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            Abstract
The high volatility of the price ofÂ cobalt and theÂ geopolitical limitations of cobalt mining have made the elimination of Co a pressing need for the automotive industry1. Owing to their high energy density and low-cost advantages, high-Ni and low-Co or Co-freeÂ (zero-Co) layered cathodes haveÂ become the most promising cathodes for next-generation lithium-ion batteries2,3. However, current high-Ni cathode materials, without exception, sufferÂ severely from their intrinsic thermal and chemo-mechanical instabilities and insufficient cycle life. Here, by using a new compositionally complex (high-entropy) doping strategy, we successfully fabricate a high-Ni, zero-Co layered cathode that has extremely high thermal and cycling stability. Combining X-ray diffraction, transmission electron microscopy and nanotomography, we find that the cathode exhibits nearly zero volumetric change over a wide electrochemical window, resulting in greatly reduced lattice defects and local strain-induced cracks. In-situ heating experiments reveal that the thermal stability of the new cathode is significantly improved, reaching the level of the ultra-stable NMC-532. Owing to the considerably increased thermal stability and the zero volumetric change, it exhibits greatly improved capacity retention. This work, by resolving the long-standing safety and stability concerns for high-Ni, zero-Co cathode materials, offers a commercially viable cathode for safe, long-life lithium-ion batteriesÂ and a universal strategy forÂ suppressing strain and phase transformation in intercalation electrodes.
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                    Fig. 1: Superior stability of the HE-LNMO cathode.[image: ]


Fig. 2: Structural and electrochemical characterizations of HE-LNMO layered cathode.[image: ]


Fig. 3: Cycling stability and local coordinate environment stability of HE-LNMO.[image: ]


Fig. 4: Structural and mechanical stability of HE-LNMO.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 In-situ heating low-mag S/TEM and EDS mapping.
a, In-situ heating HAADF-STEM of charged HE-LNMO up to 350â€‰Â°C. b, In-situ heating TEM of charged NMC-811 up to 350â€‰Â°C. c, EDS mapping of charged HE-LNMO after heating at 350â€‰Â°C.


Extended Data Fig. 2 Thermal stability and impedance of NMC-811 and HE-LNMO.
a, Quantified DSC result of charged state NMC-811 and HE-LNMO. Both electrodes are CC+CV charged to 4.4â€‰V at 0.1â€‰C current. b, EIS of LNO, NMC-811, and HE-LNMO under the same cell condition. The result shows that HE-LNMO has the lowest impedance and pure LNO has the largest impedance.


Extended Data Fig. 3 High-temperature cycling performance of NMC-811 and HE-LNMO.
a-b, Galvanostatic charge/discharge curve of HE-LNMO and NMC-811 at 50â€‰Â°C, C/10. The result shows the initial Columbic efficiency of HE-LNMO (94%) is significantly higher than that of the NMC-811 (85%), indicating much less side reaction in HE-LNMO compared with NMC-811. c, cycling performance of HE-LNMO and NMC-811 at 50â€‰Â°C, C/2.


Extended Data Fig. 4 FT-EXAFS of transition metals in HE-LNMO and NMC-811 before and after cycling.
a-b, FT-EXAFS of Ni, Mn before and after cycling. The TM-O bonding and TM-TM coordinate in (a) HE-LNMO and (b) NMC-811, respectively. c, FT-EXAFS of Ni, Mn, Ti, Nb and Mo in pristine HE-LNMO. d, FT-EXAFS of Ti, Nb and Mo in pristine and cycled HE-LNMO.


Extended Data Fig. 5 Multi-dimensional structural-stability characterization of NMC-811 and HE-LNMO.
a, Wavelet-transformed Ni-K edge EXAFS of HE-LNMO and NMC-811 during long-term cycling. bâ€“c, Soft X-ray absorption (XAS) of Ni-L3 edge in cycled NMC-811 and HE-LNMO (cutoff 2.5â€“4.3â€‰V, 1C) at TFY mode (b) and TEY mode (c). dâ€“e, lattice parameters change during long cycling of (d) HE-LNMO and (e) NMC-811 calculated by XRD. fâ€“h, X-ray fluorescence (XRF) mapping result of Ni dissolution on theÂ graphite (Gr) anode. Ni distribution on Gr anode paired with HE-LNMO (f) and NMC-811 (g), respectively (cycling condition: 2.5Vâ€“4.4â€‰V vs Gr, 1C; field of view: 0.25mm*0.25mm). h, Quantitative result derived from the data in f and g. i, SAED pattern of pristine HE-LNMO cathode and that after 500th long cycles. j, EDS mapping of long cycled HE-LNMO, showing the stable element distribution during long cycling.


Extended Data Table 1 Capacity vs. Volume change in the state-of-art high-Ni, low-Co and benchmark cathodesFull size table





Supplementary information
Supplementary Information
Supplementary Figs. 1â€“19 and Discussion. The additional characterization of HE-LNMO, cycling performance, in-situ and ex-situ cell data and the further validation of the high-entropy doping strategyâ€™s universality are listed.
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