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1. Methods 

1.1. Material synthesis 

The Co-free LNMO hydroxide precursor sourced from Samsung SDI was utilized for 

this study. Each precursor was blended with anhydrous LiOH in accordance with a molar ratio 

of Li:(Ni+Mn) = 1.03:1 to mitigate the loss of lithium due to high temperature-induced 

evaporation. The resultant mixtures were subjected to calcination in a tube furnace under a 

flowing O2 atmosphere. The calcination process involved a two-step heating procedure, with a 

ramping rate of 3 °C min−1. Initially, the temperature was raised to 500 °C and held for 6 hours 

to facilitate the liquefaction of LiOH, followed by a second step where the target temperature 

was maintained for 8 hours to ensure complete synthesis of the layered structure. Subsequently, 

the powders were allowed to cool within the furnace. 

 

1.2. Electrochemical characterization 

For the electrochemical experiments, the LNMO cathode was combined with a 

conducting agent and a binder material. The cathode was prepared with a composition of 

LNMO:Super P:PVDF in a ratio of 8:1:1, with 12wt% PVDF (KF1120, KUREHA) dissolved 

in N-methyl-2-pyrrolidone (NMP) using a Thinky mixer (Thinky Mixer, ARM-310). The 

resulting slurry was coated onto Al foil (Hohsen) using a doctor blade (Hohsen), with an active 

material loading of 3 mgcm−2. After drying in a vacuum oven, the coated foil was roll-pressed 

to achieve a density of 3 mgcm−3. The electrolyte used was 1 M LiPF6 in EC:DMC:EMC = 

3:4:3 v/v (Hohsen). Half-cell electrochemical cells were assembled using 2032 coin-type cells 

(Hohsen Corporation, CR2032) with Li metal anode (MTI corporation, EQ-Lib-LiC25-1400) 

and GF/F (Cyvita, Whatman GF/F) separators. The cells were rested for 12 hours and then 

subjected to 2 cycles at 0.2C, with voltage limits of 3.0V – 4.3 V vs Li/Li+ foil for precycles 



(WonATech, WBCS3000L), where 1C=200mA/g. Galvanostatic intermittent titration 

technique (GITT) measurements were performed after one galvanostatic cycling at 0.1C to 

compare the Li ion diffusivity of LNMO. A current of 0.1C was applied for 10 minutes followed 

by a 30-minute rest period, over a voltage range of 3.0 V to 4.3 V. The Li ion diffusion 

coefficient (DLi) was calculated using the cathode's surface area determined via Brunauer-

Emmett-Teller (BET) testing. The exchange current of LNMO was determined using 

electrochemical impedance spectroscopy (WonATech, ZIVE SP1) over a frequency range from 

105 Hz to 10−2 Hz, after charging to the target state of charge (SOC). 

 

1.3. Synchrotron based ex-situ and operando material characterization 

To clearly demonstrate the bulk structure of the synthesized LNMO powder, we 

utilized hard X-ray and soft X-ray synchrotron-based analysis from Pohang Accelerators 

Laboratory (PAL). The lattice structure of the LNMO were examined from the 9B-high 

resolution powder diffraction (HRPD) beamline with a wavelength of 1.52150 Å. After that 

Rietveld refinement was performed via Fullprof Suite software. Hard X-ray absorption 

spectroscopy (XAS) was performed from 8C-Nanoprobe XAFS beamline from the PAL. The 

cathode powders were loaded on the holder in the Ar filled glove box to reduce the effect of air 

exposure to the samples. Spectra were plotted using ATHENA software package, while all 

spectra were aligned by reference foil. In-situ XRD analysis were conducted at 9A U-SAXS 

beamline, in wide angle x-ray scattering (WAXS) mode. The coin cell with kepton window 

were carefully placed in the X-ray beam source with the energy of 19.75 keV. The diffraction 

image were recorded during electrochemical cycling in the exposure time of 1 s to the 2 

dimensional charge-coupled device (CCD) detector (SX165, Rayonix, USA).  

