Multiscale DFT and Ab Initio Molecular Dynamics Study of LiBOB-Tuned Li+ Solvation in Multicomponent Carbonate Electrolytes, Validated by ATR-FTIR
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The electrochemical stability of the electrolyte governs the lifetime, safety, and energy density of lithium-ion batteries, yet the molecular mechanism by which functional additives reshape the Li+ solvation shell remains poorly understood. Lithium bis(oxalato)borate (LiBOB) is known to build robust interphases and to improve high-temperature stability, but how, and to what extent, it enters the primary coordination sphere and rearranges cation–anion–solvent interactions in realistic, multicomponent solvents is unresolved. Unlike prior studies that, for tractability, focus on single or standard binary solvents and largely neglect the anion, no systematic work has combined experiment and theory to resolve the additive-ratio dependence across binary and ternary carbonate mixtures.
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Figure 1. The first solvation shell of Li+.
This work establishes an atoms-to-applications, multiscale workflow that bridges static quantum chemistry, finite-temperature dynamics, and experiment to explain LiBOB action in 1 M LiPF6 electrolytes across EC:DMC, EC:PC, PC:DMC and EC:PC:DMC at 0, 1, 2 and 5 wt% additive.
At the electronic-structure scale, optimized Li+(solvent)n(PF6−)/(BOB−) clusters are treated with DFT (B3LYP/6-311++G(d,p), PCM) in Gaussian16 to obtain binding energies, frontier-orbital (HOMO–LUMO) gaps, global reactivity descriptors, dipole/polarizability and scaled vibrational spectra. To capture the dynamic, temperature-dependent solvation that static clusters cannot represent, the study is extended with ab initio molecular dynamics in Quantum ESPRESSO on periodic, explicitly solvated boxes. AIMD yields radial distribution functions, Li+ coordination numbers, additive residence times, and the populations of solvent-separated, contact-ion-pair and aggregate (SSIP/CIP/AGG) configurations as a function of LiBOB content. Both computational scales are reconciled with high-resolution ATR-FTIR, focusing on the C=O (1700–1800 cm−1) and C–O (1000–1300 cm−1) bands, whose shifts, splittings and intensity changes are direct fingerprints of Li+ coordination.
By coupling static descriptors, dynamic statistics and vibrational signatures, this study delivers a quantitative, experimentally validated picture of how LiBOB redistributes coordination and stabilizes the electrolyte. Linking solvation structure to interphase (SEI) formation, the electrochemical stability window and ion transport, it turns additive selection from trial-and-error into rational, data-ready design. Spanning 16 systematically varied electrolytes, the combined descriptors, dynamic statistics and validated spectra form a structured, reusable dataset linking composition to coordination and stability, laying the groundwork for data-driven screening of carbonate electrolyte formulations.
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