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ABSTRACT

From decades, solution chemistry has been the most crucial domain of physical
chemistry. In order to attain deep insight about the nature of the interactions existing in
the specific solution, the ultrasonic technique is being utilized in several fields of
science to discover the thermodynamic and acoustic parameters which offers rational
outcomes. Through this the physicochemical behaviour of the various moieties of the
solution can be determined by the ultrasonic wave propagating in the medium. Its non-
destructive nature renders it to be employed for exploring the several binding forces

occurring in between the atoms and molecules in the system.

The major focus of the current experiment is to evaluate and analyse several crucial
parameters such as thermodynamic, acoustic, spectroscopic, and conductometric
investigation that could assist in determining the behaviour and comparative nature of
molecular interactions in the systems under study.

The aims and objectives of the present investigations are:

1. To determine various thermo physical properties such as density and conductance
of aprotic lithium electrolytes in binary aqueous mixtures of aprotic organic solvents
at different concentrations and temperatures.
2. To calculate various thermophysical and acoustic parameters of the above
solutions at different concentrations and temperatures.
3. To calculate various conductance parameters (specific conductance, limiting molar
conductance and activation energy) of above-mentioned solutions.
4. Interpretation of above systems using spectroscopic and cyclic voltammetry (CV)
techniques.
Following techniques are used to interpret the intermolecular interactions present
among aprotic lithium electrolytes in binary aqueous mixtures of aprotic organic
solvents

e Density measurements

e Speed of sound measurements

e Spectroscopic studies



e Conductivity measurements

e Cyclic Voltammetry

The thesis is divided into five chapters as mentioned below:
Chapter 1: Introduction

Chapter 1 includes detailed discussion of the various types of batteries and their usage
along with their limitations. Apart from this, the properties of Aprotic Lithium
Electrolytes are also discussed. The role of Glycol dimethyl ethers as organic solvents
in the batteries is also explained. Since these solvents have a number of qualities that
make them more environmentally friendly than many other solvents so their properties
like Lower Volatility and Toxicity, Chemical Stability, Versatility and Biodegradability
are outlined here. Further, advantages of Glyme-based Electrolytes are explained. A
discussion has been carried about the intermolecular interactions between lithium salts
and glymes. The overview of thermodynamics, conductance, Cyclic voltammetry and,
FT-IR spectroscopy is presented. In this chapter, various thermodynamic parameters

like apparent molar volume (V ), limiting apparent molar Volume(Vd(,’ ), standard partial
molar volumes of transfer (Ang’) of the ternary mixtures, apparent molar isentropic
compression (Kg ), limiting apparent molar adiabatic compressibility (Kg,s) & partial
molar isentropic compression of transfer (AKQ‘;S) and their equations have been

discussed.

Chapter 2: Review of Literature

Chapter 2 includes intensive literature survey on the conductometric, volumetric,
acoustic & spectroscopic studies of Lithium salts with water as well as various other
solvents. The advances in Li-ion batteries are also discussed. The literature review
focuses on different energy storage technologies and the research on various
electrolytes used in the energy storage devices that is contributing in creating a

sustainable future. The role of Li salts in the energy storage devices is represented.



Chapter 3: Experimental

Chapter 3 outlines the specifications of chemicals used to carry out the experimental
work. An overview of Lithium salts used in study have been provided. The details of
the instruments used i.e. Anton Paar Density and speed of sound analyser (Anton Paar
DSA 5000 M), conductivity meter, electrochemical workstation and FT-IR

spectrophotometer have been discussed in this chapter.
Chapter 4: Result and discussion

Chapter 4 includes results and discussion of the entire research work. This chapter is
divided into three sections I to III. Section I investigates solute-solvent interactions in
ternary systems consisting of lithium trifluoromethanesulfonate (LiOTY) as the solute
and tetraecthylene glycol dimethyl ether (TEGDME) and 1,2-dimethoxyethane (DME)
as solvents over a range of temperatures (293.15 K — 313.15 K). A multidisciplinary
approach involving computational modelling, thermodynamic analysis, and acoustic

measurements was used to elucidate molecular-level dynamics. The positive V(g values

in the thermodynamic analysis revealed the prevalence of solute-solvent interactions in
the investigated ternary (LiOTf + H,O + DME/TEGDME) solutions. Hepler constant
was determined to predict the structure maker/breaker behaviour. Cyclic voltammetry
(CV) analysis showed that TEGDME offers a higher electrochemical window (EW) of
1.36 V in 0.01 TEGDME and 1.40 V in 0.05 TEGDME compared to that of 1.25 V in
0.01 DME and 1.38 V in 0.05 DME, yielding favourable and comparable working
electrochemical windows. Further, the specific conductivity, molar conductivity,
limiting molar conductance and activation energy of conductance have been determined
to validate the interactions present in the given systems. Section II contains
comparative evaluation of the thermophysical and acoustic characteristics of lithium
tetrafluoroborate and lithium hexafluorophosphate in binary aqueous solutions of
tetraethylene glycol dimethyl ether. Various thermophysical and acoustic variables
including apparent molar volume, partial molar volume and transit volumes, apparent
and partial molar isentropic compression are estimated using the values of density and
speed of sound. These findings can be beneficial in developing different electrolytes for

lithium-ion Section III depicts Thermophysical and acoustic measurements of LiFSI

W



and LiTFSI in (0.01, 0.03 and 0.05) mol kg tetraglyme (TEGDME) at different
working temperatures. The thermophysical parameters like apparent molar volume,
partial molar volume, apparent molar isentropic compression and, partial molar
isentropic compression are determined. Additionally, infrared spectral analyses are
conducted to evaluate the interactions that take place in the mixes under investigation.
Furthermore, the activation energy of conductance, limiting molar conductance,
specific conductivity, and molar conductivity have all been computed to deduce the

interactions that exist in the systems.

Chapter 5: Conclusion

Chapter 5 consists of the main findings, conclusion as well as comparative analysis of
volumetric, acoustic, conductometric and spectroscopic studies of the studied Lithium
salts in DME and TEGDME. This chapter discusses the results derived from the various
thermodynamic characteristics. Furthermore, this chapter also outlines the current

work's future scope.
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Introduction




1. Introduction

Among all the resources available across the globe, energy is the most important
resource. Energy is needed to carry out life activities, to promote economic and social
development in order to create a better quality of living. Nature being a big reservoir of
energy provides a wide variety of resources, primarily described as renewable and non-
renewable sources of energy. The non-exhaustible natural sources of energy that are
always being replenished are known as renewable sources of energy. Examples of
renewable sources include solar, hydroelectric, geothermal, tidal, wind, etc. The
abundant natural sources of energy that cannot be naturally replenished are known as
non- renewable sources of energy. They take thousands of years to replenish. Examples
of non-renewable sources are oil, natural gas, coal etc. In general, renewable energy

sources are widely considered as sustainable energy resources.

The concept of sustainability focuses on long-term survival of society. Their need
lies in the equilibrium between the resources and sustainability. The natural resources
are present in abundance, still the demand of energy is growing globally as a result of
overpopulation, industrial development, urban development and economic
development contributing to energy crises. Energy produced from natural resources
should be stored and used as needed to meet the growing demand for power. Among
the methods utilized to store energy worldwide are energy storage devices. Extensive
researches and development efforts are being done to bring the technologies used in
energy storage devices to commercial maturity (Kousksou et al., 2014).To meet with
the increasing energy demands, researchers worldwide are trying to establish viable
energy substitutes. Considering the modern breakthroughs in chemistry, the prevalent
energy storage systems include, flow batteries, supercapacitors and rechargeable
batteries. Among these means of energy storage, to cope up with the need of sustainable
energy, the rechargeable battery is the best solution (Deng, 2015). The combination of
electrochemical cells used to transform chemical energy into electrical energy is called
as “battery”. The batteries which can be recharged are termed as secondary batteries

and those which cannot be recharged are classified as primary batteries (Mclarnon &



Cairns, 1989). Few of these types of batteries that are having industrial applications

are discussed below:

1.1 Types of batteries

1.1.1. Lead acid batteries

Lead-acid batteries come in two main varieties: valve-regulated batteries and flooded
batteries. Lead-acid batteries with valve regulation require less upkeep, emit fewer
gases, and have low self-discharge rate. Due to sulfation, chances of premature failure
are always there (Diaz-Gonzalez et al., 2012). Working of lead—acid batteries depend
upon chemical reactions in the presence of PbO> (cathode electrode), Pb (anode
electrode) and H2SOy4 (electrolyte).

1.1.2. Nickel-based batteries

The electrolyte used in these types of batteries is nickel hydroxide and potassium
hydroxide with some amount of lithium hydroxide (McDowall, 2006). NiCd batteries
will begin to lose capacity if they are not completely depleted before being recharged
(Morioka et al., 2001).

1.1.3. Sodium-sulphur battery (NaS)

A NasS battery comprises of sulphur and sodium both in molten state as positive anode
and negative terminal respectively. The material which separates cathode and anode
acts as electrolyte (beta alumina). Typical NaS battery cells are tubular in shape, with
the sodium typically housed inside an electrolyte-formed inner chamber. The power
output of sodium-sulphur battery is very small at room temperature. To keep the sulphur

in molten form, the temperature must be maintained 350 °C.
1.1.4. Lithium-ion batteries

Portable devices like smartphones, laptops etc. use lithium-ion batteries as a source of
electric power. A typical Lithium-ion battery consists of anode made up of graphite and
cathode made up of a complex of oxide of a transition metal with Li such as lithium
manganese oxide (LiMn20Os4), lithium iron phosphate (LiFePOy), lithtum cobalt oxide
(LiCo00y). Cathode and anode are placed in electrolyte solution (Lithium salts + mixture
of solvents). Higher Production cost & Less power density are the main limitations of

these type of batteries.



It is evident from the above data that all kind of batteries discussed here, have their own
merits and demerits (Deng, 2015). Researchers have explored electrolytes such as
lithium salts in solvents, ionic liquids, ceramics, and polymers, but these electrolytes
are of high cost and shows low ionic conductivity, therefore limiting its industrial use
(Anouti et al., 2012), (Younesi et al., 2015). Lithium-ion batteries (LIBs), on the other
hand , are widely used in electronics, electric vehicles, and energy storage devices

owing to their high energy density, long cycle life, and low self-discharge (Xu, 2004).

1.2 Aprotic Lithium Electrolytes

The performance of the Lithium-ion batteries is dependent on the type of the
electrolytes used. Aprotic lithium electrolytes, maintains the electrochemical stability
while enabling the ion transport. (Barthel ef al., 1990). Aprotic lithium electrolytes are
non-aqueous that do not donate protons and are used in lithium-ion batteries and hence
are potential candidates for energy storage applications. (Ray et al., 2017). Aprotic
lithium electrolytes dissolve lithium salts and enable lithium-ion transport, a key
process for electrochemical reactions that produce electric current. Their properties,
such as thermal stability and conductivity, vary considerably with composition. They
have ability to dissolve lithium salts and facilitate the movement of lithium ions during

battery operation, that results in electrochemical reactions to generate electric current.

The compensated Arrhenius formalism (CAF) states that cyclic carbonates shows
higher diffusion activation energies as compared to typical aprotic solvents as a result
of strong inter molecular interactions. (Khan ez al., 2021). Non-fluorinated tri-lithium
salts have been shown to offer potential cost savings and superior performance
characteristics, including high conductivities and good thermostability. Additionally,
the electrochemical stability of substrates like copper in Li-ion battery electrolytes can

be influenced by the composition of the electrolytes and the presence of impurities.

Furthermore, it is noteworthy that the electrochemical stability of substrates like
copper in Li-ion battery electrolytes is also affected by other factors like temperature,

pressure, and other reactive substances in the electrolyte. Therefore, a comprehensive



understanding of the attributes that influence the electrochemical stability of substrates
in Li-ion battery electrolytes is important for optimizing battery performance and
preventing unwanted side reactions. In particular, the proton conductivity of aprotic
lithium electrolytes and their ability to dissolve lithium salts without forming a liquid-
like layer plays a significant role in their electrochemical stability (Ray et al., 2017).
Lithium hexafluorophosphate (LiPFe), lithium hexafluoro arsenate (LiAsFe), and
lithium perchlorate (LiClO4) are the most often utilized lithium salts in these

electrolytes.

These electrolytes' aprotic character aids in preventing interactions with lithium
metal, which is essential for the functionality and safety of LIBs. The properties of
aprotic lithium electrolytes have a great influence on the safety and working of lithium-
ion batteries in a variety of ways (Laino & Curioni, 2013). Because of these qualities,
aprotic lithium electrolytes are the focus of ongoing research and development efforts
in battery technology because they work together to improve energy storage systems'
dependability and efficiency. Aprotic lithium electrolytes have unique properties that
not only improve energy density, cycle life, and charge rates but also greatly increase
the safety of lithium-ion batteries when they are in use (Pigtowska et al., 2021).
Because of their superior performance and safety, aprotic lithium electrolytes are
necessary for the creation of reliable energy storage systems which are highly efficient
too. A variety of significant features make aprotic lithium electrolytes essential for
energy storage applications, particularly lithium-ion batteries. A few of these attributes

are as follows:

1.2.1. High Ionic Conductivity

Aprotic solvents typically exhibit high ionic conductivity due to which efficient
ion transport among the anode and cathode take place during charge/discharge cycles,
enhancing charge and discharge rates (Davidson & Kebarle, 1976). It is evident that the
ionic mobility of the electrolyte affects the working of batteries powered by lithium-
ion, and the entire functioning of the battery system may be enhanced by carefully

choosing the electrolyte. Therefore, researchers must carefully consider the ionic



mobility of the electrolyte when designing and optimizing lithium-ion battery systems

to ensure maximum efficiency and stability.

1.2.2. Electrochemical Stability

Aprotic lithium electrolytes are stable over a wide range of voltages, reducing
the risk of decomposition during battery operation. This stability allows for higher
energy density and improved battery performance (Vranes et al., 2017) and allows for
operation at higher voltages without electrolyte decomposition, leading to increased
energy density. Ensures stable performance over extended cycles, contributing to longer

battery life.

1.2.3. Low Volatility

Many aprotic solvents have low volatility, which minimizes the risk of
evaporation and enhances the safety and longevity of the battery. Low volatility
minimizes the risk of electrolyte evaporation, which can lead to battery drying out and
performance loss (Cox ef al., 1974). Low volatility reduces the likelihood of vapours

that could ignite or explode under certain conditions.

1.2.4. Low Viscosity
Reduces resistance to ion movement, allowing for better conductivity and faster

response times during cycling. Enhances the overall rate capability of the battery (Cox

etal., 1974).

1.2.5. Wide Liquid Range
Aprotic electrolytes function consistently under a variety of environmental

situations because they frequently stay liquid across a wide temperature range (Kim,

1978).

1.2.6. Compatibility with Lithium Metal

To enhance the efficiency and safety, these electrolytes may efficiently solvate
lithium ions, therefore, allowing them to travel more freely and reducing the formation
of dendrites on lithium metal anodes. This facilitates efficient lithium-ion solvation
which is considered as an essential process for anodes with large capacities as it reduces

the development of dendrites, which may cause short circuits (RC, 2018).
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1.2.7. Minimal Side Reactions

Because aprotic solvents are non-protic, there is a decreased chance of side
reactions that could cause electrolyte degradation, extending the battery's cycle life.
Because aprotic solvents are non-protic, there is a decreased chance of unintended
reactions that could produce heat or gases, improving battery safety (Parker &
Alexander, 1968). Also, it lowers the possibility of fire and explosion by limiting the

production of combustible byproducts.

1.2.8. Tailorable Properties
The chemical composition of aprotic lithium electrolytes can be modified to
optimize properties such as viscosity and conductivity, allowing for customization

based on specific application requirements.

1.2.9. Thermal Stability

Many aprotic electrolytes exhibit good thermal stability, which is important for
maintaining performance under high-temperature conditions. Maintains liquid state and
performance across a broad temperature spectrum, ensuring reliable operation in
various environmental conditions. Reduces the risk of performance degradation under
extreme temperatures (Zhenzhen Wu, Yuhui Tian, Hao Chen, Liguang Wang, Shangshu
Qian, Tianpin Wu, 2022). Good thermal stability prevents breakdown at elevated
temperatures, which is crucial for preventing thermal runaway scenarios and maintain

structural integrity under stress, reducing the risk of battery failure.

1.2.10. Controlled Decomposition
In case of thermal or mechanical abuse, aprotic electrolytes may decompose in
a controlled manner, producing less heat and fewer flammable gases compared to other

types of electrolytes (Kim, 1978).

In summary, aprotic lithium electrolytes are essential to lithium-ion battery
function, with their properties directly influencing battery performance. They are used
in a variety of applications, from portable electronics to electric vehicles, and are
integral to the development of systems for the storage of energy for both mobile and
stationary applications (Feng et al., 2019). A strong electrolyte that can tolerate high

temperatures and current voltages, has a long shelf life, and makes the lithium ions
7



move fast, is necessary for a long-lasting and safe battery. Solid-state, polymer, and
liquid electrolytes are among the varieties. Theoretical capacity, energy density, and
electrochemical potential make lithium-ion cell chemistries among the top choices for
electrical energy storage for high-power and high-energy applications, which includes
stationary storage and transportation (Patil er al., 2016). It is extremely light,
electropositive, and non-toxic in addition to being generally accessible. The potential
for energy storage in lithium-based batteries is greater due to this basic advantage over
alternative chemistries. However, because lithium is very reactive, creating safe

lithium-based battery cells is a technologically difficult task.

Till date, this difficulty has been met by employing substances that can donate
lithium ions (Li") rather than metallic lithium (Mozhzhukhina et al., 2015). In a
reversible chemical reaction, the ions are moved between two electrodes. From the
literature review, it is observed that Li-ion batteries yield less environmental
hazards than all other types of batteries that contain lead /cadmium (Divya &
Ostergaard, 2009), In spite of having numerous positive attributes, Lithium ion batteries
slack in the attributes i.e., power and energy densities, cycle life and its production cost.
Thus, the term "metal-free lithium battery" is frequently used to refer to the Li-ion
battery. The ongoing research and development in this field aim to optimize these
electrolytes for better battery performance, including higher voltage operation and
improved safety (Sharma & Thakur, 2022) along with other organic solvents. For a

lithium-ion cell to be both safe and effective, the right electrolyte must be chosen.

A combination of organic solvents and lithium salt makes up the electrolyte. Thus,
it is the need of hour to explore thermophysical and conductometric studies of various
Lithium electrolytes with the solvents (Di Lecce et al., 2022). Aprotic lithium
electrolytes don't react with lithium, they are frequently used in Li-ion batteries.
Typically, the components of these electrolytes are lithium salts dissolved in an aprotic
(non-aqueous) solvent. Ethyl methyl carbonate (EMC), dimethyl carbonate (DMC),
propylene carbonate (PC) and Diethyl carbonate (DEC) are a few examples of aprotic
solvents used in Li-ion batteries. These solvents are appropriate for lithium-ion batteries

due to their high dielectric constants, low viscosity, and strong chemical stability. One
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of the main organic solvents used with these kinds of electrolytes is glycol dimethyl

ethers (Glyme).

1.3 Introduction to Glycol dimethyl ethers (Solvents)

An important component of the battery's operation, the organic solvent is essential
for promoting the flow of lithium ions. Among the common organic solvents are
ethylene carbonate, propylene carbonate, diethyl carbonate, ethyl carbonate and
dimethyl carbonate. Glymes, also known as glycol dimethyl ethers, are a class of aprotic
solvents that have drawn high interest in energy storage systems and electrochemistry
(Di Lecce et al., 2022). Their distinct characteristics render them appropriate for
employment as solvents in electrolytes based on lithium. Glyme solvents are considered
more environmentally friendly than typical organic solvents because of their decreased
volatility and toxicity, chemical stability, possibility for biodegradability, and diversity
in application. In lithium batteries, glyme-based electrolytes present a viable substitute
for traditional solvents, offering greater conductivity, safety, and stability as well as the
possibility of better performance in next-generation energy storage devices (Chrétien
et al., 2014). These solvents have a number of qualities that make them more
environmentally friendly than many other solvents. A few of these qualities are as

follows:
1.3.1 Properties of Glycol dimethyl ethers (Glymes)
1.3.1.1 Lower Volatility and Toxicity

Generally, glymes (Glycol dimethyl ethers) are less volatile than traditional
organic solvents, which lowers the possibility of inhalation exposure and air pollution
while using them. This feature reduces the number of hazardous fumes released into
the atmosphere, making the workplace safer. Additionally, a lot of glymes are less
hazardous than typical lab solvents (Horwitz ef al., 2018). Although some glymes have
lower acute toxicity, they are a safer option for a variety of applications even though

they may have long-term reproductive and developmental harm.



1.3.1.2. Chemical Stability

They are less likely to break down or react with other compounds under typical
circumstances because they are chemically and thermally stable. Because of their
stability, glymes are a more environmentally responsible choice for industrial and
laboratory procedures as they lower the possibility of producing dangerous

consequences.
1.3.1.3. Versatility and Biodegradability

Glymes are environmentally compatible since they may be made from
renewable materials and have been studied for their biodegradability (Lombardo ef al.,
2013). Their capacity to combine with ions to create complexes increases their
usefulness in a variety of applications, like catalysis and energy storage, without having

the negative environmental effects of more hazardous solvents.
1.3.1.4 Applications in Green Chemistry

Because of their potential to result in more environmentally friendly procedures,
glymes are being used more and more in green chemistry applications including
electrochemistry and organic synthesis (Lombardo et al., 2013). For example, its
application in battery technology supports the drive for more environmentally friendly

energy storage options.

1.3.1.5 Advantages of Glyme-based Electrolytes
Glyme based electrolytes offer several advantages over conventional alkyl-

carbonate solvents for lithium batteries.

1.3.1.6 Safety Improvements

Glymes generally boost the safety of lithium batteries since they are less
combustible than alkyl-carbonate solutions. Glyme-based electrolytes are less
dangerous and better for the environment than standard solvents. Many organic solvents
are less flammable than traditional solvents when paired with aprotic electrolytes,
improving the safety profile of the battery system (Di Lecce et al, 2022). This is

especially necessary for applications in portable electronics and electric cars.
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Long-chain glymes exhibit exceptionally high safety, very low toxicity, and
remarkable stability. Glyme-based electrolytes have greater stability, particularly in the
polymer state and in a variety of circumstances, such as the presence of sulphur, oxygen,
and high-energy lithium metal. The right choice of organic solvent can improve the
electrochemical stability of the electrolyte (Wei et al., 2020). Dimethyl sulfoxide
(DMSO) and ethylene carbonate (EC) are two examples of solvents that can produce
stable solid electrolyte interphases (SEI) on anode, which is an essential process for the

longevity and functionality of batteries.

Glyme solvents can be used at higher concentrations of salt to provide improved
conductivity since they dissolve more readily in lithium salts. Compared to alkyl-
carbonate solvents, glute solutions exhibit higher lithium-ion transport and ionic
conductivity (Horwitz et al., 2018).Jonic conductivity is increased by the easier
solubility of lithium salts in organic solvents, particularly those with high dielectric
constants. This is necessary for efficient lithium-ion transfer to take place during battery

operation.

Different cathodes that are more cost-eftective, have a higher energy density, or
are clearly more environmentally friendly can be employed with electrolytes based on
grease. Glyme-based electrolytes are capable to get better cell performance in terms of
cycle life, safety and energy density, when used in place of currently available
electrolyte (D1 Lecce et al., 2022). Lithium-ion batteries’ performance and stability can
be improved to a great extent by adding organic solvents to aprotic lithium electrolytes.

The following are some important factors and advantages of this combination:

1.3.2 Tailored electrolyte Properties
The viscosity, boiling point, and solvation dynamics can all be adjusted with the
addition of organic solvents. By doing this, the electrolyte can be optimized for

particular battery chemistries and operating circumstances (Watanabe et al., 2017).

1.3.3 Compatibility with Advanced Battery systems
Lithium-oxygen (Li-O2) and lithium-sulphur (Li-S) batteries are examples of

advanced battery technologies that require the coupling of aprotic lithium electrolytes
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with organic solvents. Solvents that are stable and effective in extreme electrochemical

conditions are frequently needed for these systems (Shi ez al., 2013).

1.3.4 Composition of potential Electrolyte

In summary, aprotic lithium electrolytes are essential to the advancement of lithium-
ion battery technology. Their unique characteristics enable higher performance, safety,
and efficiency which pave the way for next-generation energy storage solutions. It will
take more research to optimize these electrolytes to fulfil the growing demand for
sustainable, high-capacity energy storage options. When discussing battery operation,
it is important to note that the interactions between the electrodes, charged molecules,
and applied electric potential are highly complex, and they are particularly important in
the production of well-designed electrolyte. We may examine each parameter and
component alone as well as in combinations thanks to methodology and modeling. The
mostly used batteries now-a-days are Li-ion batteries and the electrolyte for LIB is
composed of two components mixture that are ethylene carbonate and dimethyl
carbonate and LiPFg salt (Patil et al., 2016). The use of this mixture in batteries is found
out to be quite dangerous and self-destructive, also a few incidents of self-destructive
laptops and mobile phones were witnessed. Also, the salt used gets hydrolyzed during
the reaction in storage devices which further leads to the formation of a poisonous

chemical HF which has very adverse effects on environment and is also unsafe.

To overcome these limitations of the composition used in Li-ion batteries different
composition has been tried as the electrolytes which fulfil the requirement needed for a
good battery including high electrochemical and thermal stability, potential and
capacitance (Chrétien et al., 2014). While talking about the functioning of the batteries,
the interaction between the electrodes, the charged molecules and applied electric
potential are quite difficult to handle and these interactions plays a specific role in the
manufacturing of good, designed electrolyte. For energy storage applications, we give
a comprehensive analysis of the thermophysical and conductometric characteristics of
aprotic lithium electrolytes in aprotic organic solvents in this work. We study how
different organic solvents, and lithium salts affect the electrolytes' density, ionic

conductivity, and electrochemical stability. The findings offer important new
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information about how to create effective and safe electrolytes for next-generation LIBs
and other energy storage devices. Methodology/modelling allow us to study each of the
parameter and components separately as well as in the combinations too. And to
investigate the combination, we also do thermal, transport, conductance and
spectroscopic studies which will help us to measure the constants which are essential
for the consideration of the suitable electrode material to be used in energy storage

devices.

