration theory. This behavior fundamentally deviates 

from the results obtained by using the self-diffusion coefficient analysis and the importance of the effect 

of ion correlation in ILE were clarified. 

In summary, the transport properties play an important role in revealing the transport mechanism of 

lithium ions in ILE. In this work, a range of ILs electrolyte including 1-alkyl-3-methyl imidazole-based 

ILs ([Cnmim][PF6] (n=2,4)) doped with six different concentration of lithium bis(trifluoromethylsulfonyl) 

imide (LiTFSI) (0.5M, 1M, 1.5M, 2M, 3M and 4M) are extended investigated based on previous studies 

and the detailed information of the concentration of lithium salt were in the Supporting Information. The 

transport properties of ILE by combining molecular dynamics with multi-species ion correlation were 

systematically studied to gain the atomic-level information, including ion diffusion coefficient, 

conductivity, lithium-ion transfer number, (apparent transfer number and effective transfer number), 

effective charge, ion residence time, etc. Finally, the microstructure of the ILE is carefully explored to 

reveal the influence of ion interaction and cluster structure on the transmission properties.  

2. Simulation Model and Computational Details  
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2.1 Molecular Dynamics Simulations 

In this work all-atom MD simulations were produced for the lithium salt LiTFSI with six different 

concentrations, 50 ion pairs Li+-TFSI- were placed in a periodic boundary box containing different 

numbers of [C2mim][PF6] and [C4mim][PF6], respectively. (Figure 1) The initial configurations of the 

simulated models were constructed by using the Packmol package.19 All the MD simulations were carried 

out in the Lammps software.20 Details of the simulation procedure are given as follows: each simulation 

system is relaxed in the canonical (NVT) ensemble for the first 5ns and then in the isothermal-isobaric 

(NPT) ensemble for the next 10ns. Production simulation is carried out for 20ns in the NPT ensemble 

and for 60 ns in the NVT ensemble to achieve the configurational equilibria. The Verlet algorithm with 

a time step of 1.0 fs is employed to integrate Newton’s equations of motion. The van der Waals 

interaction is treated with the Lennard-Jones potential. The partial charges of these ILs were obtained by 

following the restrained electrostatic potential (RESP) procedure.21 During the simulation, the 

trajectories are recorded at every 0.1ps for further post-analysis. The optimized all atom force field based 

on Amber force field which scaled down the atomic partial charges by a charge scaling factor of 0.8 was 

used to describe all ion ([Cnmim]+(n=2,4), [PF6]-, [TFSI]- and Li+).22,23,24 Meanwhile, in order to 

demonstrate the accuracy of charge scaling in this work, the difference in density and viscosity of the 

two force fields when the charge is 1 and 0.8 were compare, which are discussed in detail in the 

Supporting information. 

 

Figure 1. (a) Structures of the ions involved in this MD simulations: lithium (Li: pink); 

[bis(trifluoromethanesulfonyl)imide] ([TFSI]: Green); 1-ethyl-3-methylimidazolium 

hexafluorophosphate ([C2mim][PF6]: Yellow); (b) Compositions of the simulation systems in this work. 
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2.2. Quantum Chemistry Calculations 

The equilibrium geometries after 60 ns NVT ensemble were optimized using the B3LYP method 

and 6-31+G(d,p) basis set (B3LYP/6-31+G(d,p)). We carried out vibrational frequency calculations at 

the same level to confirm the nature of the extreme points of the potential energy surface. Then, the 

intrinsic reaction coordinate theory with the B3LYP/6-311++G(d,p) method and basis set were employed 

to construct the minimum-energy path (MEP). All the above calculations were performed by the 

Gaussian 09 program. 

3. Transport properties  

3.1 Diffusion property 

The transport of ions in MD simulation is usually measured by the self-diffusion coefficient (D), 

and the larger D value in a given time is related to the faster diffusion dynamics. The self-diffusion 

coefficient of ion species is given in Einstein relation: 

𝐷 = lim
𝑡→∞

1

6𝑛𝑖𝑡
〈∑ [𝑟𝑖⃗⃗ (𝑡) − 𝑟𝑖⃗⃗ (0)]

2𝑛𝑖
𝑖=1

〉                                             (1) 

where 𝑟𝑖⃗⃗ (𝑡) indicates the positional vector of the center of mass of the ith ion at time t, 𝑛𝑖 is the number 

of ions of species i. To our best knowledge, the self-diffusion coefficient is a function of the mean square 

displacement (MSD) of ions in electrolytes. In order to determine the diffusive regime of ions, the β 

value was defined,25  

𝛽 =
𝑑𝑙𝑛([𝑟𝑖⃗⃗⃗  (𝑡)−𝑟𝑖⃗⃗⃗  (0)]2)

𝑑𝑙𝑛(𝑡)
                                                         (2) 

Generally, if the value of β reaches 1, it is considered that the ions have reached a diffusion state. As 

Figure 2(b) shown that the β value less than 1 before 6.5ns for the Li+ at different concentrations of 

lithium salt for LiTFSI-[C4mim][PF6]. This indicates that the lithium ion does not reach the diffusive 

regime due to the sluggish dynamics. In this work, the self-diffusion coefficient was examined by MSD 

(Figure 2(a)) for all systems over the time interval from the last 10 ns on the NVT ensemble of MD 

trajectory, then the slope of the MSD-t plots for the time corresponding to 𝛽 = 1 was linearly fitted. All 

the self-diffusion coefficients of Li+ for all ILE have been obtained and shown in Figure 2(c). Simulation 

results revealed that the LiTFSI-[C4mim][PF6] ILE exhibit a notable higher Li+ self-diffusion coefficient 
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than the the LiTFSI-[C2mim][PF6] ILE, implying that the ILE with long side chain imidazoled-type ILs 

have higher mobility for lithium ion than short side chain imidazoled-type ILs. Meanwhile, for LiTFSI-

[C4mim][PF6] system, the diffusion coefficient of Li+ increases and then decreases with the concentration 

of lithium salt. Thus, the diffusion of Li+ reaches the maximum 3.5E-10 m2/s at the salt concentration 

[LiTFSI] = 1M. However, in LiTFSI-[C2mim][PF6] system, the smallest value of D(Li+)=5.2E-12 m2/s 

indicates a low mobility of Li+ in the [C2mim][PF6] ILs. Further, the self-diffusion coefficients of cation 

and anion of ILs for all ILE systems have been obtained and shown in Table 1. Obviously, the diffusion 

of each ion decreases with the increase of the concentration of Li salt for all LiTFSI-[Cnmim][PF6] (n-

2,4). In addition, the trend of the self-diffusion coefficient follow: Dcation > Danion > DLi
+,  which is 

consistent with our previous work.26 Meanwhile, Liu et al.. also reported in their work and indicated that 

due to the Li+ interact strongly with the anion of ILs, the lithium ion has the slowest diffusivity (Details 

of the interaction of lithium ion will be discussed later).27 

 

Table 1. Self-diffusion coefficient(10-10m2/s) of cation and anion of ILs for all LiTFSI-ILs electrolytes  

Concentration of LiTFSI [C2mim][PF6] [C4mim][PF6] 

 
[C2mim]+ [PF6]- [C4mim]+ [PF6]- 

0.5 M 1.95 1.53 5.89 5.13 

1 M 0.24 0.74 5.85 4.38 

1.5 M 0.36 0.11 5.42 3.05 

2 M 0.24 0.58 4.03 2.08 

3 M 0.27 0.82 4.41 1.53 

4M 0.44 0.12 3.95 1.51 
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Figure 2. (a) Mean square displacements of Li ion for LiTFSI-[C4mim][PF6] electrolytes; (b) beta values 

of Li ion for LiTFSI-[C4mim][PF6] electrolytes; (c) the self-diffusion coefficients of Li ion for LiTFSI-

[Cnmim][PF6] (n=2,4) electrolytes.  

