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ABSTRACT  

 

 Rechargeable Li-ion batteries play pivotal role in the growth of the market for 

portable electronic devices like mobile phones, laptops etc. Several key drawbacks with 

the Lithium-ion Batteries (LIBs) put a limitation on their use in more advanced applications 

especially, those that require more power output and rapid charging times such as electric 

vehicles. One issue is the safety concerns that arise due to the growth of lithium dendrites 

especially at rapid charging conditions, leading to fire hazards at extreme thermal runaway 

scenarios. Another issue is that the current state of the art LIBs are fast approaching their 

maximum theoretical energy density limits. The energy density of the present-day LIBs is 

insufficient to deliver satisfactory performance especially when used in advanced 

applications such as electric vehicles which require long driving range per charge. One 

possible approach suggested  to increase the energy density of the battery is by replacing 

intercalated graphite anode with lithium metal which has greater theoretical capacity. 

Utilizing lithium metal would open the possibility to use cathodes with conversion 

chemistry that would store more charge per cycle and there by resulting in the overall 

increase in the energy density of the battery. 

One of the key issues impeding the commercialization of Li-metal batteries is 

safety. Safety issues arises due to the uneven deposition of Li on the surface of the Li metal 

which would give rise to needle like protrusions (dendrites) that are capable of piercing the 

separator and reaching all the way to cathode. The result is an internal short circuit of the 

cell , which ultimately results in fire or explosion. There are many solutions that have been 

proposed over the years, courtesy of some extensive theoretical and experimental research 
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to tackle the issue of dendrite growth. This thesis describes about the research work along 

the lines of  a couple of possible approaches to prevent the dendrite growth.  

The first approach to be discussed is the development of solid 

electrolytes/separators to address this safety issue. The major drawback with most of the  

solid electrolytes/separators is that they have very low conductivity and lithium ion 

transference number (tLi
+)values. Transference number of an ion by definition is the 

fraction of current carried by that particular ion, here in the case of LIBs is Li+,  out of the 

total current carried by all the ions in the solution. Ideally a tLi
+ of unity is aspired. The goal 

was to develop solid electrolytes having good room temperature conductivity and high 

transference numbers and at the same time having good mechanical strength. To that extent 

high moduli polymer gel electrolytes with high thermal stability were developed by in-situ 

encapsulation of ionic liquids and solvate ionic liquids into nanofibrillar  methyl cellulose 

networks. The separators/iongels prepared possessed good room temperature conductivity 

and lithium ion transference numbers.  

The other approach described is  developing non-aqueous liquid electrolytes having 

high ionic conductivity and high Li+ transference numbers (tLi
+). Electrolytes with high tLi

+ 

are efficient in minimizing the concentration polarization and ultimately mitigating the 

dendrite growth. As a part of this approach a functionalized symmetric, multi-ionic 

polyhedral oligomeric silsesquioxane (POSS) with dissociative lithium salt (POSS-

(LiNSO2CF3)8 ) salt was dissolved in tetraglyme (G4), CH3ïOï(CH2CH2O)4ïCH3 in a 

specific O/Li ratio and the solution mixture was used as a electrolyte. Good ionic 

conductivities (ů10-4 S cm-1) and lithium ion transference numbers of tLi
+= 0.65 are 

achieved in these electrolyte systems.  
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CHAPTER 1  

OVERVIEW OF LITHIUM ION BATTERIES AND LITHIUM METAL     

BATTERIES WITH EMPHASIS ON THE ELECTROLYTES USED  

 

 

1.1 Introduction  

The need to develop and adopt alternative, but intermittent energy technologies, 

e.g., solar and wind, to reduce our dependence on fossil fuel, has motivated research on the 

development of efficient electrical energy storage (EES) systems1.  Rechargeable batteries 

are one of the most viable options for electrical energy storage both at the consumer level 

for powering portable electronic devices and at the grid level for storing energy generated 

intermittently. 

Table 1.1.  Comparison of different rechargeable battery technologies in light of  various 

important parameters 

 

 

Characteristics  Lead Acid     
battery 

Ni-Cd 
battery 

Ni-MH 
battery 

Li-ion 
battery 

Gravimetric energy density (WhKg-1) 30-50 40-60 60-120 170-250 

Volumetric energy density (WhL-1) 60-110 150-190 140-300 350-700 

Battery Voltage (V) 2.0 1.2  1.2 3.7 

Cycle life (to 80% of initial capacity) 300 1500 1000 500-2000 

Self-discharge per month (%) 5 20 30 <10 

Fast Charging time (h) 8-16 1 1-4 1 or less 

In use since Late 
муллΩǎ 

1950 1990 1991 

Toxicity High High Low Low 

Overcharge tolerance High Moderate Low Low 
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Over the past century extensive research has been carried out on rechargeable battery 

systems. Several types of rechargeable batteries have been proposed and have been 

produced on a large scale. These include Ni-Cd, Ni-metal hydride, Li-ion batteries (LIBs) 

etc. A general comparison of different rechargeable battery systems is given in Table 1.1.  

 

Among these battery systems LIBs have witnessed huge commercial success and 

have prompted an exponential growth in the market of portable electronic devices such as 

laptop computers, mobile phones, tablets and other devices. The huge success of LIBs has 

much to do with their properties of high energy density, good open circuit voltage and high 

coulombic efficiencies. Although LIBs have been able to meet the energy demands of 

present-day technology, improvements are needed in order to meet the needs of future 

advanced technologies that require greater energy output.  Current LIBs have several major 

drawbacks, the most important of which are: (I) safety concerns due to the use of flammable 

organic liquids as Li-ion conducting electrolytes; and (II) relatively low energy density due 

to the use of lithiated graphite as the anode. In order to meet the energy requirements for 

the ever-advancing sophisticated technologies especially those related to sustainable eco-

friendly transportation such as electric vehicles (EVs) and hybrid electric vehicles (HEVs), 

there is a need to develop safer and high energy density Li-based battery technology. One 

plausible approach to achieve such high energy density is by replacing the intercalation 

anode material (graphite) currently used with Li metal. Li metal has a theoretical capacity 

an order of magnitude higher than the lithiated graphite electrode. Additionally, replacing 

the liquid electrolyte with a solid electrolyte such as a polymer electrolyte would improve 

the safety aspect of the batteries especially when used in the applications which draw great 
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amounts of power. Despite the benefits associated with Li0 metal battery technology, there 

are still major practical limitations to overcome before commercialization.  A serious 

problem with the use of Li0 metal is the formation of Lithium dendrites, which has serious 

detrimental effects on its performance.  In particular, the dendrites can both become 

ñdeadò, i.e. disconnected from the anode, and thus reduce capacity, or can span the cell and 

short it, causing thermal runaway and the possibility of explosions. Extensive research 

efforts are directed towards the development of solid-state electrolytes and stabilization of 

the Lio metal anode via different strategies in order to commercialize high energy density 

Li -metal batteries. 

 

1.2 Battery General Considerations 

1.2.1 Battery   

A battery is an electrochemical energy storage device that converts chemical energy 

into electrical energy. It is comprised of two electrodes separated by an ion-conducting and 

electronically insulating medium known as an electrolyte. The battery stores the electrical 

energy in the electrodes through the concomitant oxidation and reduction of 

electrochemically active species in both the electrodes. When connected to a load, batteries 

will produce electrical energy until the reactants are depleted.  In a rechargeable battery, 

Figure 1.1, during discharge the electrons flow spontaneously through an external circuit 

from the anode (more negative) to the cathode (more positive) electrode and ions are 

transported from the more positive electrode to the more negative electrode internally via 

an electrolyte medium maintaining charge balance. The ions and electrons traverse exactly 

opposite paths during charging, when the battery is connected to an external DC power 
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source to apply a voltage higher than the battery open circuit potential to drive the 

thermodynamically unfavorable electrochemical reaction2. 

 

 

 

   

 

 

 

 

1.2.2 Fundamental Thermodynamics of Batteries 

The energy storage and power characteristics of a battery follow directly from the 

thermodynamic and kinetic formulations for chemical reactions as adapted to 

electrochemical reactions.  The thermodynamics involved with batteries will be dealt with 

here and an overview of the kinetics involved with battery operation will be discussed in 

the following section. 

The basic thermodynamic equations for a reversible electrochemical transformation are 

given as:                         

æG = æH - TæS                                                             (1) 

 and                               

                                            æG0 = æH0 - TæS0                                                         (2) 

Where, æG is the Gibbs free energy or the energy of the reaction available for useful work, 

æH is the enthalpy or the energy released by the reaction, T is the absolute temperature and 

A B 

Figure 1.1. Schematic showing the general working principle of a battery (A) During 

discharge; (B) During charge  
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TæS defines the heat associated with the organization/disorganization of materials. The 

degree symbol is used to indicate that the value of the function is for the material in the 

standard state and unit activity. Since æG represents the net useful energy available in the 

system for a given reaction, in electrical terms, the net available electrical energy from a 

reaction in the cell is given by  

                                                æG = - nFE                                                               (3) 

and 

                                                æG = - nFE0                                                            (4) 

Here, n is the number of electrons transferred per mole of reactants, F is the Faraday 

constant, E is the electromotive force of the cell reaction or the voltage of the cell with a 

specific chemical reaction. E0 represents the voltage of the cell in the standard state. In 

battery operation, E0 is equal to the open-circuit voltage of the cell or battery (VOC), i.e. the 

voltage of the battery when no external current flows. The voltage of the cell is unique for 

each reaction couple. The term nF accounts for the amount of electricity produced and is 

determined by the total amount of materials available for the reaction. The open-circuit 

voltage is usually close to the thermodynamic voltage for the system. It is generally the 

difference between the chemical potentials of the anode (µa) or Ea and cathode (µc) or Ec, 

and is given by                    

                                                 VOC = (µa - µc)/e                                                       (5) 

where e is the magnitude of the electronic charge. The VOC is also limited by the 

electrochemical stability window of the electrolyte which is determined by the energy gap 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) as shown in Figure 1.2.  
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The selection of electrode pairs (anode and cathode) is therefore very important. 

The electrode pairs must have their respective electrochemical electrode potentials (µA and 

µC) located within the thermodynamically stable potential window of the electrolyte. The 

electrode chemical potentials should be such that, µA of the anode would lie below the 

LUMO of the electrolyte and µC of cathode would be lying above the HOMO of the 

electrolyte to have a stable system. Otherwise, unless a stable passivating solid electrolyte 

interface (SEI) layer creates a barrier for electron transfer across the electrode/electrolyte 

interface, an anode with µA above the LUMO will reduce the electrolyte and a cathode with 

µC below the HOMO will oxidize the electrolyte. A stable, passivating SEI is one that is 

ionically conducting but electronically insulating in nature. With almost all current 

electrolytes, the LUMO of the electrolyte falls below the µA of the lithium anode, the 

formation of an SEI layer is inevitable. The nature of the SEI plays a key role in 

determining the cell performance. If it is both ionically and electronically conductive, there 

will be continual reaction with Li0 metal. Even if it is only ionically conductive, it should 

have low impedance for good cell performance3ï6 

Figure 1.2. Relative energies of the electrolyte window, Eg, and the relationship between 

electrochemical potentials of electrodes and the HOMO or LUMO of the electrolyte 
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In theory, the potential of the respective electrodes at operating conditions other 

than open circuit voltage can be obtained from the Nernst equation. For example, 

considering a battery with lithium iron phosphate (LiFePO4) as the cathode and lithium 

metal Lio as the anode, the oxidation reaction occurring at the negative electrode during the 

discharge is given below  

                                     ὼὒὭ O  ὼὒὭ ὼὩ                                                   (6) 

                                  Ὁ  Ὁ
 
 ὰὲ                                                   (7)                        

The reduction reaction occurring at the positive electrode during the discharge is given 

below  

                                   ὼὒὭ ὼὩ ὊὩὖὕ O ὒὭὊὩὖὕ                             (8) 

                                       Ὁ  Ὁ
 
 ὰὲ

 Ȣ  
                                (9) 

Here Ec and Ea are the cathodic and anodic potentials respectively under non-standard 

conditions, i.e when the cell is under operation, Ὁ  and Ὁ  are the cathodic and anodic 

potentials respectively under standard conditions, i.e, under open-circuit conditions.  

 

The overall reaction of the cell during discharge is given by   

                                  ὼὒὭ ὊὩὖὕ O ὒὭὊὩὖὕ                                        (10)     

                                  Ὁ  Ὁ
 
 ὰὲ

 Ȣ  
                                (11) 

Ecell in the above equation gives the operating voltage of the cell under conditions 

other than the open-circuit conditions.  Under standard conditions or open-circuit 

conditions the concentration of active species remains constant and the cell voltage which 

is also the thermodynamic open circuit voltage of the cell Eo or EOCV is given by  
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                                                      Eo = Ὁ  - Ὁ                                                (12)             

The reversible heat effect for a thermodynamically reversible cell reaction can be obtained 

from equations (1) and (3)  

                                         æG = - nFE=  æH - TæS                                           (13) 

                                               = æH ï nFT(dE/dT)                                            (14) 

Measurement of the cell voltage as a function of temperature would assist in 

experimentally determining the various thermodynamic quantities for the materials in an 

electrode reaction. The term dE/dT determines the reversible heat change in the battery. If 

dE/dT is positive the cell heats on charge and cools on discharge. The Ni-Cd battery is an 

example of a cell with a positive dE/dT.  A lead acid battery is an example of a cell with a 

negative dE/dT, where cells cool on charge and heat on discharge. Heating and cooling of 

the cell can proceed with heat exchange with the environment. The total amount of heat 

released during charge/discharge of the cell/battery at finite rate is given by  

                                          q = TæS + I(EOCV ï ET)                                              (15) 

where EOCV is the open circuit voltage of the cell, ET is the practical cell terminal voltage, 

and ñqò is the total amount of heat given off by the system, which includes the 

thermodynamic reversible heat released and the irreversible Joule heat. Under practical 

operating conditions, voltage losses at internal resistances in the cell lead to irreversible 

heat production also called Joule-heat. The voltage losses arise due to kinetic effects that 

will be discussed in the next section. This heat (q) is released inside the battery at the 

reaction sites on the surface of the electrodes. For low-rate applications the heat released 

is not a big problem, but it is a big concern for high-rate batteries in applications such as 

electric vehicles, which therefore require provisions for heat dissipation. Failure to 
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accommodate/dissipate heat properly can lead to thermal runaway and other catastrophic 

situations7,8. 

 

1.2.3 Kinetics Involved with Batteries and Key Parameters  

Electrode kinetics differ from chemical kinetics in two major aspects: (1) the 

influence of the potential drop in the electrical double layer at an electrode interface directly 

affects the activated complexes; (2) the reactions at electrode interfaces proceed in a two 

dimensional rather than in a three dimensional manner.  The detailed mechanism of battery 

electrode reactions involves a series of physical, chemical and electrochemical steps 

including charge-transfer and charge transport reactions. The rates of these individual steps 

determine the kinetics of the electrode, which ultimately determines the performance of the 

battery. The voltage of the cell or battery under operating conditions i.e. when current is 

drawn, becomes lower than the open-circuit voltage.  This drop in voltage is referred to as 

IR drop or polarization (ɖ) or overpotential and is given by the following equation   

                                       ɖ = EOCV ï ET                                                                      (16) 

EOCV is the open-circuit voltage and ET is the terminal cell voltage with current, I, flowing 

through. Basically, there are three different types of polarization (i) activation polarization 

(ii) Ohmic polarization and (iii) concentration polarization (Figure 1.3).  

(i) Activation polarization: this polarization arises from the kinetic hindrances of 

the electrochemical redox reactions that take place at the electrolyte/electrode 

interfaces of the anode and cathode.  
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(ii)  Ohmic polarization: this polarization is interconnected to the resistance of 

individual cell components and the resistance that arises due to contact 

problems between the cell components.  

(iii)  Concentration polarization: this polarization is due to the mass transfer 

limitations during cell operation such as limited diffusion of active species to 

and from the electrode surface to replace the reacted material to sustain and 

progress the reaction.  

 

Taking into consideration the effects of different polarizations, the working voltage of 

the cell when the current is drawn (discharge voltage) can be stated mathematically as 

follows 

               ET = EOCV ï [(ɖct)a+ (ɖct)c] ï [(ɖc)a+ (ɖc)c] ï iRi = iR                           (17)   

where EOCV is the open-circuit potential, (ɖct)a, (ɖct)c are activation polarizations (charge-

transfer over voltage) at the anode and cathode,  (ɖc)a, (ɖc)c are the concentration 

polarizations at the anode and cathode, and iRi accounts for the ohmic polarizations in the 

Figure 1.3. Typical discharge curve of a battery, showing the influence of the various 

types of polarization 
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cell. For extracting the maximum output and performance the battery during operation, all 

the polarizations should be at a minimum. 7,9ï11     

         

With regard to the battery operation, there are several important parameters or 

Figures of Merit (FOM): (1) gravimetric specific energy in (Wh g_1), (2) volumetric 

capacity in (Ah cm_3), (3) rate capability, (4) cyclability (life shelf), (5) self-discharge (6) 

specific power (Wg-1), and (7) power density (WL-1).  Many of these FOM are controlled 

by the same characteristics that control all electrochemical reactions, including mass 

loading, surface area, voltage difference between anode and cathode, mobility of ions, 

resistance of the electrolyte, kinetics and reversibility of the reactions. 8,12,13  

 

The energy density is a common measure to evaluate battery systems. Specific 

energy stored (Wh kg-1) in a battery is obtained from the area under the curve of voltage 

vs capacity, by discharging a battery at an appropriate current. The theoretical specific 

energy for a battery is given as the product of the thermodynamic operating voltage for the 

cell reaction and the theoretical capacity of the working electrode.   

                                                Esp = EOCV
 . Qdis                                               (18) 

 where EOCV is the operating potential in volt (V) obtained from the energy change for the 

cell reaction and Qdis is the specific capacity in ampere-hour per mass (Ah kg-1), or 

equivalently (mAh g-1).  

 

The theoretical discharge capacity Qdis of the electrode can be obtained from Faradayôs law 

                                               ὗ  
  

  
  

Ȣ
 ὲ                                       (19) 
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where Mw is the molecular mass of the ñlimitingò electrode material, n is the number of 

electrons involved in redox process.  For instance, the theoretical discharge capacity of the 

LiFePO4 electrode is calculated as  

                                              Qdis = (26.8/ 157.75) x 1e-  = 170 mAh g-1,   

where Mw = 157.75 g/mol and n = 1e-. The experimental mid-discharge potential 3.5 V vs. 

Li 0/Li+, for the LiFePO4/Li o cell  and the theoretical specific energy density of the cell with 

equation (18) is calculated to be 595 Wh kg-1.  

 

The C-rate is a parameter used to express the discharge (charge) current in order to 

normalize the data against the capacity that depends on the battery (i.e., the theoretical 

capacity of the battery). C-rate is a measure of the rate at which a battery is discharged 

relative to its maximum capacity. A charge at nC rate means that a full charge would be 

obtained in a time of 1/n hours. The power output Pout of a battery is the product of the 

electric current Idis delivered by the discharging battery and the voltage Vdis across the 

negative and positive external contacts and is given as 

                                             Pout  =  Idis . Vdis                                                     (20)                                     

The state-of-charge (SOC) of a battery is the fraction (in %) of available charge capacity 

to the total capacity of the battery   

                                            ὛὕὅρππϷ                                               (21) 

where Qe is the battery charge and Qo the nominal battery capacity (in Ah). The SOC of a 

battery is an important parameter because the user needs to know the remaining available 

energy before the next charge.  
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The self-discharge rate (SDR) is the percentage of capacity that a battery loses in 

open-circuit conditions. The SDR is estimated from the lost discharge capacity after 2 days 

storage in normal conditions compared with the maximum cell capacity as  

                                         ὛὈὙ Ϸ  
 
 ρππϷ                            (22)   

where Qmax is the maximum discharge capacity at a discharge current density C/n and Qret 

the retained capacity at a discharge C/n rate. 

 

The Coulombic efficiency, CE in %, is the ratio between the discharge capacity and the 

charge capacity for each cycle    

                                          ὅὉ Ϸ   ρππϷ                                       (23) 

 

1.3  Overview of Lithium Ion Battery  

1.3.1 History of the Development of the Li -ion Battery  

Research on the electrochemistry of lithium began as early as in 1913 by Gilbert N. 

Lewis14,15, but the interest in lithium for battery applications became most evident in the 

1960s and 1970s. To use lithium, the major problem at that time was the lack of availability 

of non-aqueous electrolytes, since the use of water and air had to be avoided as they would 

react rapidly with lithium. It was the research work done by William S. Harris in 1958, on 

the electroplating behavior of different metals in different cyclic ester solvents, that opened 

the door for the probable non-aqueous electrolyte16. Of the solvents tested, propylene 

carbonate showed potential properties for electrochemical applications with alkali metals, 

and was, e.g., used in combination with lithium halides. This discovery was gradually 

accommodated by the community and carbonates have remained useful as electrolytes to 
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this day. Thus, the research work by Lewis and Harris opened the door to the fabrication 

and commercialization of varieties of primary lithium batteries such as lithium-manganese 

oxide (Li//MnO2) cells commercialized by Sanyo in 1975.   

 

Thereafter, the focus of researchers shifted towards the development of lithium 

secondary (rechargeable) batteries and therefore the research work was oriented towards 

identifying matching cathode materials. Metal chalcogenides of the type MX2 were 

particularly considered and one of the members of this family, titanium disulfide (TiS2) 

was shown to be able to host lithium ions by Walter Rüdorff in 196517. The intercalation 

of lithium between TiS2 interlayers  was demonstrated by Jean Rouxel and coworkers18 

and by M. Stanley Whittingham and Fred Gamble19 who showed that lithium can be 

chemically intercalated in the LixTiS2 material over the whole stoichiometric range (0 < x 

Ò 1) with a small lattice expansion effect. These promising studies inspired Whittingham 

to explore electrochemical intercalation in such materials20 and as early as 1973 he 

proposed the use of  TiS2 as an electrode in batteries while he was at Exxon21. A working, 

rechargeable battery was subsequently demonstrated in 197622. The battery cell was 

composed of lithium metal as the anode and TiS2 as the cathode, with LiPF6 as the 

electrolyte in propylene carbonate as the solvent. A cell electromotive force (emf) of 2.5 V 

could be recorded and the results indicated the single-phase reaction: x Li + TiS2 Ÿ 

Li xTiS2. However, commercial development of such batteries essentially came to a halt due 

to the extremely reactive nature of metallic lithium, which resulted in the formation of 

lithium dendrites at the metal surface upon repeated charge-discharge cycles causing short 

circuits and potential fire hazards.  
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As a solution for the potential safety concern with the use of Li metal as anode, 

scientists turned their focus to alternative solutions and an ñion transfer cellò configuration 

(a.k.a. ñrocking chairò cells)23, in which both electrodes accommodate ions, was proposed. 

The principle of this type of cell had been demonstrated by Rüdorff in 1938, where 

hydrogen sulfate ions were electrochemically shuttled between two graphite electrodes24. 

In this type of cell, metallic lithium is avoided and both electrodes are made from 

intercalation materials able to accommodate lithium ions. In parallel with the anode 

development, better cathode materials were also sought after in order to acquire a higher 

cell emf in combination with anodes of higher potential than metallic lithium. A 

breakthrough came in 1979/1980 when John B. Goodenough and his co-workers at 

Oxford University, UK, discovered that LixCoO2, another intercalated metal chalcogenide 

of type MX2, could serve as a cathode material25,26. The CoO2 material showed a very high 

potential of ~4ï5 V relative to Li+/Li . This discovery enabled the use of anode materials 

with higher potentials than lithium metal, furthering the search for suitable carbonaceous 

materials. Considering the difficulty of solving the problem of the electrochemical 

intercalation of graphite, other options were investigated instead. A breakthrough came in 

198527ï29 when a group led by Akira Yoshino at Asahi Kasei Corporation, Japan, 

identified that certain qualities of petroleum coke were stable under the required 

electrochemical conditions. These discoveries and developments ultimately led to the 

release of a commercial lithium ion battery in 1991, by SONY energy30. The battery was 

based on a petroleum cokeïbased anode material, LixCoO2 as the cathode, and a non-

aqueous electrolyte composed of LiPF6 in propylene carbonate.  The charging voltage was 
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high (up to 4.1 V), with a recorded energy density of ~80 Wh/kg or ~200 Wh/L. Compared 

to other batteries that were on the market at the time, the lithium ion battery quickly became 

very competitive and essentially paved the way for the upcoming mobile revolution.  

 

At around the same time, it was found that by using mixtures of solvents containing 

ethylene carbonate, previously disregarded due its higher melting point, a solid electrolyte 

interphase (SEI) was formed at the surface of the graphite electrode during the 

charge/discharge cycle, protecting the carbon material from exfoliation and further 

decomposition of the graphite31,32. This discovery was rapidly adopted in the next 

generation (and currently used) lithium-ion batteries that employ graphite as the anode 

material. With this anode material, batteries with charging voltages of 4.2 V were soon 

produced, resulting in energy densities of ~400 Wh/L.  

 

Fittingly, for their invaluable contributions to the development of the Lithium ion 

battery, Dr. Stanley M. Whittingham , Dr. John B. Goodenough and Dr. Akira Yoshino  

were awarded the 2019 Nobel Prize in Chemistry33. 

 

1.3.2  Li ion Battery : Working Principle  

The commercial lithium ion battery has a cathode that is usually a transition metal 

oxide, such as LiCoO2, a graphite anode separated by an electrolyte. Solid electrodes 

separated by a liquid electrolyte are kept apart by an electrolyte-permeable separator.  The 

electrolyte acts as an ion conducting medium for the working ion, which in this case is a 
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Li+ ion. An illustration of a commercial Li ion cell in  discharge stage is presented in Figure 

1.4.  

 

 

 

 

 

 

 

 

 

 

The electrochemical redox reactions occurring at the two electrodes and the overall 

reaction within the Li ion cell are described below8,12,34ï36: 

 

  

 

 

6C + xLi+ + xe- 

 

LiCoO2 + C  

 

 

Charge 

Discharge 

Li 1-xCoO2 + xLi+ + xe-  (Positive electrode)       LiCoO2      

Charge   Discharge 
C6Li x  

(Negative electrode)  
Charge   

Charge   

Discharge 

Li 1-x CoO2 + CLix (Overall reaction)           

Figure 1.4. Schematic showing the Li-ion battery during discharge  
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1.3.3  Overview of Electrolytes for Li ion Batteries 

Electrolyte materials and their properties play a pivotal role in determining the 

battery performance. The electrolyte in the first commercial LIB introduced by Sony in 

1991 was a mixture of ethylene carbonate (EC), a linear carbonate such as diethyl carbonate 

(DEC) and a lithium salt, lithium hexafluorophosphate (LiPF6). Current state-of-the art 

electrolytes have a very similar composition, a combination of a linear carbonate with EC, 

mixed with LiPF6 and select additives to optimize the properties of the solid-electrolyte 

interface (SEI)37-39. However, so far, there is no one universal electrolyte which can be 

applied for all the available electrode materials. Therefore, the combination of the 

electrodes and the electrolyte must always be adjusted to the requirements of the 

application. Electrolytes with wide electrochemical potential stability are desired 

especially for the application of LIBs in plug-in hybrid electric vehicles (PHEVs) and 

electric vehicles (EVs) where a high working voltage cathode will be used in a battery pack 

to achieve the necessary high energy density (capacity).8,40ï46   

 

In addition to having a wide operating voltage window, an ideal electrolyte should 

meet other important requirements such as : (1) Wide liquid range (low liquidus 

temperature, high boiling temperature and low vapor pressure); (2) Ability to wet the 

polyolefin separator whose porous structure is usually lipophilic; (3) Retention of the 

electrode/electrolyte interface during cycling when the electrode particles are changing 

their volume; (4) Inertness to other cell parts such as binders, current collectors etc.; (5) A 

Li+ ion conductivity ů Li > 10-4 S cm-1 over the entire temperature range of battery 

operation;  (6) An electronic conductivity ů e < 10-10 S cm-1; (7) A lithium transference 
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number (the fraction of the charge carried by the Li+) tLi
+ ~ 1; (8) Highly safe materials, 

i.e., preferably nonflammable and nonexplosive if short-circuited; (9) Good chemical 

stability with the electrodes and the ability to rapidly form a stable passivating SEI layer 

where kinetic stability is necessary if the electrode potential lies outside the electrolyte 

window; (10) Low toxicity and low cost 47. 

 

1.3.3.1  Solvents  

The highly reactive nature of the strongly reducing anodes (lithium metal or highly 

lithiated carbon) and the strongly oxidizing nature of the transition metal oxide cathodes 

rules out the possibility of using solvents with active protons for lithium-based batteries, 

despite the fact that the aqueous solvents have greater potential to solvate salts. The 

reduction of such protons and/or the oxidation of the corresponding anions would generally 

occur within the voltage range of 2.0 ï 4.0 V vs Li, resulting in unwanted parasitic side 

reactions. Therefore, the non-aqueous compounds with polar groups such as carbonyl 

(C=O), nitrile (C=N), sulfonyl (S=O) and ether linkage (-O-) that are able to dissolve 

sufficient amounts of lithium salts garnered a lot of attention as electrolyte solvents.  

Table 1.2. Organic Ethers as Electrolyte Solvents , reproduced with permission from [47] 
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An ideal electrolyte solvent should meet the minimal requirements such as: (1) 

Should have high dielectric constant to dissolve the salts to a large extent; (2) Should have 

low viscosity for facile ion transfer; (3) Should be inert to all the cell components and 

especially with the charged surfaces of the anode and cathode during cell operation; (4) 

Should possess low melting point (Tm) and high boiling point (Tb); (5) Should be safe (high 

flash point, Tf), nontoxic and economical. A wide spectrum of polar solvents has been 

investigated as nonaqueous electrolytes and a majority of them are either organic esters or 

ethers. The most commonly used solvents for electrolytes along with their physical 

properties are listed in Table 1.2 and 1.3.  Ethers are more resistant to reduction whereas 

esters are more stable against oxidation. With novel high voltage cathode materials (> 4V 

class) that are being developed for achieving high energy densities, the use of ethers has 

Table 1.3. Organic Carbonates and Esters as Electrolyte Solvents, reproduced with 

permission from [47] 
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gradually faded out because of their anodic instability. Therefore, the electrolytes of the 

state-of-the art lithium ion batteries almost exclusively consist of esters as solvents. 

 

1.3.3.2  Electrolyte Solute (Lithium Salts) 

The solute is the other major component of an electrolyte. An ideal electrolyte 

solute for rechargeable lithium batteries should meet the following minimum criteria: (1) 

It should be able to dissociate completely in the non-aqueous media, and the solvated ions 

(especially lithium cation) should have high mobility in the solvent medium; (2) The anion 

should be stable against oxidative decomposition at the cathode; (3) The anion should be 

inert with the non-aqueous solvent used; (4) Both the anion and cation of the salt should 

remain inert towards the cell components such as the separator, electrode substrate and cell 

packaging materials; (5) The salt should be nontoxic and thermally stable.   

 

The anion of the salt should be a weak Lewis base with a well delocalized formal 

negative charge to meet the above-mentioned requirements. The structures and properties 

of the commonly used lithium salts are listed in Table 1.4. In comparison to the wide 

spectrum of aprotic organic compounds that are possible electrolyte solvents, the available 

choice of lithium salts for electrolyte applications is rather limited. The fluorinated 

inorganic anions are especially favored because of their superior dissolution and 

dissociation properties in non-aqueous media and their excellent ability to passivate the 

positive electrode surfaces and substrates. Among them, LiPF6 dominates as the industry 

standard in state-of-the-art lithium-ion cells. There are certain challenges with the 

fluorinated inorganic salts, such as high moisture sensitivity, tendency to be increasingly 
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reactive at elevated temperatures and thermal instability with lithiated graphite and 

delithiated transition metal oxide cathodes.  

 

Alternative lithium salts with fluorinated organic anions such as Im- (e.g; 

LiNSO2CF3)2 abbreviated as LiTFSI) and BETI- (e.g; LiNSO2C2F5)2 abbreviated as 

LiBETI) have been explored. These salts have the advantage of having high solubility in 

solvents that even have low dielectric constants. Unfortunately, none of these salts have 

replaced LiPF6 in commercial LIB as they are incapable of effectively passivating 

aluminum, the universally used positive substrate (current collector), at voltages higher 

than 3.5V. This disadvantage, in addition to the higher cost and high toxicity always 

associated with perfluorinated organic anions, impedes their applications in most of the 

lithium-based cells using 4V class positive electrode materials. Some most promising new 

salts were reported in recent literature that are based on boron anions such as a chelated 

borate, lithium bis(oxalato)borate (LiBOB), its partially fluorinated derivative, lithium 

difluoro(oxalato)borate (LiDFOB), and a disalt based on a polyfluorinated-closoborane 

cluster anion B12H12-xFx 
2-(x = 0-12). These salts possessed high thermal stability, excellent 

ability to prevent corrosion of the aluminum current collector due to the formation of a 

protective layer and are more benign to the environment, since their decomposition 

products are less toxic than those of LiPF6 (HF and POF3)
48. 
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Table 1.4. Lithium salts used in state-of-the art electrolytes for lithium-ion batteries, 

reproduced with permission from [47] 

 

 

 

 

Salt Structure Melting 
Point 
(oC) 

Decomposition 
Point (oC in 
solution) 

Anion 
Oxidation 
Potential  
(vs Li in 
EC/DMC) 

Positive 
substrate 
(Al) 
Passivation 

LiBF4 

 

293 (d) > 100 4.70 Yes 

LiPF6 

 

200 (d) ~ 80 4.65 Yes 

LiAsF6 

 

340 > 100 4.70 Yes 

LiClO4 

 

236 > 100 - Yes 

Li 
Triflate 

Li+ CF3SO3
- > 300 > 100 3.90 No 

LiTFSI Li+  [N(SO2 CF3)2]- 234 > 100 4.00 No 

Li Beti Li+  [N(SO2CF2CF3)2]- - - - Yes 

LiBOB 

 

> 300 
(d) 

> 100 - Yes 

LiDFOB 

 

> 240 
(d) 

> 100 - Yes 
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1.4  Li Metal Batteries (LMBs)  

The advent of LIBs ushered in the wireless revolution and has stimulated the 

interest for the use of batteries to power hybrid electric vehicles (HEVs) and pure electric 

vehicles (PEVs). To be adaptable with the ever-advancing technologies there are two major 

limitations with LIBs. One issue is the safety concern associated with the use of flammable 

components in the electrolyte of a commercial Li ion cell. The growth of lithium dendrites 

especially at fast charging rates results in the short circuiting of the cell and thermal 

runaway which ultimately leads to the fire hazards or explosions due to the flammable 

electrolyte components with low flash points (Table 1.2 and 1.3)49ï53. A very recent 

incident of a Tesla Model S that caught fire due to short circuit while fast charging at a 

supercharger station in Gjerstad, Norway in January 2016, highlighted the severity of the 

safety aspect related to LIBs. The use of highly thermally stable solid electrolytes as 

replacements for flammable liquid electrolytes was put forth as one of the plausible 

solutions. 

 

The other issue with LIBs is that the maximum achievable energy densities of the 

present commercial Li ion cells is limited by the theoretical capacity limits of the 

intercalation electrodes, i.e. the transition metal oxide cathodes and lithiated graphite. The 

current LIBs have energy densities between 150-180 Wh Kg-1. The capacities of insertion-

oxide cathodes have reached a limit of ~ 250 mA h g-1 and on the other hand, the capacity 

of the graphite anode is also limited to ~ 370 mA h g-1, which would provide a maximum 

achievable energy density of 250 Wh Kg -1. However, this maximum attainable energy 

density with the present Li-ion battery technology is not sufficient to meet the US 

Department of Energyôs (DOE) target of having an energy density of 500 Wh kg-1 per a 
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battery pack to be used in electric vehicles. One solution that surfaced was re-visiting the 

use of lithium metal anode material due to its extremely high theoretical specific capacity 

(3860 mA h gī1), the lowest redox potential of any metal (ī3.040 V vs the standard 

hydrogen electrode) and a low gravimetric density (0.534 g cmī3)  to replace the 

intercalated graphite anode (Figure 1.5)8,54.  

 

 

 

 

 

 

 

 

 

 

 

 

Replacing intercalated graphite with lithium metal, the Li0 ï LMO (transition metal 

oxide) batteries can reach specific energy densities of 400 Wh kg-1. Furthermore, as 

discussed in section 1.2.3 the energy density of the battery can be increased either by 

increasing the operating voltage of the cell or by increasing the capacity of the ñlimitingò 

Figure 1.5. A typical Li-ion cell (top) and a prospective lithium metal cell (bottom), 

containing a solid separator and a dense layer of metallic lithium, reproduced with 

permission from [54] 
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working electrode. Thus, the use of Li0 metal would open up the possibility of using 

conversion type cathode materials such as sulfur and oxygen, which would store more 

charge per redox reaction than insertion type cathodes which store limited charge. This 

would pave the way for new battery chemistries such as Lithium Sulfur Li-S) and Lithium-

Oxygen (Li-O2) that would further increase the energy density per battery pack. Although, 

in theory the LMBs have tremendous advantages over the LIBs, there are some 

fundamental challenges such as dendrite growth, highly unstable interfaces and large 

volume changes associated with the electrochemical redox process. All these limitations 

stem up from the inherent reactive nature of the lithium metal4,15,54ï60. Therefore, extensive 

research efforts are now directed towards stabilizing the lithium anode for the  successful 

commercialization of LMBs. Prominent amongst these challenges is the uncontrollable 

growth of lithium dendrites on the surface of the lithium metal anode, resulting in severe 

safety related issues such as fires or explosions as in the case of flammable liquid 

electrolytes, rapid capacity fade, low coulombic efficiency and short cycle life. 

 

Five major approaches have been examined to suppress lithium dendrite growth or 

progression of lithium dendrites. These are: (i) Formation of an anode surface coating 

either In-situ39 or ex-situ60 (ii) Incorporation of additives such as LiF61; (iii) Mechanical 

inhibition by adoption of solid electrolytes with shear moduli higher than that of the tip of 

a lithium dendrite62,63; (iv) Adoption of tortuous, nano-porous separators45,64,65; (v) 

Adoption of high lithium transference number electrolytes (single ion conductors)66. Of all 

these probable solutions, the use of solid-state electrolytes and high transference number 

electrolytes were extensively studied over the years.  
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1.5  General Characterization of Electrolytes 

1.5.1  Thermal Properties 

Detailed knowledge of the thermal properties of the electrolyte is necessary in order 

to produce a stable reliable device capable of working over a range of temperatures. The 

thermal analysis of the electrolytes is normally carried out by two different techniques: (i) 

Differential scanning calorimetry (DSC)67ï69; and (ii) Thermal gravimetric analysis 

(TGA)70ï72.The thermal parameters generally considered in the optimization of an 

electrolyte are the glass transition temperature, Tg, the melting point temperature, Tm, 

degree of crystallinity and if present, other phase transition temperatures. Normally, the 

DSC technique is used to determine the overall thermal stability and thermodynamic 

changes in a material such as the melting and crystallization temperatures (first-order 

transitions). DSC measures the differential heat flow between a sample and an inert 

reference material. In the case of polymer electrolytes, all or most of the ionic motion is 

presumed to occur in the amorphous phase and even partial crystallization of the polymer 

matrix will have a large impact on the mechanical and dynamic properties of the material. 

