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Fig. S1  SEM images of the LLO samples prepared by (A-1, B-1, C-1, D-1, E-1, F-1, G-1, 

H-1, I-1, J-1, K-1, L-1, M-1, N-1 and O-1) quenched cooling with liquid nitrogen and (A-

2, B-2, C-2, D-2, E-2, F-2, G-2, H-2, I-2, J-2, K-2, L-2, M-2, N-2 and O-2) slow cooling 

of the calcined material at a controlled rate of 25 °C h-1 in the furnace from 900 to 25℃. 

(A) Li1.23Ni0.14Mn0.61Co0.02O2 (sample 2), (B) Li1.17Ni0.22Mn0.56Co0.05O2 (sample 4), (C) 

Li1.1Ni0.31Mn0.51Co0.08O2 (sample 6), (D) Li1.07Ni0.35Mn0.48Co0.1O2 (sample 7), (E) 

Li1.03Ni0.39Mn0.46Co0.12O2 (sample 8), (F) Li1.2Ni0.16Mn0.57Co0.07O2 (sample 11), (G) 

Li1.2Ni0.15Mn0.55Co0.1O2 (sample 12), (H) Li1.27Ni0.1Mn0.63O2 (sample 14), (I) 

Li1.23Ni0.14Mn0.61Co0.02O2 (sample 15), (J) Li1.17Ni0.22Mn0.56Co0.05O2 (sample 16), (K) 

Li1.2Ni0.27Mn0.53Co0.07O2 (sample 17), (L) Li1.2Ni0,31Mn0.51Co0.08O2 (sample 18), (M) 

Li1.07Ni0.35Mn0.48Co0.1O2 (sample 19), (N) Li1.03Ni0.39Mn0.46Co0.12O2 (sample 20) and (O) 

Li1Ni0.43Mn0.43Co0.14O2 (sample 21).
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Fig. S2  K-edge XANES spectra of (A-1, ‧‧‧,G-1) Mn, (A-2, ‧‧‧,G-2) Ni and (A-3, 

‧‧‧,G-3) Co ions of the samples 2 (A), 3 (B), 4 (C), 5 (D), 6 (E), 7 (F) and 8 (G) 

prepared by the quenched cooling with liquid nitrogen (black line) and the slow cooling 

in the furnace at a controlled cooling rate of 25 °C h-1(red line). 
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Fig. S3  Charging/discharging voltage-capacity curves obtained at the 10th cycle with 

samples 2 (A), 4 (B), 6 (C), 7 (D), 8 (E), 11 (F), 12 (G), 15 (H), 16 (I), 18 (J), 19 (K), and 

20 (L) prepared by the quenched cooling with liquid nitrogen (solid lines) and the slow 

cooling in the furnace at a controlled rate of 25 °C h-1 (dotted lines). The 

charging/discharging rate was 0.1 C.
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Fig. S4  dQ/dV vs. cell voltage curves obtained from charging/discharging curves at the 

10th cycle. Blue and red curves correspond to the samples prepared by the quenched 

cooling and slow cooling processes, respectively. The number in each figure indicates the 

corresponding sample number in Table 1
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Fig. S5  Charging/discharging cycle performance obtained at a charging/discharging 

current density of 0.1 C-rate for the LLO samples prepared by (●) the quenched cooling 

with liquid nitrogen and (○) the slow cooling in the furnace at a controlled rate of 25 °C 

h-1. Samples: 1 (A), 2 (B), 3 (C), 4 (D), 5 (E), 6 (F), 7 (G), 8 (H), 9 (I), 10 (J), 11 (K), 12 

(L), 13 (M), 14 (N), 15 (O), 16 (P), 17 (Q), 18 (R), 19 (S), 20 (T) and 21 (U).   
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Fig. S6  XRD Rietveld refinement profiles of samples prepared by (1) the quenched 

cooling with liquid nitrogen and (2) slow cooling in the furnace at a controlled rate of 25 
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°C h-1. (  ) observed, (  ) calculated,  (  ) the residual difference of both. The green 

vertical marks indicate the position of the Bragg reflections. * is the peaks approximately 

20-25° that result from ordering of Li+ ions in the transition metal layers. Samples 2 (A), 

4 (B), 6 (C), 7 (D), 8 (E), 11 (F), 12 (G), 14 (H), 15 (I), 16 (J), 17 (K), 18 (L), 19 (M), 20 

(N) and 21 (O).
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Fig. S7  XRD Rietveld refinement profiles from 20 to 30° of the LLO samples prepared 

by (1) the quenched cooling with liquid nitrogen and (2) the slow cooling in the furnace 

at a controlled rate of 25 °C h-1. (  ) observed, (  ) calculated,  (  )  the difference of 

both. The vertical marks indicate the position of the Bragg reflections. (A) sample 1, (B) 

sample 2, (C) sample 3, (D) sample 4, (E) sample 5, (F) sample 6, (G) sample 7, (H) 
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sample 8, (I) sample 9, (J) sample 10, (K) sample 11, (L) sample 12, (M) sample 13, (N) 

sample 14, (O) sample 15, (P) sample 16, (Q) sample 17, (R) sample 18, (S) sample 

19,(T) sample 20 and (U) sample 21. 
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Table S1  Summary of the bulk and surface atomic ratios of Mn, Ni and Co in LLO 

samples. Nos. 1-21 were prepared with the quenched cooling and slow cooling processes, 

which were evaluated with XRF and XPS, respectively, and the difference in the surface 

and bulk atomic percentages ratios and the difference in atomic percentages of samples 

prepared by quenched cooling and slow cooling processes.