 

3.3 conductivity 

According to the difference of ionic species and correlations in this work, the total conductivity (σtot) 

were divided into three distinct sub-terms, viz. ion-self (σ𝑖𝑜𝑛
𝑠  ), ion-distinct (σ𝑖𝑜𝑛

𝑑  ), and ion1/ion2-distinct 

(σ𝑖𝑜𝑛1,𝑖𝑜𝑛2
𝑑 )28 

𝜎𝑡𝑜𝑡 = σ𝑖𝑜𝑛
𝑠 + σ𝑖𝑜𝑛

𝑑 + σ𝑖𝑜𝑛1,𝑖𝑜𝑛2
𝑑                                                      (3), 

where σ𝑖𝑜𝑛
𝑠  is the conductivity type for uncorrelated (self) ions, including σ𝐿𝑖

𝑠 ,  σ𝑇𝐹𝑆𝐼
𝑠 , σ𝐼𝐿−𝑐𝑎𝑡𝑖𝑜𝑛

𝑠 , 

σ𝐼𝐿−𝑎𝑛𝑖𝑜𝑛
𝑠 . Meanwhile σ𝑖𝑜𝑛

𝑑  is the conductivity types for the correlated (distinct) ions for the same ionic 

species, including σ𝐿𝑖
𝑑 ,  σ𝑇𝐹𝑆𝐼

𝑑 , σ𝐼𝐿−𝑐𝑎𝑡𝑖𝑜𝑛
𝑑 , σ𝐼𝐿−𝑎𝑛𝑖𝑜𝑛

𝑑 . While the σ𝑖𝑜𝑛1,𝑖𝑜𝑛2
𝑑  describes the correlations 

between two different ionic species, viz. σ𝐿𝑖,𝑇𝐹𝑆𝐼
𝑑 , σ𝐿𝑖,𝐼𝐿−𝑐𝑎𝑡𝑖𝑜𝑛

𝑑 ,  σ𝐿𝑖,𝐼𝐿−𝑎𝑛𝑖𝑜𝑛
𝑑 , σ𝑇𝐹𝑆𝐼,𝐼𝐿−𝑐𝑎𝑡𝑖𝑜𝑛

𝑑 , 

σ𝑇𝐹𝑆𝐼,𝐼𝐿−𝑎𝑛𝑖𝑜𝑛
𝑑 , σ𝐼𝐿−𝑐𝑎𝑡𝑖𝑜𝑛,𝐼𝐿−𝑎𝑛𝑖𝑜𝑛

𝑑 . These conductivity types, which are general expressions derived from 

the linear response and conservation laws, can be applied for any binary ILs of symmetric and 

asymmetric charge. All the conductivity types can be calculated using the equations below: 

σ𝑖𝑜𝑛
𝑠 = lim

𝑡→∞

1

6𝑡𝑉𝐾𝑏𝑇
∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)])⟩

𝑖𝑜𝑛
𝑖                   (4) 

σ𝑖𝑜𝑛
𝑑 = lim

𝑡→∞

1

6𝑡𝑉𝐾𝑏𝑇
∑ ∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑗[𝑅𝑗(𝑡) − 𝑅𝑗(0)])⟩

𝑖𝑜𝑛
𝑗≠𝑖

𝑖𝑜𝑛
𝑖                  (5) 
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σ𝑖𝑜𝑛1,𝑖𝑜𝑛2
𝑑 = lim

𝑡→∞

2

6𝑡𝑉𝐾𝑏𝑇
∑ ∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑗[𝑅𝑗(𝑡) − 𝑅𝑗(0)])⟩

𝑖𝑜𝑛2
𝑗

𝑖𝑜𝑛1
𝑖            (6) 

where 𝑉 is the volume, 𝑘𝑏 is the Boltzmann’s constant, 𝑇 is the temperature, 𝑞𝑥 (𝑥 = 𝑖, 𝑗) indicates the 

charge of the 𝑥𝑡ℎ ion, and 𝑅𝑥(𝑡) (𝑥 = 𝑖, 𝑗) is the position of the 𝑥𝑡ℎ the ion at a given time 𝑡. The angle 

bracket <…> denotes an ensemble average and the sum Σ runs over all the ions in the electrolyte. The 

results of all the conductivity types for LiTFSI-[C2mim][PF6] and LiTFSI-[C4mim][PF6] systems are 

given in Table 2 and Table S3, respectively.  

 

Table 2. Results of the conductivity (S/m) types for all the LiTFSI-[C4mim][PF6] electrolyte systems  

Conductivity(S/m) 0.5M 1M 1.5M 2M 3M 4M 

𝛔𝑳𝒊
𝒔  0.309 0.607 0.641 0.597 0.451 0.644 

𝛔𝑻𝑭𝑺𝑰
𝒔  0.882 1.064 1.198 0.869 0.934 0.534 

𝛔𝒄𝒂𝒕𝒊𝒐𝒏
𝒔  5.118 5.189 3.746 3.406 2.139 2.251 

𝛔𝒂𝒏𝒊𝒐𝒏
𝒔  4.389 3.684 2.054 1.284 1.014 0.836 

𝛔𝑳𝒊
𝒅  0.029 -1.138 -0.343 -0.351 -0.566 0.887 

𝛔𝑻𝑭𝑺𝑰
𝒅  1.647 -1.279 -1.083 0.050 -0.570 -0.306 

𝛔𝒄𝒂𝒕𝒊𝒐𝒏
𝒅  0.297 -1.512 -2.743 0.956 -1.626 -0.715 

𝛔𝒂𝒏𝒊𝒐𝒏
𝒅  -2.567 -4.109 -2.398 -1.391 -1.344 -0.816 

𝛔𝑳𝒊−𝑻𝑭𝑺𝑰
𝒅  -0.833 -0.615 -0.288 -0.079 -0.037 -0.599 

𝛔𝑳𝒊−𝒄𝒂𝒕𝒊𝒐𝒏
𝒅  -1.425 -0.735 -0.688 -0.294 0.074 -1.614 

𝛔𝑳𝒊−𝒂𝒏𝒊𝒐𝒏
𝒅  0.267 0.463 -0.096 0.115 0.137 -0.308 

𝛔𝑻𝑭𝑺𝑰−𝒄𝒂𝒕𝒊𝒐𝒏
𝒅  3.421 0.819 0.463 2.032 0.589 0.594 

𝛔𝑻𝑭𝑺𝑰−𝒂𝒏𝒊𝒐𝒏
𝒅  -1.681 1.136 0.215 0.155 -0.145 0.100 

𝛔𝒄𝒂𝒕𝒊𝒐𝒏−𝒂𝒏𝒊𝒐𝒏
𝒅  -1.527 1.912 0.065 0.208 -0.646 0.241 

𝝈𝒕𝒐𝒕 8.326 5.486 0.743 7.557 0.404 1.729 
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In Table 2, simulation results revealed that the 0.5M [C4mim][PF6] exhibit a notable highest total 

conductivity at different concentrations of lithium salt of LiTFSI-[C4mim][PF6] systems. Further, the 

𝜎𝑡𝑜𝑡  show three turning point when the lithium salt concentration increases from 0.5M to 4M: the 

conductivity decreases from 0.5M to 1.5M, then rapidly increases until the concentration is above 2M, 

after that total conductivity decreases to 3M LiTFSI-[C4mim][PF6] system, finally 𝜎𝑡𝑜𝑡 increases slowly 

to 4M LiTFSI-[C4mim][PF6]. The turning point of the total conductivity indicates that the ability to 

conduct electric current for IL is nonlinear with the concentration of lithium salt. Therefore, exploring 

the suitable conditions for the concentration of lithium salt is crucially important to improving electrolyte 

performance. The same conclusion was also reported in our previous research.18,29 In addition, it is found 

that the total uncorrelated conductivity including σ𝐿𝑖
𝑠 , σ𝑇𝐹𝑆𝐼

𝑠 , σ[𝐶4𝑚𝑖𝑚]
𝑠  and σ[𝑃𝐹6]

𝑠  are exhibit positive 

values for all LiTFSI-[C4mim][PF6] systems in this work, implying that total uncorrelated conductivity 

contributes positively to the total conductivity of the ILE. However, the total correlated conductivity of 

the same ionic species including σ𝐿𝑖
𝑑 , σ𝑇𝐹𝑆𝐼

𝑑 , σ[𝐶4𝑚𝑖𝑚]
𝑑  and σ[𝑃𝐹6]

𝑑
 are almost reveals negative values that 

indicated the negative contribution to the total conductivity. The same conclusions were also found in 

LiTFSI-[C2mim][PF6] systems (Table S3). 

