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            Abstract
There is an urgent need for low-cost, resource-friendly, high-energy-density cathode materials for lithium-ion batteries to satisfy the rapidly increasing need for electrical energy storage. To replace the nickel and cobalt, which are limited resources and are associated with safety problems, in current lithium-ion batteries, high-capacity cathodes based on manganese would be particularly desirable owing to the low cost and high abundance of the metal, and the intrinsic stability of the Mn4+ oxidation state. Here we present a strategy of combining high-valent cations and the partial substitution of fluorine for oxygen in a disordered-rocksalt structure to incorporate the reversible Mn2+/Mn4+ double redox couple into lithium-excess cathode materials. The lithium-rich cathodes thus produced have high capacity and energy density. The use of the Mn2+/Mn4+ redox reduces oxygen redox activity, thereby stabilizing the materials, and opens up new opportunities for the design of high-performance manganese-rich cathodes for advanced lithium-ion batteries.
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                    Fig. 1: Design and structural characterization of Li2Mn2/3Nb1/3O2F.


Fig. 2: Electrochemical performance of Li2Mn2/3Nb1/3O2F.


Fig. 3: Reaction mechanism of Li2Mn2/3Nb1/3O2F.


Fig. 4: Ab initio calculations of the redox mechanism of Li2Mn2/3Nb1/3O2F.


Fig. 5: Structural characterization and electrochemical performance of Li2Mn1/2Ti1/2O2F.
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Extended data figures and tables

Extended Data Fig. 1 Solid-state NMR spectroscopy results.

									a, b, 7Li spin echo NMR spectra acquired on as-synthesized Li2Mn2/3Nb1/3O2F (a) and Li2Mn1/2Ti1/2O2F (b) powders at 50 kHz MAS at a field B
									0 = 11.7 T. The data have been fitted with a minimal number of Li sites: Li1, Li2 and Li3. Spinning sidebands of the three Li signals are indicated with asterisks. c, 19F spin echo sum spectra acquired on as-synthesized Li2Mn2/3Nb1/3O2F and Li2Mn1/2Ti1/2O2F powders at 50 kHz MAS at a field B
									0 = 11.7 T. The spectra are compared to the spin echo spectrum collected on LiF under similar conditions. Spinning sidebands of the sharp LiF-like signals are indicated with asterisks. Detailed explanations of the results are given in Methods section ‘Supplementary Note 1’.


Extended Data Fig. 2 Structural characterization of Li2Mn2/3Nb1/3O2F.

									a, TEM image of as-synthesized Li2Mn2/3Nb1/3O2F particles. Scale bar, 50 nm. b, A high-magnification TEM image of the area enclosed in a square in a. Scale bar, 10 nm. The yellow circle indicates the boundary of one of the many grains in the polycrystalline Li2Mn2/3Nb1/3O2F particle. c, An electron diffraction pattern of the Li2Mn2/3Nb1/3O2F particle. Scale bar, 5 nm−1. d, Fast Fourier-transformed (FFT) images of the dotted squared areas in b. e, The high magnification image across the squared areas 1, 2 and 3 in b. Scale bar, 5 nm. We can clearly observe lattice fringes and FFT peaks throughout the particle, indicating that our particles are made of small crystalline grains instead of amorphous phases.


Extended Data Fig. 3 Additional electrochemical data from Li2Mn2/3Nb1/3O2F.

									a, b, Voltage profiles of the 60:30:10 electrode (that is, 60 wt% Li2Mn2/3Nb1/3O2F: 30 wt% carbon black: 10 wt% PTFE) when cycled between 2.0 V and 4.8 V (a), and 2.3 V and 4.6 V (b) at 20 mA g−1. c, d, Voltage profiles of the 70:20:10 (c) and the 80:15:5 (d) electrodes, when cycled between 1.5 V and 5.0 V at 20 mA g−1. e, Voltage profiles of the 80:15:5 electrode when cycled between 2.0 V and 4.8 V at 20 mA g−1. f, A comparison of the first discharge profiles of the 60:30:10, 70:20:10 and 80:15:5 Li2Mn2/3Nb1/3O2F electrodes (1.5–5.0 V, 20 mA g−1). The specific capacity was calculated on the amount of the Li2Mn2/3Nb1/3O2F powder in the cathode film.


Extended Data Fig. 4 Discharge capacity retention.
The 60:30:10 Li2Mn2/3Nb1/3O2F: carbon black:PTFE electrode was cycled between 1.5 V and 5.0 V at room temperature at 10, 20, 40, 100, 200, 400 and 1,000 mA g−1. A faster rate leads to less capacity fading during the initial 25 cycles. This is likely to be due to electrolyte decomposition per cycle occurring more (less) at a high voltage in a slower (faster) cycling test, which increases the impedance of a cell by creating a resistive surface layer and decreasing the ionic conductivity of the electrolyte.


Extended Data Fig. 5 Gas evolution measurements.

									a, b, Initial voltage profiles (black solid line) of Li2Mn2/3Nb1/3O2F (a) and Li2Mn1/2Ti1/2O2F (b), when charged to 5.0 V at a rate of 20 mA g−1. DEMS results for O2 (red circles) and CO2 (blue triangles) evolution are also shown. c, Cumulative CO2 evolution from shaker-mixed Li2Mn1/2Ti1/2O2F and carbon black powder mixture, as a function of time during an acid titration test using 1 M H2SO4. Detailed explanations of the results are given in Methods section ‘Supplementary Note 2’. 1st c, first charge.


