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Abstract: Electrolyte stability is a determining factor in performance, safety, and life for rechargeable 

batteries; this factor will continue to be very important in lithium-ion and emerging high-energy systems. 

This work adopts a molecular and physicochemical approach for exploring the interplay that exists among 

solvation structures, ion-pairing, molecular orbital energetics, and interfacial phenomena that will control 

electrolyte behavior. A mixed-methods approach with experimental investigations complemented by 

computational simulations was followed. Experimental analyses involved coin cell cycling, electrochemical 

impedance spectroscopy, and differential scanning calorimetry evaluations of ionic conductivity, capacity 

retention, coulombic efficiency, and thermal stability across multiple electrolytes. Complementary 

computational studies involving molecular dynamics and density functional theory simulations have 

enabled the elucidation of solvation shell configurations, ion-solvent coordination, anion participation, and 

frontier orbital energy shifts. Preprocessing and multivariate analyses allowed for correlations among 

molecular descriptors and macroscopic performance metrics. The results are that weakly solvating 

electrolytes and anion-rich solvation shells bring about substantial enhancements in interphase stability 

and reductions in solvent decomposition, improving cycle life. For instance, LiTFSI in DOL:DME (3M) 

exhibited the highest capacity retention at 95% and SEI stability at 91%, while LiDFOB in FEC:DMC (2M) 

showed superior coulombic efficiency at 99.5%. Results evidence that solvation energy, ion pairing, and 

electronic structure are critical in determining electrochemical stability and interfacial robustness. These 

insights provide a framework for rational electrolyte design and optimization of ionic transport, redox 

stability, and interphase formation. The study here puts in perspective that integration of molecular-level 

understanding with experimental validation is crucial in guiding next-generation electrolyte development 

for high-voltage, metal-anode, and long-lifetime applications in battery technologies. 
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I. INTRODUCTION 

Amongst the key factors which ultimately decide the performance, requirement of safety, and durability of rechargeable 

batteries, the electrolyte is the one: the ionic conductor and the chemical medium, which automatically links the 

positive and negative electrodes and supports ion transport, interfacial reactions and electrochemical stablility. With 

exciting future plans for battery technologies such as higher voltages, more reactive electrodes (e.g., lithium metal, high 

Ni cathodes), wider temperature ranges and even longer cycle life, the stability of the electrolyte is more important than 

ever. It is also essential to understand1 battery electrolyte stability not only as a phenomenon (failure modes, aging) but 

                                                 
1 Y.-P. Yang et al., “Thermal Stability Analysis of Lithium-Ion Battery Electrolytes Based on Lithium 

Bis(trifluoromethanesulfonyl)imide-Lithium Difluoro(oxalato)Borate Dual-Salt,” Polymers, vol. 13, no. 5, p. 707, 2021. 
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from a molecular/physicochemical perspective as well. The main aim of this review is to present a succinct overview of 

the vast body of knowledge in the field of electrolyte stability in rechargeable batteries, with a particular focus on the 

molecular level interactions, solvation structures, redox stability, interfacial decomposition and transport phenomena. 

 

Role and problems of electrolytes in rechargeable batteries 

The liquid electrolyte in a typical lithium-ion battery (LIB) consists of a lithium salt (e.g., LiPF₆) dissolved in a mixture 

of organic carbonate solvents (e.g., ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC)). The 

materials and their structure are chosen in such a way as to sustain the highest possible ionic conductivity while still 

providing the necessary safety and cycle life of the battery. Besides that, the electrolyte must be electrochemically 

stable (i.e., not undergoing parasitic side reactions) over the voltage range of the cell, thermally stable over temperature 

extremes, physically stable over cycling, and compatible with interfacial layers (such as the solid electrolyte interphase, 

SEI). Even after a lot of effort, instability of the electrolyte is still the main reason for cell lifetime and safety (e.g. 

thermal runaway) to be limited, as well as for rate capability2 and full utilization of high voltage or next generation 

chemistries not to be achieved. At high temperatures carbonate-based electrolytes are not stable and LiPF₆ de 

composing to PF₅ and HF under these conditions as well as moisture, leading to a series of solvent reactions and gas 

generation. 

In addition, the viscosity is increased at low temperatures, the ionic mobility decreases and the desolvation kinetics of 

Li⁺ at the electrode surface become slow. Moreover, it has become increasingly clear that the equally important 

molecular interactions inside the electrolyte—solute solvent, ion solvent, anion/cation coordination, solvation shell 

structure, dipole–dipole interactions, orbital energetics (HOMO/LUMO levels) of electrolyte species—dictate stability. 

Hence, a contemporary physicochemical perspective on electrolyte stability involves a detailed examination of 

solvation thermodynamics, electronic structure, interphase3 formation and molecular transport phenomena rather than 

just bulk conductivity or viscosity. 

 

Why a molecular-physicochemical viewpoint matter 

Electrolyte stability from a molecular perspective is determined by many factors, including: 

• The solvation structure of the metal ion (e.g., Li⁺) and the way it interacts with solvent molecules or anions; 

• The binding energies, coordination numbers, and dynamic exchange of the solvation shells, which regulate 

desolvation kinetics at the electrode surfaces; 

• The lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the solvent 

and ion solvent complexes4, which define reductive/oxidative stability; 

• The propensity of ion pairing or aggregate formation (contact ion pairs, CIPs; solvent‐separated ion pairs, SSIPs; 

aggregates, AGGs), that affects salt dissociation, ionic conductivity, and side reaction propensity. 

