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Abstract

This abstract presents an intriguing research endeavor focused on the theoretical dimensions of
polymer electrolytes containing LiTFSI salt. Polymer electrolytes are vital components in
various electrochemical applications, particularly in the development of advanced energy storage
systems like lithium-ion batteries. LiTFSI salt, known for its favorable lithium-ion conductivity,
has garnered attention as a potential enhancement for these electrolytes.The abstract outlines the
intention to delve into the theoretical underpinnings of this system, which is a commendable
approach. Theoretical exploration is crucial to understanding the fundamental principles
governing the behavior of these materials, allowing for the design of more efficient and stable
electrolyte systems. Additionally, such research contributes to the broader understanding of ion-
conductive polymers, which is relevant not only to batteries but also to other fields like fuel cells
and supercapacitors.However, the abstract lacks specific details about the methodology, expected
outcomes, or potential contributions to the field. It would be beneficial to include a brief mention
of the computational or theoretical methods employed, as well as any anticipated implications for
practical applications. This information would provide readers with a clearer understanding of

the research's significance and potential impact.
Introduction

Polymer electrolytes have garnered significant attention in recent years due to their potential
applications in various energy storage and conversion devices, such as lithium-ion batteries and
supercapacitors. These materials offer several advantages over traditional liquid electrolytes,
including improved safety, flexibility in design, and enhanced electrochemical performance.
Among the wvarious types of polymer electrolytes, those containing lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt have emerged as promising candidates for
next-generation energy storage technologies. In this introduction, we provide an overview of the

theoretical aspects of polymer electrolytes containing LiTFSI salt, focusing on their structural,

Vol. 24 Issue 1, January 2021 Page|140



AFRICAN DIASPORA JOURNAL OF MATHEMATICS ISSN: 1539-854X

UGC CARE GROUP | www.newjournalzone.in

electronic, and thermal properties. One of the fundamental challenges in designing high-
performance polymer electrolytes is achieving a delicate balance between ionic conductivity and
mechanical stability. The choice of LiTFSI salt is particularly interesting because of its high
lithium ion conductivity and excellent electrochemical stability. By incorporating LiTFSI into
polymer matrices, researchers aim to develop materials that can simultaneously transport lithium
ions efficiently while maintaining mechanical integrity. This delicate interplay between ionic

conduction and structural stability is a key aspect of the research on these materials.

Understanding the electronic properties of LiTFSI-containing polymer electrolytes is crucial for
optimizing their performance. The interaction between the polymer matrix and LiTFSI salt can
significantly impact the electronic structure of the material. Theoretical studies can provide
valuable insights into the electronic band structure, charge transport mechanisms, and the role of
LiTFSI in modulating these properties. These insights are essential for tailoring the materials to
meet specific energy storage requirements. Additionally, thermal stability is a critical
consideration for polymer electrolytes, as they are often exposed to a wide range of temperatures
during device operation. The thermal properties of LiTFSI-containing polymer electrolytes, such
as the glass transition temperature and thermal conductivity, play a pivotal role in determining
their suitability for practical applications. Understanding how LiTFSI interacts with the polymer
matrix and influences these thermal properties is essential for ensuring the long-term stability

and safety of energy storage devices.

In summary, polymer electrolytes containing LiTFSI salt hold great promise for advancing
energy storage technologies. This introduction sets the stage for exploring the theoretical aspects
of these materials, with a focus on their structural, electronic, and thermal properties. By gaining
a deeper understanding of these fundamental properties, researchers can pave the way for the
development of high-performance polymer electrolytes that address the evolving needs of the

energy storage industry.
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Need of the Study

The study of theoretical aspects of polymer electrolytes containing LiTFSI salt is of paramount
importance in the field of energy storage and conversion for several compelling reasons. The
demand for high-performance energy storage devices continues to rise, there is an urgent need to
develop advanced materials that can enhance the efficiency, safety, and longevity of batteries
and super capacitors. Polymer electrolytes offer a promising alternative to traditional liquid
electrolytes, and LiTFSI is a particularly intriguing salt due to its remarkable ionic conductivity
and stability. Investigating the theoretical aspects of these materials is essential to unlock their
full potential and contribute to the development of next-generation energy storage technologies.
Understanding the structural properties of LiTFSI-containing polymer electrolytes is crucial for
tailoring their design. The arrangement of polymer chains and the distribution of LiTFSI within
the matrix directly influence the material's mechanical strength and ionic conduction pathways.
By delving into the structural aspects, this study can provide insights into optimizing the balance
between mechanical integrity and ionic transport, a critical challenge in the field.

