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Table S1. Electrochemical performance of various low cobalt cathodes with and without

modifications
Material/ Cell Iooz | Voltage Specific capacity Cycling Ref.
configuration YIG \%) (mAh g) performance
04)
Without modification
NCMS811 1.65 2.7-4.3 203.7mAh g'at0.1 C; 88% capacity 1
167.2 mAh g'at3 C | retention after 200
cyclesat 0.2 C
(1C=200mAh g
LiNio_76MH0‘14COO‘1002 1.26 2.7-4.5 (V 215 mAh g71 at 0.1 C, 92% CapaCIty 2
(calcination temp: 750 °C) vs. Li/Li*") 168 mAhg'at10C retention after 100
cyclesat 1 C
(cathode material loading: 12 mg (1C=200mAh g)
cm?)
Olive like NCM811 1.43 2.7-43(V | 1934 mAhg'at0.2C; 85.4% capacity 3
(solvothermal synthesis) 1 vs. Li/Lit) >130mAhg'lat5C retention after 100
cyclesat 1 C
(cathode material loading: 8.0 (1C=200mAh g")
mg cm?)
Agglomerated NCM811 - 2.7-43(V | 203.7mAh g at0.1 C; 86.2% capacity 4
(solvothermal synthesis) vs. Li/Li") 155.6 mAh g'at 10 C | retention after 200
cyclesat 1 C
(IC=180mAh g')
(cathode material loading: 4.0
mg cm?)
NCM811 0.88 | 2.8-4.3(V 181 mAhg'at0.1C; 85 % capacity 5
(Flame aerosol synthesis) vs. Li/Li") retention after 25
cyclesat 0.5 C
(cathode material loading: 46.5
mg cm?)
Doping
(Mg-doped) - 2.8-4.2 183+ 1mAhg'at0.1 | 607 cycles to 80% 6
LiNiO'90C00_02MHOA05Mg0‘0202/ C SOH (long—term
graphite (full cell) cycling at 0.33C)
(1IC=190mA g
(cathode material loading: 12.0
+ 0.5 mg cm?)
LiNij 3Coq ¢7F€ep 03Mng 10, 1.38 2.8-4.3 207.5 mAh g'at0.1C; 80% SOH after 7
6 (V vs. 1458 mAhg'at5C 400 cycles at 0.5
Li/Li*) C
(1IC=180 mAh g'!)
Na* and AI** dual doped 144 | 2.8-435(V | 21230 mAhg'at0.2 84% capacity 8
LiNig 33C0g,0sMng 040, vs. Li/Li*") C; 176.46 mAh g 'at3 | retention after 50
C cyclesat 1 C
(cathode material loading: 7.0 (1C=180 mAh g
mg cm?)




Cu-doped NCMS811 1.70 2843V | 226.7mAhg'at0.1C; >90% capacity 9
(V vs. 124.1 mAh g'at5C retention after 100
Li/Li") cyclesisat 1C
(1C=200mAh g
Ti-doped NCM811 1.22 2.8-4.6 V 196 mAh g at 0.5 C; 84% capacity 10
(V vs. 157 mAhg'at2C retention after 100
(cathode material loading: 2.5 Li/Li%) cyclesat 1 C
mg cm?) (1 C=200mAh g
B-doped NCMS811 1.01 3.043V 191 mAh g!' at 0.04 C 87% capacity 11
(V vs. retention after 120
(cathode material loading: 5 mg Li/Li%) (1C=200mAh g cyclesat 0.5 C
cm?)
Coating
Tungsten oxide coated 2.30 2.5-4.3 184 mAh g'at0.1 C; | 800 cycles to 80% 12
NCM&811/ graphite (full cell) ~75mAhglat5C SOH
(cathode material loading: 12.0
+ 0.4 mg cm™?)
AZO coated NCMS811 - 3.0-4.5 216.1 mAh g'at 0.1 C; 86.3% capacity 13
(VvsLi/Li*) | >150mAh g'at 10 C | retention after 100
(cathode material loading: 1.5-2 cyclesat 1 C
mg cm?)
LaPO, coated NCM811 1.44 3.0-4.3 196.7 mAh g ' at 0.1 C; 91.2 % capacity 14
2 (V vs Li/Li*) 124 mAh g'at10C retention after 100
cyclesat 1 C
Li;PO, coated NCM811 1.78 2.5-4.3 185.0 mAh g'! at 95 96 % capacity 15
(V vs Li/Li%) mA g'l; retention after 100
~80 mAh g at 950 mA | cycles at 95 mA g
g—l 1
Dihexadecyl phosphate (0.1%)- - 2.75-43 204.5 mAh g at 0.1 C; 62 % capacity 16
coated NCMS811 (V vs Li/Li*) 180.1 mAhg'at1C retention after 500
cyclesat 1 C
(cathode material loading: 3.0 (1C=200mAh g")
mg cm?)
Dual modification
Mg?* doping and Li;PO, coated | 1.63 2.9-43 203.5mAh g'at0.5C; | 86.3 % capacity 17
NCMS811 (MgHPO,-modified) 169.4 mAh g'lat6C retention after 100
cyclesat 1 C
(1 C=200mAh g
Zr doped and Lithium zirconate | 2.18 2.8-4.3 192 mAh g at 0.1 C; 84.3 % capacity 18
coated NCM811 (V vs Li/Li") 100 mAh g'at 10 C retention after 60
cyclesat 0.2 C
(cathode material loading: 3.8 (1C=200mAh g")
mg cm?)
Mg doping and Li;PO, coated | 1.36 3.0-4.3 200 mAh g' at 0.1 C; 73.5 % capacity 19
LiNig.9;C0g.06Mng 030, (V vs Li/Li%) 1246 mAhg'at3 C retention after 80