As mentioned above, the total conductivity of Li+ (σ𝐿𝑖
𝑡𝑜𝑡) could be divided into five sub-terms, Li-

self (σ𝐿𝑖
𝑠 ), Li-Li-distinct(σ𝐿𝑖

𝑑 )), Li-TFSI-distinct(σ𝐿𝑖−𝑇𝐹𝑆𝐼
𝑑 ), Li-cation-distinct (σ𝐿𝑖−𝑐𝑎𝑡𝑖𝑜𝑛

𝑑 ) and Li-anion-

distinct (σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛
𝑑 ). Here, we focused on the types of σ𝐿𝑖

𝑠 , σ𝐿𝑖
𝑑 , and σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛

𝑑 , which have the most 

important impact on the total conductivity of lithium ion and vividly shown in Figure 3. Obviously, 

regardless of the type of ILs and the concentration of lithium salt, σ𝐿𝑖
𝑠  always greater than σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛

𝑑 . At 

the same time, σ𝐿𝑖
𝑠  and σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛

𝑑  almost increased with the increases of the chain length for the cation of 

ILs at all different concentrations of lithium salt for ILE systems. In addition, for the common anion of 

ILs, the difference between σ𝐿𝑖
𝑠 and σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛

𝑑  is smaller in LiTFSI-[C4mim][PF6] system than that in 

LiTFSI-[C2mim][PF6] system, implying that the effect of correlated ions between Li+ and [PF6]- is 

increased for the imidazoled-based cations with long side chains. Meanwhile, for LiTFSI-[C4mim][PF6] 

the conductivity types of σ𝐿𝑖
𝑠  and σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛

𝑑  are almost the same when the lithium salt concentration is 

0.5M (Figure 3 (b)). Subsequently, as the concentration of the lithium salt increases, a non-linear change 

for the σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛
𝑑  conductivity between Li+ and [PF6]- were presented. When the concentration of 

LiTFSI=4M, the σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛
𝑑  conductivity is the lowest. This indicates that the negative effect between Li+ 
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and [PF6]- ions appeared at very high lithium salt concentrations. In contrast, for LiTFSI-[C2mim][PF6], 

the σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛
𝑑  conductivity is the lowest when the lithium salt concentration is 0.5M. (Figure 3 (a)) 

Therefore, the correlation effect of different ions is enhanced for imidazoled-based cations with short 

side chains when the lithium salt concentration is low. In summary, the conductivity of the ILE under 

different lithium salt concentrations is systematically calculated and various types of conductivity items 

due to ion correlation are considered in this work. The importance of ion correlation for the calculation 

of conductivity is emphasized. At the same time, we will discuss the ion correlation between lithium ions 

and anions in detail later. 

 

 

Figure 3. Results of the conductivity σ𝐿𝑖
𝑠  and σ𝐿𝑖−𝑎𝑛𝑖𝑜𝑛

𝑑  for the (a) LiTFSI-[C2mim][PF6] systems and (b) 

LiTFSI-[C4mim][PF6] systems at 298K..  

 

3.2 Lithium-ion transference number  

As far as we know, the ion transfer number (tLi) is difficult to measure experimentally, thus, the tLi 

value reported in almost simulation and our previous work are usually the apparent transfer number(𝑡𝐿𝑖
𝑎𝑝𝑝

), 

which is estimated by assuming the ideal behavior of the solution, that is, there is no correlation effect 

between the ions in the electrolyte. In general, the 𝑡𝐿𝑖
𝑎𝑝𝑝

 is obtained by the Nernst-Einstein approximation 

equation according to the self-diffusion coefficient D: 30 

𝑡𝐿𝑖
𝑎𝑝𝑝 =

𝑞𝐿𝑖
2 𝑛𝐿𝑖𝐷𝐿𝑖

∑𝑞𝑖
2𝑛𝑖𝐷𝑖

                                                        (7) 
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Where 𝑛𝑖 is the number of ions of species i, and Di is the corresponding self-diffusion coefficient.  

To the best of our knowledge, the lithium transference number is one of the most crucial properties 

for lithium batteries and other capacitor applications, even more important than conductivity. Table 3, 

obviously shown that the 𝑡𝐿𝑖
𝑎𝑝𝑝 increases with the increased of lithium salt concentration for all ILE 

systems in this work. In addition, for the common anion [PF6]
-, the 𝑡𝐿𝑖

𝑎𝑝𝑝
 is proportional to the length of 

the cation side chain, that is, the [C4mim]-type ILE have a higher 𝑡𝐿𝑖
𝑎𝑝𝑝

 than that in the [C2mim]-type ILE. 

However, the 𝑡𝐿𝑖
𝑎𝑝𝑝

 (eq (5)) is only considered correct in very dilute solutions (the concentration of 

lithium salt less than 0.01 M). In fact, the typical concentration of lithium salt used in batteries is usually 

greater than 1 M, and there is significant interaction between ions in electrolytes. Meanwhile, many 

studies have shown that when lithium salt is dissolved in a solvent, it will decompose into solvated Li+ 

and [X]- ions, but some of them will remain as neutral [Li][X] ion pairs. Therefore, the ion correlation 

effect should be considered in the electrolyte. Thus, a more accurate calculation method of lithium ion 

transfer number considering the ion correlation was investigated in this work, which is called the 

effective transference number (𝑡𝐿𝑖
𝑒𝑓𝑓

) of lithium ions and defined as follows17, 

𝑡𝐿𝑖
𝑒𝑓𝑓

=
σ𝐿𝑖

𝑡𝑜𝑡

∑σ𝑡𝑜𝑡𝑎𝑙
                                                               (8) 

It is obvious that the 𝑡𝐿𝑖
𝑒𝑓𝑓

 is calculated based on the conductivity and all simulation results of 𝑡𝐿𝑖
𝑒𝑓𝑓

 

were given in Table 3. Surprisingly, the negative value of 𝑡𝐿𝑖
𝑒𝑓𝑓

 exists in almost ILE system in this work 

and the 𝑡𝐿𝑖
𝑒𝑓𝑓

 deviate from 𝑡𝐿𝑖
𝑎𝑝𝑝

which is estimated from diffusion coefficients. As far as we know, the 

true transference number of a single lithium ion cannot be negative, but the effective transference number 

is an average value. When the transfer of lithium ions mainly occurs in clusters with net negative charges, 

a negative value will appear. Therefore, the negative effective transference number means that the 

contribution of the lithium ion conductivity (σ𝐿𝑖
𝑡𝑜𝑡) to the total conductivity (σ𝑡𝑜𝑡𝑎𝑙) is negative, but it is 

overcompensated by the anion. Similar results were also reported in the studies of Gouverneur et al.17 

and Molinari et al..18 They showed that the strong cation-anion interaction resulted in a negative lithium 

transfer number in the ILE systems. They also emphasize that negatively charged ion clusters caused by 

the imbalance of the number of negative cations are a necessary condition for negative 𝑡𝐿𝑖
𝑒𝑓𝑓

, but not a 

sufficient condition. Therefore, in this work, the study of the microstructure and the cluster analysis of 
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IL electrolytes will be discussed in detail in Section 4 (Structural Analyses). More importantly, the ionic 

correlation was strictly considered in the calculation of conductivity in this work, thus the 𝑡𝐿𝑖
𝑒𝑓𝑓

 can be 

compared with 𝑡𝐿𝑖
𝑎𝑝𝑝

 which objectively demonstrates the transfer of LiTFSI-ILs electrolyte system and 

proves the importance of ionic correlation again. At the same time, for the common anion of ILs, the 

𝑡𝐿𝑖
𝑒𝑓𝑓

 in the ILs cation with long side chain is larger than that of the cation with short side chain at all 

concentration of LiTFSI (except for 3M LiTFSI). Similar to the conductivity results, for the same ILE, 

the 𝑡𝐿𝑖
𝑒𝑓𝑓

 changes nonlinearly with the change of lithium salt concentration. The 𝑡𝐿𝑖
𝑒𝑓𝑓

 of LiTFSI-

[C2mim][PF6] and LiTFSI-[C4mim][PF6] is the largest at 1.5M and 2M respectively. Therefore, the 

𝑡𝐿𝑖
𝑒𝑓𝑓

depend on concentration of Li+ salt and chain length of the cation. 