1.4. Other characterization 



Pre, and post-mortem microstructure analysis of cathode were conducted with SEM 

(HITACHI S-4800). For post-mortem characterization, cycled electrode were disassembled in 

Ar filled glove box and rinsed with anhydrous DMC solvent and dried at room temperature. 

Dried electrodes underwent polishing using cross-section polisher (Leica EM TIC 3X, Leica 

Ltd., Germany) with an accelerated voltage of 5kV for a duration of 6 hours to achieve a finely 

polished surface. Quenching X-ray diffraction (XRD) experiment were conducted after 

terminating experiment cells were disassembled in 2 min to terminate interparticle Li ion 

exchange and rinsed with anhydrous DMC solvent and dried at room temperature. Lab scale 

XRD measurements were performed by a D8 Advance X-ray diffractometer (Bruker, Germany) 

with Cu Kα radiation at a scan rate of 1°/min. The chemical compositions of the Co-free LNMO 

cathodes were ascertained via Inductively coupled plasma mass spectrometry (ICP-MS, 

PerkinElmer, NexION 300s). Co-free LNMO cathodes were dissolved in aqua regia 

(HCl:HNO3 = 3:1). Subsequently, all dissolved samples underwent dilution with deionized 

water to ensure that the concentration of the target element fell within the bounds of a 

calibration curve, thus ensuring high reliability in the measurements. The calibration curves 

were constructed employing a minimum of three (1, 5, 10 ppb) standard solutions, with results 

considered only if correlation coefficients exceeded 0.999 and the relative standard deviation 

(RSD) was below 5%. 

 

1.5. Finite element analysis 

The finite element analyses of coupled Li kinetics and solid mechanics of LNMO were 

conducted using the commercial software COMSOL Multiphysics V6.2. The diffusion of Li 

inside an electrode particle is described by Fick’s second law of diffusion, which is a mass 

conservation equation given by1 



𝜕𝑐

𝜕𝑡
+ 𝛻 ∙ 𝐽 = 0 

where 𝑐 is the concentration of Li and 𝐽 is the Li flux inside the electrode particle. 𝐽 is defined 

using Fick’s first law of diffusion, which is expressed as 

𝐽 = −𝐷𝛻𝑐 

where 𝐷 is the Li diffusion coefficient inside the particle. Due to the layered structure of Ni-

Mn binary oxide cathodes, Li diffusion across the layers is reduced to an order of 10 to hinder 

the effect of c-lattice diffusion2. 

 A limitation of our simulation is that it is limited to a single particle model. Therefore, 

the applied current density 𝑖𝑛 (1 C current = 0.448 𝐴/𝑚2) should be converted into Li inward 

flux. The Li inward flux 𝐽 is expressed as 

𝐽 =
𝑖𝑛
𝐹

 

where 𝐹 represents the Faraday’s constant (96,485 𝐶/𝑚𝑜𝑙). 

 The compositional strain generated from the diffusion of Li inside the particle is 

expressed as3 

𝜖𝑖𝑗
𝑐 = 𝛥𝑐

𝛺

3
𝛿𝑖𝑗  

where 𝜖𝑖𝑗
𝑐  is the compositional strain tensor, 𝛺 is the partial molar volume of Li and 𝛿𝑖𝑗 is the 

Kronecker delta. The elastic strain tensor of an electrode particle is expressed as4 

𝜖𝑖𝑗
𝑒 = 𝑆𝑖𝑗𝑘𝑙𝜎𝑘𝑙 

where 𝜖𝑖𝑗
𝑒  is the elastic strain tensor, 𝑆𝑖𝑗𝑘𝑙 is the compliance tensor and 𝜎𝑘𝑙 is the stress tensor. 