1.4 Molecular interactions

The performance of glyme-based electrolytes, which may find application in energy
storage technologies, is primarily determined by the interactions that exist between the
molecules that make up the electrolyte. The interactions between lithium salts and
glymes are primarily coordination interactions, where the lithium cation coordinates
with the ether oxygen atoms of glymes. Both electrostatic and magnetic forces play a
role for the interaction between Li" ions and glycme molecules, which include mono-,
di-, tri-, and tetra-glyme. By nature of their negative charge, the oxygen atoms that
make up the glyme molecules are able to attract the positively charged Li* ions. The
energy required to stabilize the Li* complex rises in proportion to the number of oxygen
atoms in glyme molecule. However, the amount of energy required to stabilize each
oxygen atom decreases. This is due to the fact that the negative charge present on the
oxygen atom which is in contact with the Li" causes the electrostatic and
electromagnetic interaction that are attractive between other oxygen atoms and the Li*
to be reduced (Saito et al., 2017). The physicochemical features of glyme-based
electrolytes, such as ionic conductivity and electrochemical window are determined by
the molecular interactions. In order to build electrolytes that have higher performance

for lithium batteries, it is helpful to understand these interactions.

1.4.1. Thermodynamic properties

Aspects of thermodynamics that are connected to heat and other types of energy.
The flow of heat is implied by the term thermodynamics. This study examines how

energy changes in conjunction with chemical and physical processes. One can explain
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a substance's state using a variety of thermodynamic parameters, including its mass,
temperature, pressure, thermal conductivity, etc. Thermodynamic properties can be
widespread or intensive. While a system's intensive characteristics, like pressure,
density, viscosity, etc., are unaffected by the amount of a substance present, its extended

qualities, like mass, volume, and energy, are reliant on the amount of a material being

introduced (Nidhi & Kaur, 2022).

1.4.2. Acoustical properties

Acoustical properties are the properties controlling the respond of materials to
sound waves, which we further perceive as sound. The acoustic property also indicates
the interactions among molecules providing the exact data for molecular interactions,
specifically when conductometric data fails to provide the exact in cases interpretation

of the interactions.

1.4.3. Conductance studies

The ionic conductivity of these electrolytes, a crucial factor affecting battery
efficiency, can be better understood by conductometric investigations. This knowledge
is supported by thermophysical investigations that look at the thermal characteristics of
aprotic lithium electrolytes, such as density and viscosity, which are essential for
improving electrolyte formulations. The design of more effective electrolytes can be
guided by the interaction between thermophysical characteristics and ionic
conductivity, which can disclose the mechanisms controlling ion transport. The main
objective of this study is to investigate the conductometric and thermophysical
characteristics of aprotic lithium electrolytes in different organic solvents. lons can
travel through cracks in the crystal lattice of a solid or an aqueous solution through a
process known as ionic conduction. Electrolytic solutions have a particular feature
called conductance that controls the type of solvent-solvent, ion-solvent and ion-ion
synergies in mixed solvents. This research provides thermodynamic data in the shape

of association constants, as well as kinetic data in the type of ionic conductivities.

1.4.4. FT-IR spectral studies
FT-IR spectrum analysis can be used to assess the interactions within a system.
The infrared spectrum peak is caused by variations in the net dipole moment resulting
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from the vibrations of distinct atoms inside a molecule. The bond length change is
predicted by these spectral studies. To confirm the thermodynamic properties of the
synergies, present in the systems at varying concentrations of lithium salts and glymes,

FT-IR spectroscopy has been performed.

1.4.5. Cyclic Voltammetry

The technique used to detect the current that appears in an electrochemical cell
when the voltage is too high is called cyclic voltammetry. This method is primarily used
to forecast the electrode's electrochemical characteristics, which aids in determining if
the electrode has the potential to be effectively electrochemically and, if so, helps verify
the electrode's viability for usage in energy storage devices. Furthermore, useful in
explaining the reduction peaks to the component reduction are the cyclic
voltammograms. These constituents mostly consist of oxygen and water, which are pre-
existing in the ionic liquids. In addition to measuring various electrochemical
stabilities, voltammetry techniques like cyclic voltammetry (CV) & linear sweep
voltammetry (LSV) are primarily used to determine critical data of electrochemical
reactions, such as the location of the electroactive species redox potential. To put it
briefly, making attractive ionic liquids and optimizing their use require a grasp of the
physicochemical characteristics of ionic liquids. Having a solid understanding of the
different physical and chemical properties is necessary before beginning any industrial
application. The densities, acoustic, viscosity, and conductance values of the various
systems can be used to forecast the diverse characteristics that show the varied
interactions, structure maker, and structure breaker behaviour of solute in solvents. It is
possible to combine classical and thermodynamic methods to find the mixes'

equilibrium properties.

In the investigated system, using various thermodynamic parameters (Apparent
molar volume, partial molar volume, partial molar isentropic compression, partial
molar isentropic compression of transfer, partial molar volume of transfer, pair & triplet
interaction coefficients) are calculated using density & sound speed values at different
temperatures. Conductivity data is used to look at the nature of a solute's ability to

form/break structures in a specific solvent. Additionally, FT-IR spectrum analyses of
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the ternary mixes (Li salt + aqueous glyme) at various concentrations have been carried
out to validate the type of interactions (intermolecular and intramolecular) among the
solute and solvent system expected from thermodynamic parameters determined.
Furthermore, experiments using cyclic voltammetry have been conducted to examine

the electrochemical characteristics of the ternary systems.

1.5. Parameters derived from density measurements

Volumetric properties are helpful in determining the interactions present in the
solution. The density values obtained are employed to calculate the parameters at
various temperatures and concentrations of solute and that of a solvent. Below is a

discussion of the different parameters.
1.5.1. Apparent molar volume (AMY)

The AMV (V) of a solute is determined by adding one mole of solute to the
solution in such a way that it has no profound effect on the solution concentration. When
the pressure, temperature, and concentration of the constituents in the solution are kept
constant and one mole of the solute is added to a large volume of solution, the volume
of the solution changes; this is referred to as the partial molar volume (V¢(>) ) on a

specific concentration. It is calculated using the equation:

V,=Vy = (a—")T'P,ni (1.1)

67’12
where, n; represents to the number of moles of all other constituents excluding i
constituents. During the formation of a solution with two constituents equation (1.1)

can be written as

v, = (a—V)T‘P‘nl (1.2)

on,

Where, subscript 1 stands for solvent whereas 2 symbolizes solute.

Further, in a solution, the volume is dependent on pressure, temperature and amount of

every component present.
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Considering a binary system, when its temperature and pressure is kept constant, the

differential volume on adding or eliminating any of the components can be presented

as
v v
= — + (| — .
dV (6n1)T'P'n1 dnl (8n2)T’P’n2 dnz (1 3)
Differential volume can be stated as
dV: Vl dnl + ‘72 dnz (14)

Upon integration of equation (1.4), an expression is found from which we can obtain

the volume of the solute from the partial molar volume as stated below
V=n1 V1+Tl2[72 (15)

Where V; and V, are partial molar volume of solvent as well as solute respectively,
n, stands number of moles of constituent 1 whereas n, is for a number of moles of

constituent 2.

In a system with a fixed number of moles of solvent ( n; ), n, moles of solute are added.
Here change in the volume of the solution can be expected. This change in volume
obtained due to added volume is known as apparent molar volume (V, ).

V-n,vP

V4 = —(at constant T and P) (1.6)
ns

On rearrangement of equation (1.6),
V=mn,Vs+n VP (1.7)

At a particular temperature, V is the volume of the mixture, n, as well as n, are the
number of moles of solvent and solute correspondingly. V_ refers to the molar volume

of the solvent (pure).

On differentiating equation (1.7) with respect to n, at a constant T, P and n,, the

following equation can be obtained:

(;_VZ)T,P,ni =V, =V + ny (%)T,P,ni (1.8)



On rearrangement of equation (1.5), the following equation can be obtained,

7= (eh) (1.9)

ng

Substituting equation (1.8) in equation (1.9),
Vi=1/ny [nV? = n3(av, /anz)T‘P‘nl] (1.10)

From the obtained values of densities and the Molecular weight of solvent & solute i.e.

M; and M;, the apparent molar volume can be expressed as:
Vp = 1/m[(n My +n,M,) /(p — n, V) (1.11)

At concentration moles per unit volume, substituting n, = m infers that the molality m
of the mixture equals the number of moles of water in 1000g, and hence the equation

(1.11) becomes

Vp = 1/m [(1000 + mM,)/p — (1000/p,) ]

Or Vg = M,/p +[1000(po — p) /mppo] (1.12)

Where p and p, represents the densities of solution & solvent in pure form, m is the
molality while M, stands for the molar mass of the solute. When the densities are
represented in g cm™ factor 1000 appears. On rearrangement of the above equation, an

expression for AMV can be obtained that can be employed in ternary mixtures studied

Vo = M /p) —{(po — p)/muppo} (1.13)

Where M denotes molar mass of the solute (kg mol ™), m, denotes the molality of solute

in mol kg™! and p id density of solution and p, is density of pure solvent.

When molar concentration is used, then we use (n, = C),

Vo = (M/p) — {(po — P)/Cpo} (1.14)
1.5.2. Apparent molar volume at infinite dilution

Various interactions can be determined using apparent molar volume as well as

molality and information relevant to the dominant interactions in the dilute solutions
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can be interpreted. There is a linear functional relationship given by Masson between
the molality and apparent molar volume that is applicable even at elevated

concentrations.
Ve =Vg + Symy, (1.15)

where Vd? is the partial molar volume at infinite dilution Vg =V£ , Sy is the slope, and
mj is the solute molality. The plot of Vg and m is undeviating and by least squares
fitting of the values Vd? is collected from equation (1.15). In case of ionic solutes, the

apparent molar volume is obtained from the following equation
Ve =Vgy + Sy C" (1.16)

Further, the slope is altered by the charge and type of the ions. According to Debye-
Huckell limiting law, coined by Redlich and Rosenfeld at a given ionic charge, a
constant limiting slope must be achieved, and on that basis the following extrapolation

function was obtained
Ve =Vg + Sy C'"*+Db,C (1.17)

Where Sy is limiting slope calculated from Debye —Huckel limiting law and by is the

empirical constant premediated through experimental results.
1.5.3. Partial molar volume of transfer

The transfer volume of solute from water to aqueous glyme at infinite dilution
was calculated from the following equation

AV£ = V(g (in aqueous glyme solution) - V(g (in water)  (1.18)

The partial molar volume of transfer can be studied based on the co-sphere overlap
model.
1.5.4. Co-spheres overlap model

The environment of the solute or the nature of ions besides the concentrations
of ion influences the overlap of hydration Co-spheres and release of water molecules.

The overlap of ion-hydration Co-spheres has been represented in Figure 1.1.
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Figure 1.1: Ion hydration Co-spheres overlap adapted (Krishnan et al., 2007).

When there is displacement in the co-sphere materials then two solute particles
can come effectively close together such that there is co-sphere overlap that results in
a change in the thermodynamic parameters. Co-sphere model suggests that when two
hydrophobic hydration co-spheres overlap the negative change in volume is observed
because of release of few water molecules to the bulk from the hydration sphere. The
reason for this is that the polar species have lower water molecule volumes in the
solvate sphere as shown in figure 1.2. On the other hand, electrostriction and a
reduction in the hydrogen-bonded network cause the water molecules in the solvate
sphere to move to the bulk.(Krishnan et al., 2007). Hence, ion-hydrophobic and
hydrophobic- hydrophobic interactions give rise to negative values whereas ion
charged/ hydrophilic group interactions results in positive values (Streng & Wen, 1974).
At infinite dilution, the interactions among the solute molecules are lacking;
consequently, the observed transfer volumes are results from solute-solvent
interactions. In terms of solute-co-solute interactions, dehydration is caused by the
highly hydrated ions that interact strongly with polar groups while weakly hydrated

1ons have weaker interactions.

20



The volume changes due to various types of interactions are summarized as

4 Hydrophobic — Hydrophebic Gulk
+ —_— +
AV =0
by Ionic Hydronhobi
{or dipelar) ydrophobic Bulk
+ — - +
AV <0
< Ionic lonic
(or dipolar) (or dipolar) Bulk
+ é@% + % AV =0
FIGURE 3. The structural interaction of two cospheres.

Figure 1.2: Interaction of two Co-spheres adapted from (Lin et al., 2006).
1.5.5. Effect of Temperature on partial molar volume

The effect of apparent molar volume with temperature and at infinite dilution

(Vd? ) can be calculated using following equation
Vo=a+b (T - Twer) + c (T — Trer) (1.19)

Where a, b, and ¢ stand for the empirical constants. T is in Kelvin and T is

298.15 K. The deviations are observed in the theoretical and experimental values of V(g .

To calculate the deviations ARD (o) the following equation can be used:

c=1/n)X [abs ((Yexp. - Ycalc.) / Yexp.)] (1.20)

Where, (Y = V(g ) i.e partial molar volume at infinite dilution.

Moreover, insights regarding the interactions present in the solution can be achieved

using partial molar expansibilities ¢2 obtained using the following equation:

¢g=(aV9/0T),=b+2 c (T - Trer) (1.21)
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The positive ¢2 values suggest the existence of solute-solvent interactions.
Hepler determined the solute ability to behave as a structure promoter or structure

breaker in a mixed solvent system, (Hepler, 1969):
(0¢2/0T),= (02Vy/0T?),= 2C (1.22)

The sign of (d¢2/T), determines the ability of a solute to act as a structure

promoter or structure breaker in the solvent.
1.6. Parameters derived from speed of sound measurements

Acoustic studies deduce information about the various interactions
(intermolecular and intramolecular), complex formation, and associated structural
changes of Li salts in aqueous solution of various additives (Widegren & Magee, 2007).
It supports the results obtained by the partial molar volume. The parameters derived
from the speed of sound help in getting information about molecular interactions. The
apparent molar compressibility of one mole of a solute at infinite dilution is represented
by the partial molar adiabatic compressibility of the solute. Speed of sound gives
information regarding the thermo physical properties of solutions (Bahadur &

Deenadayalu, 2011; Thakur, Juglan, Kumar, & Kaur, 2019).
1.6.1. Apparent molar isentropic compression

The experimental density and speed of sound data of solute in glyme-based
aqueous solutions may be used to compute the apparent molar isentropic compression

by employing the following equation:
Kys=[(Mxsip) —{(ks.op - kspo)/ (mappo)}] (1.23)

Here ma denotes molality, M is the solute’s molar mass, pis the density of solute
and pyis the density of solvent. ks is the isentropic compressibility of solution & s, is
the isentropic compressibility of pure solvent. For the calculation of coefficient of
isentropic compressibility (xs), Laplace Newton’s equation given below is used

ks=1/u*p) (1.24)
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where u refers to the speed of sound and p refers to solution’s density.

1.6.2. Partial molar isentropic compression

The variation in the values of the apparent molar isentropic compression Ky

due to molal concentration can be calculated by below-stated equation:
Kps=Kgs+ Skmy (1.25)

K(g,s is limiting molar isentropic compression, Sp refers to experimental slope
representing (solute-solute) interactions, my is the molality of solute in solution. The
negative values of K(g,s for a solute represents strong solute-solvent interactions while

small Sgvalues states weaker solute-solute interactions.
1.6.3. Partial molar isentropic compression of transfer

To calculate partial molar isentropic compression of transfer AK(g,S of lithium

from water to solutions at infinite dilution following equation has been used:
AK(g'S = Ky s (in aqueous glyme solution) - K(g's (in water) (1.26)

The values of AK(g_S deduces the association of solvent molecules with solute

molecules, which enhances the interactions among the ions.

1.6.4. Pair and triplet interaction coefficients

Friedman and Krishanan reviewed and refined a theory proposed by McMillan
and Mayer to determine the interaction coefficients that indicate interactions among
two and more than two solute molecules, respectively. (McMillan & Mayer, 1945)
(Millero, Surdo, & Shin, 1978). Hence, partial molar volume of transfer can be

represented as:

AVg, (water to aqueous (DME/TEGDME) solution) =2 Vigmg + 3 Vaggmg® (1.27)
And partial molar isentropic compression of transfer is expressed as

AK 2,,3 (water to aqueous DME/TEGDME solution) =2 K4gmg + 3 Kagg mg® (1.28)
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Where, A denotes solute, B denotes IL, mg is molality of aqueous IL. Vap and
Vagg for volume whereas Kap and Kags for isentropic compression symbolizes pair
and triplet interaction coefficients. Calculation of these constants were done using by

fitting the AV(;)) and AK(g'S values to equation (1.25) and (1.26). The positive values of

VB show the presence of pair wise interactions between solute and solvent.
1.7. Conductance Studies

The efficiency with which an electrolyte conducts electricity in solution is
measured by its molar conductivity, which is the conducting power of all the ions
created by dissolving one mole of the electrolyte in solution. It is denoted by symbol
Am

A, = specific conductance x 1/c (1.29)

1.7.1. Specific conductance
The reciprocal of specific resistance which is defined as the resistance of the
specimen having 1 m length and 1 m? cross-section is known as specific conductance.

It can also be called as conductance of one metre cube of material. It is denoted by «.

k =1/p = (I/a) x conductance (1.30)

Here, p is specific resistance and (1/a) is called cell constant.

The relationship between molar conductivity and specific conductivity is given by
Ap=1xx 1000 N (1.31)

Here, N is the normality of the solution.

Limiting molar conductivity can be calculated from Onsager relation

A, = A —SVc (1.32)
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1.8. Research Gap

From the survey of literature, it is evident that a lot of work has been conducted
on thermophysical studies of several Lithium based electrolytes in number of organic
solvents, but a little attention has been paid on glymes ie. Monoglyme and tetraglyme
to explore their applications in Lithium- ion batteries. In the proposed study,
Thermophysical and conductometric studies of various Lithium electrolytes with
glymes will be done at various concentrations and results will be analyzed to propose
the optimized parameters required to enhance the cell cyclabilities and efficiency of
Lithium-ion batteries. In the proposed study we will try to determine the thermophysical
and conductometric studies of aprotic Lithium electrolytes in aprotic organic solvents,
glymes. A variety of salts have been used in rechargeable batteries. Owing to small size
of Lithium ion, the energy density of Lithium-ion battery is higher. The intercalation of
Lithium ions is also fast, so the Lithium-ion batteries are preferred over other
rechargeable batteries. Glymes as solvents have a wide electrochemical window,

excellent thermal and chemical stability, low toxicity, and low volatility.

In addition to the above stated properties, glymes have both hydrophilic and
hydrophobic properties that other organic solvents do not exhibit.

The aims and objectives of the present investigations are:

1. To determine various thermo physical properties such as density and
conductance of aprotic lithium electrolytes in binary aqueous mixtures of aprotic
organic solvents at different concentrations and temperatures.

2. To calculate various thermophysical and acoustic parameters of the above
solutions at different concentrations and temperatures.

3. To calculate various conductance parameters (specific conductance, limiting
molar conductance and activation energy) of above-mentioned solutions.

4. Interpretation of above systems using spectroscopic and cyclic voltammetry

(CV) techniques.
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Chapter 2

Review of Literature




2. Review of Literature

Globally, wind and solar energy are expanding rapidly, but when applied
extensively, their evolving characteristics provide technological and financial
difficulties. Energy storage devices would solve these issues. (Beaudin et al., 2010)
examined the installation challenges, technological advancements, and condition of
electrical energy storage (EES) systems for the integration of variable renewable energy
resources (VRES) on a wide scale. It shows that each task from VRES needs different
features in EES, and no single EES technology always works better than the others for
different uses. Outside factors, like the supply of minerals and geography, can impact
the successful wide use of EES technologies. Flywheels, capacitors, and batteries are
the best options for handling changes in variable renewable energy sources, ensuring
good power quality and keeping the grid stable. Capacitors, vanadium redox batteries,
superconducting magnetic energy storage, flywheels and sodium-sulfur batteries are
suitable for managing distributed VRES. The influence of supply constraints on the
long-term growth of some EES may be either good or detrimental. (McDowall, 2006)
describes the application of battery-based energy storage with a runtime of several
minutes for wind generation stabilization in fragile electrical grids is covered in this
study. This enables wind power to be widely used, replacing other generation methods
and bridging to other power sources as needed. Thus, recommending lithium-ion

batteries for the long run and nickel-cadmium batteries for the short to medium term.

The lithium-sulfur battery (Li-S) is a future-forward energy storage technology
with high energy density, but its aprotic electrochemistry faces difficulties due to the
complex solid-liquid-solid conversion process. (Hu et al., 2020) have aimed to
strengthen the electrochemical reaction in Li-S batteries by carefully designing the
materials and structures used in the cathodes. It is still fully not understood that how
these processes work and how they affect performance. Improvements in Li-S batteries
focus on designing better materials, improving the layout of the cathode, and enhancing
the electrolyte. It's important to understand how soluble Li-S species behave at reactive

surfaces. There is a need to create new models and methods to study this in real-time,
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which will help in figuring out how Li-S reacts and how lithium polysulfides (LiPSs)

interact with the materials.

In view to this, the University of Ferrara and Tokyo University of Agriculture
and Technology have created a small reusable battery that uses powerful metallic
lithium (Wei et al., 2020). The solution, which uses glyme and LiNOs3 allows for good
movement of ions, has a wide range of stability for electrical use, supports protective
layers on the anode, and shows compatible behaviour between LiFePOs and the
electrolyte. The Li/LiFePO4 cells demonstrated a capacity of 140-150 mAh for the
cathode. They work well with currents between 5 C and 1 C, keeping more than 70%
of their capacity after 500 cycles, and they have a coulombic efficiency close to 100%.
Similarly, (Ghalami-Choobar & Fallahkar, 2019) demonstrate how ethylene carbonate
(EC) affects the optical, thermodynamic and transport properties of water-based 1-
ethyl-3-methylimidazolium bromide (EMImBr) solutions at various temperatures and
pressures. They measured electrical conductance, activity coefficients & refractive
indices of the ionic liquid [EMIm]Br in various mass fractions of EC in water-EC
mixes. The changes in the refractive index from mixing were calculated using data and
linked together with the Redlich-Kister and Cibulka formulae. The findings indicated
that the ion-pairing process happens on its own, absorbs heat, and is driven by changes

in disorder.

Likewise, (Chrétien et al., 2014) focused on how these salts influence the cycle
performance of graphite & LiNii3Mn;3Co1302 (NMC) electrodes in both half-cell and
full-cell battery setups and could be used to enhance the battery system. The results
indicate that both LiOH and Li>O have a detrimental effect on the formation of the SEI
layer, and that NMC reacts more strongly to added salt than graphite. Li2CO3, LiOCH3,
and LiOCyHs help create a polymer layer on the SEI, which is useful. The amount of
LiF in the SEI mostly relies on how much of it is present. They have also used methods
like cyclic voltammetry, charge-discharge tests, & electrochemical impedance
spectroscopy to study this. The results indicated that the length of the glyme (useful
additives for electrolytes) chain is important in how it forms complexes, and this

process is influenced by the type and amount of lithium salt used. Similarly, (Vranes et
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al., 2017) investigated four mixes of  1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ionic liquid ([bmim][NTf>]) and certain lactones
conduct electricity. The study found that the electrical conductivity of two-component
mixtures decreases in the following order: {[bmim][NTf:] + GBL}, {[bmim][NTf>] +
BBL}, {[bmim][NTf2] + GVL}, {[bmim][NTf2] + DVL}, and {[bmim][NTf;] + ECL}.
This corelates with the trend of increasing thickening (viscosity) of the mixtures. The
systems with 6 or 7-member lactone rings showed the best safety features. The
electrochemical stability window for the most stable mixture i.e. for {{bmim][NTf>] +
GBL} when exposed to normal air conditions is about 4.5 V (Sharma & Thakur, 2022).
A recent smart and systematic approach by (X. Chen & Zhang, 2020) to design
electrolytes, based on a strong understanding of how different ingredients combine and
how they affect battery performance, is likely to speed up the progress of new lithium
batteries. Their recent efforts have focused on studying the basic interactions in lithium
battery solutions at the atomic level. This includes looking at how cations interact with

solvents, anions, and other solvents.

There is also the crucial role of protic ionic liquids (PILs) which demonstrates
exceptional qualities for use in lithium-ion batteries (LIBs), with some performing even
better than aprotic ionic liquids (AILs). This study by (Nasrabadi & Ganesan, 2019)
investigated the use of molecular dynamics simulations to examine how well PIL and
AIL electrolytes performed in LIBs. In this study, the PIL and AIL electrolytes were
doped with LiTFSI. Three main changes were seen when Li salt was added to IL
solutions: (1) hard Li-TFSI complexes formed, (2) coordination between cations and
anions increased, and (3) Li aggregates were created. As the amount of lithium salt rose,
the density and thickness of the electrolytes grew. At the same time, the movement of
ions, the ability to conduct electricity, and the level of ionic character decreased. The
conductivity of lithtum (L1) reaches its highest point when the lithium salt content is at
0.2. This is because the increase in lithium salt is balanced by higher viscosity. The PIL
electrolyte has better lithium conductivity and transport qualities compared to the AIL
electrolyte. In support to this phenomenon, a study by (Horwitz et al., 2020) tested
lithium-air batteries using gold electrodes with two types of glyme-based electrolytes:

diglyme (DG) and tetraglyme (TEGDME). The results showed that TEGDME is not
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stable and breaks down at voltages between 3.6 and 3.9 V compared to lithium, even in
the absence of oxygen and lithium ions. DG is more stable and only breaks down at 4.0
V compared to Li*/Li when oxygen is present. Adding water to the DG-based solution
makes it break down more quickly, likely because it creates a type of oxygen called
singlet oxygen. (Rivki et al., n.d.) discussed the different type of electrolyte solution
for lithium batteries, which is made by mixing LiX salts with glyme solvents. These
fluids have benefits like being safe from catching fire, stable, non-toxic, good for the
environment, effective in cells, and cost-efficient. They are especially important for
long-chain glymes that are very safe and have low toxicity. They looked at the
possibilities, benefits, and uses of glyme-based fluids in new energy storage systems,

especially in high-energy batteries and other types of batteries.

