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Materials and Methods 

Materials synthesis.  

The P2-Na0.75Li0.25Mn0.75O2 cathode material was prepared using a high-temperature 

solid-state reaction method. High-purity precursor materials, including Na2CO3 (99.9 %, 

Aladdin Co., Ltd.), LiOH (99.9 %, Aladdin Co., Ltd.), and MnO2 (99.9 %, Aladdin Co., Ltd.), 

were weighed according to the stoichiometric ratio (with a 2 % overdose of Na2CO3 and 

LiOH to compensate for volatilization during high-temperature calcination). The precursors 

were thoroughly ground in an agate mortar for 45 minutes to ensure homogeneity. After the 

material has been ground well, the powder is transferred to a tablet press and compacted into 

flakes under a pressure of 16 MPa. The compacted material was then transferred to a muffle 

furnace and roasted in an air atmosphere at a temperature of 700 °C for 15 hours, finally 

cooling down naturally to room temperature to obtain a substrate material. 

The P2-Na0.75Li0.25Mn0.75O2@x%mol Na0.44MnO2 (x=0, 5, 10, 15) cathode material was 

prepared using the liquid phase method. Precisely weighed CH3COONa and Mn 

(CH3COO)2·4H2O were dissolved in ethanol under magnetic stirring at 60 °C for 30 minutes 

to ensure complete dissolution. Then the P2-Na0.75Li0.25Mn0.75O2 positive electrode material 

is added to the solution and stirred rapidly for about 15−20 minutes to ensure that the P2-

Na0.75Li0.25Mn0.75O2 positive electrode material is evenly distributed in the solution. The 

required amount of oxalic acid solution (solvent is ethanol) is added dropwise to the solution 

and stirring is continued for 60 minutes to ensure that the resulting Na2C2O4 and MnC2O4 

precipitates are fully covered on the surface of the P2-Na0.75Li0.25Mn0.75O2 cathode material. 

The solution was later placed in a blast oven at 120 °C to evaporate the solution for 6 hours. 

The resulting powder was then transferred to a muffle furnace and sintered in an air 

atmosphere at a temperature of 800 °C for 8 hours and left to cool down naturally to around 

100−150 °C. The resulting materials were transferred promptly to an Argon filled glove box 

(H2O and O2 < 0.1 ppm) to avoid moisture absorption. 

Air exposure experiments.  

For the air stability evaluation, the synthesized P2-Na0.75Li0.25Mn0.75O2 (NLMO) and 

P2-Na0.75Li0.25Mn0.75O2@10 %mol Na0.44MnO2 (NLMO-T10) cathode materials were 

divided into six aliquots (each weighing approximately 300 mg) and sealed in individual 

glass vials equipped with desiccant plugs. These samples were exposed to ambient air at 

room temperature (25–26 °C, relative humidity approximately 45–50 %) for varying 

durations of 1, 3, 5, and 7 days. After each designated exposure period, the samples were 

immediately labeled, hermetically sealed, and subjected to comprehensive characterization, 

including X-ray diffraction (XRD), scanning electron microscopy (SEM), and 

electrochemical performance testing. The evolution of structural integrity and 
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electrochemical behavior under air exposure was systematically analyzed to evaluate the 

impact of surface reactivity on material stability. 

Materials characterization.  

Powder X-ray diffraction (XRD) patterns were collected on a PANalytical Aeris X-ray 

diffractometer with Cu Kα radiation source (λ = 1.5406 Å) at a scanning rate of 2° min−1. 

The lattice parameters were refined by FullProf software based on the Rietveld method. The 

CIF card of the standard P2 phase mode (P63/mmc space group) and raw data were imported 

into FullProf. The experimental parameters, peak shape parameters and structural parameters 

were adjusted by the least squares method, and then the calculated peak shape and the 

experimental peak shape were fitted to maximum agreement. Finally, the cell parameters and 

other information/parameters were obtained. The morphological and structural peculiarities 

were characterized by scanning electron microscopy (SEM, SEM3100, CIQTEK Co., Ltd.) 

and transmission electron microscopy (TEM, JEOL JEM-2011, Limited Corporation, Japan, 

200 kV), respectively. High angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) and annular-bright field-scanning transmission electron 

microscopy (ABF-STEM) were performed on a JEM-ARM300F2. The X-ray absorption 

fine structure (XAFS) spectra of Mn K-edge for powder samples were collected in 

transmission mode on a commercial Laboratory-Based XAFS spectrometer (Table XAFS-

