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Table S1. Results of the Rietveld analysis for P-LR-NCM and M-LR-NCM from FullProf. And
related micro-strain analysis from JADE.

Li/Ni :
Sample alA c/A cla Mixing Ryp/%  Ry/% Strain (%)
P-LR-NCM  2.8503 14.240 4.9960 0.002 5.27 4.14 0.201(0.005)
M-LR-NCM  2.8514 14.241 4.9944 0.001 5.07 3.93 0.209(0.004)

Table S2. Materials and corresponding chemical analyses results.

Sample Li Ni Co Mn Al Nb

P-LR-NCM 1.380 0.172 0.171 0.656 0 0

M-LR-NCM 1.348 0.170 0.167 0.660 0.038 0.003
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Figure S1. (a) The initial cycle profile of SGC/Gr at 0.05C, (b) the discharge capacity of SGC/Gr
at 0.05C in subsequent 300 cycles.
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Figure S2. Raman spectra and the fitted results of P-LR-NCM and M-LR-NCM before cycling.

Figure S2 shows the two outstanding sharp peaks appeared at about 500 and 600 cm-1 are
characteristic vibration modes of R-3m structure, implying the O-M-O bending (Eg) and M-O
stretching (A 1g) mode, respectively. The broaden peak existed at the range from 320 to 450 cm-1
reflects the remaining features of Li2MnO3 components. Exclusively, a weak and broad peak
about 670 cm-1 for M-LR-NCM is attributed to the formation of spinel-like structure.



Figure S3. EELS line scan direction from surface (black dot) to bulk (purple dot) in the TEM
image. The dots are corresponding to the different location of the scanning line.
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Figure S4. (a) a cross-section image of M-LR-NCM. Arrow indicates the direction of EDX line
scan, (b) the corresponding EDX profile of Nb and Al from out layer to bulk along the direction
in (a). (c) the enlarged near-surface region of (b).

Figure S4 shows an aggregated concentration of Nb and Al at the surface region from outlayer
to 2 um towards center. After this point, both of them gradually decrease and remain almost
constant in the bulk region. At enlarged near-surface region, the gradually reduced intensity of Al
indicates the elimination of Al,O; coating and the appearance of doping region once reaching 25
nm.
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Figure S5. EDX line scan of cross-section M-LR-NCM sample. All elements are involved.
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Figure S6. The corresponding EDS mapping of M-LR-NCM from TEM.
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Figure S7. (a) The XPS spectra of Al and Nb during Ar* etching of M-LR-NCM, (b) the variation
of corresponding atomic concentration versus the sputtering time based on the comparison
between Al and Nb elements.
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Figure S8. (a) The EPR spectra of both samples, (b) the O 1s fitting results with respective
amounts of oxygen vacancies in P-LR-NCM and M-LR-NCM.
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Figure S9. Illustration of home-made ~1 Ah pouch cell designed for GC measurement.
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Figure S10. GC profile of gas components collected from the pouch cells after first cycle. (b)
Parallel experiments used to verify the results from (a).
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Figure S11. Ex-situ XRD results with corresponding lattice parameters of (a) P-LR-NCM and (b)
M-LR-NCM at various potential (from left to right, 3.4V, 3.8V, 4.2V, 44V, 4.6V, 4.8V at
charging; 4.4V, 4.0V, 3.6V, 3.2V, 2.8V, 2.4V, 2.0V at discharging) during first cycle.

As shown in Figure S11, the structural evolutions of two samples during first cycle were exhibits.
The superlattice structures of both samples were disappeared at 4.6 V, indicating the
deintercalation of Li ions from the Li,MnO; domains and activation of O redox. After discharging
to 3.2 V, a relatively weak peak reappeared at the position of superlattice structures, which was
caused by the intercalated Li ions back to TM layer. However, since the in-plane TM migration
disturbed the original arrangement of TM layer,! the intensity of superlattice structures was
significantly reduced as compared to non-activated one. The similar evolution of superlattice
structures illustrated the composite surface configuration would not interrupt the O redox though
it exerted positive effects on mitigating gas release. As for the whole structural evolution during
first cycle, the corresponding evolution of lattice parameter a and ¢ suggested a similar behavior