Bulk atomic ratios (A) Surface atomic ratios (B)
Quenched sample Slow cooled sample Quenched sample Slow cooled sampleSample 

No.
Mn Co Ni Mn Co Ni Mn Co Ni Mn Co Ni

1 0.86 0.00 0.14 0.86 0.00 0.14 0.53 0.00 0.47 0.40 0.00 0.60 
2 0.79 0.02 0.19 0.79 0.02 0.19 0.52 0.03 0.45 0.42 0.01 0.56 
3 0.74 0.04 0.22 0.73 0.04 0.23 0.41 0.18 0.42 0.31 0.19 0.50 
4 0.67 0.06 0.27 0.67 0.06 0.27 0.44 0.05 0.51 0.35 0.14 0.52 
5 0.62 0.08 0.30 0.62 0.08 0.31 0.30 0.11 0.59 0.22 0.13 0.65 
6 0.56 0.09 0.34 0.56 0.09 0.34 0.38 0.08 0.54 0.30 0.08 0.63 
7 0.51 0.11 0.38 0.51 0.11 0.38 0.40 0.06 0.55 0.31 0.09 0.60 
8 0.46 0.13 0.41 0.47 0.13 0.40 0.38 0.08 0.54 0.38 0.07 0.55 
9 0.40 0.20 0.41 0.39 0.20 0.40 0.32 0.07 0.61 0.32 0.08 0.61 
10 0.77 0.00 0.23 0.76 0.00 0.24 0.52 0.00 0.48 0.52 0.00 0.48 
11 0.71 0.09 0.21 0.71 0.09 0.20 0.43 0.09 0.48 0.42 0.07 0.51 
12 0.68 0.13 0.19 0.70 0.12 0.19 0.40 0.10 0.50 0.43 0.06 0.51 
13 0.66 0.17 0.17 0.67 0.17 0.16 0.41 0.16 0.43 0.47 0.18 0.36 
14 0.82 0.09 0.09 0.81 0.10 0.09 0.49 0.14 0.37 0.37 0.17 0.46 
15 0.74 0.11 0.14 0.73 0.12 0.15 0.68 0.09 0.23 0.56 0.15 0.30 
16 0.64 0.14 0.22 0.63 0.14 0.23 0.40 0.17 0.43 0.36 0.14 0.49 
17 0.57 0.15 0.27 0.58 0.15 0.27 0.46 0.19 0.35 0.37 0.11 0.51 
18 0.52 0.17 0.31 0.53 0.16 0.31 0.32 0.14 0.54 0.31 0.13 0.56 
19 0.47 0.19 0.34 0.47 0.19 0.34 0.37 0.15 0.48 0.36 0.12 0.52 
20 0.44 0.19 0.37 0.44 0.20 0.37 0.29 0.14 0.58 0.30 0.13 0.56 
21 0.39 0.20 0.41 0.39 0.20 0.40 0.31 0.13 0.55 0.32 0.12 0.55 
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Difference in surface and bulk atomic percentages (%) a)

Quenched samples (C) Slow cooled sample (D)

Difference in surface and 
bulk atomic percentages of 

samples prepared by 
quenched and slow cooling 

processes (%) b)

Sample 
No.

Mn Co Ni Mn Co Ni Mn Co Ni
1 -38 0 236 -53 0 329 15 0 -93
2 -34 50 136 -47 -50 195 13 0 -59 
3 -45 350 91 -58 375 117 13 -25 -26 
4 -34 -17 89 -48 133 93 14 -150 -2 
5 -52 27 97 -65 63 110 13 -36 -13 
6 -32 -11 59 -46 -11 85 14 0 -26 
7 -22 -45 45 -39 -18 58 17 -27 -13 
8 -17 -38 32 -19 -46 38 2 8 -6 
9 -20 -65 49 -18 -60 53 -2 -5 -4 
10 -32 0 109 -32 0 100 0 0 9 
11 -39 0 129 -41 -22 155 2 -2 -26 
12 -41 -23 163 -39 -50 168 -9 27 -5 
13 -38 -6 153 -30 6 125 -8 -12 28 
14 -40 56 311 -54 70 411 14 -14 -100 
15 -8 -18 64 -23 25 100 15 -43 -36 
16 -38 21 95 -43 0 113 5 21 -18 
17 -19 27 30 -36 -27 89 17 54 -59 
18 -38 -15 74 -42 -19 81 4 4 -7 
19 -21 -21 41 -23 -37 53 3 16 -12 
20 -34 -26 57 -32 -35 51 -2 9 6
21 -21 -35 34 -18 -40 38 -2 5 -4 

 

a) Calculated as {(B) - (A)/(A)} x 100.

b) Calculated as (C) - (D).
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Table S2  The refined structural parameters of LLO samples obtained from the Rietveld 

refinement with the space of C2/m. The LLO samples were prepared by (1) the quenched 

cooling with liquid nitrogen and (2) the slow cooling in the furnace at a controlled rate of 

25 °C h-1. Samples: 2 (A), 4 (B), 6 (C), 7 (D), 8 (E), 11 (F),12 (G), 14 (H), 15 (I), 16 (J), 

17 (K), 18 (L), 19 (M), 20 (N) and 21 (O). 
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