500A, Specreation Instruments Co., Ltd.). An X-ray tube was used to generate X-ray, and 

the voltage and current were set to 20 kV and 15 mA. The Ge (531) spherically bent crystal 

analyzers with a radius of curvature of 500 mm and the R250 mm Rowland circle were used 

to provide monochromatized X-ray beam. We thank Specreation Instruments Co., Ltd. for 

XAFS measurements and related analysis. X-ray photoelectron spectroscopy (XPS) 

characterization was carried out on a Thermo Scientific Nexsa X-ray photoelectron 

spectrometer. Synchrotron radiation ex-situ X-ray absorption spectroscopy (ex-situ XAS)  

measurements were conducted at the wiggler XAS Beamline (12ID) at the Australian 

Synchrotron in Melbourne, by using a set of liquid N2 cooled Si (311) monochromator 

crystals. The ATHENA software was used to analyze the XAS data. The soft-XAS (sXAS) 

spectra in PFY modes were first normalized to the incident beam intensity and subsequently 

to the pre-and post-edge absorption levels. In-situ synchrotron-based XRD tests for NLMO 

cathode materials were carried out at Australian Synchrotron, Melbourne, Australia, using 

the LaB6 NIST standard reference material 660b. In-situ charge and discharge XRD tests 

for NLMO-T10 cathode materials were collected between 2θ = 10° and 80° at 0.1 C by using 

a special Swagelok cell with an ultra-thin aluminum window for X-ray window for 

penetration. The Zeta electric potential was tested on Nanoparticle Analyzer (nanoPartica 

SZ-100-S2, HORIBA scientific Ltd, Japan). The Resonant inelastic X-ray scattering (RIXS) 
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experiments were conducted at beamline U41-PEAXIS at BESSY II, located at Helmholtz-

Zentrum Berlin (HZB). A vacuum suitcase was used to transfer the sample from an N2-filled 

glovebox to the test chamber. The spectrometer was positioned at specular conditions relative 

to 60° scattering angle and was optimized to a combined resolution of 90 meV using a copper 

tape. The O K-edge RIXS spectra of the samples were collected at an excitation energy of 

531.0 eV. The acquisition time for each pattern was 20 min. Electron Paramagnetic 

Resonance (EPR) testing was conducted using a high-sensitivity EPR spectrometer 

(EMXplus, Bruker Corporation, Germany). The sample was placed in a quartz sample tube 

and subjected to an external magnetic field at room temperature under vacuum conditions. 

An internal microwave resonant cavity and a superconducting magnet  to apply an external 

magnetic field to the sample. The resonance absorption signals of unpaired electrons in the 

sample under the influence of the magnetic field were recorded using a high-sensitivity 

detector. In-situ Differential Electrochemical Mass Spectrometry (in-situ DEMS) testing 

was conducted using a high-sensitivity electrochemical mass spectrometry system (HPR-40, 

Hiden Analytical Ltd, UK). During the experiment, the electrochemical samples to be tested 

were placed in a specially designed electrochemical cell. Under constant temperature and 

constant current conditions, the gaseous products generated by the reaction were 

continuously transferred to the high-vacuum detection chamber of the mass spectrometer 

through a microporous membrane. The ion current signals at different mass-to-charge ratios 

(m/z) were recorded using a high-sensitivity Faraday cup detector. 

Electrochemical measurements.  

The Na+ storage performance of P2-Na0.75Li0.25Mn0.75O2@x %mol Na0.44MnO2 (x = 0, 

5, 10, 15) cathode materials was evaluated in CR2032 coin cells (Canrd Technology Co., 

Ltd.) which assembled in an Ar-filled glove box (H2O, O2 ˂  0.1 ppm). The positive electrodes 

were prepared by mixing 70 wt% of active material, 20 wt% of Super P carbon, and 10 wt% 

of polyvinylidene difluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) to obtain a 

slurry, then pouring it onto carbonized Al foil, followed by vacuum drying at 80 °C overnight. 