Thus, ionic mobility depends on the glass transition temperature (Tg) of the amorphous 

phase, and DSC can measure this most important thermal property of polymer electrolyte 

materials. The DSC technique therefore functions as a quick and easy estimate of material 

properties when optimizing the composition of a new system. 

 

TGA is an analytical technique used to determine the thermal stability of the 

measured material. Both inert and reactive gaseous atmospheres may be used, namely, N2, 

Ar, air and O2. Degradation phenomenon of the electrolyte must be investigated to evaluate 

its thermal stability and its capability to work in the operative temperature range of a 
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lithium battery. While DSC mostly observes reversible thermodynamic transitions, TGA 

reveals the temperature of material decomposition and degradation. In the case of polymer 

electrolytes, the analysis is normally performed between room temperature and 600-800oC, 

at heating rates typically lying in the range between 2-10 oC min-1. The thermogram, which 

monitors the weight loss occurring as the sample is heated, provides information about the 

(i) sample residual mass, and (ii) the decomposition or oxidation temperatures.  

 

1.5.2  Lithium Ion Transference Number (tLi
+) 

Transference (or transport) number, t±, of a given ion (cation or anion) is defined 

as the fraction of the total current carried through the electrolyte by a particular cation or 

anion. In the case of a binary salt electrolyte in which both ions are univalent and within 

the dilution limit, the following relationship holds 

                                            t± = µ± /(µ+ + µ-)                                                      (1.1) 

where, µ± are the mobilities of the cation and anion, respectively. The lithium transference 

number (tLi
+) gives information about the fraction of total current that is carried by the 

lithium cation and is considered an important parameter in the characterization of an 

electrolyte for lithium batteries. 

 

Accurate measurement of Li+ transference number is not trivial and is always a 

topic of controversy. There are several different methods which are used for determining 

transport numbers. The classical steady-state current approach was developed by Evans et 

al., where a symmetric cell consisting of two identical Li-metal electrodes was used73. 

When a small DC field, e.g., 10 mV, is applied to such a cell,  lithium metal (Li o) is oxidized 
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to Li+ at the positively polarized electrode (cathode), while Li+ is reduced to Lio at the 

negatively polarized electrode (anode). In an ideal scenario, the initial current I0 consist of 

both anionic as well as cationic contributions, while after equilibrium is reached, the 

steady-state current Iss should only be carried by Li+. This is because only the Li+ ions and 

not the anions react at the electrodes. The anions reach a steady state distribution, while 

the Li+ ions continue to carry the current. The lithium transference number can be obtained 

from the following equation  

                                                    tLi
+ =                                                          (1.2) 

The Evans method only managed to give the probable approximation but not the 

accurate values of tLi
+, since this approach assumes an ideal cell condition.  It does not take 

into consideration several processes that happen in a real cell in operation, such as surface 

passivation of the metallic Lio electrode, which results in an interfacial resistance at the 

electrodes.  

 

In order to correct the interferences from the interphases Bruce and Vincent 

developed a method74,75 which uses DC-polarization combined with AC-impedance 

spectroscopy, to account for the interphase resistances before and after steady state. The 

method consists of applying a small DC pulse, æV, to a symmetrical Lio|electrolyte|Lio cell 

and measuring the initial, Io, and the current after attaining steady state, Iss, flowing through 

the cell. The same cell is also monitored by impedance spectroscopy to detect the interfacial 

resistance before polarization, R0, and the interfacial resistance after attaining the steady 

state, Rss, to account for the resistance of passivation layers and the eventual increase of 
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this value upon the duration of the DC pulse. The tLi
+ value using this method is given by 

the following equation  

                                   ὸ
 Ў  

 Ў   
                                                (1.3) 

This method works well with electrochemical systems in which the charge transfer reaction 

is not the limiting step in the cell75 and with electrolyte systems having highly dissociative 

salts. However, the methods are not able to discriminate between single ions and charged 

triplets (Li+A-Li+) that will also migrate at steady state.  

 

The lithium transference number can also be determined easily by Pulse Magnetic 

Field Gradient (PMFG) NMR technique if both the anion and the cation self-diffusion 

coefficients can be measured. The transport numbers for the commonly used lithium 

fluorinated salts (LiBF4, LiPF6, LiN(CF3SO3)2 etc.) can be determined from the equation                        

                                         ὸ  
   

                                                 (1.4) 

where DLi and DF are the self-diffusion coefficients of lithium and fluorine, respectively.  

There are two main limitations with the NMR approach to measure the transport numbers: 

(i) The need for strong electric current boosters and efficient coils to generate the high 

electromagnetic gradients required to measure solid diffusion coefficients less than 10-11 

m2 s-1; (ii) The difficulty in separating the contributions of single ions and ion pairs (Li+A-

), unless their diffusivities can be easily resolved. That is, since the NMR measurement 

tracks Li nuclei, it does not distinguish between an isolated charged Li+ ion and Li in a 

neutral ion pair. Therefore, ionic self-diffusivities obtained by PFG-NMR can be over-



[31] 

estimated, since ion pairs do not contribute to ion conduction and aggregation causes 

reduction in the net ionic current: 

                                      Dobs = x Dion + (1-X) Dpair                                                               (1.5) 

This overestimation becomes substantial for electrolytes at practical salt concentration 

( 1.0M), where the ion-ion interaction is expected to be significant. A solution for this 

overestimation is offered by electrophoretic NMR, where a stimulated echo experiment 

uses a synchronized electric field pulse to determine the mobility of the nuclei.76,77 

 

1.5.3  Ionic Conductivity  

The ionic conductivity (ů) essentially represents the amount of charge carried by 

the ions through a cubic unit of the electrolyte in unit time under unit electric field,  

                                      „   
Ўʕ
                              (1.6) 

where J, z, F and X stand for ion flux, ionic valence, Faraday constant and electric field 

strength, respectively, and ɣ is the potential. Under DC conditions it is very difficult to 

accurately measure this quantity because of the instantaneous deviation from ideal Ohmic 

behavior, either caused by the accumulation of charges at electrolyteïelectrode interfaces 

when blocking electrodes are used, or by the slow charge-transfer processes at electrolyteï

electrode interfaces when non-blocking electrodes are used.  

 

1.5.3.1  EIS and Equivalent Circuit Models 

Electrochemical impedance spectroscopy (EIS), provides an effective approach to 

measure the ionic conductivity. EIS methodology provides a way to circumvent the 

unwanted interferences arising from the electric components by providing different 
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relaxation time scales with which each of those components responds to an applied AC 

field78ï85. A sinusoidal voltage pulse of varying frequencies (ɤ) is passed through a sample 

enclosed between two blocking electrodes at constant amplitude (V0). 

                                 ὠ ὠ  ὧέί‫ὸ  Ὥ ίὭὲ‫ὸ                        (1.7) 

The current (I) response of the cell is monitored as a function of voltage (V). From the 

obtained information, the impedance, Z(ɤ), and the bulk ionic conductivity can be 

calculated. The impedance (Z) is a complex quantity, which has a real and imaginary part. 

Ohms law with the impedance parameter Z can be expressed as  

                                           Z(ɤ) = Zô + j Zò                                                   (1.8) 

                                   Ὅ        
    ͼ

                          (1.9) 

where Zô and Zò  are the real and imaginary parts of the electrochemical impedance data. 

Solution of the complex equation leads to the real (Zô) and imaginary (Zò) parts of the 

overall impedance as  

                                              ὤᴂ  
    

                                   (2.0) 

                                       ὤͼ  
    

   

    
                     (2.1) 

where Rb is the bulk electrolyte resistance to ionic movement. The complicated 

expressions, Zô and Z ò can be rearranged, after reasonable approximations, into a very 

useful expression that sets the foundation of practical impedance spectroscopy: 

                                  ὤ    ὤͼ                         (2.2) 
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When Zò is plotted versus Zô on a complex plane, we get a Nyquist plot, with a semicircle 

that centers at ( ȟπ on the real axis. Thus, the semicircle intercepts the real axis at (Rb, 

0) (Figure 1.6A).  In reality, deviation from the ideal equivalent circuit distorts the 

semicircle, but the basic features remain, and ionic conductivity should always be 

evaluated from the intercept of Z on the real axis (to obtain Rb) and the conductivity can be 

obtained from the equation:  

                                                „  
 

                                                 (2.3) 

where, l = thickness of the electrolyte , Rb = bulk resistance of the electrolyte and A= area 

of the electrolyte sample under study. For most liquid electrolytes at room temperature 

with ionic conductivities higher than 1.0 mS/cm, the semicircle corresponding to Rb shrinks 

or entirely merges with the interphase component, and the intercept at the high frequency 

end is usually taken as Rb to calculate the ionic conductivity of the electrolyte from equation 

(2.3) (Figure 1.6B).   

 

EIS data is commonly analyzed by fitting it to an equivalent electric circuit model. 

Most of the electrical circuit elements are common electrical elements such as resistors 

(R), capacitors (C), and inductors (L). Capacitors often do not behave ideally in EIS 

experiments and they are often replaced by a special circuit element called the constant 



[34] 

phase element (CPE)86. The circuit elements commonly used in developing the models 

along with their impedance and admittance equations are listed in Table 1.5.  

 

Table 1.5. Circuit elements used in models  

 

 

                

 

 

 

 

 

In order to extract useful information, the model should be able to reflect the underlying 

physical electrochemical processes occurring in the test sample. For instance, most models 

contain a resistor as circuit element which models the cells solution resistance. The direct 

relationship between the response of a system under test and the proposed equivalent circuit 

model is considered as an important characteristic of EIS. Therefore, having some insight 

                  Equivalent Element    Impedance  

                         Resistor (R)        R 

                         Capacitor (C)       1/ jɤC 

                         Inductor (L)        jɤL 

                     Infinite Warburg (W)       
 

 

                     Finite Warburg (O)      ὝὥὲὬὄ ὮȾ ὣ  Ὦ  ‫‫ 

                          CPE (Q)      1/ Y0 (jɤ)
Ŭ 

Figure 1.6. (A) A sample Nyquist plot  (B) Nyquist plot in case of most of the liquid 

electrolytes 

 



[35] 

about the impedance of some standard circuit components would be quite useful. From 

Table 1.5, it is noticeable that the impedance associated with the resistor element is 

independent of frequency and it has only the real component of the impedance. There is no 

imaginary impedance component associated with the resistor element, which implies that 

the current flowing through the resistor stays in phase with the voltage applied across the 

resistor. From the impedance equation associated with the inductor element (Table 1.5), it 

is clear that the impedance of an inductor increases as frequency increases. Inductors have 

only an imaginary and no real impedance component, suggesting that the current through 

an inductor will be phase-shifted -90 degrees with respect to the voltage, with current 

lagging behind the voltage. A capacitor shows impedance versus frequency behavior that 

is opposite to that of an inductor. A capacitor's impedance decreases as the frequency is 

raised. Capacitors also have only an imaginary with no real impedance component. The 

current through a capacitor is phase shifted 90 degrees with respect to the voltage applied 

across it, with current leading the voltage.  

  

Few electrochemical cells can be modeled by a single circuit element. In the 

majority of cases different circuit elements must be combined to mimic the electrochemical 

phenomenon happening within the cell with utmost accuracy. The individual circuit 

elements can either be combined in series or parallel or in combination of both. For linear 

impedance elements connected in series (Figure 1.7) the equivalent impedance can be 

calculated using the equation below:  

      

                            

Zeq =Z1 + Z2 + Z3 
(2.4) 

Figure 1.7.  Impedances in Series 
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For linear impedance elements connected in parallel (Figure 1.8) the equivalent impedance 

can be calculated using the equation below:  

 

 

The simplified Randles cell (Figure 1.9) is one of most common cell models. The 

Randles cell is helpful to model the electrochemical impedance of an interface and is the 

starting point for other more complex 

models for many chemical systems. It 

includes a solution resistance, a double layer 

capacitor and a charge transfer (or 

polarization resistance). The double layer 

capacitance is  in parallel with the charge transfer resistance. The circuit components in the 

Randles cell can easily be equated with familiar physical phenomena, such as adsorption 

or film formation. 

In the Randles cell Rɋ is the electrolyte solution resistance between the two 

electrodes, RP is the polarization resistance or charge-transfer resistance (Rct) at the 

electrode/solution interface and CDL is the double layer capacitance at this interface.   

     +  
(2.5) 

Figure 1.8.  Impedances in parallel 

Figure 1.9. Schematic of a simplified 

Randles cell 
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The Nyquist plot for a simplified Randles cell is always a semicircle as shown in 

Figure 2.0.  As discussed previously, the impedance of a capacitor is inversely proportional 

to the frequency (from Table 5). The impedance of a capacitor diminishes as the frequency 

increases, while the impedance of a resistor remains constant. At the highest frequencies, 

the impedance of the capacitor would be much smaller than Rɋ and the behavior of the 

Randles cell is controlled almost entirely by Rɋ. The solution resistance can be obtained 

by reading the real axis value at the high frequency intercept at the leftmost end of the 

semicircle. At the lowest frequencies, the capacitor acts as an open circuit and would be 

effectively removed from the circuit. The impedance of the Randles cell is then the 

combined resistance values of the two series resistors Rɋ and Rp. At both the high and the 

low frequency limits, the Randles cell behaves primarily as a resistor, the imaginary 

component is very small, and the phase angle is close to 0 degrees. At intermediate 

frequencies, the capacitor's impedance begins to have an effect and the cell becomes more 

capacitive. As the imaginary component becomes significant, the phase angle can start to 

approach 90 degrees, and the cell impedance becomes frequency dependent. It is necessary 

Figure 1.10. Nyquist plot from a simple electrochemical system modeled by Randles cell 
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to measure the impedance over a range of frequencies in order to determine which 

equivalent circuit best describes the behavior of the electrochemical system under 

investigation.  

 

1.5.3.2  Ion Transport M odels 

The ionic conductivity in the electrolytes can be modelled in terms of Arrhenius or 

Vogel-Tammann-Fulcher (VTF) behaviors or by a combination of both87,88. The Arrhenius 

behavior of the ionic conductivity, ů, is governed by the Arrhenius equation given as: 

                                                „ „Ὡὼὴ  

where the pre-exponential factor „ relates to the number of charge carriers, and Ὁ is the 

activation energy for conductivity. Ὁ can be computed from the linear best fit of the plot 

between log „ vs 1/T.  

 

VTF behavior of the ionic conductivity is described by the equation      

„ „Ὕ Ὡὼὴ
ὄ

Ὕ Ὕ
 

where the term ñBò is the pseudo-activation energy for the conductivity,  and T0 is the 

reference temperature which is usually 10-50 K below the experimental glass transition 

temperature, Tg. Fitting the conductivity data in the equation below would give information 

about the VTF parameters  

                                                 ὰέὫ„Ὕ ὰέὫ„ πȢτσ  

VTF behavior is related to ion motion coupled with long range motions of the polymer 

branches and solvent molecules. The VTF behavior is more relevant in modelling the ionic 
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conductivity of the polymer electrolytes. VTF behavior is generally observed in solid 

polymer electrolytes above Tg, gel polymer electrolytes89, electrolyte organic solutions and 

ionic liquids90.  

 

1.5.4  Electrochemical Stability 

  The electrolyte should have a good ionic conductivity and also good 

electrochemical stability and compatibility with the electrodes. The electrochemical 

stability can be evaluated by considering several parameters, such as, Lio/electrolyte 

interface resistance, the electrochemical stability window and the electrolyte behavior 

during battery cycling tests. A solid electrolyte interface (SEI) is inevitably formed when 

the electrolyte is put in contact with Li metal due to thermodynamic aspects explained in 

above. The interfacial resistance is the physical parameter describing the evolution of the 

passivation layer. The interface behavior is evaluated by following the time evolution of 

the overall resistance of a symmetrical Lio|electrolyte|Lio cell. Most often the interfacial 

resistance is monitored by the EIS technique. The complex plot of the imaginary part of 

the impedance, Zò, vs. the real part, Zô (Nyquist plot) gives information about the 

interfacial resistance. This plot allows separation of the resistive contributes related to the 

bulk, grain boundary and interfacial resistances and provides also capacitive information. 

The electrode/electrolyte interface behaves like a parallel resistanceïcapacitance circuit 

(RC), described by a semicircle in the Z plane. The intercept at the high frequency end on 

the real Z axis gives the bulk electrolyte resistance and the diameter of the semicircle gives 

the overall interfacial resistance, which considers the resistance of the charge transfer 
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through the interface and that one associated with the growth of a passivation layer on the 

lithium anode.  

 

Impedance spectroscopy may be used during charge-discharge battery tests, in 

order to perform an in-situ investigation of the interfacial resistance at the cathode. Zaghib 

and coworkers performed stepwise EIS on Li/IL-based gel electrolytes/LiFePO4 at 

different states of charge91. This technique revealed that a stable interfacial resistance is 

obtained only when the cathode reaches 70% of depth of discharge. 

  

Knowledge of the electrochemical stability window of the electrolyte is essential 

for selecting anode and cathode. The electrolyte stability windows are evaluated by 

estimating the reduction and oxidation potential limits with respect to a defined electrode 

pair. In particular, the reductive breakdown of the salt anion or solvent is an important 

phenomenon which affects the formation of the passivation layer at the interface. The 

potential window is measured by sweeps of linear or cyclic voltammetry. A standard cell 

configuration for these experiments consists of a three-electrode system where Li is used 

both as a counter and reference electrode, with a metal such as Ni, Cu, or stainless steel 

(SS) as the working electrode. 

 

1.6 Conclusions  

The Lithium ion battery (LIBs)  has been highly commercially successful when 

compared to the other rechargeable batteries. This chapter sheds light on the brief history 

behind the development of the lithium ion  battery, its basic working principle and the 
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fundamental thermo- dynamics and kinetics involved with its operation. A brief overview 

of the electrolytes used in the current lithium ion batteries alongside with the basic 

information on different techniques used in characterizing the electrolytes was discussed. 

Finally, the pivotal role of the lithium metal in increasing the energy density of the battery 

compared to the current LIB, the bottlenecks associated with the use of lithium metal anode 

and the possible strategies to overcome them was discussed. The two vastly researched 

approaches to overcome the challenges with the use of lithium metal as anode, to make 

lithium-metal battery (LMB) commercially successful on par with the LIB will be 

discussed in detail in the next chapter.  
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CHAPTER 2  

BRIEF OVERVIEW OF POLYMER ELECTROLYTES AND HIGH 

TRANSFERENCE NUMBER ELECTROLYTES FOR LITHIUM BASED 

BATTERIES  

 

 

2.1 Introduction  

As outlined in the section 1.3 of the previous chapter, using solid state electrolytes 

and minimizing concentration polarization by using high lithium transference number 

electrolytes were extensively studied as the possible options to stabilize the lithium metal 

anode. Additionally, the utilization of  solid electrolytes by replacing flammable liquid 

electrolyte component enhances the safety of lithium ion battery especially at fast charging 

rates. The solid-state electrolytes are primarily lithium ion conducting inorganic ceramics 

and polymer electrolytes. Polymer electrolytes will be discussed first and the electrolytes 

with high transference number will be discussed in the later section. As represented in the 

Figure 2.1, the polymer electrolytes possess the advantage of being highly processible and 

highly flexible when compared to the ion conducting ceramics. The development of SPEs 

began with the discovery of the ionic conductivity of ions (alkali metal) dissolved in 

poly(ethylene oxide) (PEO) by Wright and co-workers in 1973 1. It was not until 1978, 

when for the first time Armand and co-workers proposed the use of alkali metal doped PEO 

polymers as ion conductors for battery application, did research on a variety of SPEs for 

battery applications gain momentum2. All solid Li -polymer technology was initially 

developed by Hydro-Québec in the 1980s and was taken over by Bolloré 30 years later, 
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which led to the first commercialization of this battery. Today, it supplies the ñBlue Carò 

which crosses Paris as part of the urban project ñAutolibò. 

 

 

The concept of a material that would act both as a physical separator and as an electrolyte 

while maintaining good contact with the electrodes through many charge/discharge cycles 

has motivated research on polymer electrolytes over the past three decades. SPEs should 

possess the following physical, chemical and electrochemical properties to be an ideal 

Lithium-ion conductor3ï6: 

1. High Li+ conductivity ï for high power capabilities 

2. Negligible electronic conductivity ï to minimize internal self-discharge  

Figure 2.1. Comparison of the properties of the different electrolyte systems  
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3. High transference numbers close to unity ï to eliminate charge polarization losses 

4. Wide electrochemical window ï desired to maximize the cellôs energy density 

5. Sufficient mechanical strength and flexibility - for self-support as a separator and 

to suppress the formation and intrusion of Li metal dendrites while accommodating 

cycling induced volume changes 

6. Chemical compatibility with anode and cathode  

7. Thin ï to minimize the internal resistance for power and minimize added 

mass/volume for gravimetric/volumetric energy density 

8. Processible and manufacturable ï for high throughput manufacturing of full cells 

in industrial production lines 

9. Environmentally benign, inexpensive - for environmentally safe and lower cost 

battery pack 

10. Non-Volatile and low glass transition temperature (Tg)- to avoid flammability and 

increase ion mobility at low temperatures. 

 

2.2  Types of Polymer Electrolytes 

SPEs can be categorized into two different classes based on their sources and 

origins: (i) synthetic; and (ii) natural. Some natural PEs widely explored are chitosan 

[(6)18-20], rice starch [(6)21,22] and corn starch [23-28]. SPEôs can also be characterized 

into three different classes based on their physical state and composition: (1) un-plasticized 

or solvent free dry solid polymer electrolytes; (2) plasticized or gel polymer electrolytes; 

and  (3) composite polymer electrolyte. Last, SPEs can either have dissolved salts, where 
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they are bi-ionic conductors, or the anion can be attached to the polymer backbone and for 

polymer single ion conductors (SICs). 

 

2.2.1  Dry Solid Polymer Electrolytes 

SPEs are generally developed by the dissolution of lithium salts in a polymeric 

matrix to provide ionic conductivity. The lithium salts are dissolved via complexation 

between the Li ion and strong electron donor of the polymer backbone. The electron donor 

group on the polymer backbone is involved in solvation with the cation component of the 

dopant salt facilitating ion separation, leading to the ion hopping mechanism that generates 

ionic conductivity7. The most extensively studied dry solid polymer electrolyte is 

polyethylene oxide (PEO). A typical composition PEOnLiX  (X = anion) investigated for 

battery applications is n (the ratio of EO monomer units to Li ions) ranging from 10 to 20. 

The optimum value of n depends on the application, most importantly the temperature of 

operation.  

 

The lithium salt is a major component of the polymer electrolyte. The criteria that 

would determine which lithium salt to use (i.e which anion X) are mainly those that would 

account for the solubility of the salt in PEO. Thus, X is preferably a large single charged 

and soft anion with highly delocalized charge such as ClO4
- or N(SO2CF3)2

-  in order to 

limit ion pairing8. The most widely used lithium salts in polymer electrolytes are LiClO4, 

LiBF4, LiPF6, LiAsF6, LiCF3SO3 (abbreviated as LiTf), LiN(CF3SO2)2 (abbreviated as 
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LiTFSI) etc. The mobility of the anions in the most commonly used lithium salts and their 

dissociation constants are in the following order:9 

Mobility of ions: LiBF4 > LiClO4 > LiPF6 > LiTf > LiTFSI 

Dissociation constants: LiTFSI > LiAsF6 > LiPF6 > LiClO4 > LiBF4 > LiTf  

Polymer matrices other than PEO such as polypropylene oxide (PPO)10ï13, 

poly[bis(methoxy-ethoxy-ethoxy)phosphazene] (MEEP)14ï17, polysiloxane (Psi)18ï24,17ï19, 

polyethylene imine (PEI)28,29 etc., have also been extensively studied by the researchers 

over the years. The ionic conductivities of some typical dry-SPEs are listed in Table 1.3. 

The ion transfer in a typical ion-coupled system such as a dry-SPE is decided by two 

factors: one is the proportion of the amorphous phase in the polymer matrix and the other 

is the Tg.  The most widely accepted theory is that the ion transport in a dry-SPE is assisted 

by the continuous segmental motion of chains in the amorphous regions of the polymer 

host above the Tg. In SPEs there is a trade-off between ionic conductivity and mechanical 

properties. An increase in the amorphous phase in the polymer host increases the ionic 

conductivity but it would decrease the mechanical strength since the mechanical strength 

of the SPE system is related to the movement of polymer chain and decreases below Tg.  

 

In order to synthesize polymer electrolytes with high ionic conductivity and 

simultaneously high mechanical strength several approaches have been proposed. These 

include blending of polymers, cross-linking, and co-polymerization. Blend PEs are 

prepared by mixing two or more kinds of molecular chains. Generally, blended polymer 

electrolytes would have one polymer that is amorphous with a low Tg to assist in lithium 



[56] 

ion migration for high conductivity and the other polymer would have a high Tg or high 

crystallinity to provide mechanical strength. Tanaka et al29 prepared a polymer blend 

comprised of PEO and polyethylene imine (PEI) (Tm = 73ï75 °C) with an ionic conductivity 

of ů ~ 10-4 S/cm at room temperature with a composition of [(8:2) PEO/PEI ï LiClO4). Cross-

linking of polymers is another approach to increase the conductivity without compromising 

the mechanical strength. Archer et al.30, in 2014 reported a cross linked 

polyethylene/polyethylene oxide (PE/PEO) SPE with both high conductivity 1.6 x 10-4 

S/cm at 25oC and high mechanical strength that was sufficient to suppress dendrite growth. 

  

2.2.2  Plasticized or Gel Polymer Electrolytes 

Although unplasticized SPEs have shown promising ionic conductivity values, 

these values were only achieved at elevated temperatures (>70oC). The conductivities are 

not sufficient to deliver appreciable battery performance at ambient temperature. Several 

different strategies have been conceived, executed and employed over the past few decades 

for developing alternative flexible polymeric ion conductors that would have high ionic 

conductivities at room temperature. The main research effort has focused on gel polymer 

electrolytes (GPEs), also called plasticized polymer electrolytes31,32ï34.  In GPEs, a polymer 

matrix is softened by addition of a certain amount of liquid plasticizer (organic liquid) most 

often a carbonate and the electrolytes are uniformly mixed to form a pseudo single phase. 

The concept of introducing a liquid plasticizer into the polymer matrix was first proposed 

by Feuillade and Perche in 1975, who studied the process of plasticizing a polymer matrix 

with an aprotic solution containing an alkali metal salt35. 
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For practical applications, a GPE should possess the properties of good mechanical 

strength, capability to hold large amount of liquid electrolyte, high ionic conductivity, high 

lithium ion transference number and electrochemical stability towards both electrodes . A 

variety of polymer matrices were extensively studied as frameworks in gel polymer 

electrolytes, such as PEO36ï38, polyvinyl chloride (PVC)39,40, polyacrylonitrile (PAN)41,42, 

poly(methyl methacrylate) (PMMA)43,44, polyvinylidene fluoride (PVDF)45ï47, poly-

(vinylidene fluoride hexafluoropropylene) (PVDF-HFP) copolymer etc. Table 2.1 reveals 

the structures and physical properties of commonly used polymer matrices for GPEs.  

 

The GPE using PEO as the polymer matrix is the most commonly studied because of its 

high solvating power for Li salts and excellent compatibility with the Lio electrode. The 

effects of various plasticizers, such as PEG, poly(ethylene glycol)monomethyl ether 

Table 2.1. Molecular formulas and physical properties of commonly used polymer 

matrices, reproduced with permission from [5] 
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(PEGME), and poly(ethylene glycol)dimethyl ether (PEGDME) were examined to 

improve the ambient temperature ionic conductivity of PEO-LiTf systems48. 

 

Yamamoto et al.49 reported PEO-LiTFSI electrolytes with PEGDME as a 

plasticizer. The ionic conductivity was enhanced from 1.3 x 10-4 S cm-1 to 3.8 x 10-4 S.cm-

1 at 60oC with the use of 18 wt% of PEGDME as plasticizer (entry 1). Mellander et al. did 

a systematic study on the effect of EC or PC as plasticizers on the conductivity of PEO-

LiTf electrolyte systems. The ionic conductivity increased with increasing amount of 

plasticizer. The (PEO)9LiTf complex yielded an ionic conductivity of 9.0 x 10-4 S cm-1 with 

EC50(entry 2) and 5.2 x 10-5 S cm-1 (entry 3) with PC at 60oC in the presence of 50% 

plasticizer50 

 

A mixture of EC and PC was also used as plasticizer in the PEO-based electrolyte50ï

53. Nan et al.53, prepared polymer electrolytes composed of PEO and (PVDF-HFP) as host 

polymer with LiClO4 as the salt and plasticized by a mixture of EC and PC. The polymer 

electrolyte so obtained had high ionic conductivity (1.25 x 10-3 Scm-1) and good 

mechanical stability (entry 4). Li et al.54 prepared a hybrid GPE based on PVDF/PEO 

nanofibrous membrane using electrospinning technology. The membrane was activated by 

dipping in 1M LiPF6 in EC/PC/DMC (1:1:1, v/v/v). The PVDF provided mechanical 

support while the PEO assisted in having good ionic conductivity by the segmental motion 

of the chains. The maximum ionic conductivity of the prepared hybrid was 4.8 x 10-3 S cm-

1 at room temperature (entry 5). Kuo et al.55 synthesized a PAN-interpenetrating cross-
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linked PEO network as a GPE, which achieved excellent electrolyte uptake amount and 

electrolyte retention. The GPE so obtained was termed as XANE. XANE showed 

significantly higher ionic conductivity than that of commercial separator due to decreased 

PEO crystallinity. The existence of PAN in XANE resulted in high mechanical stability 

(entry 6).  

Table 2.2. Selected examples of gel polymer electrolytes with different polymer host and 

plasticizers 

 

 

PVDF is the other most widely used polymer for LIBs due to its favorable properties such 

as high dielectric constant (Ů = 8.4) that can produce greater ionization of Li salts, thereby 

providing a high concentration of charge carriers by dissolution of Li+ inside the polymer 

Entry Polymer Matrix Li Salt Plasticizer/ 

Liquid 

electrolyte 

 

ʙ (S.cm-1) tLi
+ 

1 PEO LiTFSI PEGDME 3.8 x 10-4 (60oC)     - 

2 PEO LiTf  EC 9.0 x 10-4 (60oC)     - 

3 PEO LiTf  PC 5.2 x 10-5 (60oC)     - 

4 PEO-(PVDF-HFP) LiClO4 EC and PC 1.25 x 10-3 (RT)     - 

5 PVDF-PEO LiPF6 1M LiPF6 in 

EC/PC/DMC 

4.8 x 10-3  (RT)     - 

6 PAN-PEO LiPF6 1M LiPF6 in 

EC/PC/DEC 

8.21 x 10-3 (RT)     - 

7 PVDF LiPF6 1M LiPF6 in 

EC/DMC 

0.5 x 10-3 (RT) 0.24 

8 PVDF + graphene LiPF6 1M LiPF6 in 

EC/DMC/EMC 

3.61 x 10-3 (RT) 0.59 

9 PVDF + LiPAAOB LiPF6 1M LiPF6 in 

EC/DMC/EMC 

0.35 x 10-3 (RT) 0.58 

10 PVDF + HEC+ 

PVDF 

LiPF6 1M LiPF6 in 

EC/DMC/EMC 

0.88 x 10-3 (RT) 0.57 

11 PVDF/MC/PVDF LiPF6 1M LiPF6 in 

EC/DEM/EMC 

1.5 x 10-3 (RT) 0.47 

12 PEO LiTFSI BMImTFSI 3.2x 10-4 (RT)    - 

13 PEO LiTFSI PYR24TFSI 2 x 10-5 (RT)    - 
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matrix56,32. The first investigation of a GPE based on PVDF was reported by Watanabe et 

al. in 1981, where a homogeneous hybrid film was prepared with a Li salt, with EC and/or 

PC as plasticizers in appropriate proportions57. Fasciani et al.58, prepared a PVDF based 

GPE by simply dissolving PVDF in EC:DMC (1:1, v/v) under ambient conditions to obtain 

a homogenous solution. The corresponding GPE exhibited good ionic conductivity of 0.5 

x 10-3 at room temperature (entry 7). Liu et al.59 prepared a PVDF/graphene GPE obtained 

via a non-solvent induced phase separation technique. The thus obtained membrane was 

soaked in EC/DMC/EMC (1:1:1, v/v/v) solution containing 1M LiPF6.The ionic 

conductivity increased significantly to 3.61 x 10-3 S cm-1 in a GPE with PVDF and  0.002 

wt% graphene,  compared to the conductivity of GPE with pristine PVDF 1.85 x 10-3 S cm-

1 (entry 8). Zhu et al. 60 developed a composite membrane based on poly(vinylidene 

fluoride) (PVDF) and lithium polyacrylic acid oxalate borate (LiPAAOB) exhibiting high 

safety (self-extinguishing) and good mechanical properties. The ionic conductivity of the 

GPE saturated with 1M LiPF6 electrolyte at ambient temperature was 0.35 x 10-3 S cm-1, 

which is higher than that of the commercial separator (Celgard 2730), 0.21 x 10-3 S cm-1. 

The lithium ion transference number in the GPE at room temperature was tLi
+ = 0.58, twice 

that in the commercial separator (tLi
+ = 0.27). The electrospun PVDF ensures good 

electrolyte uptake and LiPAAOB with its virtue of being a single ion conductor ensures 

good tLi
+ number by decreasing the concentration polarization. The composite GPE 

exhibited good electrochemical performance with LiFePO4 cathode (entry 9). Zhang et al.61 

designed a GPE with a sandwiched structure based on PVDF/hydroxyethyl cellulose 

(HEC)/PVDF. The GPE exhibited an ionic conductivity of ů = 0.88 x 10-3 S cm-1 and tLi
+ 

of 0.57 at room temperature after activation with 1M LiPF6 in EC/EMC/DMC (1:1:1, 
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w/w/w). The higher tLi
+ is associated with the special structural design of the sandwiched 

GPE (entry10).  

 

Clean energy storage has been the focus of current research and has led to more 

environmentally friendly production of LIBs. However, well-known polymers for GPEs. 

including PEO, PAN, PVDF, and PMMA, are all derived from the petroleum products and 

are nonbiodegradable, which will generate new environmental waste as the LIBs are 

discarded62. Therefore, biodegradable polymers have attracted a lot of interest as 

alternative polymer hosts for GPEs. Cellulose and its derivatives have drawn considerable 

attention due to their outstanding properties, such as biocompatibility, biodegradability, 

chemical stability, and good mechanical strength and thermal stability63. Different kinds of 

cellulose such as nanocrystalline cellulose (NCC), cellulose nanofibrils (CNF), bacterial 

cellulose (BC) and cellulose derivatives such as cellulose acetate (CA), methyl cellulose 

(MC), hydroxyethyl cellulose (HEC), carboxymethyl cellulose (CMC) have been used as 

hosts for GPEs64. 

 

Methylcellulose (MC) is one of the most important commercial cellulose ethers and 

it has been used in many industrial applications. MC is the simplest cellulose derivative, 

where methyl groups (ïCH3) substitute the hydroxyls at C-2, C-3 and/or C-6 positions of 

anhydro-D-glucose units and possess amphiphilic properties (Figure 2.2)65,66. Methyl 

cellulose (MC) with its virtue of forming thermo-reversible gels with very high mechanical 

properties in water and dimethyl formamide (DMF) solutions, is regarded as a good 
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polymer host for GPEs67. The GPEs described in the later 

chapters in this thesis have MC as the polymer host. 

 

 

  

 

Xiao et al.68 prepared a GPE from an aqueous solution of MC by casting that had 

an ionic conductivity (2 ×10ī4 S cmī1). The Li ion transference number for the GPE 

prepared using MC was better than that of the commercial separator. However, poor cycle 

efficiency and rate performance of the Li battery were obtained due to the residual hydroxyl 

groups in the MC. To overcome this limitation a GPE based on cellulose as polymer host 

was reported by Xiao et al69.  It used a simple coating of PVDF on both surfaces of methyl 

cellulose (MC) to form a sandwich structure. The GPE based on PVDF/MC/PVDF 

structure had an ionic conductivity of 1.5 × 10ī3 S cmī1 at 25 °C, a lithium transference 

number of 0.47, and a stable electrochemical window up to 4.8 V vs Li/Li+ after activation 

by immersion in 1 M LiPF6 in EC/DEM/EMC (1:1:1, w/w/w) (entry 11). Stable cycling 

behavior with this PVDF/MC/PVDF separator and a LiFePO4 cathode indicated good 

compatibility with the cathode. Liôs group injected a MC solution into a nonwoven fabric 

to provide support for the GPE70. The resulting GPE not only had excellent mechanical 

properties, but also displayed good electrochemical performance.  Zhu et al.63 prepared a 

porous GPE from carboxymethyl cellulose (CMC). Although the porous CMC-based GPE 

resulted in relatively lower ionic conductivity of approximately 4.8 × 10ī4 S cmī1 at 25 °C 

and low electrolyte uptake for only 75.9 wt %, it showed a high lithium transference 

Figure 2.2. Repeating unit of 

methylcellulose: ïOH or ïOCH3 at 

positions 2, 3 and 6 of the anhydro-D-

glucose 
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number up to 0.49. Interestingly, the HEC based GPE formed a dense membrane without 

evidence of pores, although it also showed electrolyte uptake of up to 78.3 wt %, an ionic 

conductivity of 1.8 × 10ī4 S cmī1 at 25 °C, and a lithium transference number of 0.48 after 

activation with 1 M LiPF6 in EC/DMC/EMC (1:1:1, w/w/w), which is close to the 

performance of the CMC-based porous GPEs71. Biodegradable poly-Ů-caprolactone (PCL) 

was also used as a polymer host and a GPE for zinc batteries. It was prepared by Sownthari 

and Suthanthiraraj via solution casting of PCL and zinc triflate [Zn(CF3SO3)2]
72, and had 

an ionic conductivity of 8.8 × 10ī6 S cmī1 and electrochemical window stable up to 3.7 V 

at 25 °C. The BC-based GPE was prepared through an ecofriendly fast freeze-drying 

method that does not involve any toxic or costly solvents. After activation by immersion 

in 1 M LiPF6 in EC/DMC (1:1, v/v) liquid electrolyte, the BC-based GPE exhibited an 

ionic conductivity of 4.04 × 10ī3 S cmī1, a lithium transference number of 0.514 at 25 °C, 

and a reversible capacity of 75.2 mAh gī1, and maintained stable cycling at a high rate of 

9 C, which indicates that the BC-based GPE is suitable for fast-charging LIBs73. 

 

In spite of the promising results, GPEs with organic solvents suffer from some 

relevant drawbacks. From the point of the view of commercial use, the most prominent of 

all the limitations is related to the use of organic carbonates as plasticizers, which have 

high flammability and high vapor pressure that can lead to hazardous explosions in the case 

of local overheating (thermal runaway). Therefore, a GPE with high thermal stability and  

high safety is required to be used in energy storage devices that are operated at elevated 

temperatures in applications such as electric vehicles. The general method to improve the 

thermal stability is introduction of different kinds of inorganic/organic fillers with high 
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thermal stability or by the incorporation of lithium doped plasticizers/liquid electrolytes 

having high thermal stability such as ionic liquids (Table 2.3)74.   