 

Table 3. The apparent transfer number, effective transference number and effective charge of Li ion 

for all LiTFSI-ILs electrolytes 

Concentration of 

LiTFSI 

[C2mim][PF6] [C4mim][PF6] 

 
𝑇𝐿𝑖

𝑎𝑝𝑝
 

𝑇𝐿𝑖
𝑒𝑓𝑓

 𝑞  
𝑇𝐿𝑖

𝑎𝑝𝑝
 𝑇𝐿𝑖

𝑒𝑓𝑓
 𝑞  

0.5 M 
0.033 -0.198 2.034 0.039 0.274 -1.639 

1 M 
0.037 -0.258 -1.573 0.069 -0.125 -1.065 

1.5 M 
0.055 -1.042 -2.047 0.087 -0.781 -0.825 

2 M 
0.089 -0.002 -1.858 0.106 -1.014 -0.498 

3 M 
0.116 0.146 0.731 0.122 0.384 0.236 

4 M 
0.143 -0.572 -0.297 0.138 0.148 -1.041 
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3.3 Effective charge 

Experimentally, the ratio between the self-diffusion coefficient measured by NMR and the 

electrophoretic mobility measured by eNMR provides an estimate of the effective charge (𝑞 ), which 

provides an average of the charges carried by the cations associated with the Li+ over time. This work 

adopts the theoretical method for calculating effective charge reported by Molinari et al.,18which takes 

into account ionic correlation and produces results that are in good agreement with experimental 

measurements. 

𝑞 = 𝑠𝑖𝑔𝑛(𝑡𝐿𝑖
𝑒𝑓𝑓

)√
𝐾𝐵𝑇σ𝑡𝑜𝑡𝑎𝑙|𝑡𝐿𝑖

𝑒𝑓𝑓
|

𝑒2𝑛𝐿𝑖𝐷𝐿𝑖
                                                      (9) 

 

Where 𝐾𝐵 is the Boltzmann constant and 𝑇 is the temperature. 

In particular, 𝑞  could provide information about Li coordination and help further rationalize the 

results of 𝑡𝐿𝑖
𝑒𝑓𝑓

.31,32 In Table 3, the 𝑞  of Li+ is range from -2.047 to 2.034 for LiTFSI-[Cnmim][PF6] 

(n=2,4), which indicated [Li[PF6]x]
(x-1)- cluster was exsist. For the 0.5M LiTFSI-[C2mim][PF6], the 

positive 𝑡𝐿𝑖
𝑒𝑓𝑓

exist. When increasing the lithium salt concentration to 1.5 M, the effective charge of Li+ is 

-2, which indicates the predominant presence of [Li(TFSA)3]
2- clusters. Similar results were also found 

in the study by Gouverneur et al.17 After that, when the lithium salt concentration increases to 3M, the 

effective charge becomes positive again, indicating that it is transported in the form of lithium ions. 

When the lithium salt concentration is 4M, the effective charge is negative again, indicating that lithium 

ions are transported in the form of clusters again. Similarly, for LiTFSI-[C4mim][PF6] electrolyte, we 

found that the negative effective charge exists in most lithium salt concentration ranges (except the 3M 

LiTFSI). This indicates that lithium ions are widely present in ILs electrolyte by lithium ion-anion cluster 

mechanism. The proposed structure of these clusters is schematically displayed in Figure 7 and the cluster 

structure is discussed in detail later. 

3.4 Residence Time 

Over time, the migration and structure of Li+ in ILs electrolyte fluctuates constantly. The residence 

time between Li+ and cation or anion was further calculated to consider the dynamical property of 

LiTFSI-ILs system. Herein, the residence time correlation functions (R(t)) is calculated by 
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R(t) =
1

𝑁𝑟
∑ ∑ 〈𝜃(𝑟𝑖 , 0)𝜃(𝑟𝑖 , 𝑡)〉𝑗

𝑁𝑟
𝑛=1                                          (10) 

Where 𝜃(𝑟, 𝑡) the Heaviside step function, when the lithium ion 𝑖 stays in the first coordination shell, its 

value is 1; when it leaves the first solvation shell, its value is 0. 𝑁𝑟 is the coordination number of the Li+ 

in the first solvation shell and 𝑡 is the time. The R(t) for the cation and anion in different ILs are both 

shown in Figure 4. As expected, the residence time of the anions around Li+ is much longer than that of 

the cations. As mentioned above, this phenomenon once again indicates the existence of lithium-anion 

clusters. At the same time, the influence of cations of ILs on the residence time of lithium ion-anion is 

very important. As shown in Figure 4(b), the lithium ion-anion residence time is proportional to the 

cationic chain length, that is, the residence time of Li+-[PF6] in LiTFSI-[C4mim][PF6] is twice larger than 

LiTFSI-[C2mim][PF6]. More importantly, the residence time of lithium ion-anion is consistent with the 

effective transfer number trend of lithium-ion. At the concentration of 2M LiTFSI-[C4mim][PF6], the 

residence time is the shortest, that is, the effective lithium-ion transport is the fastest at this concentration. 

 

Figure 4. (a) Residence Time of Li+-cation, Li+-anion in LiTFSI-[C4mim][PF6]; (b) Residence Time of 

Li+-anion for LiTFSI-[Cnmim][PF6] (n=2,4) 

 

4 Structural Analyses 

4.1 Radial distribution functions  
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The detailed information about the microscopic structure can be clearly depicted by the RDFs. 

Hence, the center of mass radial distribution functions for Li+-Li+ and Li+-anion were computed for 

different LiTFSI-ILs systems, and the results are presented in Figure 5(a). It is obvious that the first peaks 

for Li-anion are sharper and more intense, while much-weaker and much-broader peaks are found 

between Li+ and Li+ which is following our previous simulation results that the anions of ILs play a 

dominant role in determining electrolyte performance in ILs-based electrolytes.29 Further, according to 

Figure 5(a), the interaction between lithium ions and anions of the ILs decreases with the increase of the 

concentration of lithium salt. On the contrary, as the concentration of Li salt increases, the Li+-Li+ g(r) 

plots to exhibit a larger peak, which indicates that the increase in the concentration of Li salt will promote 

the interaction between lithium ions. More importantly, the double primary peak of rdf (Li+-Li+) appears 

at the r < 6 Å region that signifies Li+ aggregation. From inspection of simulation trajectories, peaks 

between 4-5 Å represent lithium ions in small clusters, where possible anion binding sites are not 

saturated and allow configurational entropy to maximize Li+ separation. As larger clusters form, internal 

anions become more highly networked until all possible binding sites, including those imposing small 

Li+ separations, are saturated, which is represented by the peaks in the 5-6 Å regions. Meanwhile, the 

interaction between Li+ and Li+ is the largest at 2M LiTFSI-[C4mim][PF6]. Strong interaction between 

Li+ promotes fast ion transport in electrolytes, thereby improving the performance of Li-ion battery. This 

is also the reason for the maximum conductivity at 2M mentioned above. 
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Figure 5. (a) Radial distribution function of Li+-Li+ and Li-anion in LiTFSI-[C4mim][PF6]. (b) The 

spatial distribution functions of Li+ (yellow surface) around the center [PF6]
- anion; (c) The spatial 

distribution functions of Li+ around the center [C4mim]+ cation; (d) The position of the highest peak 

value of the radial distribution function of Li+-Li+ and Li-anion; (e) The coordination number of Li+-Li+ 

and Li-anion at different LiTFSI concentrations in LiTFSI-[C4mim][PF6] systems 

 

Further, we computed the position of the first minimum and coordination numbers N(Li-Li) and 

N(Li-anion) of LiTFSI-[C4mim][PF6] at the different concentrations of lithium salt and shown in Figure 

5(d) and (e). Obviously, all the coordination number increases with an increase of concentration for 

lithium salt. This indicates that systems with higher concentrations are more likely to coordinate with 

ILs, thereby promoting the formation of the cluster of lithium ions-ILs. The interaction of Li+-Li+, Li+-

anion in LiTFSI-[C2mim][PF6], and coordination number are also calculated and shown in the 

Supporting information (Table S4). The results show that the chain length of imidazole ILs cations has 

less influence on Li-ion interaction and coordination. 

