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Supporting discussion 1. Site mixing in Li; ;Nij.13C0¢.13Mn540,_5

The degree of the site mixing is evaluated from the ratio of the integrated peak intensity of 003
and 104 peaks in the R3m structure, 7(003)/1(104). 1(003)/1(104) is recognized as a suitable
indicator of the degree of the cation mixing (the exchange of Li and TMs) [S1], 1(003)/1(104)
of the pristine (the oxygen-stoichiometric) and the oxygen-deficient Li; ;Nig 13C0¢.13Mng 540,.5
were calculated from their XRD patterns and summarized in Table S1. We found that 1) the
intensity ratio is high suggesting the site mixing is negligiblly small in our samples, and 2) the
intensity ratio slightly decreased with increasing the oxygen vacancy concentration. These infer
that the introduction of oxygen vacancy might enhance the cation mixing very weakly. For the

simplicity, lithium at the transition metal site (LiTM) and transition metal at the lithium site (

™ i.i) were not considered in the Rietveld analysis in this work.

Table S1. 7(003)/1(104) of Li; ,Nig 13C09.13Mng 540,_5 assuming the R3m gtructure.

Sample 1(003)/1(104)
Li; 5Nig 13C0q.13Mng 5,0, 1.11
Li; 2Nig.13C00.13Mn9 5401 98 1.08
Li; 5Nig.13C00.13Mng 5401 94 1.03




Supporting discussion 2. Defect chemical analysis on the oxygen vacancy formation in
Li; »2Nig.13C00.13Mng 540;. 5

The formation of oxygen vacancy was studied based on defect chemistry. The equilibrium
between oxygen gas and oxygen vacancy in the Li-rich phase is expressed by

0%V + 26 + P(0,)2 (S1)

The Gibbs free energy change of the equation S1, AGoy s

1 2 2

1 2V LYo y .yo
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where, % and [i] are the activity coefficient and the molar concentration of 1, respectively. The
non-ideality in the system is considered as an excess-enthalpy, AH,y and the linear relation is

assumed using the nonideal parameter, a, as applied in some nonstoichiometric oxides [S2-S5].

VO e' (83)

The conservation of the oxygen site and the charge neutrality are considered.

- S4
03]+ 1751 =2 5
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From equations S2-S5, the relation among &~7-P(0O,) is obtained.
2.6 AG,. + as
Plo/2 = exp| - B (S6)
2 463 RT

AGox and q are the fitting parameters of the defect equilibrium model. This model is applied to

Li; ,Nig13C0¢.13Mng 54055 and Li; ,Mng¢Nig,O, [S5]. The calculation results are shown in

Figure S1 and the fitting parameters are summarized in Table S2. As shown in the figure, the

defect equilibrium model can explain the initial stage of the oxygen vacancy formation in Li-
f AG

rich cathodes. The oxygen vacancy formation energy, AHoy s the enthalpy term of “"ox, and

therefore, can be obtained from the temperature dependence of AG oy,
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Figure S1. The oxygen vacancy formation 0fLi1.2Ni0.13C00_13Mn0.5402_5 and Lil.le’loﬁNio_zOz_é‘
[S5]. Calculated results of the defect equilibrium model (the equation S6) are shown by the
dashed lines.



Table S2. Fitting parameters, AGox and g, of the equation S6, and the oxygen vacancy

formation energy, AH ox, of Lij ,Nig 13C0¢g 13Mng 540,_s and Li; ;Mng ¢Nig,05_s.

/K

a/kJ mol! AH

5]

ox/kJ mol! ox/kJ mol!
673 165
185
L1 5Nig 13C00.13Mng 540;.5 773 162 2800
(1.92 eV)
873 159
673 183
190
Lil.le’lOﬁNioAzOz_é‘ 773 182 1000
(1.97 &V)
873 181




Supporting discussion 3. Thermodynamic analysis on the oxygen vacancy formation in
Li; »2Nig.13C00.13Mng 540;. 5

The oxygen vacancy formation in Li; ;Nig13C0¢.13Mng 540, s was analyzed based on defect
chemistry and thermodynamics. As the oxygen content was expressed by 2-¢0, partial molar

enthalpy of oxygen, ho =ho can be calculated from the &-T -P(O,) relationship by the following
equation.

