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MATERIALS AND METHODS

Material fabrication 

Using a co-precipitation technique, the 2-5 um spherical precursors of the Ni0.92Co0.04Mn0.04(OH)2 were synthesized. To prepare a uniformly mixed solution, a stoichiometric amount of 2.5 mol L-1 NiSO4·6H2O, MnSO4·5H2O and CoSO4·7H2O with 4 mol L-1 NH3·H2O employed as chelating agent and 4 mol L-1 NaOH utilized as the precipitation agent pumped into the reaction tank (CSTR, 200 L) under N2 atmosphere. Subsequently, the Ni0.92Co0.04Mn0.04(OH)2 precursors were ﬁnally obtained after filtration, washing and drying at 100 °C for 12 h in a vacuum oven, single-crystal LiNi0.92Co0.04Mn0.04O2 was utilized by mixing Ni0.92Co0.04Mn0.04(OH)2 and LiOH·H2O (Li: Ni0.92Co0.04Mn0.04(OH)2 =1.03:1), then the single-crystalline LiNi0.92Co0.04Mn0.04O2 (SC-N92) is prepared by calcined at 810 °C for 12 h in an oxygen atmosphere.
Materials Characterizations

Crystalline structure was performed within 10°-80° by X-ray power diffraction (XRD, Rint-2000) at 

2° min-1. Scanning electron microscope (SEM; JEOL, JSM 6400) with energy dispersive spectrometer (EDS), high-resolution transmission electron microscopy (HRTEM, JEOL 2100F) and electron probe x-ray micro-analyzer (EPMA) were used to analyze the macroscopic morphology and element distribution of particles. Spherical aberration corrected transmission electron microscope (ACTEM, FEI Titan G2 80-200 chemSTEM) was used to investigate the microscopic morphology of particles prepared by focused ion beam (FIB, FEI, SCIOS). X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi ) and X-ray absorption spectroscopy (XAS) on the beamline BL01C1 in NSRRC were accurately collected to perform the valence state of the element for surface and interior of particles. The time-off light secondary-ion mass spectrometry (TOF-SIMS, ION-TOF GmbH) was identiﬁed with typical sputtering of 150 × 150 µm.

Electrochemical tests

The electrochemical performance was measured with a CR2032 coin-type half-cell. The uniform slurry was spread on the current collector (Al foil) and quickly dried at 100 °C for 6 h in vacuumin after mixing  active powder with KS-6 and super P as conductive agents (a weight ratio of 89 wt%:3.5 wt%:5 wt%) in vacuumand 2.5 wt% polyvinylidene fluoride (PVDF) as binder in the solvent N-methyl-2-pyrrolidone (NMP). The CR2032 coin-type half-cells were assembled with lithium metal counter electrodes and 1 mol L-1 LiPF6 dissolved in EC + DMC + EMC (1:1:1 in volume) as electrolyte. The pouch-type full-cells (mass loading weights: 33 mg cm-2, capacity: 1.7 Ah, size 4060C0: height of 40 mm, width of 60 mm, length of 120 mm, anode: graphite composite 21.0 mg cm-2 ) was fabricated in a constant environmental chamber. The Land system (CT2001A) was used to perform galvanostatic charge/discharge tests on CR2032 coin-type half-cell at a cut-off voltage (4.3 V, 4.4 V, 4.5 V, 4.6 V) and pouch-type full-cells (4.3 V, 4.4 V, 4.5 V) in 45 °C. The CHI430 electrochemical workstation (Chen Hua, ShangHai) represented electrochemical impedance spectra (EIS) from 10-2 Hz to 102 kHz.

DFT calculations 

The density functional theory (DFT) calculations was employed by using Vienna Ab Initio Package (VASP) with the Perdew, Burke, and Enzerhof (PBE) formulation.The plane wave base set kinetic energy cut-off at 450 eV, the projected augmented wave (PAW) potential was performed to represent the ionic cores with valence electrons  taken into account. A gaussian smearing method is used to allow a portion of the Kohn-Sham orbitals to be occupied for a 0.05 eV width. When the energy change is less than 10-4 eV, the electron energy is considered to be self-consistent. When the force change is less than 0.03 eV/Å, the geometric optimization is considered convergent. The dispersion interaction is represented by Grimme's DFT-D3 method. The equilibrium lattice constant of Si cells is optimized for sampling the Brillouin zone in the 2×2×1 Monkhorst-Pack k point grid.
COMSOL simulation 