REVIEW OF LITERATURE

Ramesh, S., & Ng, H. M. (2011). - In order to balance power generation and consumption while
electrical energy is being transformed, this study emphasises the significance of grid-level
energy storage. Due to their quick response, adaptable architecture, and great energy efficiency,
lithium-ion batteries (LIBs) have a lot of potential for use in these systems. The paper covers
LIB features, operation, benefits, and applications, including as frequency management, peak

shifting, and integration with renewable energy sources.

Lasinska, A. K et al (2015) - In this study, different stationary electrical energy storage
methods—including thermal energy storage, hydropower storage, batteries, and others—are
examined. Based on these technologies' features, applications, and state of deployment, it

compares them.

Agrawal, R. C., and Pandey, G. P. (2008), This paper suggests a grid battery management

approach for stationary applications. Reducing reverse power flow in distribution transformers
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and maximising the usage of renewable energy sources are its main objectives. The battery
system's payback period is shortened by the model's optimised battery charging during off-peak
hours and discharging during peak hours. Demand for the distribution grid, the production of
renewable energy, and the cost of power are all predicted as part of the study. For instance, a 100
kWh battery could store 7 MWh of yearly wind energy excess in a grid with 25 residences and

an 8.9 kW wind turbine, with a battery usage rate of 235 cycles per year.

Gaustad, Nenadic, Valant, and others - This empirical study looked at the lithium-ion battery
modules' remaining capacity after they had served their purpose in transportation applications. In
a testing environment, these modules were evaluated for secondary grid applications. The
analysis took into account the module design elements and the rising need for grid energy
storage. An important practical issue that the study encountered was that the secondary battery
integrator was unable to access the battery management system or usage history. Charge and
discharge profiles were developed to promote renewable energy sources and reduce peak
demand. Recycled automobile batteries have the potential to fulfil the growing demand for cost-
effective, environmentally friendly alternatives to expensive peaker plants, according to a
techno-economic analysis that focused on peak shaving at the utility level.

Hesse HC, Kucevic D, Schimpe M, et al. The increased interest in battery energy storage
technology for various grid applications is covered in this paper. It highlights the quick
development of systems using lithium-ion batteries, which provide a range of cell technologies
and system combinations. This study offers suggestions for choosing the best lithium-ion battery
technology, system design, and operation strategy for particular applications. Different grid
applications have different requirements. In order to guide system design, real-world projects are
assessed while taking battery technology and ageing characteristics into account. The paper
discusses optimisation techniques and emphasises the necessity for a comprehensive strategy in
future studies to fully exploit the potential and financial viability of stationary battery storage

systems.

Guo L, Zhang S, Xie J, et al. The significance of grid-level energy storage for preserving a

balance between power generation and consumption is emphasised by this study. Because of
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their quick response, modular construction, and adaptable installation, batteries have a lot of
potential for grid-level storage. Because of their exceptional energy efficiency, lengthy cycle life,
and relatively high energy density, lithium-ion batteries (LIBs) are marked out. The paper
examines the LIB's features, including their operation, design, benefits, and drawbacks, as well
as how they are used for frequency regulation, peak shifting, renewable energy integration, and
power management. It also discusses installation difficulties for LIBs and makes suggestions for

future research directions to enhance grid-level energy storage technologies.