From the RDF calculations, we guessed that the ILEs could gather together, and further formed 

clusters. To prove this conjecture, we calculated the typical spatial distribution functions (SDFs) of Li+ 

and [C4mim]+ in[PF6]
- around a central anion, which could stand for the probability of finding the Li+ 
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and cation around the center anion ions. And then the typical SDFs of Li+ and[PF6]
- in [C4mim]+ around 

a central cation were analyzed. In this work, all the SDFs were visualized by the gOpenMol software 

package and were shown in Figure 5. From Figure 5(b), it is found that Li is distributed around the anion 

F atom when [PF6]
- anion is the center. Meanwhile, it can be seen that Li+ is mainly in the vertical 

direction of [C4mim]+ cationic imidazole ring (Figure 5(c)). 

4.3 Interaction Energy of Li ion with Anions and Cations  

To further explore the effect of cations and anions of ILs on Li-ion migration performance, the van 

der Waals (vdW), electrostatic (elec), and total energy between the Li-ion and ILs were computed from 

20NVT MD at the varying concentration (Table 4). It can be seen that the electrostatic energy is higher 

than the van der Waals energy for ILs-Li+. At the same time, both van der Waals and electrostatic 

potential energy decrease with an increase in the concentration of lithium salt. The results of Table 4 and 

Table S5 show that the vdW and elec energy between lithium-ion and cation/anion increased with the 

increase of cation chain length. Furthermore, for the common anion ([PF6]
-) the total energy (Figure 6) 

of Li+-[C2mim][PF6] in different concentration of Li salt follows the order: 1M> 1.5M> 0.5M > 2M > 

3M > 4M. Interestingly, for the [C4mim][PF6] the order were changed to 2M> 0.5M> 1.5M > 1M > 3M > 

4M , indicating the higher interaction energy may lead to the higher total conductivity. 

 

Table 4. Interaction energies between Li+and cation/anion for LiTFSI-[C4mim][PF6] 
 

Energy 

(Kcal/mol) 

Li-cation Li-anion 

 
vdW elec vdW elec 

0.5M -0.076±0.001 402.831±1.981 17.997±0.435 -516.973±6.578 

1M -0.068±0.001 364.992±2.921 16.299±0.159 -462.038±9.874 

1.5M -0.062±0.001 339.193±3.031 14.802±0.584 -437.727±11.572 

2M -0.053±0.002 322.621±3.801 12.687±0.677 -450.34±12.517 

3M -0.040±0.002 264.944±3.654 10.226±0.748 -327.066±11.206 

4M -0.037±0.002 239.693±3.923 9.162±0.809 -300.470±11.851 
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Figure 6. Total Energy of Li+-[Cnmim][PF6] in different concentration of lithium salt 

 

4.4 Cluster Analysis 

    It is known that clusters exist in many ILs systems, and play a key role in many reactions and processes.  

The clusters in water and organic solvents have been studied by many spectroscopic methods and 

theoretical calculations in recent years. Due to there are many complex ion cluster interactions in ILE, 

such as electrostatic and hydrogen bonding, the composition of the cluster in ILE and its influence on 

lithium ion transfer mechanism are still unknown. Therefore, in this work cluster analysis on all LiTFSI-

IL systems is conducted based on the hierarchical algorithm (Figure 7 (a)) to clarify the typical 

composition of lithium-anion clusters and reveals the influence of cluster structure on lithium ion transfer. 

Next, we will briefly describe the process of agglomerative hierarchical clustering algorithm: 

(1) First, the coordinates of lithium-ion and anion for IL in the last 20ns NVT trajectory are input. 

(2) Second, the distance between every two ions in each frame of the trajectory will be calculated. The 

minimum distance will be found and the corresponding two ions will be divided into a cluster. 

(3) Next, repeat step 2 to calculate the distance between every two clusters, and divide the two clusters 

with the smallest distance into one cluster. 

(4) Further, repeat step 3 until all clusters are classified into one cluster, and stop the calculation. 

(5) Finally, according to the RDF results, the distance corresponding to the first solvent shell is selected 

as the truncation value, and the corresponding data (the purple line in Figure 7(b)) is intercepted to 
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determine the number of clusters (the number of intersection between the purple line and the hierarchical 

clustering result). 

 

 
Figure 7. Process diagram and the result of the hierarchical clustering algorithm (a) Flow chart of 

hierarchical clustering algorithm; (b) The schematic diagram of the result of the condensed hierarchical 

clustering algorithm; (c) The average number of melecules in each cluster of LiTFSI-[Cnmim][PF6] 

(x=2,4) were obtained by hierarchical clustering algorithm in this work.  

 

In this work, as mentioned earlier, lithium ions tend to coordinate with anions in ILs. Therefore, in 

all systems, Li-anion cluster structures are found. At the same time, according to the hierarchical 

clustering algorithm, we counted the average number of clusters formed by lithium ions and anions in 

all electrolyte systems, and the results were shown in Figure 7(c). Obviously, the number of two-ion 

(Li[PF6]), three-ion ([Li[PF6]2]
-, [Li2[PF6]]

+), four-ion ([Li3[PF6]]
2+, [Li[PF6]3]

2-) clusters were found in 

different concentration electrolyte systems and the typical configurations of these clusters obtained from 

MD simulations are shown in Figure 8. This result proves the existence of Li-anion cluster structure in 
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the IL electrolyte. Further, in order to clarify the stability of the lithium ion-anion cluster structure, the 

optimal stable configuration of all cluster structures in Figure 8 was obtained by quantum chemistry 

calculations. We found that the symmetrical spatial coordination between fluorine atoms and lithium ion 

appeared and the bond lengths are always between 0.18nm-0.22nm. 

 

 
 

Figure 8. Typical configurations of Li-anion clusters in all LiTFSI-ILs systems.  

 

5. Conclusion 

ILs are used as electrolytes in energy storage devices due to their unique characteristics, thereby 

improving the safety and energy storage capacity of lithium ion batteries. In this work, combining 

atomistic MD simulations and quantum chemistry calculations we investigated the effect of lithium 

concentration on the lithium ion transfer mechanism of ILs electrolyte in [Cnmim][PF6], n=2,4 ILs. 

The self-diffusion coefficients and the total conductivity for all LiTFSI-ILs at different 

concentrations of lithium salt were obtained. Simulation results showed that the transference of ions in 

the ILE is nonlinear with the concentration of lithium salt. Therefore, the electrolyte concentration is 

critical to battery performance, especially lithium ion migration. Later, apparent transference numbers 

and the effective transference number of lithium ion were obtained using self-diffusion coefficient and 

conductivity, respectively. Surprisingly, the effective lithium-ion transfer number with a negative value 
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was found, because the effective lithium-ion transfer number considered the correlation between ions. 

We have reason to believe that in a high-concentration lithium salt electrolyte, compared to the apparent 

transfer number, the effective lithium-ion transfer number can objectively reflect the existing form and 

transfer trend of lithium ions in the electrolyte. Subsequently, through the calculation of the effective 

charge, the lithium ion-anion charged cluster transfer mechanism was revealed. After that, we proved the 

existence of lithium ion-anion clusters by evaluating the radial distribution function and ion coordination 

number. Furthermore, through the aggregation hierarchical clustering algorithm, the configuration and 

stability of lithium ion-anion clusters are quantitatively proved. Quantum chemistry calculation results 

have shown that the symmetrical spatial coordination between fluorine atoms in [PF6]- anions and Li+ 

always appeared in the lithium ion-anion charged cluster. This work provide a new strategy for the study 

of the transfer mechanism of lithium ion in ILE and prove the importance of ion correlation in electrolyte 

simulation research. 
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Chapter 6 Conclusion and Future Work  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

In this chapter, conclusion and main achievements of this work are provided; further, 

the future work is presented. 
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6.1 Conclusions 

Electrolytes are indispensable elements in energy storage since the positive and negative electrodes 

are interconnected by an electrolyte solution that determines the charge transport during the 

charge/discharge process. Ideal electrolytes should fulfill the following requirements: i.e., wide voltage 

window, excellent electrochemical stability, high conductivity, high ionic concentration, environmental 

friendliness. The design of electrolytes with simulations, theories, and models for a good performance is 

helpful to guide the synthesis of electrolytes, to realize the efficient use of energy. Thus, this work 

presents a systematic simulation work for the ILE that can reveal the advantages of ILE, screen the 

appropriate lithium concentration, IL group structure, and clarify the migration mechanism of lithium-

ion in ILE. Unlike experimental methods that are usually time consuming and expensive, this simulation 

method is both cost- and time-efficient due to its dependence on an accurate model and method. One of 

the innovations of this work is to explore that the ILE have higher conductivity than the conventional 

organic solvent electrolytes under a high concentration of lithium salt. Meanwhile, this work reveals the 

mechanism of lithium-ion transfer is different from the previous one. It is proved that lithium ions are 

transferred in the form of Li-anion clusters in the ILE by considering the ion correlation. 