h,-h,= 4 Rz P(0
0 0‘6(1/7")(2" ( 2)) s7)

ho="o can be considered as an indicator of the affinity of oxygen defects in the system. As

summarized in Figure S2, ho =ho decreases with Suntil 5= 0.02 and becomes almost constant
in 0.02 < §<0.06. This suggests that the oxygen vacancy formation energy increases with din
0 < 0<0.02, and such an excess energy is negligible in 0.02 < 6< 0.06. The cause of the excess
energy for the defect formation is generally explained by defect interaction such as the defect
associations, pairing, the defect-host interaction [S2, S3]. In these cases, the defect interactioons

usually increase with the defect concentration. This tendency is not consistent with ho=ho of
Li; ,Nig.13C00.13Mng 5405 Figure S2 suggests that the major cause of the excess energy for the
oxygen vacancy formation in Li; 5Nij 13C0¢ 13Mng 540,_5 is not typical defect interactions. The
plausible explanationois the interaction of electronic structures and defect formation. Observed
dependence of ho =Ny is consistent with the transition of the redox species, namely, strong
interactions arise in Ni redox region (0 < < 0.02) and defect interactions are negligible in Co

redox region (0.02 < 6<0.06).
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Figure S2. Partial molar enthalpy of oxygen of Li; ;Nig 13C0¢.13Mng 540,_5 as a function o.
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Supporting figures

Figure S3. SEM images of the (a) the pristine (oxygen-stoichiometric), (b)
Li; 2Nig 13C00.13Mn 5401 95 and (¢) Li; 2Nig 13C00.13Mng 5401 4.
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Figure S4. XRD data and the calculated results of the Rietveld refinement for (a) the pristine
(oxygen-stoichiometric), (b) Li].2Nio_13C00.13Mn0.5401.98 and (C) Li].2Ni0_13C00.13Ml’10.5401.94. pr
and GOF were 11.70 and 1.91 for the pristine, 11.57 and 1.87 for Li; ;Nig 13C0013Mng 5401 9,
and 10.95 and 1.78 for Li]_2Ni0.13C00_13Ml’10.5401.94.
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12

1
0.06

Vcella

of



-10F © - Lis oNig 13C00 13MNng 54055
<& 1 LijMnggNig .0, 5 o

____

s =10 L
£ -
e L
§ —20r <> o’
) <>’/
2 251 7 P
-30r &
[ 1 | L | | 1
600 800 1000 1200

T/K

Figure Seé. Decomposition P(Oz) of Lil.2Ni0'13C00.13MHOb5402_5 and Lil.zMno,éNio_zoz_g [SS]

13



(a)

LiNiO,

Intensity/a.u

18

| 1 | 1 |
890 860 870

Photon energy/eV

(b)

S

< LiCoO,
2

e

g

S

CoO

| | L | ) |
770 780 790 800
Photon energy/eV

Figure S7. X-ray absorption spectra at (a) Ni L-edge of NiO (Ni?*) and LiNiO, (Ni**), and (b)
Co L-edge of CoO (Co?*) and LiCoO, (Co*").
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Figure S8. X-ray absorption spectra of Li; ;Nij ;3C09 13Mng 540,_s at (a) Ni-L, (b) Co-L and (c)
Mn-L edge recorded by total electron yielding (TEY) method. Dashed lines are the spectra of
the pristine (oxygen-stoichiometric) sample.
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Figure S9. (a) The rate capability and cyclability, (b) the discharge capacity retention and (c)

the energy density of Lij,Nigp3C0013Mngs40,.5. The pristine sample was oxygen-
stoichiometric.
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Table S3. Average discharge capacity of Li ,Nig 13C0¢.13Mng 54055 as a function of the
discharge rate.

I=20/mA g'! I=50/mA g'! I=125mA g! I=250/mA g!
igiﬁg)e 229 mAh ¢! 184 mAh ¢! 137 mAh ¢! 63.0 mAh g-!
5=0.02 224 mAh g'! 165 mAh g'! 69.8 mAh g'! 7.20 mAh g'!
0=0.06 202 mAh g! 169 mAh g! 113 mAh g'! 16.2 mAh g’!

17



Table S4. Total energy density of Li; ;Nig 13C0¢.13Mn 540,_s as a function of the cycle number.

1st loth 50 th 60 th 70 th 80 th 90 th
/Whkg! /Whkg! /Whkg! /Whkg! /Whkg! /Whkg! /Whkg!
Pristine
(5 0) 866 755 726 708 669 630 621
0=10.02 801 761 718 707 700 664 609
0=10.06 718 714 690 673 658 647 643
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