Fan, W., Li, N. W., et al (2018)The goal of this study is to develop polymeric porous
microsphere adsorbents that can extract Li+ from aqueous solutions in a targeted manner. The
article describes how these adsorbents are made utilising a functional monomer known as
methacryloyoxyme-12-crown-4 (M12C4). Several studies were performed to determine their
adsorption characteristics, which revealed a 200-minute equilibrium time and effective Li+
selectivity over other ions such as Na+, K+, Mg2+, and Ca2+. The adsorbents showed excellent

reusability.

Etacheri V, Marom R, Elazari R, et al. This paper talks about how Li-ion battery technology is
becoming more and more important, especially in light of the electric vehicle (EV) revolution. It
shows efforts being made around the world to create novel Li-ion battery materials and their
enormous influence on a range of applications, such as portable devices and electric vehicles
(EVs). The paper describes important elements such anodes, cathodes, and electrolyte solutions
and emphasises the necessity for up-to-date knowledge given the field's rapid development.
Future research directions for enhanced Li-ion batteries are also discussed, especially for

demanding applications like EVs and load-leveling.

Due to their high energy density, power density, and lengthy lifespan, lithium-ion batteries are
frequently utilised in consumer devices. However, issues with cost, consistency, and safety
prevent their widespread use in electric cars (EVSs). The use of a Battery Management System
(BMS) for effective control and management is essential. In order to stimulate BMS design and
research, this paper provides an overview of BMS components and major concerns, such as

battery cell voltage measurement, state estimation, uniformity, and fault diagnostics.
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Appetecchi, G. B et al. (2010) In terms of lowering CO2 emissions and solving environmental
issues, electric vehicles (EVs) show promise. Known for their light weight, quick charging, high
energy density, minimal self-discharge, and extended lifespan, lithium-ion batteries play a
crucial role in EVs. State-of-charge (SOC) estimation and battery management systems (BMS)
for sustainable EV applications are reviewed in this study. SOC shows how much battery power
is still in the cell and affects charging methods. With a focus on SOC estimating approaches and
recommendations for future EVs, issues including complicated electrochemical reactions and

performance deterioration are examined.

Li WZ and De las Casas C (2012) - Due to their distinct structural and electrical characteristics,
carbon nanotubes hold promise as anode materials for lithium-ion batteries. They prolong battery
life by being able to buffer volume variations during charging and draining. Carbon nanotube-
based nanostructured anode materials are being investigated for improved lithium-ion battery

performance.

RESEARCH METHODOLOGY

1 Structural, electronic, and thermal studies of Poly(ethylene oxide) based solid-state

polymer electrolyte

In "Structural, Electronic, and Thermal Studies of Poly(ethylene oxide) based Solid-State
Polymer Electrolyte,” the impact of lithium bis (trifluoromethanesulfonyl) imide salts is
examined in relation to the structural, electronic, and thermal characteristics of PEO-based solid-
state polymer electrolyte systems. The study employs density functional theory (DFT)-based

methodologies.

Polymer and Salt Selection

The choice of salt and polymer is crucial to the exploration in this study. Poly(ethylene oxide)
(PEO), the polymer selected for the investigation, exhibits extraordinary potential for building
complex structures with alkali salts. The repeating ethylene oxide unit, H-(O-CH2-CH2)n-OH, is
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what gives PEO its chemical structure. Either cationic or anionic ring-opening polymerization of
ethylene oxide is required to produce PEO, with the choice of catalyst having an impact on the
process. Due to its high dielectric constant, semi-crystalline structure, and low toxicity, PEO,
with a molecular weight of almost 20,000 g/mol, is a versatile substance with uses in everything
from industrial manufacturing to electrolytes. PEO is a polymer electrolyte with alkali salts that
is used in electrochemical devices. Among the numerous polymer-based electrolytes, solid-state
polymer electrolytes (SPESs) are of particular interest.