  

Ionic liquids (ILs) are salts or mixture of salts that melt near or below room 

temperature. In particular, those salts which are liquid at room temperature are named 

ñRoom Temperature Ionic Liquidsò (RTILs). Significant interest has been shown in the 

use of RTILs as replacements for the organic solvents used in lithium battery electrolytes 

due to their combination of critical properties for electrolytes such as high chemical and 

thermal stability, non-flammability, negligible volatility, high ionic conductivity and 

exceptional electrochemical stability toward lithium metal.75ï78  

 

Typically, ILs are comprised of a bulky organic cation and a large delocalized 

anion. The cation is based on linear amines, as in the case of quaternary ammonium [R4N]+, 

or cyclic amines which can be aromatic (pyridinium, imidazolinium) or saturated 

(pyrrolidinium, piperdinium, morpholinium). The anion may be inorganic as PF6
-, BF4

- , 

Table 2.3. Physical properties of chemicals frequently used as plasticizers in polymer 

electrolytes, reproduced with permission from [74] 
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AsF6
- or more frequently organic such as cyanide, perfluoro(alkyl-sulfonyl) imides (TFSI-

, BETI-), or perfluoroalkyltrifluoroborates ([RFBF3]
-)79,80. In most cases, the investigated 

ionic liquid electrolyte would contain the same anion in both the Li salt and ionic liquid. 

This is because the solubility of a Li salt in the ionic liquid is much higher when the same 

anion is incorporated than in systems with different anions81. Recently, Passerini et.al. 

proposed the incorporation of  RTILs into polymer electrolytes to overcome the inherent 

limitations to the ionic conductivities of dry-SPEs82. They studied a series of  RTILs 

containing pyrrolidinium-based cations and TFSI anions.83ï90  The GPEs obtained by 

incorporating RTIL into polymer matrix are often referred to as ñIongelsò or ñIonogelsò. 

The most commonly used RTILs for polymer electrolytes are PYR13TFSI (1-propyl-1-

methyl-pyrrolidinium bis(trifluoromethanesulfonyl) imide and PYR14TFSI (1-butyl-1-

methyl-pyrrolidinium bis(trifluoromethanesulfonyl) imide (Figure 2.3). Passerini et.al 

systematically studied the properties of PEO-LiTFSI electrolytes with the incorporation of 

RTIL, PYR13TFSI82,87,89,91. They found that the systems showed two orders of magnitude 

increase in conductivity at room temperature compared to the polymer electrolyte systems 

without RTIL.  

 

Another type of RTIL containing a 1-alkyl-3-methylimidazolium cation were also 

widely explored as plasticizers for polymer electrolytes. The molecular structures of most 

commonly used RTILs with this cation group, namely 1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl) imide (EMImTFSI), 1-propyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl) imide (PMImTFSI), 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl) imide (BMImTFSI) are shown in (Figure 2.3).  
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Ahn et al.75,92, compared the electrochemical properties of PEO-LiTFSI electrolyte 

by incorporating the BMImTFSI ionic liquid. The ionic conductivity of the polymer 

electrolyte increased with increase of ionic liquid content and reached a value of 3.2x10-4 

S/cm at room temperature (entry 12). Hassoun et al.93 reported an electrolyte consisting of 

PEO-LiTFSI plasticized by N-butyl-N-ethylpyrrolidinium-bis(trifluoromethanesulfonyl) 

imide (PYR24TFSI) and SiO2 filler. The presence of the ionic liquid and filler provided 

good cell performance and good ionic conductivity over a wide range of temperature (entry 

13).  

 

Figure 2.4. Structure of the SIL with equimolar mixture of tetraglyme (G4) and LiTFSA  

 

 

Figure 2.3. Molecular structures of some commonly used Ionic Liquids, 

reproduced with permission from [5] 
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The major drawback with the RTIL incorporated GPE is the poor lithium ion 

transference numbers, limiting high rate performance. Furthermore, the RTILs are highly 

expensive due to the lack of existing large-scale production, limiting their practical 

applicability. Recently, glyme-lithium bis(trifluoromethanesulfonyl) amide (Li[TFSA]) 

complexes referred to as solvate ionic liquids (SILs) were shown to exhibit RTIL like 

properties and were proposed as an alternative solution to overcome the bottlenecks 

associated with RTILs. SILs are basically equimolar mixtures of a glyme and a Li salt94,95. 

Glymes, which have the chemical structure CH3-O-(CH2-CH2-O)n-CH3 can coordinate 

with Li+ cations to form a 1:1 complex of [Li(Gn)]+ when n is either 3 or 4. Recent 

theoretical work suggested that an n of 3 or 4 is suitable for equimolar complexation94ï97, 

with a coordination number of Li+ typically as 4-598 (Figure 2.4).  

 

With SILs, the stability of the complex cation dictates the electrolyte properties 

such as thermal stability, electrochemical oxidative stability, and ion transport 

properties95.SILs  [Li(G3 or G4)][TFSA], possess similar properties of typical aprotic 

RTILs such as a low vapor pressure, non-flammability and high ionic conductivity > 

1mS/cm at room temperature. In addition, the Li+ ion concentrations in the SILs are as high 

as ca. 3 mol dm-3.  Furthermore, [Li(G3 or G4)][TFSA] possess a high lithium transference 

number (tLi
+) of 0.5-0.695, compared to the RTILs with tLi

+ of 0.199ï101. Moreover, [Li(G3 

or G4)][TFSA] complexes possess a high oxidative stability of up to 4.5V vs Li/Li+  and 

when used as electrolytes in a 4V class LIBs have demonstrated stable operation97. The 

GPE obtained by incorporating SILs into polymer hosts are referred to as ñsolvate iongelsò 
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or ñsolvate ionogels liquid electrolyte withò (SIG). However, while examples of RTIL 

iongels are plentiful, there have been only a handful of recent reports on SIGs102ï107. The 

conductivities of the SIGs reported are in the range of 0.1ï1mS cm-1 at room temperature, 

similar to other state-of-the-art solid electrolytes but 1ï2 orders of magnitude below liquid 

electrolytes, while the reported tLi
+ are higher than the RTIL iongels.  

 

Flexible and/or wearable electronics will be an important key technology in the 

next industrial revolution and has sparked the imaginations of many researchers in recent 

years.  Flexible energy storage devices play a pivotal role in the advancement of such 

wearable/flexible technologies such as ñsmartò textiles, electronic skins, implantable 

devices, large displays, and mobile devices. Self-healing materials are inspired by human 

skin that can spontaneously heal damage. These new materials play a crucial role in the 

development of flexible energy storage devices. Self-healing polymer materials have 

attracted a lot of interest in the fabrication of flexible energy storage devices such as 

flexible/stretchable batteries due to the ease of fabrication of polymeric materials.  In these 

self-healing materials, the healing mechanism is based on the reversible formation of weak 

chemical bonds between polymer chains. These bonds include dynamic non-covalent 

bonds108ï110 and dynamic covalent bonds111ï117. In the former case, the healing process in 

the supramolecular assembly consists of dynamic non-covalent interactions such as 

hydrogen bonding, electrostatic cross-linking, metal coordination bonding and others. The 

latter case includes many types of dynamic covalent bonds such as those formed using the 

DielsïAlder reaction,117ï119 disulfide linkages,120 acylhydrazone,121 ester,115,122,123 
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olefin,114 and imine,112,113,124,125 all of which are feasible for the development of such 

intrinsic self-healing materials.  

 

Despite extensive studies on self-healing materials, only a few PEs have been 

developed for use in lithium batteries that utilize self-healing processes, due to the 

challenge of designing multifunctional materials that possess both good self-healing 

properties and good lithium ion-conductivity. Introducing a dynamic hydrogen bonded 

crosslinked network into a PE matrix is a feasible synthetic strategy.108,126ï129 Yang et al. 

prepared a physically cross-linked hydrogel via hydrogen and dual metal-carboxy late 

coordination bonds. The obtained hydrogel showed good mechanical strength and self-

healing properties.130 Wei and co-workers synthesized a highly stretchable and self-

healable hydrogel. The resulting hydrogel exhibited high robustness and good 

cohesiveness due to electrostatic interactions.131 Relative to hydrogels and organogels, ion 

gels and solvate ion gels exhibit unique characteristics such as high ionic conductivity, 

high chemical and thermal stability, nonvolatility, and nonflammability, all of which can 

be attributed to the intrinsic properties of ILs and SILs.  Watanabe et al. synthesized an ion 

gel based on a block copolymer. The ion gel formed via multiple hydrogen bonds and 

showed self-healing at room temperature without external stimuli after 3 h.132 Recently, 

DôAngelo et.al., synthesized a series of fully zwitterionic (f-ZI) polymer scaffold-

supported solvate ionogels via UV initiated free-radical (co)polymerization of two 

zwitterionic monomers, 2-methacryloyloxyethyl phosphorylcholine (MPC) and 

sulfobetaine vinylimidazole (SBVI),  with the solvate ionic liquid [Li(G4)][TFSI]. This 
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new class of Li+-conducting solvate ionogel electrolytes demonstrated good room 

temperature Li+ conductivity, high stretchability, and a capacity to self-heal.133  

 

Polymer materials with highly dynamic and interchanging boronic ester linkages 

present another effective approach for achieving self-healing materials. Recently, Jing 

et.al., developed a SPE with PEO networks containing dynamic boronic ester cross-links 

that upon addition of LiTFSI exhibit conductivities that exceed 10ī4 S/cm. The SPE 

demonstrated good self-healing capacity with maximum recovery of conductivity and 

rheological properties following damage and could be dissolved in water to recover the 

starting monomers. These dynamic network SPEs are a promising platform for recyclable, 

healable electrolytes in Li-ion batteries.134 Jiang et al. prepared a hydrogel based on a 

agarose/PVA double network via a dynamic boronic ester bond. As a result, the hydrogel 

possessed ultrafast self-healing properties even in the water.135 The inclusion of borate 

linkages has the additional advantage of acting as anion trapping sites that decrease the 

anion mobility and thereby eventually increase the lithium ion transference number, so that 

the electrolyte would approach being a single-ion conductor. There are several studies of 

GPEs which increase the lithium ion transference number by inclusion of borate linkages 

as anion trapping agents.136ï138 Thus, the incorporation of borate linkages into the polymer 

framework and infiltrating the polymer matrix with RTILs or SILs resulting in high 

transference number iongels or solvate iongels, with high thermal stability and self-healing 

properties would be an exciting prospect for new gel electrolytes.  
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2.2.3  Composite Polymer Electrolytes (CPEs)  

Both SPE and GPE are not perfect candidates for applications in lithium-based 

batteries, due to fundamental issues associated with them as discussed in the above 

sections, i.e., low ionic conductivity of SPEs and poor mechanical properties of GPEs. 

Much research effort has been put towards finding practical solutions for having an 

electrolyte with desired ionic conductivity and mechanical properties. One plausible 

approach proposed was preparing a composite comprised of a filler (usually an inorganic 

moiety) dispersed in the polymer matrix, referred to as a Composite Polymer Electrolyte 

(CPE). In the CPE, each component retains its own properties and the properties of the 

composite depends on the properties of individual components (filler and polymer matrix) 

and on the interactions between them.  

 

The inorganic fillers employed can be either non-ionically conductive (passive) 

fillers or ionically conductive (active) fillers. Extensive studies were carried out on 

incorporating passive micro or nanoparticles fillers with SPEs to simultaneously enhance 

ionic conductivity and improve mechanical strength. In 1982, Weston and Steele  reported 

for the first time a PEO based CPE. The mechanical properties and ionic conductivity of 

(PEO)8LiClO4 were significantly improved by doping with an inert filler (a-alumina, a-

Al 2O3). Since then, several non-ionically conductive nanoparticles such as Al2O3, SiO2, 

TiO2, MgO, ZnO, ZrO2, Li2O etc., have been used in preparing CPEs. Additionally, 

ferroelectric ceramic fillers  such as BaTiO3, PbTiO3, LiNbO3 and SrBi4Ti4O15 have also 

been incorporated with PEO based SPEs.139,140 The enhancement in conductivity by the 

addition of the passive filler was proposed to be mainly due to the reduction in the 

crystallinity of the polymer matrix.141 Other studies also suggested that the presence of 
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surface groups on the nanoparticles could also enhance the conductivity by promoting local 

structural modification which would eventually result in an increase of the free Li ion 

concentration. 142 

 

Inorganic solid electrolytes (ceramics), also named as fast ionic conductors , 

discussed in much detail in the section 2.4.1, possess high ionic conductivity values up to 

10-2 S cm-1 at room temperature together with anti-flammable properties, have attracted 

extensive interests in recent years to be used as fillers.143,144 Many studies have been 

conducted on incorporating these active fillers in SPEs to synergistically combine the 

beneficial properties of both inorganic solid electrolytes (high ionic conductivity and 

strength) and SPEs (good interfacial properties and flexibility).145 Various kinds of fast 

ionic conductors have been used in CPEs, including garnet type (e.g., Li7La3Zr2O12 

(LLZO)), NASICON-type (e.g., Li1.5 Al 0.5Ge1.5(PO4)3), and sulfides (e.g., 

Li 10GeP2S12).
146,147 Among them, LLZO shows an ionic conductivity of 10-4 S cm-1 at room 

temperature with superior stability toward Li metal.148   Chen et al. prepared a series of 

CPEs with varied ratios of PEO-LiTFSI and LLZO ranging from a PEO polymer matrix 

containing ceramic particles (ceramic-in-polymer) to a PEO polymer with binder (PEG) in 

ceramic electrolyte (polymer-in-ceramic).149  All the CPEs prepared exhibited high ionic 

conductivity up to 10-4 S cm-1 at 55oC, electrochemical stability up to 5 V versus Li/Li+, 

and excellent cycling performance in all-solid-state Li/LiFePO4 cells at 55oC. The 

óóceramic-in-polymerôô electrolyte with greater flexibility and lower cost was more suitable 

for small-scale energy storage devices, while the óópolymer-in-ceramicôô electrolyte with 
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higher mechanical strength and safety was more appropriate for large-scale batteries and 

EV application. 

 

2.3  High Lithium T ransference Number Electrolytes (HTNEs)  

Conventional electrolytes are based on binary lithium salts and stabilizing additives 

dissolved in a mixture of carbonate liquid solvents. The current liquid electrolytes offer 

high lithium conductivity across a wide temperature range (~1-10 mS/cm) and have well 

dissociated ions with solubility > 1M Li+ and have been successfully commercialized for 

many years. Although the current commercial liquid electrolytes are successful, they suffer 

from several drawbacks of which one of the key issues is their low Li+ transference number 

(tLi
+< 0.5), indicating that the majority of the total ionic conductivity is in fact the result of 

anion motion. This low tLi
+ is due to strong preferential solvation of Li+ over its counterion, 

resulting in a bulky solvent shell around the Li+ compared to that of anions.150 Within a 

LIB or LMB, anions tend to migrate in the opposite direction of the lithium ions and 

eventually accumulate at the electrode surface, resulting in the buildup of a concentration 

gradient. This concentration gradient affects the rate at which the battery may be charged 

or discharged, limits the operating voltage of the cell by creating a concentration 

overpotential and limits the thickness of the electrodes that may be used, all of which 

cumulatively results in the limitation of the power and energy density of the cell. All of 

these limitations could be substantially alleviated if a high tLi
+, high ů electrolyte is used.  
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2.4 Strategies Towards Development of High Transference Number Electrolyte 

Different strategies for designing electrolytes in which the Li+ transference number 

approaches unity (tLi
+ = 1) have been pursued with great interest since 1985. The 

approached include:  

(1) Lithium ion conducting ceramics that are effectively single ion conductors (SICs) 

since the anion lattice is immobile. 

(2) Polymer Single Ion Conductors (PSICs) 

(3) Non-aqueous solvent-filled ionomers  

(4) Liquid electrolytes ï with polymeric anions (nonaqueous polyelectrolyte 

solutions), highly concentrated electrolytes (ñsolvent-in-saltò electrolyte), and 

solutions containing nanoparticles with appended anions.  

 

2.4.1  Ceramic Based Single Ion Conductors 

Ion-conducting inorganic ceramics were considered for a very long time as possible 

electrolytes for an all solid-state battery. Among these ceramic materials, the most actively 

studied materials are garnet phase metal oxides, such as those based on the Li7La3Zr2O12 

structure151, lithium thiophosphate glasses, Li2S-P2S5,
152,153 and NASICON type 

conductors such as Li1+XAlXTi2-X(PO4)3
154. The recent development of new ceramic 

materials with exceptional conductivity (~ 25 mS/cm at room temperature), such as Li3OCl 

and Si/Cl- doped lithium thiophosphate glasses, has garnered substantial interest. Given 

that all the ion-conducting ceramics reported are expected to possess unity Li+ transference 

numbers, when combined with the virtue of having high ionic conductivity, they could 

easily improve cell energy densities when compared to the energy densities of a 
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conventional cell. Despite all the advantages of ceramic electrolytes, many challenges must 

be overcome for ceramic conductors to be potential battery separators. These challenges 

include their ease of processability and maintaining exceptional homogeneity, both of 

which are crucial to have energy densities and manufacturing costs that would be better 

than existing separators in Li-ion cells. Achieving these metrics will be a daunting task 

given the brittle nature of the ceramics. In an attempt to improve processability, organic-

inorganic composites are being explored, in which particles of inorganic materials are 

embedded in polymer matrix to ensure fast ion-transport via percolated inorganic particle 

networks.145,155,156 Apart from processability, another critical challenge with ceramic 

electrolytes is the high interfacial impedance in all solid-state cells, particularly at the 

interface between the porous cathode and the electrolyte. Therefore, future research efforts 

towards engineering interfaces to provide low, stable impedances during battery operation 

and to gain more deeper insights about these interfaces are warranted.  

 

2.4.2  Polymer Single Ion Conductors (PSICs) 

Generally, two approaches have been used to develop single ion conducting 

polymer electrolytes with reduced anion mobility. The first approach is to affix anions to 

the polymer backbone such that they are unable to move separately from the chain. The 

other approach is the addition of an anion receptor that preferentially interacts with anions. 

The former approach is the most widely practiced method in which the anions are 

effectively immobile and therefore, they are often referred to as being truly single ion 

conducting. Kobayashi et al. in 1985 reported the first neat SIC polymer, based on a 

methacrylate backbone having ethylene oxide and lithiated carboxylate side chains. 
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Thereafter, many other systems were studied with similar formulations to this original 

system, most often incorporating PEO either as the backbone or pendant side chain to act 

as a solvation medium. Recently, Bouchet et al157 synthesized a SIC polymer electrolyte 

via self-assembled polyanionic BAB triblock copolymers (P(STFSILi)-b-PEO-b-

P(STFSILi)) based on lithium poly-(styrene trifluromethanesulphonylimide) and a central 

linear PEO block. The polymer electrolytes exhibited high ionic conductivity 1.3 x 10-5 

S/cm, high tLi
+ exceeding 0.85, high mechanical strength and a wide electrochemical 

stability window up to 5V vs Li/Li+. Other systems incorporating a wide variety of 

chemistries were also studied including polyphospazenes158ï161, boron-containing 

polymers162,163 and siloxane polymers.164 Several recent reviews on polymer electrolytes 

provide insights into the wide variety of PSIC systems that have been attempted.4,164,165  

 

2.4.3  Solvent Infiltrated Ionomer Membranes 

Ionomer membranes are a promising class of SIC polymer-based electrolytes, in 

which charged polymers are formulated as a porous membrane and filled with liquid 

solvents to allow ion motion via solvation in the more mobile liquid phase. In the ionomer 

membranes the anions are fixed to the polymer backbone and the polymer motion is 

restricted either by crosslinking or entanglement, so that the transference number of the 

resulting membrane is unity. There are a wide variety of chemistries that have been 

explored, with conductivities that are comparable to that of the traditional liquid 

electrolytes166ï168. The key design parameter in these electrolytes is the dissociation of the 

affixed ionic species into the liquid phase since if there is not enough dissociation, the 

lithium ions must hop between ionic aggregates, which is unlikely unless the aggregates 
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are spatially close169. Recently, Lu et.al.168 synthesized an ionomer membrane by lithiating 

a sulfonated tetra-fluroethylene copolymer (Nafion), which provided both a rigid 

framework of interconnected pores and single-ion conducting electrolyte features. The 

ionomer membrane was swollen with non-aqueous solvents with different dielectric 

constants (PC, EC:DEC) and tetraglyme (TEGDME). The conductivity of the membrane 

was ~ 10-6.5 S/cm at room temperature using tetraglyme or with a mixture of EC:DEC, but 

when PC was used the conductivity improved to 10-4 S/cm. The high conductivity and high 

transference number of these electrolytes is therefore quite promising for future 

commercial applications.  

 

2.4.4  Single Ion Conducting Liquid Electrolytes 

Liquid electrolytes have considerable advantages over the solid electrolytes such as 

good wetting of the electrodes (especially the cathode) and high ionic conductivity due to 

facile movement of lithium ions in the liquid medium. There have been a few attempts to 

raise the transference number of liquid electrolytes. Archer et al. in 2013, suggested a novel 

method of slowing anion motion by tethering the anions to nanoparticles. This approach 

produced high transference number solutions with a conductivity of 10-4 S/cm at room 

temperature, limited by the dissociation of anions170. Another proposed approach is 

increasing the concentration of lithium ions in the electrolyte. Highly concentrated 

solutions, called ñsolvent-in-soluteò electrolytes have been used to increase the 

transference number. Suo et.al. in 2013, proposed ñsolvent-in-saltò electrolytes, which are 

comprised of a much larger volume of salt (e.g., LiTFSI) than liquid solvent. These 

electrolytes demonstrated a transference number around 0.7171.  The other approach that 
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has garnered much interest recently is the use of polyelectrolyte solutions to increase the 

transference number. This method was first proposed by Kreuer et al. where polyanions 

were dissolved in liquid solvent to create a high conductivity and high tLi
+ electrolyte172. 

Here, the polymer mobility and thus the anion mobility (since it is attached to the polymer 

backbone) is significantly lower relative to the lithium counterion mobility. Recently, 

Diederichsen et al. has done systematic studies on polyelectrolyte solutions for use in Li 

based and post lithium batteries. They have verified that this approach provides the ability 

to tune the transference number between 0.7 and 0.95, with conductivities reaching up to 

10-3S/cm at room temperature with minimal system optimization173. To create a 

polyelectrolyte solution for application in a LIB, the most important consideration is 

maximizing the ratio of the freely mobile lithium ions to polymer backbone. The 

polyelectrolyte solution presents the possibility of incorporating a HTNE directly into the 

current cells without any significant redesigning of the electrode formulations. 

 

2.5  Conclusions 

 Next generation battery technologies with high energy densities are touted to be 

possible by replacing intercalation graphite with lithium metal as anode, which opens the 

possibility to use conversion cathode materials such as sulfur and oxygen resulting in the 

increase of the energy density of the battery. The main limitation with the use of lithium 

metal anode is the extreme reactivity of the lithium and in-homogeneous deposition of 

lithium leading to the growth of dendrites which would cause short-circuit of the cell and 

fire-hazards under extreme thermal runaway scenarios. 
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The work presented in this thesis is along the lines of the couple of extensively 

studied options to stabilize the lithium metal for efficient cycling of lithium-based batteries. 

The third chapter discuss the work towards improving the lithium transference numbers, 

which is a major limitation associated with room temperature ionic liquid (RTIL) iongels. 

The research work presented in chapter 3  discusses a way to improve the transference 

numbers of RTIL iongel ,by using a multi-ionic lithium salt with large anionic groups. 

Chapter 4 discusses the work on preparing a solvate iongel with high moduli and ionic 

conductivity by incorporating solvate ionic liquid (SIL)  into methyl cellulose polymer 

host. The work presented in chapter 5 describes an approach to have single-ion conducting 

liquid electrolytes with high transference numbers and high ionic conductivities by using 

functionalized symmetric, multi-ionic polyhedral oligomeric silsesquioxane (POSS) with 

dissociative lithium salts dissolved in tetraglyme (G4), CH3-O-(CH2CH2O)4-CH3, to 

increase lithium ion transference numbers and avoid the formation of large ion clusters that 

trap the Li+ ions.  
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CHAPTER 3  

ENHANCEMENT OF  LITHIUM ION TRANSFERENCE NUMBERS IN IONIC 

LIQUID GEL SEPARATORS USING MULTI -IONIC LITHIUM SALTS  

 

 

3.1  Introduction  

Room temperature ionic liquids (RTILs) have recently been investigated for lithium 

and lithium ion battery (LIB) applications due to their nonvolatility and thus lack of (or 

much reduced) flammability and increased safety2-5. RTILs can have ionic conductivities 

of 10-2S/cm 6. In LIBs, the only electroactive species is the Li+ ion, which is transported 

between the anode and the cathode, and therefore a lithium salt, LiX (X- = anion), typically 

at 0.20 - 1 M concentrations, with the same anion as the RTIL is used, since the amount of 

dissolvable lithium is higher than in mixtures with dissimilar anions2. Disadvantages of 

RTILs and RTIL/LiX include higher viscosities7-9 and thus lower ionic conductivities10 

compared with commonly used aprotic electrolytes, with conductivity decreasing as the 

LiX concentration increases in the RTIL7-9. Further, RTIL/LiXs have low lithium ion 

transference numbers (tLi
+), the fraction of the charge carried by the electroactive Li+ ions, 

although tLi
+ increases with increased LiX concentration11 (and references therein). In 

LIBs, high values of tLi
+ are desirable to increase the power density of LIBs, while low 

values result in polarization in the electrolyte, and this gradient in ionic concentration can 

cause large internal resistances. Slow Li+ diffusion has been attributed to the strong 

coordination of the small Li+ cation to the anions, resulting in [Li(X)n]
(n-1)- aggregates12-16, 

with the mechanism of diffusion consisting not by a vehicular mechanism (where the Li+ 

ion moves with the whole coordination shell, in clusters of [Li(TFSI)n]
(n-1)-), but by a 

structure-diffusion mechanism (with disruption and formation of the coordination shells of 
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Li+ with TFSI anions16-18, and exchange of TFSI- ligands believed to be only in the first 

coordination shell of Li+)12, so that the lithium ion transference number (tLi
+) is low. 

Diffusion coefficients, measured by pulse field gradient NMR, of ionic liquid anions, 

cations, and Li+ cations all decrease as the mole fraction (x) of LiX increases, consistent 

with the conductivity decreases with increasing LiX10. Further, for LiX/RTIL mixtures, the 

diffusion coefficients decrease in the order Dcation > Danion > DLi+ 
7, 10-11, 16, 19.  

 

Nevertheless, the ionic conductivities of LiX/RTILs are greater than those of solid 

polymer electrolytes (SPEs) (< 10-5 S/cm), and lithium ion transference numbers in 

polymers such as polyethylene oxide (PEO)/LiX are also low (tLi
+ ~ 0.2). However, 

compared with liquid electrolytes, SPEs have advantages such as processability, ability to 

form thin, flexible films, and elimination of heavy containment materials that decrease 

gravimetric energy density. Therefore, when used in LIBs, it is preferable to incorporate 

the LiX/RTILs in the form of polymeric ion gels, with a view towards increasing the ionic 

conductivity of the polymer, maintaining sufficient mechanical strength to form flexible, 

thin membranes, but still retaining the safety advantages of SPEs when the liquid is a RTIL. 

Since a liquid is incorporated into the polymer, they are referred to as gel electrolytes, and 

when the liquid is a RTIL, they are often referred to as ion gels. The polymers in the 

RTIL/polymer/LiX systems that have been investigated include polyethylene oxide 

(PEO)20-23, and polyvinylindene fluoride (PVdF) or copolymers with hexafluoropropylene 

(PVdF-HFP)24-25. Ion gels have also been prepared by solvent-free in situ polymerization 

of (3-aminopropyl)triethoxysilane (APTES) in PEO/RTIL/LiX26, by UV crosslinking27, 

and using functionalized silica nanoparticles28. Other methods include bicontinuous 
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nanostructured polymer electrolyte membranes prepared by polymerization induced phase 

separation with components consisting of interpenetration and interpercolating 

bicontinuous domains of polyethylene oxide swollen with the RTIL/LiX, and highly cross-

linked polystyrene29.  

 

 This chapter discusses the work towards improving the lithium transference 

numbers of the ion gels by using lithium salt with bulky anionic groups. We have 

synthesized a new multi-ionic lithium salt (Figure 3.1), all cis[(Ph4Si4O4-(OR)4],  R = 

Si(CH3)2(CH2)3NHSO2CF3, referred to here as 4mer-(LiTFSI)4, and incorporated it into an 

ion gel composed of the RTIL (PYR14TFSI) and methyl cellulose (MC) as the gelator, with 

a view towards increasing tLi
+ and maintaining both high ionic conductivity and good 

mechanical properties in a solid electrolyte. These ion gels have been prepared using a 

method developed in our laboratory, in which gels are first formed using MC, N,N-

dimethyl formamide (DMF) and a RTIL (PYR14TFSI). After removal of the DMF, solid 

ion gels remain that contain as little as 3 wt% MC. The RTIL investigated here, 

PYR14TFSI, has a stability windows of about 6V, sufficient for use in LIBs6, with an imide 

anion, [N(CF3SO2)2
-], that is most effective at the formation of a solid electrolyte interface 

(SEI) layer, inhibits dendrite growth on Li metal30 and has the highest ionic conductivity 

when paired with the pyrrolidinium cation (PYR14)
31,  due to the highly electron-with-

drawing nature of the trifluoromethyl substituents and delocalization of the negative 

charge32. The large mass of the silsesquioxane moiety (MW 4mer-(LiTFSI)4 = 1270g/mol), 

with four of these pendant anions, is expected to have reduced mobility compared with the 

single TFSI- anion, thus decreasing its contribution to the conductivity, and increasing the 
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contribution of the Li+ cation. Further, hydrophobic as well as hydrogen bonding between 

MC, 4mer-(LiTFSI)4 and TFSI- are expected to make more Li+ cations available for 

conduction. 

                                     

 

3.2 Experimental Section 

3.2.1  Materials 

The 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

(C11H20F6N2O4S2, MW 422.41, CAS Number 223437-11-4, was used as received (Alfa 

Aesar). This compound will be referred to here as PYR14TFSI. In the literature, 1-butyl-

1-methylpyrrolidinium is also referred to as PYR14, P14 (where subscripts describe 

number of carbons in each alkyl substituent33), [BuMePy]+, [BMP], and [bmpyr]; and 

bis(trifluoromethylsulfonyl)imide is referred to as TFSI, TFSA, and [NTf2]. Methyl 

cellulose (MC) (Sigma-Aldrich, primary supplier DOW, METHOCEL A), average 

Figure 3.1. single crystal structure of Si8S4O16N4F12C48H72 = PhSi4O4[(Si(CH3)2-R)]4 with 

R = -CH2CH2CH2NHSO2CF3, presented as a thermal ellipsoid plot. Ellipsoids are shown 

at 30% probability. C atoms are shown as ball and stick models.  C-H hydrogen atoms 

omitted for clarity.   ǒcarbon; ǒoxygen; ǒfluorine; ǒsulfur; ǒnitrogen; ǒsilicon 
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molecular weight of 86,000, 27.5-31.5 wt% methoxy and a degree of substitution of 1.6-

1.9 mol methoxy per mol cellulose (as specified by manufacturer) was dried at 70oC in 

vacuum before use. Anhydrous dimethyl sulfoxide (DMSO) and dimethyl formamide 

(DMF) were purchased from Sigma Aldrich and further dried over molecular sieves 

before use. Lithium metal (0.75mm thick × 19mm wide) was purchased from Alfa-Aesar 

and stored in a desiccator inside an argon purged glove box. 

 

3.2.2  Characterization 

Differential Scanning Calorimetry (DSC) was obtained on a TA Instruments Hi-

Res DSC 2920 at 100C /min under N2. Except as noted, samples were scanned from 25 oC 

to 100 oC, 100 oC to -100 oC, and -100 oC to 100 oC, with the second heating scans reported.  

The glass transition temperature, Tg, was taken as the midpoint of the heat capacity (Cp) 

versus temperature plots. Thermogravimetric analysis (TGA)  data was obtained on a TA 

Instruments 2950 (TA Instruments, New Castle, DE), scanned from 25 to 800 oC at a rate 

of 10 oC/min under N2. Wide angle x-ray scattering (WAXS) data was collected using a 

Bruker AXS D8 Discover X-ray diffractometer under N2 purge. Dynamic Mechanical 

Analysis (DMA) of the blends was obtained with a TA Instruments DMA Q800 under N2 

purge. A pre-load force of 2.0 mN, a constant frequency of 1 Hz and a 15 µm amplitude 

were applied. Samples, ~ 12 mm length x 6.3 mm width x (0.01- 0.1mm) thickness, were 

equilibrated at -100 °C for 10 minutes. Measurements were taken from -100 °C to 250 °C 

with a heating rate of 2° C/min. Electrochemical Measurements: Ionic conductivities 

were measured by AC impedance spectroscopy using a Gamry 

potentiostat/galvanostat/ZRA (model interface 1000) in the frequency range from 0.01Hz 
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to 1 MHz. Control of the equipment was through Gamry framework software and data was 

analyzed with Gamry Echem analysis software purchased from Gamry. Temperature 

dependent conductivities were obtained in a homemade electrochemical cell34 (1 cm2 

stainless steel blocking electrodes) that was thermostatted in the oven of a cryogenic liquid 

N2 gas chromatograph (GC). The electrochemical cell was placed in the oven of a GC and 

annealed overnight at 90oC. Conductivity measurements were made on the cooling cycle 

and heating cycles (the resistances on the heating and cooling cycles were very close) and 

the heating cycles are reported. At each temperature above RT, the sample was equilibrated 

for about 30 minutes. Conductivities, ʙ (mS/cm), were obtained using ů = (l /A)Å(1/R), 

where l is the separator thickness in cm, A is the separator cross-sectional area in cm2 and 

R is the bulk resistance in mɋ. Interfacial resistance and lithium ion transport numbers 

(tLi
+) were obtained using the appropriate electrolyte film with symmetric nonblocking 

lithium electrodes at 60 oC. The interfacial resistance was measured under open circuit 

potential. The lithium ion transference number was obtained using the modified d.c./a.c., 

steady-state current method, which contains corrections for slow diffusion coefficients of 

the ionic species, slow electrode kinetics and passivation fi lms formed on the electrodes:26 

 

tLi
+ = I ss ЎV - Io Ro)/Io(Ўὠ  IsRss) 

 

or the same but multiplied by Rss/Ro (however, Rss ~ Ro).
27 A DC pulse (DV) of 10 mV was 

used to polarize the cell, and the initial current, Io, and resistance, Ro and final, steady state, 

Iss, Rss values measured. Io originates from the migration of both the anions and cations, 

while Iss is due to the migration of only the cations. Data was fi t to the appropriate 
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equivalent circuits using Echem analyst software. Linear sweep voltammetry was used to 

determine the electrochemical stability window of the 80/20 PYR14TFSI/MC/0.20M 4mer-

(LiTFSI)4 at 60 oC using a stainless steel working electrode and a lithium counter/reference 

electrode, and the voltage was swept from 0 to 7.0 V at a rate of 1 mV s-1.  

 

3.2.3  Materials and Methods 

3.2.3.1  Synthesis of 4mer-(LiTFSI)4 = PhSi4O4[(Si(CH3)2-R)]4 with R = -

CH2CH2CH2NLiSO2CF3 

The synthesis of the PhSi4O4[(Si(CH3)2-H)]4 (4mer-(SiH)4) has been described 

previously35. The synthesis of PhSi4O4[(Si(CH3)2-R)]4, R = -CH2CH2CH2NLiSO2CF3 is 

presented in Scheme A.1. The details of the synthesis of allyltrifluoromethylsulfonamide 

(1), the hydrosilyation of allyltrifluoromethylsulfonamide with 4mer-(SiH)4 to form 

PhSi4O4[(Si(CH3)2-R)]4, R =  = -CH2CH2CH2NHiSO2CF3 (2), and the conversion to the 

lithium salt (3) are presented in the Appendix A and Figures A.1-A.3. 

 

3.2.3.2  Preparation of PYR14TFSI /MC/4mer-(LiTFSI) 4 and 

PYR14TFSI/MC/LiTFSI Ion-gels   

Sample preparation and storage were done in a N2 or argon purged MBraun glove 

box. The preparation of the PYR14TFSI /MC/4mer-(LiTFSI)4 ion-gels is described in the 

schematic below (Scheme 3.1).  To prepare the PYR14TFSI/MC/4mer-(LiTFSI)4 ion-gels, 

calculated amounts of MC (2 wt/v %), 4mer-(LiTFSI)4 and PYR14TFSI were co-dissolved 

in DMSO at room temperature (RT). This solution was left stirring overnight in the glove 

box and the viscous solution cast on TeflonÊ plates. The DMSO was evaporated first at 

room temperature, then on a hot plate inside the glove box and finally in a vacuum oven at 
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110- 120 0C for ~ 48h to remove residual DMSO; no residual DMSO confirmed by TGA. 

The solutions did not gel as was observed when DMF was used as the solvent1, and the 

films only became more viscous as the DMSO was removed, until they solidified (upon 

complete removal of DMSO). Films with PYR14TFSI/MC = 60/40, 70/30, 80/20 and 90/10 

compositions were prepared with and without 0.20 M 4mer-(LiTFSI)4.  

 

 

 

For comparison PYR14TSI/MC/ 0.20 M LiTFSI ion-gels were prepared by co-

dissolution in DMF at 90oC and the same solvent removal procedure. However, in this case 

gel formation was observed1. The solution was cast onto TeflonÊ plates in the glove box, 

evacuated at room temperature (RT), removing most of the DMF, followed by heat 

Scheme 3.1. preparation of PYR14TFSI/MC/0.20 M 4mer-(LiTFSI)4 ion-gels 
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treatment in vacuum at 90 0C to remove residual DMF. The labile proton on DMF did not 

displace Li+ in LiTFSI but did so with the 4mer-(LiTFSI)4, so DMF could not be used to 

prepare PYR14TSI/MC/4mer-(LiTFSI)4 ion-gels. 