The commercial software COMSOL Multiphysics was used to carry out the finite element analysis. Ni-rich layered cathodes, diluted species transport and solid mechanics were combined to investigate Li concentrations distributions and von-mises stress. The concentration of Li+ inside the cathode particle is determined by Fick's second law: (∂cLi)/∂t = -D∇2 cLi, the current density follows Ohm's law: is = -σs ∇ϕs, where there is no current source with ∇ is = 0. The Butler-Volmer equation determines the local current density at the cathode surface: iloc = i0 [exp ((αaF)/RT η) – exp ((αcF)/RT η)]. The local current density input diluted state transport module is coupled, corresponding von-mises stress simulation takes into account both elastic strain and strain induced.
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Figure S1. Schematic illustration of the synthesis process.
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Figure S2. Rietveld reﬁnement results for SC-N92.
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Figure S3. (a) The SC-N92 XRD patterns; (b) (003) peak magnified regions, (c) (006)/(012) peaks; (d) (018)/(110) peaks.
Table S1. The Rietveld refinement for SC-N92

	Sample
	a/ Å
	c/ Å
	c/a
	V(Å3)
	Rwp
	Rp
	Li/Ni
	Chi 2

	SC-N92
	2.8841
	14.1641
	4.911
	102.015
	0.115
	0.088
	5.24%
	1.324
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Figure S4. SEM for SC-N92 (illustration for Ni0.92Co0.04Mn0.04(OH)2).
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Figure S5. SEM images for SC-N92 in different magnifications.
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Figure S6. (a-c) TEM of different magnifications; (d) HRTEM image; (I-1) the corresponding FFT images and (I-2) lattice spacing for SC-N92. 
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Figure S7. HAADF-STEM corresponding selected area magnified lattice spacings. 
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Figure S8. Cross-section EPMA elemental mappings. 
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Figure S9. EDS elemental mapping result for SC-N92.

Table S2. The EIS fitting results of CR2025 cell before and after cycling for SC-N92, SC-N92-4.3V, SC-N92-4.4V, SC-N92-4.5V and SC-N92-4.6V cathodes.
	Samples
	States
	Rs (Ω)
	Rct
	DLi+ (cm2 s-1)

	SC-N92
	Before cycle
	5.6
	22.3
	3.68×10-13

	Samples
	States
	Rs (Ω)
	Rer
	DLi+ (cm2 s-1)

	SC-N92-4.3V
	After 200 cycles
	13.2
	46.1
	7.36×10-14

	SC-N92-4.4V
	After 200 cycles
	15.92
	137.7
	8.24×10-15

	SC-N92-4.5V
	After 200 cycles
	6.5
	259.6
	6.37×10-15

	SC-N92-4.6V
	After 200 cycles
	16.47
	337.9
	2.11×10-15


The EIS spectra includes three regions: 

the solvent resistance (Rs). 

the charge transfer resistance (Rct) before cycling  and the combined resistance Rer after 200 cycles, which include Rct (charge transfer resistance) and RCEI (CEI ﬁlms resistance),

the Warburg impedance representing Li+ diffusion (Zw). 

[image: image10.emf]0 50 100 150 200 250 300

90

92

94

96

98

100

2.83.03.23.43.63.84.04.2

-4000

-2000

0

2000

4000

2.83.03.23.43.63.84.04.2

-4000

-2000

0

2000

4000

2.83.03.23.43.63.84.04.2

-4000

-2000

0

2000

4000

0 50 100 150 200

2.5

3.0

3.5

4.0

4.5

0 50 100 150 200

2.5

3.0

3.5

4.0

4.5

0 50 100 150 200

2.5

3.0

3.5

4.0

4.5

0 50 100 150 200 250 300

3.3

3.4

3.5

3.6

3.7

d

Coulombic effeiciency 

(

%

)

 SC-N92-4.3 V

 SC-N92-4.4 V

 SC-N92-4.5 V

Cycle number

b

dQ dV

-1

 

(

mAh g

-1

 V

-1

)

Voltage (V)

SC-N92-4.4 V

A

1st-300th

c

1st-300th

dQ dV

-1

 

(

mAh g

-1

 V

-1

)

Voltage (V)

SC-N92-4.5 V

A

a

SC-N92-4.3 V

1st-300th

dQ dV

-1

 

(

mAh g

-1

 V

-1

)

Voltage (V)

A

a

 1 st

 50 th      100 th

 150 th    200 th

 250 th    300 th

Voltage 

(

V

)