(cathode material loading: 15.5 +
0.5 mg cm?)

cyclesat 0.1 C

Core-shell structure




Core-shell structured 1.04 3.0-4.3 ~180 mAh g at 0.2 C; 82.3 % capacity 20
[Nig g5C00.10Mnyg 05]O; (leached - (Vs Li/Li*) | ~120mAh g'at20 C | retention after 150
with 5 mol% H,SO,) 1.11 cyclesat 0.5 C
(cathode material loading: 7-8
mg cm?)
NCM811@Li,MnO; - 2.7-4.7 254 mAh g! at 20 mA 86 % capacity 21
(V vs Li/Li") . retention after 90
(cathode material loading: 3-4 233 mAh g'at 120 mA | cycles at 120 mA
mg cm?) g’ g!
Core shell NCM811 1.74 2.7-4.6 213.1 mAh g'at0.2 C; 86 % capacity 22
Core: LiNij 9Cog ¢sMng 50, (V vs Li/Li") 148.6 mAh g'at3 C retention after 100
Shell: LiNig4Cog o3Mng 30, cyclesat 1 C
(1C=180mAh g
Concentration gradient
NCMSI11 1.51 2.75-4.3 198.3 mAh g'at 0.1 C; 93.7 % capacity 23
Ni conc. 84% to 76% from (V vs Li/Li") 182.5mAh g'at 1 C | retention after 100
center to edge) cyclesat5 C
NCMS811 >1.2 2.75-4.3 201.5mAh g'at0.1C; | 98.0 % capacity 24
Ni conc. 84.7% to 67.3% from (V vs Li/Li%) 1842 mAhg'atlC retention after 200
center to edge) cyclesat 1 C
TiO,-incorporated NCMS811 1.6 2.8-4.4 ~180 mAh g'at 0.1 C; 96.0 % capacity 25
with full conc. Gradient (FCG) 4 (V vs Li/Li") 92 mAh g'at10C retention after 150
Core: Li[Nig¢;C0g9sMng 93]O> cyclesat 1 C
Surface: Li[Ni0,55C00,16Mn0,29]02 (02 C=40 mA g_l)
Nb-doped and LiNbO;-coated - 3.0-4.4 214.8 mAh g'at0.1 C; | ~85.1 % capacity 26
FCG NCM811 (VvsLi/Li*) | ~162.4 mAh g'at 10 C | retention after 300
cyclesat 1 C
(1C=180mAh g
Spinel layer on the surface of 1.45 3.0-4.5 211.2 mAh g'at0.1 C; 92.7 % capacity 27
layered NCM811 0 (VvsLi/Li*) | 111.7mAh g'at10C | retention after 100
cyclesat 1 C
(cathode material loading: 3-4 (1 C =200 mAh g)
mg cm?)
LiNij7Cog ;3Mny 170, with 1.27 3.0-4.3 187.8 mAh g' at 0.1 C; 86.5 % capacity 28
concentration gradient (VvsLi/Li*) | 111.7mAhg'at 10 C | retention after 300
cyclesat 1 C
(cathode materialzloading: 2mg (0.1 C=20mA g?)
cm?)
Single crystal structure
NCMS811 1.27 3.0-43 ~200 mAh g'!' at 20 ma 82 % capacity 29
(cathode material loading: ~3 (V vs Li/Li%) gl retention after 50
mg cm?) cycles at 20 mA g
1




NCMS811
(cathode material loading: ~3
mg cm?)