It has been observed from the discussed literature that the different lithium salts
for glyme-based fluids have shown good properties in cell designs that use insertion or
conversion methods. The qualities of the electrolyte can differ in a Solid-state Ionic
Liquid (SIL) compared to a regular electrolyte. This depends on the salt's concentration
and type, as well as the length of the glyme chain. The stability of the [Li(Gn)]" complex
can be understood by looking at the ratio of the self-diffusion rates of glyme and the
Li" ion (DG/DLI). For instance, adding LiNOs to the glyme-based electrolyte helps
protect the lithium-metal anode from problematic reactions caused by the breakdown
of polysulfides. The electrolyte mixture affects how Li-O, works and the shape of the
Li2O> product formed, which in turn impacts how well the cell performs. Similarly,
glycol ethers and diglyme could be good solvents for lithium-air batteries because they
stay stable in the presence of superoxide radicals. Diglyme has a low donor number,
but it helps create Li2O2 during discharge reactions, resulting in big deposits and high
capacities. It's important to understand how lithium salts behave and move in these
solvents to improve battery performance. This study looked at lithium
trifluoromethanesulfonate (LiTf) and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in two solvents: 1,2-dimethoxyethane (DME) and diglyme. In a research,
(Horwitz et al., 2018) found consistent results for how ion pairs and triplet ions form.
The LiTf/DME system was identified as the best option for encouraging the formation

of large Li2O> masses. Molecular dynamics simulations helped explain these
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differences. The measured Li” movement, based on the fractional Walden rule, matched
well with results from the simulations. The study showed that having lower
conductivity in concentrated solutions doesn't always mean there is a better connection
between particles, because the thickness of the solvent affects conductivity in these
concentrated areas. The another review which looks at how high-temperature,
intermediate-temperature, and room-temperature sodium-sulfur (Na/S) batteries work.
(Li et al., 2019) talks about the important parts (positive electrodes, chemicals,
separators) that affect the working of Na/S batteries. The goal was to enhance sulfur
conductivity and stop shuttle effects. Although they can increase sulfur usage, carbon-
based mesoporous positive electrode hosts are not cycle stable. Future studies should
look into using carbon materials combined with metal chemicals to stop capacity loss.
Materials similar to sulfur, like MoS3, can also be used for sodium-sulfur (Na/S)
batteries. (Syali ef al., 2020) also discussed some improvements in the mixtures used
for room temperature sodium-sulfur (RT Na-S) batteries. It emphasizes how these
batteries could be useful for storing energy in power grids and in electric cars. It
explains how ionic solutions and additives can enhance electrochemical performance,
the problems with solid electrolytes, and the benefits of gel polymer electrolytes. The
review also points out the need for cheap, eco-friendly materials that carry sodium well,
have strong stability in electricity, and do not allow for shuttle effects. Solid state
electrolytes have been created to improve safety, provide good ionic exchange, and
resist high temperatures. Future study should aim to create better polymer and gel-

polymer electrolytes to enhance discharge capacity and performance.

(Anouti et al., 2012) investigates the solubility of CO> in pure electrolyte
solvents for Li-ion batteries, including methyl propionate, propylene carbonate, ethyl
methyl carbonate, c-butyrolactone, diethyl carbonate, dimethyl carbonate, ethyl acetate,
and ethylene carbonate. The solubility data was compared with literature, COSMO-RS
methods, and the Peng—Robinson equation of state. The results indicate that linear
carbonates dissolve more CO> than cyclic ones, with the best solubility found in MP
and EA solvents. The study also measures important thermodynamic properties related
to dissolving, such as enthalpy, Gibbs free energy, entropy, as well as the mixing energy

of the solvent with CO; when it is in a theoretical liquid form. The results show that
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these tools can help check how well substances dissolve in pure electrolyte solutions
for Li-ion batteries, showing both salting-out and salting-in effects. The study's results
can help create better ways to predict how well substances dissolve in pure electrolyte
solutions for Li-ion batteries. (Aravindan et al., 2011) discussed the utilization of
lithium salts in electrolyte solutions for lithium rechargeable batteries. It shows how
lithium salts are important for conducting electricity, forming solid-electrolyte surfaces,
and how they affect aluminium current collectors. New lithium salts like
fluoroalkylphosphate (LiFAP), oxalyldifluoroborate (LiODFB), and bis(oxalato)borate
(LiBOB) are discussed. The text includes how they are made and their possible uses in
future lithium-ion batteries. The paper emphasizes the need to further study Li-ion cells
and high-voltage cathode materials. The paper also points out that mixed salt solutions
like LiFAP/LiPFs, LiBOB/LiPFs, and LiBF4/LiODFB could be good choices for

environmentally friendly electrolytes.

Lithium-ion batteries are a potential way to store energy for phones and electric
cars. They have made consistent progress in energy and power density, and prices have
gone down. There are still questions about how to improve performance and make
energy storage more practical. To improve the negative electrode, (Armand et al., 2020)
describes the way to increase the amount of silicon in mixtures with carbon materials
and make the design of the electrode better. To improve the positive electrode, it is
crucial to increase the nickel content in typical layered Li-transition metal oxides and
to focus on safety and stability. Better ways to prepare electrodes will help increase
energy and power output. Recycling efficiency is different for various parts of a lithium-
ion battery. Lithium is difficult to recover, while about 80% of cobalt can be recycled.
There is a need to make sustainability better in several areas: using materials that can
and cannot act electrochemically, how these materials are made and processed, covering
the electrodes, and increasing their lifespan. To investigate more, (Arya & Sharma,
2017) presented the history, benefits, and uses of polymer electrolyte systems in storing
and converting energy. They discussed liquid, gel, and solid polymer electrolyte
systems, looking at their pros and disadvantages. The piece looks at how the host
polymer matrix works, how to choose the right host polymer, and the use of salt,

inorganic fillers or clay, and aprotic solvents. It also discusses different methods for
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making polymer electrolyte films. (Barthel er al., 1990) discussed the permittivity
characteristics of amides, dipolar aprotic liquids, and dimethylacetamides between
frequencies of 0.95 and 89 GHz. Amides show non-simple dielectric relaxation, which
involves two or three types of relaxation processes similar to Debye behavior. The
differences in permittivity values for dipolar aprotic liquids like DMF and DMA are
less than 0.5%. The study indicates that using one uneven relaxation time distribution
(CD) is a better fit than two Debye processes for propylene carbonate. The work also
explores the influence of hydrogen bonding on amide structure and dynamics. Far-
infrared data down to 5 cm-' (150 GHz) is provided for NMF and DMF, enabling a
thorough analysis of their dielectric properties across a wide range of frequencies. All
liquids show non-Debye dielectric behavior, with departures from Debye behavior on
the high-frequency side. (Boisset et al., 2013) looks at three novel Deep Eutectic
Solvents (DESs) derived from N-methyl acetamide and a Li-salt (LiX) in terms of their
physical and electrochemical characteristics. DESs are liquids at room temperature
when the amount of lithium salt is between 10% and 35%. Their electrochemical
stability windows on Pt are wide, ranging from 4.7 to 5 V and they show passivating
behaviour towards the aluminium collector. Using each selected DES as an electrolyte
and LiFePO4 (LFP) material as a cathode, a test cell was built and tested at 25°C, 60°C,
and 80°C. With a capacity of up to 160 mAh g! and 99% efficiency at 60°C, the results
show that both DES and LFP electrode materials are compatible. Using DESs may help
make LIBs safer and better for the earth.

(Coadou et al., 2013) looks at how well two types of ionic liquids, one called
protic (PIL) and the other aprotic (AIL), work as electrolytes for supercapacitors. The
specific liquids compared are [HN111][TFSI] for the protic type and [S111][TFSI] for the
aprotic type. The electrolytes were tried at 25 and -30°C using activated carbon as the
electrode material. No major changes were observed in electrochemical performance
whether a labile proton was present or not. y-BL-based electrolytes performed well,
providing specific capacitances of up to 131 and 80 F-g!, even in low temperatures.
They could make eco-friendly electrolytes for energy storage that work well even in
cold conditions. The study also examined the electrochemical performance of six

electrolytes based on [S111][TFSI] and [HN111][TFSI] mixed with ACN, PC, and y-BL.
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Similarly, (Zhao et al., 2021) developed zinc-nickel batteries (ZNB) which are
intrinsically safe too with 20 Ah and 75 Ah capacities. The ZNB stacks performed better
and had more energy stored in both mass and volume compared to Lead acid battery
stacks. They were used to provide power in electric bikes, hybrid cars, solar power
setups, and 10 kWh ZNB energy storage systems. These ZNB stacks were discovered
to be more cost-effective for building and running energy storage systems when used
at high discharge rates. The 24 V ZNB battery can be used in business. It worked
steadily for 25 days, even after being charged and discharged multiple times. The ZNB
stacks can be used for energy storage. They work well in solar power systems and can
keep running in a 10 kWh energy storage setup. Although ZNBs are expensive to build,
they have great potential as advanced devices for energy storage, particularly for uses
that require high energy output. (Cox et al., 1974) looks at the energy, heat, and disorder
of certain chemicals in different liquids, starting with water. It explains that changes in
heat energy affect how anions behave when they move from protic to dipolar aprotic
liquids. When anions and cations move from water to non-water media, there is a
significant decrease in entropy. When cations move from water to liquids, it releases
heat (exothermic). But for many anions, this process absorbs heat (endothermic).
Factors influencing the enthalpy of solvation (AHtr(ion)) include born-type ion-dipole
electrostatic interactions, specific interactions between ions and solvents, breaking of
solvent-solvent hydrogen bonds, mutual polarizability or dispersion forces, formation
of hydrogen bonds between waters, & strengthening hydrogen bonds in a surface

around a hydrophobic ion (Daniel, 2008).

(Davidson & Kebarle, 1976) focused on the ion equilibria in the gas phase for
Na", K", Rb", and Cs* forn= 1 to 5. The way temperature affects the equilibrium values
K, I' was used to assess the systems mentioned above. Compared to negative ions,
positive ions have substantially larger initial interactions (low n). Acetonitrile's poor
interaction with negative ions results from the dipole's positive pole being dispersed
widely throughout the molecule's C and H atoms. As the value of n increases, the
difference in how positive and negative ions interact with acetonitrile becomes smaller.
The study measures the total energy needed to stabilize an ion, including the energy

from the fixed dipole of the solvent molecule and the energy from the induced dipole
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interaction with the ion. Acetonitrile binds more strongly to alkali ions than water does
because it has a much higher dipole moment. The study looks at how acetonitrile (A)
interacts compared to water (W) molecules. The results indicate that as n increases, the
interactions will become similar. The interactions between positive and negative ions

of the same size will be the same (Deng, 2015).

(Diaz-Gonzalez et al., 2012) looks at different energy storage technologies used
for wind power. It explains how they work, their features, and where they can be used.
It talks about how fast energy changes can help systems like SMES, flywheels, and
supercapacitors make wind farms work better and reduce changes in voltage and
frequency. Choosing the right position and size for short-term storage technologies is
important for them to work well. The layout of the wind farm, the types of wind
turbines, and the control methods used all effect how the system works and is designed.
Energy storage support improves system stability under perturbations, such as
oscillation damping issues and LVRT capability. Isolated and hybrid systems with a lot
of wind power can work better now because their output can be predicted more
accurately and provide a steady flow of energy. The success of energy storage system
(ESS) projects depends on their economic feasibility. Hydrogen storage technologies
show promise but struggle with high prices and low energy efficiency. To make sure
long-term storage technologies are used properly, ESS providers need eftective
management strategies and financial support. The goal is to make energy storage
systems affordable for use in fixed installations, which will help increase the use of
green energy in the power grid. Thus, understanding reaction processes and creating
effective materials for aprotic Li—O» batteries at the atomic scale have been made
possible by using DFT and molecular dynamic (MD) simulations. Li;O; is the best
product that comes from charging and discharging in non-water-based Li-O: batteries.

However, its insulation and insoluble properties can lower the battery's performance.

To change how Li;0; insulates, (Ding et al., 2021) added defects like empty
spaces (vacancies), impurities (dopants), charged particles (polarons), surface
conductance, grain borders, and a non-crystalline form (amorphous Li2O2). The growth

of L1207 in Li—O; batteries can happen in two ways: on the surface of the cathode or in
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the solution. This depends on how LiO> interacts with the cathode surface and the
electrolyte. Electrolyte has a critical function in influencing cycle performance and
discharge capacity. To understand the development process of Li»O, and create
effective electrolytes for Li—O> batteries, the solvation free energy and ionic association
strength of Li—O species in electrolytes have been calculated using DFT calculations
and MD simulations. Future research should focus on investigating mass transport
kinetics of O, and Li" in the battery system, constructing an actual environmental
model, studying Li>O> growth in more detail, and conducting more experiments to

verify theoretical simulations and develop predictive tools.

Because Li-ion batteries offer better energy and power densities and a longer
lifespan, they might be the main energy storage component of off-grid renewable
energy. For full adoption, prices will probably need to drop because of large-scale
production. The growth of the electric car industry might encourage the use of Li-ion
batteries in renewable energy, making these batteries cheaper. Li-ion batteries are better
for the earth than lead-acid batteries because they need more common materials and
can be recycled. Changing more than 1 billion cars to electric vehicles or plug-in
hybrids that use 15-kWh batteries. Li-ion batteries could use as much as 30% of the
world's known lithium supplies. Lithium can also come from other sources like sea
water, and some of it can be produced by recycling. Lithium battery technology needs
to reduce its carbon impact, which is currently around 70 kg of CO; for every kilowatt-

hour. (Diouf & Pode, 2015)

The Peukert relationship explained by (Omar et al., 2013), was created in 1897
for lead-acid batteries, doesn't work well for lithium-ion batteries because they have a
narrow range of current and a consistent operating temperature. A new way has been
created to clearly explain how much energy lithium-ion batteries can provide when
conditions change. This new relationship, based on thorough experiments, can be used
in battery math models. (Zhang et al., 2023). Due to the large number of correlations
and the intricacy of the calculation, the modified Peukert relationship is more
challenging to apply since the Peukert constant depends on several relationships (Farret

& Simoes, 20006).
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(Feng et al., 2019) looks into creating small molecules made from sulfamide
and sulfonamide that can dissolve a lot of lithium salts and stay stable even in tough
chemical and electrical conditions found in non-water Li-O> batteries. Three chemicals
- N-butyl-N,No,No -trimethylsulfamide (BTMSA), N,N-dimethyl-
trifluoromethanesulfonamide (DMCF3SA), and N-butyl-N-methyl-
trifluoromethanesulfonamide (BMCF3SA) - are promising for use in aprotic Li-O»
batteries. These electrolyte components were made without weak C—H bonds, parts that
can easily react with nucleophiles, and strong electron-donating groups that can be
easily oxidized in electrochemical reactions. The study also explores the chemical and
electrochemical stability of electrolytes containing 0.2 M LiTFSI in BTMSA,
DMCF;SA, and BMCF3SA. The electrolytes were tested like they would be in lithium-
oxygen batteries. It was discovered that the amounts of BTMSA, BMCF;SA, and
DMCF;SA remained steady when exposed to 10 times the amount of Li20O; and KO-
powders during chemical stability tests. The electrolytes showed superior stability
under prolonged galvanostatic cycling tests. In short, these molecules are more stable
in chemical and electrical terms in non-water-based Li-O; batteries. This is probably
because they limit how easily the byproducts from reactions dissolve, thanks to low
electrolyte DNs. (Fletcher et al., 2018) demonstrated the use of ternary mixtures of
sulfolane, 3-methyl sulfolane, and quaternary ammonium salts as low-cost alternatives
for supercapacitor electrolytes. Sulfolane is selected because it has a strong ability to
dissolve substances and a significant dipole moment, but its high freezing point is an
issue. Researchers used a special mixture to lower the freezing point and improve the
electrical conductivity of the liquid. The study showed that mixing a 60/40 combination
with BTM-TFSI raised the solution's conductivity from 2.1 mS cm™! to 5.0 mS cm™'.
The experts explain that the increase in capacitance with temperature is due to a variety

of RC time constants in activated carbon electrodes.

As investigated, lithium oxygen batteries have the potential to revolutionize
energy storage technology, but face hurdles like low efficiency and poor cycling
stability. The catalytic cathode is a breakthrough point, but the electrolyte stability
needs improvement (Guo ef al., 2017). Lithium metal electrodes have issues that make

it hard to use them commercially. This is because they create lithium dendrites and have
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low efficiency in storing charge. Future efforts should aim at creating catalysts that can
perform two functions, improving the design of porous cathodes, and finding affordable
materials. Carbon-based products are also appealing because they are stable (Hall &
Bain, 2008). In an experiment, Lithium bis(fluorosulfonyl)imide (LiFSI) has been
researched as a salt that helps conduct electricity in lithium-ion batteries. It melts at
145°C and stays solid up to 200°C. LiFSI is more stable against breaking down in water
compared to LiPFe. It outperforms LiPFe in both Li/LiCoO> & graphite/LiCoO:> cells
with high purity (Han et al., 2011) . LiFSI-based electrolytes don't dissolve aluminium
at high potential, but adding small amounts of LiCl can cause aluminium to corrode.
LiFSI beats LiPFe in Li/LiCoO2 & graphite/LiCoO: cells under similar conditions. For
the last 30 years, research on electrolytes has been working on creating and studying
new Lithium salts. LiPFg is the main salt used in lithium battery electrolytes explained
by (Henderson, 2014), but new electrodes and battery types have created a demand for
new electrolyte mixtures. Selective fluorination decreases anion-Li" cation interactions,
improving conductivity and anodic stability. Sometimes, stable salt can be a problem,
so salt chemicals are used to enhance battery performance (Kalhoff ez al., 2015).
(Kawakami et al., 2010) discusses the creation of the biggest system for steady
output using 34 MW sodium sulfur batteries at a 51 MW wind farm in Futamata, Japan.
The system uses constant-output control to control the output power of the common
coupling point to a planned number. Verification tests took place from 2008 to 2009,
with a control error of £2% for the agreed production capacity of 40MW. The 34MW
NAS battery can provide steady power control. Similarly, (Khan et al., 2021) introduces
anew way to create electrolytes without fluorine for Li-ion batteries. By mixing lithium
furan-2-carboxylate salt with tetra(n-butyl)-phosphonium furan-2-carboxylate IL in
different molar ratios, the electrolytes are created. These electrolytes' anion is derived
from plant and agricultural waste, which is a big step towards creating renewable
electrolytes for batteries. The solutions have good thermal stability, decent ionic
conductivity, and stable electrochemical performance at temperatures between 293 and
353 K. The study emphasizes the need to create safe, affordable, environmentally
friendly, and long-lasting electrolytes for Li-ion batteries that do not contain fluorine.

These electrolytes should be steady in heat and electricity to solve issues related to
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safety, recycling, and cost. A study by (J. I. Kim, 1978) has confirmed that the
PhsAsPh4B electrolyte equally shares standard free energies of transfer between the
cation and anion. The study applies Buckingham theory to determine the electrostatic
components of standard free energies. It also uses experimental values for AfGo(PhsGe)
and AfGo(Ph4C) to substitute for the non-electrostatic parts. The findings show that the
energy input and the experimental values of Af Go(PhsAsPhsB) in various organic
solvents coincide rather well (T. Kim et al., 2019). The study also investigates the
molecular size of PhsGe, Ph4As®, and PhsC in organic solvents, finding that the
standard cation and anion are not equal in their molecular volumes (Kousksou et al.,

2014).

An efficient method for screening various solvents according to their chemical
stability against Li2O; solid particles is presented in this work. Acetonitrile,
pivalonitrile, dimethyl sulphoxide, N-methyl2-pyrrolidone, penta-ethylene glycol
(PEG-5), and a fluorinated derivative are among the aprotic solvents whose minimal
energy paths for several reactions with solid Li2O> are calculated and published by
(Laino & Curioni, 2013). These data are used to derive reaction energy barriers, which
show good agreement with experimental data and provide a practical method for testing
and developing Li-air battery solvents based on first-principal calculations. Our
knowledge of solvent stability in Li-air batteries was improved by the study, which also
suggested a few chemical structures that might alter some chemical and physical

characteristics while precisely adjusting other ones (May et al., 2018).

With an emphasis on the aprotic electrolyte, which is frequently weak and has
poor thermal stability, this study investigates the fire safety of lithium-ion batteries.
(Adolph, 2016) employed graphite as a negative electrode and sulfolane as an aprotic
solvent to examine the stability, cyclability, and performance of the aprotic electrolyte.
A suitable negative electrode material for LiB was discovered to be lithium titanate
oxide (LTO). The graphite material lost most of its potential capacity, according to the
results, whereas the LTO material with the spinel intercalation structure did not
decompose. Similarly, to boost energy efficiency and lower the use of non-renewable

liquid fuel, novel materials and chemistry for LIBs have been created by (Véyrynen &
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Salminen, 2012). Using an ionic liquid (IL), a lithium salt, and alkylcarbonate
electrolytes, researchers have created novel electrolytes for Li-ion batteries. N-butyl-
N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Py14TFSI) has been added
to commercial carbonate-based electrolytes to enhance their electrochemical
characteristics. After preparing and characterizing four new electrolyte compositions,
LP30o/Pyl14TFSI 70/30 wt/wt was found to be the best-performing electrolyte
(Lombardo et al., 2013). When exposed to a free flame, these electrolytes exhibit
enhanced electrochemical stability windows, a significant decrease in self-extinguish
time, and conductivity values that are comparable to those of pure carbonate-based

electrolyte solutions (Manthiram, 2017).

The safety of LIBs in electric cars is covered in this paper by (Pigtowska et al.,
2021), with particular attention to the different electrolytes that are employed. The
authors talk on the global trend toward green chemistry and the usage of hydrogen as a
fuel cell source. Emergency response, detection and reliability, standards and
regulations, ignition and propagation, transportation, and end-of-life are the five
primary safety issues with LIBs. Safety can be increased by non-flammable electrolytes
such as tetrafluoroborate,  bis(trifluoromethylsulfonyl)imide  anion, and
bis(oxalate)borate cation. Likewise, the demand for alkaline rechargeable batteries, like
Ni—Cd and Ni-MH, is growing because of their excellent power and affordability. Ni—
Cd batteries have become more and more common as power sources for portable
information and communication devices since they were first made available for
purchase in 1990. In this article, (Morioka et al., 2001) explained the energy density
of electrodes, which has increased to 91 Wh/kg and 340 Wh/l due to advancements in
electrode materials and components. The environmental benefits of Ni-Cd batteries are
their high-power output, quick charging, affordability, and long lifespan. Despite the
introduction of Li-ion and rechargeable batteries, they are anticipated to hold onto their
market share. Both common and specialized applications are the focus of R&D, with

impressive advancements anticipated.

LiPF¢'s electrical mobility in acetonitrile—dimethyl sulfoxide (CAN-DMSO)

mixtures; a possible electrolyte in lithium-air batteries was investigated in this work by

45



(Mozhzhukhina et al., 2015). To find the salt's association constant and infinite dilution
molar conductivity, the researchers employed a precise conductance technique.
Tetrabutylammonium hexafluorophosphate's (TBAPFs) electrical conductivity was
also measured. The results show that the curvature of LiPFs's molar conductivity
composition dependency for ACN molar fraction (Xacn) 0.95 is qualitatively different
from that of TBAPFs. In order to comprehensively evaluate the effects of lithium salts
on Li-O» battery performance and the stability of salt anions in the O environment
during discharge/charge cycles, seven common lithium salts in tetraglyme were studied
as battery electrolytes by (Nasybulin et al., 2013). Nuclear magnetic resonance
spectroscopy, X-ray photoelectron spectroscopy, & X-ray diffraction were used to
examine the discharge products. The findings demonstrated that the electrolyte's salt
content had a significant impact on Li-O> batteries' performance. When lithium
bis(oxalato)borate (LiBOB) and lithium tetrafluoroborate (LiBF4) broke down during
discharge, they produced Li oxalate and LiF respectively, along with lithium borates.
Optimal stability during the discharge procedure was demonstrated by other salts, including
LiTf, LiClO4, LiPF¢, LiBr, and LiTFSI. When it came to cycling performance, LiTFSI
and LiTf excelled. According to the study, a completely reversible Li-O; battery
requires a more stable nonaqueous electrolyte that contains lithium salt and organic

solvent.

When evaluating the activity coefficients of single-ion solvents in various
solvents, such as dimethylformamide, hexamethylphosphoramide, dimethylacetamide,
water, dimethyl sulfoxide, acetonitrile, nitromethane, N-methyl-2-pyrrolidone,
formamide, 80% v/v DMSO-methanol at 25 °C, and sulfolane at 30 °C, the study
compares extrathermodynamic assumptions. One of the simplest extra thermodynamic
assumptions applied to novel solvent systems explained by (Parker & Alexander, 1968)
is the 1odine-triiodide assumption. Although atomic spectrum data served as the basis
for the initial way of estimating atomic parameters in the Complete Neglect of
Differential Overlap theory, the research found that, molecular orbitals are more
susceptible to changes in the diagonal-to-off-diagonal parameter ratio. Better dipole

moments are obtained from the updated calculations, but theoretical bond angles are
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somewhat worsened. According to the study, the most effective method for determining

solvent activity coefficients may be to use experimental data, such as dipole moments.

As possible electrolytes for Li-ion batteries, the study by (Ray et al., 2017)
examines the solvation of lithium bis(trifluoromethanesulfonyl)imide (LiNTt?) in four
distinct [NTf2]” based ionic liquids. The ionic liquids were systematically altered to
evaluate the effects of structural changes, such as bigger rings, the impact of an alkyl
chain and the lack of an acidic proton on the [Li]" cations' mobility and solvation
cations. Clarifying the interactions between the [Li]" and [NTf>] ~ ions is another goal
of the study, which shows that the aprotic solvent has somewhat larger coordination
numbers. [Li]" autocorrelation functions are analyzed to investigate the quick motion
of the [Li]" cations within cages generated by the neighbouring [NTf]™ anions. The
detailed description of the solvation process of [Li]" salt inside the hydrogen-bonded
network of the ionic liquids is based on classical and ab initio molecular dynamics
simulations. Although considerable effort is required to corroborate these assertions,
the study shows that the solvation of [Li]" in ILs occurs via an inhomogeneous
structural mechanism regarded as a "universal" kind of ion solvation. (Bai et al., 2020)
explained that due to the rise in wasted batteries brought on by the growing need for
lithium-ion batteries in electric cars, & renewable energy storage, recycling systems
that are both economical and environmentally friendly must be developed. For
recycling LIBs, three recycling techniques—pyrometallurgical, hydrometallurgical,
and direct recycling—are being created and enhanced. It is preferable to automate
sorting and disassembly to save expenses and safeguard human workers. Solid-state
batteries and other cutting-edge recycling technologies are required to enhance LIB

performance and promote the circular economy.

Limitations of lithium metal batteries include limited lithium supplies, high
cost, and poor safety performance are described by (Wang et al., 2021). Because of its
high voltage, low cost, and rich content, sodium is a perfect lithium alternative.
Materials based on sulfur are easily oxidized and have a high energy density and
potential specific capacity. At 300 °C, conventional sodium-sulfur batteries are utilized.