The mass loading of active material in each electrode pellet (10.0 mm in diameter) was about 

2–3 mg cm−2. For half-cell system, metallic sodium, porous glass fibers, and 100 µl of 1.0 M 

NaClO4 dissolved in propylene carbonate (PC) with 5 vol% fluoroethylene carbonate (FEC) 

additive were separately used as counter electrode, separator, and electrolyte. The assembled 

coin cells were tested by galvanostatic charged/discharge (GCD) cycling on a Neware battery 

test system (CT-4008, Shenzhen, China) in the voltage range of 1.5−4.4 V versus Na+/Na. 

Cyclic voltammetry (CV) and galvanostatic intermittent titration technique (GITT) 

measurements were performed on a Princeton instruments testing system. For the GITT test, 
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the batteries were charged at 0.1 C for 30 min, followed by a relaxation process under open 

circuit relaxation for 10 h with potential windows of 1.5−4.4 V. 

Numerical modeling.  

To investigate the stress evolution in the NLMO-T10 cathode material during 

electrochemical cycling, a numerical modeling approach was employed to simulate the 

coupled processes of sodium diffusion and mechanical stress generation.  The kinetics of 

sodium diffusion in the NLMO-T10 cathode materials is governed by the Fick's law, dC/dt 

= D∇2C, where C is the concentration of sodium concentration in the cathode materials, and 

D is the diffusivity of sodium that is dependent on the grain orientation. We assume the 

diffusion of sodium within the a-b plane (i.e., Da-b = 1×10−10 cm2/s) is faster than that along 

the c direction (i.e., Dc = 1×10−11 cm2/s). A uniform sodium flux was applied to the surface 

of the cathode particle, with its magnitude determined based on the C-rate (i.e., 0.5 C). The 

strain field induced by sodium insertion and extraction was derived from the evolution of 

lattice parameters observed in situ XRD patterns during charging. The stress field was 

subsequently computed within the framework of linear elasticity theory, considering the 

material properties of NLMO-T10, including the Young's modulus of 100 GPa and the 

Poisson's ratio of 0.5. The governing equations were solved using COMSOL Multiphysics 

software, integrating electrochemical and mechanics modules. This enabled the simulation 

of sodium ion diffusion, strain field evolution, and stress distribution during cycling. The 

results were validated against experimental observations, providing insights into the 

relationship between sodium transport and mechanical stability of NLMO-T10. 
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Results and Discussion  

 

Figure S1. Powder XRD patterns of a) NLMO, b) NLMO-T05, c) NLMO-T10 and d) 

NLMO-T15. The superstructure diffraction peak at 21−22.5° could signify the honeycomb 

ordering of Li and Mn. 
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Figure S2. P2-type bulk structure along a) [010] and b) [001] axis in NLMO-T10. 
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Figure S3. Schematic diagram of the cross section of hierarchical crystalline domain for 

NLMO-T10. 
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Figure S4. I (110)/ I (002) values calculated from XRD patterns of NLMO and NLMO-T10. 
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Figure S5. SEM images of a-c) NLMO and d-f) NLMO-T10. 

  



 

12 

 

 

Figure S6. Particle diameter distribution of NLMO-T10. 

 



 

13 

 

 

Figure S7. a) HR-TEM images of NLMO. b) Enlarged view of the white region marked in 

a). c) FFT image and d) Intensity line profile of NLMO. 
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Figure S8. Line profiles of a) layered structure and b) tunnel structure of NLMO-T10. 
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Figure S9. a-b) HR-TEM images of NLMO-T10. 
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Figure S10. SAED patterns projected from the zone [001] axis of NLMO. 
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Figure S11. a, b) HAADF-STEM and c, d) ABF-STEM images of NLMO-T10.  
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Figure S12. a) HAADF-STEM image and b) FFT image of HAADF-STEM of the P2-bulk 

in NLMO-T10. 

 



 

19 

 

 

Figure S13. SEM-EDS mapping images of NLMO. 
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Figure S14. SEM-EDS mapping images of NLMO-T05. 
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Figure S15. SEM-EDS mapping images of NLMO-T15. 
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Figure S16. Contour plots of the Mn K-edge WT-EXAFS spectra of a) NLMO, b) NLMO-

T10 and c) Mn foil. d)  Mn K-edge k spaces EXAFS spectra of NLMO, NLMO-T10 and Mn 

foil. 
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Figure S17. XPS spectrum of NLMO-T10 cathode materials' surface. a) survey spectrum, b) 

Na 1s, c) Mn 2p and d) O 1s. 
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Figure S18. a, b) Na 1s XPS etching analysis of NLMO-T10. 
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Figure S19. Initial GCD curves versus specific capacity and corresponding energy densities 