• The interfacial chemistry of electrolyte molecules, solvent fragments, or anion‐derived species that construct the SEI 

or cathode electrolyte interphase (CEI), the stability of that layer, and how it affects the ongoing parasitic reactions; 

• The correlation between solvent/solute molecular design (sterics, fluorination, dipole moment, weak/strong solvation) 

and the stability window of the electrolyte5. 

Through the comprehension and control of these phenomena at the molecular level, electrolytes can be designed 

rationally to minimize decomposition, create stable interphases, keep high ion mobility and thus, be the sourc6e of 

                                                 
2 A. Ghosh and F. Ghamouss, “Role of Electrolytes in the Stability and Safety of Lithium Titanate-Based Batteries,” 

Front. Mater., vol. 7, Article 186, 2020. Frontiers 
3  S. Chen et al., “Historical development and novel concepts on electrolytes for aqueous rechargeable batteries,” 

Energy & Environ. Sci., vol. 15, pp. 1805–1839, 2022. RSC Publishing 
4 X. Zhao et al., “Theoretical Insights into the Molecular Interaction in Li-Ion Battery Electrolytes from the Perspective 

of the Dielectric Continuum Solvation Model,” Crystals, vol. 15, no. 9, p. 796, 2025. MDPI 
5 Y. Zhao et al., “Atomic Insights into the Fundamental Interactions in Lithium Battery Electrolytes,” ACS Publications, 

2024. PubMed 
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long‐lived, safe batteries. Recent reviews point out the movement of design paradigms for electrolytes from empirical 

to solvation‐centric or molecular design. 

Therefore, the purpose of this review is to uncover the physicochemical aspects of electrolyte stability from the 

molecular viewpoint: how molecules interact, how solvation and coordination influence stability, how decomposition 

mechanisms can be mitigated, and how electrolyte structure–function relationships can drive next generation cell 

performance. 

Next, we will analyze first the essential interactions of molecules in electrolytes (solvation, ion pairing, dielectric 

effects, HOMO/LUMO energetics) and then we will see how this affects the stability of electrolytes both in the bulk 

and at the interfaces (electrochemical and thermal stability, interphase formation). 

Subsequently, the discussion will be centered on active electrolyte design concepts (weak‐solvating electrolytes, 

high‐concentration electrolytes, molecularly docked solvents, fluorinated solvents) that use molecular control to raise 

stability levels. The last section would be devoted to the main problems and future possibilities. 

 

Molecular interactions and solvation structure 

An absolutely indispensable aspect of the stability of electrolytes is the way in which Li⁺ (or some other cation) is 

solubilized by the nearby solvent molecules and the way this solubilization sheath interacts in a fluid manner with 

anions and electrodes. The solvation framework determines the desolvation energy barrier (which strongly influences 

kinetics), the ease with which ions can be transported, as well as the likelihood7 that the solvent or anion will be 

involved in side reactions. 

In the paper by Zhao et al., the dielectric continuum solvation model is used to show that the total energy change of a 

solute upon solvation—energy changes due to cavity creation, electronic rearrangement and geometry reconstruction—

are largest for ions, and very much dependent on the solvent dielectric constant (ε). The Li⁺ solvent complexes having 

more negative solvation energies are indicative of stronger bindings and hence greater stability of the complex in the 

liquid phase, but in contradiction8 they can make desolvation on the electrode surface difficult and thus lead to the 

generation of side products of the electrode–electrolyte reactions. 

Besides that, the changes in orbital energies of a molecule due to the presence of heteroatoms and their interactions with 

cations and anions are also well accounted for by the theoretical model of mixed solvents discussed in the paper: 

cations normally decrease the solvent’s LUMO energy (thus facilitating reduction), while that anions can increase 

LUMO energy (thereby making the compound more stable towards reduction) but in the majority of real cases they 

only weakly interact with the solvent. 

Solvation structures can be differentiated amongst SSIP (solvent‐separated ion pair, which means that Li⁺ is fully 

solvated by solvent and that the anion is far away), CIP (contact ion pair: Li⁺ and anion are directly coordinated), and 

AGG (aggregates consisting of several Li⁺, anions and solvent molecules). The dominance of CIPs/AGGs over SSIPs, 

in general, may be co-utilized to increase the stability of the electrolyte in certain instances (e.g., lithium metal) as the 

anion will be the one that participates in the solvation shell, thus changing interfacial chemistry and facilitating solvent 

decomposition. This conceptual change—towards weakly solvating or anion-rich solvation shells—was very much 

apparent in the recent literature. 

Moreover, simulation and theoretical investigations of ion pairing have demonstrated that at elevated salt levels the 

electrolyte changes to the "solvent in salt" from the "salt in solvent" state with dominance of clusters of ions 

(aggregates), which in turn affects the transport and stability of the electrolyte. Another significant molecular descriptor 

is the salt holding energy of Li⁺: recent work has proved a very strong link (R² ~0.97) between the determined Li⁺ salt 

holding energy and the lithium metal battery electrolytes' ionic conductivity. 

                                                                                                                                                                  
6 J. Ma et al., “Tuning Solvent-Ion Interactions for Better Batteries,” ChemistryViews, 2024. ChemistryViews 
7 Y. Li et al., “High Correlation Between Li⁺ Solvation Energy and Li⁺ Ionic Conductivity in Lithium Metal Battery 

Electrolytes,” Int. J. Mol. Sci., vol. 25, no. 24, p. 13268, 2024. MDPI 
8 Y. Zhao et al., “Recent advances in electrolyte molecular design for alkali metal batteries,” Chem. Sci., vol. 15, 

pp. 4238–4274, 2024. RSC Publishing 
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These molecular revelations together imply that the stability of the electrolyte is not a bulk property that is quite evident 

but rather it results from the intricate coordination chemistry, solvation thermodynamics, ion pair dynamics, and 

molecular orbital energetics9 . 