In order to address the issues like energy loss, flammability and explosions caused by
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high-temperature usage conditions, research is focused on developing room
temperature sodium-sulfur batteries. Enhancing sulfur conductivity, efficient sulfur
fixing, and sodium-inhibiting dendrites are the main goals of cathode research. To
prevent capacity deterioration, carbon-based materials combined with metal
compounds, such as metal nitrides and metal oxides, can be investigated. It is also a
good idea to have a separate cathode that is free of binder. One important element
influencing sodium-sulfur batteries is electrolyte performance. It has been
demonstrated that combining carbonate-based and ionic liquid-based electrolytes is a
superior option. These objectives can be met, and digest volume expansion can be
accomplished with a carbon nanofoam sandwich. By effectively preventing sodium
dendrite growth, an Al,O3 layer can be deposited on sodium to increase its service life.
NaxS and metal sulfides can be combined to create composite anodes, which enhance

storage efficiency.

A lot of study has been done on room-temperature sodium-sulfur (RT-Na/S)
batteries because of their high specific capacity and plentiful raw ingredients. However,
performance has been subpar due to problems such dendritic development, volume
change, decreased electrical conductivity, and the polysulfide shuttle effect (P. Chen et
al.,2022). For RT-Na/S batteries, recent studies have concentrated on anode protection,
separator modification, electrolyte optimization, and cathode material improvement.
Although 3D carbon materials were used in the sulfur cathode of the first RT-Na/S
batteries, their adsorption and confinement capacities were restricted. To enhance the
adsorption and catalytic conversion properties of NaPSs, researchers have added
heteroatoms for recombination. The primary area of study for enhancing
electrochemical performance has been liquid electrolytes, like ether and ester
electrolytes. Future studies should focus on enhancing the wettability of the separator
and electrolyte, employing carbon-based polar adsorbents, and incorporating catalysts

to convert NaPSs.

(Chawla & Safa, 2019) explained the Sodium-Sulfur and Sodium-Air Batteries,
because of their lightweight, reliable, and flexible characteristics, lithium-ion batteries

are crucial for electric cars and portable gadgets. But because lithium is expensive and
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scarce, scientists are looking into alternatives like sodium batteries. Although they have
limitations in terms of cyclability, sodium-sulfur and sodium-air batteries show
promise. More research is required to address problems including low conductivity and
polysulfide production, while current efforts are concentrated on increasing capacity
retention and cycle life. Better batteries for electronic gadgets may be developed with

the use of more recent separators and catalysts.

Enhancing Li/S battery performance requires electrolyte optimization. The
latest developments for various electrolytes, concepts, designs, and materials is
examined in this paper by (Scheers et al., 2014), along with how their physical and
chemical characteristics impact overall performance. The most advanced Li/S battery
electrolyte available today, 1M LiTFSI DIOX:DME (1:1 v/v) (LiNO3), was created to
balance battery needs in the face of extreme PS release circumstances. This
breakthrough has been contested, though, by the reversed liquid Li/S idea, which
depends on large concentrations of dissolved PS. With ternary solvent mixes and the
growing number of ILs, binary DIOX:DME solvent-based electrolytes have potential
for improvement. However, the additional expense of IL/organic based electrolytes
must be weighed against the usage of more costly "designer solvents". Few new lithium
salts are being used in the field, and little is known about the separator's function in
Li/S electrolytes. The ultimate Li/S cell performance must be the main emphasis in
order to logically enhance electrolytes for Li/S batteries. It is essential to properly
identify scientifically the processes in which electrolyte performance and
characteristics are limiting variables. In situ observations or model experiments

employing ex-situ methods are frequently the foundation of electrolyte analysis.

The most common Li-salt found in commercial LIBs that can be recharged
having graphite anode and 3—4 V cathode material is lithium hexafluorophosphate
(LiPF¢). LiPF¢ might not be the best Li-salt for lithium-metal, lithium-oxygen, and
lithium-sulfur batteries, among other Li-based batteries. New electrolyte chemistries
explained by (Younesi ef al., 2015) that maintain their integrity during cell cycling and
offer high coulombic efficiency with a Li-metal anode are necessary for the

development of advanced batteries. For LIBs with graphite anodes and moderate
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voltage cathodes (3—4 V), LiPF¢ offers a set of suitable characteristics. Studies haven't
been able to create a reliable electrode without dendritic development and with a high
enough Coulombic efficiency, though. Research on metal-oxygen batteries will
facilitate the growth of new chemistries for electrochemical energy storage and
conversion systems, while Li-O; batteries experience electrolyte degradation. LiTf may
be the ideal Li-salt for Li-S cells, however further research is required to determine its

compatibility with Li-metal anodes and stability when exposed to reactive species.

Energy storage systems are essential for energy conservation because the
industrial sector mostly depends on fossil fuels to supply its energy needs (Sharma &
Thakur, 2022). With an emphasis on eco-friendly solvents and electrolytes, this paper
examines a variety of materials and solvents utilized in energy storage applications
throughout the previous 20 years. For a variety of energy storage technologies,
including flow batteries, supercapacitors, and rechargeable batteries, solvents with
large electrochemical windows, high thermal and chemical stability, low toxicity, and
volatility are crucial. The type of solvents and electrolytes used in battery production
are very important, and employing eco-friendly solvents and electrolytes is key to
enhancing energy performance and producing long-lasting, safe, and effective gadgets.
Glymes are the best solvents for lithium-ion batteries because of their hydrophilic and
hydrophobic characteristics. The possible uses of aprotic lithium salts as electrolytes in
glymes as solvents in energy storage devices, as well as monoglyme and tetraglyme,

require more investigation.

As possible electrolytes, a number of new halogen-free ionic liquids (ILs) were
created and evaluated. To examine the impact of Li salts on the physical characteristics
of the IL-Li mixes, the appropriate lithium salts were made and explained by (Shi et
al., 2013). The findings shown that, while maintaining a competitive electrochemical
window (EW), when compared to ILs with more spherical geometries, those with both
planar anions and cations exhibit better conductivities and lower viscosities. A
qualitative understanding of the ILs' appropriateness as electrolytes can be gained from
their Walden plot behavior. Because of their greater delocalized charge distribution and

weaker cation-anion interaction, anions have higher conductivity than ILs with more
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spherical ions. The broadest EWs are seen in phosphorus-based ILs, indicating that

AHA-based ILs could be useful in electrochemical domains.

The possibility of glyme-Li salt complexes as innovative liquid electrolytes for LiBs is
examined by (Tamura et al., 2010). At normal temperature, tetraglyme (G4) and
triclyme (G3) combine to form 1:1 complex with LiCTFSI, resulting in solid and liquid
forms. These complexes have more thermal stability than pure G4, and at temperatures
lower than 100 °C, the vapor pressure is insignificant. At 30°C, these complexes have
a comparatively high ionic conductivity, which is marginally less than that of a typical
organic electrolyte solution. It was shown that lithium exhibits reversible deposition-
stripping behavior using cyclic voltammetry. The [LiCoO»|[Li(G4)][CTFSI]|Li metal]
cell exhibits consistent charge-discharge cycle behavior for more than 50 cycles,
indicating that the [Li(G4)][CTFSI] complex is appropriate for a 4 V class LiB.
Comprising an anion and a complex cation [Li(glyme)]", as the electrolyte, Glyme-Li
salt equimolar complexes appear to be a new type of RTILs that may increase the safety

of LIBs.

Although grid-connected renewable energy sources can help meet the
increasing demand, their intermittent nature can limit their effectiveness and lead to
issues with power quality and instability. Li-ion batteries are being employed in
stationary energy storage applications to address this, while it is yet unclear if they are
cost-effective as explained by (Kebede et al., 2021). Li-ion and lead-acid batteries
integrated with Photovoltaic Grid-Connected Systems (PVGCS) were the subject of a
techno-economic analysis and a state-of-the-art simulation model that took into account
resource data and actual commercial load profiles. The analysis was conducted using
the Hybrid Optimization Model for Electric Renewables (HOMER). The findings
demonstrated that, given the specifications and application profile taken into
consideration, Li-ion batteries are more economically feasible than lead-acid batteries.
Compared to lead-acid batteries, the PVGCS system using Li-ion batteries uses 40%
fewer batteries, offering a more dependable and affordable power source. Additionally,
systems with a higher renewable proportion need more batteries, and Li-ion batteries

offer lower NPC and COE. Li-ion batteries are suggested as a feasible alternative for
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stationary applications based on renewable energy since they show promise in both

technical and financial aspects.

The properties and deposition process of a surface coating on lithium metal are
investigated in the work by (Xiong ef al., 2012) using LiNOs3 as a lithium salt in an
electrolyte solution. The production of the film is investigated using X-ray
photoelectron spectroscopy (XPS), electrochemical impedance spectroscopy (EIS),
scanning electron microscopy (SEM), and scanning probe microscopy (SPM). Both
inorganic and organic species make up the surface coating, and LiNO3 is crucial to its
production. For a uniform surface coating to form, the rate at which lithium metal and
electrolyte solution react with LiNO; is essential. The compact and homogeneous
surface coating extends the cycle life of lithium-sulfur batteries and the stability of the
lithium anode. The study found that a compact and consistent surface coating on the
lithium anode is necessary for the use of SEI layer additives in electrolyte solutions for

lithium-sulfur batteries.

Electrolytes' conventional function in batteries is subordinated to that of
electrode materials. Cell performance, encompassing cycle efficiency, rate capability,
capacity retention, and abuse tolerance, is greatly impacted by the chemical makeup of
electrolytes as reviewed by (Xu, 2004). Today's lithium-ion cell electrolyte systems are
tailored to the chemistry of the cell thanks to ad-hoc surface chemistries on graphitic
anodes and metal oxide cathodes. Rate performance, temperature range, safety, and
electrolyte "solidification" will all continue to be innovative. However, the
development of new cell chemistries necessitates electrolyte reformulation, such as the

usage of olivine iron phosphate family and mixed metal oxides of the 5.0 V class.

Between 2003 and 2014, energy storage research grew dramatically, particularly
in the fields of electrolytes and interphases by (Xu, 2014). These elements are crucial
to electrochemical devices due to their high reactivities and instability in high-voltage
batteries. Graphitic structures' mature Li'-intercalation chemistry has improved our
understanding of these elements. As cathode materials with larger capacity and
operating voltage are produced, electrolytes and interphases encounter more
challenges. The development of "beyond Li-ion" battery chemistries demonstrates that
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robust electrolyte and interphase systems are necessary to ensure respectable

reversibility.

Given that the most popular technology in portable electronics like laptops, tablets, and
cell phones are lithium-ion batteries, they significantly improve the quality of life in
contemporary society as reviewed by (Zubi et al., 2018). Lithium-ion batteries continue
to be the favoured choice for the expanding electric vehicle industry despite their
continued underutilization in power supply systems, especially when paired with
photovoltaics and wind power. As a technological component, these batteries have great
promise for global carbon emission reductions and energy sustainability. With a focus
on this potential, a thorough analysis of the current state of the art and prospects for Li-

ion batteries is investigated and effectively discussed here.
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Chapter 3

Experimental




3. EXPERIMENTAL

3.1. MATERIALS

The complete details of experimental work that includes chemicals used. Also,

various techniques used to carry out the experiments also stated in this chapter.

Table 3.1: Details of chemical utilized during research work.

Mass fraction

CAS
S.No. Chemicals Molecular Formula Provence purity?®
number

Lithium
1 o o CF3SO:NLiSO,CF; Sigma Aldrich | 90076-65-6 99%

bis(trifluoromethanesulphonyl)imide
2 Lithium trifluoromethanesulfonate CF;SO;Li Sigma Aldrich | 33454-82-9 99.9%
3 Lithium bis(fluorosulphonyl)imide CF3SO;NLiSO,CF3 Sigma Aldrich | 90076-65-6 99.5%
4 Lithium hexafluorophosphate LiPFs Sigma Aldrich  |21324-40-3 98%
5 Lithium tetrafluoroborate LiBF4 Sigma Aldrich | 14283-07-9 98.5%
6 1,2-dimethoxyethane CH30CH>CH,OCHj3 Sigma Aldrich | 110-71-4 99%
7 Tetraethylene glycol dimethyl ether CH30(CH,CH»0)4CH3 |Sigma Aldrich | 143-24-8 98.0%

% as stated by the supplier.

64




3.2. BRIEF OVERVIEW OF LITHIUM SALTS USED IN STUDY
3.2.1. Lithium bis(trifluoromethanesulphonyl)imide:

The chemical structure of LiTFSI consists of a lithium cation (Li") coordinated
with two trifluoromethanesulfonyl imide anions (N(CF3SO)*). LiTFSI is highly
soluble in many organic solvents, including common ones like diethyl carbonate
(DEC), dimethyl carbonate (DMC) and ethylene carbonate (EC). This solubility makes
it a suitable choice for formulating non-aqueous electrolytes in lithium-ion (Li-ion)
batteries. It has a high electrochemical stability window i.e., it can withstand diverse
voltages without undergoing decomposition, making it useful in high-voltage battery
systems(Shah et al, 2017). The molecular structure of Lithium

bis(trifluoromethanesulphonyl)imide is represented in Figure 3.1.

Figure 3.1: General structure of Lithium bis(trifluoromethanesulphonyl)imide.
3.2.2. Lithium trifluoromethanesulfonate

Lithium triflate is known for its high ionic conductivity, which makes it a
popular choice in lithium-ion batteries and other electrochemical devices. It is mainly
utilized as an electrolyte salt in Li-ion batteries, helping the Li-ions move between the
cathode and anode throughout charge-discharge cycles(de Araujo Lima e Souza et al.,
2024). The molecular structure of Lithium trifluoromethanesulfonate is represented

in Figure 3.2.
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Figure 3.2: General structure of Lithium trifluoromethanesulfonate.
3.2.3. Lithium bis(fluorosulphonyl)imide (LiFSI)

LiFSI is known for its high ionic conductivity and stability, which makes it a
valuable component in advanced battery technologies. LiFSI dissolves quite well in
several polar solvents, such as acetone, acetonitrile, and dimethyl carbonate. It exhibits
excellent thermal and electrochemical stability. Also, it has a high ionic conductivity,
making it a desirable component in lithium-ion battery electrolytes(Scrosati et al.,
2011). The molecular structure of Lithium bis(fluorosulphonyl)imide is represented

in Figure 3.3.
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Figure 3.3: General structure of Lithium bis(fluorosulphonyl)imide.
3.2.4. Lithium hexafluorophosphate (LiPF¢)

A key component of the electrolyte specifically in Li-ion batteries, which
comprises the substance that allows ions move between the two electrodes, making it
easier for the battery to charge and discharge (Nikiforidis ez al., 2021). It helps enhance
the battery's performance and stability. LiPF¢ increases the ionic conductivity of the

electrolyte, allowing lithium ions to move more freely between the battery's anode and
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cathode, thereby improving the battery's overall efficiency. The molecular structure of

Lithium hexafluorophosphate is represented in Figure 3.4.
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Figure 3.4: General structure of Lithium hexafluorophosphate.
3.2.5. Lithium tetrafluoroborate (LiBF4)

LiBF4is a white crystalline powder or solid, soluble in many polar solvents,
including water, acetone, and some organic solvents (Rana et al., 2023). LiBF; is
utilized for various electrochemical applications, including supercapacitors, lithium-ion
capacitors, and in the synthesis of organofluoride compounds. The molecular structure

of Lithium tetrafluoroborate is represented in Figure 3.5.
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Figure 3.5: General structure of Lithium tetrafluoroborate.
3.3 EXPERIMENTAL TECHNIQUES

To interpret the interactions, present among the Lithium salts and glycols multiple
techniques were employed to get the ultimate results. The various techniques used to

collect the experimental data are discussed below:
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e Density and speed of sound measurements
e Conductivity measurements
e FT-IR Spectroscopic Studies

e Cyclic Voltammetry

A Sartorius CPA 225D scale with an accuracy of = 0.00001 g was used to weigh the
chemicals. Degassed and triple-distilled water with a specific conductance <10 S.cm’

' was used to make the solution.

3.3.1. Density and Speed of sound measurements

Anton Paar DSA 5000M, which stands for "density and speed of sound
analyzer," was used to determine the data for density and speed of sound. It can
simultaneously determine two physically independent parameters in one setup with
high accuracy. It works on Pulsed Excitation Method that conveys the most stable
results considering oscillation characteristics. To calibrate the device, the speed &
density of sound were measured through dry air and fresh triple-distilled and deionized
water at 293.15 K. This was done prior to each set of measures in the experimental
temperature range. As the speed and intensity of sound change with temperature, in-
built Peltier method was used to keep it at 1x107 K. The transmission time method was
used to determine the speed of sound. The sample studied was kept between two
piezoelectric ultrasound sensors. A transducer sent out 3 MHz sound waves through a
sample hole that was filled with air and then received by another transducer. The
accuracy of the density measurements was found to be 1x10~ kg.m™ & speed of sound
measurements was found to be 1x102 ms™\. As an average, there was 0.15 kg m of
error in the mass and 1.0 ms™! in the speed of sound. There are about 2 x 10 mol.kg™!
of errors in the molality of the solution. This instrument has a density cell and a pulse-
echo speed of sound cell, as shown in Figure 3.6. These cells are composed of stainless
steel and are temperature controlled by build-in thermostat. The extraordinary long-
term stability is offered by a reference oscillator along with the U-tube oscillator that
allows adjustments at the desired temperatures. Two integrated Pt 100 thermometers
offer the maximum accurateness in temperature control and are traceable to national

standards. The DSA 5000 simultaneously fixes any errors in the density values that are
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caused by viscosity by measuring how much the filled-in sample slows down the
oscillation of the U-tube as shown in Figure 3.7. Another thing that makes the speed of
the filled-in sample accurate is an extra measurement cell made of stainless steel &

high-resolution electronics.

Figure 3.6: Anton Paar DSA 5000M (Anton Paar, 2011a)
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Figure 3.7: Density and sound velocity cell of DSA 5000M (Anton Paar, 2011b)

In order to carry out a measurement, the sample under investigation is
filled in the measuring cells using a syringe. Once the measurement is complete, an
acoustic signal informed. The built-in conversion tables and functions take the data and
turn them into units of concentration, specific gravity, or other density or speed of

sound-related units.
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3.3.2. Conductivity measurements

Systronics 308-Digital conductivity meter (shown in Figure 3.8) was used for
conductivity measurements. It includes a dip type conductivity cell that has a cell
constant of 1 cm™'. The Systronics 308 digital conductivity meter measures the ability
of a solution to conduct electric current between two electrodes of a dip-type
conductivity cell. When an alternating voltage is applied, ions in the solution move and
carry current; the instrument detects this current and converts it into conductivity using
the cell constant (1 cm™). Calibration with standard KCI solutions ensures accuracy,
and the measured conductivity reflects the ionic strength of the test solution at
controlled temperature. Before measuring the conductivities of the experiments, KCI
solution with a concentration of 0.01 to 1.0 mol kg ! is used to calibrate the conductivity
meter. After it is set up correctly, the solution whose conductivity needs to be tested is
put into a jar with two jackets. With the help of a refrigerated circulated water
thermometer (Macro Scientific Works Pvt. Ltd. Delhi) that was accurate to within 0.1
K, the right temperature was kept. The conductivity values have been recorded three

times per sample and the average value have been considered.

Figure 3.8: Systronics Conductivity meter 308 (Limited, 2008)
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3.3.3. FT-IR Spectroscopic Studies

FTIR spectra was recorded using Shimadzu spectrometer 8400S (shown in
Figure 3.9). It achieves best signal-to-noise ratio 20,000:1. FTIR-8400S can be
operated using a laptop PC or an ordinary desktop. This instrument provides
consistently reproducible spectra without any laborious mechanical adjustments. FTIR-
spectroscopy is one of the important tools that offers information regarding the
interactions prevailing in the system at molecular level. This technique is an absorption
spectroscopy and measurements based on the amount of light absorbed by a sample at
each wavelength. The spectra of the solvent as well as investigated system were

recorded in 4500 cm'to 500 cm™ wave region.

FTIR-84008

B okumanzy

Figure 3.9: Shimadzu FTIR-8400S Spectrophotometer
3.3.4. Cyclic Voltammetry

Cyclic voltammetry helps us in the determination of the electrochemical properties of
the electrode being used. To determine the electrochemical properties with the help of
CV graphs, Metrohm Autolab PGSTAT204 multi-channel Potentiostat/Galvanostat
electrochemical workstation (shown in Figure 3.10) was used. It has a three-electrode
cell that is tightly closed and is in a neutral environment with argon flow. There is an
overlap between the reduction and oxidation potential peaks in the cyclic

voltammograms of the ternary mixtures as a function of concentration at room
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temperature in the potential range from -1.0 V to +2.0 V shown in the graph or cyclic
voltogramms. As a standard, 10 mM AgCl mixed with Ag wire was used in all the
systems as reference electrode. Counter electrode was made of Pt wire, and working
electrode is platinum with a width of 3 mm. These voltammograms began with a

potential of 0 V and no current moving. For final results, 3 cycles were repeated.

Figure 3.10: Metrohm Autolab PGSTAT204 multi-channel Potentiostat/galvanostat

electrochemical workstation
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Chapter 4

Results and Discussion




SECTION-I

Thermodynamic, Acoustic and Conductance Measurements of
LiOTf (Lithium trifluoromethanesulfonate) 1in aqueous
TEGDME (Tetraethylene glycol dimethyl ether) and DME

(1,2-dimethoxyethane) Solutions at different temperatures.
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4.1 Section -1
4.1.1 Density and Acoustic measurements

The densities (p) of LiOTfin an aqueous solution of DME as well as TEGDME
with concentrations of glyme m = (0.01, 0.03 and 0.05) mol'kg' and LiOTf
concentrations ranging from (0.05 to 0.30) molkg™! at T= (293.15, 298.15, 303.15,
308.15 and 313.15) K were ascertained in this study. Tables 4.1 and 4.6 present the
measured density and acoustic values.
4.1.2 Thermophysical parameters derived from Density measurements

Table 4.1 shows the uprise of the density values of LiOTf as the concentration
of Li salt in the aqueous solution of DME and aqueous TEGDME increases, but drops
down when the temperature rises. Furthermore, with the increase in the concentration
of DME, the density decreases whereas in the case of LiOTf in TEGDME, the density

values increase with the concentration of the glyme.

4.1.3 Apparent molar volume

The apparent molar volume (V) has been determined by utilizing the equation
(1.13). In this equation M and ma denote the molar mass (kg-mol™') and molality of
LiOTf correspondingly, and py and p denote the densities (kg'm™) of solvent and
solution. The resulting apparent molar volume values are presented in Table
4.1(Pradhan & Singh, 2024). In both cases, the Vj values increase with rising
temperature, which can be attributed primarily to thermal expansion effects rather than
changes in solute-solvent affinity. It is evident from data analysis that V values are
larger at higher temperatures because there is a greater thermal movement of molecules
at higher temperatures, which results in an increase in volume. Moreover, the values of
V4 increase as the concentration of Li salt in the ternary solution (LiOTf + Water+
DME/ TEGDME) increases. It was found that the density values for LiOTf decrease as
the concentration of DME increases, while the density values increase for increasing
concentrations of TEGDME. Figure 4.1 includes the diagrammatic representation of
Vg of LiOTf in 0.01 mol.kg! and 0.05 mol.kg! in (a) aqueous DME solution and (b)
aqueous TEGDME solution at T =(293.15, 298.15, 303.15, 308.15, and 313.15) K.
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Table 4.1: The molality, densities (p), apparent molar volumes (V )of LiOTf in aqueous DME and aqueous TEGDME solutions at various
temperatures, P = 0.1MPa.

