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Abstract

The incorporation of LiTFSI (Lithium bis(trifluoromethanesulfonyl)imide) salt into polymer
electrolytes represents a significant advancement in the field of energy storage devices,
particularly in lithium-ion batteries. This abstract explores the theoretical dimensions and
implications of this innovative approach. Polymer electrolytes have garnered attention due to
their potential to overcome safety concerns associated with traditional liquid electrolytes.
LiTFSI salt, a lithium salt known for its high ionic conductivity, is a promising candidate to
enhance the performance of polymer electrolytes. The theoretical dimensions of this
incorporation revolve around several critical aspects. the ion transport mechanism within the
polymer matrix is of paramount importance. Understanding how Li+ ions migrate through the
polymer host and interact with TFSI- anions at the molecular level is essential for optimizing
ion conductivity. the thermodynamic stability and electrochemical stability of LiTFSI in the
polymer electrolyte matrix must be assessed. This involves evaluating its compatibility with
various polymer materials and exploring potential side reactions or degradation pathways.

Introduction

The integration of LiTFSI salt into polymer electrolytes represents a multifaceted theoretical
challenge that holds immense promise for the field of energy storage. The success of this
integration hinges on a comprehensive understanding of several critical dimensions. First and
foremost is the elucidation of the ionic transport mechanism within the polymer matrix, as
efficient Li+ and TFSI- ion migration is fundamental to achieving high ionic conductivity.
Additionally, the thermodynamic and electrochemical stability of LiTFSI within the polymer
host must be thoroughly examined to ensure long-term performance and safety. Mechanical
properties, such as flexibility and elasticity, play a pivotal role in preventing mechanical failure
during charge-discharge cycles and must be optimized through theoretical models. Finally,
safety remains paramount, necessitating a thorough theoretical analysis of potential risks,

including dendrite formation and thermal behavior. These theoretical dimensions collectively
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underpin the advancement of polymer electrolyte-based energy storage technologies, holding

the potential to revolutionize lithium-ion batteries and other energy storage systems.

Importance of the Study

The study on the incorporation of LiTFSI salt into polymer electrolytes is of paramount

importance for several reasons:

1.

= Saa

Enhanced Energy Storage: The development of efficient and safe energy storage
solutions is crucial for meeting the increasing demand for portable electronics, electric
vehicles, and renewable energy systems. Polymer electrolytes with LiTFSI salt have
the potential to significantly improve the performance and energy density of lithium-

ion batteries, which are widely used in these applications.

Safety Improvement: Traditional liquid electrolytes in lithium-ion batteries are prone
to leakage and flammability, posing safety risks. Polymer electrolytes offer a safer
alternative by eliminating the risk of electrolyte leakage and reducing the likelihood of
thermal runaway events. Understanding the theoretical dimensions of LIiTFSI

incorporation can help design even safer energy storage devices.

Wider Application Range: Polymer electrolytes can be tailored for various
applications due to their flexibility and compatibility with different materials. The
theoretical understanding of LiTFSI integration can pave the way for the development
of polymer electrolytes suitable for diverse energy storage systems, from small-scale

electronics to grid-scale energy storage.

Sustainability: LiTFSI salt can potentially improve the sustainability of energy storage
technologies. By enabling longer cycle life and higher energy efficiency, these polymer
electrolytes can extend the lifespan of batteries and reduce the need for frequent

replacements, which in turn decreases resource consumption and waste generation.

Economic Impact: The successful incorporation of LiTFSI into polymer electrolytes
may lead to more cost-effective energy storage solutions. Improved battery
performance and durability can reduce maintenance and replacement costs for

consumers and industries, further promoting the adoption of clean energy technologies.
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6. Environmental Benefits: Widespread adoption of advanced polymer electrolytes can
contribute to reducing greenhouse gas emissions by facilitating the transition to electric
vehicles and renewable energy sources. This study thus aligns with global efforts to
combat climate change.

The study's importance lies in its potential to revolutionize the energy storage landscape,
making it safer, more efficient, and versatile. By addressing key theoretical dimensions related
to LIiTFSI salt incorporation, researchers can drive innovations that benefit consumers,

industries, and the environment, ultimately advancing the state of energy storage.

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(trifluoromethane sulfonyl)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 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 (SPEs) are of particular interest.
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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.

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
guantum chemistry approach.

The theoretical framework encompasses various aspects of the material under investigation:
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o 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) (PEQO) 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
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:

e 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.

e Electronic Structure Calculations: The lowest unoccupied molecular orbital

(LUMO) energy and highest occupied molecular orbital (HOMO) energy are calculated
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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.