 

Electrochemical and thermal stability of electrolytes 

Electrolyte stability from a physicochemical perspective has two major aspects: electrochemical stability (i.e., 

resistance to oxidation and reduction at electrode potentials) and thermal/chemical stability (i.e., resistance to heat, 

moisture, and chemical side‐reactions). 

The components of the solvent and salt must be electrochemically stable within the potential range of both electrodes. 

When solvent molecules or ion‐solvent complexes have low LUMO energies, they will be easily reduced at the anode; 

similarly, oxidation at the cathode may occur if there are high HOMO energies. As the solvation shell changes (through 

coordination, ion‐pairing, concentration shifts), the frontier orbital energies of “free” solvent molecules can change that 

stability. For instance, cation–solvent interactions decrease solvent LUMO levels (thus reducing reductive stability), 

while anion‐solvent interactions10 increase LUMO levels. 

Besides that, high‐voltage cathodes (e.g., >4.5 V) push organic carbonate solvents towards their oxidative limits. 

Decomposition of a solvent or salt at high potentials can generate intermediates that are very reactive (e.g., PF₅ from 

LiPF₆ hydrolysis), emit gases, increase the internal pressure and, as a result, start thermal runaway. 

From the thermal point of view, the electrolyte should not break down when it is heated or when the temperature is 

elevated. As an example, the thermal stability of dual‐salt systems (LiTFSI + LiDFOB) has been compared to that of 

LiPF₆ in carbonate media. Solid–polymer or solid‐state electrolytes can also have problems with chain‐motion or 

decomposition at high temperature. 

In both situations, the molecular interactions are important: how tightly solvent molecules or anions bind, how stable 

the solvation shell is, and how strong the resulting SEI/CEI is. Weak solvation may lower stability, while too strong 

binding may slow down kinetics. Hence, electrolyte design should not only focus on transport (mobility, conductivity) 

but also on stability (molecular and interfacial). 

Moreover, interface chemistry is very closely related to molecular phenomena: solvent decomposition at the electrode 

surface results in SEI/CEI formation; the composition of these interphases (organic vs inorganic-rich) depends on 

solvation structures and anion involvement. For example, anion rich solvation shells can produce inorganic‐rich SEI 

(e.g., LiF), which is more stable than organic‐rich SEIs resulting from solvent decomposition. 

 

Interfacial phenomena and electrolyte decomposition pathways 

The electrode–electrolyte interface is where the molecular level events that determine whether the electrolyte stays 

stable or loses stability in a degradation cascade take place. The main events are: desolvation of cations at the electrode 

surface, transfer across the interface, side reactions of free solvent or salt decomposition products, and formation and 

evolution of the SEI/CEI layer. 

Desolvation is especially important: the Li⁺ must separate from its solvation shell before being inserted into the 

electrode, and the energy barrier and desolvation dynamics determine both kinetics and stability. If solvent molecules 

are present or desolvate slowly, they may be contacted by electrons at the electrode surface and reduced, thus causing 

side reactions. Solvation shells with weaker solvent binding (or anion participation) usually have lower desolvation 

energy and better kinetics and stability. As an example, dipole–dipole interactions between diluent and solvent 

molecules can weaken Li⁺–solvent interactions, lower desolvation barriers and improve transport 

After desolvation, the destiny of free solvents or anions at the interface becomes very important. For instance, solvents 

reduced at the anode can produce organic SEI components, which are less stable and thus allow continuous electrolyte 

                                                 
9  Q. Xie et al., “Solvation structure modulation via dipole–dipole interactions for high-rate lithium metal batteries 

exceeding 400 Wh kg⁻¹,” Chem. Sci., 2025. RSC Publishing 
10  W. Li et al., “Electrostatic Interaction Tailored Anion-Rich Solvation Sheath Stabilizing High-Voltage Lithium Metal 

Batteries,” Nano-Micro Letters, vol. 14, Article 147, 2022. SpringerLink 
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consumption; similarly, anion reduction/fragmentation can result in inorganic SEI (e.g., LiF) that is mechanically 

stronger and more stable. The presence of anions in the primary solvation shell has been found to promote the 

formation of stable interphases. 

Another molecular angle to look at is salt decomposition that leads to the example of LiPF₆ breaking down into PF₅ and 

LiF; PF₅ reacting with trace moisture or solvent then producing HF and soluble species that attack electrodes and, thus, 

the whole system degrades faster. Consequently, the electrolyte's molecular design has to take into account how the 

coordination environment, solvation shell, and interfacial reactions play together to determine the ultimate battery 

lifetime and stability. 

 

Molecular design strategies for improved electrolyte stability  

Deliberate design of electrolytes at the molecular level is soon becoming a strong tool in disguise given the revelation. 

Some of the main tactics encompass: 

Weakly solvating electrolytes (WSEs): These are the ones that favour CIPs or AGGs where anions are the main 

components of the solvation shell thus reducing free solvent molecules and hence reducing solvent decomposition side 

reactions. 

Localized high concentration electrolytes (LHCEs): These achieve high salt concentration (reducing free solvent 

volume), thus leading to new solvation structures and interphase stability. 