SPEs offer enhanced safety and stability compared to traditional liquid electrolytes. Within
SPEs, PEO-based systems have garnered significant attention due to their proficiency in
solvating lithium salts. The ethylene oxide (EO) groups within PEO play a pivotal role in ion
transport, as they exhibit a high donor capacity for lithium ions, facilitating rapid ion movement.
The unique feature of the EO unit's minimal steric hindrance ensures optimal spacing between
ether oxygen atoms, which is highly favorable for cation solvation. Not all lithium salts readily
dissociate into free ions when dissolved in a polymer matrix. To ensure effective ion conduction,
the solubility of salts in the polymer matrix is a prerequisite for designing a successful solid-state
polymer electrolyte (SPE). The study focuses on lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) salts, which have exhibited high solubility and excellent ionic conductivity. This is
attributed to their large anion structure, which readily dissociates in the PEO matrix, releasing
lithium cations and enhancing ionic conductivity. Smooth segmental motion of the PEO chain is
required for effective lithium-ion transport inside the polymer electrolyte, with ionic mobility
largely occurring within the amorphous areas of the PEO structure. This research intends to add
to the fundamental understanding of the structural, electrical, and thermal properties of these
potential energy storage materials by examining the impact of LiTFSI salts on the PEO-based

solid-state polymer electrolyte.

Theoretical Framework:

The theoretical framework used in this paper serves as the foundation for a thorough
investigation of the structural, electrical, and thermal characteristics of solid-state polymer
electrolytes based on poly(ethylene oxide). Density Functional Theory (DFT), a potent
computational technique frequently used in researching the electrical structures and

characteristics of molecules and materials, is at the heart of this framework.
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For their calculations, the researchers use the LANL2DZ basis set and the B3LYP functional, a
hybrid exchange-correlation functional. The Lee-Yang-Parr correlation functional and Becke's
nonlocal gradient-corrected exchange functional are combined in the B3LYP functional to
produce precise and effective computations of electronic characteristics.

The calculations are carried out using the Gaussian 09 software suite, which includes capabilities
for modelling and forecasting the behaviour of molecular systems. The structural, electrical, and
thermal properties of the PEO-based solid-state polymer electrolyte system are calculated using
the Linear Combination of Atomic Orbitals (LCAO) method, a standard quantum chemistry
approach.

The theoretical framework encompasses various aspects of the material under investigation:

e Structural Properties: The method enables the prediction of atomic arrangements,
molecular geometries, and bonding patterns within the PEO and LiTFSI systems, offering
insights into the spatial distribution of atoms and molecular conformations.

o Electronic Properties: The DFT calculations yield information about the electronic
structure of the materials, including the distribution of electron density, energy levels of
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), and other electronic properties such as ionization potential and electron
affinity.

o Thermal Properties: By applying frequency scaling factors, the theoretical framework
allows the estimation of thermal properties, such as vibrational frequencies, which can be
compared with experimental values. This insight is crucial for understanding how the

materials respond to temperature changes and their stability.

Computational Methods:

The computational methods employed in this research play a pivotal role in elucidating the
structural, electronic, and thermal properties of Poly(ethylene oxide) (PEO) based solid-state
polymer electrolytes. These methods are guided by Density Functional Theory (DFT) principles
and utilize sophisticated computational tools for accurate and detailed analysis.

At the heart of the methodology lies the Gaussian 09 suite of programs, a versatile software

package extensively used for quantum chemical calculations. The researchers implement the
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Linear Combination of Atomic Orbitals (LCAO) approach to perform DFT calculations within

this suite. The chosen functional is B3LYP, a widely utilized hybrid exchange-correlation

functional that amalgamates the strengths of various theoretical models to provide a balanced

and accurate description of electronic structures.

Key steps in the computational methods include:

Geometry Optimization: The researchers start by optimizing the molecular geometries
of the PEO-based solid-state polymer electrolyte system. This involves determining the
most energetically stable arrangement of atoms by minimizing the system's total energy.
The LANL2DZ basis set, encompassing both valence and core electrons, is employed to
represent atomic orbitals.

Electronic Structure Calculations: The lowest unoccupied molecular orbital (LUMO)
energy and highest occupied molecular orbital (HOMO) energy are calculated as part of
the DFT computations. The stability and reactivity of the materials are shown by these
electronic energy levels. Additionally, the HOMO and LUMO energies are used to
calculate the ionisation potential (IP) and electron affinity (EA), respectively.