Ama/ px103/ (kg'm) V% 108/ (m*mol™)
(mol-kg-1)

T=293.15 T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
K K K K K K K K K K

LiOTf+ 0.01 mol-kg' DME
0.00000  0.998273 0.996680 0.995411 0.993617 0.992051

0.04999  1.002167 1.000548 0.999246 0.997421 0.995825  78.13 78.41 78.85 79.21 79.59
0.09983  1.006050 1.004406 1.003070 1.001214 0.999588  78.43 78.70 79.15 79.50 79.88
0.14999  1.009957 1.008288 1.006918 1.005031 1.003375  78.73 79.00 79.45 79.79 80.16
0.19951 1.013815 1.012120 1.010717 1.008800 1.007114  79.03 79.29 79.74 80.08 80.44
0.24983  1.017735 1.016015 1.014578 1.012629 1.010913  79.33 79.58 80.03 80.37 80.73

0.29986  1.021632 1.019886 1.018416 1.016436 1.014690  79.62 79.87 80.32 80.65 81.01
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0.00000
0.04993
0.09855
0.14993
0.19831
0.24855
0.29962

0.00000
0.04979
0.09983
0.14981
0.20215
0.24599
0.29951

0.997518
1.001410
1.005200
1.009205
1.012976
1.016893
1.020873

0.996974
1.000908
1.004861
1.008809
1.012944
1.016407
1.020635

0.996162
1.000032
1.003801
1.007783
1.011533
1.015427
1.019386

0.995741
0.999650
1.003578
1.007501
1.011610
1.015051
1.019253

0.994835
0.998679
1.002424
1.006380
1.010105
1.013974
1.017906

0.994188
0.998071
1.001974
1.005872
1.009953
1.013373
1.017547

LiOTf+ 0.03 mol-kg! DME

0.992985 0.991648
0.996799 0.995437  77.97
1.000515 0.999128  78.26
1.004440 1.003028  78.57
1.008136  1.006700  78.86
1.011974 1.010513  79.15
1.015876 1.014389  79.45
LiOTf+ 0.05 mol-kg"! DME
0.992591  0.990711
0.996450 0.994542  76.83
1.000328 0.998393  77.14
1.004201 1.002239  77.45
1.008257 1.006266  77.77
1.011655 1.009640  78.04
1.015803 1.013758  78.36

78

78.19
78.49
78.79
79.08
79.37
79.67

77.12
77.44
77.74
78.06
78.33
78.65

78.50
78.79
79.09
79.37
79.67
79.96

77.40
77.71
78.01
78.33
78.59
78.91

78.81
79.10
79.40
79.68
79.97
80.26

77.64
77.95
78.25
78.56
78.82
79.14

79.11
79.39
79.69
79.97
80.26
80.55

77.90
78.20
78.50
78.81
79.07
79.38



0.00000
0.04995
0.09981
0.14972
0.19867
0.24314
0.29987

0.00000
0.04992
0.10109
0.14978
0.19995
0.24328
0.29950

0.998601
1.002542
1.006476
1.010414
1.014276
1.017784
1.022261

0.999412
1.003345
1.007378
1.011215
1.015168
1.018583
1.023013

0.997162
1.001083
1.004997
1.008915
1.012757
1.016248
1.020702

0.997889
1.001797
1.005805
1.009617
1.013545
1.016938
1.021340

LiOTf+ 0.01 mol-kg! TEGDME

0.995575
0.999476
1.003370
1.007268
1.011091
1.014564
1.018995

0.993951
0.997832
1.001707
1.005584
1.009387
1.012843
1.017251

0.992427
0.996287
1.000142
1.003999
1.007782
1.011219
1.015604

77.19
77.50
77.80
78.10
78.37
78.71

LiOTf+ 0.03 mol-kg"! TEGDME

0.996373
1.000257
1.004238
1.008026
1.011929
1.015300
1.019674

0.994742
0.998598
1.002551
1.006313
1.010188
1.013536
1.017878

0.993179
0.997010
1.000937
1.004673
1.008523
1.011848
1.016163

79

77.42
77.73
78.03
78.33
78.59
78.93

77.36
77.67
77.97
78.27
78.54
78.87

77.68
77.99
78.28
78.58
78.84
79.17

77.51
77.82
78.12
78.41
78.68
79.02

77.94
78.25
78.54
78.84
79.09
79.42

77.66
77.96
78.26
78.55
78.82
79.15

78.23
78.54
78.83
79.12
79.38
79.71

77.83
78.13
78.43
78.72
78.98
79.32

78.50
78.81
79.09
79.39
79.64
79.96



LiOTf+ 0.05 mol-kg! TEGDME
0.00000 1.000032 0.998702 0.997111 0.995511 0.993876

0.04997 1.003930 1.002574 1.000955 0.999328 0.997666  78.31 78.60 78.90 79.20 79.50
0.09987 1.007822 1.006442 1.004795 1.003141 1.001451  78.61 78.90 79.20 79.50 79.79
0.14993 1.011727 1.010322 1.008647 1.006966 1.005248 7891 79.19 79.49 79.79 80.08
0.19738 1.015428 1.013999 1.012299 1.010591 1.008848  79.19 79.47 79.76 80.06 80.35
0.24978 1.019515 1.018060 1.016331 1.014595 1.012822  79.50 79.78 80.07 80.36 80.65

0.29955  1.023397 1.021917 1.020160 1.018397 1.016597  79.79 80.06 80.35 80.64 80.93

?ma denotes the molality of LiOTf in aqueous DME and aqueous TEGDME solution. Standard uncertainties in the molality of LiOTf u;
(ma) is 1%. Standard uncertainties in the molality of DME and TEGDME u is 1.5%. Standard uncertainty in density, u (p) =+ 5 x 10
kg':m?, temperature, u(T) = 0.001 K, and pressure, u(p) = 0.01 MPa.
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Vo x 108/ (msmol'l)

Figure 4.1: Plots of variation of apparent molar volume (V) of LiOTf in 0.01 mol.kg™! (labelled as Blue) and 0.05 mol.kg™ (labelled as
red) in(a) aqueous DME solution (b) aqueous TEGDME solution at T = (293.15 K, 298.15 K, 303.15 K, 308.15 K and 313.15K..
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4.1.4 Partial molar volume

The apparent molar volume at infinite dilution, also known as partial molar
volume (V¢(>) ), was calculated utilizing Masson's least square fitting approach in equation
1.15. In this equation, V(g denotes partial molar volume. V(g , depicts the solute-solvent
interactions, assuming that the solute molecules are apart at infinite dilution and hence
no solute-solute interactions exist. The positive V(g (Table 4.2) proves the occurrence
of solute-solvent interactions in ternary systems. The electrostriction, which decreases
as the temperature increases, could be responsible for the increase of V(g values with
temperature (Ravinder Sharma, Harsh Kumar, Meenu Singla, Vaneet Kumar, Abdullah A. Al-
Kahtani, 2022). Some solvation molecules emerge solute’s loose solvation layers and
penetrate the bulk solution sequentially. The water molecules that enclose LiOTf are
compressed by the electric field induced by their head groups. As a result, increased
partial molar volume values in the ternary (LiOTf + H,O + DME/TEGDME) solutions
indicate the prevalence of solute-solvent interactions(Rana et al., 2023a). Furthermore,
in the case of Li salt in DME, the ng’ values decrease with the increase in the
concentration of the aqueous solvent. In contrast to this, the V(g values of LiOTf in

TEGDME increase with the concentration of TEGDME.
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Table 4.2: Partial molar volumes, (Vcl?) of LiOTf in aqueous DME and aqueous

TEGDME solutions at various temperatures.

“mp Vg x 10%/(m3-mol™)

(molkg") “T=9315K T-298.15K T=303.15K T=-308.15K T=313.15K

LiOT{ in Aqueous DME
0.00 80.44 79.85 79.34 78.59 77.89
(£0.003) (£0.006) (+0.003) (£0.003) (+0.013)
0.01 77.84 78.12 78.56 78.93 79.31
(£0.003) (£0.003) (+0.006) (£0.003) (+0.003)
0.03 77.67 77.90 78.21 78.53 78.83
(£0.003) (+0.003) (+0.003) (£0.003) (+0.003)
0.05 76.53 76.82 77.11 77.35 77.61
(£0.003) (+0.006) (+0.003) (+0.003) (+0.003)
LiOT{f in Aqueous TEGDME
0.01 76.89 77.06 77.22 77.36 77.54
(£0.003) (£0.003) (+0.003) (£0.003) (+0.003)
0.03 77.12 77.38 77.64 77.94 78.21
(+0.003) (+0.003) (+0.003) (+0.003) (+0.003)
0.05 78.01 78.31 78.61 78.92 79.22
(+0.003) (+0.003) (+0.003) (+0.003) (+0.003)

?mg is the molality of aqueous DME and aqueous TEGDME solution.
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The partial molar volume of transfer, AV£ of LiOTf from water to aqueous
solvent (DME/TEGDME), at infinite dilution, have been evaluated by employing the
equation 1.18.

AV(;,) values given in Table 4.3 signifies solute-solvent interactions particularly, thus the
contribution from solute—solute interactions is considered to be negligible. Co-sphere
overlap model is useful in predicting the possibility of shrinkage or expansion in the
volume as a consequence of solute-solvent interactions(Gaba et al., 2019). The negative
values of the transfer volumes at lower temperatures suggest that hydrophobic-
hydrophobic interactions are predominant attributable to the increase in the
electrostriction. Whereas at elevated temperatures, ion-ion interactions are significant
as here higher AV(g values are observed because the H>O molecules earlier existing near
hydrophilic centres are now discharged to the bulk that is highly compressible in

comparison to the electrostricted region.

Table 4.3. Partial molar volume of transfer, AV,gx 10°/(m* mol™) of LiOTf in aqueous

DME and aqueous TEGDME solutions at various temperatures.

a 0

ms AV¢

(mol-kg™)
T=293.15 K T=298.15K T=303.15K T=308.15K T=313.15K
LiOTf in Aqueous DME
0.01 -2.60 -1.73 -0.78 0.34 1.42
0.03 -2.77 -1.95 -1.14 -0.06 0.93
0.05 -3.91 -3.04 -2.24 -1.24 -0.28
LiOTf in Aqueous TEGDME

0.01 -3.55 -2.79 -2.13 -1.23 -0.35
0.03 -3.32 -2.48 -1.70 -0.65 0.32
0.05 -2.43 -1.55 -0.73 0.33 1.33

*mg is molality of aqueous DME and aqueous TEGDME solution.
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4.1.5 Temperature dependence of partial molar volume

Temperature has a significant impact on the interactions in a system. The
influence of temperature on apparent molar volume (V(g ) (at infinite dilution) has been
evaluated utilizing the polynomial equation 1.19. In this reaction, Trwr is reference
temperature (298.15 K), whereas the empirical constants are a, b and c. Table 4.4 enlists
the values of these empirical constants. Apart from ¢ at mpyg = 0.05 mol-kg™! and
mrecpme = 0.01 mol-kg™! for LiOTf wherein empirical constant ¢ has minor negative

values, and all empirical constants are positive(Kumar, 2016).

Table 4.4: Values of empirical parameters determined from Eq. (1.13) for LiOTf in
aqueous DME and aqueous TEGDME.

ms / ax10°%/ b x108/ cx10°
R? ARD(0)
(mol'kg!)  (mol'kg!) (m3mol!-K) /(m3*mol!K?)

LiOTf in Aqueous DME
0.01 78.17 0.071 0.0003 0.9999 0.0013
0.03 77.92 0.054 0.0004 0.9999 0.0007
0.05 76.82 0.056 -0.0003 0.9999 0.0003

LiOTf in Aqueous TEGDME

0.01 77.05 0.032 -0.00001 0.9999 0.0003
0.03 77.38 0.053 0.0002 0.9999 0.0003
0.05 78.31 0.06 0.0001 0.9999 0.0001

amp is the molality of aqueous DME and aqueous TEGDME solution.

The experimental values of V(g deviate from the theoretical values. The ARD
(0) deviations could be determined by using the equation 1.20 where, (Y = V(g ). Table
4.4 summarizes the ARD data, demonstrating a strong fit to the experimental data for
the ternary compositions studied. Furthermore, partial molar expansibilities, ¢2, were

used to confirm the presence of solute-solvent interactions in the mixtures under study

by utilizing the equation (1.21). For all quantities of DME and experimental
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temperatures, the positive partial molar expansibilities (given in Table 4.5) are
consistent with the expected thermal expansion behaviour of the solution as temperature
increases and should not be directly interpreted as evidence of unusual solute-solvent

interactions.

Additionally, the packing effect phenomena verifies the occurrence of
substantial interactions between LiOTf and DME as well as LiOTf in TEGDME with
the reported positive values of, ¢2 .In a mixed solvent solution, the Hepler constant
contributes to evaluating the solute's potential to function as a structure breaker/maker.
Hepler's thermodynamic equation is found in equation 1.22(Hepler, 1969). Positive &
negative values of (d¢2/0T), has been reported for the ternary systems investigated
for (LiOTf + H,O + DME) (given in Table 4.5). The sign of (0¢2/0T) could be used
to evaluate the function of a solute as a structure maker/breaker(Kumar et al.,
2019)(Raheem et al., 2023). Structure makers have positive values of (d¢2/0T) and
minor negative values of(d¢p/dT), while structure breaker solutes have negative
values. In aqueous solution, mpyg/recpme = (0.01, 0.03, and 0.05) molkg™!, LiOTf

behaves as structure makers.

Table 4.5: Limiting apparent molar expansibilities (¢2) of LiOTf in aqueous solution

of DME and aqueous TEGDME solutions at various temperatures.

“mg / @9 x 106/ (m*mol'-mol K1) @¢° /6T
(mol'kg") T=293.15K T=298.15K T=303.15K T=308.15K T=313.15K
LiOTf in Aqueous DME
0.01 0.0680 0.0714 0.0748 0.0782 0.0816 0.00068
0.03 0.0501 0.0544 0.0587 0.0629 0.0672 0.00086
0.05 0.0594 0.0566 0.0538 0.0510 0.0482 -0.00056
LiOTf in Aqueous TEGDME
0.01 0.0320 0.0319 0.0318 0.0317 0.0316 -0.00002
0.03 0.0519 0.0535 0.0550 0.0566 0.0581 0.00031
0.05 0.0596 0.0601 0.0606 0.0610 0.0615 0.00010

*mg is the molality of aqueous DME and aqueous TEGDME solution.
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4.1.6 Acoustic parameters derived from the speed of sound (acoustic)
measurements

Acoustic measurements give valuable information about the solution's physical
properties and interactions. Table 4.6 shows the sound speed of LiOTf in

Mpme/recome = (0.01,0.03 and 0.05) mol-kg™! of aqueous solutions at above specified

temperatures.

4.1.7 Apparent molar isentropic compressibility:

The apparent molar isentropic compressibility (K¢ ) can be determined by
utilizing the equation 1.23 where x5 denotes solution isentropic compressibility and xs,o
denotes pure solvent isentropic compressibility. The molality of the solute is ma, the
molar mass of LiOTT (solute) is M, and the density values of the solute and solvent are
p and pp correspondingly. xs can be calculated using Laplace Newton's equation
(equation 1.24) where u and p refers to the density and acoustic values of the given
solution. The values of Ky ; determined employing (equation 1.23) have been indexed
in Table 4.6.Ky; ¢ is negative at all the aqueous DME and aqueous TEGDME
concentrations and temperatures. As the molality of the LiOTf as well as DME and
TEGDME increases and the temperature increases, the Ky ¢ values of LiOTf ascent.
Furthermore, as the concentration of solvent increased, Ky ¢ decreases. The occurrence
of solute-solvent interactions is confirmed by the negative Ky ; values. Negative values
of Ky ¢ indicate that H>O molecules in the bulk solution are much more deformable
than those near the solute. Because of the charge on ions, the electrostricted H>O
molecules are mainly compacted. The electrostriction reduces as the temperature rises,
and some H>O molecules are discharged from the hydration sphere and into the bulk
solution, resulting in less conformational distortion of the water and showing a reduced
regulating influence by the solute on the solvent. As V£ is defined at infinite dilution, it
reflects solute-solvent interactions in the absence of significant solute-solute
interactions. Therefore, the observed Vcl? values confirm the typical behavior expected

in such dilute systems(Gerald R. Van Hecke, Oliver W. M. Baldwin, 2022a).

87



Table 4.6: Values of ultrasonic speed, () and apparent molar isentropic compressibility, (Kg ¢) of LiOTfin aqueous DME and aqueous

TEGDME solution at various temperatures, P = 0.1MPa.

Ama/ u/ (msh) Kp,s x 106 (m3-mol'-GPa™)
(mol-kg-1)

T=293.15 T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
K K K K K K K K K K

LiOTf+ 0.01 mol-kg! DME
0.00000 1483.54 1497.11 1509.66  1520.66  1529.20

0.04999 1484.81 1498.23 1510.64 1521.49 1529.90 -15.87  -13.26  -10.81 -8.52 -6.43

0.09983 1486.09 1499.34 1511.61 152232 1530.59  -1596 -13.37 -1091 -8.62 -6.55

0.14999 1487.37 1500.47 1512.59  1523.15  1531.29 -16.07  -13.48 -11.03 -8.74 -6.68

0.19951 1488.63 1501.57 1513.56 152398  1531.99 -16.17  -13.59 -11.14 -8.86 -6.81

0.24983 1489.91 1502.70 1514.54  1524.82  1532.69 -16.28  -13.70  -11.26 -8.98 -6.93

0.29986 1491.19 1503.82 1515.52  1525.65 1533.39 -16.38  -13.81  -11.37 -9.10 -7.05
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0.00000
0.04993
0.09855
0.14993
0.19831
0.24855
0.29962

0.00000
0.04979
0.09983
0.14981
0.20215
0.24599
0.29951

1484.68
1485.43
1486.15
1486.92
1487.64
1488.39
1489.15

1485.96
1486.51
1487.06
1487.60
1488.18
1488.66
1489.25

1498.35
1499.02
1499.68
1500.37
1501.02
1501.70
1502.39

1499.43
1499.92
1500.42
1500.91
1501.43
1501.86
1502.39

1510.19
1510.78
1511.35
1511.95
1512.51
1513.10
1513.70

1512.31
1512.74
1513.17
1513.60
1514.05
1514.43
1514.89

LiOTf+ 0.03 mol-kg! DME

1520.69
1521.20
1521.70
1522.22
1522.72
1523.23
1523.76

1521.74
1522.09
1522.44
1522.79
1523.16
1523.47
1523.84

1529.69
1530.12
1530.53
1530.97
1531.39
1531.82
1532.25

1530.81
1531.09
1531.37
1531.64
1531.94
1532.18
1532.48

89

-9.38
-9.53
-9.66
-9.79
-9.91
-10.04

LiOTf+ 0.05 mol-kg"' DME

-7.98
-8.11
-8.23
-8.36
-8.47
-8.59

-8.03
-8.16
-8.28
-8.40
-8.53
-8.65

-6.80
-6.92
-7.05
-7.18
-7.28
-7.41

-6.47
-6.60
-6.73
-6.85
-6.98
-7.10

-5.57
-5.69
-5.81
-5.94
-6.05
-6.17

-5.11
-5.24
-5.37
-5.49
-5.62
-5.74

-4.25
-4.37
-4.50
-4.63
-4.73
-4.86

-3.73
-3.86
-3.99
-4.11
-4.24
-4.37

-3.00
-3.14
-3.26
-3.40
-3.50
-3.63



0.00000
0.04995
0.09981
0.14972
0.19867
0.24314
0.29987

0.00000
0.04992
0.10109
0.14978
0.19995
0.24328
0.29950

1484.54
1485.76
1486.98
1488.20
1489.40
1490.49
1491.88

1487.46
1488.63
1489.84
1490.98
1492.16
1493.18
1494.50

1497.38
1498.42
1499.46
1500.51
1501.53
1502.46
1503.64

1499.90
1501.20
1502.53
1503.80
1505.10
1506.23
1507.69

LiOTf+ 0.01 mol-kg! TEGDME

1509.6  1521.1  1530.70

1510.37  1521.60 1531.10  -16.13
1511.15  1522.10 1531.50  -16.19
1511.92  1522.60 1531.89  -16.29
1512.68 1523.09 153228  -16.38
1513.37 152353  1532.64  -16.47
151425 1524.10 1533.09  -16.58

LiOTf+ 0.03 mol-kg’ TEGDME

151173 1522.89  1532.40

1512.54 152346  1532.72  -16.06
1513.38  1524.05 1533.04  -16.12
1514.18  1524.61 153335  -16.22
1514.99  1525.18  1533.66  -16.32
151570 1525.68  1533.94  -16.40

1516.62  1526.32  1534.29 -16.51

90

-13.26
-13.38
-13.50
-13.61
-13.71
-13.83

-12.93
-13.08
-13.20
-13.31
-13.40
-13.52

-9.84
-9.97
-10.09
-10.20
-10.30
-10.43

-9.78

-9.87

-9.98
-10.09
-10.19
-10.32

-6.61
-6.73
-6.85
-6.97
-7.08
-7.21

-6.32
-6.49
-6.62
-6.75
-6.86
-6.99

-3.36
-3.51
-3.64
-3.77
-3.88
-4.02

-2.98
-3.15
-3.29
-3.42
-3.53
-3.67



LiOTf+ 0.05 mol-kg! TEGDME
0.00000  1490.09 1502.85 1513.73  1524.89  1534.71

0.04997 1491.31 1503.87 1514.56  1525.51 1534.99 -1486 -11.87  -8.94 -6.05 -2.91
0.09987 1492.53 1504.88 151538  1526.13  1535.28 -14.99  -11.95 -9.10 -6.21 -3.08
0.14993  1493.75 1505.90 1516.21  1526.75  1535.56 -15.11  -12.05  -9.24 -6.35 -3.23
0.19738 149491 1506.86 1517.00 152734  1535.83 -15.21  -12.15  -9.36 -6.47 -3.36
0.24978  1496.19 1507.93 1517.87  1527.99  1536.13 -15.33  -12.27  -9.49 -6.61 -3.49
0.29955 1497.41 1508.94 1518.69  1528.61 1536.41 -15.43  -12.38  -9.61 -6.73 -3.62

*mp denotes the molality of LiOTf in an aqueous DME medium and aqueous TEGDME solution. Standard uncertainties in the molality of LiOTf u; (ma) is
1%. Standard uncertainties in the molality of DME and TEGDME u, is 1.5%. Standard uncertainty in acoustic, u(z)= 0.5m-s™!, u(T) = 0.001 K, and pressure,
u(p) =0.01 MPa.
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Figure 4.2: Plots of variation of apparent molar isentropic compressibility (K s) of LiOTf in 0.01 mol.kg™! (labelled as Blue) and 0.05

mol.kg"! (labelled as cyan) in (a) aqueous DME solution (b) aqueous TEGDME solution at T = (293.15 K, 298.15 K, 303.15 K, 308.15 K
and 313.15 K)
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4.1.8 Partial molar isentropic compressibility:

ch,s (Partial molar isentropic compressibility) referred to as limiting molar
isentropic compressibility, indicates the existence of (solute-solvent) interactions. The
equation 1.25 used to calculate the variation of K(g’s with molality of solute. The
molality of LiOTf utilized in an aqueous DME solution is denoted by ma. Table 4.7
shows the calculated values of K(g,s of the ternary systems. While raising the
temperature, K¢?,s lowers because water molecules are firmly bound to solute molecules

at low temperatures, but as the temperature rises, the electrostriction between them
reduces, and some H>O molecules are discharged into the bulk solution. As a result,
partial molar isentropic compressibility inference suggests that in this investigation,
solute-solvent interactions are predominant (Sharma et al., 2022). qu,s deduces that the
solvent molecules are bound to the solute molecules, which enhances the interactions

between the ions.

Table 4.7: Partial molar isentropic compressibility, (K(g's) of LiOTf in an aqueous

solution of DME and aqueous TEGDME at various temperatures.

“mpg / K§ ; x 10%/(m*mol-GPa™)
(mol-kg™)
T=293.15 K T=298.15K T=303.15K T=308.15K T=313.15K
LiOTf in Aqueous DME
0.01 -15.77 -13.15 -10.69 -8.39 -6.3
(£0.005) (£0.003) (£0.005) (£0.004) (£0.002)
0.03 -9.26 -7.91 -6.35 -4.99 -3.61
(£0.01) (£0.003) (x0.004) (£0.002) (£0.002)
0.05 -7.86 -6.68 -5.45 -4.13 -2.88
(£0.004) (+0.002) (x0.002) (£0.002) (£0.002)
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LiOT{f in Aqueous TEGDME

0.01 -16.02 -13.16 9.73 -6.49 3.24
(+0.01) (+0.004) (+0.003) (+0.003) (+0.01)

0.03 -15.95 -12.83 -9.66 -6.21 2.87
(+0.01) (+0.01) (+0.007) (+0.01) (+0.01)

0.05 -14.76 -11.75 -8.83 -5.93 2.79
(+0.007) (+0.01) (+0.01) (+0.01) (+0.01)

*mg is the molality of aqueous DME and aqueous TEGDME solution.

4.1.9 Pair and triplet interaction coefficient

Pair interaction coefficients (Vag, Kap) & triplet interaction coefficients (Vags,
Kagg) assist in the interpretation of the interactions existing in the solvation sphere.
These parameters represent the divergence in the properties because of the interactions
between two or more solute molecules. In order to determine the interaction coefficients
McMillan and Mayer put forward a theory that was revised further by Friedman and
Krishanan (Millero et al., 1978). The interaction coefficients are calculated using the
equations 1.27 and 1.28. In the mentioned equations, A stands for LiOTf and B
represents DME/TEGDME, mg is the concentration of aqueous solvent. Here, Vag and
Vags are volumes & Kag and Kags are isentropic compressions signifying pair & triplet
interaction coefficients. The values of the interaction coefficients are recorded in Table
4.8. From the results obtained, it is clear that at low temperatures Vass > Vap and Kass
> Kap whereas at high temperatures Vas > Vaps and Kap > Kags. The higher values of
the (Vap and Kag) show that the interactions between LiOTf & DME/TEGDME are

mainly pair wise.
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Table 4.8: Pair interaction coefficients, (Vap, Kag) and triplet interaction coefficients,

(Vass, Kagg) of LiOTf in an aqueous solution of DME and aqueous TEGDME at

various temperatures.

T/ (K) Vas x 10%/ Vass x 106/ Kag x 106/ Kass x 106/
(m*mol?kg) (m*molkg?) (m?mol?kg GPa') (m?mol3kg?GPal)
LiOTf in Aqueous DME
293.15 -88.54 686.86 -54.60 1339.28
298.15 -57.34 378.41 8.98 563.70
303.15 -23.53 23.87 73.06 -211.86
308.15 18.78 -418.07 129.73 -868.63
313.15 58.43 -829.71 178.66 -1444.61
LiOTf in Aqueous TEGDME

293.15 -139.67 1571.06 -158.01 1753.57
298.15 -110.08 1287.03 -73.17 942.69
303.15 -83.57 1037.52 -4.37 914.87
308.15 -47.18 686.23 199.97 -1869.02
313.15 8.88 131.67 323.47 -3192.49

4.1.10 Cyclic voltammetry Studies

CV i1s a powerful and widely used electrochemical technique for studying the
electrochemical properties of materials, particularly for determining the
electrochemical window (EW) of solvents and electrolytes. In this study, CV analysis
was conducted wusing a Metrohm Autolab PGSTAT204 multi-channel
Potentiostat/galvanostat, which is a sophisticated and versatile electrochemical
workstation(Satheesh & Kandasamy, 2024; Wu & Si, 2023; Zahra et al., 2024). This

apparatus offers accurate control and monitoring of electrochemical processes, making
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it perfect for extensive investigations on electrochemical behavior. In the CV analysis,
a silver chloride (Ag/AgCl) reference electrode was used,which consists of a silver wire
coated with solid silver chloride, immersed in a 3 M KCIl solution. This standard
configuration ensures stable and reproducible potential measurements during the

electrochemical testing.

In the analysis, solutions of DME and TEGDME were prepared, along with
these solvents containing various concentrations of LiOTf. The CV measurements were
performed at a scan rate of 100 mV/s, which is a typical rate that balances sensitivity
and resolution in detecting electrochemical processes. By cycling the potential between
predetermined lower and upper limits and recording the corresponding current, the CV
plots (cyclic voltammograms) were obtained. These plots display the working electrode
potential against the current, revealing the electrochemical activity within the tested
potential range (Khan et al., 2022; Singh Thakur et al., 2024). The electrochemical
window was identified by locating the potential values at the beginning and end of the
flat current region in the CV plots. These values represent the limits where only
capacitive currents flow, and no significant Faradaic reactions occur. The
electrochemical window was calculated by taking the difference between upper and

lower potential limit.