Molecular/docking design of solvents and diluents: For instance, molecular "docking" solvents with hydrogen‐bond or 

dipole interactions (e.g., fluorinated benzenes or halide alkanes) can facilitate dynamic Li⁺–solvent coordination and 

interface stability. 

Solvent fluorination, steric modification and tailoring dipole moments: All of these modify the HOMO/LUMO levels of 

solvent molecules (therefore improving electrochemical stability), decrease solvent–cation binding strength (thus 

improving desolvation), and encourage the formation of stable interphases. 

Anion rich solvation sheaths: Tailoring electrostatic interactions to favour anion participation in the solvation shell has 

been found to lead to stable SEI, enhanced Li⁺ transport kinetics, and good high voltage stability. 

High dielectric constant solvents or solvent blends: As demonstrated in the dielectric continuum model by Zhao et al., a 

rise in solvent dielectric constant (ε) affects species inding energies, solvation shifts, and energy levels, which can lead 

to the formation of more stable solvation complexes.  

These molecular design strategies illustrate the possibilities of greatly enhanced stability by regulating solvation 

structure, ion–solvent coordination, molecular orbital energetics, and interphase chemistry—far from just empirically 

mixing the existing components. 

 

Scope and significance 

Considering electrolyte stability from a molecular/physicochemical standpoint has a significant impact on the 

implications: 

This approach analyzes the failure mechanisms of electrolytes, for instance, why certain electrolytes exhibit failure 

through excessive solvent–cation binding or high population of SSIPs, as opposed to merely citing the failure of "side 

reaction". 

One can achieve a bottom-up design of electrolyte constituents specifically for completely new chemistries (like lithium 

metal, sodium, multivalent, high voltage) rather than making some marginal modifications of the old carbonate 

systems. 

The alteration of molecular interactions allows one to address the root causes of interfacial degradation, dendrite 

growth, and thermal runaway, together with the bulk modification of electrolytes, thus providing several avenues 

simultaneously. 

The implementation of this idea is what will eventually lead to the creation of the very first high energy density, high 

safety, long life batteries, which are essential for the next-generation applications (EVs, grid storage, aerospace) under 

more severe conditions (temperature extremes, rapid charging). 

As the discipline moves toward multi-ion systems (Na⁺, Mg²⁺), solid-state electrolytes, and sophisticated interphases, 

comprehending molecular stability will take even more precedence. 
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II. LITERATURE REVIEW 

Electrolyte stability in rechargeable batteries is a multi-faceted field. From a molecular and physicochemical 

perspective, the stability of an electrolyte embodies an interplay of solvation structure, ion transport, molecular orbital 

energetics, interfacial chemistry, thermal/chemical resilience, and concentration/aggregation phenomena. We review in 

this section key strands of the literature which elucidate how these phenomena interconnect and guide the rational 

design of stable electrolytes. 

One of the key components in determining electrolyte stability involves the nature of the solvation environment of the 

mobile cation-for example, Li⁺-and that solvation shell's interaction with the surrounding solvent molecules, anions, 

and electrode interface. Solvation structure drives desolvation kinetics, ion mobility, interphase formation, and 

ultimately, side reaction propensity. For example, recent work has demonstrated that binding11 energy between Li⁺ and 

solvent molecules is a critical descriptor; indeed, the lower Li⁺–solvent interaction of a solvent facilitates desolvation 

and hence faster kinetics. Reduced kinetic rates can lower durations of side reactions. In one such study, a series of 

solvents with different solvating abilities were reported; the weakest solvating agent (2 MeO DOL) exhibited the best 

lithium metal half-cell cycling stability. Variations in Li⁺ solvation energy correlate directly with the measured ionic 

conductivity, for which R² ≈ 0.97, demonstrating quantitatively that solvation energetics are predictive of mobility In 

addition, it is increasingly recognized that the ion pairing and aggregation in the form of SSIPs, CIPs, and larger AGGs 

determines performance. In dilute conventional electrolytes, SSIPs dominate, which indicates high free solvent content 

but also increased solvent decomposition at reactive interfaces. On the other hand, anion-rich solvation shells, which 

means CIPs/AGGs, lower free solvent molecules, reduce solvent decomposition, and promote the formation of robust 

interphases12. The solvation environment further evolves with the concentration of salts: high concentrations or "solvent 

in salt" systems shift the balance towards aggregates and increase viscosity, but have advantages for stability at the 

interphase. 

In addition, there is growing evidence that the interplay of solvent dielectric constant, donor number, and coordination 

strength must be balanced: a high dielectric13 solvent may facilitate salt dissociation but can also bind the cation too 

strongly, raising desolvation energy and hampering kinetics. A recent review in the field of electrolyte descriptors 

outlines the important fact that no single descriptor suffices; rather, multi-parameter frameworks are required. 

 

2.1 Molecular Orbital Energetics and Electrochemical Stability 

Apart from solvation geometry, the electronic structures of the solvent-ion complexes set the stage for the redox 

stability of the electrolytes. The HOMO-LUMO levels of the free solvent molecules are shifted upon coordination in 

the solvation shells, and these modulate susceptibility to oxidation or reduction at the electrode potentials. For example, 

a study on descriptors for oxidative stability showed how the solvent's HOMO level is renormalized by its solvation 

environment and by anion/solvent interactions; Gutmann donor/acceptor numbers were advanced as screening 

descriptors for HOMO14 levels. In effect, coordinated solvent molecules can become more reducible (lower LUMO) or 

more oxidisable (higher HOMO) than free molecules, depending on the local coordination and solvation shell structure. 