Therefore, the total strain tensor 𝜖𝑖𝑗 generated within the electrode particle, which undergoes 



compositional strain and elastic strain is expressed as5 

𝜖𝑖𝑗 = 𝜖𝑖𝑗
𝑒 + 𝜖𝑖𝑗

𝑐  

 The Cohesive Zone Model (CZM) was employed to simulate the damage and brittle 

fracture across the grain boundaries of secondary particles in an electrode6. The damage of a 

particle begins to develop when the traction, which is proportional to the separation 𝛿  and 

penalty factor 𝐾 reaches the tensile strength of the particle 𝜎𝑡. When damage develops in the 

particle, the irreversible softening within the particle begins. The value of K decreases as 

damage accumulates, eventually reaching zero when fracture is initiated (Figure S25). The 

separation length 𝛿𝑑  at which damage starts to develop is expressed as 

𝛿𝑑 =
𝜎𝑡
𝐾

 

The separation length where the fracture initiates 𝛿𝑓 is expressed as 

𝛿𝑓 =
2𝐺𝑐
𝜎𝑡

 

where Gc is the critical energy release rate of the particle, which indicates the amount of energy 

required for fracture to be initiated. In our simulation, the damage has been assumed to be 

developed to 0.9 to model the fracture behavior after 100 cycles.  

  

  



The 5C/CV charging process simulation is designed under equation below, as the 

current exponentially decays under potentiostatic charging process. Parameters are available in 

Table S8. 

𝐶𝐶𝐶𝑉 = 5𝑖0𝑒
−

𝑐𝑚𝑎𝑥
𝑐𝑎𝑣𝑒𝑟𝑎𝑔𝑒 

𝑖𝐶𝐶𝐶𝑉 = 𝑖𝑓(𝑡 < 390, 𝑖0, 𝐶𝐶𝐶𝑉) 

  



Figure S1. SEM images of synthesized a) LNO, b) NM90, c) NM80 d) NM70, and e) NM66 

  



Figure S2. XRD analysis for calcination temperature effect on NM66 a) XRD profile of 

different calcination temperature b) FWHM of (003) peak to clarify crystallinity and (003)/(104) 

for Li/Ni disorder. Here the lower FWHM003 and higher (003)/(104) ratio each indicates 

higher crystallinity and lower Li/Ni disorder respectively 

  



Figure S3. Cycle retention of different calcination temperature of NM66 for optimizing 

calcination temperature of NM66. The electrochemical cycling data rationalize the optimized 

synthesis temperature of NM66 is 950 ℃.  

 

Supporting Table 1. Calcination temperature of Co-free LNMO 

  

 

  



Supplementary Note 1 

 The calcination temperature of layered oxide cathodes plays a crucial role in 

determining their material properties. For instance, Li/Ni disorder typically rises with 

increasing calcination temperature due to the increased configurational entropy, which 

thermodynamically favors defect formation7 . Additionally, higher calcination temperatures 

promote the crystal growth of primary particles because Ostwald ripening, the anticipated 

crystal growth mechanism in high-Ni cathodes during calcination, is enhanced by greater 

atomic mobility under these conditions8. Li/Ni disorder and crystallite size significantly 

controls the electrochemical property of cathode materials such as, energy density, rate 

capability and cyclability.  

 Accordingly, proper calcination of Co-free LNMO is determined with XRD analysis 

and subsequent electrochemical analysis as the NM66 with different calcination temperature is 

represented at Figure S2 and S3. Universal crystallographic information of the calcined NM66 

is analyzed via peak separation, full width at half maximum (FWHM) and peak intensity ratio9. 

Peak separation of (006) / (012) and higher value of (003) / (104) peak ratio corresponds to 

layered structure ordering, indicates that higher calcination temperature (950 ℃) is required to 

form proper layered structure in NM66. FWHM of (003) peak NM66 decreases as the 

calcination temperature increases indicating that crystallite size of primary particle increases 

at higher calcination temperature. Electrochemical test were conducted for NM66 different 

calcination temperature, and cyclability of 950 ℃ calcined NM66 was greatest among the 

different temperature calcined NM66 and the retention is comparable to previous studies with 

similar composition10. Based on similar XRD and electrochemical analysis we determined the 

proper calcination temperature for the series of Co-free LNMO cathodes.  

