
Abstract
Lithium metal batteries are a promising technology for next-generation energy storage but are hindered by poor cycle life due to lithium dendrite formation. While fluorinated solvents can enhance battery longevity by increasing LiF content in the solid-electrolyte interphase, their high cost and environmental concerns limit their practicality. Previous studies have compared weakly solvating solvents by introducing fluorinated and non-fluorinated variants, often varying the carbon-to-oxygen ratios. These studies typically reduce the solvating power of ethers by increasing the proportion of non-solvating alkyl units, reducing solvating ethereal oxygen atoms, and adding steric hindrance groups in the ether molecular skeletons, resulting in differing performance outcomes without a clear understanding of the contributing factors. In contrast, this study introduces a series of fluorine-free, weakly solvating solvents—dipropyl ether (DPE), butyl ethyl ether (BEE), and pentyl methyl ether (PME)—with a fixed carbon-to-oxygen ratio, altering only the position of the oxygen atoms. This positional change increases the dielectric constant and dipole moment from DPE to BEE to PME, allowing for a detailed examination of their impact on solvation structure and lithium metal battery performance. By maintaining this ratio, we aim to isolate and understand the factors responsible for improved battery performance. These solvents promote the formation of inorganic LiF, Li2O -rich interphases through anion reduction, achieving stable SEI formation. Raman, FTIR, NMR techniques are employed to investigate the Li+-solvent structure and XPS for understanding SEI composition and correlates between interphase compositions and electrochemical performances


Introduction
Lithium metal is considered an exceptionally promising anode material for next-generation high-energy rechargeable batteries because of its high specific capacity(3860 mAh g−1), low electrochemical potential(−3.04 V versus standard hydrogen electrode (SHE), and low density(0.534 g cm−3)1. However, lithium-metal batteries (LMBs) encounter two major challenges: dendritic growth of lithium, which can lead to internal short-circuits, and low Coulombic efficiency (CE) due to ongoing side reactions that deplete active lithium and consume the electrolyte2. These issues are significantly affected by the solid electrolyte interphase (SEI) that forms between the lithium and the electrolyte, as the SEI’s composition and properties are key to stabilizing lithium deposition and influencing interfacial stability, ionic conductivity, and overall battery performance3.
A beneficial SEI structure is often rich in inorganic components like LiF and Li₂O, which enhance ionic conductivity while providing necessary electrical insulation to support stable lithium deposition and reduce dendrite formation. However, not all electrolytes support this ideal SEI formation. Carbonate-based electrolytes, commonly used in lithium-ion batteries (LIBs), have poor reductive stability with lithium metal anodes (LMAs), leading to an organic-rich SEI prone to continuous decomposition. This instability causes uneven lithium deposition, dendritic growth, and, consequently, low CE4.
Alternatively, ether-based electrolytes, such as dimethoxymethane (DME), exhibit greater reductive stability on LMAs, making them more suitable for LMBs5. 5However, because DME is a strongly solvating solvent, dilute DME-based electrolytes are not effective for LMBs, as they tend to form solvent-separated ion pairs (SSIPs) that lead to organic-rich SEI formation. Higher concentrations (above 4M) of DME are preferred because they promote the formation of contact ion pairs (CIPs) or aggregates (AGGs), leading to an inorganic-rich SEI that enhances performance6.
High-concentration electrolytes, however, come with their own challenges, including lower ionic conductivity and the high cost of lithium salts. To address these issues, localized high-concentration electrolytes (LHCEs) have been introduced. By adding a diluent to increase conductivity without altering the solvation structure, LHCEs maintain the benefits of high-concentration electrolytes. However, due to the high cost of certain diluents and the high fluorine content in these systems, alternative electrolyte systems known as weakly solvating solvents have been explored. Weakly solvating solvents form a higher proportion of CIPs and AGGs in the solvation structure with optimum ionic conductivity at lower concentrations and achieving better CE7.
To further explore this approach, researchers have studied various weakly solvating solvents with modified ether structures, varying chain lengths, where number of carbon is different and varying number of oxygen content, or steric effects to achieve the benefits of weakly solvating solvent8. These structural modifications have different impacts on SEI formation and interfacial kinetics, resulting in varying first-cycle Coulombic efficiency and average CE. However, identifying the precise structural factors responsible for improved battery performance remains a challenge.
In this study, three positional isomers of weakly solvating ether solvents—dipropyl ether (DPE), butyl ethyl ether (BEE), and pentyl methyl ether (PME)—were selected. Each has the same number of carbon and oxygen atoms, but with the oxygen positioned differently. This allows for a focused examination of how oxygen positioning affects solvation structure, SEI compositions and finally its effect in first-cycle CE, and average CE. While DPE and BEE are commercially available, PME was synthesized specifically for this study. Testing in 1M and 2M concentrations revealed similar performance trends across both concentrations, allowing a clearer understanding of the effects of oxygen positioning on electrolyte performance in LMBs.
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