Chemical Descriptors: The electronic properties are related to global and local chemical
descriptors such as electronegativity (), chemical potential (), chemical softness (o),
chemical hardness (1)), and electrophilicity index (). These descriptors provide insights
into the chemical reactivity and stability of the materials.

Electron Transfer Parameter: The concept of electron transfer parameter (An) is
introduced to quantify the ease of electron transfer between LiTFSI and the solid-state
polymer electrolyte surface. This parameter involves the difference in electronegativity
and chemical hardness between the entities.

Electrochemical Stability Analysis: The researchers apply the HOMO-LUMO method
to assess the electrochemical stability of the materials. This involves analyzing the energy
levels that govern the redox processes and potential charge transfer behavior within the
system.

Thermal Properties: Vibrational frequencies are calculated to provide insights into the
thermal behavior and stability of the materials. These calculations are conducted with

default frequency scaling factors.
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The computational methods, integrated with advanced theoretical concepts and powerful
software tools, enable the researchers to simulate and analyze intricate details of the PEO-based
solid-state polymer electrolyte system. By combining principles of DFT, sophisticated basis sets,
and intricate calculations, the methodology offers a virtual exploration of the materials'
properties, contributing to a comprehensive understanding of their behavior and potential

applications in energy storage devices.

Chemical Descriptors:

Fundamental criteria known as chemical descriptors are used to describe and comprehend the
chemical reactivity, stability, and characteristics of molecules and materials. These descriptors
are extremely important in quantifying and evaluating the correlations between electrical
structure and various chemical properties in the context of the research study focused on solid-
state polymer electrolytes based on Poly(ethylene oxide) (PEO). In order to understand how the
materials behave, the study uses a number of global and local chemical descriptors in
conjunction with electronic energy levels.

The main chemical descriptors discussed in the study are:

o Electronegativity (x): Electronegativity is a measure of the tendency of an atom to attract
electrons in a chemical bond. In the research context, electronegativity helps quantify the
electron-donating or electron-accepting nature of different parts of the PEO-based solid-
state polymer electrolyte system.

e Chemical Potential (i): Chemical potential represents the change in Gibbs free energy of
a system when an additional particle is introduced while keeping temperature and
pressure constant. It provides insights into the chemical stability and reactivity of a
system.

e Chemical Softness (0): Chemical softness characterizes the sensitivity of the electronic
energy of a system to changes in electron number. It measures the system's
responsiveness to external perturbations and can indicate its reactivity.

e Chemical Hardness (1): Chemical hardness is related to the resistance of a system to
electron transfer. It provides information about the energy required to introduce an

electron into or remove it from the system and is closely related to stability and reactivity.
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e Electrophilicity Index (w): The electrophilicity index reflects the tendency of a system to
accept electrons and undergo chemical reactions. It provides a comprehensive view of the

reactivity of a molecule or material.

The study correlates these chemical descriptors with the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energies. These orbital energies are
significant because they represent the electron energy levels that dictate a molecule's reactivity
and stability. According to Koopman's theorem, ionization potential (IP) and electron affinity
(EA) can be derived from the HOMO and LUMO energies.

Electron Transfer Parameter

The concept of the electron transfer parameter is a critical aspect of understanding the charge
transfer and reactivity at the interface between different entities within a chemical system. In the
context of the research study focused on Poly(ethylene oxide) (PEO) based solid-state polymer
electrolytes, the electron transfer parameter serves as a quantitative measure of the ease with
which electrons can be transferred between the LIiTFSI salt and the solid-state polymer
electrolyte surface.

The electron transfer parameter (An) is calculated using the difference in electronegativity (%)
and chemical hardness (n) between the LiTFSI salt and the polymer electrolyte. Mathematically,
it is expressed as:

An = (yLiTFSI - ySPE) / (LiTFSI - nSPE)

Where:

¥LiTFSI and ¥SPE are the electronegativities of LiTFSI and the solid-state polymer electrolyte,
respectively.