  



Supporting Table 2. Chemical composition of Co-free LNMO 

 

 

  



Figure S4. X-ray absorption spectroscopy 

a) Half cut energy of Ni K-edge and b) Half cut energy of Mn K-edge from XANES spectra. 

Radial distribution function (RDF) of c) Ni and d) Mn.  

The XANES spectra of Ni underwent redshift with Mn substitution and the Ni-O bond from 

RDF clearly shows that Ni oxidation states varies with Mn substitution. While the spectrum of 

Mn was relatively invariant. Moreover, the first shell in the Ni RDF, corresponds to 1st neighbor 

Ni-O bond, exhibited peak splitting with Mn substitution, further verifies the gradually Ni 

reduction with Mn4+ substitution.  

  



Figure S5. Rietveld refinement results of LNMO 

a) Representative Rietveld refinement XRD pattern of LNMO. b) Li/Ni disorder and Li slab 

thickness c) Lattice parameter. d) Refined Oxygen position in the lattice. e) Transition metal 

(TM) slab thickness of LNMO 

The Li slab thickness and TM slab thickness were calculated from the equation below 

Li slab thickness: 2*(1/3-oxygen position)*c lattice parameter 

TM slab thickness: (c lattice parameter/3)-Li slab thickness11 

  



Supporting Table 3. LiNiO2 Rietveld refinement result 

 

  



Supporting Table 4. LiNi0.90Mn0.10O2 Rietveld refinement result 

 

  



Supporting Table 5. LiNi0.80Mn0.20O2 Rietveld refinement result 

 

  



Supporting Table 6. LiNi0.70Mn0.30O2 Rietveld refinement result 

 

  



Supporting Table 7. LiNi0.66Mn0.34O2 Rietveld refinement result 

 

 

  



 
Figure S6. Rate capability of LNMO 

a) Absolute discharge current density value of LNMO. b) 0.2C capacity normalized rate 

capability of LNMO. c) Capacity ratio of 5C charged capacity against 0.2C charged capacity 

 

 

Figure S7. Cycle retention with different charging current rate of a) NM90. b) NM80. c) NM70. 

d) NM66. e) Cycle retention during 100 cycles at various charging rate 

  



 

Figure S8. Li ion diffusivity of Co-free LNMO calculated from galvanostatic intermittent 

titration technique (GITT) 

 



 

Figure S9. Exchange current density comparison of NM90 and NM66 calculated from 

electrochemical impedance spectroscopy (EIS) with equation  𝑗0 =
𝑅𝑇

𝐹

1

𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
.  

The data were collected in two coin cells 

  



 

Figure S10. Electron conductivity of Co-free LNMO 

  



 

Figure S11. a) Ex-situ XRD plot at different cut-off voltage b) Calculated c-axis parameter 

from (003) peak position. Δcmax of NM90, NM80, NM70 and NM66 are -1.98%, -1.59%, -

0.54% and 0.14% respectively.   



 

Figure S12. Cycle reversibility after extreme fast charging cycle of a) NM90. b) NM80. c) 

NM70. d) NM66. 

  



 

Figure S13. Electrochemical analysis of LNO a) Galvanostatic profile of first cycle with XFC 

cycling. b) Cycle retention of 100 cycles. c) dQ/dV after 100 cycles and d) Rate capability of 

LNO 

  



 

Figure S14. SEM image after 1C & -C/3 cycle of a) NM90 and b) NM66.  

 

Figure S15. SEM image after 5C & -C/3 cycle of a) NM90 and b) NM66.  

  



 

Figure S16. In-situ XRD of 0.1C charged a) NM90 and b) NM66 

The * indicates the beam saturated data not the impurity or peak separation 

  



 

Figure S17. Charging current dependent phase transition of Co-free LNMO 

  



 

Figure S18. Enlarged dQ/dV profile of Ni rich LNMO of a) NM90 and b) NM80. The 

correlation of charging current density with c) H2-H3 peak intensity, and d) H2-H3 peak 

position.  