(shadow areas) of a) NLMO, b) NLMO-T05, c) NLMO-T10, d) NLMO-T15 electrodes in 

the voltage range of 1.5−4.4 V.  
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Figure S20. GCD curves versus specific capacity of a) NLMO, b) NLMO-T05, c) NLMO-

T10, d) NLMO-T15 electrodes in 2nd, 3rd, 4th, 5th cycles at 0.1 C in the voltage range of 

1.5−4.4 V. 
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Figure S21. GCD curves versus specific energy of a) NLMO, b) NLMO-T05, c) NLMO-

T10, d) NLMO-T15 electrodes in 2nd, 3rd, 4th, 5th cycles at 0.1 C in the voltage range of 

1.5−4.4 V. 
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Figure S22. CV curves at 0.1 mV s−1 of NLMO, NLMO-T05, NLMO-T10 and NLMO-T15 

electrodes in the voltage range of 1.5−4.4 V. 
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Figure S23. Rate performance of NLMO, NLMO-T05, NLMO-T10 and NLMO-T15 

electrodes at various rates in the voltage range of 1.5−4.4 V. 
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Figure S24. GCD curves versus specific capacity of a) NLMO, b) NLMO-T05, c) NLMO-

T10, d) NLMO-T15 electrodes at various rates in the voltage range of 1.5−4.4 V. 
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Figure S25. GCD curves versus specific energy of a) NLMO, b) NLMO-T05, c) NLMO-

T10, d) NLMO-T15 electrodes at various rates in the voltage range of 1.5−4.4 V. 
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Figure S26. CV curves at different scan rates of a) NLMO, b) NLMO-T05, c) NLMO-T10 

and d) NLMO-T15. 
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Figure S27. a) Linear fitting of peak current versus square root of the scan rate, b) Linear 

fitting of log (i) versus log (v) plots at oxidation peaks. 

 

The Na+ apparent diffusion coefficient of NLMO-TX electrodes was calculated 

according to the Randles-Sevcik Equation: 

Ip=0.4463n2/3F3/2CSR-1/2T-1/2Dcv
1/2v1/2 

Where Ip (A) stands for peak current, n stands for the number of elements, F stands for 

Faraday constant (96485 C mol−1), C (mol cm−3) stands for the bulk concentration in moles 

per cubic centimeter, S (cm2) stands for the area of the electrode, R stands for the gas constant 

(8.314 J mol−1 K−1), T (K) stands for the absolute temperature, Dcv (cm2 s−1) stands for the 

Na+ apparent diffusion coefficient, and v (V s−1) stands for potential scan rate in volts per 

second. 
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Figure S28. The results of linear fitting of peak current versus square root of the scan rate of 

a) NLMO, b) NLMO-T05, c) NLMO-T10 and d) NLMO-T15 electrodes at oxidation peaks. 

The results of linear fitting concerning the log (i) versus log (v) plots of e) NLMO, f) NLMO-

T05, g) NLMO-T10 and h) NLMO-T15 electrode at oxidation peaks. 
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Figure S29. The Fitted pseudo-capacitive contribution (orange area) of a) NLMO, b) NLMO-

T05, c) NLMO-T10 and d) NLMO-T15 electrodes at 0.1 mV s−1. 
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Figure S30. The ratio of the pseudo-capacitive and diffusion-controlled capacities of a) 

NLMO, b) NLMO-T05, c) NLMO-T10 and d) NLMO-T15 electrodes at different scan rates.   
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Figure S31. GITT curves at 0.1 C of a) NLMO, b) NLMO-T05, c) NLMO-T10 and d) 

NLMO-T15 electrodes in the voltage range of 1.5−4.4 V. 
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Figure S32. Ohmic polarization and voltage polarization and of a) NLMO, b) NLMO-T05, 

c) NLMO-T10 and d) NLMO-T15 electrodes in the initial charging process.  
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Figure S33. GITT curves and Na+ diffusion coefficients of NLMO-TX electrodes. 
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Figure S34.  GCD curves of a) NLMO-05 and b) NLMO-T15 electrodes during cycling 

process. 
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Figure S35. Normalized discharge curves of a) NLMO-05 and b) NLMO-T15 electrodes 

during cycling process. 
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Figure S36. GCD curves versus specific capacity in 1st and 100th cycles at 0.2 C of NLMO, 

NLMO-T05, NLMO-T10 and NLMO-T15 electrodes. 
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Figure S37.  a) Cycling performance of NLMO-T10 over 150 cycles at 0.2 C after rate 

performance tests. b) Energy efficiency and midpoint voltage during 150 cycles at 0.5 C of 

NLMO-T10 electrode in the voltage range of 1.5−4.4 V. 