 

3.3  Results and Discussion 

3.3.1  Characterization of 4mer-(LiTFSI) 4  

It was not possible to obtain a single crystal of the 4mer-(LiTFSI)4 (Product 3), 

which remained amorphous (Figure A.3). However, the precursor amide (Product 2), 

although initially a viscous liquid, crystallized after storage in the refrigerator. Both single 

crystal and powder x-ray diffraction data were obtained (which were distinct from the 

starting material and did not contain any LiTFSI). The generated powder pattern from the 

single crystal data agreed well with the experimental powder pattern (Figure A.4). The 

image (Figure 3.1) show that the phenyl groups are preferentially on one side of a pancake 

like structure, although not really Janus-like, with the NH(SO2)-CF3 groups as far away 

from each other as possible.  

 

3.3.2  Thermal Analysis  

3.3.2.1  Thermo Gravimetric Analysis (TGA) 

Maximum degradation temperatures (Td
max) obtained from the DTGA data are 

summarized in Table 3.1. and exhibits maxima (Td) for: (i) pure 4mer-(LiTFSI)4 salt (Ƶ) 

at Td
max = 266 0C (major), 450 0C (weak) and 559 0C. (minor); (ii) pure MC (Ƶ) at Td

max = 

353 0C (major) and 500 0C (minor); (iii) pure PYR14TFSI (Ƶ) at Td
max = 452 0C (major). 

The TGA data (Figure 3.2 and Figure A.5) indicate that the degradation temperatures of 
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the ion gels are all > 300 0C and are determined by the MC component, which has a 

considerably lower Td
max than the PYR14TFSI, and the degradation temperature of the 

4mer-(LiTFSI)4, originally at 266 0C. is eliminated when mixed with the PYR14TFSI. The 

major degradation peak for the 4mer-(LiTFSI)4 (Td = 266 oC ) is lower than for LiTFSI (Td 

= 400 0C), and its pattern of thermal degradation is more complex compared with the single 

degradation peak for the LiTFSI, and is not completely decomposed due to pyrolysis and 

residual ash of the phenyl groups and SiO1.5. (Figure A.6).  

 

Addition of 0.20M 4mer-(LiTFSI)4 (Ƶ) to PYR14TFSI (Ƶ) eliminates the Td
max of 

4mer-(LiTFSI)4 and increases Td
max of PYR14TFSI (ÅÅÅ) by 230C, indicating that the 

dissolution of the 4mer-(LiTFSI)4 in PYR14TFSI prevents its degradation at lower 

temperatures. The effect of MC (Ƶ) addition to PYR14TFSI (Ƶ) is smaller, with Td
max of 

PYR14TFSI (Ƶ, Ƶ, Ƶ, Ƶ) decreasing gradually from 452 to 442 0C. This small change is 

consistent with the immiscibility of MC in PYR14TFSI. Addition of MC to 

PYR14TFSI/4mer-(LiTFSI)4 decreases Td 
max of PYR14TFSI/4mer-(LiTFSI)4 by 33oC (from 

475oC to 442oC). These results suggest that the 4mer-(LiTFSI)4 makes the MC and 

PYR14TFSI more compatible. The effect on the degradation of MC is that its Td 
max 

decreases by an average of 29 oC when mixed with PYR14TFSI, and by an average of 12.5 

oC when mixed with PYR14TFSI/4mer-(LiTFSI)4 (note: this lower decrease occurs because 

PYR14TFSI/4mer- (LiTFSI)4 has a higher initial Td 
max  than PYR14TFSI by 23oC). As 

discussed below, DSC, DMA and X-ray data suggest that PYR14TFSI/MC/4mer-(LiTFSI)4 

is micro-phase separated into regions composed predominantly of PYR14TFSI/4mer-

(LiTFSI)4 and regions where the MC fibrils are swollen with PYR14TFSI or 
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PYR14TFSI/4mer-(LiTFSI)4. The swelling of the MC with PYR14TFSI 

orPYR14TFSI/4mer-(LiTFSI)4 may make the MC more accessible to degradation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2.2  Differential Scanning Calorimetry (DSC) 

 

Figure 3.2. Thermal analysis and X-ray diffraction data for 4mer-(LiTFSI)4, 

PYR14TFSI/MC and PYR14TFSI/MC/0.20M: (i) TGA and DTGA thermograms; (ii) DSC 

traces of PYR14TFSI during heating and cooling and upon addition of MC and MC/0.20M 

4mer-(LiTFSI)4; 80/20 PYR14TFSI/MC/0.20M 4mer-(LiTFSI)4 expanded 200% to show 

slight crystallization; (iii) X-ray diffraction data of neat MC, PYR14TFSI, 4mer-(LiTFSI)4 

and blends of PYR14TFSI/MC/0.20M 4mer-(LiTFSI)4 at -173 0C. 
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DSC data (Figure 3.2 and Table 3.2) indicate, as previously observed1, 36, that the 

neat PYR14TFSI supercools, and thus crystallizes and remelts upon heating. Addition of 

0.20 M 4mer- (LiTFSI)4 suppresses the crystallization and almost completely suppresses 

the melt endotherm of PYR14TFSI. Addition of MC by itself suppresses the crystallization 

and melting of the PYR14TFSI with increasing effectiveness as more MC is added, with 

complete suppression occurring at PYR14TFSI /MC = 70/30.  

                     Sample 

PYR14TFSI/MC/ 4mer-(LiTFSI) 4 

                                      Td
max (oC) 

    MC PYR14TFSI     4mer-(LiTFSI) 4 

0/0/100        -         -             266 

0/100/0      353         -                - 

100/0/0        -       452                - 

90/10/0      325       452                - 

80/20/0      316       448                - 

70/30/0      330       444                - 

60/40/0      325       442                - 

100/0/0.20 M        -       475                - 

90/10/0.20 M      336       465                - 

80/20/0.20 M      342       460                - 

70/30/0.20 M      344       456                - 

60/40/0.20 M      340       453                - 

 

Table 3.1. Td
max (oC) for neat 4mer-(LiTFSI)4, PYR14TFSI, MC, blends of  PYR14TFSI/MC 

and PYR14TFSI/MC/ 0.20 M 4mer-(LiTFSI)4 Ion-gels 
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Addition of 0.20M 4mer-(LiTFSI)4 to PYR14TFSI/MC suppresses the PYR14TFSI 

crystallization completely at PYR14TFSI /MC = < 80/20 (there is a very small 

crystallization peak in the 80/20 sample shown as an insert). Since complete suppression 

of PYR14TFSI crystallization is more effective without MC, this suggests that there may 

be regions in the ion-gels of PYR14TFSI/MC/4mer-(LiTFSI)4 and regions with only phase 

separated PYR14TFSI/4mer-(LiTFSI)4. When compared with PYR14TFSI/LiTFSI, the 

4mer-(LiTFSI)4 is more effective at suppressing the PYR14TFSI melt endotherm (Figure 

A.7). The expanded DSC data at low temperature (Figure A.8, Table 3.2) show that Tg of 

the PYR14TFSI increases from -86.6 0C to -83.6 0C with addition of 0.20M 4mer-(LiTFSI)4, 

and that separate addition of MC to PYR14TFSI increases the Tg by a smaller amount (~1 

oC), to an average of -85.3 0C.  Addition of both MC and 0.20 M 4mer-(LiTFSI)4 increases 

Tg monotonically to -85.4 0C. Although these Tg effects are small, they indicate that the 

4mer-(LiTFSI)4 has a greater interaction with the PYR14TFSI than does the MC, as might 

be expected, since the 4mer-(LiTFSI)4 is actually dissolved in the PYR14TFSI, while MC 

and PYR14TFSI are not miscible. 

 

3.3.3  X-ray diffraction  

X-ray diffraction data (Figure 3.2 and Table 3.3) show several interesting trends. 

The 4mer-(LiTFSI)4 (Ƶ) is incorporated at such low concentration (0.20 M) that its x-ray 

signature (amorphous, since it is dissolved) could not be observed in the blends. The MC 

has two diffraction peaks at 8.570 and 21.090 (dotted lines Å -  Å - are guides to the eye for 

the peaks)1.  The 8.570 peak is separate from the PYR14TFSI peak and thus can be used to 

observe the persistence of the MC semi-crystalline regions    for all the compositions (with 
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and without 4mer-(LiTFSI)4), although with decreasing intensity as its percentage in the 

blends decreases. PYR14TFSI exhibits two broad peaks at 12.60 and 20.90 (vertical ÅÅÅÅ are 

guides to the eye). The 12.60 peak is isolated from any MC peaks and its relative intensity 

increases compared with the 8.570 peak of MC as its percentage in the blends increases. 

Although the 21.090 and 20.90 peaks of MC and PYR14TFSI are close, there is a shift in 

the peak maxima upon increased MC content in the blends. 

Table 3.2.  Tg 
 (oC) for neat PYR14TFSI, MC, blends of  PYR14TFSI/MC and 

PYR14TFSI/MC/ 0.20 M 4mer-(LiTFSI)4 Ion-gels.  

 
 

a Secondary transition of MC  

                     Sample 

PYR14TFSI/MC/ 4mer-(LiTFSI) 4 

                             Tg
 (oC) 

        PYR14TFSI                     MC  

        tan ŭ    DSC    tan ŭ  

0/0/100        NA         NA               NA 

0/100/0        NA        -63a               201 

100/0/0      -86.6        NA               NA 

90/10/0      -85.6       NA               172 

80/20/0      -84.5       -75               182 

70/30/0      -85.2       -69               169 

60/40/0      -86.0       -73               184 

100/0/0.20 M      -83.6         NA                NA 

90/10/0.20 M      -83.2         NA               165 

80/20/0.20 M      -84.2        -71               173 

70/30/0.20 M      -85.8        -70               176 

60/40/0.20 M      -85.4        -75               182 
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The persistence of the separate MC and PYR14TFSI (with or without 0.20 M 4mer-

(LiTFSI)4) peak in the x-ray diffraction data indicate that there is phase separation in the 

PYR14TFSI/MC/4mer-(LiTFSI)4 ion-gels. This is confirmed by x-ray diffraction data for 

samples cooled to -100 0C, heated to -40 0C (Figure A.9), so that the PYR14TFSI 

crystallinity is maintained and observed clearly as a separate  

phase in the ion-gels. 

 

3.3.4  Mechanical Property Data 

Tan ŭ data (Figure 3.3, Table 3.2) show that the low temperature glass transition 

for PYR14TFSI or PYR14/TFSI/0.20M 4mer-(LiTFSI)4 occurs at <-72 0C> for samples with 

and without 4mer-(LiTFSI)4, which is not unexpected since there was very little shift 

observed by DSC (Figure 3.2). This suggests that the PYR14TFSI/4mer-(LiTFSI)4 is phase 

separated in these ion-gels. In PYR14TFSI/MC blends, the Tg of MC decreases from its 

value of 201 0C to lower values that decrease with increasing PYR14TFSI content (except 

for the 70/0 composition). This shift to lower temperatures is slightly greater in the 

PYR14TFSI/MC/4mer-(LiTFSI)4 blends, suggesting that the 4mer-(LiTFSI)4 increases the 

compatibility/interactions of the components. Thus, although the bulk of the 

PYR14TFSI/4mer-(LiTFSI)4 is in a separate phase (as observed by the Tg of the 

PYR14TFSI/4mer-(LiTFSI)4 in the tan ŭ and DSC (Table 3.2), there is some interaction of 

MC with the PYR14TFSI/4mer-(LiTFSI)4 to reduce its Tg. This might occur either as 

interfacial interactions or as a swelling of the MC fibrils with the PYR14TFSI/4mer-

(LiTFSI)4.  
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Storage moduli data (Figure 3.3) for the blends show as expected that addition of 

increasing amounts of the PYR14TFSI ionic liquid to the MC decreases the moduli of the 

blends. When 0.20 M 4mer-(LiTFSI)4 is added (seen more clearly in the 60/40 and 7/30 

compositions), the moduli with salt are decreased compared with the blends without 4mer-

(LiTFSI)4. This suggests that, since the moduli are determined by the MC component, the 

greater decrease in Tg that was observed when 0.20 M 4mer-(LiTFSI)4 was added to the 

PYR14TFSI, also accounts for the bigger drop in moduli. There is a drop-off in the storage 

moduli at Tg of the MC for all compositions. However, the moduli remain in the MPa range 

to temperatures of 150 0C as tabulated in Table 3.4 

Table 3.3.  Positions for X-ray diffraction peaks for neat 4mer-(LiTFSI)4, PYR14TFSI, 

MC and PYR14TFSI/MC/ 0.20 M 4mer-(LiTFSI)4 blends 

Sample  

PYR14TFSI/MC/ 4mer-(LiTFSI) 4 

Peak 1 (o) 

MC 

Peak 2 (o) 

PYR14TFSI 

Peak 3 (o) 

MC or PYR14TFSI 

0/0/100 4.61a 8.91a 19.01a 

0/100/0      - 12.60 20.90 

100/0/0 8.57  21.09 

90/10/0  12.48 20.31 

80/20/0 8.74 (small) 12.60 20.53 

70/30/0 8.86 12.90 21.20 

60/40/0 8.74 12.72 20.88 

100/0/0.20 M         -        -            - 

90/10/0.20 M  12.32 20.14 

80/20/0.20 M 8.50 (small) 12.60 20.53 

70/30/0.20 M 8.67 12.53 20.59 

60/40/0.20 M 8.52 12.42 20.71 
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3.3.5 Electrochemical data 

Conductivity data (Figure 3.4(A) and Table 3.4) show, as previously observed, that 

the conductivity decreases with addition of lithium salt (here 4mer-(LiTFSI)4) and with 

increasing amount of MC in the blends1. In the case of pure PYR14TFSI, addition of 0.20M 

4mer-(LiTFSI)4 has minimal effect on the conductivity. This has been attributed, in other 

LiX/RTILs, to the small contribution of the LiX ions to the total number of ions in the 

solution. Addition of MC to PYR14TFSI or MC to PYR14TFSI /0.20M 4mer-(LiTFSI)4  

results in much greater reductions (by > 1 order of magnitude) in conductivity compared 

with the addition of 0.20 M 4mer-(LiTFSI)4 to PYR14TFSI.  

 

Mixtures of PYR14TFSI/MC/LiTFSI and PYR14TFSI/MC/4mer-(LiTFSI)4  at the 

same molarity (0.20 M Li+) and MC composition, revealed similar ionic conductivity 

Figure 3.3. Storage modulus (left) and Tan ŭ (Right) data. For the 80/20 composition, 

the crystallization and melt of the 4mer-(LiTFSI)4 (as also seen in the DSC, Figure 

3.2) can be observed. The peak at ï63 0C may be due to a secondary relaxation in MC1. 
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(Figure A.10). In single ion conductors (SICs), low ionic conductivities have been 

attributed to ion aggregation, much greater than observed in the case of the corresponding 

LiX anions. Here, the conductivities are very similar for LiTFSI and the 4mer-(LiTFSI)4, 

indicating that whatever ion pairing occurs is the same for both salts. Unlike SICs in which 

the pendant anion is attached to a flexible polymer backbone, so that ionic aggregates can 

occur, here the anions are attached to a rigid structure (Figure 3.1) that inhibits this type 

of association. The stability window [Figure 3.4(B)], measured for the 80/20 

PYR14TFSI/MC/0.20M 4mer-(LiTFSI)4 using a stainless-steel working electrode and 

lithium as the counter and reference electrode was 0.8V to 5V, with a threshold current of 

50 amperes/cm2. This is above the 4V stability range necessary in practical LIBs, 

although less than previously reported for battery grade PYR14TFSI (~ 6V)6, with little 

degradation observed due to the MC or 4mer-(LiTFSI)4. The interfacial resistance [Figure 

3.4(C)] increases for the first 36 hours, decreases until 89 hours and then stabilizes at 89 

hours, which was further confirmed at 160 hours (not shown). These trends are often 

observed as the SEI layer on Li metal is formed, partially dissolves and stabilizes; no 

attempt was made to investigate the composition of the SEI. 

 

Lithium ion transferences numbers (Table 3.4) started from a value of tLi
+ = 0.09 

for 4mer-(LiTFSI)4 in PYR14TFSI, and a similar value was measured for LiTFSI in 

PYR14TFSI (Table A.1).  Reported values of tLi
+ for RTIL/LiX pairs, from PFG-NMR 

(where the individual self-diffusion coefficients of the anions and cations are measured) 7, 

10-11, 13 or dc polarization25, 37-38 (using Li metal as non-blocking electrodes39-40) methods 

are in the range of tLi
+ = 0.023 to 0.1327, 10-11, 13.  
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Table 3.4. Conductivity (ʙ), modulus (Eô) and lithium ion transference number (tLi
+) as a 

function to PYR14TFSI/MC/4mer-(LiTFSI)4 composition 

 

 

The value of tLi
+ obtained for 0.20M LiTFSI in PYR14TFSI (tLi

+ = 0.1) was slightly 

higher than that measured by PFG-NMR (tLi
+ ~ 0.07)11. Larger anions with greater charge 

delocalization such as 4mer-(TFSI-)4 or TFSI- also enhance tLi
+ by decreasing ion pairs and 

Sample  

PYR14TFSI/MC/4mer-

(LiTFSI)4 

ʙ  

mS/cm 

300C 

Eô  

MPa 

300C 

ʙ 

mS/cm 

600C 

tLi
+ Eô 

MPa  

600C 

ʙ 

mS/cm 

900C 

Eô 

MPa  

900C 

Eô  

MPa 

150 

0C 

0/100/0  7973   7298  6446 4213 

60/40/0 0.04 3027 0.14  2398 0.45 1888 775 

70/30/0 0.12 975 0.3  740 0.57 579 224 

80/20/0 1.0 654 1.6  533 2.9 414 148 

90/10/0 1.3 109 3.2  81 5.6 69 14 

100/0/0 4.3  9.8   15.5   

60/40/0.20M 0.005 1884 0.006 0.39 1568 0.008 1283 464 

70/30/0.20M 0.09 590 0.19 0.36 447 0.33 367 128 

80/20/0.20M 0.3 570 0.7 0.35 1107 1.4 985 312 

90/10/0.20M 0.6 198 1.3 0.19 115 1.9 76 17 

100/0/0.20M 3.3  7.5 0.09  11.4   
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aggregates, thus leading to higher lithium ion diffusivities. With addition of MC, tLi
+ 

increased and levelled off at tLi
+ ~ 0.36 for 80/20 PYR14TFSI/MC/0.20M 4mer-(LiTFSI)4. 

In the case of 80/20 PYR14TFSI/MC/0.20M LiTFSI, tLi
+ = 0.18, half that of the 4mer-

(LiTFSI)4 (Table A.1). This suggests that the interaction of 4mer-(TFSI-)4 anions or the 

TFSI- anions of PYR14TFSI with the MC play a role in retarding migration of the anions, 

effectively increasing tLi
+, and that the interaction is greater for the 4mer-(TFSI-)4. There 

have been several approaches to increasing tLi
+ in LiX/RTIL pairs, in particular by 

increasing the number density and diffusion coefficients of lithium ions or decreasing the 

diffusion coefficients of the anions or cations of the RTIL. For LiX/RTIL pairs investigated 

to date, tLi
+ increases with the mole fraction of LiX (to values of about 0.3)7, 10-11, 19, 37, 41.  

 

However the concentration of the LiX salt in the RTILs is limited by their solubility 

and tendency of the mixtures to crystallize at high LiX concentrations19. For the 4mer-

(LiTFSI)4 investigated here, solubility problems were observed at 0.5 M salt. In IL/LiX  

solutions, a third component, typically solvents with electronegative oxygens 42-44  has been 

shown to disrupt the coordination of Li+ and the anion of the RTIL, resulting in increased 

Li+ mobility and overall conductivity. Inorganic fillers added to RTIL/LiX also increase 

values of tLi
+, as observed using silica (SiO2)

25 (tLi
+ = 0.1- 0.27), polyhedral oligomeric 

silsesquioxanes (POSS) with hydroxyl groups (POSS-OH)45 (tLi
+ = 0.20- 0.49), and TiO2 

nanotubes38 (tLi
+ = 0.295, 0.459), all of which are believed to increase tLi

+ through Lewis 

acid-base interactions between surface sites on the filler with the X- anions of the lithium 

salt, increasing the fraction of Li+ cations available for conduction. Alternatively, it has 

been suggested that the SiOH groups on the silica surface attract Li+, release H+ to interact 
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with TFSI anions, reducing the size and ionic charge of Li(TFSI)4
- by removing one or two 

TFSI- anions46. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Polymers can increase tLi
+ by interacting with the anions, slowing their motions, 

and decreasing anion interactions with the Li ions, thus increasing the number of free Li+ 

available for conduction. For the PYR14TFSI/0.20M 4mer-(LiTFSI)4 investigated here, 

indirect evidence of specific interactions between the components is suggested by the DSC, 

DMA and X-ray diffraction data. In addition, cellulose solubility studies shed some insight 

Figure 3.4. (A) Conductivity versus 1000/T (K-1) for PYR14TFSI/MC/4mer-(LiTFSI)4 as 

a function of composition; (B) Electrochemical stability window and (C) interfacial 

resistance (at 60 0C) for PYR14TFSI/MC/4mer-(LiTFSI)4 = 80/20/0.20M 

 

A 

B 

C 
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on the interactions that occur in these systems. Studies of cellulose indicate that dissolution 

of  cellulose depends on the ability of solvents to disrupt the intra- and inter-molecular 

hydrogen bond network47, a recent view regards cellulose as amphiphilic, with the 

equatorial direction of the D-glucopyranose ring (the monomeric unit of cellulose) having 

a hydrophilic character (since all three OH groups are located on the equatorial position of 

the ring) and the axial direction have a hydrophobic character (since the C-H hydrogens 

are located on the axial positions of the ring). Thus the ability of a solvent to dissolve 

cellulose also depends on its ability to disrupt these hydrophobic interactions between 

cellulose molecules48. 

 

Dimethyl acetamide/LiCl (DMAc/LiCl) is a well-known mixed inorganic/organic 

solvent for cellulose49. The mechanism of solubility of cellulose in LiCl/DMAc is not fully 

understood, but it is believed that the lithium ions are linked with the carbonyl of DMAc. 

The Cl- anion (due to its basicity) then interferes with the inter- and intra-hydrogen bonds 

in cellulose, possibly complexing three OH groups of cellulose50, and resulting in an 

anionically charged polymer, with [Li-DMAc] as the counterion, followed by the exchange 

of DMAc in the lithium coordination sphere by cellulose hydroxyl groups. This 

polyelectrolyte effect is also observed in the TBAF/DMSO system, where F- binds to the 

cellulose and expands the chain due to charge repulsion and NMR evidence indicates that 

the F- act as hydrogen bond acceptors of the cellulose OH groups51. In general, small, strong 

polarizing cations (e.g. Li+) and large polarizable anions are found to interact strongly with 

cellulose. 7Li NMR evidence supports the direct interaction between Li and cellulose 
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hydroxyl groups52. Large polarizable anions are effectively hydrophobic and are enriched 

at the hydrophobic surface of cellulose. 

 

Although these results have been obtained for cellulose, analogies can be made with 

MC, since the axial plane is still ñhydrophobicò and the equatorial plane contains fewer 

OH groups and thus less intra- and inter- molecular hydrogen bonding (1.6-1.9 of the 

(equatorial) OH are substituted with methyl groups). In the case of PYR14TFSI/MC/4mer-

(LiTFSI)4 in DMSO, by analogy with the LiCl/DMAc, the Li+ would initially be bound 

with the carbonyl of DMSO, leaving the large, polarizable 4mer-(TFSI-)4 or TFSI- anions 

to hydrogen bond with any free OH groups on MC or interact with them by hydrophobic 

association. The large, bulky 1-butyl-1-methylpyrrolidinium cation will not have easy 

access (steric restrictions) to the O of the cellulose hydroxyls. It is worth noting that the 

pyrrolidinium cation is not one that dissolves cellulose47. The smaller Li+ ion on the other 

hand, can have access to the hydroxyls, which become part of the Li+ ion coordination shell 

with DMSO (which is eventually completely removed), weakening the association of Li+ 

to 4mer-(TFSI-)4
 or TFSI-. In PEO/PYR14TFSI/LiTFSI polymer electrolytes, Raman data 

suggest that there is mixed Li+ coordination to both PEO and TFSI-53. However, in this case 

Li+ ion mobility was minimally affected as the PEO/PYR14TFSI ratio changed, while for 

MC, tLi
+ does increase significantly. For cationic polymeric ionic liquids (PIL), 

poly(diallyldimethylammonium bis(trifluoromethyl) sulfonyl imide) (PDADMATFSI), 

the polymer also can interact with the anion coordination shell, reducing Li+ ion-TFSI- 

anion interactions (however the Li+ ion mobility, as measured by its diffusion constant, 

was slight reduced due to the viscosity increase from the polymer)54.  
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The PYR14TFSI/MC/0.20 M 4mer-(LiTFSI)4 ion gels thus have both high tL
+ and 

high ionic conductivities, which is unusual for RTIL ion gels. In the case of 

PEO/BMPyTFSI/LiTFSI (BMPyTFSI = 1-butyl-4-methylpyridinium 

bis(trifluoromethanesulfonyl)imide ),  tLi
+ was found to decrease and ionic conductivity to 

increase with increasing mole fraction of the ionic liquid (since the measured conductivity 

originates mainly from the BMPyTFSI)55. While values of tLi
+ were high, conductivities 

(ʙ) were low, e.g.  tLi
+ = 0.363, ʙ =  2.1 x 10-6 S/cm to tLi

+ = 0.150, ʙ =  6.9 x 10-5 S/cm.  In 

P13TFSI/LiTFSI/PVDV-HFP (P13TFSI  = 1-methyl-3-propylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide, PVDF-HFP = poly(vinylidene-co-

hexafluoropropylene), tLi
+ are low (tLi

+ = 0.034 at 1M LiTFSI)56. In the case of cationic ILs 

tethered to ZrO2 nanoparticles, addition of LiTFSI resulted in a large tLi
+ of 0.35, possibly 

due to immobilization of the IL cations by the ZrO2 nanoparticle core, which decreases 

their contribution to the ionic conduction (as well as increasing the ionic conductivity), but 

conductivities were again low (10-5 S/cm)57. 

 

The DSC, X-ray diffraction and DMA data suggest that the MC is microphase 

separated from the PYR14TFSI/4mer-(LiTFSI)4. Previously, we have shown that in 

PYR14TFSI/MC ion-gels, the high ionic conductivity is the result of microphase separation 

of semicrystalline nanometer diameter MC fibrils, which give mechanical strength to a 

connected liquid network, in which there is little dissolution of MC chains1. Mixing of 

RTILs with polymer chains will increase their viscosity and decrease their conductivity. In 

the previous work, gelation occurred for MC in DMF58 and MC/PYR14TFSI in DMF1 
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solution, and the ion-gels were formed by evaporation of the DMF from the gel phase. In 

that case, Tg of the MC in the ion-gel was the same as in pure MC1. Here, gelation of MC, 

PYR14TFSI/MC or PYR14TFSI/MC/4mer-(LiTFSI)4 never occurred in DMSO (by heating 

and cooling to RT), although evaporation of the DMSO resulted in ion-gels, and Tg of the 

MC did decrease as PYR14TFSI or PYR14TFSI/4mer-(LiTFSI)4 was added. This could be 

the result of more PYR14TFSI/4mer-(LiTFSI)4 imbibed by the MC fibrils, decreasing their 

Tg, and is supported by the cellulose solubility studies that suggest hydrophobic/hydrogen 

bond interactions between cellulose and the anions, and participation of the OH of cellulose 

(or MC) in the solvation sphere of Li +. 

 

A final comment is that in single ion conductors (SICs), low ionic conductivities 

have been attributed to ion aggregation, much greater than observed in the case of the 

corresponding LiX anions. Here, the conductivities are the same for neat LiTFSI and the 

4mer-(LiTFSI)4, indicating that whatever ion pairing occurs is the same for both salts. 

Unlike SICs in which the pendant anion is attached to a flexible polymer backbone, so that 

ionic aggregates can occur, here the anions are attached to a rigid structure (Figure 3.1) 

that prevents this type of association. 

 

3.4  Conclusions 

Blends of 4mer-(LiTFSI)4 can be formulated into ion-gel electrolytes by co-

dissolution of MC, PYR14TFSI and 4mer-(LiTFSI)4 in DMSO and evaporation of the 

DMSO. What is interesting about these materials is that both ionic conductivity and lithium 

ion transference numbers can be simultaneously enhanced. The PYR14TFSI/MC/0.20M 
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4mer-(LiTFSI)4 ion gels had combined high RT ionic conductivities (> 10-3 S/cm) and 

transference numbers (tLi
+ = 0.35). At the same Li+ molarity, ion gels prepared with either 

LiTFSI or 4mer-(LiTFSI)4 have very similar conductivities. Unlike what is sometimes 

observed in the case of single ion conductors, the conductivity does not decrease as the tLi
+ 

increases. However, the 4mer-(LiTFSI)4, with its large (1242 g/mol) anion, has tLi
+s that 

are factors of 2 greater than the LiTFSI (tLi
+ = 0.18), so that a greater fraction of the charge 

is carried by the Li+ cation rather than the anion. By analogy with cellulose solubility 

studies, we propose that this is due to hydrophobic/H-bonding interactions of the 4mer-

(TFSI-)4 anion with MC as well as hydrogen bonding of Li+ with the OH of MC and thus 

participation of the MC in the solvation sphere of Li+. The separators have high thermal 

stability, dictated by the degradation temperature of the MC and the selected Li salt, since 

the thermal decomposition of the PYR14TFSI is > 400 0C. They also have excellent 

mechanical properties, with RT moduli, Eô > 100 MPa for T < 125 0C, which contrasts with 

the rubbery mechanical properties found for many ion gels (e.g. RTILs gelled with silica 

NPs28). 
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CHAPTER 4  

GEL POLYMER ELECTROLYTES WITH HIGH MODULI AND HIGH 

CONDUCTIVITY DE VELOPED BY IN -SITU ENCAPSULATION OF SOLVATE 

IONIC LIQUID IN M ETHYL CELLULOS E 

 

 

4.1   Introduction  

The need to improve lithium metal battery safety has motivated the search for 

nonvolatile electrolytes that are nonflammable, resist lithium dendrite growth and match 

or outperform the current carbonate electrolytes used in lithium ion batteries (LIBs). 

Research has focused on lithium ion conducting ceramics (LICCs)1, polymer electrolytes2 

and hybrid LICC-polymer electrolytes. However, gel electrolytes3,4 have even higher ionic 

conductivities, make good contact with the electrodes, and wet the cathode particles similar 

to liquid electrolytes, so that all of the active material in the cathode can be accessed, and 

they can better tolerate the volume changes of the electrodes during cycling. These 

advantages of gel electrolytes favor them to be used alone or with LICCs, in composites or 

sandwiched between the LICC and the electrodes5. Gel electrolytes are formed by 

encapsulating  a liquid electrolyte in a gelating  material, for example a polymer3 or 

inorganic SiO2
6. The resultant gel electrolyte is a solid, but the entrapped liquid often 

maintains its fluid behavior, particularly at high concentrations (> 70 wt% liquid) when the 

ion transport is decoupled from the polymer chain dynamics7, so that the gel electrolyte 

can have conductivities more similar to liquid than to polymer electrolytes. Downsides of 

gel electrolytes are poor mechanical properties especially at high concentrations of liquid 

(> 70 wt%). The ideal gel electrolyte should have ionic conductivities comparable to liquid 
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electrolytes while at the same time maintain good mechanical properties to enable easy 

fabrication and prevent dendrite growth and cell shorts during cycling.  

 

Room temperature ionic liquids (RTIL) iongels have been widely investigated as 

electrolytes for lithium batteries8,9. The main drawback with the RTIL iongels is their low 

lithium transference numbers (tLi
+ ~ 0.1)13-16, the previous chapter discussed the work 

towards improving the (tLi
+).   However, the resulting iongels have low ionic conductivity 

because of the very high viscosity of RTILs with lithium salts10-12.  To overcome these 

limitations associated with RTIL iongels, solvated ionic liquids are suggested as alternative 

solution to produce gel polymer electrolytes with high thermal stability, high ionic 

conductivity and high lithium transference numbers.  

 

Glymes, CH3-O-(CH2 -CH2-O)l-CH3, often referred to Gl or Gl , interact with alkali 

metal ions (M+), since the ñhardò Lewis base ether oxygens solvate the ñhardò Lewis acid 

M+ ions, often forming stable, long-lived, low melting complexes in fixed molar ratios 

[M(glyme)x]
+. Glyme-lithium salt complexes are thus considered a new family of room 

temperature ionic liquids17, referred to as chelate or solvate (SILs)18,19. For M = Li and l = 

3 or 4 (G3 or G4), [Li(G3 or G4)]
+, very stable cations are formed as the result of the 

chelation of the Li+ by multiple ether oxygens20. In this case, in the 1/1 molar ratio, the 

glymes wrap around the Li+, forming a complex cation, separated from the TFSI- 

anion17,21,22 with ů > 10-3 S/cm, and high lithium ion transference numbers of tLi
+ ~ 0.5, as 

obtained by PFG-NMR. These are referred to variously as Li(G3 or G4)TFSI, [Li(G3 or 



[139] 

G4)][TFSI] or [G3 or G4Li] +[TFSI]-, and have been investigated as SIL electrolytes in 

separators23,24 or in polymer matrices23-25, for lithium26, Li-air and Li-S27 batteries due to 

their thermal stability, good stability with lithium metal, high oxidative stability up to 4.5V 

and low cost. 

 

There have been research efforts to incorporate SILs into polymer scaffolds to form 

flexible and tough iongels without compromising their electrochemical properties22-24,28,29, 

as summarized in Table 4.1.  The polymers scaffolds incorporate the SILs with physical 

and/or chemical crosslinks or by phase separation of block copolymers (referred to as ABA 

copolymers) into structural and conductive blocks. Poor mechanical properties arise due to 

the plasticizing effect of the SIL. Moreover, if 30 to 40 wt% of the polymer scaffold is 

needed to provide reasonable mechanical properties for the iongel, the weight of the 

electrolyte separator increases, the conductivity and ultimately the energy density of the 

battery decreases.  

 

This chapter deals with investigating an iongel electrolyte prepared from 

[G4Li] +[TFSI]- and methyl cellulose (MC). This MC iongel can encapsulate a large (90%) 

amount of liquid, solidify and maintain excellent mechanical properties (a room 

temperature storage modulus of Eǋ = 60 MPa). This is possible since MC itself is a high 

strength polymer that we have previously shown forms a strong fibrillar network within 

iongels33,34. MC previously been used as a polymer gel electrolyte with carbonate solvents 

alone (where 20 ɛm thicknesses have been achieved)35 or in composites with PVdF36 or 
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Celgard37 to increase the mechanical properties of these systems. Gelation with MC 

provides the best combination of conductivity, high oxidation stability up to 5V and 

mechanical properties to date for an iongel. MC thus joins the growing list of cellulose-

based polymers that are being used in electrochemical storage devices38. In further 

discussions the notation used for the iongels will be the weight % [G4Li] +[TFSI]- followed 

by the wt% MC. For example, an iongel having 90 wt% solvated ionic liquid and 10 wt % 

MC (90/10 [G4Li] +[TFSI]-/MC) will be referred to as a 90/10 Iongel.  

Table 4.1. Comparison of electrochemical and mechanical property data for solvate ionic 

liquids (SIL) in polymer (or SiO2) host matrices. 

Polymer host  

material 

 SIL  (%) 

 

Modulus 

(RT) 

 

Oxidation 

stability  

vs Li/Li+  

ů (RT) 

mS/cm 

[G4Li] +    

Retention 

 Cycling performance 

 

 Cell type and 

operating 

temperature 

C 

rate 

 

Average 

discharge 

capacity 

(mAh/g)  

and # 

cycles  

Single Polymers or SiO2 

   MC  

This work 

90        ~ 60 

MPa 

  5V 0.4    Yes Li/LFP 25 oC  C/2 127  

(100 

cycles) 

PEO24 80 Viscous 

liquid 

4.3V ~1  No NR NR NR 

PMMA, 

PBA24 

80 Viscous 

liquid 

4.5V 

4.3V 

0.2 

~1 

Yes NR NR NR 

PELC25 <50 Self-

standing 

film 

4.5V > 0.1 Yes NR NR NR 

SiO2 

particles30 

75 Quasi-

solid  

4.3V >1 Yes Li/LiCoO2 C/20 105   
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with 

PTFE-

self-

standing 

>0.1 C/10 

C/5 

100 

95 

(100 

cycles) 

ABA block copolymers 

SMS, SBS22,23 

 

70-90      < 10 kPa 4.5V 0.17-

0.4 

Yes Li/LiCoO2 

600C   

 C/3 

 

120 

(50 

cycles)                     

SOS22,23 

 

70-90  4V 0.3 No Li/LiCoO2 

60 0C 

 C/5 

 

120 

(15 

cycles)                  

LML 31 70 10 kPa 4.5 V 0.1 Yes NR NR NR 

Chemically crosslinked polymers 

PEGDMA32 

 

80   

 

370 kPa 

 

    NR  0.73 

 

Yes  NR  NR NR               

PEGDA28 

 

79    

75-92   

470 kPa 

640 -1 

kPa 

    NR   0.43 

0.4-0.9  

Yes NR  NR NR                 

PMMA28 75-92 640 -1 

kPa 

 0.2-0.8 Yes NR NR NR 

poly(MPC-co-

SBVI) 29 

 

80       7.3 MPa    > 5V   0.70 Yes graphite|NCM  C/2 ~ 75  

(100 

cycles)   NR = not reported 

MC = Methyl Cellulose 

SMS =  polystyrene-b-poly(methyl methacrylate)-b-polystyrene (PSt-b-PMMA-b-PSt ) 

SBS =   polystyrene-b-poly(n-butyl acrylate)-b-polystyrene (PSt-b-PBA-b-PSt ) 

SOS =   polystyrene-b-polyethylene oxide-b-polystyrene (PSt-b-PEO-b-PSt ) 

LML = poly(lithium acrylate-r-acrylic acid)-b-poly(methyl methacrylate)-b-poly (lithium acrylate-r-acrylic 

ac                                acid) (P(LiA               r-AA)-b-PMMA-b-P(LiA-r-AA))  
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4.2  Experimental 

4.2.1  Materials 

All materials and operations were stored/performed in an argon purged glove box 

(MBRAUN LabMaster 130) with H2O and O2 content < 2ppm. Tetraglyme (G4) (Aldrich) 

was dried at 60°C and stored over molecular sieves. Bis(trifluoromethane)sulfonamide 

lithium salt (LiTFSI) (Aldrich) was dried at 110°C. Dimethyl formamide (DMF) and 

dimethylsulfoxide (DMSO) were used as received (Aldrich). Methyl cellulose (MC) 

(Aldrich, primary supplier DOW, METHO-CEL A) had an average molecular weight of 

86,000 g/mol, 27.5ï31.5 wt% methoxy groups and a degree of substitution of 1.6ï1.9 mol 

methoxy per mol anhydroglucose units (as specified by manufacturer). Lithium metal 

(0.75mm thick ×19mm wide) (Alfa-Aesar) was stored in a desiccator. Carbon coated 

LiFePO4 was purchased from Ximen Tob New Energy Technology Co. Ltd. Carbon black, 

PVDF binder and N-Methyl-2-pyrrolidone (NMP) were purchased from MTI Corporation.  

