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Figure S1. Crystal structure of the O3- and P2-type oxides. a. O3-type oxide in the 

Rhombohedral structure with the space group of R-3m (166) and b. P2-type oxide in the 

hexagonal structure with the space group of P63/mmc (194). Vac is vacancy; and TM is 

transition metal. 
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Figure S2. Electrochemical performance of typical P2-type and O3-type Na-ion cathodes.  

a. TM2+-based cathodes, including the Ni2+ or Cu2+, usually show the high voltage more than 

3.2 V; TM3+-based cathodes, including the Mn3+ or Co3+, usually deliver the high capacity 

of >100 mAh g-1 below 4.0 V. b. O3-type cathodes usually deliver the high capacity of > 100 

mAh g-1 below 4.0 V, but with the low voltage. 
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Figure S3. Scanning electron microscope (SEM) image of this high Na-content P2-type 

Na45/54Ni16/54Mn34/54Li4/54O2 compound. 
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Figure S4. High-resolution transmission electron microscope (HRTEM) image of this high Na-

content P2-type Na45/54Ni16/54Mn34/54Li4/54O2 compound. 
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Figure S5. Evaluation the stability of the Na5/6Li1/12Ni1/4Mn2/3O2 phase in the Na-Li-Ni-Mn-O 

chemical space. 

According to the Open Quantum Materials Database (OQMD) framework20-21, the known 

stable phase combination at the Na5/6Li1/12Ni1/4Mn2/3O2 stoichiometry is: 

3/8NaMnO2 + 1/24Li2MnO3 + 1/12 Na2Mn3O7 + 1/24Na2O2 +1/4NaNiO2 

As identified Na5/6Li1/12Ni1/4Mn2/3O2 exhibit even lower energy: -1.68 eV/atom. 
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Figure S6. Cycling stability of Na2/3Ni1/3Mn2/3O2 with first three cycles at 0.1C and following 

at 3.0C in the voltage ranges of 2.0-4.0 V vs. Na+/Na. 
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Figure S7. Cycling stability of Na45/54Li4/54Ni16/54Mn34/54O2 with first three cycles at 0.1C and 

following at 3.0C in the voltage ranges of 2.0-4.0 V vs. Na+/Na. 
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Figure S8. The magnetization and oxidation state evolution during the desodiation process of 

Mn ions in intermediate phases from Na5/6Li1/12Ni1/4Mn2/3O2 to Li1/12Ni1/4Mn2/3O2. 
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Figure S9. Ni L-edge X-ray absorption spectra (XAS) of electrochemically cycled 

Na45/54Ni16/54Mn34/54Li4/54O2 electrodes in partial fluorescence yield (PFY) mode. 
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Figure S10. O K-edge XAS spectra of electrodes cycled to different states of charge (SOCs) 

using (a) PFY mode and (b) total electron yield (TEY) mode. 
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Figure S11. Ni and Mn L-edge XAS spectra of electrodes cycled to different SOCs using TEY 

mode. 
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Figure S12. Mn L-edge XAS spectra of electrodes cycled to different SOCs using PFY mode.  
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Figure S13. X-ray absorption near edge spectroscopy (XANES) spectra of the Mn K-edge at 

different states of charge and the standard Mn-based oxides with Mn2+, Mn3+ and Mn4+. 
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Figure S14. XRD Rietveld refinement of the electrochemically oxidized Na~0.25 

Ni16/54Mn34/54Li4/54O2 sample. Three P2 phases are indexed in hexagonal P63/mmc symmetry 

with the fractions of 5.1(2)%, 32.3(2)%, 62.6(2)%, respectively, corresponding to lattice 

parameters of a = 2.878(33) Å and c = 11.21(13) Å, a = 2.8668(4) Å and c = 11.2335(15) Å, a 

= 2.8135(13) Å and c = 11.2763(14) Å.  
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Figure S15. LeBail refinements of in-situ XRD patterns at different charge-discharge states of 

pristine, charged to 4.0 V, and discharged to 2.0 V. 
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Figure S16. Rietveld refinement of ex-situ X-ray diffraction (XRD) pattern of 

Na45/54Ni16/54Mn34/54Li4/54O2 (a = 2.87831(19) Å, c = 11.1629(11) Å) after 100 cycles, and the 

inset showing the enlarged pattern of (002) peak. This compound is indexed in the hexagonal 

structure with the space group of P63/mmc (194). 
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Figure S17. Structural evolution under electrochemical Na+ deintercalation to 4.0 V under 

different charged rates. a 0.05C and b 0.5C. 
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Figure S18. Mean square displacement (MSD) curves for each kind of ions in 

Na5/6Li1/12Ni1/4Mn2/3O2. The MSD curves were simulated in temperature of 600 K, 1000 K, 1400 

K, and 1800 K for 10 ps. 
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Figure S19. XRD patterns of the samples after stored half of a year a and soaked in neutral 

water for 2h b. The soaked materials were separated from the solution and dried in an oven at 

100 oC for overnight. 
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Figure S20. Electrochemical performance of high Na-content P2 type cathode after soaked in 

neutral water for 2h. a, Galvanostatic charge-discharge curves at a rate of 0.15C in the voltage 

range of 2.0 and 4.0 V vs. Na+/Na. b, Cycling stability at a rate of 0.15C in the voltage range of 

2.0 to 4.0 V. 
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Figure S21. Electrochemical performance of hard carbon anode. Galvanostatic charge-

discharge curves at a rate of 0.1C in the voltage range of 0 and 2.5 V vs. Na+/Na. Cycling 

stability at a rate of 0.1 C in the voltage range of 0 and 2.5 V. 