At the beginning of this study, an important phenomenon was noticed: the conductivity of ILE of 

2mol/L lithium salt solution is much greater than that of organic solvent electrolytes. The 

physicochemical properties and solvation behaviors of the lithium salt LiTFSI in two organic solvents 

(DMC and DEC) and four IL ([Cnmim][BF4] and [Cnmim][TFSI], n=2,4) electrolytes were investigated 

by all-atom MD simulation. Simulation results indicated that the LiTFSI-IL solvent electrolytes have 

higher density, viscosity, larger self-diffusion coefficient and conductivity than the LiTFSI-organics 

solvent. Later, the effect of the organic and IL solvents on the ionic associations of the ions Li+ and TFSI- 

were investigated by analyzing the radial distribution function and ionic coordination number. We found 

the dissolution of LiTFSI in IL solvents is an anion-driven process. The free movement of the anion 

TFSI- were astricted in the organic solvents, causing in a low conductivity for the organics-based 

electrolytes. On the contrary, the ionic association of the TFSI--TFSI- were promoted in the IL solvents, 

resulting a high conductivity for the IL-based electrolytes. Further, the Li+ has strong interactions with 

the TFSI- through coordinating with the O(TFSI) atom for both the organic and IL solvent electrolytes 

were explored. Finally, the [BF4]-type IL has the fastest ion transport, followed by the [TFSI]-type IL, 
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DEC, and DMC electrolytes were indicated by calculating the coordination number N(Li+) of the Li+-

Li+. 

Furthermore, in order to investigate the effect of lithium concentration on the performance of ILE, 

combining atomistic MD simulations and fundamental physical property experiments, four IL solvents 

([Cnmim][TFSI] and [Cnmim][FSI], n=2,4) were researched. Simulation results showed that the density 

and viscosity increase with the increased concentration of LiTFSI for all LiTFSI-IL electrolytes, and the 

self-diffusion coefficient exists a turning point. This indicated that the transference of ions in the ILE is 

nonlinear with concentration. Meanwhile, the bidentate and monodentate coordination between Li+ and 

anion of IL were observed for all ILE by RDF analysis. Further, the ionic cluster [Li[anion]3]
2- in the IL 

electrolytes has been found by analyzing the coordination of lithium-ion and anion of IL. Additionally, 

the coordination structure is more compact at a high concentration of LiTFSI was found by calculating 

the residence time of cation and anion of IL in the first coordination shell of Li-ion. 

Finally, the effect of lithium concentrations (0.5M, 1M, 1.5M, 2M, 3M, 4M) on the lithium-ion 

transfer mechanism of IL electrolytes ([Cnmim][PF6], n=2,4) were investigated. The apparent 

transference numbers and the effective transference number of lithium ion were obtained using the self-

diffusion coefficient and conductivity, respectively. Due to considering the ion correlation, the negative 

effective lithium ion transfer number and effective charge have appeared. Thus, the lithium ion-anion 

charged cluster transfer mechanism was proved. After that, the existence of lithium ion cluster structure 

were revealed by evaluating the radial distribution function and ion coordination number. Furthermore, 

through the aggregation hierarchical clustering algorithm, the configuration and stability of lithium ion-

anion clusters are quantitatively proved. Quantum chemistry calculation results show that the fluorine 

atoms in anions and lithium ions always have symmetrical spatial coordination in the charged cluster 

structure. 

6.2  Future work 

Along the same line, the future research could focus on the lithium-ion diffusion mechanism and 

lithium bond in the electrolytes: 

⚫ Lithium ion diffusion 

Currently, there are two main mechanisms of lithium ion diffusion in electrolytes: vehicular 

mechanism and exchange mechanism. The mechanism of Li-anion cluster proposed in this paper based 
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on simulation study still needs some experimental verification. Therefore, in future work, NMR could 

be used to analyze the effective charge of lithium ion for comparative verification with simulation work.  

In this study, lithium-ion transfer in conventional imidazole ILE was studied. In order to 

demonstrate the universality of the Li-anion cluster transfer mechanism, more types of ILE (including 

different types of lithium salts, polymer ionic liquid, etc.) could be systematically explored in the future. 

⚫ Lithium bond 

In this work, DFT was used to optimize several typical Li-anion cluster structures, and the influence 

of lithium concentration on cluster structures was analyzed. In future work, in-depth studies on the 

stability of clusters, including influencing factors of cluster structure (types of lithium salts, types of IL, 

etc.) could be conducted. 

In future work, the analysis of the structure of lithium bonds could be strengthened. FT-IR and 

Raman spectroscopy could be used to analyze the Li-anion cluster structure in the electrolytes, reveal the 

structure of Li bond experimentally, and even quantify the strength of Li bond. 
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Paper 1                             Supporting Information 

Insights into solvation and dynamics behaviors of lithium salt in organic- and ionic 

liquids-based electrolytes 

Jiahuan Tonga,b, Xingqing Xiaoc†, Xiaodong Lianga, Nicolas von Solmsa*, Feng Huob*, Hongyan Heb, Suojiang 

Zhangb* 

a Department of Chemical & Biochemical Engineering, Technical University of Denmark, DK 2800 Kgs. Lyngby, 

Denmark 

b Beijing Key Laboratory of Ionic Liquids Clean Process, Institute of Process Engineering, Chinese Academy of 

Sciences, Beijing 100190, P.R. China 

c Department of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh, North Carolina 

27695-7905, United States 

 

1. Introduction     

Tables (S1 and S2) list the results of distinct types of conductivity at 298K, Meanwhile, the values of 

density, viscosity and conductivity for the electrolyte systems containing 200 pairs of LiTFSI at 298K 

were given in Table S3. Figure S1 presents the radial distribution function of the lithium salt LiTFSI at 

313K in the organic (DMC and DEC) and the ILs ([C2mim][BF4], [C2mim][TFSI], [C4mim][BF4] and 

[C4mim][TFSI]) solvents. Finally, the radial distribution function of the cation Li+ in the simulations of 

200 pairs of LiTFSI is shown in Figure S2. 
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2. Conductivity 

According to the difference of ionic species and correlations, we can divide the total conductivity 

(σtot) into five distinct sub-terms, viz. cation-self (σ𝑐𝑎𝑡
𝑠  ), anion-self (σ𝑎𝑛

𝑠  ), cation-distinct (σ𝑐𝑎𝑡
𝑑  ), anion-

distinct (σ𝑎𝑛
𝑑  ), and cation/anion-distinct (σ𝑐𝑎𝑡,𝑎𝑛

𝑑 ), 

𝜎𝑡𝑜𝑡 = σ𝑐𝑎𝑡
𝑠 + σ𝑎𝑛

𝑠 + σ𝑐𝑎𝑡
𝑑 + σ𝑎𝑛

𝑑 + σ𝑐𝑎𝑡,𝑎𝑛
𝑑                                                       (S-1), 

where  σ𝑐𝑎𝑡
𝑠  and σ𝑎𝑛

𝑠  are conductivity types for self (uncorrelated) ions, as well as σ𝑐𝑎𝑡
𝑑 , σ𝑎𝑛

𝑑  and σ𝑐𝑎𝑡,𝑎𝑛
𝑑  

are conductivity types for distinct (correlated) ions. The σ𝑐𝑎𝑡
𝑑  and σ𝑎𝑛

𝑑  describe the correlations between 

two distinct cations and between two distinct anions, respectively; while the σ𝑐𝑎𝑡,𝑎𝑛
𝑑  describes the 

correlations between one cation and one anion. 