PEO = polyethylene oxide 

PMMA = poly(methyl methacrylate) 

PBA = poly(butyl acrylate) 

PELC = polyelectrolyte cations with TFSI anions 

               Poly[diallyldimethylammonium bis(trifluoromethylsulfonyl)imide] 

               Poly[2-methacryloxyethylammonium bis(trifluoromethylsulfonyl)imide] 

PEGDMA = poly-(ethylene glycol)dimethacrylate  

poly(MPC-co-SBVI) = copolymer of 2-methacryloyloxyethyl phosphorylcholine (MPC) and sulfobetaine 

 vinylimidazole (SBVI) 

PEGDA = poly-(ethylene glycol) diacrylate 



[143] 

4.2.2   Preparation of Iongels  

The preparation of the iongels and the coin cell assembly is shown schematically 

in Scheme 4.1. Briefly, the preparation procedure for [G4Li] +[TFSI]- is similar to 

previously reported39. MC is not soluble in [G4Li] +[TFSI]- in the temperature range RT to 

90 oC. After dissolution of both the MC and LiG4TFSI in appropriate weight ratios in DMF, 

the two solutions were mixed together. In all cases, the MC was a 1wt/vol% solution in 

DMF and only the [G4Li] +[TFSI]- was varied. For example, to make 90/10 Iongel, 360 mg 

of [G4Li] +[TFSI]- was dissolved in 2ml of DMF and 40mg of MC was dissolved in 2ml 

DMF. The resultant solution was left stirring overnight at RT, heated to ~120oC and 

allowed to reach RT to form the gel. After the gel was formed it was again heated to ~90 

oC and the solution was cast onto TeflonÊ sheets, kept in the glove box for ~ 36 hrs at RT 

under inert gas atmosphere to allow the evaporation of DMF solvent to form the film, which 

was finally placed in a vacuum oven at 85-90 oC for 72 hrs to remove the residual DMF. 

 

Scheme 4.1. Preparation of iongel with solvate ionic liquid, [G4Li] +[TFSI] and  

methyl cellulose  (MC) and coin cell assembly 
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4.2.3 Thermal, Mechanical and Spectroscopic Characterization 

Readers are encouraged to refer to section () for the details of instrument and 

parameters used for obtaining Differential scanning calorimetry (DSC), 

Thermogravimetric Analysis (TGA ) and Dynamic mechanical analysis (DMA) data. 

Raman spectra were recorded at room temperature using a Horiba LabRAM HR 

Evolution Raman spectrometer, with a resolution of 1.8 cm-1. Excitation wavelength was 

532 nm (60 mW power), and grating groove density was 600 gr/mm. Samples were 

measured with 8 acquisitions, 20 seconds each. 

 

4.2.4 Electrochemical Characterization  

4.2.4.1  Impedance measurements  

Ionic conductivities were measured by electrochemical impedance spectroscopy 

(EIS) using a Gamry potentiostat/galvanostat/ZRA (model interface 1000) with 10mV 

perturbation volatge in the frequency range from 1 to 1 MHz. Temperature dependent 

conductivities were obtained in a homemade electrochemical cell (1 cm2 stainless steel 

blocking electrodes) that was thermostatted in the oven of a cryogenic liquid N2 gas 

chromatograph (GC). The electrochemical cell was equilibrated for two hours at 90oC in 

the GC oven. Conductivity measurements were made on the cooling and heating cycle from 

90oC to 10oC. The resistances on the heating and cooling cycles were very close. At each 

temperature above RT, the sample was equilibrated for about 30 minutes, until the 

resistance measurements responded to small (~1°C) temperature perturbations.  
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4.2.4.2  Electrochemical characteristics with metallic Li electrode 

The interfacial resistance was measured with (2032-type) coin cells consisting of 

Li 0/[G4Li] +[TFSI]-/Li 0 and Li0/90/10 Iongel/Li0 under open circuit voltage (OCV) at 6h 

time intervals, with EIS measurements in the frequency range (1 MHz-100 mHz) using an 

applied voltage of 10mV. The electrochemical stability window was measured at RT using 

cyclic voltammetry (CV) and Linear Sweep Voltammetry (LSV) on cells that consisted of 

90/10 Iongel and [G4Li]  +[TFSI]- as electrolytes, with stainless steel (SS) as the working 

electrode and Li metal as both counter and reference electrodes. Lithium plating and 

stripping were measured using both Li0/[G4Li] +[TFSI]-/Li 0 and Li0/90/10 Iongel/Li0 cells 

at 0.01, 0.05, 0.1 and 0.5mA/cm2 for 2 h charging/discharging at 25oC. Longer Lithium 

plating and stripping were obtained on Li 0/[G4Li] +[TFSI]-/Li 0 and Li0/90/10 Iongel/Li0 

cells at 0.05 and 0.1 mA/cm2. EIS was measured before and after the Lithium plating and 

stripping experiments.  

 

4.2.4.3  Preparation of cathode and coin cell assembly for electrochemical 

evaluation   

The cathode was made with LiFePO4/carbon black/PVDF binder (8/1/1 by weight) 

using N-methyl-2-pyrrolidone (NMP) to form a slurry that was doctor-bladed onto battery 

grade aluminum foil to form 1.9-2.2 mg/cm2 electrodes. The electrodes were dried in a 

vacuum oven overnight at 120°C. The dried electrodes were calendared with a Durston flat 

agile F130 mm rolling mill mechanical presser. The composite cathode was soaked with 

30µL liquid [G4Li] +[TFSI]- electrolyte. Coin (CR2032) cells were assembled with both 

liquid and gel electrolytes, using a Li metal anode and LiFePO4 cathode. A 0.26 mm 
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thickness Whatman glass microfiber filter (GF), grade GF/A  was used for the liquid 

electrolyte and the cell was annealed at 60oC for ~ 17hrs after the cell assembly to ensure 

maximum penetration of the viscous elctrolyte through the highly densely packed active 

material in the cathode. Cells with the iongel electrolyte were instead given a rest time of 

~ 15hrs before the cycling measurements. The charge-discharge cycling performance was 

obtained with an Arbin Instruments-LBT-+10V-3A between 2.6 and 4.0V at 25°C. The 

rate capability was compared between gel and liquid cells at C/20, C/10, C/5, C/2, 1C, C/10 

and C/20 for 5 cycles. The cycling stability was compared between liquid and gel 

electrolyte cells at both C/5 and C/2 for 100 cycles. The current values corresponding to 

different C-rates were obtained with a theoretical capacity of 170mAh/g for LiFePO4. The 

cells made with gel were conditioned at C/20 (2 cycles), C/5 (7 cycles) before testing 

cycling stability at C/5 and C/2.  

 

4.3  Results and Discussion 

4.3.1  Thermogravimetric Analysis and Calorimetry Data 

Thermogravimetric analysis (TGA) for MC, [G4Li] +[TFSI]-, 90/10 iongel Figure 

4.1(A) and 80/20, 70/30 and 60/40 iongels (Figure B.1), demonstrated that the structure of 

the solvated ionic liquid [G4Li] +[TFSI]- was maintained in the polymer gel electrolyte. 

Absence of ligand exchange between the polymer and G4 (for the Li+ cation) was observed 

previously for polymethyl methacrylate and poly(butyl acrylate)24 and a block 

copolymer23, but not in the case of polyethylene oxide, where the ether oxygens of glyme 

and PEO are the same24. Neat G4 volatilizes at ~ 100°C and neat MC decomposes at 350°C, 

and there was no evidence of G4 evolution in either the [G4Li] +[TFSI]- or the 90/10 
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[G4Li] +[TFSI]-/MC. The thermal stability of [G4Li] +[TFSI]- increases compared with G4 

because of the strong coordination of G4 with Li+. At other ratios (O/Li > 5/1), when there 

is excess G4, it has been observed that G4 evolution also occurs at ~ 100 0C40 and when the 

O/Li ratio decreases below 5/1, the G4 evolution occurs at temperatures even higher than 

200 0C41. The TGA profile for [G4Li] +[TFSI]- occurs in two steps: the volatilization of the 

G4 that was complexed with Li+ at ~ 220°C and the thermal decomposition of LiTFSI at ~ 

400°C. The TGA profile for the 90/10 iongel and the 80/20, 70/30 and 60/40 iongels 

(Figure B.1) are similar to [G4Li] +[TFSI]- except for an additional weight loss step at 

around 500 °C due to MC. This confirms that the solvated structure of [G4Li] +[TFSI]- is 

preserved in the iongel. In all cases, the thermal stability of the iongel is limited by the 

volatilization of the complexed G4 ~ 220°. 

 

DSC data for G4, [G4Li] +[TFSI]- and 90/10 iongel are compared in Figure 4.1(B). 

The melt temperature (Tm) of G4 is -24.73°C and no glass transition temperature (Tg) is 

observed. It is clear from the data that the solvate ionic liquid [G4Li] +[TFSI]- is completely 

amorphous with Tg= -57.3°C, similar to that previously reported (~ -610 C25). Upon 

gelation of [G4Li] +[TFSI]- with 10 wt% of MC the Tg increases to -50.69°C, which may be 

due to the increase in local viscosity of the [G4Li] +[TFSI]- in the iongel as the result of 

mixing with MC. In the 80/20, 70/30 and 60/40 iongels, Tg further increases (Figure B.2, 

Table B.1). 
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4.3.2  Mechanical Properties-Dynamic Mechanical Analysis  

The storage modulus (Eǋ) as function of temperature for the 90/10 iongel is shown 

in Figure 4.1(C). The iongel has a RT storage modulus (Eǋ) in the MPa range (Eǋ = 60 

MPa), the highest value for a [G4Li] +[TFSI]- iongel reported to date. Although it was 

possible to form solid gels with as little as 5 wt% MC, these gels were very weak. With 

increasing MC content, physically stronger gels were formed whose mechanical properties 

could be measured by dynamic mechanical analysis (DMA). Figure B.3, show the increase 

in Eǋ with increase in MC content, particularly prominent at low temperatures. DMA can 

more easily detect Tg compared with DSC, particulalry for stiff polymers such as MC that 

have small changes in heat capacity at the glass transition temperature, while there is a 

large change both in the storage and loss moduli at Tg. For neat MC, Tg is barely detectable 

by DSC, while it is easily observed by DMA. The value of Tg measured previously by 

DMA using the peak in tan ŭ is 190 0C34. Although it is not possible to directly dissolve 

MC into the solvate ionic liquid [G4Li] +[TFSI]-, once the [G4Li] +[TFSI]- is encapsulated 

by the MC using a cosolvent (here DMF), the [G4Li] +[TFSI]- and MC fibrils do interact, 

so that there are [G4Li] +[TFSI]- poor/MC rich and [G4Li] +[TFSI]- rich/MC poor phases. 

The two amorpous phases in the 90/10 iongel composition have Tg
ôs of 60 0C (Figure B.3) 

for the MC rich phase, as observed by tan ŭ and Tg = -50.7 0C for the [G4Li] +[TFSI]- rich 

phase, as observed by DSC. Thus, the MC has been plasticized by [G4Li] +[TFSI]- so that 

its Tg is reduced, and Tg of the [G4Li] +[TFSI]- component increased due to incorporation 

of MC. For the other compositions, there are tan ŭ peaks in the vicinity of 60 0C and broad 

peaks around -30 0C, which are assigned to the [G4Li] +[TFSI]- rich and MC rich phases, 

respectively. While the details of these phases were not further pursued, i.e. it was not 

possible to determine their relative amounts, it is worth noting that the conductivity data 
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will thus contain contributions from both phases42. Further, the MC itself contains a 

crysalline component that contributes to the high moduli of the iongels34 (Figure B.4) 

 

4.3.3  Raman Data 

Raman spectroscopy was used to further to investigate the structure of the solvated 

ionic liquid, [G4Li] +[TFSI]- in the iongel. Figure 4.1(D) compares the Raman spectra of 

MC, [G4Li] +[TFSI]- and 90/10 Iongel in the 700 to 900 cm-1 spectral region. The MC has 

no peaks in the 700-900 cm-1 cm region, aside from a very weak ether C-O-C stretching 

mode at 893 cm-1  43.  

 

Figure 4.1. (A) TGA data for G4, [G4Li] +[TFSI]-, MC, 90/10 iongel; (B) DSC curves for 

neat G4, [G4Li] +[TFSI]-  and  90/10  iongel; (C) Storage modulus as a function of 

temperature for 90/10 iongel; (D) Raman spectra of MC, [G4Li] +[TFSI]- and 90/10 Iongel  
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The peak around 739 cm-1 for [G4Li] +[TFSI]- represents the whole anion expansion 

and contraction of the anion (SN stretch and CF3 bending vibrations)44, which occur at 739-

742 cm-1 for free anions and solvent separated ion pairs and at 746-750 cm-1 for contact 

ion pairs45 and aggregates46 with Li+. Here, the relatively low 737-739 cm-1 value and the 

absence of a peak at higher wavenumber suggests that the anion is not experiencing much 

coordination from the [G4Li] + cation in the neat state or in the iongels47-48. As the amount 

of [G4Li] +[TFSI]- increases in the [G4Li] +[TFSI]-/MC mixtures, the intensity of the 739 cm-

1 TFSI- peak also increases (Figure B.5). The 863 cm-1 vibration in [G4Li] +[TFSI]- is the 

so called breathing mode of the tetraglyme/Li comlex [G4Li] + in a crown ether like solvate 

structure. It exists in all of the iongels at 860 cm-1 (Figure B.5), also providing confirmation 

for the preserved structure of [G4Li] + in the iongels. This breathing mode is also observed 

for polyethylene oxide with added lithium salts. 

 

4.3.4   Electrochemical Data 

4.3.4.1 Conductivity Data  

Conductivity data were obtained for all the 90/10, 80/20, 70/30 and 60/40 

[G4Li] +[TFSI]-/MC iongels, but subsequent electrochemical testing was only carried out 

for the 90/10 [G4Li] +[TFSI]-/MC composition (90/10 iongel).  Ionic conductivity data 

(Figure 4.2(A), Figure B.6) for the liquid are close to those previously reported (e.g. ů = 

1.8 x 10-3 S/cm vs 1.44 x 10-3 S/cm25 and 1.6 x 10-3 S/cm43) at 30 0C. The ionic conductivity 

for the iongel at 30°C is 4 x 10-4 S/cm and > 10-3 S/cm at 60 0C.  Addition of MC results 

in decreased conductivities by a factor of 5x for the 90/10 iongel and less than an order of 

magnitude for the 80/20 Iongel composition. With increasing MC concentration, the ionic 
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conductivity further decreases. Incorporation of [G4Li] +[TFSI]- into iongels has resulted in 

similar decreases in conductivity as the polymer content increased23-25.  

 

The equivalent circuit model used to fit the Nyquist plots to get the resistance value 

is shown in (Figure B.7), along with the fitted Nyquist plots for both [G4Li]+[TFSI]- and 

Figure 4.2. (A) Temperature dependent conductivity data of [G4Li] +[TFSI]- and 90/10 

[G4Li] +[TFSI]-/MC Iongel; (B) LSV curves of [G4Li] +[TFSI]- and 90/10 Iongel, 1mV/sec 

at RT, with Li0 as counter/reference and SS as working electrodes; (C) CV curves of 

[G4Li] +[TFSI]- from -0.6 to 4.5V (D) CV curves of 90/10 Iongel from -0.6 to 4.5V; (E) 

Time dependent impedance measurements of Li0/90/10 Iongel/Li0 cell; (F) Interfacial 

(RINT) and bulk (RBULK) resistances of Li0/90/10 Iongel/Li0 cell (solid symbols) and 

Interfacial (RINT) resistance of Li0/([G4Li] +[TFSI]-)/Li0 (open circles). B, C, D, E and F 

all measured at RT. 
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the 90/10 Iongel at three different temperatures. The temperature dependent conductivity 

data was best fit by the Vogel-Tamman-Fulcher (VTF) equation, ů(T) = ů0 exp[-B/(T-T0)], 

where ů0 (S cm-1) is pre-exponent conductivity, B (K) is an adjustable parameter, and T0 

(K) is the vanishing mobility temperature. The parameters, including activation energies, 

are shown in Table B.2.  

 

The activation energies are very similar for [G4Li] +[TFSI]- and 90/10, 80/20 and 

70/30 Iongels, but increase for the 60/40 Iongel, which might be due to increased viscosity 

as the result of mixing of MC into the [G4Li] +[TFSI]- phase, interaction of [G4Li] +[TFSI]- 

with MC at the interface of the phases, and the fact that there are two phases present, one 

rich in MC the other rich in [G4Li] +[TFSI]-.  

 

4.3.4.2   Electrochemical Stability Window 

The electrochemical stability window (ESW) of the iongel is the potential range 

over which it is neither oxidized nor reduced. It is an important property because the 

selection of anode, cathode and their cell cycling potential range, and ultimately energy 

density in the devices depends on the ESW. An increase in current indicates the start of 

decomposition of the electrolyte and thus is a measure of the highest working voltage. The 

anodic stability (LSV curves) for both liquid and iongel Figure 4.2(B) show that the iongel 

has higher anodic stability than pure [G4Li] +[TFSI]- (4.5V vs 5.0V), based on a threshold 

current density of 50 µA/cm2. The anodic stability determined by cyclic voltammetry (CV) 

(Figure 4.2(C) and 4.2(D)), is also higher for the iongel. The higher anodic stability of the 

iongel compared with liquid may be due to the absence of free G4 in the iongel. Excess G4 
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has been shown to decrease anodic stability in liquid [G4Li] +[TFSI]- electrolytes, where the 

G4 not in the 1/1 complex can be oxidized around 4V43.  In the presence of MC, excess G4 

may form hydrogen bonds with the MC and thus be unavailable for oxidation24.  At low 

voltages, both the liquid and iongel display reversible lithium deposition and stripping 

behavior on stainless steel electrodes. There are two peaks that are noteworthy on the 

cathodic scans for both the electrolytes. One is a faint peak at ~ 1.5V, attributed to reduction 

of water on the SS electrode. The water content might be due to trace amounts of moisture 

captured by the samples when they were transferred into the glove box after drying in the 

vacuum oven. The other peak at ~ 0.9V corresponds to a redox couple which was 

previously observed. with SS electrodes mainly due to the presence of electroactive surface 

species like oxides25 

 

4.3.4.3  Stability with Lithium metal  

The stability of the iongel with Li0 metal at RT was measured in a Li0/iongel/Li0 

cell with EIS measurements taken at open circuit voltage as a function of time Figure 

4.2(E). The intercept of the semicircle at high frequency (using the fitted data) was taken 

as the bulk resistance and the width of the semicircle taken as the interfacial resistance, 

which is plotted in Figure 4.2(F) together with the total resistance RTOT and the equivalent 

circuit model (inset, Figure 4.2 E) used in fitting the data. The bulk resistance remained 

constant with time, but the width of the semicircle (RSEI+CT) increased and then stabilized. 

It began at ~ 100 ɋ/cm2 and stabilized at 500 ɋ/cm2 at RT (25 0C) after 12 days. This is 

comparable to other iongels using PEO and RTILs, where values between 380 and 780 

ɋ/cm2 have been obtained44. For comparison, the interfacial resistance for the neat solvate 
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ionic liquid in a Li0/liquid/Li 0 cell at 25 0C is given in Figure 4.2(F). It increases from an 

initial value of 125 ɋ/cm2 to a constant value of ~ 200 ɋ/cm2 after ~ 12 days. This agrees 

well with previous data on the same system obtained at 40 0C, where the interfacial 

resistance increased from an initial value of 225 ɋ/cm2 to a constant value of 350  ɋ/cm2 

after ~ 20 days45.  

 

4.3.4.4  Lithium plating and stripping  

Drawbacks for the development of lithium metal batteries are side reactions of the 

electrolyte with lithium metal that lead to low columbic efficiency, since the lithium is 

consumed in irreversible reactions, and which ultimately lead to short lifetimes of the 

battery due to electrolyte consumption. In addition, internal short circuits can occur due to 

lithium dendrites that form upon repeated charging and discharging. The cycling stability 

of the iongel and liquid with lithium metal was studied with Galvanostatic lithium plating 

and stripping measurements in Li 0/liquid/Li 0 and Li0/iongel/Li0 cells as shown in Figure 

4.3 A, B, C and D, with the polarization potentials listed in Table B.3.  

 

Both the liquid and 90/10 Iongels exhibited stable cycling at low current densities 

(J = 0.01 mA/cm2 and J = 0.05mA/cm2). For the Li0/liquid/Li0 cell at J = 0.05 mA/cm2 the 

polarization potential increased from ~ 25 mV to ~ 50 mV in ~ 8 days, and then equilibrated 

to a value of ~ 60 mV for 22 days (Figure B.9A). For the Li0/90/10 iongel/Li0 cell (Figure 

4.3 C) at a low current density (J =0.01mA/cm2) the polarization potential was ~ 15 mV 

for the first 24 cycles (4 days) and at J = 0.05mA/cm2 for the same period of 

charge/discharge, the polarization potential increased to about ~65 mV for the next 24 
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cycles (4 days). A separate Li0/90/10 iongel/Li0 cell (Figure B.9C) was cycled at J = 0.05 

mA/cm2 for 150 cycles (25 days), and the overpotential reached close to its initial value 

when the current density was decreased to J = 0.01mA/cm2. This suggests that the iongel 

followed good Li0 deposition and dissolution kinetics and the SEI formed with the 

electrode was quite stable at low current densities. Thus the [G4Li] +[TFSI]- liquid and 90/10 

iongel showed similar stable cycling behavior at low current densities.   

 

The polarization values at this low current density for both the electrolytes are given 

in Table B.5. At higher current density (J = 0.1mA/cm2) for the Li0/liquid/Li 0 cell (Figure 

4.3 A) the polarization potential increased from ~ 50 mV to ~ 150 mV in ~ 5 days, and 

then equilibrated to a value of ~ 130 mV for 25 days. This is consistent with the initial 

buildup of an SEI layer followed by stable cycling. However, for the Li0/90/10 Iongel/Li0, 

the overpotential increased continuously for 90 cycles (15 days), suggesting the formation 

of an unstable and/or resistive SEI layer on the Li0 metal. For both the cells (liquid and 

90/10 Iongel), with further increase in the current density J = 0.5mA/cm2, the overpotential 

value increased rapidly reaching the safety limit of the instrument ~5V resulting in 

termination of the experiment.  EIS data for Li0/liquid/Li 0 and Li0/90/10 iongel/Li0 cycled 

at low (Figure B.9 B and D) and high (Figure 4.3 B and 4.3 D) current densities give some 

indication of the impedance buildup in the cells. At low current densities (J = 0.01mA/cm2 

and J = 0.05mA/cm2) (Figure B.9 B and D) the Nyquist plots consisted of a single 

semicircle followed by a slanted straight line.  The EIS data were fit to the circuits shown 

in Figure 4.3 B and 4.3 D. 
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E F 

Figure 4.3. Li plating/stripping data for: (A) Li0/[G4Li] +[TFSI]-/Li 0 cell; first 160 cycles 

(~26.5 days) at J = 0.1mA/cm2, remainder at J = 0.5mA/cm2,the inset showing the voltage 

vs time for the first 160 cycles at J=0.1mA/cm2 (B) EIS data before and after the 

plating/stripping experiment on Li0/[G4Li] +[TFSI]-/Li 0 cell (C) Li0/(90/10 [G4Li] +[TFSI]-

/MC)/Li 0 cell; first 24 cycles (4 days) at J = 0.01mA/cm2, next 24 cycles (4 days) at J = 

0.05mA/cm2, next 90 cycles (15 days) at J = 0.1mA/cm2 (D) EIS data before and after the 

plating/stripping experiment on Li0/90/10 Iongel/Li0 cell; (E) SEM image of mossy Li0 with 

attached iongel separator, and (F) MC fibrillar network of 90/10 Iongel where 

[G4Li] +[TFSI]- has been removed to form SEI. 
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The bulk impedance from the fitted data yielded similar conductivity values before 

and after plating at low current densities, suggesting that both liquid and iongel electrolytes 

were not consumed appreciably during cycling except for the formation of the SEI (Table 

B.4). The RSEI + CT increased in size after the stripping/plating experiments, indicating that 

there is impedance build up, and RSEI + CT was larger before and after plating was complete 

for the 90/10 Iongel electrolyte than for the liquid electrolyte. One possibility is that the 

deposited lithium metal forms a porous mosaic structure, which is connected to the 

underlying bulk Li metal. This is confirmed by SEM data (Figure 4.3 E, Figure B.10), 

where the mosaic structure can be observed. The liquid electrolyte may be able to fill the 

porous structure and make better contact with the surfaces where the charge transfer 

process takes place, so the impedance (RSEI + CT) after cycling decreases (Figure 4.3 B). 

 

In the cell made with iongel there is no free liquid to cover the porous lithium sites 

formed after cycling, so there is reduced electrolyte/Li contact, and an increase in RSEI + CT. 

This is confirmed by SEM images at the interface between the mosaic structure and the 

gel, which appears to be depleted of the liquid electrolyte, leaving only the fibrillar MC 

network (Figure 4.3 F, Figure B.11); these fibrils can only be observed if there is no liquid 

present. At higher current densities (J Ó 0.1 mA/cm2) (Figure 4 B and 4 D), the impedance 

increases more quickly due to the faster buildup of the porous mosaic structure.  

 

The lithium plating/stripping data at J = 0.5 mA/cm2 for the both the liquid and 

iongel electrolytes have high polarization resistances. The liquid has slightly lower 

polarization than the iongel, which might be due to the low cell resistance. The cell failure 
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at this current density could be a combination of multi and simultaneous processes such as 

dendrite short/soft short and/or that dead lithium no longer has electrical contact through 

the cell. With repeated galvanostatic plating and stripping of Li0 metal on the surface of 

the Li0 working electrode, the volume of the electrode is known to increase, disrupting the 

initially formed passivation SEI layer. Further cycling results in the electrolyte reacting 

with the freshly exposed Li0 electrode surface to generate mosaic lithium pockets  and 

usually this process continues as long as the cell is in operation, resulting in the corrosion 

of Li0 electrode and impedance build up in the cell due to lack of electrical contacts and/or 

ion transport pathways. In the case of the iongel, when the current density is increased to 

J=0.5mA/cm2, the passivation layer may not able cover the volume changes in the lithium 

electrode and forms very disconnected structures leading to impedance build up (Figure 

4.3 D) which is consistent with the steep rise in polarization (Figure 4.3 C). These 

observations suggest that in the iongel, there is a mossy growth of Li (as observed in Figure 

4.3 E and 4.3 F) and impedance build up by the continuous evolution of new lithium and 

electrolyte layers53. In the case of the liquid, after cell failure the impedance of the cell 

actually decreased, indicating that a low resistance SEI formed. Although failure can result 

from dendrite growth53, in this case a sudden drop in voltage is expected, not the rise 

observed at J = 0.5 mA/cm2.  It is possible that when the current density was increased 

from J = 0.1 mA/cm2 (where the plating growth was stable) to J = 0.5 mA/cm2, there was 

disruption of the SEI and exposure of new Li0 surface, resulting in increased corrosion and 

thus increased polarization potential (Figure 4.3 A). The low value of the resistance 

(Figure 4.3 B), although not to zero, is possibly due to the initiation of dendrites that have 

not yet spanned the cell. 
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4.3.4.5   Post-Mortem Studies- SEM Data 

The Li/90/10 Iongel/Li cell was disassembled after it failed, and the Li surface and 

the Iongel surface imaged by SEM. The Li surface, which was smooth initially, showed 

the presence of a layer of mossy lithium (Figure 4.3 D and 4.3 E and Figure B.10). The 

90/10 Iongel came apart from the Li0 but left some attached gel film on the Li surface 

(Figure 4 E). EDX analysis (Figure B.12 and B.13) confirmed the presence of sulfur and 

fluorine from the TFSI- anion on the mossy lithium, indicating that the TFSI- anion was 

used to form the SEI layer. The bulk of the iongel film showed integrity and appeared 

smooth after cycling (Figure B.14), but near the interface with the mossy Li0, the liquid 

appeared dried up and the MC fibers could be observed (Figure B.11C). Further, regions 

where the mossy Li0 was pushing against the iongel (Figure B.11D) and regions where it 

penetrated the iongel film were observed (Figure B.14). 

 

4.3.4.6  Battery Performance  

C-rate capabilities, charge-discharge curves and cycling stability for Li0/90/10 

iongel/LiFePO4 and Li0/[G4Li] +[TFSI]-/LiFePO4 cells is compared in Figure 4.4 A,B,C 

D and Figure B.15 A and B. C-rate capabilities (Figure 4.4 A) are comparable (slightly 

better) for the iongel than for liquid electrolytes from C/20 (150 vs 144 mAh/g) to C/5 (140 

vs 139 mAh/g) with current densities < 0.07 mA/cm2, where the Li0 plating/stripping data 

was similar for the iongel and liquid. Nyquist plots (Figure B.16) for C-rate capability cells 

before cycling show slightly better interfacial resistance for iongels compared with 

[G4Li] +[TFSI]- liquids. This may be due to better adhesion of the iongel than the liquid in 

the glass separator to the cathode. At low current densities (and thus low C rates) the stable 
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cycling with Li0 metal is comparable for the iongels and liquids. C-rate capabilities were 

equivalent for 5 cycles at C/2 (125 vs 123 mAh/ g) for the liquid and iongel. At higher C 

rates (i.e. 1C) and thus higher current densities (0.3-0.4 mA/cm2), the iongel has lower 

capacity than the liquid (79 vs 95 mAh/g), consistent with the better Li0 plating/stripping 

plating data for the liquid observed at higher current densities (e.g. 0.1 - 0.5 mA/cm2).  

 

The long-term cycling data for the iongel exceeded 100 cycles at C/5 (Figure 4.4 

C) and C/2 (Figure 4.4 B) (when the experiments were stopped). The cycling data for the 

liquid at C/2 rate (Figure B.17) is consistent with literature reports. As shown in Figure 

4.4 B the capacity of the conditioning cycles at C/20, C/5 are 155 and 142 mAh/g 

respectively and drop to 113 mAh/g at C/2 (1st cycle). The capacity value increases with 

cycle number and stabilizes at 131 mAh/g with a coulombic efficiency of > 99% in the first 

7 cycles. This may be due to wetting of the electrodes and decrease in polarization 

resistance with formation of a stable passivation layer on the Li0 metal. The capacity of the 

cell after 100 cycles is 125 mAh/g (compared with the liquid that is also 125 mAh/g) and 

maintains 95% of its initial stable capacity (Figure 4.4 B/D). The charge-discharge 

performance of the half-cells with liquid [G4Li] +[TFSI]- and 90/10 Iongel electrolytes also 

have comparable performance at lower C rates (e.g. C/5) (Figure 4.4 C and Figure B.15). 

This cycling performance is considerably better than previously reported ion gels prepared 

with solvate ionic liquids (Table 4.1). 
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The difference in performance of the liquid versus gel electrolytes in the Li0/Li0 

and Li0/LiFePO4 cycling tests is due to the differences in the interactions of the separators 

with the electrodes. In the case of the liquid, a glass fiber separator was used, and the 

improved performance at the cathode for the Iongel is due to better adhesion of the gel 

compared with the glass fiber to the cathode; better adhesion reduces the charge transfer 

Figure 4.4: Charge-discharge characteristics at 25oC for Li 0/(90/10 Iongel)/LiFePO4 

cell at 25oC (A) rate performance at various C-rates; (B) comparison of discharge capacity 

and coulombic efficiency as a function of cycle number for a Li0/(90/10 Iongel)/LiFePO4 

and Li0/[G4Li] +[TFSI]-/LiFePO4 cells at C/2; (C) comparison of discharge capacity and 

coulombic efficiency as a function of cycle number for a Li0/(90/10 Iongel)/LiFePO4 and 

Li 0/[G4Li] +[TFSI]-/LiFePO4 cells at C/5 (D) Specific capacity vs voltage profiles for the 

first cycles at C/20, C/5 and 50th cycle, 98th cycle at C/2 
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resistance at the cathode interface. However, although the MC adheres to the Li anode, it 

appears that the liquid in the gel is consumed at the interface as observed by the SEM 

images (Figure 4.3 F, Figure B.11C). 

 

4.4  Conclusions  

An iongel of 5V anodic stability, high ionic conductivity of 4 x 10-4 S/cm at 30°C, 

high storage modulus, Eǋ = 60 MPa at RT and thermal stability up to 200 ÁC was prepared 

from 90 wt% solvate ionic liquid [G4Li] +[TFSI]- and 10 wt% MC. The high ionic 

conductivity originates from the 90% liquid content incorporated in the low wt% gelator, 

but at the same time achieves the highest storage modulus with 90% liquid content to date. 

This is due to the nanofibrillar network of MC which can encapsulate up to 95% SIL 

without leaking liquid34. MC has the advantages that it is environmentally friendly and 

inexpensive. The thermal and Raman studies show that [G4Li] +[TFSI]- remains as the 1/1 

complex where the transference number of the lithium ion is tLi
+ =  0.5. This means that the 

MC gelator physically retains the SIL in the nanofibrillar network without disrupting the 

1/1 complex structure. Any residual free G4 interacts with the OH groups of MC through 

hydrogen bonding with the SIL, which increases the anodic stability (from 4.5 V to 5V) 

and opens the possibility for using ether based SIL electrolytes for high voltage 

applications. The cycling stability of the iongel with lithium symmetrical cells shows stable 

cycling at low current densities, but at high current densities (0.5 mA/cm2) the polarization 

increases rapidly, and the cell fails. Similarly, in full Li/Iongel/LiFePO4 cells, there is stable 

cycling at low C rates, but not at high C rates, suggesting that the problem is at the Li0 

anode. The SEM data suggest that in a narrow layer at the interface (< 1 nm) the MC is 
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attached to the Li0 (due to the reaction of the OH groups of MC with Li0 metal36) but the 

liquid is depleted from the gel, having been consumed to form the SEI. Future studies will 

focus on a more in depth understanding of the interaction  of Li0 metal with iongels 

prepared using MC with various degrees of lithium substitution on the -OH groups of MC.  

 

Although similar conductivities have previously been achieved with combinations 

of polymers and SILs, mechanical properties are significantly lower. Mixtures of 

[G4Li] +[TFSI]- and PEO had similar conductivities (ů = 4 x 10-4 S/cm at 20 0C and ů = 2.5 

x 10-3 S/cm at 60 0C), but only formed viscous solutions, not iongels24. In situ crosslinked 

poly-(ethylene glycol) diacrylate (PEGDA) with [G4Li] +[TFSI]- exhibited similar 

conductivities (0.43 mS/cm) with moduli 100 times less (0.47 MPa)28, while ABA block 

copolymers with conducting and structural blocks have similar conductivities (10-4 S/cm) 

but moduli in the kPa range23,31 that can exhibit leakage22,23. Mixtures of [G4Li] +[TFSI]- 

with poly(diallyldimethylammonium) or poly(2-methacryloxyethylammonium) cations 

only formed iongels when the polymer component was greater than 50 wt%, but no moduli 

were reported25. Other iongel electrolytes (with room temperature ionic liquids, RTILs) 

have reached conductivities of 10-4 S/cm at 20 0C and 10-3 S/cm at 60 0C, but weak gels 

with no mechanical property data have been reported9, or the gels have been prepared on 

polyethylene supports47. Similarly, polymer gel electrolytes with volatile carbonate 

solvents, typically made using combinations of polymers such as polyvinylidene fluoride 

(PVdF), poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), polyethylene 

oxide (PEO), polyacrylonitrile (PAN), or blends, have better ionic conductivities but worse 



[164] 

mechanical properties4 with typical values of 104 Pa3, except when incorporated into olefin 

or crosslinked aromatic separators48.  
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CHAPTER 5  

UTILIZING NANOPARTICLE IONIC 

POLYOCTAHEDRALSILSESQUIOXANES FOR FORMING  SINGLE ION 

CONDUCTOR LIQUID ELECTROLYTES WITH HIGH IONIC 

CONDUCTIVITY  

 

 

5.1  Introduction  

 One of the major problems in the development of separators for lithium-ion or metal 

batteries (LIBs, LMBs) is to optimize ionic conductivity (ʙ) and reduce concentration 

polarization. Concentration gradients adversely affect cell performance by contributing to 

the growth of dendrites, which are branched or needle-like structures that form instead of 

desirable flat, uniform Li0 deposition. Dendrites can break off, resulting in a decrease in 

energy density, or span the cell separator causing internal shorting, heating, thermal 

runaway and catastrophic cell failure. Dendrites are particularly a concern for lithium metal 

batteries (LMBs), but also occur in lithium-ion batteries (LIBs), since Li0 metal rather than 

intercalated Li+ can deposit on the anode in LIBs during fast charging or at low 

temperatures1. As discussed in chapter 1, the transition from graphitic to metallic lithium 

anodes would enhance energy density 10 fold, and metallic lithium anodes would enable 

the use of un-lithiated materials such as sulfur or air to replace intercalation cathodes for 

lithium/sulfur or lithium/air batteries2, 3 with improved energy density. In these cases, the 

safety issues associated with dendrite growth when using metallic Li0
 are a major concern. 

There has been extensive theoretical and experimental research on the prevention of 

dendritic growth, including mechanical inhibition4 and limiting concentration gradients 

that result in anion depletion near the anode5. The prospect of prevention of dendritic 
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growth by mechanical inhibition was discussed in the chapters 3 and 4, with the use of gel 

polymer electrolytes. This chapter discusses the work towards dendrite prevention by the 

limitation of concentration gradients, which can be  achieved by the use of electrolytes with 

high ionic conductivities and low anion mobility, i.e. high Li+ ion high transference 

numbers (tLi
+). The transference number is by definition the contribution of a single 

charged species to transport under the influence of an electric field. Since tLi
+ + tX

- = 1, if 

the anion is immobile tX
- = 0, tLi

+ = 1, and concentration polarization does not develop. A 

tLi
+ = 1 was shown to enhance power and energy density, particularly at high discharge 

rates, over electrolytes with tLi
+ = 0.2, even with an order of magnitude decrease in 

conductivity6. Recent modelling studies suggest that tLi
+ å 0.7 would also allow a higher 

attainable state of charge at high charge rates7.  