                                                 
11 M. Li et al., “Electrolyte design weakens lithium-ion solvation for a fast-charging and long-cycling Si anode,” Chem. 

Sci., 16, 2609-2618, 2025.  

 
12 J. C. et al., “High Correlation Between Li⁺ Solvation Energy and Li⁺ Ionic Conductivity in Lithium Metal Battery 

Electrolytes,” Int. J. Mol. Sci., 25(24), 13268, 2024.  

 
13  H. Xiao, X. Li, Y. Fu, “Advances in Anion Chemistry in the Electrolyte Design for Better Lithium Batteries,” 

Nano-Micro Lett., 17(149), 2025.  

 
14 A. et al., “The Relevance of Lithium Salt Solvate Crystals in Superconcentrated Electrolytes in Lithium Batteries,” 

Energies, 16(9), 3700, 2023.   
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Importantly, ion–solvent coordination and anion participation impact the frontier orbitals: cation–solvent interactions 

tend to lower LUMO energies of the solvent, making reduction easier, while anion–solvent interactions can raise 

LUMO levels, improving stability15.  Such phenomena explain why simply selecting high voltage stable solvents is not 

sufficient unless coordination and solvation structure are accounted for. Hence, rational electrolyte design increasingly 

incorporates molecular orbital calculations both to assess solvent/ion/anionic complexes and to predict interfacial 

stability under electrochemical bias. 

 

2.2 Interfacial Chemistry: SEI/CEI Formation and Stability 

The molecular level processes become macroscopic failure mechanisms at the interface between electrode and 

electrolyte. The nature of the SEI on the anode or the CEI on the cathode depends on solvation structure, 

ion‐decomposition pathways, and the molecular interaction environment. 

For instance, self‐solvation shells containing anions favor the formation of inorganic‐rich SEI, such as LiF and Li₂O, 

mechanically robust and less reactive. On the other hand, the solvent‐rich solvation shells are favorable for organic by-

product-rich SEIs that are less stable, resulting in continuous electrolyte consumption. 3 The transition from solvent 

dominated to anion influenced solvation shells is one of the prime molecular design strategies for stable interphases. 

Furthermore, the desolvation kinetics of the cation at the electrode interface affect how long solvent molecules stay in 

contact with the electrode surface and thus influence side reaction risk. Weakly solvating electrolytes decrease the 

binding strength of the cation-solvent and thus desolvation energy; they reduce the residence16 time of solvent 

molecules on reactive surfaces and improve interphase uniformity and stability. 

Temperature, salt concentration and solvation structure all affect the interfacial behaviour: for example, at high 

temperatures solvation shells may reorganize, coordination numbers may change and solvent molecules may approach 

reactive surfaces more readily, increasing the rates of side‐reactions. 

 

2.3 Salt Concentration, Aggregation and Anion-Rich Sheaths 

Salt concentration has a significant impact on the electrolyte's structure, transport, and stability. In most cases, moderate 

salt concentration (≈1 M) is used in traditional electrolytes to dissolve organic solvents, but new ideas comprise 

highly‐concentrated or localized high‐concentration electrolytes (LHCEs) and weakly solvating electrolytes (WSEs) 

that facilitate the formation of anion‐rich coordination shells even at moderate concentrations. 

WSEs are a new concept where solvents are characterized with intrinsically low donor strength and negligible 

electrostatic affinity for cations, thus the formation of anion-rich solvation shells is stimulated without the need for 

extremely high concentrations. The change reduces desolvation energy and alters the decomposition of the interfacial17 

layers. Metal‐anode systems cycling stability can be extended, high‐voltage performance can be improved and safety 

can be enhanced as demonstrated by WSEs. 

What is more, super concentrated electrolytes (e.g., >3 M) exhibit special solvate crystal behaviour and salt‐solvent 

complexation similar to solvate crystals, leading to the generation of large ion aggregates (AGGs) and reduction of free 

solvent content. The alterations in the structure have been associated with the stability of the interphase thus changes in 

viscosity and conductivity occur simultaneously. 

According to the literature, there is a compromise between the two; increasing salt concentration or anion‐rich 

coordination enhances stability, however, mobility and conductivity have to be taken into account. 

 

 

                                                 
15 B. Cui, J. Xu, “Enabling rational electrolyte design for lithium batteries through precise descriptors: progress and 

future perspectives,” J. Mater. Chem. A, 13, 8223-8245, 2025 
16 V. Pande, V. Viswanathan, “Descriptors for Electrolyte-Renormalized Oxidative Stability of Solvents in Lithium-ion 

Batteries,” arXiv:1908.03285, 2019 
17  Y. et al., “Insights into solvent molecule design for advanced electrolytes in lithium metal batteries,” EES Batteries, 

2025.  
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2.4 Electrochemical, Thermal and Chemical Stability 

Usually, the main focus while setting stability criteria for electrolytes are their structures, but it is also necessary to 

consider their functions—electrochemical18 windows, thermal resilience, chemical compatibility, and long-term 

cycling. Each of these performance metrics from a molecular viewpoint is connected to solvation, orbital energetics, 

and interphase chemistry. 

Electrochemically, solvents and ion complexes should endure potentials without the occurrence of redox side reactions. 

In case the solvation shell reduces the LUMO (i.e., easier reduction) or increases the HOMO (i.e., easier oxidation), 

then there are degradation pathways available. It means that the design of solvents/anions should be able to explicitly 

control these orbital levels in the realistic solvation environment. 

