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Abstract: Ultrahigh-energy density (>500 Wh/kg) lithium-metal batteries (LMBs) represent a
critical technology for applications, including long-range electric vehicles and low-altitude
economy. However, their practical viability is fundamentally hindered by lithium-dendrite
growth and parasitic decomposition at the high-voltage cathode interface, etc. Conventional
commercial electrolytes struggle to satisfy the stringent demands of ultrahigh-energy-density
LMB architectures, necessitating the development of electrolytes exhibiting high interface
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stability, uniform lithium plating/stripping-regulation capability, and accelerated ion transport.
This review first outlines the fundamental design principles for LMBs exhibiting an energy
density of >500 Wh/kg. Building upon this foundation, contemporary electrolyte-design
concepts tailored for novel electrolytes in ultrahigh-energy-density LMBs are systematically
summarized; these concepts include engineering lithium salts, solvents, and functional
additives for conventional-concentration electrolytes and the engineering of lithium salts, main
solvents, and diluents for localized high-concentration electrolytes, weakly solvating
electrolytes, and quasi-solid electrolytes. Furthermore, this review emphasizes the critical
requirement for maintaining interfacial stability at extremely low electrolyte volume in ultrahigh-
energy-density LMBs, providing theoretical guidance for future electrolyte designs. Finally, this
review highlights the advantages and disadvantages of previous electrolyte design strategies
and outlines future research directions, including molecular-scale electrolyte-component
design, cathode/electrolyte matching, high-rate charging/discharging capability, advanced
characterization techniques, and battery-safety concerns.
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Fig. 5 (a) Schematic of electrolyte design with a data-driven cluster analysis screening strategy; (b) cycling
performance of 5.5 Ah Ni90/Li pouch cells with different electrolytes within 2.9—4.3 V; (c) cycling performance
of 5.2 Ah Ni90/Li pouch cells with ultralean electrolyte (0.9 g/Ah) within 2.9—4.3V; (d) cycling performance of a
3.9 kWh LMB pack using NCM811/Li pouch cells at 4 A (or 6 A) charge and 8 A discharge in the voltage range of
70—104 V¥#"
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Fig. 6 Schematic illustrations of Li* transport behaviours and the consequent cathode and anode interphase
evolution during charging with electrolyte based on (a) the Li* solvation strategy and (b) the micro-emulsion
strategy; (c) cycling performance of the LI/NCM811 pouch cell within the voltage range of 2.8—4.5V with micro-
emulsion electrolyte. Inset: optical image of pouch cells alongside the main cell parameters investigated in this
work; (d) voltage-capacity profiles of 7.2 Ah Li/NCM811 pouch cell with micro-emulsion electrolyte. From left to
right: FSEM cross-sections of NCM811 cathodes after 100 cycles, HRTEM images of CEI film, FSEM top-views
and cross-sections of Li metal anode cycled in (e) traditional electrolyte and (f) micro-emulsion electrolyte
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Fig. 7 (a) Design scheme and molecular structures of DME, DMB and FDMB solvents for lithium metal
batteries; (b) design logical flow of the fluorinated-DEE family starting from FDMB, the coordination structures
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levels, advantages of F,EME-based electrolytes in high-rate lithium metal batteries and feasibility analysis
under eVTOL operating conditions™
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Fig. 8 (a) Design principles of siloxane molecule; (b) schematic illustration of the approximated molecular
orbitals of ether, siloxane and ester; (c) calculated flexible force constant of specified C—O and Si—O bonds in
8 solvents; (d) calculated electrostatic potential minima of 8 solvents; (e) CE tests of different electrolytes
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Fig. 9 (a) Schematic illustration of the effect of fluorinated cyclic ethers at the lithium metal anode interface,
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Fig. 11 (a) The polyether-based polymer electrolyte with overgrown CEI at the interface and surface oxygen
instability of the LRMO cathode; (b) stabilized LRMO surface oxygen by anion-derived CEl in fluoropolyether-
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