 

 However, most electrolytes are not ideal, and lithium can be transported in the form 

of neutral contact ion pairs, and neutral or charged aggregates. When the electrolyte is non-

ideal, an equilibrium exists between Li+, X-, LiX, Li 2X
+, LiX2

- (and even larger 

aggregates), and tLi
+ depends on the concentration (activity), mobility and charge of each 

charged species8. The measurement of tLi
+ is therefore not straightforward and an accurate 

determination is not always possible9. The two most common methods used to measure 

transport properties of lithium are spin echo pulse-field gradient (PFG)-NMR and 

electrochemical techniques10, particularly potentiostatic polarization, developed by Bruce 

and Vincent11, 12. In spin echo PFG-NMR13-16, the average static self-diffusion coefficients 

of all species containing a nucleus with a unique chemical shift is monitored, whereas only 
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charged species are measured using potentiostatic polarization. Both methods can 

overestimate the effective tLi
+, and they often do not agree with each other. 

 

 Concentration gradients are avoided in polymer single ion conductors (SICs) by 

covalent attachment of anions to the polymer backbone so that tLi
+ Ÿ 1. However, 

conductivities of polymer SICs have remained low (ʙ < 10-5 S/cm)17. In polymer 

electrolytes the cation motion is believed to be coupled to the backbone dynamics, so 

attempts to increase conductivity have included incorporating flexible chains with low 

glass transition temperatures (Tgs) such as polydimethylsiloxanes. One of the reasons for 

the low conductivity in polymer SICs is extensive ion aggregation. As in the case of bi-

ionic conductors, there are completely dissociated ions, neutral contact ion pairs (CIPs) 

and poorly conductive ion triplets and aggregates (AGG) [Figure 5.1(A)]. However, for 

polymer SICs larger ion aggregates also form, as shown schematically in [Figure 5.1(B)] 

and there are few dissociated ions18, 19. In this case, polymer flexibility adversely affects 

conductivity by contributing to the ion clustering, since the pendant ion groups have the 

mobility necessary to phase separate from the more hydrophobic backbone. Confirmation 

that the formation of these aggregates causes a decrease in ionic conductivity comes from 

the unexpected finding that addition of a tetraglyme plasticizer to an ionomer resulted in a 

reduction of ionic conductivity by 4-5 orders of magnitude, as the result of recoupling of 

the ionic conductivity with the polymer segmental dynamics20. Single ion conductors can 

be crosslinked and swollen with liquid solvents to achieve tLi
+ = 1 and higher ionic 

conductivity than dry systems21, 22 23, and as in the dry systems, highly dissociative ionic 

species reduce the formation of aggregates and increase conductivity. Thus, replacement 
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of carboxylate, phosphate and sulfonate anions with the LiTFSI-like anion in lithium[(4-

styrenesulfonyl)trifluoromethane-sulfonyl)imide]24, 25 and poly[(4-styrenesulfonyl) 

(trifluoromethyl (S-trifluoromethylsulfonylimino) sulfonyl) imide]26 have resulted in the 

best ion conductivities to date. 

                   

 Nonflammable liquids have some advantages over solids and gels when used as 

battery electrolytes. In particular, they can permeate the space between the composite 

electrodes so that more of the active material is accessible. In order to increase tLi
+ in 

A B C

D E

  
Figure 5.1. Schematic of (A) ion pairs and ion triplets found in LiX salts and polymer 

SICs; (B) higher order aggregates that can occur in polymer single ion conductors (SICs); 

(C) solvate ionic liquid [Li(G4)
+]/[TFSI-], mixtures of G4 and LiTFSI and mixtures of G4 

and POSS-(NSO2CF3
-)Li+; and (D) structure of  POSS-(LiNSO2CF3)8; (E) POSS-

(NSO2CF3
-)8 anions dispersed in G4; G4 not shown 
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liquids, the strategy has been to use large, slow moving anions. Anions tethered to SiO2 

nanoparticles27 and polyanions dissolved in liquid solvents28-30 have been investigated, and 

can have high room temperature conductivities (ů > 10-4 S/cm) and tLi
+ > 0.7. Recently 

investigated solvent-in-salt electrolytes also exhibit tLi
+ ~ 0.7 and high conductivity31. As 

highlighted in the chapters 2 and 4, tetraglyme (G4), CH3-O-(CH2CH2O)4-CH3, is an 

alternative to expensive nonflammable ionic liquids (ILs), since it forms a solvate (or 

chelate) IL, where a third component (here G4) strongly coordinates Li+, thus forming a 

complex cation. This has been shown to occur for a 1/1 molar mixture of G4 and 

LiTFSI,[Li(G4)
+][TFSI-], with brackets used to indicate the molar ratios, while for other 

compositions or salts, coordination of Li+ can occur between both G4 and the anion [Figure 

5.1(C)] 32-38. 

  

 This chapter discusses the work directed towards achieving electrolytes with high 

lithium transference numbers and high ionic conductivities by the use of functionalized 

symmetric, multi-ionic polyhedral oligomeric silsesquioxane (POSS) with dissociative 

lithium salts [Figure 5.1(D)] dissolved in tetraglyme (G4), CH3-O-(CH2CH2O)4-CH3, to 

increase lithium ion transference numbers (tLi
+) and avoid the formation of large ion 

clusters that trap the Li+ ions. The salts are composed of (SiO1.5)8 cubes, where the eight 

corners have been functionalized with LiTFSI-type salts and are referred to as POSS-

(LiNSO2CF3)8. The POSS-(LiNSO2CF3)8 can be considered solvent-in-salt electrolytes, 

since salt weights = 3x solvent weight can be achieved31. When dissolved in G4, some of 

the Li ions dissociate, resulting in partially charged species, and form a colloidal solution. 

These large negatively charged anions repel each other, preventing aggregation [Figure 
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5.1(E)]. We have investigated POSS-(LiNSO2CF3)8 in G4, and compared the properties of 

G4/POSS-(LiNSO2CF3)8 with those of G4/LiX, X = TFSI-, PF6
-, and lithium 

bis(perfluoroethanesulfonyl)imide (BETI-) = [N(SO2C2F5)2]
-, and their mixtures, 

G4/POSS-(LiNSO2CF3)8/LiX. Mixtures of POSS-(LiNSO2CF3)8 and LiTFSI or LiPF6 

dissolved in G4 have tLi
+ ~ 0.65 in the liquid state, with conductivities ʙ > 10-3. 

 

5.2  Experimental 

5.2.1 Materials 

Bis(trifluoromethane) sulfonamide lithium salt (LiTFSI) and tetraglyme (G4) 

(Sigma Aldrich) were dried at 60°C in vacuum, and G4 further dried over molecular sieves 

in an argon purged glove box. Lithium metal (Alfa-Aesar) was stored in a desiccator inside 

an argon purged glove box. Octasilane POSS (SH1310) was a gift from Hybrid Plastics, 

Inc. and used as received. All the starting materials for synthesis of the salt were purchased 

from Sigma-Aldrich and used as received. Carbon coated LiFePO4 was purchased from 

Ximen Tob New Energy Technology Co. Ltd. Carbon black, PVDF binder and 2-NMP 

were purchased from MTI Corporation.  

 

5.2.2  Methods and Characterization Techniques 

  The step wise synthesis of the POSS-(LiNSO2CF3)8 is described in detail in the 

Scheme C.1.  The preparation and compositions of all the samples are given in Table C.1. 

G4/POSS-(LiNSO2CF3)8 and G4/LiX, X = TFSI-, PF6
- and BETI-, were characterized based 

on the ratio of ether oxygens in G4 to Li+ ions (O/Li ratio), as is common in PEO based 

electrolytes, and/or their molar ratios. In the case of the 1/1 molar ratio for G4 and LiX, this 
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is O/Li = 5/1. In the case of G4/POSS-(LiNSO2CF3)8, a 1/1 molar ratio is O/Li = 5/8, while 

to provide one G4 for all of the eight Li on the POSS-(LiNSO2CF3)8, requires O/Li = 40/1. 

In mixture of POSS-(LiNSO2CF3)8 with LiX, the weight ratio of POSS-(LiNSO2CF3)8 to 

LiX varied from 100/0 to 0/100. The description of the characterization techniques and the 

parameters used to obtain the data presented in this chapter is given in Appendix C.  

 

5.3  Results and Discussion 

5.3.1 Thermogravimateric and calorimetric studies  

Differential scanning calorimetry (DSC) data (Table C.4, Figure 5.2) of the neat 

G4 indicated it melts at Tm = -

28.3 0C in agreement with 

literature values (Tm = -3035), 

with no glass transition 

temperature (Tg). Attempts to 

crystallize POSS-

(LiNSO2CF3)8 were 

unsuccessful, and it 

decomposed before Tg was 

reached. At comparable O/Li  

ratios, G4/LiTFSI more 

effectively suppresses crystallization than does POSS-(LiNSO2CF3)8. For G4/LiTFSI the 

melt is completely suppressed for O/Li = 15/1 to 5/1, and there are only very small 

(crystallization and remelt) peaks for the 20/1 and 17.5/1 samples (Figure C.3). For 

Figure 5.2. DSC thermograms for second heating cycles 

of  G4/POSS-(LiNSO2CF3)8 
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G4/POSS-(LiNSO2CF3)8, the melt temperature Tm only completely disappear at O/Li = 

7.5/1 and 5/1 and there is a very small crystallization and remelt at O/Li = 10/1. Since 

Li+ ions are typically solvated by a combination of 4-5 ether oxygens and/or anion 

contacts, in the case of G4/POSS-(LiNSO2CF3)8, more of these contacts may come from 

contact ion pairs than from the ether oxygens of G4 than in the case of [Li(G4)
+]/[TFSI-], 

where the Li+ ions can be completely solvated by G4 (Figure 5.1C). This would leave 

more G4 molecules available for crystallization in the case of G4/POSS-(LiNSO2CF3)8 

compared with G4/LiTFSI, as  observed. When both G4/POSS-(LiNSO2CF3)8 and 

G4/LiTFSI are amorphous, Tg of G4/LiTFSI is 10 0C higher than G4/POSS-(LiNSO2CF3)8 

at the same O/Li ratio. This also suggests that there is more Li+ dissociation in G4/LiTFSI 

raising its Tg, while in G4/POSS-(LiNSO2CF3)8 the Li+ ion dissociates less and forms 

more contact ion pairs (~~NSO2CF3
-ĀĀĀLi+ĀĀĀG4). Both G4/LiTFSI and G4/POSS-

(LiNSO2CF3)8 show the expected increase in Tg with increasing salt concentration, which 

can be been attributed to the effects of increased viscosity and 

~CH2CH2OĀĀLi
+ĀĀOCH2CH2~ crosslinks with increased salt concentration.   

 

  Thermogravimetric analysis (TGA) data (Figure 5.3) also provide information on 

the complex formed between the Li+ cation and G4. Unlike the case of [Li(G4)
+][TFSI-] 

(1/1 mole ratio, O/Li = 5/1), where removal of G4 is delayed until ~ 200 0C36 compared 

with G4 removal at ~ 100 0C in compositions with excess G4, delayed removal of G4 does 

not occur for any composition of G4/POSS-(LiNSO2CF3)8 (Figure C.5) except for the 4/1 

mole ratio (O/Li = 2.5/1) (Figure 5.3). The TGA data therefore indicates that for G4/POSS-

(LiNSO2CF3)8 (O/Li Ó 5/1) the Li
+/G4 complex is not formed. Instead, the Li+ ion is more 
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loosely complexed with the G4, and possibly also interacting with the NSO2CF3
-- anions of 

POSS-(NSO2CF3
--)8. For G4/POSS-(LiNSO2CF3)8 (4/1 mole ratio, O/Li = 2.5/1), G4 comes 

off predominantly at 300 0C, at an even higher temperature than the pure POSS-

(LiNSO2CF3)8.   

         

  

 In this case, the G4 is even more tightly complexed than for the [Li(G4)
+][TFSI-], 

which is removed at 200 0C. This arises since one G4 must be shared between two Li+ of 

G4/POSS-(LiNSO2CF3)8 so that the G4 is trapped between the cubes, as shown in a 2D 

representation (Figure 5.3). It should be noted that even for this composition, where the 

Figure 5.3. TGA weight loss data: The samples were heated to 100°C (at 10°C/min), 

held at that temperature for 1 h, and then heated to 400°C at 10°C/min 
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weight of the POSS-(LiNSO2CF3)8 is 3x that of the G4, the mixture is stable against any 

signs of phase separation or precipitation for months. 

 

5.3.2  TEM study  

  TEM images (Figure 5.4) also show no aggregates, and EDAX data (Figure C.2) 

confirm that these images contain POSS-(LiNSO2CF3)8. The absence of aggregation and 

the formation of a stable colloid for G4/POSS-(LiNSO2CF3)8 are indicated by the lack of 

phase separation or precipitation over months, even though the weight of POSS-

(LiNSO2CF3)8 is up to 3x greater than the weight of G4 (see Table C.1).  

 

 

 

 

 

 

Figure 5.4. TEM image of G4/POSS-(LiNSO2CF3)8 with O/Li = 7.5/1. Sample was 

prepared by dissolution of POSS-(LiNSO2CF3)8 in polyethylene glycol monomethyl ether 

acrylate (Mn = 350 g/mol), 0.1% AIBN, and dilution with acetonitrile (ACN).  After 

dropping the solution on a TEM grid, and evaporation of the ACN, the sample 

polymerized. 
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5.3.3  Structure of the liquids by X-ray scattering 

  Wide angle x-ray scattering (WAXS) data obtained at room temperature for neat 

G4 and neat POSS-(LiNSO2CF3)8 are shown in Figure 5.5 A and Figure C.4. G4 

crystallized at low temperatures (Tm = -30°C; shown at -173 0C), but POSS-(LiNSO2CF3)8, 

which is a glass, had similar WAXS at all temperatures (not shown). At room temperature, 

G4 shows a single broad peak centered at 2ᴆ = 21-220 (q ~ 15 nm-1; d ~ 0.45 nm) and is a 

feature typical of molecular liquids that can distinguish between intra- and intermolecular 

distances40. POSS-(LiNSO2CF3)8 exhibits a shoulder peak at 2ᴆ ~ 22
0 (q ~ 15.5 nm-1; d ~ 

0.40 nm), and two broad features at 2ᴆ ~ 18.50 (q ~ 13.1 nm-1; 0.48 nm) and 2ᴆ ~ 6.90 (q 

= 4.9nm-1, d = 1.28 nm). Assignments of the peaks can be made in analogy with LiTFSI in 

the (simulated) liquid state (530K). For LiTFSI, deconvolution of S(q) obtained from MD 

simulations41 in the 4 < q/nm-1 < 20 region show three Gaussian functions:  a shoulder peak 

at 2ᴆ = 21.940   (q ~ 15.5 nm-1; d = 0.405 nm), and peaks centered at 2ᴆ = 16.80 (q = 11.9 

nm-1; d = 0.53 nm) and 2ᴆ = 8.70 (q = 6.2 nm-1; d = 1.01 nm) and. The  2ᴆ = 21.940  (q ~ 

15.5 nm-1; d = 0.405 nm) shoulder peak in LiTFSI, known as the contact peak, corresponds 

to distances between neighboring atoms of different ions, defining the boundary between 

intra- and inter-molecular features41, and can be similarly assigned for amorphous POSS-

(LiNSO2CF3)8. The 2ᴆ = 16.8
0 feature in LiTFSI has been attributed to a charge-ordering 

peak (COP), often referred to as the polar network, and is a feature observed in ionic liquids 

and molten salts, since ions need to be surrounded by counter-ions to establish local 

electroneutrality42. In LiTFSI, this assignment is corroborated by a more ordered COP at d 

= 0.52 nm in the crystalline state43. The 2ᴆ =18.50 (q ~ 13.1 nm-1; d = 0.48 nm) feature in 

POSS-(LiNSO2CF3)8 can also possibly be assigned to the COP peak, but crystalline POSS-
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(LiNSO2CF3)8 is not available to make a similar comparison. Finally, the 2ᴆ = 8.7
0 (6.2 

nm-1, 1.01 nm) peak in LiTFSI was attributed to distances between sulfur atoms belonging 

to two TFSI- ions, oriented side by side without an intervening Li, and occurs at 0.86 nm 

in crystalline LiTFSI42. By analogy, the 2ᴆ = 6.90 (q ~ 4.9 nm-1; 1.28 nm) peak in POSS-

(LiNSO2CF3)8 may correspond to some larger distance between the sulfur containing 

pendant anions. Small angle x-ray scattering (SAXS) data (not shown) showed no structure 

at small q for either G4 or POSS-(LiNSO2CF3)8. 

 

  WAXS data for mixtures of G4/POSS-(LiNSO2CF3)8 at room temperature with 

O/Li = 2.5/1, 5/1, 7.5/1 are shown in Figure 5.5 A. Temperature dependent data (not 

shown) were identical, and none of the samples showed crystalline peaks of G4 at -100 0C. 

With the addition of G4 to POSS-(LiNSO2CF3)8 the (shoulder) contact peak of POSS-

(LiNSO2CF3)8 at 2ᴆ ~ 22
0 (q ~ 15.5 nm-1; 0.40 nm) shifts to lower angles, i.e. larger 

distances, and merges with that of G4, and the intense charge ordering peak at 2ᴆ ~ 18.5
0 

(q ~ 13.1 nm-1; 0.48 nm) disappears. In the case of G4/LiTFSI (1/1 molar ratio), the contact 

peak (shoulder) at 2ᴆ = 21.940 (q ~ 15.5 nm-1; d = 0.405 nm) also shifts to lower values of 

2ᴆ = 21.20 (q ~ 15.0 nm-1; d = 0.418 nm), i.e. larger distances, and the intense charge 

ordering peak also disappears. The addition of G4 to POSS-(LiNSO2CF3)8 for O/Li = 2.5/1 

and 5/1 results in a shift of the feature at 2ᴆ ~ 6.90 (q = 4.9nm-1, d = 1.28 nm), tentatively 

assigned to separation between the anionic side-groups, to lower angles 2ᴆ = 5.480 (q = 

3.9 nm-1; d = 1.61 nm), consistent with an increase in the separation distance between 

POSS-(LiNSO2CF3)8 due to intervening G4 molecules .  

 



[184] 

In the case of G4/LiTFSI a new peak appears that shifts from higher angles to 2ᴆ = 13.38
0 

(q ~ 9.5 nm-1, d = 0.66 nm) for the 1/1 molar ratio, and is attributed to a characteristic 

separation distance between anions consistent with glyme-solvated Li ions40, 41. The peak 

associated with anion separation in G4/POSS-(LiNSO2CF3)8 at 2ᴆ ~ 6.9
0 (q = 4.9nm-1, d = 

1.28 nm) can only be observed for G4/POSS-(LiNSO2CF3)8 with O/Li = 2.5/1 and 5/1, 

which correspond to the mole ratios [4G4][1 POSS-(LiNSO2CF3)8] and [8G4][1 POSS-

(LiNSO2CF3)8], where 1 G4 is shared between two Li or there is 1 G4 for each Li, 

respectively. Since it was not possible to investigate values of 2ᴆ < 50 by WAXS (due to 

instrumental limitations), SAXS was used to determine whether aggregation/clustering or 

ordering could be observed for G4/ POSS-(LiNSO2CF3)8 for O/Li = 7.5/1.This sample was 

chosen since it had the highest concentration of POSS-(LiNSO2CF3)8 whose viscosity 

allowed it to be put into narrow quartz capillaries. SAXS data were obtained in two q 

regions, which were spliced together (Figure 5.5 B). Subtraction of G4 from G4/POSS-

(LiNSO2CF3)8 in the 3 to 20 q (nm-1) region showed that the 2ᴆ = 18.5 peak of POSS-

(LiNSO2CF3)8 persisted in the mixture and was distinct from the close 2ᴆ = 21-22 peak (q 

~ 15 nm-1; d = 0.45 nm) of G4; subtraction of G4 was not done in WAXs data, Figure 5.5 

A. SAXS data from q = 1 nm-1 to q = 5 nm-1 obtained for G4/POSS-(LiNSO2CF3)8 with 

O/Li = 7.5/1 was fit to a structure factor, assuming a model where the primary particles 

were hard spheres (Figure 5.5 C). The form factor (Figure 5.5 D) gave ñparticlesò of 1.57 

nm radius. The SiO1.5 core has an approximate radius of 0.45 nm44. The large radius 

observed by SAXS suggests that the POSS-(LiNSO2CF3)8 cubes do not aggregate and 

instead form solvated structures, with the space between adjacent SiO1.5 cores of POSS-

(LiNSO2CF3)8  occupied by free G4, G4 participating in contact ion pairs (one anion 
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~~NSO2CF3
- ĀĀĀLi+ contact and 3-4 ether oxygen ïLi+ contacts from G4), and solvated 

Li+G4. If the ñparticlesò were in a cubic array, the center to center distance would be 

approximately 1.64 nm apart, smaller than the center to center distance of the ñparticlesò 

measured by SAXS. However, it is likely that the structure factor should consider 

interpenetrating particles. 

 

 

Figure 5.5. (A) WAXS data for neat G4 (25 and -100°C),  neat POSS-(LiNSO2CF3)8, and 

mole ratios of [G4]/[POSS-(LiNSO2CF3)8] also shown as (O/Li ratio); and (B) SAXS data 

at 25°C for [G4]/[POSS-(LiNSO2CF3)8] = 7.5/1 obtained in 2 regions (Ƶ, ǐǐǐǐ); and the 

(C) S(q) and (D) P(R) data. 
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5.3.4 Electrochemical Characterization 

5.3.4.1  Ionic conductivity measurements  

  Temperature dependent ionic conductivities  of G4/POSS-(LiNSO2CF3)8 and 

G4/LiTFSI as a function of O/Li, (Figure 5.6, Table C.2) show about an order of 

magnitude decrease in conductivity of G4/POSS-(LiNSO2CF3)8 compared with that of 

G4/LiTFSI. This is encouraging since if the pendant anion were on a polymer SIC, a 2-4 

order of magnitude decrease in conductivity is expected. The conductivity of G4/LiTFSI 

agrees well with previously reported values at 30 0C (6.56 x 10-3 S/cm)39. Of further interest 

is the temperature dependent viscosity of both electrolytes (Table C.3), where the viscosity 

of the G4/LiTFSI is only ~ 21% less than that of the G4/POSS-(LiNSO2CF3)8 at 20 0C.  

   

  This suggests that large scale aggregation does not occur in the G4/POSS-

(LiNSO2CF3)8 (which would otherwise result in large viscosity increases). These results 

suggest that the difference in conductivity is related to a decreased contribution from the 

large POSS-(NSO2CF3
-)8 anions (2520 g/mol) compared with the TFSI- anion (215 g/mol) 

and/or to the better dissociative properties of the LiTFSI (CF3SO2NLiSO2CF3) compared 

with -(LiNSO2CF3)8, which has only half the number of electron withdrawing groups. As 

in the case of bi-ionic conductors and polymer SICs, the conductivity increases as the 

electron withdrawing groups of the anion increase, and as the negative charge becomes 

more delocalized. Addition of LiTFSI to G4/POSS-(LiNSO2CF3)8 increases the 

conductivity, as expected (Table C.2). 
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Figure 5.6. Temperature dependent ionic conductivity as a function of O/Li ratio for 

G4/LiTFSI and G4/POSS-(LiNSO2CF3)8.  

 

 

5.3.4.2  Electrochemical Stability and Reversibility   

 

Figure 5.7.  Anodic scans at 25 0C, 2 

mV/sec from OCV to 5V, using stainless 

steel working electrodes, Li0 

reference/counter electrodes, of the 

electrolytes (all O/Li = 20/1): (Ƶ) 

G4/POSS-(LiNSO2CF3)8; (Ƶ) 

G4/LiTFSI; and (Ƶ) G4/LiTFSI+20% 

POSS-(LiNSO2CF3)8 at 25°C. 

 

 

 



[188] 

  The anodic stability of G4/POSS-(LiNSO2CF3)8, G4/(LiTFSI+20% POSS-

(LiNSO2CF3)8), and G4/LiTFSI   was measured with linear sweep voltammetry at 25°C 

from open circuit voltage (OCV) to 5V at a scan rate of 2 mV/sec, using stainless steel 

working electrodes and lithium counter/reference electrodes. The stability window was 

about the same (2V to 4.1 V - 4.3V) for the three electrolytes, using a threshold current of 

50µA/cm2 typical for glyme electrolytes38, and thus the electrolytes were stable in the 

voltage range (2.6 to 4V) used for half-cell testing with the LiFePO4 cathode (Figure 5.7).  

 

  The time dependence of the resistance under open circuit voltage at 25oC (Figure 

C.8) was obtained using a Li/electrolyte/Li cell for G4/POSS-(LiNSO2CF3)8 and 

G4/(80wt% LiTFSI/20 wt%POSS-(LiNSO2CF3)8) with electrochemical impedance 

spectroscopy. The bulk resistance was constant for both electrolytes, with the bulk 

resistance of G4/POSS-(LiNSO2CF3)8 greater than that of G4/[80wt% LiTFSI/20 

wt%POSS-(LiNSO2CF3)8.],  as expected from the conductivity data. There was a gradual 

but slight decrease in the interfacial resistance for [G4/80wt% LiTFSI/20 wt%POSS-

(LiNSO2CF3)8], but for G4/POSS-(LiNSO2CF3)8 the interfacial resistance dropped steeply 

for several days, which may be due to improved wetting of the electrodes with time or to 

decreased diffusion in the more viscous G4/POSS-(LiNSO2CF3)8, and then leveled off to 

the same value as for the mixed system. This suggests that POSS-(LiNSO2CF3)8 affects the 

formation of the interfacial layer on Li0 metal and its resistance similarly for both systems, 

and may be due to the formation of a particle rich coating on the Li0 metal, as previously 

suggested for hairy nanoparticles53.  
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5.3.4.3  Lithium Plating and Sripping  

  Lithium plating and stripping for Li0/[G4/LiTFSI]/Li 0, Li0/[G4/POSS-

(LiNSO2CF3)8/Li0
 and Li0/[G4/80wt% LiTFSI/20wt%POSS-(LiNSO2CF3)8]/Li 0 were 

studied at different current densities (0.01 to 1mA/cm2 ) for 2 hour charge and discharge at 

25°C. Cell failure occurred in the order G4/80%LiTFSI/20 wt%POSS-(LiNSO2CF3)8 < 

G4/LiTFSI < G4/POSS-(LiNSO2CF3)8, (although not all cells were cycled until failure). At 

0.01 mA/cm2, G4/80wt%LiTFSI/20 wt%POSS-(LiNSO2CF3)8 and G4/LiTFSI exhibited 

stable cycling, but for G4/POSS-(LiNSO2CF3)8, the polarization increased with cycle 

number (Figure C.9). At 0.1mA/cm2, both G4/80wt% LiTFSI/20 wt%POSS-

(LiNSO2CF3)8 and G4/LiTFSI exhibited cyclic stability and stable voltage profiles for 11 

days (when cycling was stopped) (Figure 5.8 A), and the overvoltage was less in the case 

of the G4/80wt% LiTFSI/20 wt%POSS-(LiNSO2CF3)8. At 1 mA/cm2 (Figure C.9), cell 

failure occurred at < 1 cycle, ~ 1 day and was stopped at 5 days, for G4/POSS-

(LiNSO2CF3)8, G4/LiTFSI and G4/80wt% LiTFSI/20 wt%POSS-(LiNSO2CF3)8, 

respectively, although polarization increased with cycle number for G4/80wt% LiTFSI/20 

wt%POSS-(LiNSO2CF3)8. 

 

5.3.4.4 Half -Cell Testing 

  Cyclic voltammetry (CV) was used to study the reversibility of the Li/(G4/POSS-

(LiNSO2CF3)8 O/Li = 20/1)/LiFePO4 system. (Figure C.10); the preparation of the 

LiFePO4 electrode is provided in SI. For practical applications, the battery should be able 

to run at different C-rates with high capacity. The galvanostatic performance of half cells 

using Li0 metal as the anode and LiFePO4 as the cathode were investigated for the 
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G4/80wt% LiTFSI/20 wt%POSS-(LiNSO2CF3)8, G4/LiTFSI and G4/POSS-(LiNSO2CF3)8 

electrolytes as a function of C-rate. The high ionic conductivity of electrolytes (0.25mS/cm 

to 3mS/cm) allows the batteries to be tested at RT. The expected decrease in capacity with 

C-rate for Li0/[G4/80wt% LiTFSI/20 wt%POSS-(LiNSO2CF3)8 ]/LiFePO4 (Figure 5.8 B), 

which recovers when returned to low C-rates, demonstrates the stability of the electrolyte 

throughout the testing. Stable performance was demonstrated at C/4, with retention of 130 

mAh/g until the 100th cycle, when cycling was stopped (Figure 5.8 C). Better cycling 

behavior was demonstrated for the G4/POSS-(LiNSO2CF3)8 than for the G4/LiTFSI 

electrolyte at C/5 (Figure 5.8 D): the former exhibited stable cycling until the 100th cycle, 

while the latter showed capacity-fade after the 50th cycle. At 3C, capacity fade began at ~ 

30 cycles (Figure C.11) and decreased slightly less for the G4/80wt% LiTFSI/20 

wt%POSS-(LiNSO2CF3)8 than for the G4/LiTFSI electrolyte. By comparison, for 1M 

LiPF6 in a mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) 

(EC:EMC 4:6 by weight) and a Li0/NCA cell (NCA = LiNi0.80Co0.15Al0.05O2), the specific 

capacity started decreasing after 15 cycles at 1C, 2C and 3C rates54. 

 

  The cause of cell failure or capacity fade was not directly ascertained. However, it 

is interesting to note that recent work on dendritic growth in liquid electrolytes has shown 

that this growth is inhibited by electrolytes with low viscosities and large anions (with little 

effect of conductivity)55. In the current investigation, cells lasted longest and had the best 

half-cell cycling using the electrolyte that had large anions as well as low viscosity 

(G4/80wt% LiTFSI/20 wt%POSS-(LiNSO2CF3)8). The role of nanoparticles in stabilizing 

the interface and reducing interfacial resistance of Li0 metal has also been demonstrated53. 
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Figure 5.8. Electrochemical results (all cells O/Li = 20/1): A) Comparison of cycling data 

using 0.1 mA/cm2 and 2h charge/2h discharge for Li0/[G4/80wt% LiTFSI/20 wt% POSS-

(LiNSO2CF3)8]/Li 0 and Li0/(G4/LiTFSI)/Li 0; B) Rate capability Li/[G4/80wt% LiTFSI/20 

wt% POSS-(LiNSO2CF3)8]/LiFePO4 at C/20, C/10, C/5, C/2, 1C, 2C, C/10 and C/20;  C) 

Discharge capacity and Coulombic efficiency as a function of cycle number for 

Li 0/[G4/80wt% LiTFSI/20 wt% POSS-(LiNSO2CF3)8]/LiFePO4 cell at C/4 rate and 25°C; 

inset shows cell voltage vs specific capacity at 1, 10, 50 and 100 cycles; D) Comparison of 

discharge capacity for Li0/[G4/POSS-(LiNSO2CF3)8]/LiFePO4
 and 

Li 0/(G4/LiTFSI)/LiFePO4 at C/5 rate. 

 

 

5.3.4.5 Lithium Ion Transference Numbers (t+PP) by Potentiostatic Polarization  

  Lithium ion transference numbers (Table 1) were obtained by potentiostatic 

polarization experiments (t+
PP), where they were calculated (Equation 1) after corrections 

for the solid electrolyte interphase (SEI) that forms on the electrodes (Equation 2).  
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 ὸ     
  

,     Equation 1 

  

ὸ  
Ў 

Ў
       Equation 2  

 

Here æV is the applied small constant potential (æV), with the electrolyte between Li0 metal 

non-blocking electrodes, Itotal is the initial current (Io), composed of both anions and Li+ 

cations, ILi+ is the steady state current (Iss) composed of only Li+ ions, D+ and D- are the 

diffusion coefficients of the cation and anion, respectively, and R0 and Rss are the initial 

and final interfacial resistances. Since we measured Iinitial at t = 1 s, as recommended45, not 

observing the initial current drop is probably not a source of error in t+
pp. 

What is interesting is that for all the G4/LiX (X = TFSI-, PF6
- and BETI-), t+

pp = 0.5±0.01, 

but for G4/POSS-(LiNSO2CF3)8, and all the mixtures, i.e. G4/LiX/POSS-(LiNSO2CF3)8, t+
pp 

= 0.65±0.01. Any system with greater than 10 wt% POSS-(LiNSO2CF3)8 also has t+
pp > 

0.65 (Table C.2). Evidence that we do not have significant amounts of neutral species 

(although we could have other charged species) of POSS-(LiNSO2CF3)8 or LiX in G4 

comes from measurements of ůeff (ůeff =Iss/æV, ů0 =Io/æV). ůeff is expected to be independent 

of the applied voltage when æV: (i) Ò 10 mV for a fully dissociated ideal electrolyte11; (ii) 

< 10 V for high concentrations of LiX (since the solution acts like an insulator)46. Therefore 

measurement of the steady state current itself can indicate when significant ion pairs are 

present47. For all of the systems we investigated, values of æV = 10, 20 and 30 mV were 

tested, and the current increased as æV increased, indicating the absence of significant 

neutral species.  
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  Although measurements of ůeff/ů0 (ůeff =Iss/æV, ů0 =Io/æV) do not yield t+ (Equation 

1) when there are ion pairs or multiply charged species (since t+ is defined for a single 

species, typically Li+), it is important to stress that in practical applications, what is of equal 

importance is the steady state DC current, which is a measure of the net flux of the 

electroactive constituent (lithium) in the cell. Although the initial DC current under the 

same applied potential (~ 20 mV) is about 3 times higher for LiX (X = TFSI-, PF6
-, BETI-

) than for POSS-(LiNSO2CF3)8, I0 (LiX), the steady state current (Iss) is always higher for 

the POSS-(LiNSO2CF3)8 or mixtures of POSS-(LiNSO2CF3)8/LiX than for LiX. A high 

value of ůeff is desirable, since in battery applications, during discharge, lithium can be 

carried by Li+, aggregates and LiX. It is less important which species carries the current, 

provided that the total flux of Li from anode to cathode is high, which is the case here. 

  

5.3.4.6 Diffusion Measurements and L ithium Ion Transference (t+NMR) from 

PFG-NMR 

  Diffusion coefficients obtained by PFG-NMR are summarized in Table 5.1. In 

order to also measure the mixed diffusion of POSS-(LiNSO2CF3)8 and LiX in G4, LiPF6 

was selected since it has a distinct 19F NMR signal compared with ïCF3 from POSS-

(LiNSO2CF3)8. Three systems were investigated: G4/POSS-(LiNSO2CF3)8, G4/LiPF6 and 

G4/[80 wt% LiPF6 + 20 wt% POSS-(LiNSO2CF3)8]. 
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Figure 5.9. 7Li and 19F PFG-NMR data for G4/LiPF6, G4/POSS-(LiNSO2CF3)8, and 

G4/(LiPF6+ POSS-(LiNSO2CF3)8). 

 

  1H-NMR (Figure C.6) was only used to measure the diffusion coefficient of the 

G4, using chemical shifts in the 3.5-5 ppm range. The diffusivity of the PF6
- was measured 

by 19F PFG-NMR at its characteristic signal, a doublet resonating at around ï 72 ppm, and 

the diffusivity of the POSS anion was followed using the CF3 resonance at -76 ppm (Figure 

5.9). As expected, the mixed G4/(LiPF6 + 20 wt% POSS-(LiNSO2CF3)8) samples had 

features from both the PF6
- and the -CF3 species. Of interest is that in the 7Li spectra of 

neat G4/POSS-(LiNSO2CF3)8, two broader but separate peaks are observed.  

 

  In all cases, the self-diffusion constants increase in the order DG4 > Danion > DLi+, 

the same order observed previously for dilute LiX solutions of glyme/LiX36, 39 and other 

aprotic solvents. The diffusion constant of neat G4 decreased with the addition of G4/LiPF6, 
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G4/POSS-(LiNSO2CF3)8, and G4/(LiPF6+ POSS-(LiNSO2CF3)8), consistent with previous 

reports for addition of LiX salts to glymes36, 39. Since DG4 has the fastest diffusion constant, 

it indicates that there is free glyme in all the LiX solutions. Further, DG4 is fastest for 

G4/POSS-(LiNSO2CF3)8, indicating that there is more free G4 and less G4 participating in 

solvation shells than for G4/LiPF6, consistent with the DSC results. The diffusion constants 

of Li+ and PF6
- in G4/LiPF6 are slower by a factor of ~ 2 compared with Li+ and TFSI- in 

G4/LiTFSI (O/Li = 20/1) (DTFSI- = 11 x 10-7, and DLi+ = 9 x 10-7 cm2/s) at 30 0C36) consistent 

with the known low lattice energy of LiTFSI compared with other LiX salts (such as LiPF6) 

and its tendency for less ion pair formation in solution. 

 

  In the case of POSS-(LiNSO2CF3)8, the most salient feature is that for G4/POSS-

(LiNSO2CF3)8, the anion shows a single peak in the 19F NMR spectra, while Li exhibits 

two peaks in the 7Li NMR spectra. For 19F, this may indicate a single diffusing species or 

a variety of diffusing species with rapid chemical exchange between them. However, the 

existence of 2 peaks in the 7Li NMR spectrum indicates that there are two lithium ñpoolsò, 

and that each lithium pool consists of lithium containing species that exchange with each 

other and/or have similar chemical shifts. The broadness of the 7Li lines is indicative of a 

lower mobility for the Li+ ions. 