The decrease of the peak intensity indicate that the H2-H3 transition were suppressed at higher 

charging current rate and the peak position shift of H2-H3 transition suggests that the 

suppression was occur from kinetic factor.  

  



 

Figure S19. SOC dependent parameters for finite element analysis a) Li ion diffusivity 

coefficient from GITT analysis and fitted value b) Lattice volume evolution of NM90 with H2-

H3 phase transition c) Lattice volume of NM66 without abrupt lattice change 

 

Supporting Table S8. Simulated parameters of diffusion-induced stress and fracture 

simulation of NM particles6, 12 

 

  



 

Figure S20. Concentration and first principal stress contour of entire geometry during charging 

process of a), b) NM90 with 1C, c), d) NM66 with 1C, e), f) NM90 with 5C, g), h) NM66 with 

5C. 

 

  



 
Figure S21. Intra secondary particle SOC heterogeneity and stress under different cycling 

condition 

Li ion concentration of a) 1C charged NM66 and b) 5C charged NM90. First principal stress 

of c) 1C charged NM66 and d) 5C charged NM90 

 

 



 

Figure S22. Reference axis for concentration and stress generation profile 

 

 

 

 

Figure S23. Stress evolution during electrochemical delithiation of Co-free LNMO 

 



 

Figure S24. Quenched XRD of NM66 after electrochemical cycling. The zero-shift error were 

aligned using electrochemically inactive Al foil. The XRD measurement were conducted using 

Cu Kα source. 

  



 

Figure S25. Williamson-Hall plot of 5C charged and quenched NM66 and NM90.  

 



 

Figure S26 a) H2-H3 transition propagation of NM90, orange marked region is H3 phase   



 

 

Figure S27. Bilinear traction-separation relationship for cohesive zone model  



 

 

 

Figure S28. Simulation results of 5C/CV charged NM90. 

 a) Charging current b) Voltage profile and c) stress evolution during 5C/CV charging



 

Figure S29. Charging time of different charging protocol 

 

 

Figure S30. dQ/dV data of NM90 with different charging protocol 

  



 

Figure S31. a) Discharge capacity and b) cycle retention of Co-free LNMO under various 

cycling condition.  

  



 

Figure S32. Cross section SEM of 5C/CV charged NM90 

 

 

 

 

 

 

 

 

 

Figure S33. Top- view SEM of 5C/CV charged NM90. The fibers are from GF/F separator. 



Supporting Table S9. Efficiency of 5C/CV charging for fast chargeable cathode13-18  

Cathode 
Charging protocol 

(Voltage window) 

Capacity 

(mAhg-1) 

Cycle retention 

(%) 
Material Modification Ref 

NM90 
5C/CV 

(3.0 V - 4.3 V) 
180 89.1 @ 100cyc No This work 

Ns-NM90 
3C 

(2.7 V - 4.4 V) 
~210 85.2 @ 100 cyc 

Core-shell design 
& 

Microstructure 

[13] 

NM90 
3C 

(2.7 V - 4.4 V) 
~205 76.1 @ 100 cyc No [13] 

Ta-NCM90 
2C 

(2.7 V – 4.3 V) 
~212.3 94.7 @ 100 cyc 

Doping 
& 

Microstructure 

[14] 

NCM90 
2C 

(2.7 V – 4.3 V) 
~207.2 86.8 @ 100 cyc No [14] 

EEC-Ni90 
5C 

(2.5 V – 4.3 V) 
~150 84.38 @ 200 cyc High entropy coating [15] 

NCM811 
3C 

(2.8 V – 4.3 V) 
161.4 76.78 @ 200 cyc No [16] 

NCM83 
1C/CV 

(2.0 V – 4.3 V) 
195.3 58.3 @ 200 cyc No [17] 

Al doped NM90 
5C 

(2.7 V – 4.3 V) 
158.3 86.4 @ 100 cyc Doping [18] 
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