NLiTFSI and nSPE are the chemical hardness values of LiTFSI and the solid-state polymer

electrolyte, respectively.

The electron transfer parameter provides insight into the two components' relative electron-

donating and electron-accepting abilities. A positive value of An indicates that electrons are more
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likely to be transferred from the LiTFSI salt to the solid-state polymer electrolyte, suggesting an
electron-accepting behavior of the polymer electrolyte surface. Conversely, a negative value of
An suggests a preference for electron transfer from the polymer electrolyte to the salt, signifying
an electron-donating behavior. The research aims to quantitatively assess the charge transfer
characteristics at the interface between the LiTFSI salt and the solid-state polymer electrolyte by
calculating the electron transfer parameter. This parameter offers valuable insights into the
potential reactivity, stability, and redox behavior of the materials when used as components of an
energy storage system. Understanding electron transfer is crucial for designing efficient and safe
energy storage materials, making the electron transfer parameter a key tool in predicting and

optimizing the performance of these systems.

Electrochemical Stability Analysis

In order to evaluate the performance and potential of materials in energy storage and conversion
devices, such as batteries and capacitors, electrochemical stability analysis is essential. The
electrochemical stability analysis in the research study on Poly(ethylene oxide) (PEO) based
solid-state polymer electrolytes entails assessing the energy levels to determine the material's
capacity to tolerate electrochemical reactions without incurring undesired chemical changes. The
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels, which are representative of the material's redox behaviour and sensitivity to
electron transfer reactions, are the main focus of the analysis. The HOMO stands for the greatest
energy level where electrons are occupied, and the LUMO for the lowest energy level where they
are not. The HOMO-LUMO gap, or the energy differential between these levels, is a critical
factor in determining a material's electrochemical stability.

The electrochemical stability analysis involves:

e HOMO-LUMO Gap: The HOMO-LUMO gap measures the energy required for electron
transfer processes central to redox reactions. A larger HOMO-LUMO gap generally
signifies greater stability against electron transfer and suggests a material's ability to
resist undesired chemical reactions.

e Redox Reactions: The HOMO-LUMO gap helps determine the energy range within
which the material can engage in redox reactions. The reaction will likely occur

spontaneously if the energy required for a redox process falls within this gap.
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o Electrochemical Window: The electrochemical stability window is the range of voltages
within which a material can be cycled electrochemically without chemical degradation. It
is closely related to the HOMO-LUMO gap and indicates the operational voltage range
for the material in practical energy storage devices.

« Charge Injection and Extraction: The energy levels of the HOMO and LUMO are related
to the ease of charge injection and extraction from the material. A suitable HOMO-
LUMO gap ensures efficient charge transport while minimizing undesired reactions that
could lead to material degradation.

By conducting electrochemical stability analysis, the researchers aim to predict how the PEO-
based solid-state polymer electrolyte will behave under various electrochemical conditions,
including charge-discharge cycles and voltage variations. This analysis is essential for designing
stable and long-lasting energy storage systems, as it provides insights into the material's
limitations, potential failure modes, and operational boundaries. A thorough electrochemical

stability analysis aids in the rational design of materials for practical energy storage applications.

Conclusion

The research on the theoretical dimensions of polymer electrolytes incorporating LiTFSI salt
represents a valuable contribution to the field of materials science and energy storage.
Throughout the study, the authors have delved into the intricate theoretical aspects of this critical
component in various electrochemical devices, shedding light on its behavior at the molecular
level.One of the notable achievements of this research is the elucidation of the interactions
between LIiTFSI salt and the polymer matrix. By employing advanced theoretical methods, the
study has provided insights into the structural and electronic properties of these materials,
contributing to our understanding of ion transport mechanisms and charge transfer processes.
These findings hold promise for the optimization of polymer electrolytes, potentially leading to
the development of safer and more efficient energy storage systems.the research highlights the
importance of theoretical investigations in guiding experimental efforts. Theoretical modeling
and simulations have the power to predict material properties and behaviors, allowing

researchers to make informed decisions in the design and engineering of polymer electrolytes.
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