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Supplementary Fig. 1. Selected XRD pattern for LaxM020O9 (LMO).
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Supplementary Fig. 2. XRD patterns for uncycled P-NCM and L-NCM.
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Supplementary Fig. 3. XRD refinement result for uncycled P-NCM.



Supplementary Fig. 4. a, b SEM images for uncycled P-NCM (a) and L-NCM (b). Scale bars, 3

pm.



Supplementary Fig. 5. SEM and corresponding mapping images for uncycled L-NCM. Scale
bars, 5 um.
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Supplementary Fig. 6. Cross-section morphology and the corresponding EDS mapping images
for uncycled L-NCM. Scale bars, 3 pm.
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Supplementary Fig. 7. a-d XPS spectra of La 3d (a) and Mo 3d (b) for uncycled L-NCM, O 1s
(¢) and Ni 2p (d) for uncycled P-NCM and L-NCM. Note: O vac. is O vacancy, O imp. is O
impurity, O lat. is O lattice, Sat. is satellite peak.

As shown in the fitted XPS spectra, the signals of La and Mo elements appeared in L-NCM surface
(Supplementary Fig. 7a, b), which could be assigned to the 3d spin-orbit doublet'”, demonstrating
the successful LMO deposition. Furthermore, the ratios of O vacancy located at 532.2 eV was
obviously elevated after LMO modification (Supplementary Fig. 7c)’, confirming an enriched
oxygen vacancies interface were established in L-NCM surface. Moreover, the Ni 2p signals could
be divided into two peaks at 854.7 and 856.5 eV (the purple is satellite peak, Supplementary Fig.

7d)*, which were ascribed to 2p3» of Ni** and Ni** cations, respectively.
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Supplementary Fig. 8. Residual lithium analysis for uncycled P-NCM and L-NCM.
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Supplementary Fig. 9. s-XAS spectra of O K-edge for uncharged P-NCM and L-NCM.
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Supplementary Fig. 10. s-XAS spectra of Ni L3-edge for uncharged P-NCM and L-NCM.

11



a b
S | —P-NCM O K-edge | —~ | ——P-NCMm st
& [ ——L-NCM qst 2 | ——L-NCM
©
‘2\ ~
@ 2
£ ‘@ =2.003
2 5 -~
an =
> | ™™ 3d-0 2p i
s Z
0 ©
§ [}
, 14
m 1 i 1 1 i 1 1
528 536 544 3480 3500 3520 3540
Photon energy (eV) Magnetic field (G)

Supplementary Fig. 11. a s-XAS spectra of O K-edge at 1% charged state for P-NCM and L-
NCM. b EPR profile at 1 charged state for P-NCM and L-NCM.
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Supplementary Fig. 12. a, b In-situ DEMS data for P-NCM (a) and L-NCM (b) during 200"
charge cycle under 2.7-4.5 V.
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Supplementary Fig. 13. a s-XAS spectra of O K-edge at 200" charged state for P-NCM and L-
NCM. b EPR profile at 200" charged state in P-NCM and L-NCM.
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Supplementary Fig. 14. Evolutions of normalized a-axis for P-NCM and L-NCM.
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Supplementary Fig. 15. CV curves for P-NCM under different scan rates.
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Supplementary Fig. 16. a Nyquist plots for P-NCM and L-NCM after 200 cycles. b Re values.
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Supplementary Fig. 17. a Cycling performances for pristine LiCoO; (P-LCO) and LMO
modified sample (LMO-LCO) in coin-type half cells at 1C under 2.7-4.6 V. b Cycling
performances for pristine Li-rich (P-Li-rich) and LMO modified sample (LMO-Li-rich) in coin-
type half cells at 1C under 2.0-4.8 V.
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Supplementary Fig. 18. Voltage curve for L-NCM upon 400 cycles in pouch-type full cell at
0.5C under 2.7-4.2 V.
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Supplementary Fig. 19. a, b Initial charge/discharge curves (left, 0.1C and 2.7-4.5 V) and in-situ
XRD patterns (right) for P-NCM (a) and L-NCM (b).
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Supplementary Fig. 20. Lattice parameter a for P-NCM and L-NCM between 2.7 V and 4.5 V.
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Supplementary Fig. 21. a, b Comparation of lattice parameters c (a) and volume (b) for P-NCM