 

While we cannot definitely assign the two Li+ peaks, the narrower (ñfast-diffusingò 

species) peak is likely to involve Li in a more symmetric environment. It is similar in 

position and shape (although slightly broader) than that of Li in LiPF6 and other LiX salts 

and it may be assigned to solvated Li+. The solvated Li+ can be ñfreeò, Li+(G4)n, but not 
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necessarily in a 1/1 molar ratio with G4, in the form of a contact ion pair (~~ NSO2CF3
-

ĀĀĀLi+ ĀĀĀG4), or even a ñfreeò Li that moves with the rest of the cage (Figure 5.10). The 

broader (ñslow-diffusingò species) peak is then assigned to Li that has not disassociated 

from the POSS cage. Their relative populations based on the integrated intensities of the 

static 7NMR peaks is 33/67 (fast/slow), whereas the ratio in a two-component fit of the 

decay in the 7NMR PFG-NMR experiment (see below) is 48/52 (fast/slow). The two ratios 

are different because the broad peak ("slow-diffusing" species) has a significantly faster 

relaxation. Further insight can be gained by analyzing the radii of the solvated ions, by: (i) 

the Stokes-Einstein equation originally defined for hard spheres: 

Ὀ  ,       Equation 3 

 

 

 

Figure 5.10. Schematic of G4/POSS-(LiNSO2CF3)8 showing contact ion pairs, solvent 

separated ion pairs and un-dissociated Li 

where ɖ is the solvent viscosity and Rs is the effective hydrodynamic (Stokes) radius, a 

relation that was found to hold for LiX in a series of 12 solvents48, 49; or (ii) analyzing the 

data by defining an experimental Rion, which corresponds to the Stokes radius of the ions 

with respect to the solvent  
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     ὥὲὨ                            Equation 4  

Table 5.1. Diffusion coefficients, lithium ion transference numbers, and ionic radii (or 

normalized ionic radii) for G4/LiPF6, G4/POSS-(LiNSO2CF3) = G4/8mer and mixtures 

O/L = 20/1 

 

 

Sample 

O/Li = 20/1 

Diffusion constant, D, m2/s  

x 1011 

        Lithium ion 

transference numbers 

                Radii (nm) or normalized radii  

         Rs
i from ɖb ╡░▫▪

╡▼▫■○▄▪◄

╓▼▫■○▄▪◄
╓░▫▪

 

 DG4 DPF

6 

D8mer DLi  t+
NMR t+

PP t-
NMR Rs

Li  Rs
PF6 Rs

POSS Li  PF6 POSS 

              

G4/LiPF 6 7.70 5.83 

 

 4.41 0.43 0.51 0.57 0.33 0.25  1.75 1.32  

G4/(LiPF 6 

+20wt 

%8mera)d 

6.41 4.97 1.14 3.53 0.42 0.65 PF6
-      

0.583 

POSS-  

0.002 

0.33 0.24 1.03 

 

1.81 1.29 5.6 

G4/8mera 11.3  2.05 1.6 

1.1 

0.44 

0.35 

0.65 0.60c 0.92 

1.34 

 0.63 7.1 

10.3 

 5.5 

a8mer = POSS-(LiNSO2CF3)  

DG4 = 14 x 10-11 m2/s;  b ɖ:  ╡▼
░B  

▓╣

Ⱬ╓░
Ȣ

╓░
  (@ 25 0C, where ɖ (mPaĀs), D (m2s-1 x 10-11) 

c if equal moles of two species are assumed       d O/Li = 18.3/1 
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 Radii obtained by both methods are presented in Table 5.1, using measured 

solution viscosities (Table C.3) for the Stoke-Einstein equationThe transference numbers 

were calculated from self-diffusion coefficients (Table 5.1) using Equations 5 and 6: 

ὸ  
 

                                           Equation 5 

ὸ  
 

,                 Equation 6 

where DLi and DPF6 or D8mer (8mer = POSS-(LiNSO2CF3)8) are the diffusion coefficients of 

any species containing Li or F nuclei, respectively, and ɢPF6 and ɢ8mer are the mole fractions 

of LiPF6 and POSS-(LiNSO2CF3)8, respectively, in the mixture. Comparison of the lithium 

ion transference numbers obtained by potentiostatic titration and PFG-NMR indicates that 

they are not the same (Table 5.1). In all cases we observe that t+
PP > t+

NMR, although what 

is commonly observed is that t+
NMR > t+

PP, since measurement by PFG-NMR includes 

charged and neutral species.  

 

 In order to better understand the measured diffusion coefficients, associated radii 

and transference numbers, the actual species present in solution must be considered. In 

particular, we want to elucidate why t+
PP > t+

NMR and why there is only one 19F NMR signal 

and two 7Li NMR signals. In general, lithium ion transference numbers depend on the 

possible species and their relative amounts in solution. For simple LiX salts in aprotic polar 

solvents, LiX ź Li+ + X- equilibria exist, so that free (solvated) ions, contact ion pairs 

(CIPs) and higher order multiplets can be present. In most treatments, only free solvated 
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ions and CIPs are considered.  For LiPF6, the smaller value of Rs (Equation 3) for PF6
- 

than for Li+ indicates that there is less interaction between the anion and G4 than between 

Li+ and G4. That is, G4 preferentially solvates Li+ ions compared with the PF6
- anions, as 

also reported for G4/Li triflate (Tf =LiCF3SO3) [RLi ~ 0.317 ï 0.383 nm and RTf ~ 0.289- 

0.326 nm]. The same trends for LiPF6 are observed using Equation 4, where the ionic radii 

are normalized against the solvent radius.  

 

 In the case of POSS-(LiNSO2CF3)8, there are many possible multiply charged as 

well as neutral species. 

For POSS-(LiNSO2CF3)8, abbreviated as PLi8: 

PLi8 + n XG4 ź x1PLi7
1- + x2PLi6

2- + x3PLi5
3- + x4PLi4

4- + x5PLi3
5- + x6PLi2

6- + x7PLi1
7- + 

x8PLi0
8- + XLi +(G4)n       Equation 7 

where xi is the mole fraction of PLi8-1
i-,  X = Ɇi ix i and n is the number of solvent molecules 

If there is rapid exchange between all the Li containing species, the diffusion coefficient 

measured by PFG-NMR is: 

DLi
NMR = [8(1-Y)D(PLi8) + Ɇi xi(8-i)D(PLi8-1

i- + XD(Li + (G4)n)]/[8(1-Y) + Ɇi xi.(8-i) + X] 

= [8(1-Y)D(PLi8) + Ɇi xi(8-i)D(PLi8-1
i- + XD(Li + (G4)n)]/8             Equation 8 

where Y = Ɇi xi. 

In the case of complete dissociation,  

DLi
NMR = D(Li+(G4)n)                  Equation 9 
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The corresponding conductivities are: 

ů = [ce2/kBT][XD(Li +(G4)n) + Ɇi xii
2D(PLi8-i

i-)] for all species and 

ů = [ce2/kBT][8D(Li +(G4)n) + 64D(PLi0
8-)] for complete dissociation 

where c = salt concentration; e = electric charge, kB = Boltzmann constant and T is absolute 

temperature.  

The Li+ ion transference numbers are then: 

tLi
NMR =  XD(Li+(G4)n)/[XD(Li +(G4)n) + Ɇi xii

2D(PLi8-i
i-)]  for all species Equation 10 

tLi
NMR = D(Li+(G4)n)/[D(Li +(G4)n) +8D(PLi0

8-)] for complete dissociation   Equation 11 

The value of the radius obtained from the 19F NMR-PFG diffusion coefficient (Equation 

3) indicates that RPOSS is small (0.63 nm), in the range of sizes found for POSS compounds 

(where radii of ~ 0.5-0.6 nm are expected from the geometry of the cubes). Since a trimer 

composed of POSS-(LiNSO2CF3)8ĀĀĀLiĀĀĀ POSS-(LiNSO2CF3)8 would have a size much 

larger than those measured in the 19F NMR-PFG experiment, aggregates of this type are 

rare and/or not long lived. 

 

 It is not possible to obtain lithium ion transference > 0.5 using Equations 10 or 11 

with any combination of PLi8-i
i- and free Li+(G4)n. Equations 11 indicates that for fully 

dissociated PLi8, i.e. PLi0
8- + 8 Li+(G4)n, the diffusion coefficient of Li+(G4)n must be very 

much greater than 8 D(PLi0
8- ) to achieve a high Li+ transference number, and there would 

be only one peak in the 7Li NMR spectrum. The radius of this solvated Li+ ion would also 

be expected to be approximately the same size as that observed in G4/LiPF6, ~ 0.33 nm, 
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and in G4/Li triflate (Tf =LiCF3SO3) ~ 0.317-0.383  nm49, rather than 0.92-1.34 nm. Since 

these effects are not observed, the PLi8 must be only partially dissociated. Even in this 

case, i.e. for a distribution of PLi8-i
i-, since the two Li peaks have similar areas, this 

interpretation indicates that the average charge <i> of the PLi8-i
i- must be significantly 

greater than unity, assuming that the PLi8-i
i- all have the same average diffusion coefficient, 

<DP> . The diffusion coefficient of Li+(G4)n,  D (Li+(G4)n), must then be greater than about 

5 times <DP> to achieve a high Li+ ion transference number. However, the diffusion 

coefficients obtained from 7Li PFG-NMR are smaller for the two Li pools than the 

diffusion coefficient obtained by 19 F PFG-NMR for the PLi8-i
i-, so that the Li+ ion 

transference number would be substantially less than 0.5. 

 

 In order to obtain lithium ion transference numbers > 0.5, the peaks in the Li PFG-

NMR must be assigned to solvated and un-solvated Li+ ions. The solvated Li+ peak (0.92 

nm) is composed of free Li+(G4)n and PLi8-i
i- Å Li(G4)n, i.e. PLi8-i

i-  solvated with Li+. The  

PLi8-i
i- Å Li (G4)n can be contact ion pairs or Li+(G4)n  moving with the anion; the latter can 

arise if the anion and cation fluxes are coupled (Figure 5.10).  The peak at 1.34 nm is 

assigned to PLi8-i
i- in which the Li is un-dissociated. Since PFG-NMR measures the average 

diffusion coefficient of the nuclei in each pool, the diffusion coefficient of the PLi8-i
i- Å 

Li+(G4)n (which do not contribute to Li+ ion conductivity since they are charge neutral) 

may be substantially smaller than the diffusion coefficient of the ñfreeò solvated Li+ ions 

(which are the only lithium ions that contribute to the Li+ ion conductivity) and result in 

the (average) small diffusion coefficients measured.  
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 In addition, the solvated lithium ions that are linked to the PLi8-i
i- ions reduce their 

effective charges, and hence their contribution to the anion conductivity.  In other words, 

the dissolved PLi8 exists as {PLi8-i
i-Å(LiG4)j}

(i-j)-, and the effective degree of dissociation is 

small, thus reducing the anion conductivity. This makes PLi8 act very much like a 1:1 salt 

in solution from a conductivity point of view. A small effective degree of dissociation 

enables the diffusion coefficient of the free solvated Li+ ions to be substantially larger than 

the average diffusion coefficient of all the solvated Li+ ions (that also include the slower 

moving Li+ associated with the large anion).  If the diffusion coefficient of the free solvated 

Li+ ions is substantially larger than the average diffusion coefficient of all the solvated Li+ 

ions, a Li+ ion transference number greater than 0.5 can be achieved. A small degree of 

effective dissociation can also account for the much lower conductivity of also POSSLi8 

relative to simple lithium salts despite the high PFG NMR diffusion coefficients.  

 

In the 19F NMR, there is broadening of the CF3 resonance compared with the 

narrower PF6
- of the LiX salt, indicating a wider distribution of anion populations or 

environments that could arise from a range of solvated and non-solvated Li+ ions associated 

with the anion (but h still with only a single 19F NMR peak). As in the case of other LiX 

salts, when contact ion pairs exist, the effect of un-dissociated dimers on the average 

diffusion constant (<X- + LiX>) of the anion (i.e. addition to a small Li to a larger X-) is 

smaller than the effect of un-dissociated dimers on the average diffusion constant (<Li+ + 

LiX>) of Li (i.e. addition of large X- to small Li)]49. This explains why there can be one 

19F NMR signal but two 7Li NMR signals. 
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 The association of Li+ ions with G4 and the anion are dynamic processes that are 

somewhat reminiscent of the Grotthuss mechanism in water. However, here charge does 

not move from one Li atom to another, so it is better described as coordinated hopping of 

Li+. The Li+ ion is associated dynamically with an average of n solvent molecules and/or 

anions. Thus D (Li+(G4)n) in the above equations should be interpreted as the diffusion 

coefficient of Li+ ions that are instantaneously but not permanently solvated by an average 

of n solvent molecules, and where one solvent molecule can displace another. In a contact 

ion pair, the ~~ NSO2CF3
-ĀĀĀLi+ĀĀĀG4 contact can be replaced with an oxygen from G4 

(G4ĀĀĀLi+) forming Li+(G4)n. The diffusion of Li+ ions can then occur either by a Grotthuss 

type (coordinated hopping) mechanism (rapid exchange between species) or translation 

(diffusion) of a complex of Li+ (G4)n (if species long-lived).   

 

Grotthuss type mechanisms of Li+ ion transfer, where charge transport has been 

decoupled from mass transport, have been modelled using molecular dynamics simulations 

(MDS) of concentrated solutions of acrylonitrile (AN)-LiX, consisting of dissociated ions, 

neutral contact ion pairs (CIPs) or neutral aggregates (AGG)50. The coordinated hopping 

of Li+ between ion pairs or higher order clusters has been predicted by MDS51, where 

hopping between aggregates is unlikely unless they are closely spaced52. Therefore, this 

mechanism can occur between two POSS-(LiNSO2CF3)8 cubes only if they are close 

enough together. For G4/POSS-(LiNSO2CF3)8 O/Li = 20/1, the center-to-center distance is 

estimated as 2.27 nm (cubic array)/2.41 nm (FCC) so that the largest size (1.13 nm radius) 

measured for the Li species by 7Li PFG-NMR is the closest possible approach for two 

contacting spheres.  
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 The SAXS data for the more concentrated G4/POSS-(LiNSO2CF3)8 O/Li = 7.5 

sample indicates that the spheres can be overlapping. In the mixed system, the radii of Li+ 

ions are almost the same in G4/LiPF6 and mixed G4/LiPF6/POSS-(LiNSO2CF3)8 samples, 

and the radii of the PF6
- ions are also almost the same in G4/LiPF6 and mixed 

G4/LiPF6/POSS-(LiNSO2CF3)8 samples, suggesting that each ion is similarly solvated in 

both systems. Since the POSS-(LiNSO2CF3)8 is expected to become more dissociated with 

dilution, more dissociated Li+ ions solvated by a single G4 are expected. Further, in mole 

ratios, the [LiPF6] = 85 [POSS-(LiNSO2CF3)8], so the dominant species is LiPF6. However, 

the radius of the POSS-(LiNSO2CF3)8 anion measured by 19F PFG-NMR increases, but not 

to twice the size expected if triplets were formed. We thus suggest that the POSS anions 

form complexes with the PF6
-
 anion, i.e. ~~ NSO2CF3

-ĀĀĀLi+ĀĀĀ PF6
-. This effectively slows 

its diffusion constant and permits a higher transference number measured by potentiostatic 

polarization. 

 

5.4  Conclusions  

 In summary, we have shown that multi-ionic lithium salts (POSS-(LiNSO2CF3)8, 

comprised of rigid polyoligomeric silsesquioxanes (POSS) cubes functionalized with eight 

lithium[(4-styrenesulfonyl)trifluoromethane-sulfonyl)imide] groups (LiNSO2CF3), can be 

added to solutions of LiTFSI or LiPF6 in tetraglyme (G4), increasing the lithium ion 

transference number but maintaining high ionic conductivity. The (POSS-(LiNSO2CF3)8 

are only partially dissociated, and better ionic conductivity is expected with more 

dissociative pendant anions. Unlike single ion conducting (SIC) polymers added to 
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electrolyte solutions, addition of the compact POSS-(LiNSO2CF3)8 provides a source of 

less mobile anions without the same large increase in viscosity as in the flexible SIC 

polymers, and avoids the formation of clusters/aggregates that trap Li+ ions and prevent 

high conductivity in these SIC systems. In neat G4/POSS-(LiNSO2CF3)8, solvent-in-salt 

electrolytes are formed at high POSS-(LiNSO2CF3)8 concentration and stable colloids are 

formed with increasing solvent. When the POSS-(LiNSO2CF3)8 are in close proximity to 

each other in G4 solutions, there are many possible rapidly equilibrating Li species such as 

contact ion pairs and solvent separated ion pairs that can result in the transport of Li+ ions 

by Grotthuss type coordinated hopping mechanisms as well as by diffusion. 
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APPENDIX A : SUPPLIMENTARY INFORMATION FOR CHAPTER THREE 

 

 

 

 

Steps involved in the synthesis of 4mer-(LiTFSI)4 = PhSi4O4[(Si(CH3)2-R)]4 with R = -

CH2CH2CH2NLiSO2CF3, is presented in Scheme A.1. The detailed procedure for the 

synthesis of  4mer-(LiTFSI)4  is described below 

 

 

Scheme A.1: General scheme for the Synthesis of 4mer-(LiTFSI)4 = PhSi4O4[(Si(CH3)2-

R)]4 with R = -CH2CH2CH2NLiSO2CF3  
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Synthesis of allyltrifluoromethylsulfonamide (1)  

Triflicanhydride (18 mmol) was added dropwise under an argon atmosphere to the solution 

of allylamine (1.0 g, 17.5 mmol) and trimethylamine (2.0 g, 20 mmol) in dry CH2Cl2 (40 

ml) at -40 °C. To this 5.0 g of triflic anhydride (18 mmol) was added dropwise under a 

nitrogen atmosphere. The resultant solution was stirred for 4 h at room temperature, and 

volatiles were removed under reduced pressure. The viscous portion was dissolved in 30 

mL of 4 M NaOH and washed with CH2Cl2 (3 ×25 mL). The aqueous portion was collected 

and then neutralized with HCl. The mixture was extracted with CH2Cl2 (3×30 mL). The 

organic extracts were then dried over Na2SO4 and filtered. The liquid product was isolated 

by the removal of CH2Cl2 under vacuum. The product was confirmed with 1H NMR (1) 

(400 MHz, CD3CN) ŭ 6.75 (s, 1H), 6.01 ï 5.79 (m, 1H), 5.28 (dddd, J = 29.5, 10.3, 2.8, 

1.5 Hz, 2H) and 19F NMR (376 MHz, CD3CN) ŭ -77.56 (s), Figure A.1. The NH vibration 

at 3315 cm-1 is observed in product 1 (Figure A.1). 

 

Hydrosilyation of allyltrifluoromethylsulfonamide with 4mer-(SiH)4 to form (2) 

To a solution of 1.11 grams (2.23 mmol) of 4mer-(SiH)4  in 12 ml of toluene, 30 µl of Pt(0) 

catalyst was added at 50 oC followed by  the solution of allyltrifluoromethylsulfonamide(1) 

(1.7 grams, 8.94mmol) of in 5 ml toluene, added drop wise. The resulting solution was 

stirred at 75 oC for 17-19 hours. The reaction was monitored by TLC (40% ethyl acetate in 

hexane) for the disappearance of reactants, after which toluene was evaporated under 

vacuum. The viscous crude was purified by column chromatography and the product was 

collected at 30 to 35% of ethyl acetate in hexane. The solvent was evaporated under 

reduced pressure and codistilled with CHCl3 (3times) to remove traces of ethyl acetate. 
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The product 2, T4-POSS-(C3H6NHSO2CF3)8, was confirmed with 1H NMR (400 MHz, 

CD3CN) ŭ 7.21 ï 7.04 (m, 1H), 7.00 ï 6.82 (m, 1H), 2.92 (t, J = 7.2 Hz, 1H), 1.73 (dt, J = 

5.0, 2.5 Hz, 1H), 1.44 ï 1.25 (m, 1H), 0.39 (d, J = 17.3 Hz, 1H). 19F NMR (376 MHz, 

CD3CN) ŭ -77.35 (s) (Figure A.1) and FT-IR(3315 cm-1) data. The FTIR data (Figure A.2) 

show the disappearance of the SiH, the appearance of the NH and appearance of the CH2 

groups during the hydrosilylation reaction.  

 

Conversion to lithium salt, 4mer-(LiTFSI) 4 = PhSi4O4[(Si(CH3)2-R)]4 with R = -

CH2CH2CH2NLiiSO2CF3 (3) 

1.4 grams of (2) was dissolved in 40 ml THF at -20 oC. To this solution 4.5 equivalents 

(1.3 ml) of n-butylLi were added dropwise. The solution was stirred for 12 hours at RT. 

The volatiles were removed in high vacuum and the white precipitate solid was washed 

with excess pentane (3 X) to remove any remaining n-butyl Li. The white precipitate was 

filtered off, washed with THF to remove any contaminates and dried in vacuum at 70 oC 

for 16-18 hours to remove residual solvent (THF). Product (3) was confirmed with 1H 

NMR (Figure A.1) and FTIR (Figure A.2). 
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(1) allyltrifluoromethylsulfonamide 

 

(2) allyltrifluoromethylsulfonamide 

 

(3) allyltrifluoromethylsulfonamide 

 

(4) allyltrifluoromethylsulfonamide 

 

(5) allyltrifluoromethylsulfonamide 

 

(6) allyltrifluoromethylsulfonamide 
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mide 
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mide 
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mide 

 

(13) allyltrifluoromethylsulfona

mide 
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(2) PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NHSO2CF3 

 

(2) PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NHSO2CF3 
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(2) PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NHSO2CF3 

 

(2) PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NHSO2CF3 
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      R = -CH2CH2CH2NHSO2CF3 
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Figure A. 1.  1H NMR spectra of allyltrifluoromethylsulfonamide (1) PhSi4O4[(Si(CH3)2-

R)]4, R = -CH2CH2CH2NLiSO2CF3 (2), and 4mer-(LiTFSI)4 (3) 

   

 

 

 

 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 

 

(3) 4mer-(LiTFSI)4 

      PhSi4O4[(Si(CH3)2-R)]4, 

      R = -CH2CH2CH2NLiSO2CF3 
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Figure A. 2. FTIR spectra showing: (A) Si-H and CH3 groups of 4mer tetrasilane 

= 4mer-(SiH)4; (B) NH group of allyl trifluoromethyl sulfonamide; (C) successful 

hydrosilanization reaction with disappearance of SiH group and formation of 

4mer-(NHTFSI)4; and (D) disappearance of NH groups due to replacement by Li 

and formation of 4mer-(LiTFSI)4. 
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Figure A. 3 X-ray diffraction data for: (Ƶ) starting material, 4mer tetrasilane = 

4mer-(SiH)4; (Ƶ) amide, 4mer-(NHTFSI)4 ; (Ƶ) Li salt, 4mer-(LiTFSI)4; (Ƶ) 

LiTFSI, lithium bis(trifluoromethylsulfonyl)imide. 
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Figure A.4.  X-ray diffraction data for 4mer-(NHTFSI)4 (top) generated from 

single crystal data; and (bottom) measured powdered pattern 
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Figure A. 5. TGA data of neat MC, PYR14TFSI, 4mer-(LiTFSI)4 and PYR14TFSI/0.20M 

4merLiTFSI. Degradation peaks (Td
m) were: (i) Td

max = 266 0C (major), 450 0C (weak) 

and 559 0C (minor) for pure 4mer-(LiTFSI)4 salt (Ƶ); (ii) Td
max = 353 0C (major) and 500 

0C (minor) for pure MC (Ƶ); (iii) Td
max = 452 0C (major) for pure PYR14TFSI (Ƶ). 
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Figure A.6. TGA and DTGA thermograms of LiTFSI, 4mer-(SiH)4, 4mer-(C3 

H6NHSO2CF3)4  and 4mer-(C3 H6NLiSO2CF3)4. Note: the weight loss of ~ 5% in 

the 4mer-(C3 H6NLiSO2CF3)4 was adsorbed water. This was confirmed by heating 

the sample to 90 0C in the TGA, exposing it to air and watching the weight gain 

in the TGA 
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Figure A.7. DSC traces (second heating cycle) of mixtures of PYR14TFSI /4mer-

(LiTFSI)4/0.2M and PYR14TFSI /LiTFSI/0.25M 
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Figure A. 8. DSC traces of PYR14TFSI/MC/0.20M 4mer-(LiTFSI)4 ion-gels from -60 to -

90 0C 
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Figure A. 9. X-ray diffraction data showing samples that have been 

cooled to -100 0C, where supercooling keeps the PYR14TFSI amorphous 

and those reheated to -40 0C, where the PYR14TFSI crystallizes but does 

not remelt. In the 90/10 PYR14TFSI/MC or 90/10 PYR14TFSI/MC/0.20M 

4mer-(LiTFSI)4, the MC peaks are too weak to be seen, but the 

PYR14TFSI and PYR14TFSI/0.20 M 4mer-(LiTFSI)4 are distinct, 

crystalline phase-separated phases. 
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Table A. 1. Comparison of tLi
+ for PYR14TFSI/MC/4mer-(LiTFSI)4 and 

PYR14TFSI/MC/LiTFSI 

SAMPLE LiX  

 4merLiTFSI LiTFSI 

PYR14TFSI/MC/LiX   

   

100/0/0.20M, 0.25M* 0.08, 0.10 0.10 

   

90/10/0.20M, 0.25M* 0.19 0.16 

   

80/20/0.20M, 0.25M* 0.35 0.18 

   

70/30/0.20M, 0.25M* 0.36 0.21 

   

60/40/0.20M, 0.25M* 0.39 0.23 

*0.20 M for 4mer-(LiTFSI)4 and 0.25 M for LiTFSI 
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Figure A.10. Comparison of conductivities for PYR14TFSI/MC/4mer-

(LiTFSI)4 and PYR14TFSI/MC/LiTFSI 
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Crystal Structure Report for  4mer-(NHTFSI)4 

 

  

A specimen of C48H72F12N4O16S4Si8, approximate dimensions 0.070 mm x 0.190 mm 

x 0.335 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were 

measured. 

The total exposure time was 9.81 hours. The frames were integrated with the Bruker SAINT 

software package using a narrow-frame algorithm. The integration of the data using atriclinic unit 

cell yielded a total of 28461 reflections to a maximum ɗ angle of 23.26° (0.90 Å resolution), of 

which 10298 were independent (average redundancy 2.764, completeness =99.8%, Rint = 4.51%, 

Rsig = 5.83%) and 7086 (68.81%) were greater than 2ů(F2). The final cell constants 

of a = 11.371(3) Å, b = 16.642(4) Å, c = 19.433(5) ¡, Ŭ = 89.699(14)Á, ɓ =85.466(5)Á, ɔ 

= 78.305(4)°, volume = 3589.6(15) Å3, are based upon the refinement of the XYZ-centroids 

of 5984 reflections above 20 ů(I) with 4.841Á < 2ɗ < 47.90°. Data were corrected for absorption 

effects using the multi-scan method (SADABS). The ratio of minimum to maximum apparent 

transmission was 0.877. The calculated minimum and maximum transmission coefficients (based 

on crystal size) are 0.6541 and 0.7456.  

 

The structure was solved and refined using the Bruker SHELXTL Software Package, using the 

Figure A. 11. Crystal structure of 4mer-(NHTFSI)4. H atoms have been omitted for 

clarity and C atoms are shown as wireframe. Ellipsoids are shown at 30% probability. 
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space group P -1, with Z = 2 for the formula unit, C48H72F12N4O16S4Si8. The final anisotropic full-

matrix least-squares refinement on F2 with 837 variables converged at R1 = 7.59%, for the 

observed data and wR2 = 21.85% for all data. The goodness-of-fit was 1.047. The largest peak in 

the final difference electron density synthesis was 1.279 e-/Å3 and the largest hole was -0.656 e-

/Å3 with an RMS deviation of 0.094 e-/Å3. On the basis of the final model, the calculated density 

was 1.427 g/cm3 and F(000), 1600 e-.  

Table A.2. Sample and crystal data for 4merNH-TFSI. 

Identification code 4mer-(NHTFSI)4 

Chemical formula C48H72F12N4O16S4Si8 

Formula weight 1542.05 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.070 x 0.190 x 0.335 mm 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 11.371(3) Å Ŭ = 89.699(14)Á 
 b = 16.642(4) Å ɓ = 85.466(5)Á 
 c = 19.433(5) Å ɔ = 78.305(4)Á 

Volume 3589.6(15) Å3  

Z 2 

Density (calculated) 1.427 g/cm3 

Absorption coefficient 0.358 mm-1 

F(000) 1600 

 

Table A.3. Data collection and structure refinement for 4mer-(NHTFSI)4. 

Theta range for data collection 1.05 to 23.26° 

Index ranges -12<=h<=12, -18<=k<=18, -21<=l<=20 

Reflections collected 28461 

Independent reflections 10298 [R(int) = 0.0451] 

Coverage of independent 

reflections 
99.8% 

Absorption correction multi-scan 

Max. and min. transmission 0.7456 and 0.6541 

Structure solution technique direct methods 

Structure solution program SHELXS-97 (Sheldrick, 2008) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized Ɇ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 10298 / 1 / 837 



[231] 

Goodness-of-fit on F2 1.047 

Final R indices 7086 data; I>2ů(I) R1 = 0.0759, wR2 = 0.1930 
 all data R1 = 0.1137, wR2 = 0.2185 

Weighting scheme 
w=1/[ů2(Fo

2)+(0.1054P)2+11.3886P] 

where P=(Fo2+2Fc
2)/3 

Largest diff. peak and hole 1.279 and -0.656 eÅ-3 

R.M.S. deviation from mean 0.094 eÅ-3 

 

Table A.4. Atomic coordinates and equivalent isotropic atomic displacement parameters 

(Å2) for 4mer-(NHTFSI)4. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 

x/a y/b z/c U(eq) 

Si1 0.98127(13) 0.50725(9) 0.19917(8) 0.0256(4) 

Si2 0.26405(13) 0.27975(9) 0.21293(8) 0.0261(4) 

Si3 0.20769(13) 0.47165(9) 0.22065(8) 0.0255(4) 

Si4 0.98215(13) 0.31816(10) 0.21570(8) 0.0259(4) 

Si5 0.20556(14) 0.55882(10) 0.36171(9) 0.0322(4) 

S8 0.85666(17) 0.95471(12) 0.43717(10) 0.0525(5) 

Si7 0.76059(16) 0.57556(12) 0.30161(10) 0.0443(5) 

Si8 0.93383(16) 0.27465(11) 0.36764(9) 0.0388(5) 

Si9 0.44290(17) 0.22955(12) 0.32155(11) 0.0480(5) 

C11 0.9396(5) 0.5616(4) 0.1186(3) 0.0333(14) 

C12 0.8789(5) 0.5285(4) 0.0700(3) 0.0411(16) 

C16 0.9701(6) 0.6378(4) 0.1048(4) 0.0486(19) 

C14 0.8782(6) 0.6463(6) 0.9989(4) 0.067(3) 

C13 0.8464(6) 0.5720(5) 0.0109(4) 0.055(2) 

C15 0.9401(6) 0.6808(5) 0.0448(4) 0.063(2) 

C21 0.3372(5) 0.2263(3) 0.1333(3) 0.0275(13) 

C25 0.4568(5) 0.2209(4) 0.0246(3) 0.0383(15) 

C26 0.4016(5) 0.2627(4) 0.0830(3) 0.0311(14) 

C23 0.3833(7) 0.1037(4) 0.0599(4) 0.059(2) 

C24 0.4482(6) 0.1414(4) 0.0134(4) 0.0477(18) 

C22 0.3290(6) 0.1450(4) 0.1198(4) 0.0508(19) 

C31 0.3557(5) 0.5129(3) 0.1546(3) 0.0304(14) 

C32 0.4768(5) 0.4768(4) 0.1444(4) 0.0432(17) 

C34 0.5110(7) 0.5742(5) 0.0583(4) 0.055(2) 

C33 0.5542(6) 0.5068(5) 0.0960(4) 0.0525(19) 

C36 0.3151(6) 0.5788(4) 0.1142(3) 0.0434(17) 

C35 0.3917(6) 0.6104(4) 0.0666(4) 0.0519(19) 

C41 0.9140(5) 0.2631(4) 0.1528(3) 0.0303(14) 

C42 0.7955(6) 0.2938(5) 0.1378(4) 0.058(2) 



[232] 

 
x/a y/b z/c U(eq) 

C44 0.7970(7) 0.1827(6) 0.0626(4) 0.062(2) 

C46 0.9719(7) 0.1929(5) 0.1194(4) 0.0543(19) 

C45 0.9140(8) 0.1512(5) 0.0735(5) 0.073(3) 

C83A 0.7395(7) 0.2030(6) 0.0932(5) 0.070(2) 

O3 0.2819(3) 0.3735(2) 0.2105(2) 0.0319(10) 

O2 0.1186(3) 0.5117(2) 0.2109(2) 0.0284(9) 

O1 0.9684(3) 0.4131(2) 0.1922(2) 0.0320(9) 

O4 0.1223(3) 0.2764(2) 0.2186(2) 0.0289(9) 

O5 0.8994(3) 0.5502(2) 0.2654(2) 0.0334(10) 

O6 0.2885(3) 0.4919(2) 0.2971(2) 0.0321(9) 

O7 0.9140(3) 0.3144(2) 0.2911(2) 0.0339(10) 

O8 0.3190(4) 0.2359(3) 0.2804(2) 0.0387(10) 

C84 0.8840(6) 0.8448(5) 0.4202(4) 0.0475(18) 

C83 0.9519(10) 0.0200(5) 0.3252(4) 0.077(3) 

N8 0.9616(6) 0.9867(4) 0.3944(3) 0.0604(17) 

O81 0.8741(5) 0.9587(3) 0.5082(3) 0.0661(15) 

O82 0.7454(5) 0.9840(4) 0.4116(3) 0.0796(18) 

F81 0.9919(3) 0.8098(2) 0.4373(2) 0.0562(11) 

F83 0.8781(4) 0.8294(3) 0.3541(2) 0.0696(13) 

F82 0.8039(4) 0.8112(3) 0.4572(3) 0.0746(14) 

C71 0.6946(8) 0.6796(5) 0.2691(5) 0.080(3) 

C72 0.6487(8) 0.6819(5) 0.1987(5) 0.079(3) 

C73 0.6084(9) 0.7709(7) 0.1720(6) 0.111(4) 

N7 0.7143(8) 0.8044(6) 0.1607(4) 0.101(3) 

S7 0.7269(2) 0.89014(18) 0.20254(13) 0.0818(7) 

O71 0.6550(6) 0.9046(6) 0.2640(3) 0.119(3) 

O72 0.8509(7) 0.8828(6) 0.2017(5) 0.141(3) 

C51 0.2402(6) 0.6654(4) 0.3276(4) 0.0439(17) 

C53 0.1245(6) 0.7845(4) 0.2621(4) 0.0471(17) 

C52 0.1368(6) 0.6956(4) 0.2828(4) 0.0445(17) 

C54 0.1698(9) 0.9370(5) 0.1403(5) 0.068(2) 

N5 0.2267(5) 0.8015(4) 0.2202(3) 0.0535(16) 

S5 0.2260(2) 0.82616(12) 0.14143(11) 0.0626(6) 

O52 0.3467(6) 0.8193(4) 0.1132(3) 0.094(2) 

O51 0.1409(6) 0.7934(4) 0.1094(3) 0.085(2) 

F53 0.2360(6) 0.9736(3) 0.1792(3) 0.1044(19) 

F52 0.0592(5) 0.9565(3) 0.1672(3) 0.0939(17) 

F51 0.1753(6) 0.9653(3) 0.0774(3) 0.1031(19) 

C91 0.4854(7) 0.1206(5) 0.3474(5) 0.065(2) 

C92 0.3881(7) 0.0955(5) 0.3915(5) 0.067(2) 
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x/a y/b z/c U(eq) 

C94 0.4459(8) 0.8032(5) 0.4382(4) 0.059(2) 

C93 0.4196(9) 0.0073(6) 0.4198(5) 0.088(3) 

S9 0.3746(2) 0.86882(13) 0.37055(12) 0.0653(6) 

O92 0.4134(5) 0.8251(3) 0.3089(3) 0.0661(15) 

O91 0.2051(6) 0.8852(4) 0.3937(3) 0.094(2) 

F93 0.4228(5) 0.7307(3) 0.4390(3) 0.0788(14) 

F92 0.5656(5) 0.7946(3) 0.4274(3) 0.0908(17) 

F91 0.4141(5) 0.8387(3) 0.4998(3) 0.0948(17) 

C8A 0.3804(6) 0.5400(4) 0.4191(3) 0.0456(17) 

C5A 0.4053(7) 0.3008(4) 0.3966(4) 0.060(2) 

C7A 0.1146(6) 0.5459(5) 0.4104(4) 0.0512(18) 

C6A 0.5651(7) 0.2065(6) 0.2621(5) 0.081(3) 

C3A 0.0530(7) 0.3165(6) 0.4054(4) 0.071(3) 

C4A 0.7908(7) 0.3059(7) 0.4218(4) 0.077(3) 

C2A 0.7686(7) 0.5840(6) 0.3952(4) 0.067(2) 

C1A 0.6784(6) 0.4956(5) 0.2791(4) 0.064(2) 

N9 0.4416(8) 0.9478(4) 0.3669(4) 0.088(2) 

C81 0.9889(9) 0.1603(6) 0.3572(4) 0.079(3) 

C82 0.9073(11) 0.1148(6) 0.3270(5) 0.093(3) 

F71 0.5567(9) 0.9737(5) 0.1424(5) 0.167(4) 

F72 0.6894(13) 0.0418(5) 0.1746(5) 0.231(6) 

F73 0.7262(11) 0.9654(6) 0.0855(4) 0.178(5) 

C74 0.6835(17) 0.9730(8) 0.1449(8) 0.127(5) 

 

 

Table S5. Bond lengths (Å) for 4mer-(NHTFSI)4. 

Si1-O5 1.609(4) Si1-O1 1.611(4) 

Si1-O2 1.613(4) Si1-C11 1.850(6) 

Si2-O8 1.604(4) Si2-O3 1.613(4) 

Si2-O4 1.619(4) Si2-C21 1.841(6) 

Si3-O6 1.606(4) Si3-O3 1.611(4) 

Si3-O2 1.612(4) Si3-C31 1.854(6) 

Si4-O7 1.609(4) Si4-O4 1.610(4) 

Si4-O1 1.622(4) Si4-C41 1.839(6) 

Si5-O6 1.651(4) Si5-C7A 1.847(7) 

Si5-C8A 1.851(6) Si5-C51 1.870(7) 

S8-O82 1.390(6) S8-O81 1.414(5) 

S8-N8 1.579(7) S8-C84 1.820(8) 

Si7-O5 1.649(4) Si7-C2A 1.836(8) 

Si7-C1A 1.848(8) Si7-C71 1.870(8) 
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Si8-O7 1.639(4) Si8-C3A 1.845(8) 

Si8-C4A 1.848(8) Si8-C81 1.886(10) 

Si9-O8 1.659(4) Si9-C5A 1.853(8) 

Si9-C91 1.856(8) Si9-C6A 1.861(9) 

C11-C12 1.390(9) C11-C16 1.400(9) 

C12-C13 1.389(9) C16-C15 1.395(10) 

C14-C13 1.370(11) C14-C15 1.373(12) 

C21-C26 1.386(8) C21-C22 1.402(9) 

C25-C24 1.367(9) C25-C26 1.371(8) 

C23-C24 1.353(10) C23-C22 1.390(10) 

C31-C36 1.370(9) C31-C32 1.386(8) 

C32-C33 1.396(9) C34-C33 1.365(10) 

C34-C35 1.366(10) C36-C35 1.394(9) 

C41-C46 1.360(9) C41-C42 1.394(9) 

C42-C83A 1.375(10) C44-C83A 1.336(11) 

C44-C45 1.360(11) C46-C45 1.413(10) 

C84-F81 1.314(7) C84-F83 1.320(8) 

C84-F82 1.326(8) C83-N8 1.456(10) 

C83-C82 1.556(12) C71-C72 1.499(11) 

C72-C73 1.558(13) C73-N7 1.427(8) 

N7-S7 1.683(10) S7-O71 1.386(6) 

S7-O72 1.389(7) S7-C74 1.787(14) 

C51-C52 1.520(9) C53-N5 1.441(9) 

C53-C52 1.514(9) C54-F52 1.300(10) 

C54-F51 1.309(10) C54-F53 1.336(10) 

C54-S5 1.827(9) N5-S5 1.584(6) 

S5-O51 1.391(6) S5-O52 1.420(6) 

C91-C92 1.472(11) C92-C93 1.547(12) 

C94-F93 1.285(8) C94-F91 1.329(9) 

C94-F92 1.339(9) C94-S9 1.836(8) 

C93-N9 1.403(12) S9-O91 1.370(7) 

S9-O92 1.398(6) S9-N9 1.646(8) 

C81-C82 1.469(12) F71-C74 1.444(17) 

F72-C74 1.300(13) F73-C74 1.214(17) 

 

 

Table S6. Bond angles (°) for 4mer-(NHTFSI)4. 