In this analysis, CV studies have been performed in order to determine the
electrochemical window of the pure systems & systems with different concentrations
of LiOTf (Macchieraldo et al., 2018). CV analysis was carried out at room temperature
in a glove box in an inert environment of argon flow. CV was performed on the salt
solutions at various concentrations and scan rates. Optimal electrochemical window
(EW) values were observed at a scan rate of 100 mV/s for the solvent system containing
pure DME, TEGDME and these systems with different concentrations of LiOTf. CV
graphs (Figure. 4.3) were employed to determine the electrochemical window. These
graphs plot the working electrode potential against the corresponding current (Le
Donne et al., 2018; J. Singh et al., 2021). From the two studied systems, TEGDME
was found to have a higher EW of 1.36 V in 0.01 TEGDME and 1.40 V in 0.05
TEGDME compared to that of 1.25 V in 0.01 DME and 1.38 V in 0.05 DME. Similar
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patterns were seen in the other samples and clearly, EW also increases with an increase
in the concentration of TEGDME & DME. The EW was also found to be increasing
with the increasing concentration of LiOTf, as EW of 0.01 TEGDME system with 0.05
LiOTfis 2.23 V and with 0.30 LiOTfis 2.30 V. The remaining samples showed similar
patterns (as shown in the Table 4.9) with the approximate EW ranges from 2.2 V to
2.32 V with different LiOTf concentrations. This result implies optimistic outcomes of
these investigated systems, producing favourable and comparable working

electrochemical windows (Zhang et al., 2018).
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Fig. 4.3: Depiction of the CV plots (V vs. A) for (a) 0.01 DME and 0.05 DME, (b) 0.05 LiOTf+ 0.01 DME and 0.30 LiOTf+ 0.01 DME,
(c) 0.05 LiOTf + 0.05 DME and 0.30 LiOTf + 0.05 DME, (d) 0.05 TEGDME and 0.01 TEGDME, (e) 0.05 LiOTf + 0.01 TEGDME and

0.30 LiOTf + 0.01 TEGDME, (f) 0.05 LiOTf + 0.05 TEGDME and 0.30 LiOTf + 0.05 TEGDME at ambient temperature.
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Table 4.9: Several EW values attained from the CV analysis of LiOTf in an aqueous
solution of DME and aqueous TEGDME at ambient temperature.
Electrochemical Window (V)

0.01 TEGDME 0.01 DME
1.36 1.25
0.05 LiOTf 2.23 2.20
0.30 LiOTf 2.30 2.28
0.05 TEGDME 0.05S DME
1.40 1.38
0.05 LiOTf 2.22 2.21
0.30 LiOTf 2.32 2.27

4.1.11 Conductance Studies

The specific conductivity (k) for LiOTf in aqueous DME and TEGDME
solutions at different temperatures have been given in Table 4.10. Both the solute's
concentration & temperature increase cause the values of k to rise. From k values molar
conductivity (4,,) have been calculated and presented in tabular form in Table 4.10.
The resultant molar conductivity data has been analysed to obtain limiting molar
conductivity (A%,) values at infinite dilution using Onsager relation given in equation
1.32. The intercept of graph plot between A,,versus VC represents A%,. The values of
A%, have been listed in Table 4.11 (Kant ez al., 2009a). It has been demonstrated that the
values of limiting molar conductivity elevated with temperature due to high ionic
mobility at higher temperatures. Increase in temperature results in higher frequency and
bond breaking as a consequence of the increase in translational & vibrational degrees
of freedom and therefore the mobility of ions accelerates. There are no other ions within
a limited radius of the solute ions at infinite dilution because they are encircled by
solvent molecules. Further, positive activation energy of conductance values are
obtained for LiOTf in aqueous DME and TEGDME solutions (given in Table 4.12)
which infers that ionic movement is thermally activated, and as the concentration
increase, the values of activation energy of conductance increases due to the greater
ion-ion interactions.
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Table 4.10: Specific conductance (k) and molar conductance (4,,) of LiOTf in aqueous DME and TEGDME solutions at different

temperatures.
K/(uS cm™) A,,/(S ecm? mol™)
ma/ 293.15K 298.15K 303.15K 308.15K 313.15K 293.15 298.15 303.15 308.15 313.15
(mol.kg-") K K K K K

LiOTf+ 0.01 mol-kg! DME
0.04999  4536.00 4746.03 4997.93 5305.98 6350.39 91.25 95.63 100.83 107.25 128.56
0.09983  6652.72 7024.71 7424.60 7855.52 9313.81 67.27 71.15 7530 79.82 94.79
0.14999  8783.04 9318.01 9866.85 10421.44 12296.25 5934 63.06 6686 70.75 83.62
0.19951 10886.17  11582.06 12277.94 12954.61 15240.64 55.50 59.14 6278 6637 78.21
0.24983  13023.28  13882.68 14727.98 15528.71 1823259 5322 56.82 6037 63.77 75.01

029986 1514807 1617004 1716390 18087.98 2120730 5176 5535 5883 6212  72.96

LiOT{+ 0.03 mol-kg"! DME
0.04993  5068.01 5277.99 5558.01 5809.95 7095.22 9143 9579 101.01 107.44 128.76
0.09855  7442.43 7810.53 8223.35 8617.82  10419.40 68.19 72.10 7631 80.89  96.05
0.14993  9951.63 10486.83  11039.99 11585.09 13932.28 59.40 63.11 6692 70.82 83.68
0.19831 1231433  13006.87 13692.17 14379.10 17240.06 55.87 59.52 63.19 66.80 78.70
0.24855 14767.86  15623.79 16446.32 17280.53 20675.00 53.52 57.14 60.71 64.13 7541
0.29962 17261.92  18283.95 1924597 20229.89 24166.69 51.84 5542 5891 6220 73.04
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0.04979

0.09983

0.14981

0.20215

0.24599

0.29951

0.04979

0.09983

0.14981

0.20215

0.24599

0.29951

5515.99

8302.89

11086.45

14001.44

16443.04

19423.75

2920.33

6064.16

9211.15

12297.60

15101.58

18678.58

5760.96

8689.51

11614.55

14677.71

17243.41

20375.62

3513.95

6634.89

9758.95

12822.93

15606.49

19157.44

LiOTf+ 0.05 mol-kg! DME

5950.02

9031.43

12109.15

15332.19

18031.82

21327.53

6188.05

9412.59

12633.26

16006.00

18831.02

22279.80

7722.39

11624.05

15521.03

19602.02

23020.26

27193.25

91.73

67.35

59.47

54.84

54.09

51.87

LiOTf+ 0.01 mol-kg! TEGDME

4115.97

7212.34

10311.81

13351.67

16113.31

19636.31

4689.99

7767.37

10847.84

13869.05

16613.76

20115.16

5259.81

8319.04

11381.34

14384.74

17113.26

20594.00
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58.77

61.31

62.31

62.92

63.34

63.78

96.10

71.21

63.18

58.42

57.73

55.44

70.82

67.17

66.11

65.71

65.56

65.52

101.36

75.38

67.01

62.03

61.35

58.95

83.09

73.14

69.97

68.53

67.80

67.27

107.78

79.89

70.89

65.56

64.79

62.23

94.83

78.90

73.73

71.30

70.02

69.03

129.24

94.90

83.81

77.29

76.23

73.11

106.52

84.63

77.48

74.07

72.24

70.78



0.04992
0.10109
0.14978
0.19995
0.24328
0.2995

0.04997
0.09987
0.14993
0.19738
0.24978
0.29955

3620.39
7028.93
10272.27
13614.19
16500.49
20245.41

4320.40
7817.59
11325.99
14651.48
18323.88
21811.96

4241.99

7608.90

10812.63
14113.75
16964.80
20664.00

4927.95
8386.51
11856.16
1514491
18776.74
22226.29

LiOTf+ 0.03 mol-kg! TEGDME

4816.01 5403.98 5922.00  72.99
8165.73 8730.70 923440  70.26
11353.11 11896.20 12386.26  69.54
14637.37 1515791 15633.92 69.31
17473.86 17974.93 1843881 69.23
21154.17 2162997 22078.11 69.31
LiOTf+ 0.05 mol-kg! TEGDME
5516.04 6090.06 6650.01  86.79
8936.53 9484.56  10016.49  78.88
12367.98  12889.94 13393.77 76.41
15620.53  16117.77 16594.96  75.35
19212.38  19682.33  20130.11  74.76
22623.95 23067.99 23487.82 74.48

85.35
75.90
73.06
71.70
71.06
70.59

99.13
84.74
80.10
78.00
76.72
76.00

97.05
81.58
76.83
74.48
73.31
72.39

111.14
90.44
83.70
80.59
78.63
77.49

109.07
87.36
80.63
77.25
75.53
74.14

122.91
96.15
87.38
83.29
80.69
79.15

119.91
92.70
84.24
79.95
77.75
75.93

134.43
101.71
90.95
85.91
82.67
80.73

2my, is the molality of LiOTf in aqueous DME and TEGDME solutions.
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Table 4.11: Limiting molar conductance (A%,) of LiOTf in aqueous DME and

TEGDME solutions at different temperatures.

Limiting molar conductance (419),

T (K) LiOTf+ 0.01 mol'kg! LiOTf+ 0.03 mol-kg?! LiOTf+ 0.05 mol-kg!
DME DME DME
293.15K 109.89 110.37 110.39
298.15K 114.63 115.11 115.10
303.15K 120.65 121.16 121.17
308.15K 128.54 129.09 129.08
313.15K 154.82 155.44 155.53

T(K)  LiOTf+0.01 mol'’kg! LiOTf+ 0.03 mol'’kg! LiOT{+ 0.05 mol-kg™!

TEGDME TEGDME TEGDME

293.15K 92.71 107.75 126.07
298.15K 98.40 114.64 131.46
303.15K 105.38 122.43 138.04
308.15K 117.22 135.17 152.00
313.15K 130.59 151.78 177.59
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Table 4.12: Activation energy of conductance (E») of LiOTf in aqueous DME and
TEGDME solutions.

E: (kJ mol™)
ma/ LiOTf+ 0.01 LiOTf+ 0.03 LiOTf+ 0.05
(mol.kg-1) mol-kg'! DME mol-kg'! DME mol-kg'! DME
0.05 0.01172 0.01277 0.01543
0.1 0.01154 0.01266 0.01468
0.15 0.01152 0.01269 0.01447
0.2 0.01155 0.01276 0.01441
0.25 0.01160 0.01284 0.01442
0.3 0.01166 0.01292 0.01444
ma/ LiOTf+ 0.01 LiOTf+ 0.03 LiOTf+ 0.05
(mol.kg-') | mol-kg! TEGDME mol-kg! mol-kg!
TEGDME TEGDME
0.05 0.00624 0.00688 0.00747
0.1 0.00918 0.01019 0.01100
0.15 0.01246 0.01372 0.01510
0.2 0.01603 0.01777 0.01960
0.25 0.01959 0.02164 0.02537
0.3 0.02461 0.02722 0.03179
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SECTION-2

Thermophysical and Acoustic measurements of Lithium
tetrafluoroborate and Lithium hexafluorophosphate in binary
aqueous mixtures of tetra ethylene glycol dimethyl ether at

various temperatures
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4.2 Results (Section -II)

The densities (p) of LiBF4 and LiPFs in aqueous media of TEGDME where
Mrecpme=(0.01, 0.03 and 0.05) mol-kg™! and LiBF4 and LiPFs concentrations ranging
between (0.05 - 0.30) mol/kg at T= (293.15K, 298.15K, 303.15K, 308.15K and
313.15K) have been ascertained in this study.

4.2.1 Thermophysical parameters derived from density measurements

Table 4.13 shows that density values are enhanced with a rise in the
concentration of Li salt in the binary aqueous solution of TEGDME but decline when
the temperature rises. Utilizing the density data apparent molar volume (V) has been
determined employing the equation (1.13). In this equation, M and ma denote the molar
mass (kg'mol™!) and molality of LiBF4 and LiPFs correspondingly, and p and py denote
the density (kg'm™) of solution and solvent respectively. Table 4.13 presents the
resulting Vg values. Vi values are more at elevated temperatures since a rise in
temperature leads to the thermal movement of molecules, which results in increasing

the volume (Widegren & Magee, 2007).
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Table 4.13: Temperature-dependent densities and Vg of LiBF4 and LiPFe in ags. TEGDME medium, P = 0.1MPa.

Ama/ px103/ (kg'm) V% 108/ (m*mol™)
Kol
(molkg ) T=293.15 T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
K K K K K K K K K K
LiBF4 + 0.01 mol‘kg"! TEGDME

0.00000  0.998601 0997162 0.995575 0.993951 0.992427

0.04907 1.001054 0.999600 0.997996 0.996355 0.994812 43.73 43.90 44.10 4427 44 .42
0.10027 1.003615 1.002143 1.000521 0.998864 0.997300 43.86 44.03 44.22 44.39 44.54
0.15345 1.006274 1.004786 1.003145 1.001470 0.999885 43.99 44.16 44 35 44.52 44.67
0.20034 1.008618 1.007115 1.005458 1.003768 1.002164 44.10 4428 44 .47 44.63 44.78
0.24941 1.011072 1.009553 1.007878 1.006172 1.004548 4422 44 .40 4458 4475 44 .90
0.30075 1.013639 1.012103 1.010411 1.008688 1.007044 44 35 44 .52 4471 44 87 45.02
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0.00000
0.04904
0.09315
0.14928
0.20117
0.25660
0.30063

0.00000
0.04906
0.09862
0.14919
0.19120
0.25227
0.30069

0.999412
1.001835
1.004014
1.006786
1.009350
1.012088
1.014263

1.000321
1.002700
1.005104
1.007557
1.009594
1.012556
1.014905

0.997889
1.000295
1.002459
1.005213
1.007758
1.010478
1.012638

0.998702
1.001057
1.003436
1.005863
1.007879
1.010811
1.013135

0.996373
0.998763
1.000912
1.003647
1.006176
1.008877
1.011023

LiBF4 + 0.03 mol-kg! TEGDME

0.994742
0.997113
0.999246
1.001960
1.004468
1.007149
1.009278

0.993179
0.995533
0.997650
1.000344
1.002835
1.005496
1.007609

44.41
44.51
44.65
44.77
44.91
45.01

LiBF4 + 0.05 mol-kg! TEGDME

0.997110
0.999440
1.001795
1.004197
1.006192
1.009093
1.011393

0.995511
0.997817
1.000146
1.002523
1.004497
1.007368
1.009644

0.993876
0.996162
0.998472
1.000828
1.002786
1.005632
1.007888
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45.39
45.51
45.63
45.72
45.86
45.97

44.60
44.70
44.84
44.96
45.09
45.20

45.73
45.85
45.96
46.06
46.20
46.31

44.78
44.88
45.02
45.14
45.27
45.37

46.10
46.20
46.31
46.41
46.54
46.65

45.00
45.10
45.24
45.36
45.49
45.59

46.38
46.49
46.60
46.70
46.83
46.94

45.20
45.30
45.43
45.55
45.68
45.78

46.68
46.79
46.90
46.99
47.12
47.23



0.00000
0.05002
0.10005
0.14980
0.20657
0.24967
0.29954

0
0.04977
0.10268
0.14998
0.19734
0.24865
0.29972

0.998601
1.002963
1.007325
1.011663
1.016613
1.020372
1.024721

0.999412
1.003732
1.008325
1.012430
1.016541
1.020995
1.025428

0.997162
1.001485
1.005809
1.010109
1.015015
1.018741
1.023051

0.997889
1.002170
1.006719
1.010787
1.014860
1.019273
1.023665

0.995575
0.999862
1.004149
1.008413
1.013278
1.016971
1.021245

0.996373
1.000614
1.005121
1.009151
1.013186
1.017558
1.021909

LiPFs + 0.01 mol'kg! TEGDME

0.993951
0.998243
1.002535
1.006804
1.011674
1.015372
1.019651

0.992427
0.996639
1.000851
1.005040
1.009820
1.013449
1.017648

64.84
65.21
65.58
66.00
66.32
66.68

LiPFs + 0.03 mol'kg"! TEGDME

0.994742
0.998943
1.003408
1.007400
1.011398
1.015728
1.020038

0.993179
0.997340
1.001763
1.005717
1.009677
1.013966
1.018235
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65.37
65.77
66.12
66.46
66.83
67.20

65.35
65.72
66.09
66.51
66.82
67.18

65.90
66.29
66.64
66.98
67.35
67.71

65.81
66.17
66.54
66.95
67.26
67.61

66.44
66.83
67.17
67.50
67.87
68.22

66.28
66.64
67.00
67.41
67.71
68.07

66.96
67.34
67.68
68.01
68.37
68.72

66.77
67.13
67.48
67.88
68.18
68.53

67.50
67.87
68.20
68.53
68.89
69.23



0
0.04997
0.10879
0.15004
0.20129
0.24602
0.29954

1.000321
1.004659
1.009764
1.013344
1.017793
1.021675
1.026321

0.998702
1.003000
1.008058
1.011605
1.016013
1.019860
1.024462

LiPFs + 0.05 mol-kg! TEGDME

0.997110
1.001371
1.006384
1.009900
1.014269
1.018082
1.022644

0.995511
0.999729
1.004693
1.008174
1.012500
1.016275
1.020792

0.993876
0.998049
1.002960
1.006404
1.010683
1.014418
1.018887

65.53
65.97
66.27
66.64
66.97
67.35

66.05
66.48
66.78
67.15
67.47
67.84

66.53
66.96
67.25
67.62
67.93
68.31

67.10
67.52
67.81
68.17
68.48
68.85

67.72
68.13
68.42
68.77
69.08
69.44

®ma denotes the molality of LiBF4 and LiPFe in an aqueous TEGDME solution. Standard uncertainties in LiBF4 and LiPFs ur (mA) molality are 1%. Standard
uncertainties in the molality of TEGDME u; is 1.5%. Standard uncertainty in density, u (p) = £ 5 x 107 kg-m?, temperature, u(T) = 0.001 K, and pressure, u(p) = 0.01

MPa.

Partial molar volume (ng’ ), have been calculated utilizing Masson's least square fitting approach in equation (1.15). In this equation,
partial molar volume is denoted by ng). The slope of the graph represented as Sy,. Vd? , depicts the solute-solvent linkages, predicting that
the solute molecules are apart at infinite dilution and therefore, no solute-solute linkages persist. Table 4.14 shows the V¢(>) and Sy, values.
The positive V£ proves the emergence of solute-solvent interactions in current systems (Srinivasa Reddy et al., 2016). The electrostriction,

which decreases as the temperature increases, might be accountable for the enhancement of Vcl? values in accordance with the temperature.

The minimal values of the Sy, clearly illustrate negligible solute-solute interactions.
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Table 4.14: Temperature-dependent V(g and S;, of LiBF4 and LiPFs in ags. media of TEGDME.

“ms Vg x 105/ (m3-mol™) §%x 10/ (m kg-mol?)

(mol'’kg™  T=293.15 T=298.15 T=303.15 T=308.15 T=313.1 T=293.15 T=298.15 T=303.15 T=308.1 T=313.15
1) K K K K 5K K K K 5K K
LiBF4

0.00 4357 4375 4391 4406 4426
0.01 43.61 4379 4398 4415 4430 2.47 245 2.42 2.40 2.39
0.03 4429 4448  44.66 4489  45.09 2.40 2.38 2.36 2.34 2.31
0.05 4528  45.62 4599 4627  46.57 231 2.27 2.18 221 2.18
LiPFe
0.00 62.60 6339 6406 6488  65.54
0.01 6447 6499 6545 6593  66.42 7.41 731 722 7.16 7.04
0.03 65.01 6555  66.09 6662  67.16 7.32 722 712 7.03 6.93
0.05 65.17 6569  66.18 6675  67.38 7.30 721 712 7.01 6.90

111



Moreover, the values of AV(g of Li salts from water to aqueous (TEGDME), during infinite dilution, have been evaluated by
employing the following relation 1.18. The computed values of AV(g are given in Table 4.15. The positive transfer volumes are attributed
to an enhancement in the volume of that specific Li salt on being transferred from pure water to aqueous TEGDME. AV£ signifies solute-
solvent interactions. Following the co-sphere model, ion-ion linkages culminated in positive AV(g values because the H2O molecules earlier

existing near hydrophilic centres are now discharged to the bulk that is highly compressible in comparison to the electro strictive

region (Zheng et al., 2019)
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Table 4.15: Temperature-dependent AVd? of LiBF4 and LiPFs in ags. media of
TEGDME media.

mg AVEx 10°/(m* mol ™)

1
(mol kg™) " "1-79315K T=298.15K T=303.15K T=308.15K T=313.15K

LiBF4
0.01 0.04 0.03 0.07 0.09 0.04
0.03 0.72 0.73 0.75 0.83 0.83
0.05 1.71 1.87 2.08 2.22 2.31
LiPFs
0.01 1.87 1.60 1.40 1.05 0.89
0.03 2.41 2.16 2.04 1.74 1.62
0.05 2.57 2.30 2.12 1.87 1.84

Further, the effect of temperature on V(g has been evaluated utilizing the
polynomial equation (1.19). In this equation, Trr = 298.15 K, while a, b, and ¢ are the
empirical constants as enlisted in Table 4.16. The empirical findings of V¢(>) differ from
the attained theoretical findings. The ARD (o) deviation could be determined by using
the equation (1.20). Table 4.16 summarizes the ARD data, demonstrating that the
polynomial equation fits significantly during the ternary compositions undergoing

examination.
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Table 4.16: Empirical variables computed using Eqn. (1.18) for LiBF4 and LiPFs in
aqueous media of TEGDME.

mp / ax10%/ b x106/ cx10°/
R2  ARD(o)
(mol'’kg!)  (mol'kg!) (m*mol'-K) (m?*mol!-K?)

LiBF4
0.01 43.80 0.037 -0.0002 0.9999 0.0005
0.03 44 .48 0.038 0.0002 0.9999 0.0005
0.05 45.64 0.070 -0.0005 0.9999 0.0011

LiPF¢
0.01 64.97 0.098 -0.0001 0.9999 0.0009
0.03 65.55 0.108 -0.0001 0.9999 0.0005
0.05 65.66 0.101 0.0009 0.9999 0.0010

Furthermore, partial molar expansibilities, ¢2, have been calculated using the
equation (1.21). For all quantities of TEGDME and experimental temperatures, positive
partial molar expansibilities have been obtained, demonstrating a remarkable solute—
solvent linkages in the ternary systems studied as provided in Table 4.17. Also, Hepler's
constant was used to calculate the equation given 1.22 (Hepler, 1969). Positive values
of (0¢p2/0T), has been reported for the ternary systems investigated for (LiBF4 and
LiPFs+ H>0 + TEGDME (given in Table 4.14). The sign of (0¢p /0T )signifies that in
aqueous media of the tetraglyme, LiBF4 and LiPF¢ operate as structure makers (Kumar

& Behal, 2016a).

114



Table 4.17: Temperature-dependent ¢9 of LiBFs and LiPFs in aqueous media of

TEGDME.
mg / @2 x 105/(m*mol!mol-K™) @42/ 0T)
(mol'kg") T=293.15K T=298.15K T=303.15K T=308.15K T=313.15K
LiBF4
0.01 0.039 0.037 0.035 0.033 0.031 -0.0004
0.03 0.036 0.038 0.040 0.042 0.043 0.0004
0.05 0.075 0.070 0.065 0.060 0.055 -0.0010
LiPFs
0.01 0.099 0.098 0.097 0.096 0.095 -0.0002
0.03 0.109 0.108 0.107 0.106 0.105 -0.0002
0.05 0.092 0.101 0.110 0.118 0.127 0.0017

4.2.2 Acoustic parameters derived using the speed of sound measurements

The apparent molar isentropic compression (Ky ) (indexed in Table 4.18) can

be determined by utilizing the equation (1.23). In this equation, xs denotes solution

isentropic compressibility and s denotes pure solvent isentropic compressibility,

ma=molality whereas, M=molar mass of the LiBF4 or LiPFs. ks can be calculated using

Laplace Newton's equation (1.24).

Ky, is negative in all the aqueous TEGDME quantities and temperatures. Negative

values obtained for Ky  indicate the excessive deformability of the HO molecules in

the core media as compared to those nearby the solute. Higher temperatures cause less

electrostriction & the release of fewer water molecules into the core media, causing less

conformational distortion of the water and demonstrating a decreased regulatory

influence by the solute on the solvent. V£ values have also determined that (solute—

solvent) interactions predominate (Kumar ez al., 2021a)
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Table 4.18: Values of ultrasonic speed and Ky,s of LiBF4 and LiPFs in aqueous media of TEGDME at various temp., P = 0.1MPa.

my / u/ (m-sm) Ky,s x 10° (m3-mol'-GPa™)

(Molkg — 0 s T298.15  T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
1 K K K K K K K K K K

LiBF4+ aqueous 0.01 mol-kg! TEGDME

0.00000 1484.54 1497.38 1509.59 1521.13 1530.70

0.04907 1485.01 1497.84 1510.04 1521.58 1531.14 -8.77 -8.24 -7.76 -7.41 -7.02
0.10027 1485.49 1498.31 1510.50 1522.04 1531.60 -8.81 -8.29 -7.80 -7.45 -7.06
0.15345 1486.00 1498.81 1510.99 1522.53 1532.09 -8.85 -8.33 -7.84 -7.49 -7.10
0.20034 1486.44 1499.24 151142 152296 1532.52 -8.88 -8.36 -7.87 -7.52 -7.14
0.24941 1486.91 1499.70 1511.87 1523.41 1532.97 -8.91 -8.40 -7.91 -7.56 -7.18
0.30075 1487.40 1500.18 1512.33  1523.87 1533.43 -8.95 -8.44 -7.95 -7.60 -7.21
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0.00000
0.04904
0.09315
0.14928
0.20117
0.25660
0.30063

0.00000
0.04906
0.09862
0.14919
0.19120
0.25227
0.30069

1487.46
1487.94
1488.36
1488.91
1489.41
1489.95
1490.38

1490.09
1490.63
1491.17
1491.73
1492.19
1492.86
1493.40

1499.90
1500.38
1500.80
1501.35
1501.85
1502.39
1502.82

1502.85
1503.36
1503.88
1504.40
1504.84
1505.48
1505.98

LiBF4+ aqueous 0.03 mol-kg! TEGDME

-8.26
-8.29
-8.33
-8.37
-8.41
-8.44

-7.86
-7.89
-7.94
-7.97
-8.02
-8.05

LiBF4+ aqueous 0.05 mol-kg! TEGDME

1511.73  1522.89  1532.40
1512.20 1523.34 1532.84
1512.61 1523.75 1533.24
1513.15  1524.27 1533.74
1513.64 1524.75 1534.21
1514.17 1525.26 1534.71
1514.59 1525.67 1535.11
1513.73  1524.89 1534.71
1514.21 152531 1535.09
1514.69 1525.74 1535.47
1515.18 1526.17 1535.87
1515.59  1526.53 1536.19
1516.19 1527.06 1536.66
1516.66 1527.47 1537.04
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-8.13
-8.17
-8.21
-8.25
-8.30
-8.33

-7.25
-7.29
-7.33
-7.36
-7.41
-7.45

-7.37
-7.41
-7.45
-7.49
-7.53
-7.57

-6.35
-6.40
-6.44
-6.48
-6.53
-6.57

-6.83
-6.87
-6.91
-6.96
-7.00
-7.03

-5.22
-5.27
-5.31
-5.35
-5.40
-5.44

-6.37
-6.41
-6.45
-6.49
-6.54
-6.57

-4.39
-4.44
-4.48
-4.52
-4.57
-4.61



0.00000
0.05002
0.10005
0.14980
0.20657
0.24967
0.29954

0
0.04977
0.10268
0.14998
0.19734
0.24865
0.29972

1484.54
1485.02
1485.50
1485.98
1486.52
1486.94
1487.42

1487.46
1487.95
1488.48
1488.95
1489.42
1489.93
1490.43

1497.38
1497.85
1498.32
1498.79
1499.32
1499.73
1500.20

1499.90
1500.38
1500.89
1501.35
1501.80
1502.30
1502.79

LiPFs+ aqueous 0.01 mol-kg! TEGDME

1509.59
1510.06
1510.52
1510.98
1511.51
1511.91
1512.38

1521.13
1521.51
1521.88
1522.26
1522.69
1523.01
1523.39

1531.51
1531.93
1532.35
1532.77
1533.24
1533.60
1534.02

-16.30 -15.32
-16.38 -15.40
-16.44 -15.47
-16.52 -15.55
-16.58 -15.61
-16.64 -15.68

LiPFs+ aqueous 0.03 mol'’kg”! TEGDME

1511.73
1512.20
1512.70
1513.14
1513.59
1514.07
1514.55

1522.89
1523.33
1523.80
1524.22
1524.65
1525.10
1525.56

1532.97
1533.39
1533.83
1534.23
1534.63
1535.06
1535.49
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-15.98 -14.95
-16.05 -15.03
-16.12 -15.10
-16.18 -15.17
-16.25 -15.24
-16.32 -15.31

-14.51
-14.59
-14.66
-14.74
-14.80
-14.87

-13.99
-14.07
-14.15
-14.22
-14.29
-14.36

-13.49
-13.57
-13.64
-13.72
-13.78
-13.85

-12.92
-13.01
-13.09
-13.16
-13.24
-13.32

-12.53
-12.61
-12.69
-12.78
-12.84
-12.92

-11.91
-12.00
-12.08
-12.15
-12.23
-12.31



LiPFs+ aqueous 0.05 mol-kg”! TEGDME
0 1490.09 1502.85 1531.73 1524.89 1534.71
0.04997 1490.55 1503.30 1532.20 152531 1535.12 -15.36 -14.42 -13.35 -12.55 -11.66
0.10879 1491.09 1503.83 1532.75 1525.81 1535.61 -15.44 -14.51 -13.51 -12.64 -11.77
0.15004 1491.47 1504.20 1533.13 1526.16 1535.96 -15.50 -14.57 -13.59 -12.71 -11.84
0.20129 1491.94 1504.66 1533.61 1526.59 1536.38 -15.58 -14.64 -13.68 -12.79 -11.92
0.24602 1492.35 1505.06 1534.03 1526.97 1536.75 -15.64 -14.71 -13.75 -12.86 -11.99
0.29954 1492.84 1505.55 153453 1527.42 1537.20 -15.71 -14.78 -13.83 -12.94 -12.07

2ma denotes the molality of LiBF4 and LiPFs in aqueous. media of TEGDME solution. Standard uncertainties in molality of LiBF4 and LiPFs u; (ma) is 1%.

