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Section S1. Optimization of Ni-dopant sources and atomic ratio of Ni/(Li+Ni).
Fig. S1 shows voltage curves of NiDL cathodes prepared using NiO and LiNiO> as a Ni-dopant source

with Ni/(Li+Ni) = 8%. The cathode synthesized from Li>O and NiO exhibited larger overvoltage in

charge and lower discharge capacity compared with the cathode synthesized from Li>O and LiNiO».
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Fig. S1 Voltage curves of NiDL cathodes prepared using NiO or LiNiO; as a Ni-dopant source.

Fig. S2a shows XRD patterns of NiDL cathodes prepared from Li,O and LiNiO; with various Ni

contents. Peak intensity of the LiNiO»-based phase gradually increases with increase in the Ni-content.

Fig. S2b shows voltage curves. The cathode with Ni/(Li+Ni) = 8% exhibited the highest discharge

capacity.
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Fig. S2 (a) XRD patterns and (b) voltage curves of NiDL prepared from Li,O and LiNiO, with

Ni/(Li+Ni) = 2-10%.

! 0

100 200 300

Specific Capacity / mAh g_1



Section S2. Particle size and surface morphology of NiDL particles.

Fig. S3 SEM images of NiDL particles.

Section S3. Confirmation of Ni-doping to the cation site in the Li>O structure.

To clearly understand the Li,O-based phase, the sample with less amount of the LiNiO»-based phase

was investigated. We revealed that the sample with Ni/(Li+Ni) = 3% is suitable since its crystalline

phase is almost the Li>O-based phase, according to XRD patterns with the Rietveld refinement as

shown in Table S1 and Fig. S4.

Table S1 Results of Rietveld refinement of NiDL with Ni/(Li+Ni) = 3%.¢

Phase Space group Lattice Atom Site  Occupancy (g) Fraction
parameters (A) (mol%)
NiDL Fm3m a=4.622(2) Li 8c g=0.942(4) 97(1)
Ni 8¢ g=0.0192(12)
0) 4a
LixNi1 O Fm3m a=4.106(9) Li 4a 2=0.4909) 3(1)
Ni 4a g=0.51(9)
o 4b

* Rwp = 3.36%, Rp = 2.64%, Re = 2.34%, S = 1.43.
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Fig. S4 XRD patterns of NiDL with Ni/(Li+Ni1) = 3% and the fitting curve.

Fig. S5 shows pre-edge region in Ni K-edge XANES. In the region, Ni in the tetrahedral coordination,
e.g., NiCr04, exhibited a large peak corresponding to the dipole transition, whereas Ni in the
octahedral coordination, e.g., Lii«N1,O, exhibited a weak peak corresponding to the quadrupole
transition. NiDL with Ni/(Li+Ni) = 3% showed a relatively large peak compared with Li;_«Ni,O,
indicating the Ni coordination transformed from octahedral to tetrahedral. Since cation site in Li20 is

tetrahedral, Ni-doping into the cation site of Li,O probably occurs.
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Fig. S5 Pre-edge region in Ni K-edge XANES.



Section S4. Transformation from hexagonal layered rocksalt LiNiO: to cubic cation-disordered

rocksalt LixNi;_+O by the mechanochemical treatment.

Table S2 Results of Rietveld refinement of mechanochemically treated LiNiO,.“

Phase Space group Lattice parameters (A) Atom Site Occupancy (g)

LixNi; O Fm3m a=4.1142(8) Li 4a g=0.445(6)
Ni 4a g=0.555(6)
o 4b

“ Rwp = 4.37%, Ry = 3.39%, Re = 4.74%, § = 0.92.
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Fig. S6 XRD patterns of mechanochemically treated LiNi1O and the fitting curve.
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Fig. S7 Voltage curves of mechanochemically treated LiNiOs».



Section SS5. In-situ gas analysis with CoDL cathode during charge.

For the electrochemical cell, a two electrode beaker cell was used. CoDL cathode and Li foil anode
were pressed on Al and Cu mesh current collectors, respectively. The electrodes were horizontally
opposed with the glass fiber separator in between. The beaker cell, a circulation cylinder, and a 2-
position 6-port valve with a sampling loop were assembled in an Ar-filled glove box. Then, the system
was sealed, transferred outside, and connected to the gas flow system directly connected to a
quadrupole mass spectrometer (OmniStar GSD301, Pfeiffer Vacuum). The gases in the cell were
transferred to the sampling loop by using the circulation cylinder. For the analysis, the gases in the
sampling loop were purged with a He carrier gas by switching the valve and transferred into the mass
spectrometer. To remove a vapor of the electrolyte, the purged gases were passed through a cold trap
(ca. =70 °C). The amount of evolved O (m/z = 32) and CO, (m/z = 44) were determined using the
integrated peak areas of O, and CO; calibrated using that of Ar (m/z = 40), respectively.