O5-Si1-O1 110.4(2) O5-Si1-O2 106.8(2) 

O1-Si1-O2 110.2(2) O5-Si1-C11 111.7(2) 

O1-Si1-C11 109.1(3) O2-Si1-C11 108.6(2) 

O8-Si2-O3 109.8(2) O8-Si2-O4 106.8(2) 
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O3-Si2-O4 110.7(2) O8-Si2-C21 111.6(2) 

O3-Si2-C21 108.8(2) O4-Si2-C21 109.1(2) 

O6-Si3-O3 108.7(2) O6-Si3-O2 109.3(2) 

O3-Si3-O2 110.4(2) O6-Si3-C31 110.9(2) 

O3-Si3-C31 108.1(2) O2-Si3-C31 109.4(2) 

O7-Si4-O4 109.0(2) O7-Si4-O1 109.5(2) 

O4-Si4-O1 110.1(2) O7-Si4-C41 109.7(2) 

O4-Si4-C41 109.9(2) O1-Si4-C41 108.6(2) 

O6-Si5-C7A 109.6(3) O6-Si5-C8A 108.7(3) 

C7A-Si5-C8A 109.7(3) O6-Si5-C51 109.8(3) 

C7A-Si5-C51 110.6(3) C8A-Si5-C51 108.5(3) 

O82-S8-O81 122.1(4) O82-S8-N8 112.0(4) 

O81-S8-N8 108.7(3) O82-S8-C84 103.7(3) 

O81-S8-C84 102.8(3) N8-S8-C84 105.8(3) 

O5-Si7-C2A 108.1(3) O5-Si7-C1A 108.1(3) 

C2A-Si7-C1A 112.0(4) O5-Si7-C71 106.8(4) 

C2A-Si7-C71 108.0(4) C1A-Si7-C71 113.5(4) 

O7-Si8-C3A 108.6(3) O7-Si8-C4A 107.8(3) 

C3A-Si8-C4A 109.4(4) O7-Si8-C81 108.5(3) 

C3A-Si8-C81 107.6(4) C4A-Si8-C81 114.8(4) 

O8-Si9-C5A 107.5(3) O8-Si9-C91 105.6(3) 

C5A-Si9-C91 112.6(4) O8-Si9-C6A 109.8(3) 

C5A-Si9-C6A 111.4(4) C91-Si9-C6A 109.7(4) 

C12-C11-C16 118.1(6) C12-C11-Si1 121.8(5) 

C16-C11-Si1 120.1(5) C13-C12-C11 120.2(7) 

C15-C16-C11 121.9(7) C13-C14-C15 121.8(7) 

C14-C13-C12 120.1(7) C14-C15-C16 117.9(7) 

C26-C21-C22 115.8(6) C26-C21-Si2 123.3(4) 

C22-C21-Si2 120.9(5) C24-C25-C26 120.7(6) 

C25-C26-C21 122.0(6) C24-C23-C22 120.0(7) 

C23-C24-C25 119.7(6) C23-C22-C21 121.7(6) 

C36-C31-C32 116.8(6) C36-C31-Si3 123.4(5) 

C32-C31-Si3 119.8(5) C31-C32-C33 121.7(6) 

C33-C34-C35 119.8(7) C34-C33-C32 119.8(6) 

C31-C36-C35 122.2(6) C34-C35-C36 119.7(7) 

C46-C41-C42 116.8(6) C46-C41-Si4 124.1(5) 

C42-C41-Si4 119.1(5) C83A-C42-C41 121.1(7) 

C83A-C44-C45 120.5(7) C41-C46-C45 121.9(7) 

C44-C45-C46 118.6(8) C44-C83A-C42 121.1(7) 

Si3-O3-Si2 161.7(3) Si3-O2-Si1 153.5(3) 

Si1-O1-Si4 155.5(3) Si4-O4-Si2 152.3(3) 
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Si1-O5-Si7 144.6(3) Si3-O6-Si5 144.7(3) 

Si4-O7-Si8 142.0(3) Si2-O8-Si9 137.6(3) 

F81-C84-F83 108.2(6) F81-C84-F82 108.1(6) 

F83-C84-F82 109.1(6) F81-C84-S8 110.0(5) 

F83-C84-S8 111.0(5) F82-C84-S8 110.3(5) 

N8-C83-C82 111.5(7) C83-N8-S8 123.7(6) 

C72-C71-Si7 116.0(6) C71-C72-C73 112.8(8) 

N7-C73-C72 107.1(8) C73-N7-S7 120.8(8) 

O71-S7-O72 120.6(5) O71-S7-N7 113.8(5) 

O72-S7-N7 102.5(6) O71-S7-C74 109.3(7) 

O72-S7-C74 103.1(7) N7-S7-C74 106.2(5) 

C52-C51-Si5 117.1(5) N5-C53-C52 114.0(6) 

C53-C52-C51 113.8(5) F52-C54-F51 109.0(8) 

F52-C54-F53 106.8(7) F51-C54-F53 109.4(7) 

F52-C54-S5 111.2(6) F51-C54-S5 111.2(6) 

F53-C54-S5 109.0(7) C53-N5-S5 124.9(5) 

O51-S5-O52 123.1(4) O51-S5-N5 110.7(3) 

O52-S5-N5 108.9(4) O51-S5-C54 104.6(5) 

O52-S5-C54 101.7(4) N5-S5-C54 106.1(4) 

C92-C91-Si9 111.4(6) C91-C92-C93 114.8(7) 

F93-C94-F91 109.6(7) F93-C94-F92 107.1(7) 

F91-C94-F92 107.1(6) F93-C94-S9 113.7(5) 

F91-C94-S9 110.4(6) F92-C94-S9 108.7(5) 

N9-C93-C92 112.1(8) O91-S9-O92 120.4(4) 

O91-S9-N9 116.1(4) O92-S9-N9 105.4(4) 

O91-S9-C94 103.3(4) O92-S9-C94 105.1(4) 

N9-S9-C94 105.0(4) C93-N9-S9 121.1(8) 

C82-C81-Si8 116.4(7) C81-C82-C83 114.5(9) 

F73-C74-F72 114.6(14) F73-C74-F71 105.8(12) 

F72-C74-F71 105.8(14) F73-C74-S7 118.1(12) 

F72-C74-S7 109.4(10) F71-C74-S7 101.4(10) 

 

 

Table S7. Torsion angles (°) for 4mer-(NHTFSI)4. 

O5-Si1-C11-C12 -107.6(5) O1-Si1-C11-C12 14.7(6) 

O2-Si1-C11-C12 134.8(5) O5-Si1-C11-C16 72.9(5) 

O1-Si1-C11-C16 -164.8(5) O2-Si1-C11-C16 -44.6(6) 

C16-C11-C12-C13 -2.1(9) Si1-C11-C12-C13 178.4(5) 

C12-C11-C16-C15 0.7(10) Si1-C11-C16-C15 -179.8(5) 

C15-C14-C13-C12 -1.3(11) C11-C12-C13-C14 2.5(10) 

C13-C14-C15-C16 -0.2(12) C11-C16-C15-C14 0.5(11) 
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O8-Si2-C21-C26 -118.0(5) O3-Si2-C21-C26 3.2(5) 

O4-Si2-C21-C26 124.2(5) O8-Si2-C21-C22 62.7(5) 

O3-Si2-C21-C22 -176.0(5) O4-Si2-C21-C22 -55.1(5) 

C24-C25-C26-C21 1.2(9) C22-C21-C26-C25 -1.8(8) 

Si2-C21-C26-C25 178.9(5) C22-C23-C24-C25 -2.1(11) 

C26-C25-C24-C23 0.8(10) C24-C23-C22-C21 1.5(12) 

C26-C21-C22-C23 0.5(10) Si2-C21-C22-C23 179.8(6) 

O6-Si3-C31-C36 -108.6(5) O3-Si3-C31-C36 132.3(5) 

O2-Si3-C31-C36 12.1(6) O6-Si3-C31-C32 71.1(5) 

O3-Si3-C31-C32 -48.0(5) O2-Si3-C31-C32 -168.3(5) 

C36-C31-C32-C33 0.8(9) Si3-C31-C32-C33 -178.9(5) 

C35-C34-C33-C32 -2.0(11) C31-C32-C33-C34 1.2(11) 

C32-C31-C36-C35 -2.0(10) Si3-C31-C36-C35 177.6(5) 

C33-C34-C35-C36 0.8(11) C31-C36-C35-C34 1.3(11) 

O7-Si4-C41-C46 -113.9(6) O4-Si4-C41-C46 5.9(6) 

O1-Si4-C41-C46 126.4(6) O7-Si4-C41-C42 65.8(6) 

O4-Si4-C41-C42 -174.4(5) O1-Si4-C41-C42 -53.9(6) 

C46-C41-C42-C83A 2.2(11) Si4-C41-C42-C83A -177.6(6) 

C42-C41-C46-C45 -2.1(11) Si4-C41-C46-C45 177.6(6) 

C83A-C44-C45-C46 2.1(14) C41-C46-C45-C44 0.0(13) 

C45-C44-C83A-C42 -2.1(14) C41-C42-C83A-C44 -0.1(13) 

O6-Si3-O3-Si2 82.2(9) O2-Si3-O3-Si2 -37.7(10) 

C31-Si3-O3-Si2 -157.3(9) O8-Si2-O3-Si3 -92.6(9) 

O4-Si2-O3-Si3 25.0(10) C21-Si2-O3-Si3 145.0(9) 

O6-Si3-O2-Si1 -114.3(6) O3-Si3-O2-Si1 5.3(7) 

C31-Si3-O2-Si1 124.1(6) O5-Si1-O2-Si3 119.0(6) 

O1-Si1-O2-Si3 -0.9(7) C11-Si1-O2-Si3 -120.3(6) 

O5-Si1-O1-Si4 -64.7(7) O2-Si1-O1-Si4 53.1(7) 

C11-Si1-O1-Si4 172.2(6) O7-Si4-O1-Si1 57.3(7) 

O4-Si4-O1-Si1 -62.6(7) C41-Si4-O1-Si1 177.1(6) 

O7-Si4-O4-Si2 -115.9(6) O1-Si4-O4-Si2 4.3(7) 

C41-Si4-O4-Si2 123.8(6) O8-Si2-O4-Si4 131.1(6) 

O3-Si2-O4-Si4 11.6(7) C21-Si2-O4-Si4 -108.1(6) 

O1-Si1-O5-Si7 -60.1(5) O2-Si1-O5-Si7 -179.9(4) 

C11-Si1-O5-Si7 61.5(5) C2A-Si7-O5-Si1 155.4(5) 

C1A-Si7-O5-Si1 34.0(6) C71-Si7-O5-Si1 -88.6(5) 

O3-Si3-O6-Si5 -150.4(4) O2-Si3-O6-Si5 -29.8(5) 

C31-Si3-O6-Si5 90.9(5) C7A-Si5-O6-Si3 78.4(5) 

C8A-Si5-O6-Si3 -161.8(5) C51-Si5-O6-Si3 -43.2(5) 

O4-Si4-O7-Si8 -8.9(5) O1-Si4-O7-Si8 -129.4(4) 

C41-Si4-O7-Si8 111.5(5) C3A-Si8-O7-Si4 63.5(6) 
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C4A-Si8-O7-Si4 -178.1(5) C81-Si8-O7-Si4 -53.2(6) 

O3-Si2-O8-Si9 -44.7(5) O4-Si2-O8-Si9 -164.8(4) 

C21-Si2-O8-Si9 76.0(5) C5A-Si9-O8-Si2 100.9(5) 

C91-Si9-O8-Si2 -138.6(5) C6A-Si9-O8-Si2 -20.4(6) 

O82-S8-C84-F81 175.2(5) O81-S8-C84-F81 -56.7(6) 

N8-S8-C84-F81 57.2(6) O82-S8-C84-F83 55.5(6) 

O81-S8-C84-F83 -176.4(5) N8-S8-C84-F83 -62.5(5) 

O82-S8-C84-F82 -65.6(6) O81-S8-C84-F82 62.5(5) 

N8-S8-C84-F82 176.4(5) C82-C83-N8-S8 91.9(9) 

O82-S8-N8-C83 -18.4(7) O81-S8-N8-C83 -156.3(6) 

C84-S8-N8-C83 93.9(6) O5-Si7-C71-C72 80.4(8) 

C2A-Si7-C71-C72 -163.5(7) C1A-Si7-C71-C72 -38.7(9) 

Si7-C71-C72-C73 -173.6(7) C71-C72-C73-N7 67.4(11) 

C72-C73-N7-S7 -121.1(8) C73-N7-S7-O71 23.9(9) 

C73-N7-S7-O72 155.8(8) C73-N7-S7-C74 -96.4(10) 

O6-Si5-C51-C52 65.3(6) C7A-Si5-C51-C52 -55.7(6) 

C8A-Si5-C51-C52 -176.1(5) N5-C53-C52-C51 62.9(8) 

Si5-C51-C52-C53 175.3(5) C52-C53-N5-S5 111.5(6) 

C53-N5-S5-O51 -28.2(7) C53-N5-S5-O52 -166.5(6) 

C53-N5-S5-C54 84.7(7) F52-C54-S5-O51 53.3(8) 

F51-C54-S5-O51 -68.4(8) F53-C54-S5-O51 170.8(6) 

F52-C54-S5-O52 -177.6(7) F51-C54-S5-O52 60.7(8) 

F53-C54-S5-O52 -60.1(7) F52-C54-S5-N5 -63.8(8) 

F51-C54-S5-N5 174.5(6) F53-C54-S5-N5 53.7(7) 

O8-Si9-C91-C92 -58.6(6) C5A-Si9-C91-C92 58.5(7) 

C6A-Si9-C91-C92 -176.8(6) Si9-C91-C92-C93 -175.8(6) 

C91-C92-C93-N9 -63.8(11) F93-C94-S9-O91 71.3(7) 

F91-C94-S9-O91 -52.3(6) F92-C94-S9-O91 -169.5(6) 

F93-C94-S9-O92 -55.7(7) F91-C94-S9-O92 -179.4(6) 

F92-C94-S9-O92 63.5(6) F93-C94-S9-N9 -166.7(6) 

F91-C94-S9-N9 69.7(7) F92-C94-S9-N9 -47.4(7) 

C92-C93-N9-S9 -130.0(7) O91-S9-N9-C93 41.6(8) 

O92-S9-N9-C93 177.6(7) C94-S9-N9-C93 -71.7(8) 

O7-Si8-C81-C82 -62.0(7) C3A-Si8-C81-C82 -179.4(7) 

C4A-Si8-C81-C82 58.6(8) Si8-C81-C82-C83 -175.1(6) 

N8-C83-C82-C81 63.0(12) O71-S7-C74-F73 -170.5(12) 

O72-S7-C74-F73 60.0(14) N7-S7-C74-F73 -47.4(14) 

O71-S7-C74-F72 55.9(15) O72-S7-C74-F72 -73.5(14) 

N7-S7-C74-F72 179.0(12) O71-S7-C74-F71 -55.5(9) 

O72-S7-C74-F71 175.0(8) N7-S7-C74-F71 67.6(10) 
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Table S8. Anisotropic atomic displacement parameters (Å2) for 4mer-(NHTFSI)4. 

The anisotropic atomic displacement factor exponent takes the form: -2ˊ2[ h2 a*2 U11 + ... + 2 h k 

a* b* U12 ] 
 

U11 U22 U33 U23 U13 U12 

Si1 0.0191(8) 0.0298(9) 0.0279(9) 0.0078(7) -0.0041(6) -0.0043(6) 

Si2 0.0198(8) 0.0289(9) 0.0303(9) 0.0040(7) -0.0084(7) -0.0042(6) 

Si3 0.0198(8) 0.0283(9) 0.0291(9) -0.0009(7) -0.0037(6) -0.0056(6) 

Si4 0.0203(8) 0.0326(9) 0.0265(9) 0.0073(7) -0.0043(6) -0.0082(7) 

Si5 0.0293(9) 0.0371(10) 0.0296(10) -0.0013(7) -0.0052(7) -0.0042(7) 

S8 0.0544(12) 0.0515(11) 0.0466(12) -0.0012(9) -0.0092(9) 0.0032(9) 

Si7 0.0294(10) 0.0525(12) 0.0435(12) 0.0019(9) 0.0007(8) 0.0082(8) 

Si8 0.0421(10) 0.0498(11) 0.0279(10) 0.0078(8) -0.0043(8) -0.0168(9) 

Si9 0.0445(11) 0.0442(11) 0.0568(13) 0.0072(9) -0.0315(10) -0.0021(9) 

C11 0.022(3) 0.044(4) 0.033(4) 0.012(3) -0.002(3) -0.005(3) 

C12 0.019(3) 0.068(5) 0.035(4) 0.009(3) 0.000(3) -0.005(3) 

C16 0.033(4) 0.058(5) 0.056(5) 0.030(4) -0.016(3) -0.010(3) 

C14 0.027(4) 0.117(7) 0.051(5) 0.043(5) -0.002(3) -0.002(4) 

C13 0.022(3) 0.108(7) 0.036(4) 0.012(4) -0.004(3) -0.012(4) 

C15 0.039(4) 0.078(6) 0.075(6) 0.048(5) -0.013(4) -0.014(4) 

C21 0.021(3) 0.029(3) 0.033(3) 0.005(3) -0.008(2) -0.002(2) 

C25 0.032(3) 0.046(4) 0.038(4) -0.005(3) 0.001(3) -0.014(3) 

C26 0.028(3) 0.035(3) 0.034(4) -0.004(3) -0.009(3) -0.012(3) 

C23 0.072(5) 0.032(4) 0.070(6) -0.014(4) 0.006(4) -0.009(4) 

C24 0.041(4) 0.054(5) 0.046(4) -0.012(4) 0.005(3) -0.007(3) 

C22 0.052(4) 0.035(4) 0.063(5) 0.002(4) 0.015(4) -0.011(3) 

C31 0.029(3) 0.031(3) 0.036(4) -0.009(3) -0.003(3) -0.016(3) 

C32 0.025(3) 0.053(4) 0.057(5) 0.009(3) -0.009(3) -0.017(3) 

C34 0.050(5) 0.054(5) 0.061(5) -0.005(4) 0.017(4) -0.022(4) 

C33 0.023(3) 0.065(5) 0.072(5) -0.001(4) 0.001(3) -0.015(3) 

C36 0.039(4) 0.041(4) 0.046(4) 0.000(3) 0.011(3) -0.005(3) 

C35 0.052(5) 0.047(4) 0.053(5) 0.006(4) 0.017(4) -0.011(3) 

C41 0.031(3) 0.038(4) 0.026(3) 0.011(3) -0.005(3) -0.014(3) 

C42 0.039(4) 0.065(5) 0.074(6) -0.011(4) -0.015(4) -0.012(4) 

C44 0.065(5) 0.082(6) 0.053(5) 0.002(4) -0.028(4) -0.036(5) 

C46 0.049(4) 0.060(5) 0.055(5) -0.003(4) -0.023(4) -0.007(4) 

C45 0.081(6) 0.068(6) 0.073(6) -0.022(5) -0.026(5) -0.011(5) 

C83A 0.045(5) 0.089(7) 0.085(6) -0.013(5) -0.028(4) -0.025(5) 

O3 0.020(2) 0.031(2) 0.044(3) -0.0038(19) -0.0025(18) -0.0052(17) 

O2 0.020(2) 0.029(2) 0.038(2) 0.0049(18) -0.0074(17) -0.0058(16) 
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U11 U22 U33 U23 U13 U12 

O1 0.024(2) 0.038(2) 0.037(2) 0.0069(19) -0.0093(18) -0.0118(18) 

O4 0.019(2) 0.035(2) 0.034(2) 0.0057(18) -0.0048(17) -0.0080(17) 

O5 0.024(2) 0.041(2) 0.033(2) 0.0037(19) -0.0028(17) -0.0008(18) 

O6 0.031(2) 0.031(2) 0.033(2) -0.0016(18) -0.0101(18) 0.0012(17) 

O7 0.022(2) 0.048(3) 0.031(2) 0.0081(19) -0.0016(17) -0.0065(18) 

O8 0.037(2) 0.047(3) 0.033(2) 0.006(2) -0.0147(19) -0.005(2) 

C84 0.033(4) 0.066(5) 0.044(5) 0.000(4) -0.011(3) -0.007(3) 

C83 0.133(8) 0.056(5) 0.044(5) 0.003(4) -0.022(5) -0.017(5) 

N8 0.072(4) 0.059(4) 0.053(4) 0.008(3) -0.015(3) -0.015(3) 

O81 0.080(4) 0.076(4) 0.042(3) -0.010(3) -0.005(3) -0.015(3) 

O82 0.079(4) 0.085(4) 0.064(4) -0.001(3) -0.021(3) 0.016(3) 

F81 0.044(2) 0.059(3) 0.062(3) 0.009(2) -0.009(2) 0.0006(19) 

F83 0.072(3) 0.073(3) 0.062(3) -0.020(2) -0.020(2) -0.004(2) 

F82 0.054(3) 0.076(3) 0.099(4) 0.006(3) 0.004(3) -0.028(2) 

C71 0.080(6) 0.075(6) 0.068(6) -0.013(5) -0.024(5) 0.031(5) 

C72 0.079(6) 0.065(6) 0.089(7) -0.019(5) -0.041(5) 0.010(5) 

C73 0.074(7) 0.170(12) 0.075(7) 0.019(7) -0.023(6) 0.015(7) 

N7 0.085(6) 0.134(8) 0.068(6) 0.010(5) -0.001(5) 0.011(5) 

S7 0.0743(16) 0.117(2) 0.0610(16) 0.0114(14) -0.0222(12) -0.0298(14) 

O71 0.092(5) 0.220(9) 0.049(4) -0.026(5) 0.018(4) -0.048(5) 

O72 0.073(5) 0.216(10) 0.139(8) 0.022(7) -0.034(5) -0.028(5) 

C51 0.045(4) 0.041(4) 0.045(4) -0.012(3) -0.004(3) -0.005(3) 

C53 0.053(4) 0.045(4) 0.041(4) -0.004(3) -0.007(3) -0.003(3) 

C52 0.046(4) 0.038(4) 0.048(4) -0.003(3) -0.009(3) -0.005(3) 

C54 0.089(7) 0.053(5) 0.062(6) -0.005(5) 0.019(5) -0.024(5) 

N5 0.049(4) 0.067(4) 0.042(4) -0.002(3) -0.004(3) -0.006(3) 

S5 0.0892(16) 0.0474(11) 0.0461(12) 0.0017(9) 0.0064(11) -0.0065(10) 

O52 0.100(5) 0.089(5) 0.078(5) 0.002(4) 0.044(4) 0.000(4) 

O51 0.136(6) 0.098(5) 0.042(3) 0.015(3) -0.039(3) -0.064(4) 

F53 0.138(5) 0.075(4) 0.109(5) -0.007(3) 0.012(4) -0.050(4) 

F52 0.096(4) 0.066(3) 0.104(4) 0.004(3) 0.017(3) 0.012(3) 

F51 0.146(5) 0.067(3) 0.088(4) 0.038(3) 0.004(4) -0.008(3) 

C91 0.062(5) 0.058(5) 0.072(6) 0.003(4) -0.031(4) 0.002(4) 

C92 0.062(5) 0.058(5) 0.081(6) 0.008(4) -0.023(5) -0.004(4) 

C94 0.071(6) 0.058(5) 0.058(6) 0.006(4) -0.022(4) -0.028(4) 

C93 0.087(7) 0.082(7) 0.093(8) 0.009(6) -0.023(6) -0.003(5) 

S9 0.0775(16) 0.0532(12) 0.0667(15) -0.0060(11) -0.0338(12) -0.0055(11) 

O92 0.079(4) 0.067(4) 0.056(4) -0.006(3) -0.026(3) -0.017(3) 

O91 0.095(5) 0.102(5) 0.071(4) -0.037(4) -0.030(4) 0.020(4) 

F93 0.106(4) 0.058(3) 0.082(4) 0.011(2) -0.034(3) -0.029(3) 
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U11 U22 U33 U23 U13 U12 

F92 0.080(4) 0.100(4) 0.103(4) 0.030(3) -0.049(3) -0.028(3) 

F91 0.141(5) 0.087(4) 0.055(3) -0.008(3) -0.036(3) -0.009(3) 

C8A 0.045(4) 0.050(4) 0.043(4) -0.005(3) -0.013(3) -0.008(3) 

C5A 0.074(5) 0.036(4) 0.074(6) -0.001(4) -0.045(4) -0.003(4) 

C7A 0.045(4) 0.068(5) 0.043(4) -0.001(4) 0.002(3) -0.017(4) 

C6A 0.045(5) 0.102(7) 0.103(8) 0.023(6) -0.034(5) -0.020(5) 

C3A 0.061(5) 0.122(8) 0.041(5) 0.004(5) -0.008(4) -0.041(5) 

C4A 0.050(5) 0.149(9) 0.037(5) 0.009(5) 0.007(4) -0.033(5) 

C2A 0.041(4) 0.096(6) 0.055(5) -0.012(5) 0.011(4) 0.000(4) 

C1A 0.033(4) 0.095(6) 0.061(5) -0.001(5) 0.006(4) -0.010(4) 

N9 0.140(7) 0.055(4) 0.064(5) 0.002(4) -0.032(5) 0.000(4) 

C81 0.101(7) 0.097(7) 0.050(5) 0.040(5) -0.030(5) -0.038(6) 

C82 0.148(10) 0.085(7) 0.063(6) 0.033(5) -0.042(6) -0.055(7) 

F71 0.183(8) 0.132(6) 0.167(8) -0.019(5) -0.098(7) 0.047(6) 

F72 0.50(2) 0.102(6) 0.126(7) 0.005(5) -0.065(9) -0.131(9) 

F73 0.331(14) 0.186(8) 0.050(4) 0.019(5) -0.013(6) -0.134(9) 

C74 0.181(15) 0.085(9) 0.124(13) -0.012(8) -0.062(11) -0.028(9) 

 

 

Table S9. Hydrogen atomic coordinates and isotropic atomic displacement parameters (Å2) 

for 4mer-(NHTFSI)4. 
 

x/a y/b z/c U(eq) 

H12 -0.1405 0.4761 0.0772 0.049 

H16 0.0124 0.6608 0.1373 0.058 

H14 -0.1432 0.6748 -0.0422 0.08 

H13 -0.1979 0.5502 -0.0213 0.067 

H15 -0.0382 0.7322 0.0359 0.076 

H25 0.5016 0.2476 -0.0083 0.046 

H26 0.4077 0.3183 0.0891 0.037 

H23 0.3748 0.0491 0.0515 0.071 

H24 0.4876 0.1128 -0.0269 0.057 

H22 0.2853 0.1174 0.1526 0.061 

H32 0.5080 0.4304 0.1711 0.052 

H34 0.5639 0.5959 0.0263 0.066 

H33 0.6366 0.4803 0.0894 0.063 

H36 0.2320 0.6039 0.1188 0.052 

H35 0.3610 0.6570 0.0401 0.062 

H42 -0.2473 0.3438 0.1588 0.07 

H44 -0.2441 0.1545 0.0330 0.075 

H46 0.0536 0.1712 0.1272 0.065 
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x/a y/b z/c U(eq) 

H45 -0.0441 0.1022 0.0506 0.088 

H83A -0.3414 0.2751 0.0838 0.084 

H83B -0.1051 -0.0056 0.3011 0.093 

H83C 0.0316 0.0061 0.2988 0.093 

H8 0.0299 -0.0157 0.4136 0.072 

H71A -0.3727 0.7054 0.3023 0.096 

H71B -0.2432 0.7135 0.2685 0.096 

H72A -0.4205 0.6539 0.2002 0.095 

H72B -0.2871 0.6512 0.1658 0.095 

H73A -0.4311 0.7702 0.1285 0.133 

H73B -0.4493 0.8044 0.2067 0.133 

H7 -0.2263 0.7799 0.1315 0.121 

H51A 0.2314 0.7036 0.3675 0.053 

H51B 0.3163 0.6691 0.3005 0.053 

H53A 0.0518 0.8005 0.2363 0.056 

H53B 0.1122 0.8191 0.3044 0.056 

H52A 0.1489 0.6610 0.2406 0.053 

H52B 0.0607 0.6884 0.3082 0.053 

H5 0.2947 0.7979 0.2399 0.064 

H91A 0.5038 0.0853 0.3056 0.077 

H91B 0.5591 0.1130 0.3727 0.077 

H92A 0.3166 0.1001 0.3647 0.081 

H92B 0.3657 0.1343 0.4311 0.081 

H93A 0.4919 0.0018 0.4460 0.106 

H93B 0.3521 -0.0025 0.4520 0.106 

H8AA 0.3911 0.4838 0.4364 0.068 

H8AB 0.3614 0.5788 0.4581 0.068 

H8AC 0.4549 0.5475 0.3933 0.068 

H5AA 0.3714 0.3561 0.3808 0.091 

H5AB 0.4784 0.3020 0.4198 0.091 

H5AC 0.3461 0.2822 0.4290 0.091 

H7AA 0.0509 0.5493 0.3787 0.077 

H7AB 0.0906 0.5893 0.4457 0.077 

H7AC 0.1274 0.4923 0.4328 0.077 

H6AA 0.5702 0.2265 0.2183 0.121 

H6AB 0.6420 0.2415 0.2831 0.121 

H6AC 0.5475 0.3156 0.2035 0.121 

H3AA 0.1301 0.2967 0.3786 0.107 

H3AB 0.0593 0.2983 0.4533 0.107 

H3AC 0.0329 0.3766 0.4044 0.107 
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x/a y/b z/c U(eq) 

H4AA -0.2303 0.3659 0.4254 0.116 

H4AB -0.1998 0.2828 0.4680 0.116 

H4AC -0.2733 0.2856 0.4009 0.116 

H2AA -0.1915 0.5310 0.4129 0.1 

H2AB -0.3130 0.5995 0.4178 0.1 

H2AC -0.1854 0.6259 0.4049 0.1 

H1AA -0.3161 0.4887 0.2288 0.096 

H1AB -0.4064 0.5120 0.2964 0.096 

H1AC -0.2860 0.4436 0.3001 0.096 

H9 0.4920 -0.0471 0.3311 0.105 

H81A 0.0659 0.1504 0.3280 0.095 

H81B 0.0064 0.1372 0.4032 0.095 

H82A -0.1045 0.1339 0.2792 0.111 

H82B -0.1721 0.1280 0.3537 0.111 
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 APPENDIX B: SUPPLIMENTARY INFORMATION FOR CHAPTER FOUR  

 

With iongels made with higher MC content (80/20, 70/30 and 60/40) (Figure S1), the 

residual weight in the TGA pan above ~575 0C increases with increasing MC content, since 

only the LiTFSI component contributes to the mass that remains after all of the MC and G4 

decompose (their individual TGA curves are effectively zero at 800 0C).  

 

 

 

  

Figure B. 1. TGA data of 90/10, 80/20, 70/30, 60/40 ([G4Li] +[TFSI]- / MC) iongels, 

neat G4, [G4Li] +[TFSI]- and neat MC 
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Table B. 1.  Glass transition and melt temperatures of pure G4, neat  [G4Li]  +[TFSI]- 

and 90/10, 80/20, 70/30 and 60/40 [G4Li]  +[TFSI]- /MC iongels 

Sample              Tg (oC)        Tm (oC) 

G4                 -            -24.73 

[G4Li]+[TFSI]-            -57.30             - 

90/10 Iongel            -50.69             - 

80/20 Iongel            -43.82             - 

70/30 Iongel            -38.93             - 

60/40 Iongel             44.03             - 

Figure B. 2. DSC curves of 90/10, 80/20, 70/30, 60/40 [G4Li] +[TFSI]- /MC 

iongels, and pure G4, [G4Li] +[TFSI]- 
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Figure B. 3. (Top) Storage modulus and Tan delta (Bottom) as a function of temperature 

for 90/10, 80/20, 70/30 and 60/40 [G4Li]
 +[TFSI]- /MC Iongels. Note: it was not possible 

to obtain DMA data at low temperature for the 90/10 Iongel composition since it broke in 

the grips. 
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Figure B.4. X-ray data of MC powder, a gel film of MC (with DMF) prepared in same 

way as the blends, those films where the DMF was replaced with acetonitrile (ACN) and 

the ACN removed by freeze drying (top). The 90/10 sample after a similar extraction 

procedure is also shown: (bottom) SEM image of MC gel after replacement of DMF with 

ACN and freeze drying showing fibrillary network 
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Figure B. 5. Raman spectra of 90/10 80/20, 70/30 and 60/40 [G4Li]  +[TFSI]- /MC iongels, 

MC and neat [G4Li]  +[TFSI]- .  The intensities of the 860 cm-1 bands increase in the order 

100/0>90/10~80/20> 70/30> 60/40.  The intensities of the 860 cm-1 bands increase in the 

same order except for the 100/0 (neat [G4Li]  +[TFSI]-). This may be due to a contribution 

from MC for the mixtures, which does not appear in the 100/0 spectrum. 
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Figure B. 6. Temperature dependent conductivity data of 90/10, 80/20, 70/30 and 60/40 

[G4Li]  +[TFSI]- / MC iongels and neat [G4Li]  +[TFSI]- 
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Figure B.7. Nyquist plots of temperature dependent conductivity data at 300C, 600C and 

900C for 90/10 Iongel (top row) and neat [G4Li]  +[TFSI]- (bottom row). The equivalent 

circuit used to fit the data is in the middle.               

Table B.2. VTF parameters and activation energies of [G4Li]  +[TFSI]- and 90/10, 80/20, 

70/30 and 60/40 [G4Li]  +[TFSI]- /MC iongels. 

 

Composition                VTF parameters  Activation 

Energy 

(KJ/mol)  
  To(K)        B(K)      ůo   R2 

Liquid  

[G4Li]  +[TFSI]- 

165.87   792.38 0.6504 0.9957 6.88 

Iongel  

90/10 172.44   858.47 0.2617 0.9979 7.41 

80/20  182.30   721.36 0.1115 0.9994 6.23 

70/30  180.02   810.76 0.0251 0.9866 6.98 

60/40  163.24 1508.50 0.386 0.9961 12.84 
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Figure B. 8. FTIR spectra in the OH region stretch region. The [G4Li] + [TFSI]- has no 

bands in this region. The 3450 cm-1 OH stretch of the neat MC broadens as the amount of 

[G4Li] + [TFSI]- increases in the blends   

 

Table B. 3. Plating/stripping polarization potentials for Li0/(90/10 Iongel)/Li0 and 

Li 0/[G4Li] +[TFSI]-/Li 0 cells cycled at a maximum current density of J=0.1mA/cm2  

Current density   

(J ) mA.cm-2 

                     Polarization potential (mv) 

90/10 Iongel [G4Li] +[TFSI] - 

0.01 (4 days) 10.3 ± 0.71 NA 

0.05 (4 days) 52.33 ± 3.9 NA 

0.1  173.58 ± 63.6  (15days) 133.45 ± 19.4 (~22 days) 
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Figure B. 9. Li plating/stripping data for: (A) Li0/[G4Li] +[TFSI]-/Li 0 cell; J = 0.05mA/cm2, 

remainder at J = 0.5mA/cm2,the inset showing the voltage vs time for the first 160 cycles at 

J=0.1mA/cm2 (B) EIS data before and after the plating/stripping experiment on 

Li 0/[G4Li] +[TFSI]-/Li 0 cell (C) Li0/90/10 Iongel/Li 0 cell; first 24 cycles (4 days) at J = 

0.01mA/cm2, next 150 cycles (25 days) at J = 0.05mA/cm2, last 30 cycles (5 days) at J = 

0.01mA/cm2. (D) EIS data before and after the plating/stripping experiment on Li0/90/10 

Iongel)/Li0 cell. 
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Table B. 4. Conductivity data obtained with symmetric lithium cells before and after  

plating 

 

Table B. 5. Plating/stripping polarization potentials for Li0/(90/10 Iongel)/Li0 and 

Li 0/[G4Li] +[TFSI]-/Li 0 cells cycled at a maximum current density of J=0.05mA/cm2. 

          

 

   

 ů (S/cm) 

 J = 0.05mA/cm2 J = 0.1mA/cm2 

Sample before  

Li/Li plating  

 

after  

Li/Li plating  

 

before  

Li/Li plating  

 

after  

Li/Li plating  

[G4Li]+[TFSI]- 1.22 E-03 1.17 E-03 9.7 E-04 1.7 E-03 

90/10 Iongel 1.83 E-04 1.53 E-04 1.9 E-04 1.04 E-04 

Current density  

(J ) mA.cm-2 

       Polarization potential /mV 

90/10 Iongel [G4Li] +[TFSI] - 

0.01 (4 days) 11.16 ± 1.1 NA 

0.05 (25 days)  68.85 ± 8.3 60.02 ± 9.3 

0.01 (5 days) 17.09 ± 1.8 NA 
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Figure B. 10. SEM images of original Li0 metal at two magnifications (A) 50 ɛm and (B) 5 

ɛm and after Li0/Li0 plating and stripping experiments, SE mode at two magnifications (C) 

50 ɛm and (D) 3 ɛm; (E) sideview showing interior of Li0 metal and mossy Li0 (combined 

SE and BSE modes). Li metal was originally 350 ɛm, and has decreased to about add 300 ɛm 

after the plating experiments; (F) 90/10 Iongel after Li0 plating experiments; 200 ɛm. 




















