Standard uncertainties in the molality of TEGDME uis 1.5%. Standard uncertainty in acoustic, u(u)= 0.5m-s™, u(T) = 0.001 K, and pressure, u(p) = 0.01 MPa.
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4.2.3 Partial molar isentropic compression

K(%,s (Partial molar isentropic compression) referred to as limiting molar isentropic compression, have been determined utilizing
the equation 1.25. Table 4.19 shows the computed values of qu,s and, Sg of the ternary systems. In ternary systems (LiBF4/LiPFs + H20O
+ TEGDME), less negative value of the slope S. indicate that interactions between solute molecules are insignificant, while solute—solvent
interactions are prominent. While raising the temperature, K, (g's lowers because water molecules are firmly bound to solute molecules at

low temperatures, but as the temperature rises, the electrostriction between them decreases, and fewer H>O molecules are discharged into
the core media. As a result, partial molar isentropic compression inference suggests that in this investigation, solute—solvent interactions

exceed solute—solute interactions(Kaur et al., 2021).
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Table 4.19: K (g‘s and Sk of LiBF4and LiPFs in ags. media of TEGDME at various temp.

mg / (mol'’kg™)  K$ ¢ x 10%/(m*mol-GPa™)

Sk x 10%/(kg'm*mol?2-GPa)

T=293.15 K T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
K K K K K K K K K

LiBF4

0.01 -8.73 -8.21 -7.73 -7.37 -6.99 -0.73 -0.76 -0.74 -0.74 -0.75

0.03 -8.22 -7.82 -7.34 -6.79 -6.34 -0.74 -0.76 -0.76 -0.81 -0.78

0.05 -8.09 -7.21 -6.31 -5.18 -4.35 -0.80 -0.80 -0.88 -0.87 -0.89
LiPFe

0.01 -16.24 -15.25 -14.44 -13.42 -12.84 -1.35 -1.43 -1.44 -1.44 -1.67

0.03 -15.91 -14.88 -13.92 -12.85 -11.83 -1.36 -1.44 -1.49 -1.58 -1.61

0.05 -15.29 -14.35 -13.29 -12.47 -11.59 -1.41 -1.44 -1.86 -1.58 -1.64
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At infinite dilution, partial molar isentropic compression of transfer (AK(g,S) of

Li across water to aqueous TEGDME are determined using the equation (1.26). Values

of AI((g‘S are listed in Table 4.20 and are positive. Also AK(g,S values of LiPF¢ are
relatively high in comparison to LiBF4, which specifies (hydrophilic-hydrophilic)

interactions are more significant in LiPF¢ and aqueous TEGDME.

Table 4.20: AK, (2,5 of LiBF4 and LiPFs in aqueous media of TEGDME medium.

ms AKG ¢x 10°/(m?® mol ™)

(molkg") 159315 K T=298.15K T=30315K T=308.15K T=313.15K

LiBF4
0.01 3.06 3.17 3.21 3.17 3.04
0.03 3.57 3.56 3.60 3.76 3.70
0.05 3.70 4.17 4.62 5.37 5.68
LiPFs
0.01 5.18 5.22 4.69 4.87 4.26
0.03 5.51 5.60 5.21 5.45 5.27
0.05 6.13 6.13 5.84 5.82 5.52

The density and acoustic parameters for LiBF4 and LiPFs have been evaluated
in aqueous TEGDME media. When the results for Vi, and Vd? are compared, it could be
inferred that interactions among solute & solvent molecules are of considerable
importance in the ternary studies performed (Gerald R. Van Hecke, Oliver W. M.
Baldwin, 2022b). Moreover, it has been confirmed through transfer volumes that solute-
solvent interactions are significant in ternary mixes containing LiPFs¢ in aqueous
TEGDME. Additionally, the values of the Hepler constant indicate that LiBF4 and
LiPF¢ behave as structure makers in aqueous TEGDME.
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Section III

Thermophysical, Acoustic and Conductance
measurements of Lithium bis(fluorosulphonyl)imide
(LiFSI) and Lithium
bis(trifluoromethanesulphonyl)imide (LiTFSI) with
tetraglyme (TEGDME) at various temperatures.
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4.3 Result and Discussions

4.3.1 Density and acoustic measurements

The densities (p) of LiTFSI and LiFSI in aqueous media of TEGDME with concentrations of glyme mg;,me= (0.01, 0.03 and 0.05)
mol-kg™! and LiTFSI and LiFSI concentrations ranging from (0.05 to 0.30) mol-kg™' at T=(293.15, 298.15, 303.15, 308.15 and 313.15) K

were ascertained in this study. Tables 4.21 and Table 4.25 show the measured density and acoustic values.

4.3.2 Thermophysical parameters derived from density measurements

Table 4.21 shows that density values enhanced with the concentration of Li salt in the aqueous media of TEGDME increases but
drops down when the temperature rises. Furthermore, with the increase in the concentration of glyme, the density increases as well. The

values of apparent molar volume for LiTFSI are higher as compared to LiFSI.
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Table 4.21: The molality, densities (p), apparent molar volumes (Vg)of LiTFSI and LiFSI in aqueous TEGDME media at various

temperatures, P = 0.1MPa.

ma/ p*x103/ (kg'm) Vx 10°/ (m*-mol™)
(mol-kg-)

T=293.15 T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
K K K K K K K K K K

LiTFSI + 0.01 mol'kg! TEGDME

0.00000  0.998601 0.997162 0.995575 0.993951 0.992427

0.05015  1.005938 1.004469 1.002847 1.001178 0.999649  139.75 140.34 140.84 141.40 142.03
0.09545  1.012565 1.011069 1.009415 1.007705 1.006172  138.83 139.42 139.92 140.49 141.11
0.14966  1.020497 1.018968 1.017276 1.015518 1.013979 137.75 138.34 138.84 139.41 140.02
0.19867 1.027666 1.026108 1.024382 1.022579 1.021035 136.79 137.38 137.88 138.45 139.06
0.24995  1.035169 1.033580 1.031818 1.029969 1.028420 135.80  136.39 136.88 137.45 138.06

0.30026  1.042530 1.040911 1.039113 1.037219 1.035665 134.84  135.43 135.92 136.49 137.09
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LiTFSI + 0.03 mol-kg! TEGDME
0.00000  0.999412 0.997889 0.996373 0.994742 0.993179

0.04999  1.006861 1.005288 1.003722 1.002041 1.000438  137.05 138.04 139.03 140.02 140.82
0.09845 1.014081 1.012460 1.010845 1.009116 1.007474  136.08 137.06 138.05 139.04 139.84
0.14960  1.021703 1.020030 1.018365 1.016584 1.014902 135.06 136.04 137.03 138.02 138.81
0.20012  1.029230 1.027507 1.025791 1.023960 1.022236  134.07 135.05 136.04 137.03 137.82
0.25312  1.037127 1.035351 1.033582 1.031698 1.029932  133.05 134.03 135.01 136.00 136.79
0.29913  1.043982 1.042160 1.040345 1.038415 1.036612 132.18 133.15 134.13 135.12 135.91
LiTFSI + 0.05 mol'kg! TEGDME

0.00000  1.000032 0.998702 0.997110 0.995511 0.993876

0.05013  1.007607 1.006222 1.004560 1.002905 1.001195 134.96 136.04 137.42 138.51 140.01
0.10014  1.015163 1.013723 1.011992 1.010282 1.008496 133.95 135.03 136.41 137.50 139.00
0.14972  1.022655 1.021161 1.019360 1.017595 1.015736  132.97 134.05 135.43 136.51 138.01
0.20031  1.030299 1.028749 1.026877 1.025057 1.023121 131.99 133.06 134.44 135.52 137.01
0.24998  1.037804 1.036199 1.034258 1.032383 1.030373 131.03 132.10 133.48 134.56 136.05
0.30014  1.045384 1.043724 1.041712 1.039782 1.037697  130.08 131.15 132.52 133.60 135.09
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LiFSI + 0.01 mol-kg! TEGDME

0 0.998601 0.997162 0.995575 0.993951 0.992427
0.05024  1.003590 1.002151 1.000509 0.998860 0.997305  87.32 87.88 88.39 88.88 89.47
0.09664  1.008197 1.006758 1.005065 1.003392 1.001810  86.92 87.48 87.99 88.48 89.07
0.14954  1.013450 1.012011 1.010259 1.008561 1.006947  86.47 87.03 87.54 88.02 88.61
0.19990 1.018451 1.017012 1.015205 1.013481 1.011837  86.04 86.61 87.11 87.59 88.19
0.25014  1.023440 1.022001 1.020138 1.018389 1.016715  85.62 86.18 86.69 87.17 87.76
0.30032  1.028423 1.026984 1.025066 1.023292 1.021588  85.21 85.77 86.27 86.75 87.34

LiFSI + 0.03 mol'kg! TEGDME

0 0.999412  0.997889 0.996373 0.994742 0.993179
0.05021  1.004358 1.002808 1.001269 0.999612 0.998024  88.13 88.64 89.10 89.59 90.09
0.10042  1.009304 1.007727 1.006164 1.004483 1.002870  87.70 88.21 88.67 89.16 89.65
0.14956  1.014144 1.012542 1.010956 1.009250 1.007612  87.28 87.79 88.25 88.74 89.23
0.20302  1.019410 1.017779 1.016168 1.014435 1.012771 86.83 87.34 87.80 88.28 88.77
0.25217  1.024251 1.022595 1.020960 1.019203 1.017514  86.42 86.93 87.38 87.87 88.36
0.30014  1.028976 1.027294 1.025636 1.023855 1.022142  86.02 86.53 86.99 87.47 87.96
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LiFSI + 0.05 mol-kg! TEGDME
0.00000  1.000032 0.998702 0.997111 0.995511 0.993876

0.05022  1.004919 1.003563 1.001947 1.000322 0.998662 20.33 89.82 90.32 90.81 91.30
0.09617  1.009389 1.008011 1.006372 1.004724 1.003041  88.94 89.43 89.92 90.41 90.91
0.14965 1.014593 1.013189 1.011523 1.009848 1.008138  88.48 88.97 89.46 89.95 90.45
0.20191  1.019678 1.018247 1.016555 1.014854 1.013118  88.04 88.53 89.02 89.51 90.00
0.25538  1.024880 1.023423 1.021704 1.019976 1.018214  87.59 88.08 88.57 89.06 89.55
0.30218  1.029434 1.027953 1.026211 1.024460 1.022674  87.21 87.69 88.18 88.67 89.16

®ma denotes molality of LiTFSI and LiFSI in aqueous TEGDME medium. Standard uncertainties in molality of LiTFSI and LiFSI u, (ma) and TEGDME u, are 1%
and 1.5% respectively. Standard uncertainty in density, u (p) =+ 5 x 10~} kg'm™, temperature, u(T) = 0.001 K, and pressure, u(p) = 0.01 MPa.
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4.3.3 Apparent molar volume

The apparent molar volume (V) has been determined by utilizing the equation
(1.13). In this equation, M and ma denote the molar mass (kg'mol™) and molality of
LiTFSI/LiFSI correspondingly, and py and p denote the densities (kg'm™) of solvent

and solution. The resulting apparent molar volume values are presented in Table 4.21,

and the trend is graphically depicted in figure 4.4 and 4.5.

Vg values of LiTFSI and LiFSI in (0.01 and 0.05) mol-kg! of TEGDME at
(T=293.15 K, 298.15 K, 303.15 K, 308.15 and 313.15 K) have been presented in figure
4.4 and 4.5. V4 values increases with temperature rise demonstrating that the solute has
a greater affinity for the solvent at elevated temperatures that leads to more solute—
solvent interactions. It is evident from the analysis of data that V, values are larger at
higher temperatures. This happens because the rising temperatures allow more thermal
movements in molecules resulting in an increase in volume. Furthermore, the positive
Vyvalues signify that LiTFSI and LiFSI in aqueous TEGDME media have strong
solute—solvent interactions (Panduranga Rao et al., 2024). The apparent molar volume

decreases as the molality of LiTFSI and LiFSI increases.

129



142

_1
Vye 16 (m°mol )

Figure 4.4: Plots of variation of apparent molar volume (V) of, LiTFSI in 0.01 mol-kg’
'(Red) and 0.05 mol-kg™! (cyan) of aqueous media of TEGDME at T = (293.15, 298.15,

303.15, 308.15 and 313.15) K.
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Figure 4.5:Plots of variation of apparent molar volume (V) of, LiFSI'in 0.01 mol-kg!

(Red) and 0.05 mol-kg™! (blue) of aqueous media of TEGDME at T = (293.15, 298.15,

303.15,308.15 and 313.15) K
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4.3.4 Partial molar volume

The apparent molar volume at infinite dilution, also known as partial molar
volume (V¢(>) ), was calculated utilizing Masson's least square fitting approach in equation
1.15. In this equation, V(g denotes partial molar volume. The slope of the graph
represented as Sy. Vd?’ depicts the solute—solvent interactions, assuming that the solute
molecules are apart at infinite dilution and hence no solute—solute interactions exist.
Table 4.22 shows the values of Vd? and Sy, . When the results are analysed, it becomes
obvious that Vd? has positive values that reduce as the molal concentration of TEGDME
raises. Vd? values also increase when the temperature rises. The positive V(g proves the
occurrence of solute—solvent interactions in ternary systems (Borovi¢ et al., 2024). The
electrostriction, which decreases as the temperature increases, could be responsible for
the increasing of V(g values with temperature. Some solvation molecules emerge
solute’s loose solvation layers and penetrate the bulk solution sequentially. The water
molecules that enclose LiTFSI and LiFSI are compressed by the electric field induced
by their head groups. The negative values of the slope Sy clearly illustrate the
prevalence of solute—solvent interactions and negligible solute-solute interactions. As a
result, increased apparent molar volume values in the ternary (Li salts + H,O +
TEGDME) solutions indicate the prevalence of solute—solvent interactions rather than
solute—solute interactions. LiTFSI has higher values of V£ than LiFSI. There is no
regular trend in the Sy, indicating there may be other variables that have a substantial

influence on the solute—solvent interactions (Kumar & Behal, 2017).
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Table 4.22: Partial molar volumes, (V(g ) and experimental slopes, (S,,) of LiTFSI and LiFSI in aqueous media of TEGDME at various

temperatures.
"ms Vg, x 10%/(m3-mol™) S5 108/ (m3- kg-mol2)
(mol'kg'l) T=293.15 T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
K K K K K K K K K K
LiTFSI

0.01 140.71  141.30  141.80 142.37 143.00 -19.61 -19.66  -19.69  -19.71 -19.75

0.03 138.01  138.99 13999 14098 141.78 -19.56  -19.60  -19.64  -19.68 -19.72

0.05 13591  137.00 138.38 13947 14098  -19.51 -19.55 -19.60  -19.65 -19.70
LiFSI

0.01 87.73 88.30 88.81 89.30 89.89 -8.43 -8.46 -8.47 -8.48 -8.50

0.03 88.54 89.06 89.52 90.01 90.51 -8.44 -8.45 -8.47 -8.49 -8.51

0.05 89.75 90.24 90.73 91.23 91.73 -8.44 -8.46 -8.48 -8.49 -8.52

?mg is molality of aqueous TEGDME medium.
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4.3.5 Temperature dependence of partial molar volume
The effect of temperature on apparent molar volume at infinite dilution (V(g ) has been evaluated utilizing the polynomial equation

(1.18). In this equation, Trr is reference temperature (298.15 K), whereas the empirical constants are a, b and c. Table 4.23 enlists the

values of these empirical constants. Apart from ¢ at mygepyr = 0.03 mol-kg™! for Li salts, wherein empirical constant ¢ has minor negative

values, all empirical constants are positive (Kumar & Behal, 2016b).

Table 4.23: Values of empirical parameters determined from Eq. (1.18) for LiTFSI and LiFSI in aqueous media of TEGDME.

"mg/ ax10%/ bx10°/ x10/ R ARD(o)
(mol-kg™) (mol-kg™) (m*mol’’K)  (m*mol-K?)
LiTFSI
0.01 141.26 0.109 0.0004 0.9999 0.0007
0.03 139.02 0.201 -0.0011 0.9999 0.0008
0.05 137.05 0.237 0.0015 0.9999 0.0027
LiFSI
0.01 88.27 0.1051 0.00010 0.9999 0.00101
0.03 89.04 0.0978 -0.00004 0.9999 0.00047
0.05 90.24 0.0983 0.00004 0.9999 0.00001

*mg is molality of aqueous TEGDME medium.
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The experimental values of Vcl? deviate from the theoretical values. The ARD (o) deviations could be determined by employing the
equation (1.20). Table 4.23 summarizes the ARD data, demonstrating that polynomial equation fits significantly during the ternary
compositions undergoing examination.

Furthermore, partial molar expansibilities, ¢2, have been utilized to validate the significantly recurring solute—solvent interactions
in the mixture by utilizing the equation (1.21). For all quantities of TEGDME and experimental temperatures, the partial molar
expansibilities (given in Table 4.24) are positive, demonstrating that there are solute—solvent interactions in the ternary systems
studied(Chen ef al., 2024). The packing effect phenomena verifies the occurrence of substantial interactions between LiTFSI/ LiFSI and
TEGDME with the reported positive values of, ¢2 .

Table 4.24: Limiting apparent molar expansibilities (¢2) of LiTFSI and LiFSI in aqueous media of TEGDME at various temperatures.

@2 x 10%/(m*mol'-mol'-K™)

a 0
ma/ Gl
T=313.15
(mol-kg") T=293.15 K T=298.15 K T=303.15 K T=308.15 K / 6T)
LiTFSI
0.01 0.105 0.109 0.113 0.117 0.121 0.001
0.03 0.212 0.201 0.191 0.180 0.170 -0.002
0.05 0.222 0.237 0.253 0.268 0.284 0.003
LiFSI

0.01 0.1041 0.1051 0.1061 0.1072 0.1082 0.0002
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0.03 0.0982 0.0978 0.0974 0.0970 0.0967 -0.0001
0.05 0.0979 0.0983 0.0987 0.0991 0.0995 0.0001

*mg denotes molality of aqueous TEGDME media.

In a mixed solvent solution, the Hepler constant contributes in evaluating the solute's potential to function as a structure
breaker/maker. Hepler's thermodynamic equation is found in equation (1.22) (Hepler, 1969). Positive & negative values of (0¢2/0T),
have been reported for the ternary systems investigated for (LiTFSI/LiFSI + H,O + TEGDME (given in Table 4.24). The sign of (0¢2/0T)
could be used to evaluate the function of a solute as a structure maker/breaker. Structure makers have positive values of (3¢2/9T) and
minor negative values of (9¢2/dT), while structure breakers solutes have negative values. In aqueous media of the glyme, Meryme = (0.01,

0.03, and 0.05) molkg™!, LiTFSI and LiFSI operate as structure makers

4.3.6 Acoustic parameters derived from the speed of sound (acoustic) measurements
The acoustic values can reveal a lot concerning a solution's diverse characteristics. Table 4.25 shows the sound speed of LiTFSI/
LiFSI in mgyco; = (0.01, 0.03 and 0.05) mol-kg™! of aqueous TEGDME at above-specified temperatures. The molality of the LiTFSI and

LiFSI, temperature and concentration of glyme affect the values attained for the acoustic values of LiTFSI/ LiFSI.
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Table 4.25: Values of ultrasonic speed, (1) and apparent molar isentropic compression, (Ky ;) of LITFSI and LiFSI in aqueous media of

TEGDME at various temperatures, P = 0.1MPa.

ma / u/ (msh) Ky,s x 106 (m3-mol'-GPa™)

(mol-kg!)
T=293.15 T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15

K K K K K K K K K K
LiTFSI + aqueous 0.01 mol-kg! TEGDME

0.00000 1484.54 1497.38 1509.59 1521.13 1530.70

0.05015 1484.84 1497.65 1509.84 1521.38 153090 -6.76 -5.93 -5.24 -4.61 -4.02

0.09545 1485.10 1497.89 1510.07 1521.61 1531.08 -7.15 -6.32 -5.62 -4.99 -4.40

0.14966 1485.42 1498.18 1510.34 1521.89 1531.29  -7.60 -6.76 -6.07 -5.44 -4.84

0.19867 1485.71 1498.44 1510.59 1522.14 1531.49 -7.99 -7.16 -6.45 -5.83 -5.23

0.24995 1486.02 1498.71 1510.84 1522.40 1531.69 -8.39 -7.55 -6.85 -6.22 -5.62

0.30026 1486.31 1498.98 1511.09 1522.65 1531.89  -8.77 -7.93 -7.23 -6.60 -5.99

136



0.00000
0.04999
0.09845
0.14960
0.20012
0.25312
0.29913

0.00000
0.05013
0.10014
0.14972
0.20031
0.24998
0.30014

1487.46
1487.90
1488.33
1488.78
1489.22
1489.69
1490.10

1490.09
1490.51
1490.93
1491.34
1491.76
1492.18
1492.60

1499.90
1500.33
1500.76
1501.20
1501.64
1502.10
1502.50

1502.85
1503.29
1503.72
1504.15
1504.59
1505.02
1505.46

LiTFSI + aqueous 0.03 mol-kg”! TEGDME

1511.73
1512.15
1512.55
1512.97
1513.40
1513.84
1514.22

1522.89
1523.30
1523.70
1524.13
1524.54
1524.98
1525.36

1532.40
1532.80
1533.18
1533.59
1533.99
1534.42
1534.78

-10.82 -9.85 -8.79
-11.21  -10.24 -9.18
-11.61  -10.64 -9.58
-11.99  -11.02 -9.97
-1237  -11.41  -10.36
-12.70  -11.73  -10.68

LiTFSI + aqueous 0.05 mol-kg! TEGDME

1513.73
1514.17
1514.61
1515.05
1515.49
1515.93
1516.37

1524.89
1525.32
1525.75
1526.18
1526.62
1527.05
1527.48

1534.71
1534.83
1534.96
1535.08
1535.20
1535.32
1535.45
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-12.24  -1145 -10.34
-12.63  -11.84 -10.73
-13.00 -12.21 -11.10
-13.37  -12.57  -11.47
-13.71  -12.92  -11.82
-14.05  -13.26 -12.17

-7.96
-8.36
-8.76
-9.14
-9.54
-9.86

-9.33
-9.73
-10.10
-10.48
-10.83
-11.18

-7.21
-7.60
-8.00
-8.38
-8.77
-9.10

-8.49
-8.84
-9.17
-9.50
-9.81
-10.12



0.00000
0.05024
0.09664
0.14954
0.19990
0.25014
0.30032

0.00000
0.05021
0.10042
0.14956
0.20302
0.25217
0.30014

1484.54
1485.25
1485.91
1486.66
1487.37
1488.08
1488.80

1487.46
1488.03
1488.60
1489.16
1489.76
1490.32
1490.86

1497.38
1497.98
1498.54
1499.17
1499.77
1500.37
1500.97

1499.90
1500.42
1500.93
1501.43
1501.98
1502.49
1502.98

LiFSI + aqueous 0.01 mol-kg”! TEGDME

1509.59
1510.14
1510.65
1511.23
1511.78
1512.33
1512.88

1521.13
1521.59
1522.01
1522.49
1522.95
1523.40
1523.86

1530.70
1531.05
1531.38
1531.75
1532.10
1532.46
1532.81

-14.21  -12.74
-1436  -12.89
-14.52  -13.05
-14.67  -13.20
-14.81  -13.34
-1495  -13.48

LiFSI + aqueous 0.03 mol-kg! TEGDME

1511.73
1512.18
1512.63
1513.08
1513.56
1514.00
1514.43

1522.89
1523.28
1523.67
1524.06
1524.48
1524.86
1525.23

1532.40
1532.73
1533.05
1533.37
1533.72
1534.04
1534.35
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-11.62  -10.42
-11.78  -10.58
-11.93  -10.74
-12.09  -10.91
-12.24  -11.05
-12.38  -11.20

-11.11
-11.26
-11.42
-11.57
-11.72
-11.86

-9.23
-9.40
-9.55
-9.72
-9.87
-10.01

-9.56

-9.71

-9.87
-10.03
-10.18
-10.32

-8.10
-8.27
-8.42
-8.59
-8.75
-8.89

-7.87
-8.02
-8.19
-8.35
-8.50
-8.65

-6.98
-7.14
-7.30
-7.47
-7.62
-7.76



LiFSI + aqueous 0.05 mol-kg”! TEGDME

0.00000 1490.09 1502.85 1513.73 1524.89 1534.71

0.05022 1490.58 1503.31 1514.15 1525.28 1535.07 -9.44 -8.58 -7.69 -6.93 -6.18
0.09617 1491.03 1503.73 1514.53 1525.64 1535.39 -9.60 -8.74 -7.85 -7.09 -6.33
0.14965 1491.55 1504.22 1514.98 1526.05 1535.77 -9.78 -8.91 -8.02 -7.27 -6.51
0.20191 1492.06 1504.69 1515.42 1526.46 1536.15 -9.95 -9.08 -8.19 -7.44 -6.68
0.25538 1492.58 1505.18 1515.86 1526.87 1536.53  -10.12 -9.25 -8.36 -7.61 -6.86
0.30218 1493.03 1505.61 1516.25 1527.24 1536.86  -10.26 -9.40 -8.51 -7.76 -7.00

2my denotes molality of LiTFSI and LiFSI in aqueous TEGDME medium. Standard uncertainties in molality of LiTFSI and LiFSI u, (ma) and TEGDME u,

are 1% and 1.5% respectively. Standard uncertainty in acoustic, u(x)= 0.5m-s™!, u(T) = 0.001 K, and pressure, u(p) = 0.01 MPa.
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4.3.7 Apparent molar isentropic compression:

The apparent molar isentropic compression (Kg ) can be determined by
utilizing the equation (1.23). In this equation, ks denotes solution isentropic
compressibility and xs, denotes pure solvent isentropic compressibility. The molality
of the solute is ma, the molar mass of the LiTFSI (solute) is M, and the density values
of the solute and solvent are p and py correspondingly. xs can be computed using
Laplace Newton's equation (equation 1.24) where u and p refers to the density and
acoustic values of the given solution.