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.
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Results and Discussion

Table 1 The optimum geometrical parameters like bond lengths, bond angles, and
important dihedral angles of PEO and SPE.

Geometrical Parameter Molecular System PEO SPE
Bond Length (A) C-H 1.10 1.10
c-C 1.53 1.53
C-O 1.46 1.46
Bond Angle (A) c-C-O 106.49 109.36
C-0-C 115.26 113.12
Dihedral Angle () C-C-0-C 179.48  172.88
O0-C-C-O 72.81 72.51

Electrical Properties

The "Electronic Properties” section of the study focuses on analyzing the electronic
characteristics of Poly(ethylene oxide) (PEO), Lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), and the solid-state polymer electrolyte (SPE) derived from them. Here are the key

findings from this section:

Molecular Orbital Analysis:

« Frontier orbitals, including the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO), were analyzed. HOMO identifies
electron-withdrawing (oxidation) sites, while LUMO identifies electron-accepting
(reduction) sites within the molecules.

e The energy levels of HOMO and LUMO were calculated using the
B3LYP/LANL2DZ method, and the HOMO-LUMO gap (Eg) was determined. This

gap is indicative of reactivity and stability.
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Figure 1displays the molecular orbitals and their positive and negative regions for

« PEO and SPE.

Molecules IP (eV) EA (eV) Eg (eV)
PEO 6.91 1.16 5.74
LiTFSI 8.89 3.98 491
SPE 7.09 3.84 3.26

Global and Local Chemical Descriptor Analysis:

o Table 2 provides global chemical descriptors for PEO, LiTFSI, and SPE.
Electronegativity () measures the tendency to attract electrons, while chemical
potential () represents the electron's affinity to escape.

« Polarizability is confirmed by global hardness (1) and softness (o) descriptors. PEO,
LiTFSI, and SPE exhibit different hardness and softness values.

o Electrophilicity index (®) indicates the tendency to accept electrons. PEO, LiTFSI,

and SPE show varying o values.
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e The electron transfer parameter (An) within the SPE surface is greater than 1,
suggesting strong charge transfer interactions within the SPE and confirming PEQO's
adsorption ability.

Table 2: Global and Local Chemical Descriptors of PEO, LiTFSI, and SPE

Molecules HOMO (eV) LUMO (eV) Gap (eV) Eelec(eV) ZPVE (eV) An

PEO 4.04 -4.04 0.34 2.87 2.02 —
LiTFSI 6.44 -6.44 0.41 2.46 3.22 —
SPE 5.46 -5.46 0.62 1.63 2.74 1.18

The provided table furnishes essential electronic properties of three distinct molecules, namely
PEO (Polyethylene oxide), LiTFSI (Lithium bis(trifluoromethanesulfonyl)imide), and SPE
(Solid Polymer Electrolyte). These properties offer critical insights into the behavior and
potential utility of these molecules in various scientific and technological applications,
including materials science and energy storage. The HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) energy levels are indicative of a
molecule's electron-donating and electron-accepting abilities, respectively. The gap between
these energy levels, known as the bandgap, plays a pivotal role in determining the electrical
conductivity properties of the molecule. In this context, PEO exhibits a relatively small
bandgap of 0.34 eV, hinting at its potential as a semiconductor. LiTFSI showcases a slightly
larger bandgap of 0.41 eV, whereas SPE possesses a significantly larger bandgap of 0.62 eV,
suggesting potential insulating characteristics. The electronic energy (Eelec) provides an
overall measure of the molecule's electronic stability and energy state. PEO has an Eelec of
2.87 eV, LiTFSI records 2.46 eV, and SPE demonstrates 1.63 eV, reflecting variations in their

electronic structures and reactivity.
Electrochemical Stability Analysis by HOMO-LUMO Method:

o Electrochemical stability was assessed using the Electrochemical Window (ECW) of
the electrolytes. ECW depends on the anodic (oxidation) and cathodic (reduction)
limits, which are calculated from the HOMO and LUMO energy levels.

e For PEO, the anodic limit (VAL) is 6.91 V, the cathodic limit (VCL) is 1.16 V, and
the ECW is 5.74 V. This suggests high oxidation occupancy for PEO.
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e For SPE, the VAL is 7.09 V, the VCL is 3.84 V, and the ECW is 3.26 V. SPE's lower
ECW than PEO indicates higher electrochemical stability for SPE.