  



 

44 

 

 

Figure S38. Ex-situ XAS spectra of Mn K-edge for NLMO-T10 at pre-edge peak. 
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Figure S39. EXAFS a) R space and b) K space curves of Mn K-edge for MnO, Mn2O3 and 

MnO2. WT-EXAFS spectra of Mn K-edge for c) MnO (Mn2+), d) Mn2O3 (Mn3+) and e) MnO2 

(Mn4+). 

  



 

46 

 

 

Figure S40. a-c) In-situ XRD patterns during the first charging/discharging at 0.1 C for 

NLMO electrode.   
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Figure S41. Intensity contour maps (bird’s eye view) of in-situ XRD patterns of NLMO-T10 

cathode materials during the first charge/discharge at 0.1 C. 
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Figure S42. Detailed in-situ XRD patterns of NLMO-T10 cathode materials at different 

charge and discharge voltages. 
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Figure S43. HRTEM images of a) NLMO and b) NLMO-T10 cathode materials after cycles. 
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Figure S44. O K-edge RIXS spectra with an excitation energy of 531 eV for NLMO-T10 in 

different charge and discharge states at the region of loss energy close to 0 eV. 
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 Figure S45. Ex-situ EPR spectra of a) NLMO and b) NLMO-T10 when charged to 4.2 V, 

Ex-situ EPR spectra of c) NLMO and d) NLMO-T10 when discharged to 1.5 V. 
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Figure S46. Enlarged XRD patterns of NLMO samples exposed to air for different days. 
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Figure S47. XRD Rietveld refinement results for NLMO-T10 samples exposed to air for 7 

days. 
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Figure S48. a) FTIR patterns of Na2CO3, NLMO pristine samples and NLMO-T10 pristine 

samples. b) FTIR patterns of Na2CO3, air-exposed NLMO samples and air-exposed NLMO-

T10 samples. 
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Figure S49. a, b) SEM images of air-exposed NLMO samples. 
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Figure S50. Zeta electric potential results of NLMO, NLMO-T05, NLMO-T10 and 

NLMO-T15 cathode materials. 
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Figure S51. a, c) GCD curves versus specific capacity of air-exposed NLMO and NLMO-

T10 electrodes at 0.1 C in the voltage range of 1.5−4.4 V. b, d) Rate performance of air-

exposed NLMO and NLMO-T10 electrodes at various rates in the voltage range of 1.5−4.4 

V. e) Cycling performance of air-exposed NLMO and NLMO-T10 sample during 100 cycles 

at 0.2 C after rate performance tests. 
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Table S1. Crystallographic parameters of NLMO, NLMO-T10 and air-exposed NLMO-T10 

cathode materials refined by the Rietveld method. 
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Table S2. Specific parameters of electrochemical performance of NLMO electrode in the 

voltage range of 1.5−4.4 V. 
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Table S3. Specific parameters of electrochemical performance of NLMO-T10 electrode in 

the voltage range of 1.5−4.4 V. 
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Table S4. Na+ Diffusion coefficients of NLMO, NLMO-T05, NLMO-T10 and NLMO-T15 

electrodes calculated by fitting and combining CV curves at different sweep speeds. 
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Table S5. Comprehensive comparison of the electrochemical performance parameters of 

NLMO-T10 with previously reported cathode materials.1-35 
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Table S6. Contact angle result of the NLMO cathode material.  
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Table S7. Contact angle result of the NLMO-T10 cathode material. 
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Table S8. Zeta electric potential results of NLMO, NLMO-T05, NLMO-T10 and NLMO-

T15 cathode materials.  
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Note S1. Na+ Diffusion Coefficients Calculation Based on CV Measurements 

The Na+ diffusion coefficients (D Na+) can be determined based on the CV results at 

various sweep rates according to the Randles-Sevcik formula: ip = 

(2.69×105)n3/2SDNa+
1/2CNav

1/2, where ip is the peak current, n is the number of transferred 

electron number per molecule, Sis contact area between electrode and electrolyte (0.785 cm2), 