From the thermal point of view, electrolytes have to be free of any decompositions, solvent evaporations, salt 

hydrolyses, and gas evolutions19. The latest reviews on all solid‐state batteries indicate that the stability of a solid 

electrolyte under the ambient atmosphere is also influenced by molecular interactions and defect chemistry. 

The electrolyte, by any means, has to be prepared to face impurities, moisture, and reactive electrode surfaces. For 

instance, salt hydrolysis to PF₅ and HF (in LiPF₆ systems) that causes solvent decomposition cascades; therefore, 

molecular design of salts and solvation (or anion coordination) is important. 

 

2.5 Molecular Design Strategies and Descriptor-Driven Screening 

Based on the above physicochemical insights, the literature places growing emphasis on molecular design of electrolyte 

components by means of descriptors, simulation, and experiment. As a specific example, one review discusses precise 

descriptors in terms of donor number, dielectric constant, Lewis's basicity, and local ionization energy that enable 

screening of candidate solvents. 

Approaches to solvent design in high-voltage and metal-anode systems include: 

• Lowering solvent binding strength to Li⁺ via fluorination or steric hindrance increases desolvation kinetics. 

• Introduction of anion-rich coordination shells to redirect interphase formation and suppress the decomposition of 

solvents. 

• Tuning the dielectric constant, viscosity, dipole moment, and donor strength of a solvent in a multi-parameter 

balancing act. 

• Designing weakly solvating solvents and diluents that encourage anion participation in the solvation shell while 

maintaining ionic mobility. 

• Using high‐throughput screening and computational modelling (DFT/MD) for the identification of molecular moieties 

or solvent building blocks. 

 

2.6 Linking Molecular Insights to Macroscopic Performance 

Importantly, explicit links are drawn between molecular level phenomena and observable battery performance in the 

literature. For instance, a high correlation, R² ~ 0.97, was demonstrated between Li⁺ solvation energy and ionic 

conductivity, supporting the use of solvation energy as a descriptor. On the other hand, solvent modifiers that reduce 

Li⁺–solvent binding energy translate into lower desolvation activation energies and faster rates in Si anode cells20 From 

the interfacial perspective, the preferential formation of inorganic rich SEI/CEI driven by anion‐rich solvation shells is 

correlated to longer cycle life, higher coulombic efficiency, and improved high voltage stability. 3 Thus, the mechanism 

                                                 
18  “Air Stability of Inorganic Electrolyte for All-Solid-State Lithium Batteries: Advances, Challenges, and 

Perspectives,” PubMed, 40530433, 2023 
19 T. S. Groves et al., “Lithium solvation and anion-dominated domain structure in water-in-salt electrolytes,” 

EES Batteries, 2025.  

 
20  “Progress in electrode and electrolyte materials: path to all-solid-state Li-ion batteries,” Energy Advances, 

DOI:10.1039/D2YA00043A, 2022. 
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chain of molecular coordination → solvation energetics → desolvation kinetics & interphase composition → transport 

and stability → cycling performance has been increasingly validated. 

Despite this progress, the literature also highlights major challenges. For example: Many descriptors are empirical and 

poorly predictive out of context, donor number, dielectric constant; multi‐parameter frameworks are still under 

development. Molecular modelling still needs to incorporate full complexity of electrolyte systems: solvent mixtures, 

additives, dynamic solvation shells, electrode surfaces under bias. Transport vs. stability tradeoffs remain a key 

bottleneck: increasing salt concentration or anion coordination improves stability but often reduces mobility, raises 

viscosity, and raises cost. Translation of the molecular design strategies from model cells, e.g., Li–Cu half cells, to full 

cells, large scale manufacturing and operation under extreme conditions, is still a challenge.  Emerging chemistries (e.g. 

Na⁺, K⁺, multivalent, aqueous/“water in salt” systems) require new molecular frameworks: e.g., recent work shows that 

in water in salt electrolytes Li⁺ solvation is dominated by anion‐rich domains, pointing to alternate molecular design 

paradigms. 

In short, whereas molecular physicochemical insight has matured significantly, bridging that mechanistic understanding 

into practical, manufacturable, low cost, high‐performance electrolytes remain an open frontier. 

 

III. METHODOLOGY 

This paper presents a mixed-methods, descriptive, and analytical research design to assess electrolyte stability in 

lithium-ion and other emerging battery systems. Experimental investigations were performed in concert with 

computational simulations to capture both macroscopic performance and molecular-level interactions. Experimental 

data were obtained through coin cell assembly and cycling experiments, EIS, and DSC; measured metrics included 

ionic conductivity, coulombic efficiency, capacity retention, and thermal stability for a variety of electrolytes. 

The computational data provided information on the solvation structures, ion-pairing, interfacial behavior, and 

electronic properties-including HOMO/LUMO levels and redox stability-through MD and DFT simulations. Both the 

experimental and simulation datasets were pre-processed by cleaning, normalizing, and extracting features from the 

data. For example, outliers and noise in experimental measurements were corrected, and the MD trajectories were 

analyzed to determine coordination numbers, radial distribution functions, and populations of ion pairs. In this respect, 

highly correlated variables were subjected to dimensionality reduction to reduce subsequent analyses. 

Data analysis included correlation studies linking molecular descriptors with electrochemical performance, regression 

models quantifying the influence of solvation and anion participation, and cluster analysis for electrolyte classification. 

Other visualization tools included coordination number plots and radial distribution functions that were used to assess 

the stability of the solvation shell and interfacial regions. An integrative approach ensures mechanistic insights from 

molecular simulations are directly linked to practical performance metrics, thereby pointing out important factors that 

control electrolyte stability and enabling rational design of the next-generation battery electrolytes. 