Table 3: lonization Potential (IP), Electron Affinity (EA), and Energy Gap (Eg) of PEO,
LiTFSI, and SPE

Molecules IP (eV) EA (eV) Eg (eV)
PEO 6.91 1.16 5.74
LiTFSI 8.89 3.98 491
SPE 7.09 3.84 3.26

The provided table offers valuable insights into the electronic properties of three distinct
molecules: PEO (Polyethylene oxide), LiTFSI (Lithium bis(trifluoromethanesulfonyl)imide),
and SPE (Solid Polymer Electrolyte). These properties play a significant role in determining
the behavior and suitability of these molecules in various applications, particularly in the realm
of materials science and energy storage. The lonization Potential (IP) values provide
information about the ease with which an electron can be removed from the highest occupied
molecular orbital (HOMO) of each molecule. In contrast, the Electron Affinity (EA) values
represent the energy change associated with adding an electron to the lowest unoccupied
molecular orbital (LUMO). These parameters help in understanding the electronic structure
and reactivity of the molecules. Perhaps most notably, the Bandgap Energy (Eg) values are
indicative of a material's electrical conductivity and its utility in electronic and photonic
applications. A larger bandgap implies that more energy is required to promote electrons from
the valence band to the conduction band, resulting in a material that is generally an insulator
or semiconductor. Conversely, a smaller bandgap suggests greater electron mobility, making

the material potentially more conductive.
Thermal Analysis:

For the thermal analysis, frequency calculations were performed at normal temperature and
pressure (NTP) using the B3LYP/LANL2DZ techniques. The following thermal properties
were calculated for PEO and SPE:
e Zero-point energy (Z): SPE has a higher Z value (945.31 kJ mol™) compared to PEO
(818.64 kJ mol ™), indicating that SPE is more reactive.
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e Thermal energy (E): PEO has an E of 870.02 kJ mol ™, while SPE has an E of 1048.04
kJ mol ™.

o Enthalpy (H): PEO has an H of 8§72.49 kJ mol™, and SPE has an H of 1050.52 kJ
mol ™.

e Gibbs free energy (F): PEO has an F of 675.00 kJ mol™, and SPE has an F of 726.48
kJ mol™.

e Heat capacity (Cv): PEO has a Cv 0f 274.03 J mol™ K™!, while SPE has a
significantly higher Cv of 549.12 J mol™ K.

o Entropy (S): PEO has an entropy of 662.38 ] mol™! K™, and SPE has an entropy of
1086.83 J mol™ K.

Table 4: Thermal Energy (E), Zero-point Energy (Z), and State Functions of PEO and

SPE
Z (kJ E (kJ H (kJ F (kJ Cv (I mol* S (J mol*
Molecules mol™) mol™) mol™) mol™) K™) K™
PEO 818.64 870.02 872.49 675.00 274.03 662.38
SPE 945.31 1048.04  1050.52  726.48 549.12 1086.83

The table presents a set of thermodynamic properties for two distinct molecules, PEO
(Polyethylene oxide) and SPE (Solid Polymer Electrolyte). These properties are crucial for
gaining insights into the behavior of these molecules in various chemical and physical contexts.
The values provided for Z (partition function energy), E (internal energy), H (enthalpy), and F
(Helmholtz free energy) offer a comprehensive view of the energetic aspects of these
molecules. Internal energy (E) represents the total energy content of each molecule, while
enthalpy (H) accounts for the heat content, taking into consideration pressure and volume
effects. The Helmholtz free energy (F) provides insight into the maximum work obtainable
from each system under constant temperature and volume conditions, which is particularly
relevant in thermodynamics and chemical reactions. the heat capacity at constant volume (Cv)
and entropy (S) values are fundamental in understanding the thermal and thermodynamic
behavior of these molecules. Cv indicates the amount of heat required to raise the temperature
of one mole of the substance by one degree Celsius at constant volume, while entropy (S)

measures the degree of disorder or randomness within the system.
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Conclusion

The examination of the theoretical dimensions associated with the incorporation of LiTFSI salt
into polymer electrolytes underscores the profound impact this research can have on the energy
storage industry. By delving into the complexities of ion transport, stability, mechanical
properties, and safety considerations, this study provides a roadmap for advancing energy
storage technology. It offers the potential to revolutionize lithium-ion batteries and other
energy storage systems, making them more efficient, safer, and adaptable for a wide range of
applications. Furthermore, this research aligns with the global push towards sustainable energy
solutions, as it can contribute to reducing greenhouse gas emissions and resource consumption.
As we navigate the transition to a cleaner and more electrified future, the insights gained from
this study will play a pivotal role in shaping the landscape of energy storage, ushering in a new

era of improved performance, reliability, and environmental responsibility.
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