 Capacity (mAh g

-1

)

2.75-4.3 V, 380 mA 45 

o

C

 1 st

 50 th      100 th

 150 th    200 th

 250 th    300 th

Voltage 

(

V

)

 Capacity (mAh g

-1

)

b

2.75-4.4 V, 380 mA 45 

o

C

 1 st         50 th    

 100 th    150 th

 200 th    240 th

Voltage 

(

V

)

 Capacity (mAh g

-1

)

c

2.75-4.5 V, 380 mA 45 

o

C

e

 380 mA 45 

o

C

 SC-N92-4.3V

 SC-N92-4.4V

 SC-N92-4.5V

Cycle number

Discharge middle voltage 

(

V

)

A


Figure S10. The charge/ discharge curves of (a) SC-N92-4.3V, (b) SC-N92-4.4V, (c) SC-N92-4.5V; (d) The coulombic efficiencies and (e) discharge middle voltage of full-cells. 
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Figure S11. Differential capacity curves of (a) SC-N92-4.3V, (b) SC-N92-4.4V, (c) SC-N92-4.5V with a different cut-off voltage during cycles.
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Figure S12. Optical photographs before and after single-particle force test for SC-N92-4.3 V.
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Figure S13. Optical photographs before and after single-particle force test for SC-N92-4.5 V.
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Figure S14. The schematic diagram in O3 phase.
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Figure S15. Characterizations of TOF-SIMS after 300 cycles in pouch-type full-cells. (a)The concentration distribution, (b) 3D render and (c) the corresponding depth proﬁle curve of composition (Ni-, Ni2-, Co-, MnF3-) for (a) SC-N92-4.3 V and (b) SC-N92-4.5 V. 
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Figure S16. SEM images of (a) SC-N92-4.3V, (c) SC-N92-4.4V, (e) SC-N92-4.5V; Cross-section SEM images of (b) SC-N92-4.3V, (d) SC-N92-4.4V, (f) SC-N92-4.5V.
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Figure S17. Continuous FIB-SEM illustration of single particle with different sections for (a) SC-N92-4.3 V and (b) SC-N92-4.5 V.
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Figure S18. (a) HRTEM and (b) the corresponding FFT images for SC-N92-4.5V.
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Figure S19. (a) HRTEM and (b) the corresponding FFT images for SC-N92-4.4V.
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Figure S20. (a) HRTEM and (I, II) the corresponding FFT images of different regions for SC-N92-4.3V.
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Figure S21. Morphology and crystal structure after 300 cycles. Corresponding FFT image and lattice spacing based on HAADF-STEM image of I-1, I-2 area surface for SC-N92-4.3 V.
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Figure S22. Morphology and crystal structure after 300 cycles. Corresponding HAADF-STEM image with different areas on the surface for SC-N92-4.3 V.
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Figure S23. The ABF of 200 nm deep positions for SC-N92-4.3 V
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Figure S24. Morphology and crystal structure after 300 cycles. The 200 nm deep positions of II-1, II-2 area for SC-N92-4.3 V.
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Figure S25. Morphology and crystal structure after 300 cycles. Corresponding FFT image and lattice spacing based on HAADF-STEM image of I-1, I-2 area surface for SC-N92-4.4 V.
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Figure S26. Morphology and crystal structure after 300 cycles. The 200 nm deep positions of II-1, II-2 area for SC-N92-4.4 V.
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Figure S27. Morphology and crystal structure after 300 cycles. Corresponding FFT image and lattice spacing based on HAADF-STEM image of I-1, I-2 area surface for SC-N92-4.5 V.
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Figure S28. Morphology and crystal structure after 300 cycles. The 200 nm deep positions of II-1, II-2 area for SC-N92-4.5 V.
Table S3. The diffusion coefficients in all phases for different structure
	Samples
	Different phases transport rate (Å/ps)

	
	O3
	O1
	LiNi2O4
	Ni3O4
	Disorder/ Order RS 
	

	SC-N92-4.3V
	0.55
	0.3225
	0.14625
	/
	/
	

	SC-N92-4.4V
	/
	/
	0.172
	0.04133
	0.0204
	

	SC-N92-4.5V
	/
	/
	0.1075
	0.02818
	0
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Figure S29. Structural evolution of underlying reaction mechanism. (a) SC-N92-4.3V, (b) SC-N92-4.4V and (c) SC-N92-4.5V after 300 cycles.
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