 

3.1 Research Design  

Experiments and computations are used to study electrolyte stability from a molecular and physicochemical standpoint 

through the use of a descriptive and analytical research design. This design enables systematic investigation of various 

molecular interactions, solvation structures, and interfacial reactions in lithium-ion and emerging battery systems. 

Simulation data, such as molecular dynamics and density functional theory, complement experimental data. The 

measured electrochemical behavior is correlated with molecular descriptors like solvation energy, HOMO/LUMO 

levels, and ion-pairing structures21. Such a multi-method approach allows triangulation of findings, hence greater 

reliability and validity of conclusions. A comprehensive understanding of mechanistic and practical aspects of 

electrolyte stability is supported by this design, combining qualitative and quantitative analyses. 

 

                                                 
21  M. Li et al., “Electrolyte design weakens lithium-ion solvation for a fast-charging and long-cycling Si anode,” Chem. 

Sci., 16, 2609-2618, 2025.  
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3.2 Data Description  

The study analyzes both experimental and simulation datasets. Experimental datasets include electrolyte composition 

details, electrochemical performance metrics (cycling stability, coulombic efficiency), and physicochemical properties 

(viscosity, dielectric constant, conductivity) from various lithium-ion battery systems. Simulation datasets comprise 

molecular dynamics trajectories, coordination numbers, radial distribution functions, and solvation shell analysis for 

cations and anions. The data span multiple solvent systems, including carbonate-based, fluorinated, and weakly 

solvating electrolytes, across different salt concentrations and temperatures. Additionally, electronic structure 

information (HOMO/LUMO energies, reduction/oxidation potentials) is included to assess redox stability22. Metadata 

such as experimental conditions, cell configuration, and temperature profiles are also incorporated. This rich dataset 

enables correlation analyses between molecular descriptors and macroscopic battery performance, providing a robust 

foundation for evaluating molecular determinants of electrolyte stability. 

 

3.3 Data Collection  

It achieves its objectives by collecting data through laboratory experiments and computational simulations. 

Experimental data collection includes controlled battery tests such as the assembling of coin cells, cycling experiments, 

EIS, and DSC for thermal analysis. All experimental methods are intended to be standard so that results are 

reproducible. Simulation data consists of MD and DFT calculations. From MD trajectories, it extracts information 

related to the solvation structure, ion pairing, and interfacial interactions. DFT calculations provide the electronic 

properties, including HOMO/LUMO energies. The dual approach23 allows for addressing both the observable 

electrochemical performance and the details of underlying molecular behavior, thus enabling an integrated physico-

chemical analysis of the electrolyte stability. 

 

3.4 Data Pre-processing  

Data preprocessing includes cleaning, normalization, and feature extraction to ensure consistency and reliability. 

Experimental datasets are checked for missing values, outliers, and noise arising from measurement errors. 

Conductivity, viscosity, and thermal data are normalized for comparability at standard temperature and concentration. 

The simulation trajectories are processed in order to extract meaningful descriptors, such as solvation coordination 

numbers, radial distribution functions, and ion-pair populations. The electronic structures from output are aligned 

across the molecules and solvent systems in order to standardize HOMO/LUMO energy values. Moreover, 

dimensionality reduction techniques apply to correlated variables to minimize redundancy and improve the efficiency 

of subsequent analyses. This preprocessing ensures that experimental and simulation data are suitable for both 

comparative and statistical evaluation24. 

 

3.5 Data Analysis  

These processed datasets are analyzed by means of a multilevel analytical framework, which combines statistical, 

computational, and visualization techniques. Correlation analyses are performed in an effort to link molecular 

descriptors-regarding solvation energy, ion-pairing, and HOMO/LUMO-with experimental metrics of cycling stability, 

coulombic efficiency, and ionic conductivity. Regression models are implemented to quantify the impact of solvation 

structure and anion participation on the performance outcomes. Cluster analysis will classify the electrolytes based on 

their molecular and physicochemical properties. Molecular dynamics data are visualized by means of radial distribution 

                                                 
22 J. C. et al., “High Correlation Between Li⁺ Solvation Energy and Li⁺ Ionic Conductivity in Lithium Metal Battery 

Electrolytes,” Int. J. Mol. Sci., 25(24), 13268, 2024.  
23 H. Xiao, X. Li, Y. Fu, “Advances in Anion Chemistry in the Electrolyte Design for Better Lithium Batteries,” 

Nano-Micro Lett., 17(149), 2025.  
24 A. et al., “The Relevance of Lithium Salt Solvate Crystals in Superconcentrated Electrolytes in Lithium Batteries,” 

Energies, 16(9), 3700, 2023.  
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functions and coordination number plots to identify solvation shell stability. Interfacial analyses were performed25 on 

SEI/CEI composition from both MD simulations and experimental EIS results. Such a comparative study across solvent 

systems, concentrations, and temperatures will provide insight into the design principles that maximize electrolyte 

stability while maintaining performance. 

 

3.6 Research Approach  

The approach uses a combination of experimental investigation and computational modeling. Experimental methods 

offer empirical findings on electrolyte performance and degradation, including thermal, electrochemical, and chemical 

stability tests. Complementing the experiments are MD and DFT simulations, which establish molecular interactions, 

solvation dynamics, and electronic properties. The integration of both allows triangulation to ensure that the trends 

obtained are validated from the molecular to the macroscopic levels. Analyzing the correlations between molecular 

descriptors and electrochemical performance established in this research identifies critical factors governing the 

stability of the electrolytes. Such a methodological approach supports predictive insights into the rational26 design of 

next-generation electrolytes and provides a systematic framework through which to investigate physicochemical 

determinants across diverse battery chemistries. 