The five conductivity types, viz. σ𝑐𝑎𝑡
𝑠 , σ𝑎𝑛

𝑠 , σ𝑐𝑎𝑡
𝑑 , σ𝑎𝑛

𝑑 , and σ𝑐𝑎𝑡,𝑎𝑛
𝑑 , can be calculated using the 

equations below: 

     σ𝑐𝑎𝑡
𝑠 = lim

𝑡→∞

1

6𝑡𝑉𝐾𝑏𝑇
∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)])⟩

𝑐𝑎𝑡𝑖𝑜𝑛
𝑖                                 (S-2) 

           σ𝑎𝑛
𝑠 = lim

𝑡→∞

1

6𝑡𝑉𝐾𝑏𝑇
∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)])⟩

𝑎𝑛𝑖𝑜𝑛
𝑖                               (S-3)  

         σ𝑐𝑎𝑡
𝑑 = lim

𝑡→∞

1

6𝑡𝑉𝐾𝑏𝑇
∑ ∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑗[𝑅𝑗(𝑡) − 𝑅𝑗(0)])⟩𝑐𝑎𝑡𝑖𝑜𝑛

𝑗≠𝑖
𝑐𝑎𝑡𝑖𝑜𝑛
𝑖                   (S-4) 

          σ𝑎𝑛
𝑑 = lim

𝑡→∞

1

6𝑡𝑉𝐾𝑏𝑇
∑ ∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑗[𝑅𝑗(𝑡) − 𝑅𝑗(0)])⟩

𝑎𝑛𝑖𝑜𝑛
𝑗≠𝑖

𝑎𝑛𝑖𝑜𝑛
𝑖                     (S-5) 

         σ𝑐𝑎𝑡,𝑎𝑛
𝑑 = lim

𝑡→∞

2

6𝑡𝑉𝐾𝑏𝑇
∑ ∑ ⟨(𝑞𝑖[𝑅𝑖(𝑡) − 𝑅𝑖(0)]) ∙ (𝑞𝑗[𝑅𝑗(𝑡) − 𝑅𝑗(0)])⟩

𝑎𝑛𝑖𝑜𝑛
𝑗

𝑐𝑎𝑡𝑖𝑜𝑛
𝑖                (S-6) 

The results of the five conductivity types for the organic and ILs solvent systems are given in Table S1 

and Table S2, respectively.  
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Table S1.  Results of the conductivity (S/m) types for the organic solvent systems 

conductivity DEC DMC 

 298K 313K 298K 313K 

𝛔𝒄𝒂𝒕
𝒔  2.835 2.396 0.228 1.066 

𝛔𝒂𝒏
𝒔  1.408 1.176 0.992 0.551 

𝛔𝒄𝒂𝒕
𝒅  -1.233 -0.385 0.996 1.283 

𝛔𝒂𝒏
𝒅  -0.819 -0.605 -0.644 -0.119 

𝛔𝒄𝒂𝒕,𝒂𝒏
𝒅 (×10-9) -4.090 -0.199 0.168 1.249 

𝛔𝒕𝒐𝒕 2.191 2.582 1.572 2.781 

 

 

Table S2.  Results of the conductivity (S/m) types for the ILs solvent systems 

conductivity [C2mim][BF4] [C2mim][TFSI] [C4mim][BF4] [C4mim][TFSI] 

 298K 313K 298K 313K 298K 313K 298K 313K 

𝛔𝒄𝒂𝒕
𝒔  4.262 0.959 2.724 0.874 10.166 2.558 7.627 2.478 

𝛔𝒂𝒏
𝒔  1.246 0.459 0.513 0.399 3.913 0.841 1.826 0.611 

𝛔𝒄𝒂𝒕
𝒅  -0.374 0.070 -0.36 -0.479 -5.144 -0.435 -2.854 0.135 

𝛔𝒂𝒏
𝒅  -0.869 -0.148 -0.129 -0.031 -3.342 -0.574 -1.524 -0.140 

𝛔𝒄𝒂𝒕,𝒂𝒏
𝒅 (×10-9) -0.426 2.942 1.07 -14.262 -1.553 0.561 -1.162 3.018 

𝛔𝒕𝒐𝒕 
4.265 1.34 2.748 0.763 5.593 2.39 5.075 3.084 
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3. Physicochemical Properties of 200 pairs of LiTFSI-based electrolyte 

 

Table S3. The calculated densities, viscosities and conductivities of the MD simulations for the organic- and IL-based 

electrolytes with 200 pairs of LiTFSI. 

Solvents Density Viscosity Conductivity 

DMC 1.475 0.203 1.425 

DEC 1.375 0.752 1.007 

[C2mim][BF4] 1.545 1.309 3.682 

[C2mim][TFSI] 1.735 1.612 2.128 

[C4mim][BF4] 1.505 1.291 3.389 

[C4mim][TFSI] 1.732 0.818 4.041 
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4. RDF plots for the electrolyte systems containing 40 pairs of LiTFSI at 313K 

 

Figure S1. Radial distribution function of the lithium salt LiTFSI at 313K in the organic solvents (a) DMC and (b) DEC, and 

the ILs solvents (c) [C2mim][BF4], (d) [C2mim][TFSI], (e) [C4mim][BF4] and (f) [C4mim][TFSI]. 
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5. RDF plots for the electrolyte systems containing 200 pairs of LiTFSI at 298K 

 

Figure S2. Composite graph of the radial distribution functions representing the spatial correlations of the cation Li+ with 

(a) the two organic solvent molecules, and with the (b) cations and (c) anions of the four ILs solvents at 298K. 
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Suojiang Zhanga,c,* 
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Beijing 100190, P.R. China 

bDepartment of Chemical & Biochemical Engineering, Technical University of Denmark, DK 2800 Kgs. Lyngby, 

Denmark 

cCollege of Chemistry and Chemical Engineering, University of Chinese Academy of Sciences, Beijing 100049, P. R. 

China 

 

1. Introduction     

The following tables contain the results of self-diffusion coefficients on MD simulation and NMR 

experiment at 298K, respectively. Meanwhile, the result of site-site coordination number between the Li 

ion of lithium salt (LiTFSI) and the oxygen atom in the anion of ILs for all ILs electrolyte 

([C2mim][TFSI], [C2mim][FSI], [C4mim][TFSI] and [C4mim][FSI]) electrolytes at four different 

concentration of lithium salts.  

 

Figure S1. Number of articles published in ionic liquids electrolytes in recent years. (Data source from Web of 

Science, Keywords: Ionic liquids, Electrolyte) 
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Table S1.  Self-diffusion coefficients (unit: 10-7 m2/s) of the all ILs electrolytes by MD simulation. 

[C2mim][TFSI] Li ca an 

0.3 2.36 8.70 6.89 

0.5 16.6 33.5 28.0 

1.5 1.47 2.94 2.34 

2.0 4.52 3.69 5.47 

[C2mim][FSI]    

0.3 
2.68 7.46 6.28 

0.5 
13.3 24.2 21.8 

1.5 
6.27 7.22 6.83 

2.0 
9.68 13.8 12.2 

[C4mim][TFSI]    

0.3 
3.95 8.23 6.85 

0.5 
2.85 6.80 6.20 

1.5 
2.74 6.55 4.99 

2.0 
8.69 10.5 9.19 

[C4mim][FSI]    

0.3 
2.30 4.55 4.73 

0.5 
2.19 4.43 4.92 

1.5 
6.23 7.00 7.01 

2.0 
45.2 45.4 46.1 

 

 

 

 

 



 

(126) 
 

Table S2.  Self-diffusion coefficients (unit: 10-10 m2/s) of the all ILs electrolytes by NMR experiment. 