The values of Ky ¢ determined employing (equation 8) have been indexed in
table 4.25 and plots for the same are provided in figure 4.6 and 4.7.

Ky s is negative at all the aqueous TEGDME concentrations and temperatures.
As the molality of the LiTFSI/ LiFSI and the temperature increases, the Ky ¢ values of
Li salts ascent. Furthermore, as the concentration of solvent increased, Ky ; decreases.
The occurrence of solute-solvent interactions is confirmed by negative values of Ky ¢
which indicate that H>O molecules in the bulk media are significantly more deformable
than those nearby the solute (Kaur ef al., 2020). Because of the charge on ions, the
electrostricted H2O molecules are mainly compacted. The electrostriction reduces with
rising temperature, and some H>O molecules discharged from the hydration sphere and
into the bulk media, resulting in less conformational distortion of the water and showing
a reduced regulating influence by the solute on the solvent. Vd? values have also

determined that (solute—solvent) interactions predominate (Thakur Abhishek, Sharma

Shashi Kant, 2022).
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Figure 4.6: Plots of variation of apparent molar isentropic compression (Kgs) of,
LiTFSI in 0.01 mol-kg™! (Red) and 0.05 mol-kg™! (cyan) of aqueous media of TEGDME
at T=(293.15, 298.15, 303.15, 308.15 and 313.15) K.

Figure 4.7: Plots of variation of apparent molar isentropic compression (Kg¢,s) of LiFSI
in 0.01 mol-kg™! (Red) and 0.05 mol-kg™! (cyan) of aqueous media of TEGDME at T =
(293.15, 298.15, 303.15, 308.15 and 313.15) K.

141



4.3.8 Partial molar isentropic compression:

ch,s (partial molar isentropic compression) referred to as limiting molar
isentropic compression, indicates the existence of (solute—solvent) interactions whereas
the solute—solute interactions in a particular solution are indicated by slope (Sg ) values.
Equation 1.25 calculates the variation of K(g’s with molality of solute. The molality of
LiTFSI/ LiFSI utilised in an aqueous TEGDME media is denoted by ma. Table 4.26
shows the calculated values of K(g's and, Sk of the ternary systems. In ternary systems
(LiTFSI/ LiFSI + H,O + TEGDME), lower value of the slope Sg. indicate that
interactions between solute molecules are insignificant, while solute—solvent
interactions are prominent (Kumar et al., 2021b). While raising the temperature, K (2,5
lowers because water molecules are firmly bound to solute molecules at low
temperatures, but as the temperature rises, the electrostriction between them reduces,
and some H>O molecules are discharged into the bulk media (Bhakri et al., 2023). As a
result, partial molar isentropic compression inference suggests that in this investigation,
solute—solvent interactions exceed solute—solute interactions. Kq(;,s deduces that the
solvent molecules are bounded to the solute molecules, which enhances the interactions

between the ions.
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Table 4.26: Partial molar isentropic compression, (K(g’s) and empirical slopes, (Sk) of LiTFSI and LiFSI in aqueous media of TEGDME

at various temperatures.

‘mp/
K§  x 10%/(m*mol-GPa) S7x 10/ (kg'm*mol2-GPa™)
(mol-kg™) '
T=293.15 T=298.15 T=303.15 T=308.15 T=313.15 T=293.15 T=298.15 T=303.15 T=308.15 T=313.15
K K K K K K K K K K

LiTFSI

0.01 -6.38 -5.55 -4.86 -4.24 -3.64 -8.04 -8.01 -7.94 -7.93 -7.88

0.03 -10.46 -9.49 -8.43 -7.56 -6.66 -7.53 -7.57 -7.59 -7.64 -7.63

0.05 -1226  -11.47  -10.35 9.35 -8.50 -7.28 -7.27 -7.38 -7.44 -6.56
LiFSI

0.01 -14.07  -12.60  -10.96 -9.41 -7.72 -2.95 -2.96 -3.02 -3.05 -3.13

0.03 -11.47  -10.27 -9.08 -7.94 -6.82 -3.07 3.11 3.12 3.17 -3.16

0.05 -9.29 -8.43 -7.53 -6.78 -6.02 -3.26 -3.23 -3.25 -3.27 -3.28

*mg is molality of aqueous TEGDME solutions.

143



4.3.9 FT-IR spectral studies

The extent of intermolecular interactions in a specific solute and solvent mixture
was investigated using infrared spectroscopy. The absorbance bands in the IR spectrum
occur due to vibrations of various atoms when the sample is exposed to IR region of
the electromagnetic spectrum. The vibrations cause the molecule's net dipole moment
to shift. In addition, spectral investigations indicate bond length variation. To confirm
the findings sourced from the thermodynamic parameters, FT-IR spectroscopy was
performed for ternary systems at various concentration utilizing a Shimadzu FT-IR
84008 spectrophotometer within wavelength region of 4500 to 500 cm™!. Figures 4.8(a)
and 4.8(b) show plots of FT-IR spectra for 0.05 mol/kg of LiTFSI and 0.30 mol/kg of
LiTFSI in (0.01, 0.03 and 0.05) mol-kg™! of aqueous media of TEGDME respectively
Similarly, Figures 4.9(a) and 4.9(b) show plots of FT-IR spectra for 0.05 mol/kg of
LiFSI and 0.30 mol/kg of LiFSI in (0.01, 0.03 and 0.05) mol-kg™! of aqueous media of
TEGDME respectively. A variation in the wavenumber arises while the concentration
of LiTFSI/ LiFSI and TEGDME is changed, as seen in figure 4.8 and figure 4.9. The
existence of intermolecular H-bonding between solute & solvent components is used to
elucidate the shift in wavenumber. Because -OH stretching vibrations are unimpeded
by hydrogen bonding, they could be utilized to determine the nature of interactions
between the solute and the solvent.

The anion orientation shifts because of the hydrogen bonds established between
water and salt, causing the conformation to change. Above 3000cm™!, the hydrogen
bond between the anionic and cationic regions breaks/weakens, causing less interaction
between them, which, in turn interacts significantly with the ionic configuration of salt,
as evidenced by the transition in wavenumber with various concentrations. FT-IR
spectrum analyses can also identify the nature of contact (intermolecular or
intramolecular). Intramolecular interactions are shown by an increase in the strength of
the band reflecting hydrogen bonding, while intermolecular interactions are indicated
by a drop in band intensity (T. Singh & Kumar, 2011) (Stangret & Gampe, 1999). Also,
there is a band near (1635.69 cm™) in such ternary systems which does not change

(Chaudhary et al., 2014). As a result, when the component of the constituents of ternary
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combination was changed, the shift in wavenumber confirms intermolecular

interactions and conformational modifications.
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Figure 4.8: Plots of FT-IR spectra of (a) 0.05 mol/’kg of LiTFSI and, (b) 0.30 mol/kg
of LiTFSI in (0.01, 0.03 and 0.05) mol-kg™! of aqueous media of TEGDME.
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Figure 4.9: Plots of FT-IR spectra of (a) 0.05 mol/kg of LiFSI and, (b) 0.30 mol/kg of
LiFSI in (0.01, 0.03 and 0.05) mol-kg™! of aqueous media of TEGDME.
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4.3.10 Conductance Studies
The specific conductivity (k) for LiTFSI and LiFSI in aqueous TEGDME

solutions at different temperatures have been given in Table 4.27. The value of k rises
with both the solute concentration and the temperature. From k values molar
conductivity (4,,) have been calculated and presented in tabular form in Table 4.27.
The resultant molar conductivity data has been analyzed to obtain limiting molar

conductivity (A%,) values at infinite dilution using Onsager relation given in equation

1.32. The intercept of graph plot between A,,versus VC represents A%,. The values of
A% have been listed in Table 4.28 (Kant et al., 2009a). It has been demonstrated that the
values of limiting molar conductivity elevated with temperature due to high ionic
mobility at higher temperatures. Increase in temperature results in higher frequency and
bond breaking as a consequence of the increase in translational & vibrational degrees
of freedom and therefore the mobility of ions accelerates. The solvent molecules
envelop the solute ions at infinite dilution, and no additional ions are present within a
defined radius (Kant et al., 2009b). Further, positive activation energy of conductance
values are obtained for LiFSI & LiTFSI in aqueous TEGDME solutions (given in Table
4.29) which infers that ionic movement is thermally activated, and as the concentration
increase, the values of activation energy of conductance increases due to the greater

1on-ion interactions.
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Table 4.27: Specific conductance (x),and molar conductance (4,,) of LiTFSI and LiFSI in aqueous TEGDME solutions at different

temperatures.
Kk/(uS cm) A, /(S em? mol ™)
ma/ 293.15 298.15 303.15 308.15 313.15 293.15 298.15 303.15 308.15 313.15
(mol.kg-!) K K K K K K K K K K

LiTFSI + 0.01 mol-kg! TEGDME
0.05015 292594 316393  3416.04 393396 4096.32 5883 63.71 6890 79.48  82.89
0.09545 5086.35  5468.87 585790  6649.67  7120.88 54.07 5822 6246 71.03  76.18
0.14966  7671.68  8227.16  8780.04  9899.53 10740.35 5239 5627 60.15 6793  73.82
0.19867 10009.01 10720.87 11421.89 12837.65 14012.62 51.82 5559 5932 66.80  73.02
0.24995 12454.61 13330.08 14186.09 15911.85 17436.45 51.59 5530 5895 6624  72.70

0.30026 14853.94 15889.93 16898.02 1892791 20795.52 51.54 5522 5883 66.02 72.64
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0.04999

0.09845

0.1496

0.20012

0.25312

0.29913

0.05013

0.10014

0.14972

0.20031

0.24998

0.30014

3416.00

5768.77

8252.13

10704.91

13278.09

15511.90

4004.09

6434.90

8844.82

11303.83

13718.12

16156.22

3654.04

6170.24

8826.11

11449.27

14201.20

16590.19

4213.99

6824.05

9411.66

12051.98

14644.29

17262.17

LiTFSI + 0.03 mol'kg! TEGDME

3905.94  4452.09

6569.16  7403.98

9380.21  10519.73

12156.63 13597.11

15069.36  16825.55

17597.93  19628.20

4782.41

8076.27

11552.98

14986.87

18589.32

21716.66

68.84

59.42

56.31

54.96

54.26

53.94

LiTFSI + 0.05 mol'kg! TEGDME

4465.90  5053.99

722992  8120.46

9970.16  11160.57

12766.23  14262.61

15511.45 17308.23

18283.76  20383.90

5605.72

9008.87

12382.75

15825.36

19205.37

22618.71
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80.41

65.12

60.25

57.92

56.67

55.93

73.75

63.65

60.32

58.88

58.13

57.79

84.74

69.16

64.21

61.85

60.59

59.85

78.96

67.88

64.22

62.62

61.79

61.41

89.96

73.39

68.14

65.63

64.30

63.52

90.15

76.63

72.14

70.17

69.11

68.62

101.97

82.57

76.40

73.46

71.88

70.94

97.00

83.73

79.36

77.47

76.49

76.05

113.30

91.77

84.92

81.66

79.91

78.88



0.05024

0.09664

0.14954

0.19990

0.25014

0.30032

0.05021

0.10042

0.14956

0.20302

0.25217

0.30014

4242.01

7140.92

10445.92

13592.23

16731.05

19866.11

4802.06

8014.01

11157.50

14577.35

17721.49

20790.14

4465.94

7445.33

10842.09

14075.76

17301.72

20523.83

5068.01

8367.12

11595.92

15108.57

18338.03

21489.96

LiFSI + 0.01 mol-kg! TEGDME

4745.97

7839.69

11366.80

14724.55

18074.30

21420.06

5250.01  5938.82

8621.63  9997.29

12465.56  14624.29

16124.93  19029.13

19775.58  23423.47

23421.87 27812.56

84.92

74.62

70.85

69.26

68.41

67.94

LiFSI + 0.03 mol-kg"! TEGDME

5376.04

8798.93

12148.88

15793.34

19143.97

22414.16

5908.06  6722.89

9620.64 11219.61

13254.10 15620.50

17206.98 20408.29

20841.18 24810.08

24388.13  29106.19
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96.12

80.55

75.62

73.11

71.85

71.10

89.53

77.91

73.65

71.83

70.85

70.28

101.60

84.24

78.72

75.90

74.47

73.61

95.31

82.17

77.34

75.27

74.14

73.49

107.94

88.72

82.60

79.46

77.87

76.90

105.60

90.52

84.96

82.57

81.26

80.50

118.82

97.17

90.27

86.72

84.92

83.82

119.64

105.13

99.84

97.60

96.41

95.75

135.42

113.50

106.55

103.03

101.25

100.20



0.05022

0.09617

0.14965

0.20191

0.25538

0.30218

5487.98  5698.04

8480.29  8761.88

11962.96 12327.81

15366.18 15812.39

18848.20 19377.66

21895.86 22498.18

LiFSI + 0.05 mol-kg! TEGDME

5963.97

9145.22

12847.79

16465.89

20167.77

23407.87

6496.02  7683.17

9935.16  11872.40

13937.89 16748.14

17849.31 21512.65

21851.30 26387.48

25354.06 30654.21

®mj, is the molality of LiFSI and LiTFSI in aqueous TEGDME solutions.
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113.97

91.88

83.47

79.70

77.57

76.41

114.12

92.01

83.58

79.82

77.68

76.52

119.64

96.19

87.25

83.25

80.99

79.75

130.52

104.67

94.81

90.40

87.90

86.53

154.63

125.29

114.12

109.14

106.33

104.80



Table 4.28: Limiting molar conductance (A%,) of LiTFSI and LiFSI in aqueous

TEGDME solutions at different temperatures.

Limiting molar conductance (419),

T (K) LiTFSI + 0.01 LiTFSI + 0.03 mol'kg! LiTFSI + 0.05 mol-kg™!
molkg! TEGDME TEGDME TEGDME
293.15K 61.95 75.63 91.93
298.15K 67.38 81.03 96.43
303.15K 73.31 86.98 102.38
308.15K 87.26 100.05 116.58
313.15K 65.03 106.54 129.50
T (K) LiFSI + 0.01 LiFSI + 0.03 mol-kg™! LiFSI + 0.05 mol-kg™!
mol-kg! TEGDME TEGDME TEGDME
293.15K 92.71 107.75 126.07
298.15K 98.40 114.64 131.46
303.15K 105.38 122.43 138.04
308.15K 117.22 135.17 152.00
313.15K 130.59 151.78 177.59
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Table 4.29: Activation energy of conductance (E») of LiTFSI and LiFSI in aqueous

TEGDME solutions.
E:. (kJ mol)
ma/ LiTFSI + 0.01 LiTFSI + 0.03 LiTFSI + 0.05 mol-kg™!
(mol.kg-') mol'kg! TEGDME mol-kg! TEGDME TEGDME
0.05 0.00904 0.00982 0.01069
0.10 0.01010 0.01070 0.01125
0.15 0.01081 0.01124 0.01159
0.2 0.01124 0.01161 0.01185
0.25 0.01156 0.01189 0.01205
0.3 0.01182 0.01209 0.01214
ma/ LiFSI + 0.01 LiFSI + 0.03 LiFSI + 0.05 mol-kg™!
(mol.kg-') mol'’kg! TEGDME mol-kg! TEGDME TEGDME
0.05 0.01155 0.01194 0.01401
0.10 0.01320 0.01365 0.01519
0.15 0.01430 0.01466 0.01602
0.2 0.01499 0.01541 0.01658
0.25 0.01551 0.01592 0.01701
0.3 0.01591 0.01632 0.01732
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Conclusion

Section I determines the density and acoustic parameters for LiOTf in aqueous

solutions of DME and TEGDME. When the results for Vi and V£ are compared, it
could be inferred that intermolecular interactions are significant in the ternary mixtures
studied. The positive values of Vd? indicated the presence of solute-solvent interactions
in the ternary systems studied (LiOTf+ HoO+ DME/TEGDME). Further, the values of
Vd? suggests that the (solute-solvent) interactions are more in LiOTf in DME and

decrease with the concentration of DME whereas these interactions increase as the
concentration of the TEGDME rises. Moreover, the positive and small negative values
of Hepler’s constant confirm the structure-making tendency of the studied Li salt in the

DME/ TEGDME. The negative values of Ky ; and Ké),,s confirms the existence of the

solute-solvent interactions in the systems under investigation. Furthermore, as the result
attained from the CV analysis, TEGDME was found to have a higher EW of 1.36 V in
0.01 TEGDME and 1.40 V in 0.05 TEGDME compared to that of 1.25 V in 0.01 DME
and 1.38 V in 0.05 DME. The EW was also found to be increasing with the increasing
concentration of LiOTf, as EW of 0.01 TEGDME system with 0.05 LiOTf is 2.23 V
and with 0.30 LiOTfis 2.30 V. This data suggests promising outcomes of these studied
systems, yielding a favourable and comparable working electrochemical window. The
values of k increases with the concentration and temperature. With increase in
temperature the values of limiting molar conductance rises as a result of high ionic
mobility. The positive activation energy of conductance indicates greater ion-ion
interactions. The ternary systems (LiOTf+H>O+DME/TEGDME) exhibit strong solute-
solvent interactions (favourable for stability of ions), larger electrochemical windows
(important for energy storage applications), and excellent conductance. In Section 11,
the density and acoustic parameters for LiBFs and LiPFs have been evaluated in
aqueous TEGDME media. From transfer volumes, it has been affirmed that the solute-
solvent interactions are more prominent in ternary mixtures containing LiPFs in
aqueous TEGDME. Also, values of the Hepler constant state that LiBF4 and LiPFs act
as structure makers in the aqueous TEGDME. This makes these systems very promising

electrolyte systems for energy storage applications. In Section III, the density and
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acoustic parameters for LiFSI and LiTFSI have been evaluated in aqueous TEGDME
media. To have a better understanding of the interactions in ternary mixtures, several
thermophysical parameters like partial molar volume, apparent molar volume, partial
molar isentropic compression and apparent molar isentropic compression has been
calculated using the obtained density and acoustic values. Also, values of Hepler
constant states that LiFSI and LiTFSI acts as structure maker in the aqueous TEGDME.
A shift in wavelengths confirms the structural and interactions changes in the
molecules. The positive activation energy of conductance specifies greater ion-ion
interactions. Hence, LiFSI and LiTFSI in aqueous TEGDME are potential electrolyte
choices for energy storage owing to their strong solute-solvent interactions,

advantageous conductivity, structural stability, and excellent thermal responsiveness.
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Future scope of work

There is a vast potential for future work on both fundamental science and practical

implementation from this study, as high-performance energy storage becomes more

important in many applications (electric vehicles and grid-level storage) and electrolyte

materials must continue to advance. Beneath are the suggested future scope:

Solvent innovations: The future work can be devoted to testing new aprotic
solvents with higher thermal stability and safety profiles. Future studies can
explore screening and synthesizing new aprotic organic solvents with enhanced
thermal and electrochemical stability, low viscosity, high dielectric constant,
reduced toxicity, low volatility and improved safety profiles, which could
further improve the safety and performance of lithium-based batteries,
especially at elevated temperatures.

Concentration and Temperature effects: Investigation of electrolytes with
higher salt concentrations. The range of temperatures can be widened to
include extreme cold and heat should be tested to assess the stability of these
electrolytes for practical energy storage systems such as electric vehicles.
Additives: The use of functional additives with the ability to improve ion
transport or stabilize interphases can be an effective way to tailor the electrolyte
behavior. They enhance interfacial stability, prevent dendrite formation, or
increase ionic mobility, which offer an opportunity to develop a new class of
additive that can dramatically change the solvation structure and
electrochemical behavior of lithium ions.

Electrolyte Compatibility: Investigating these electrolytes with novel
electrode materials would assist in the development of safer and more durable
batteries. Understanding the electrolyte-electrode interactions would enable us
to design next-generation batteries with higher cycle life, energy density, and
safety by means of compatible electrolytes with next-generation electrode

materials (e.g., high-voltage cathodes or lithium-metal anodes).
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Simulation: Greater aid in computer tools/molecular simulations as well as
other computational methods can be helpful to obtain the interaction of Lithium
ions with solvents to determine good formulations. This can improve
experimental efforts to predict solvation structures, ion transport mechanisms,
and ideal solvent-salt combinations that hasten the formulation of effective
electrolytes.

Practical translation: Extending laboratory-scale research to practical testing
in order to transform these materials into marketable commercial battery
solutions. Making more electrolyte, fitting it into complete battery setups, and
testing it under standard industry conditions will help turn research findings into
real-world products. Further cooperative research involving chemistry,
materials science, computer modelling, and practical testing has promise to

change lithium-based energy storage systems using aprotic electrolytes.
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Abstract. Sice the ndustrial sector leans moreon fossil fuels topace upwith the
required energy needs. To overcome mereasing demand for electricity, 1t 15 important to store
the energy generated from natural resources so that energy can be used as and when requured.
Energy storage devices are one such means used worldwide for conserving different forms of
energies and need of the hour 15 to discover and explore strong and secure electncal energy
storage technologies. In this review an effort 15 made to do a comparative analysis of vanous
fypes of matenals and solvents used for energy storage applications dunng last two decades.
Attempt has also been made to explore and discover different class of solvents and electrolytes
that are environment fnendly and have mummal impact on living orgamsms. As salts and the
solvents are sigmficant mgredients in the energy storage devices, so this amalysis will also
provide a first ‘hand perspective of many solvent candidates for energy storage applications.
From the analysis and detailed review, it has been observed that the solvents exlubiting large
electrochemical window, high thermal and chemical stability, low toxicity, and volatility are
the important features which makes them important constituent of different energy storage
devices like flow batteries, supercapacitors, and rechargeable batteries. Advancement of
cutting-edge battery innovation is important n view of various applications like hybnd cars,
smartphones, laptops efc.

Keywords: Lithium-ion batteries, energy storage devices, Aprotic Lithium salts,
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Abstract

The urgent dernand for high-performance and sustainable energy storage solutions
necessitates the development of advanced electrolytes with superior electrochermnical
properties. Hybrid lithium electrolytes, which integrate the advantages of inorganic and
organic ionic conductors, have emerged as promising candidates for next-generation
energy storage devices. This review presents a comprehensive bibliometric analysis of 1569
research articles from 2019 to 2024, sourced from Scopus and Web of Science (WO0S)
databases, highlighting the rising research focus on hybrid electrolytes. Key material
properties such as wide electrochemnical windows, thermal and chemnical stability, low
toxicity, and reduced volatility are critical for enhancing battery performance. The
discussion encompasses recent advancernents in solid-state, polymer, and hybrid
electrolytes, emphasizing their role in improving energy density, cycling stability, and
safety. Furthermore, this study examines the challenges associated with hybrid
electrolytes, incduding jonic conductivity limitations, interfacial compatibility, and
scalability for industrial applications. The integration of novel materials such as NASICON-
type ceramics, perovskites, sulfides, and garnet-based electrolytes is explored for their
potential to revolutionize lithiurm-ion battery technologies. By bridging the gap between
fundamental research and practical implementation, this review provides insights into the
future directions of hybrid electrolytes, paving the way for more efficient and sustainable

energy storage systems.
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Abstract

This chapter gives 2 brief overview of the process of producing vitamsins, with primary
anention baing placed on the microbial fermentation technigues that are preseatly being
used in the symthesis of vitamies in daicy products Milk and the products derived fromm
milk are an cutstanding source of scveral vital vitamins, Dalry prodacts tke millk, choese,
Daatner, €00 CONElEn 2 signilicans guancity of Yitammins A and 8, incloding thiamine,
riboflavie, 2od picoinic acid. Adfirionally. dairy prodacts contain vitammn By, in them.
Organic chemical symthesis has raditionally been used to munufacture soch vitammins,;
howewer, this process typically isvolves many Feactions, nuanerous solvents, and 2 varety
of comtly equipment. The biclogical production of viramins has evolved by idencifying
natural producer organisans, deccrmining the most productive growth cenditions, scaling
Up producTion, 2nd CPUIMIZING COWDINCAM ProCedunts 1O CXITACT pare products. The
synchesis of vitamins by microbes offfers several benefits since microbes have a rapid
growth rate, they are not subjec: 1o the effects of climane or the passage of tiane, they e
simpie 1o scale up, and they do 30t compese with the rogeirements of hamans for food.
in conciusion, an exXamEnation of CMCIRIng parTems in the microbial synehesis of
vitamans and 2 discussion of cument developments in the prooess of microbial vitamin
symehosss are presontod in chis chagocr.
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