(a)

Cathode Anode

Circulation cylinder

— (mmm
4 ~
'o
Beaker cell Ko
Sampling loop 2 3 E
@ () -
g S
S 5
6-way valve > 2 %
[%2]
mrc |H | Vent S
@ | |Q-MS 1
| 0 100 200 300 400 500
Cold t -
He (cc;, _;?)poc) Specific capacity / mAh g !

Fig. S8 (a) A schematic illustration of apparatus for the measurement of evolved gases. MFC: mass
flow controller, Q-MS: quadrupole mass spectrometer. (b)Voltage curve of CoDL cathode and

cumulative amounts of Oz and CO> evolved in the charge process.



Section S6. First-principles band calculations of NiDL.
First-principles calculations based on the Heyd-Scuseria-Ernzerhof (HSEsol) hybrid functionalS!-S?
was performed to evaluate electronic structure of NiDL. We used Vienna ab-initio simulation package
(VASP)S35* with modified Perdew-Burke-Ernzerhof generalized gradient approximation for solid
(PBEsol-GGA)335¢ and with the projector-augmented wave (PAW)3” method for density functional
theory (DFT) part of hybrid functional. The composition and crystal structure were referred to the
XRD-derived refined structure in this study, i.e. NiiLis1O32 in a simulation cell with 2 x 2 x 2
conventional cubic anti-fluorite unit cells. Total 5 structures with various Li/vacancy/Ni configurations
in Li sites are generated in random manner and the lowest energy structure was chosen.

Fig. S9a and b presents projected density of states (PDOS) for the NiLis1O32 compounds. In
Fig. S9b, oxygen PDOS corresponds to oxygen coordinated with Ni ions (4 ions). The valence bands
ranging from —3 to 0 eV vs. Fermi level mainly consist of both localized O 2p orbital and hybridized
orbital between Ni 3d and neighboring O 2p. Hole states arising from Ni 3d bands are clearly visible
at ~2.5 eV vs. Fermi level with significant contribution of O 2p derived states in the PDOS diagram,
indicating ligand hole formations. The calculated Bader charges>®S!! for Li, Ni, and O ions are listed
in Table S3. The Bader charges of oxide ions bonded only with Li ions are almost —2, which
corresponds to closed shell electron configuration. On the other hand, ligand hole formation is
indicated from the Bader charges of oxide ions coordinated with Ni ions (—1.65). The valence bands
and the hole states around Fermi level are visualized in Fig. S9c¢ and d, respectively, where Ni-O

hybridization is confirmed. Accordingly, the Ni-O bands play an important role for the redox reactions.



o
—

|
(@)}
——

O)

o

Projected DOS /states atom-
(@)]

)
—

P 4 @ .:)- .
R S
O ‘ {?&“\.s\ ey A
' ' ' SR s
-10 -5 0 5 10 )

Energy / eV vs. Fermi Energy

Fig. S9 (a), (b) Projected density of states (PDOS) for Ni (blue line) and O (light blue bar) ions in anti-
fluorite type NiLis1O32 simulation cell. Oxygen PDOS in panel (b) corresponds to oxygen coordinated
with Ni ions. (¢), (d) Visualized electronic states for (c) hole states at ~ 2.5 eV and (d) valence band
top at —3 to 0 eV vs. Fermi level by yellow-colored isosurfaces. Green-, gray-, and red-colored spheres

correspond to Li, Ni and O ions, respectively.

Table S3 Averaged Bader charges for Li, Ni, and O ions. Label O1 and O2 represent the oxygen ions

coordinated only with Li ions and with a N1 ion, respectively.

Ions (label)  Bader charge (averaged)

Li 1.00
Ni 1.52
0 (01) ~1.65

0 (02) ~2.00




Section S7. O K-edge XAS analysis of TMDL cathodes.
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Fig. S10 O K-edge XANES spectra of TMDL cathodes during charge/discharge. The atomic ratio of
TM/(Li+TM) was set to 10, 9, and 9% for FeDL, CoDL, and CuDL, respectively.
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