for both samples except the restricted ¢ evolution of M-LR-NCM. As for the ¢ expansion, P-LR-
NCM underwent 0.80 % expansion, while that was 0.61% for M-LR-NCM. The severer expansion
of ¢ demonstrated the lattice distortion of the host framework.2 Once it came to the entire volume,
P-LR-NCM expanded from 100.305 to 102.233, the lattice expansion was 1.92 %. However, M-
LR-NCM only expanded 1.88 % after first cycle. The gas release at first cycle greatly accelerated
the structural rearrangement around surface, which further enforced the lattice distortion as the
partial frame oxygen ions were lost. The mitigated structural expansion at first cycle revealed the
enhanced structural stability of M-LR-NCM due to reduced oxygen evolution.
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Figure S12. The initial charge-discharge profile of P-LR-NCM and M-LR-NCM at 25 mA g’!
between 2.0 to 4.8 V.
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Figure S13. The initial charge-discharge profile of M-LR-NCM with different conditions at 25
mA g! between 2.0 to 4.8 V.
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Figure S14. CVs for the initial three cycles of (a) P-LR-NCM and (b) M-LR-NCM at 0.1 mV s’!
scan rate.
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Figure S15. GITT results of P-LR-NCM and M-LR-NCM during first cycle. The inset is a
schematic illustration of a single step of the GITT with the interval 30 min charge or discharge at
a specific current of 10 mA g-! and 240 min relaxation.
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Figure S16. The cycling performance of P-LR-NCM and M-LR-NCM at 125 mA g
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Figure S17. The potential decay of P-LR-NCM and M-LR-NCM at 250 mA g-'.
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Figure S18. The specific discharging capacity of P-LR-NCM, M-LR-NCM and Al,03;-LR-NCM
(Al,O3 coated P-LR-NCM) at 250 mA g! during 120 cycles.
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Figure S19. Electrochemical performance comparisons with other mainstream reports.
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Figure S20. DSC results of P-LR-NCM and M-LR-NCM after charging to 4.8V.
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Figure S21. The rate performance of P-LR-NCM and M-LR-NCM at room temperature.



Table S3. Summarized electrochemical performances of advanced LR-NCM materials from mainstream reports. The symbol ~ indicates estimated
values from figures of each reference.

Capacity Maximum Cycling Performances Test conditions
Modification @RT (mAh g Specific capla city Cap ac.ity Average Capacity fade Specific current
(mAh g ) retention (mAh g_l cycle _1) (mA g_l)
-1
Ref[1]-Spinel LiCoO,} 290 (fésvr)nA g 205 79.3% at 400th 0.106 250
11 -1
Reﬂz]cﬁégigj ALD 273 '245280\,?1* & ~220 78% at 200th 0.243 200
t::;fggf;fg%‘(’)niés 252 (25 mA g) 226 93.3% at 60th 0.257 83.3
Ref[4]-H,SO, treatment®  249.7 (25 mA g™ 196.5 79.8% at 500th 0.080 250
Ref[5]-oleic acid’ 296 (25 mA g 4.8V) 277 84.1% at 200th 0.220 250
Ref[6]-NH;-H,08 300 20 mA g) ~261 85% at 200th 0.197 100
Ref[7]-NiFe,04° 273 (26mA g 4.8V) 232.5 91.8% at 200th 0.095 260
-1
Ref[8]- Ni-rich surface!? 2571 ﬁif)‘m & 232 92.3% at 200th 0.089 250
-1
Ref[9]-Yb doping'! 294.5 ﬁg};m g 219.8 84.4% at 100th 0.346 250
Ref[10]-B doping!2 293.9 (10 mA g 255.4 89.5% at 100th 0.268 100

This work 268.1 25 mA g) 210.3 57.0% at 1000th 0.091 250
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Figure S22. Rietveld refinement XRD through FullProf via double phase models. (R-3m and Fd-3m).
(a)P-LR-NCM, (b) M-LR-NCM, (c) cycled P-LR-NCM and (d) cycled M-LR-NCM.
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Figure S23. Comparison of XPS spectra of (a) C 1s, (b) F 1s and (c) O 1s of P-LR-NCM and M-LR-

NCM before cycling.
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Table S4. Results of the Rietveld analysis for P-LR-NCM and M-LR-NCM after 200 cycle at 1C
from FullProf. And related micro-strain analysis from JADE.

Sample a/A c/A Li/Ni Mixing Ryp/%  Ry/% Strain(%)
P-LR-NCM 2.8890 14.424 0.006 5.50 6.98 0.471(0.0108)
M-LR-NCM  2.8810 14.370 0.005 5.48 6.97 0.362(0.0097)
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