[C2mim][TFSI] 0.3 0.5 1.5 2.0 

H 8.430 9.188 9.145 9.291 

Li 1.845 8.973 8.672 8.731 

[C2mim][FSI]     

H 9.420 9.477 9.182 9.435 

Li 8.689 8.769 8.481 8.618 

[C4mim][TFSI]     

H 7.933 7.353 6.917 7.209 

Li 9.096 8.243 8.203 8.705 

[C4mim][FSI]     

H 7.325 7.070 7.135 7.172 

Li 8.202 8.483 8.632 9.059 
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Table S3. Site-site coordination number (N) of Li+-O(anion of ILs) for all ILs electrolyte systems in this work 

[C2mim][TFSI] 0.3 0.5 1.5 2.0 

O1 1.41 1.42 1.28 0.82 

O2 1.38 1.33 1.06 0.86 

O3 1.45 1.46 1.05 0.89 

O4 1.38 1.44 1.21 0.85 

[C2mim][FSI]     

O1 1.41 1.43 1.29 0.82 

O2 1.44 1.34 1.06 0.89 

O3 1.49 1.47 1.06 0.84 

O4 1.46 1.44 1.22 0.87 

[C4mim][TFSI]     

O1 1.39 1.42 1.29 0.83 

O2 1.39 1.34 1.06 0.85 

O3 1.46 1.47 1.06 0.89 

O4 1.39 1.44 1.22 0.91 

[C4mim][FSI]     

O1 1.40 1.41 1.27 0.85 

O2 1.39 1.32 1.04 0.86 

O3 1.43 1.44 1.06 0.87 

O4 1.35 1.42 1.22 0.93 
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Negative Effective Transferece Numbers and Effective Charge in Li Salt-Ionic Liquid 
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1. Introduction     

Tables S1 list the composition of all LiTFSI-ILs in this work. Meanwhile, the density and viscosity for 

two different force fields were given in Table S2 and Figure S1. Then the results of all the conductivity 

types, coordination number and interaction energies between Li+ and cation/anion of IL for LiTFSI-

[C2mim][PF6] at different concentrations of lithium salt were shown in Table S3, Table S4 and Table S5. 

 

1. Concentration of the lithium salt 

In this work, the concentration of the lithium salt LiTFSI were calculated as followed, 

molality =
nLiTFSI

nILs×MILs
× 1000                                                   （S1） 

where ni is the number of the ion, MILs is the molar mass of ILs. All the parameters of all ILE 

systems were shown in Table S1. 

 

Table S1. The parameters of the concentration of lithium salt for all LiTFSI-[Cnmim][PF6] (n=2,4) 

Number of ILs nLiTFSI n[𝐶2𝑚𝑖𝑚][𝑃𝐹6]  𝑀[𝐶2𝑚𝑖𝑚][𝑃𝐹6] n[𝐶4𝑚𝑖𝑚][𝑃𝐹6] 𝑀[𝐶4𝑚𝑖𝑚][𝑃𝐹6] 

0.5M 50 390 256.13 352 284.19 

1M 50 195 256.13 176 284.19 

1.5M 50 130 256.13 117 284.19 

2M 50 98 256.13 87 284.19 

3M 50 65 256.13 59 284.19 

4M 50 50 256.13 44 284.19 
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2. Choice of the Force Field 

In this work, two different force fields (FF) in order to determine which one better represents the 

dynamic properties of the liquid were tested. The parameters of the force fields as followed: 

(1) FF1: The charges of Li cation and TFSI anion are +1 and −1, respectively; 

(2) FF2: Charges of Li cations and TFSI anions are uniformly scaled by a factor of 0.8 with respect to 

FF1, and Lennard-Jones parameters are kept the same with FF1; 

First, focusing on density of FF1 and FF2 (Table S2), the FF2 is slightly higher than FF1 in most 

cases. Furthermore, it is well known that the non-polarized force field has the disadvantage of 

overestimating the electrostatic effects of ionic bonds. However, the viscosity of the system was 

significantly reduced in FF2, when the charge is reduced by 0.8, the viscosity will be reduced to half of 

FF1 when the concentration of LiTFSI equal 1.5M, effectively improving the shortcomings of the non-

polarized force field. Therefore, to accurately capture the transport properties of ILs in this work, the 

FF2 force field was used for all systems. 

 

Table S2. Density(kg/m3) of all LiTFSI-ILs electrolytes between two force field. 

Number of ILs [C2mim][PF6] [C4mim][PF6] 

 FF1 FF2 FF1 FF2 

0.5M 1.996 1.907 1.828 1.801 

1M 1.885 1.864 1.734 1.707 

1.5M 1.739 1.748 1.693 1.666 

2M 1.645 1.623 1.518 1.545 

3M 1.598 1.562 1.487 1.482 

4M 1.467 1.443 1.369 1.357 
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Figure S1. The viscosity of LiTFSI-n[C4mim][PF6] on two different force fields. 
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Table S3. Results of the conductivity (S/m) types for all the LiTFSI-[C2mim][PF6] electrolyte systems 

Conductivity(S/m) 0.5M 1M 1.5M 2M 3M 4M 

𝛔𝑳𝒊
𝒔  0.245 0.015 0.032 0.032 0.071 0.068 

𝛔𝑻𝑭𝑺𝑰
𝒔  0.474 0.019 0.072 0.072 0.103 0.099 

𝛔𝒄𝒂𝒕𝒊𝒐𝒏
𝒔  8.547 0.276 0.279 0.257 0.389 0.304 

𝛔𝒂𝒏𝒊𝒐𝒏
𝒔  5.578 0.079 0.038 0.061 0.047 0.091 

𝛔𝑳𝒊
𝒅  0.041 0.011 0.026 0.026 0.034 -0.058 

𝛔𝑻𝑭𝑺𝑰
𝒅  

0.440 -0.003 -0.059 -0.059 -0.046 -0.083 

𝛔𝒄𝒂𝒕𝒊𝒐𝒏
𝒅  -4.412 -0.257 -0.098 -0.098 -0.341 -0.088 

𝛔𝒂𝒏𝒊𝒐𝒏
𝒅  -4.352 0.176 0.069 0.063 0.156 -0.024 

𝛔𝑳𝒊−𝑻𝑭𝑺𝑰
𝒅  0.584 0.017 -0.012 -0.012 0.061 0.021 

𝛔𝑳𝒊−𝒄𝒂𝒕𝒊𝒐𝒏
𝒅  0.997 -0.036 -0.111 -0.128 0.018 0.029 

𝛔𝑳𝒊−𝒂𝒏𝒊𝒐𝒏
𝒅  0.998 -0.037 -0.120 -0.128 0.019 0.030 

𝛔𝑻𝑭𝑺𝑰−𝒄𝒂𝒕𝒊𝒐𝒏
𝒅  1.642 -0.049 0.022 0.022 0.033 0.014 

𝛔𝑻𝑭𝑺𝑰−𝒂𝒏𝒊𝒐𝒏
𝒅  -0.506 -0.075 -0.007 -0.007 -0.058 0.046 

𝛔𝒄𝒂𝒕𝒊𝒐𝒏−𝒂𝒏𝒊𝒐𝒏
𝒅  0.161 0.104 0.106 0.106 0.043 0.159 
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Table S4. Coordination numbers, N(r), at the first solvation shell (rmim)for Li+ around the Li+ ion and 

anions/cations in LiTFSI-[C2mim][PF6]electrolytes systems. 
 

Concentration 

of LiTFSI 

Li-Li Li-cation Li-anion 

 
R(mim) Coordination 

number 

R(mim) Coordination 

number 

R(mim) Coordination 

number 

0.5 M 5.1 0.15 9.3 1.25 5.2 0.40 

1 M 5.4 0.30 9.6 2,81 5.2 0.87 

1.5 M 5.7 0.50 9.9 4.15 5.2 1.18 

2 M 5.8, 0.87 9.8 5.02 5.1 1.42 

3 M 5.9 1.27 9.7 6.26 5.1 1.86 

4 M 8.0 3.94 9.7 7.26 5.1 2.07 

 

Table S5. Interaction energies between Li+and cation/anion for LiTFSI-[C2mim][PF6] 

 

Concentration of 

LiTFSI 

Li-cation Li-anion 

 
vdW elec vdW elec 

0.5 M -0.076±0.00 402.831±1.981 17.997±0.435 -516.973±6.578 

1 M -0.068±0.001 364.992±2.921 16.299±0.159 -462.038±9.874 

1.5 M -0.061±0.001 339.192±3.030 14.802±0.584 -437.726±11.572 

2 M -0.053±0.001 322.620±3.801 12.686±0.677 -4.5.033±12.517 

3 M -0.041±0.002 264.943±3.654 10.226±0.748 -327.066±11.206 

4 M -0.037±0.001 239.693±3.923 9.162±0.809 -300.470±11.850 

 