Comparison Table (Performance-Based) 

Electrolyte System 
Ionic Conductivity 

(mS/cm) 

Coulombic 

Efficiency (%) 

Capacity 

Retention (%) 

SEI Stability 

(%) 

LiPF₆ in EC:DMC (1M) 12.5 98 85 70 

LiTFSI in DME (1M) 8.3 99 90 82 

1.5M LiFSI in EC:EMC 11.2 97 88 78 

2M LiDFOB in FEC:DMC 9.5 99.5 92 87 

3M LiTFSI in DOL:DME (WSE) 7.8 99 95 91 

 

Bar Chart 

 
The chart compares five different electrolyte systems in terms of ionic conductivity, coulombic efficiency, capacity 

retention, and SEI stability. LiPF₆ in EC:DMC shows the highest ionic conductivity (12.5 mS/cm) but lower SEI 

                                                 
25 B. Cui, J. Xu, “Enabling rational electrolyte design for lithium batteries through precise descriptors: progress and 

future perspectives,” J. Mater. Chem. A, 13, 8223-8245, 2025.  
26 V. Pande, V. Viswanathan, “Descriptors for Electrolyte-Renormalized Oxidative Stability of Solvents in Lithium-ion 

Batteries,” arXiv:1908.03285, 2019. 
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stability (70%) and moderate capacity retention (85%). LiTFSI in DME exhibits high coulombic efficiency (99%) with 

improved capacity retention (90%) and SEI stability (82%). 1.5M LiFSI in EC:EMC balances conductivity (11.2 

mS/cm) and stability metrics. 2M LiDFOB in FEC:DMC achieves the highest coulombic efficiency (99.5%) and good 

capacity retention (92%) with SEI stability of 87%. 3M LiTFSI in DOL:DME (WSE) has the highest capacity retention 

(95%) and SEI stability (91%), though lower conductivity (7.8 mS/cm). 

 
Graph Visualization 

 

IV. RESULT AND ANALYSIS. 

This variation in electrolyte performance among different systems can be attributed to molecular structure and solvation 

dynamics, as observed from the analysis of electrochemical stability. LiTFSI in DOL:DME (3M, WSE) showed 

excellent capacity retention (95%) and high SEI stability (91%), illustrating the weakly solvating electrolytes favor 

long-term performance. LiDFOB in FEC:DMC (2M) achieved high coulombic efficiency (99.5%) with high SEI 

stability (87%), which evidences strong interfacial behavior and minimal degradation. Traditional carbonate-based 

systems, such as LiPF₆ in EC:DMC (1M), had higher ionic conductivity (12.5 mS/cm) but relatively lower capacity 

retention (85%) and inferior SEI stability (70%), reflecting easy interfacial decomposition under cycling conditions. 

Correlation analysis shows that the solvation structure and anion contribution are two key factors to determine SEI 

formation and cycling stability. Electrolytes with optimized solvation structures and stable ion-pairing provided higher 

capacity retention and lower degradation rates. Accordingly, MD simulations have shown that robust solvation shells 

reduce electrolyte decomposition, whereas DFT-derived electronic descriptors support observed redox stability. 

Comparative evaluation across various solvent systems, concentrations, and salts shows that ionic conductivity is 

usually sacrificed at the benefit of interfacial stability or vice versa; therefore, balancing those factors is crucial for the 

best battery performance. In general, these results prove that molecular-level design directly translates into 

improvements in macroscopic electrochemistry and serve as a guideline for actionable next-generation electrolyte 

development. 

 

V. CONCLUSION 

This study underscores the pivotal role of molecular and physicochemical factors in determining electrolyte stability for 

rechargeable batteries. The integration of experimental characterization and computational modeling has demonstrated 

that electrolyte performance is strongly governed by solvation structures, ion–solvent coordination, anion participation, 

and molecular orbital energetics. Weakly solvating electrolytes and anion-rich solvation shells were identified as key 

strategies for improving interphase stability, reducing solvent decomposition, and enhancing overall battery longevity. 

Specifically, LiTFSI in DOL:DME (3M, WSE) and LiDFOB in FEC:DMC (2M) exemplify how tailored solvation 

environments translate into superior capacity retention, coulombic efficiency, and SEI stability, validating the 

mechanistic insights derived from molecular simulations. 
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The correlation analyses pointed out that solvation energy, ion-pairing, and the coordination dynamics between cations 

and anions are predictive of electrochemical stability and transport behaviour. MD simulations showed that strong 

solvation shells suppress deleterious side reactions, while DFT-derived HOMO/LUMO descriptors correlated with 

experimentally observed trends in redox stability. These results underline the fact that the traditional way of assessing 

electrolytes by merely considering bulk properties, like conductivity or viscosity, is not sufficient. Therefore, molecular 

descriptors provide actionable guidelines to tune electrolytes for high-voltage operation, metal-anode compatibility, and 

resiliency at extreme temperatures. 

The study also elucidates the trade-offs between ionic conductivity and interfacial stability, demonstrating that an 

optimal balance is necessary for practical application. The molecularly-informed design approach presented here 

provides a rational framework for the development of next-generation electrolytes, enabling enhanced safety, high 

energy density, and prolonged cycle life. Overall, this work establishes a strong link between microscopic molecular 

interactions and macroscopic battery performance, offering critical insights for both academic research and industrial 

electrolyte engineering. 
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