2.8-4.3
(V vs Li/Li")

197.9 mAh g'at 0.2 C;
161.8 mAhg'atlC

(1C=170mAh g

79.7 % capacity
retention after 200
cyclesat 1 C

30

Oct-SC811 [predominating
(012)-plane]

Poly-SC811 [predominating
(104)-plane]

(cathode material loading: ~6
mg cm?)

3.0-4.3
(V vs Li/Li%)

~200 mAh g!'at 0.1 C;
<165mAh g'at10C

~200 mAh g'at 0.1 C;
~165mAh g'at10C

15.7 % capacity
loss after 100
cyclesat 6 C

5.9 % capacity
loss after 100
cyclesat 6 C

31

NCMS8I11 (lithium excess 50%)

1.66

2.8-43
(V vs Li/Li)

226.9 mAh g'at0.1 C;
140 mAh g'at5C

(1 C=200mAh g

74 % capacity
retention after 200
cyclesat 5 C

32

Electrolyte

Additives

NCMS811

Without additive

With Additive: Lithium
difluorooxalate borate (2 %
LiODFB)

3.0-4.3
(V vs Li/Li")

<200 mAh g'at 0.1 C;
<100 mAh g'at4 C

>200 mAh g' at 0.1 C;
>120 mAh g'at4 C

68.6 % capacity
retention after 50
cyclesat 0.2 C

85 % capacity
retention after 50
cyclesat 0.2 C

33

NCMB&811//Graphite (full cell)

Without additive

With Additive: 1 vol. %
tris(trimethylsilyl)phosphite
(TMSPi) + vinylene carbonate
(VO

(cathode material loading: 10.5-
11.5 mg cm)

3.0-43V

180 mAh g! at C/20;
>130 mAh g at C/3

>190 mAh g'! at C/20;
~170 mAh g!' at C/3

(1C=190 mAh g

91 % capacity
retention after 200
cycles at C/3

99.95 % capacity
retention after 200
cycles at C/3

34

NCMS811//Silicon-Graphite (full
cell)

Without additive

With Additive: 2 wt. %
tris(trimethylsilyl)phosphite
(TMSP1)

2.7-44V

~200 mAh g'at 0.1 C;
~125 mAh g at 2C

~200 mAh g!' at 0.1 C;
>125 mAh g at 2C

55 % capacity
retention after 50
cycles at 0.5

80 % capacity
retention after
50cycles at 0.5

35




(cathode material loading: 10 mg

cm?)

References

el S

S

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

Y. Ding, D. Mu, B. Wu, Z. Zhao and R. Wang, Ceram. Int., 2020, 46, 9436-9445.

J. Zheng, P. Yan, L. Estevez, C. Wang and J. G. Zhang, Nano Energy, 2018, 49, 538-548.
Y. Lu, Z. Gan, J. Xia, K. Du, Z. Peng, Y. Cao, G. Hu and J. Xiao, ChemElectroChem, 2019,
6, 5661-5670

Y. Zhang, K. Du, Y. Cao, Y. Lu, Z. Peng, J. Fan, L. Li, Z. Xue, H. Su and G. Hu, J. Power
Sources, 2020, 477, 228701.

C. Abram, J. Shan, X. Yang, C. Yan, D. Steingart and Y. Ju, ACS Appl. Energy Mater., 2019,
2, 1319-1329.

A. Gomez-Martin, F. Reissig, L. Frankenstein, M. Heidbiichel, M. Winter, T. Placke and R.
Schmuch, Adv. Energy Mater., 2022, 12, 2103045

G.Zha, W. Hu, S. Agarwal, C. Ouyang, N. Hu and H. Hou, Chem. Eng. J,2021, 409, 128343.
H. G. Park, K. Min and K. Park, ACS Appl. Mater. Interfaces, 2022, 14, 5168-5176

T. Wu, G. Wang, B.Liu, Q. Huang, Y. Su, F.Wu and R. M. Kelly, J. Power Sources, 2021,
494, 229774.

H. Sun, Z. Cao, T. Wang, R. Lin, Y. Li, X. Liu, L. Zhang, F. Lin, Y. Huang and W. Luo,
Mater. Today Energy, 2019, 13, 145-151.