  



S28 

 

 

Figure S22. Galvanostatic charge-discharge curves of high Na-content P2-type cathode 

Na45/54Ni16/54Mn34/54Li4/54O2//hard carbon full cells. The first cycle is in the voltage range of 1.5-

4.2 V, and the following cycles are in the 1.5-4.0 V.  
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Figure S23. Cycling stability of high Na-content P2-type cathode 

Na45/54Ni16/54Mn34/54Li4/54O2//hard carbon full cells. The first two cycles are at the current rate 

of 0.1C, and the further cycles are at 2.5C. 
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Table S1. Stoichiometry from the inductively coupled plasma atomic emission spectrometry 

(ICP-AES) analysis. 

 Na Mn Ni Li Composition 

Na54/54Li4/54Ni16/54Mn34/54O2 0.8501 0.6192 0.3024 0.0792 Na0.85Li0.08Ni0.30Mn0.62O2 
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Table S2. Crystallographic and Rietveld refinement data of the as-prepared 

Na54/54Li4/54Ni16/54Mn34/54O2 compound. 

Space group P63/mmc (194) - hexagonal 

Wavelengths 1.5406 Å 

Temperature ~300 K 

Cell parameters 

a = b = 2.89058(7) Å, 

c = 11.07541(18) Å 

 =  = 90o,  = 120o 

V = 80.1420(30) Å3, 

Z = 4 

Reliability factors 

Rwp = 6.82% 

Rp = 5.19% 

Gof = 1.61 

RF
2 = 5.71% 
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Table S3. Atomic coordinates, occupancies and isotropic displacement parameters (Å2). 

 x y z Occupancy Uiso Wyckoff 

Na1 0 0 1/4 0.313(2) 0.0362(3) 2b 

Na2 1/3 2/3 3/4 0.536(2) 0.0554(3) 2d 

Mn 0 0 0 0.621(1) 0.0913(1) 2a 

Ni 0 0 0 0.282(1) 0.0913(1) 2a 

Li 0 0 0 0.082(1) 0.0913(1) 2a 

O 1/3 2/3 0.0873(1) 1.0 0.0901(3) 4f 
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Table S4. Crystallographic and Rietveld refinement data of the sample charged to 4.5 V. 

 Phase 1 Phase 2 Phase 3 

Space group P63/mmc (194) - hexagonal 

Wavelengths 1.5406 Å 

Temperature ~300 K 

Cell parameters 

a = b = 2.878(33) Å, 

c = 11.21(13) Å, 

 =  = 90o,  = 120o, 

V = 80.41(90) Å3, 

Z = 4 

a = b = 2.8668(4) Å, 

c = 11.2335(15) Å, 

 =  = 90o,  = 120o, 

V = 79.95(2) Å3, 

Z = 4 

a = b = 2.8135(13) Å, 

c = 11.2763(14) Å, 

 =  = 90o,  = 120o, 

V = 77.30(6) Å3, 

Z = 4 

O (1/3, 2/3, z) 0.0792(3) 0.0746(5) 0.0692(3) 

Phase fractions 5.1(2)% 32.3(2)% 62.6(2)% 

Reliability factors 

Rwp = 7.59% 

Rp = 5.03% 

Gof = 2.27 

RF
2 = 5.49% 
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Table S5. Crystallographic and Rietveld refinement data of the sample after 100 cycles. 

Space group P63/mmc (194) - hexagonal 

Wavelengths 1.5406 Å 

Temperature ~300 K 

Cell parameters 

a = b = 2.87831(19) Å, 

c = 11.1629(11) Å 

 =  = 90o,  = 120o 

V = 80.091(11) Å3, 

Z = 4 

Reliability factors 

Rwp = 7.43% 

Rp = 4.36% 

Gof = 5.49 

RF
2 = 8.05% 
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Table S6. Atomic coordinates, occupancies and isotropic displacement parameters (Å2) after 

100 cycles. 

 x y z Occupancy Uiso Wyckoff 

Na1 0 0 1/4 0.503(1) 0.0632(7) 2d 

Na2 1/3 2/3 3/4 0.320(2) 0.0306(6) 2b 

Mn 0 0 0 0.621(1) 0.0253(9) 2a 

Ni 0 0 0 0.282(1) 0.0253 (9) 2a 

Li 0 0 0 0.082(1) 0.0253 (9) 2a 

O 1/3 2/3 0.0641(6) 1.0 0.0901(3) 4f 
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