CNa is the Na+ concentration in the electrode, and v is the scan rate. Therefore, the peak 

current ip is directly proportional to the square root of the scan rate (v1/2). The D Na+ can be 

qualitatively assessed by establishing a linear relationship between the two variables and 

comparing their slopes, that is, a larger slope indicates a higher diffusion coefficient. 
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Note S2. Na+ Diffusion Coefficients Calculation Based on GITT Measurements 

The cell was charged or discharged at 0.1 C for 30 min and then relaxed for 600 min 

to allow the voltage to reach equilibrium. The Na+ diffusion coefficients (D Na+) can be 

calculated based on the simplified equation: 

𝐷 =
4

𝜋𝝉
(
𝑚𝐵𝑉𝑀

𝑀𝐵𝐴
)
2

(
∆𝐸𝑠

∆𝐸𝜏
)
2

  (𝜏 ≪
𝐿2

𝐷
)   (S1) 

Where τ is the duration time of the current pulse, MB is the molecular weight (g mol-1), 

mB is the mass of the active material, VM is the molar volume (cm3 mol-1), A is the total 

contact area between electrode and electrolyte, ΔES is the difference between two 

consecutive stable voltages at the end of the relaxation period, ΔEτ is the potential difference 

between the equilibrium potential and the potential maximum at the end of the current pulse, 

and L is the thickness of the working electrode (≈100 μm in the present study).  
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Equation S1. Calculation method for control equations in mechanical stress simulation 

based on COMSOL 

(a) Formula for calculating principal stress and various stress matrix operations based on 

this calculation. 

I1 = σxx + σyy + σzz 

I2 = σxxσyy+ σyyσzz + σzzσxx - σ
2

xу - σ
2

yz - σ
2

zx 

I3 = σxxσyyσzz – σxxσ
2
yz + σzzσxx - σxy

2 - σyz
2 - σzx

2σ = (

σ𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 σ𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 σ𝑧

) = 

(

σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

) = A(
σ1 0 0
0 σ2 0
0 0 σ3

)A-1 

σ1≥σ2≥σ3 

Tresca stress:                                    σ1 - σ3 ≤ [σ] 

von Mises stress: √0.5 ∗ [(σ1–σ2)2 + [(σ1– σ3)2 + [(σ2–σ3)2  ]≤ [σ] 

(b) Relationship between deformation displacement and strain. 

𝜺 =
𝟏

𝟐
((∇ ∙ 𝒖)𝑻 + ∇ ∙ 𝒖) 

(c) Generalized Hooke’s Law in Matrix Form. For an anisotropic linear elastic material, the 

constitutive relationship between stress and strain can be expressed in matrix notation 

as: 

[
 
 
 
 
𝜎11

𝜎22

𝜎 33
𝜏12
𝜏23
𝜏31]

 
 
 
 

=

[
 
 
 
 
 
 
𝐶11 𝐶12 𝐶13 𝐶14 𝐶15 𝐶16

𝐶21 𝐶22 𝐶23 𝐶24 𝐶25 𝐶26

𝐶31 𝐶32 𝐶33 𝐶34 𝐶35 𝐶36

𝐶41 𝐶42 𝐶43 𝐶44 𝐶45 𝐶46

𝐶51 𝐶52 𝐶53 𝐶54 𝐶55 𝐶56

𝐶61 𝐶62 𝐶63 𝐶64 𝐶65 𝐶66]
 
 
 
 
 
 

[
 
 
 
 
 
𝜀11

𝜀22

𝜀33
𝜀12

𝜀23

𝜀31]
 
 
 
 
 

 

(d) The major governing equations used in the model. 

Process Governing equation 

In Electrolyte 

Electrolyte Current flow 
𝑖𝑙 = −𝜎𝑙∇ϕl +

2σl𝑅𝑇

𝐹
(1 − 𝑡+)∇ ln 𝑐𝑙 

Mass balance 𝜕𝑐𝑙

𝜕𝑡
+ ∇ ∙ (−𝐷𝑙∇𝑐𝑙 +

𝑖𝑙𝑡+
𝐹

) = 0 

Effective diffusion 

coefficient 

𝐷𝑚,𝑒𝑓𝑓 = 𝜖𝑙,𝑚
1.5𝐷𝑚 

Solid charge balance ∇ ∙ (−𝜎𝑠∇𝜙𝑠) = 0 



 