and L-NCM between 2.7 Vand 4.3 V.
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Supplementary Fig. 22. a, b Total ions distributions obtained by TOF-SIMS in P-NCM (a) and
L-NCM (b) after 200 cycles. ¢, d Merged ions distributions of PO2~, C:HO™, NiFs™ and MnF3™ on
P-NCM (c¢) and L-NCM (d) surface. Scale bars, 20 um. e, f Merged depth ions distributions of
PO2", CoHO™, NiFz~ and MnFz™ on P-NCM (e) and L-NCM (f).
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Supplementary Fig. 23. a, b XPS spectra for P-NCM and L-NCM cathodes after 200 cycles, C
Is (a)and F 1s (b).

As exhibited in C 1s peaks (Supplementary Fig. 23a), the C-C peaks at 285.1 eV originated from
the Super P, while the peaks located at 286.2 eV (C-H) were related to PVDF binder’. The C-O
(287.2 eV), C=0 (289.1 eV) and OCO2 (290.2 eV) species were attributed to the electrolyte
decomposition®, thus the increased C-O, C=0 and OCO: intensity illustrated the aggravated
electrolyte decomposition on P-NCM electrode surface. Additionally, as shown in Supplementary
Fig. 23b, the LiF (684.3 eV) and LixPOyFz/LixPFy (685.2 eV) in F 1s peaks were derived from
the parasitic reactions at the electrode/electrolyte interface and were identified as the components
of cathode-electrolyte interface (CEI)’-*. The C-F (687.1 eV) bonds could be ascribed to the PVDF
binder deposited on electrode surface. Therefore, the almost disappeared LixPOyFz/LixPFy and
LiF peaks in L-NCM surface compared with P-NCM confirmed the mitigated electrolyte

decomposition, coinciding with above-mentioned C ls peaks analysis.
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Supplementary Fig. 24. a, b In-depth XPS spectra for Ni on LMA surface after 200 cycles,
coupled with P-NCM (a) and coupled with L-NCM (b).
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Supplementary Fig. 25. a, b XRD patterns (a) and magnified (003) peaks (b) for P-NCM and L-

NCM before cycle and after 200 cycles.
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Supplementary Fig. 26. a, b SEM images for P-NCM (a) and L-NCM (b) after 200 cycles. Scale

bars, 15 pm.
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Supplementary Fig. 27. a, b Cross-section SEM images for P-NCM (a) and L-NCM (b) after

200 cycles. Scale bars, 5 um.
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Supplementary Fig. 28. a, b HAADF-STEM images for P-NCM (a) and L-NCM (b) after 200

cycles. Scale bars, 100 nm.
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Supplementary Fig. 29. a-d Density of states for lattice oxygen coordinated by three Li and three
Ni (a), surface oxygen coordinated by three Li and two Ni (b), surface oxygen coordinated by one

La, two Li and two Ni (c) and surface oxygen coordinated by one Mo, two Li and two Ni (d).
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Note the elements: Li (green), Ni (gray), O (red), La (purple) and Mo (blue).
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Supplementary Fig. 30. a-d Density of states for LNO (104) slab without defect (a) and with one
oxygen defect (b), LMO (001) slab without defect (c) and with one oxygen defect (d). Note the
elements: Li (green), Ni (gray), O (red), La (purple) and Mo (blue).
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Supplementary Table 1. Lattice parameters quantified by XRD Rietveld refinement.