C. Roitzheim, L. Y. Kuo, Y. J. Sohn, M. Finsterbusch, S. Méller, D. Sebold, H. Valencia,
M. Meledina, J. Mayer, U. Breuer, P. Kaghazchi, O. Guillon and D. Fattakhova-Rohlfing,
ACS Appl. Energy Mater., 2022, 5, 524-538

D. Becker, M. Borner, R. Nélle, M. Diehl, S. Klein, U. Rodehorst, R. Schmuch, M. Winter
and T. Placke, ACS Appl. Mater. Interfaces, 2019, 11, 18404—18414

D. Zhang, Y. Li, X. Xi, S. Wang, S. Hao, T. Lei, X. Ren, Y. Xiong, S. Liu and J. Zheng, J.
Alloys Compd., 2022, 906, 164286

H. Tong, P. Dong, J. Zhang, J. Zheng, W. Yu, K. Wei, B. Zhang, Z. Liu and D. Chu, J.
Alloys Compd., 2018, 764, 44—50

W. G. Ryu, H. S. Shin, M. S. Park, H. Kim, K. N. Jung and J. W. Lee, Ceram. Int., 2019,
45, 13942-13950.

L. Zeng, K. Shi, B. Qiu, H. Liang, J. Li, W. Zhao, S. Li, W. Zhang, Z. Liu and Q. Liu,
Chem. Eng. J., 2022, 437, 135276.

D. Y. Hwang, H. S. Kim and S. H. Lee, J. Mater. Chem. A, 2022, 10, 16555-16569.

S. Gao, X. Zhan and Y. T. Cheng, J. Power Sources, 2019, 410—411, 45-52.

T. Sattar, S. J. Sim, S. H. Lee, B. S. Jin and H. S. Kim, Solid State Ionics, 2022, 378, 115886.
Y. Lee, H. Kim, T. Yim, K. Y. Lee and W. Choi, J. Power Sources, 2018, 400, 87-95



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

M. A. Mezaal, L. Qu, G. Li, W. Liu, X. Zhao, Z. Fan and L. Lei, J. Solid State Electrochem.,
2017, 21, 2219-2229

L. Song, P. Jiang, Z. Xiao, Z. Cao, C. Zhou, J. Du and P. Liu, lonics (Kiel)., 2021, 27, 949—
959.

Y. Jiang, Z. Liu, Y. Zhang, H. Hu, X. Teng, D. Wang, P. Gao and Y. Zhu, Electrochim.
Acta, 2019, 309, 74-85.

P. Gao, S. Wang, Z. Liu, Y. Jiang, W. Zhou and Y. Zhu, Solid State Ionics, 2020, 357,
115504.

Y. Mo, L. Guo, H. Jin, B. Du, B. Cao, Y. Chen, D. Li and Y. Chen, J. Power Sources, 2020,
468, 228405.

F. Zhao, X. Li, Y. Yan, M. Su, L. Liang, P. Nie, L. Hou, L. Chang and C. Yuan, J. Power
Sources, 2022, 524, 231035.

J. Zhang, Z. Yang, R. Gao, L. Gu, Z. Hu and X. Liu, ACS Appl. Mater. Interfaces, 2017, 9,
29794-29803.

X. Xu, L. Xiang, L. Wang, J. Jian, C. Du, X. He, H. Huo, X. Cheng and G. Yin, J. Mater.
Chem. A, 2019, 7, 7728-7735.

M. Kim, J. Zhu, L. Li, C. Wang and G. Chen, ACS Appl. Energy Mater., 2020, 3, 12238—
12245.

A. Ran, S. Chen, M. Cheng, Z. Liang, B. Li, G. Zhou, F. Kang, X. Zhang and G. Wei, J.
Mater. Chem. A, 2022, 10, 19680—19689.

Y. Lu, T. Zhu, E. McShane, B. D. McCloskey and G. Chen, Small, 2022, 18, 2105833.

F. Guo, Y. Xie and Y. Zhang, Nano Res., 2022, 15, 2052-2059.

S. Wen, Y. Han, P. Wang, D. Zhao, X. Cui, L. Zhang and S. Li, ACS Appl. Energy Mater.,
2021, 4, 12525-12534.

J. V. Laveda, J. E. Low, F. Pagani, E. Stilp, S. Dilger, V. Baran, M. Heere and C. Battaglia,
ACS Appl. Energy Mater., 2019, 2, 7036-7044.

H. Liu, A. J. Naylor, A. S. Menon, W. R. Brant, K. Edstrom and R. Younesi, Adv. Mater.
Interfaces, 2020, 7, 2000277.