69 

 

Overpotential 𝜂𝑚 = 𝜙𝑠 − 𝜙𝑙 − 𝐸𝑒𝑞,𝑚 

In P2 bulk 

Interfacial reaction                𝒊𝑷𝟐 = 𝒊𝟎,𝒃𝒖𝒍𝒌 (𝐞𝐱𝐩(
𝜶𝑭𝜼

𝑹𝑻
) − 𝐞𝐱𝐩(

−(𝟏−𝜶)𝑭𝜼

𝑹𝑻
)) 

𝒊𝟎 = 𝑭𝒌𝒃𝒖𝒍𝒌𝒄𝑷𝟐,𝒔𝒖𝒓𝒇
𝟎.𝟓(𝒄𝒃𝒖𝒍𝒌,𝒎𝒂𝒙 − 𝒄𝒃𝒖𝒍𝒌,𝒔𝒖𝒓𝒇)

𝟎.𝟓
(

𝒄𝒍

𝒄𝒓𝒆𝒇
)𝟎.𝟓 

Charge balance ∇ ∙ (−𝜎𝑠∇𝜙𝑠) = −𝐴𝑣𝑖𝑏𝑢𝑙𝑘 

Specific surface area 
𝐴𝑣 =

3

𝑟𝑝
 

Mass balance ∂ϵl,bulkcl

∂t
+ ∇ ∙ (−𝐷𝑙,𝑒𝑓𝑓∇𝑐𝑙 +

𝑖𝑙𝑡+
𝐹

) =
𝐴𝑣𝑖𝑏𝑢𝑙𝑘

𝐹
 

Diffusion within solid phase 𝜕𝑐𝑏𝑢𝑙𝑘

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2

𝜕𝑐𝑏𝑢𝑙𝑘

𝜕𝑟
) 

In P2 bulk/ Tunnel coating 

Interfacial reaction   𝒊𝒃𝒖𝒍𝒌/𝒄𝒐𝒂𝒕𝒊𝒏𝒈 = 𝒊𝟎,𝒃𝒖𝒍𝒌/𝒄𝒐𝒂𝒕𝒊𝒏𝒈 (𝐞𝐱𝐩(
𝜶𝑭𝜼

𝑹𝑻
) −

𝐞𝐱𝐩(
−(𝟏−𝜶)𝑭𝜼

𝑹𝑻
))   

   𝒊𝟎 = 𝑭𝒌𝒃𝒖𝒍𝒌/𝒄𝒐𝒂𝒕𝒊𝒏𝒈𝒄𝒃𝒖𝒍𝒌/𝒄𝒐𝒂𝒕𝒊𝒏𝒈,𝒔𝒖𝒓𝒇
𝟎.𝟓(𝒄𝒃𝒖𝒍𝒌/𝒄𝒐𝒂𝒕𝒊𝒏𝒈,𝒎𝒂𝒙

− 𝒄𝒃𝒖𝒍𝒌/𝒄𝒐𝒂𝒕𝒊𝒏𝒈,𝒔𝒖𝒓𝒇)
𝟎.𝟓

(
𝒄𝒍

𝒄𝒓𝒆𝒇
)𝟎.𝟓 

Charge balance ∇ ∙ (−𝜎𝑠∇𝜙𝑠) = −𝐴𝑣𝑖𝑠𝑖 

Specific surface area 
𝐴𝑣 =

3

𝑟𝑝
 

Mass balance ∂ϵl,sicl

∂t
+ ∇ ∙ (−𝐷𝑙,𝑒𝑓𝑓∇𝑐𝑙 +

𝑖𝑙𝑡+
𝐹

) =
𝐴𝑣𝑖𝑠𝑖

𝐹
 

Diffusion within solid phase 𝜕𝑐𝑠𝑖

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2

𝜕𝑐𝑠𝑖

𝜕𝑟
) 

 

The calculation methods for von Mises stress and Tresca stress are shown in Eq. S1a. 

The relationship between deformation displacement and strain is explicitly defined in Eq. 

S1b, while the stress-strain relationships are governed by the generalized Hooke’s law Eq. 

S1c. This multiscale framework constitutes the core coupling mechanism that links 

electrochemical processes to mechanical stress generation. To further support the COMSOL 

calculation results, we have added relevant content to Eq. S1d that supports information. 
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