Li"/Ni**
(%)

Sample a=5) (A) c (A) Vv (A3) 20X St™MO6 (A) Wiios (A)

P-NCM 2.8452 14.2035 101.2285 0.2603 2.0746 2.6599 1.36

L-NCM  2.8566 142039 101.2298  0.2598 2.0889 2.6457 1.32

TM slab thickness’: Stmos = 2(1/3 — Zox) * €, Li slab thickness: Wrios (A) = (¢/3) — Stmos.
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Supplementary Table 2. Lithium diffusion coefficient (cm? s™!) calculated by fitting CV data.

State P-NCM L-NCM
Charge 4.65x 1071 8.68 x 107!
Discharge 231 x 107! 541 x1071
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Supplementary Table 3. Capacity retentions after 100 cycles under different voltages.

Sample 2.7-43V 2.7-44V 2.7-45V
P-NCM 80.2% 65.4% 57.1%
L-NCM 93.9% 87.2% 84.8%
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Supplementary Table 4. Comparison in electrochemical performances of L-NCM under different

voltages with the recent similar-focused literatures.

. . Voltage range | Cycle number Active
Bulk Modification ) )
terial at and current and capacity material Reference
materia strate
& densit retention (mg cm™2)
y g
Co LaMo0,209- )
Lig.gNio.1C00.1Mng 10> Ry 2.7-4.3V,C/3 100, ~ 93.9% ~10.0 This work
coating
C La;Mo0,09- .
Llo‘gNl()JCOo,ano‘lOz ti 2.7-4.4 V, C/3 100, ~87.2% ~10.0 This work
coating
o La;Mo0,09- .
Lio sNig.1Coo.1Mno 102 Ry 2.7-45V,C/3 100, ~ 84.8% ~10.0 This work
coating
DMS-
Lio.sNip.1Coo.1Mny.102 electrolyte 27545V, 1C 100, ~ 73.5% ~4.3 10
additive
LiNip 835C00.1Al0.01502 B-doping 2.7-4.3 V, 0.5C 100, ~95.5% ~12.0 11
Sulfonamide-
Lio sNio.1C00.1Mng 102 electrolyte 3.0-4.7V, 0.5C 90, ~ 88% ~75 12
additive
LiosNip.1C00.1Mng 102 | CoxB-coating | 3.0-4.4V, 1C 100, ~ 87% ~10.5 13
Element
Lio.sNio.1C00.1Mng.1O2 gradient 2.7-4.4V,0.5C | 100, ~ 85.1% ~5.0 14
distribution
) ) Annealing in
Lig.6Nig2C00.2Mng202 3.0-43V, 1C 100, ~ 83% ~20 15
steps
C Single-
Lio.6Nip2C00.2Mno.202 3.0-43V,1C | 100,~89.1% ~2.0 16
crystal
R Single-
Lio.6Ni0.2C00.2Mno 202 al 3.0-43V,0.1C | 100, ~83.6% ~215 17
crysta
LiNig.91C00.0902 Ta-doping 2.7-4.3V,0.5C 100, ~ 75% ~4.0 18

Note: IC=220mA g
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Supplementary Table 5. Bader charge analysis.

La@LiNiO; Mo@LiNiO2

Bader charge analysis —1.2743 ¢V —1.2107 eV
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Supplementary Table 6. Relative parameters of pouch-type full cell.

Full cell parameters
Cathode Anode
Sample L-NCM Graphite (Gr)
L-NCM : PVDF : CNT : Gr: PVDF : CNT : SP
Composition
SP=95%:3%:1%:1% | =95%:3% :1% : 1%
Electrode density (g cm ™) 3.00 1.60
Negative/Positive (N/P) ratio 1.12/1.00
One-side loading level (mg cm?) 20.00 12.48
One-side capacity (mAg cm2) 3.90 4.37
Initial charge capacity (mAh g !) 217.00 384.60
Initial discharge capacity (mAh g ) 195.00 350.00
Initial coulombic efficiency (%) 90.00 91.00
Voltage range (V) 2.7-4.2
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