Extended Data Fig. 6 Evolution of the charge and discharge voltages.
Average charge voltage (triangles), discharge voltage (stars), and half of the charge–discharge voltage (circles) are shown when Li2Mn2/3Nb1/3O2F is cycled between 1.5 V and 4.6 V, 1.5 V and 4.8 V, and 1.5 V and 5.0 V, at 20 mA g−1. Detailed explanations of the results are given in Methods section ‘Supplementary Note 3’. c, charge; dc, discharge.


Extended Data Fig. 7 XANES of Li2Mn2/3Nb1/3O2F.

									a, b, Manganese K-edge XANES spectra of Li2Mn2/3Nb1/3O2F: before cycle, after first charging to 135 mAh g−1, 270 mAh g−1 and 360 mAh g−1, and after first charging to 375 mAh g−1 then discharging to 320 mAh g−1. c–e, First derivatives of normalized absorbance at the pre-edge region of Mn K-edge spectra of Li2Mn2/3Nb1/3O2F: c, before cycle and after first charging to 375 mAh g−1 then discharging to 320 mAh g−1; d, after first charging to 135 mAh g−1; and e, to 270 mAh g−1 and 360 mAh g−1. Data from MnO, Mn2O3 and MnO2 are presented for comparison. Detailed explanations of the results are given in Methods section ‘Supplementary Note 4’.


Extended Data Fig. 8 Niobium K-edge XANES spectra of Li2Mn2/3Nb1/3O2F obtained by hard XAS.
Results are shown before cycle, after charging to 135 mAh g−1, 270 mAh g−1 and 360 mAh g−1, and after charging to 375 mAh g−1 then discharging to 320 mAh g−1. The Nb K-edge XANES spectra of the Li2Mn2/3Nb1/3O2F samples are similar to that of Nb2O5 (Nb5+ reference), indicating that Nb in the compound stays as Nb5+ during cycling. The observable small shape changes are likely to be related to changes in local disorder and distortion60.


Extended Data Fig. 9 Structural characterization of Li2Mn1/2Ti1/2O2F.

									a, TEM image of as-synthesized Li2Mn1/2Ti1/2O2F particles. Scale bar, 50 nm. b, A high-magnification TEM image of the area enclosed in a square in a. Scale bar, 10 nm. The yellow circle indicates the boundary of one of the many grains in the polycrystalline Li2Mn1/2Ti1/2O2F particle. c, An electron diffraction pattern of the Li2Mn1/2Ti1/2O2F particle. Scale bar, 5 nm−1. d, FFT images of the dotted squared areas in b. e, The high magnification image across the squared areas 1, 2 and 3 in b. Scale bar, 5 nm. We can clearly observe lattice fringes and FFT peaks throughout the particle, indicating that our particles are made of small crystalline grains instead of amorphous phases.


Extended Data Fig. 10 Electrochemical properties of Li2Mn1/2Ti1/2O2F.

									a–c, Voltage profiles and capacity retention of the 60:30:10 Li2Mn1/2Ti1/2O2F:carbon black:PTFE electrode when cycled at 20 mA g−1 at room temperature between 1.6 V and 5.0 V (a), 2.0 V and 4.8 V (b), and 2.3 V and 4.6 V (c). d, The initial charge–discharge profile of the 60:30:10 electrode when cycled between 1.6 V and 5.0 V at room temperature at 20, 40, 100, 200, 400 and 1,000 mA g−1. e,The discharge capacities during initial 25 cycles. f, Voltage profiles and capacity retention of the 80:15:5 electrode when cycled at 20 mA g−1 at room temperature between 2.0 V and 4.8 V. The specific capacity was calculated on the amount of the Li2Mn1/2Ti1/2O2F powder in the cathode film. Detailed explanations of the results are given in Methods section ‘Supplementary Note 5’.


Extended Data Fig. 11 XANES of Li2Mn1/2Ti1/2O2F.

									a, b, Manganese K-edge XANES spectra of Li2Mn1/2Ti1/2O2F: before cycle (black), 120 mAh g−1 charged (navy), 240 mAh g−1 charged (wine), 400 mAh g−1 charged (grey), 330 mAh g−1 discharged after a 400 mAh g−1 charge (dark yellow). c–e, First derivatives of normalized absorbance at the pre-edge region of Mn K-edge spectra of Li2Mn1/2Ti1/2O2F: c, before cycle and after first charging to 400 mAh g−1 then discharging to 330 mAh g−1; d, after first charging to 120 mAh g−1; and e, to 240 mAh g−1 and 400 mAh g−1. f, Titanium K-edge XANES spectra of Li2Mn1/2Ti1/2O2F during the initial cycle. Data from MnO, Mn2O3, MnO2, Ti2O3 and TiO2 are presented for comparison. Detailed explanations of the results are given in Methods section ‘Supplementary Note 6’.


Extended Data Table 1 Structural parameters from the Rietveld refinementsFull size table


Extended Data Table 2 Target versus measured atomic ratio of Li2Mn2/3Nb1/3O2F and Li2Mn1/2Ti1/2O2F compoundsFull size table
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