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Figure S1. Theoretical capacities are given for solid-solution compounds between LiNig sTiys0; and
Li;+,M;.,0, when M is (a) Ti** [a. = 1/3], (b) Nb** [a = 0.5], and (c) Mo®" [a = 0.6]. Each figure plots
three different capacities: Li capacity that assumes full extraction of available Li* ions, Ni**/Ni**
redox capacity, and 0-TM capacity that is the Li capacity accessible by the percolating 0-TM
network. From the figures, it is seen that charge-compensating excess Li* with Mo®* sacrifices the
least Ni?*/Ni** capacity. This is because Mo®" has the highest valency among the charge
compensators, thus can accommodate excess Li* while preserving the most Ni sites for the Ni**/Ni**
capacity.



—~—~
Q
~—

Intensity (a.u.)

Observed

I Peak

~—~
o
S—

Observed

I Peak

Intensity (a.u.)

Calculated LNTO Calculated & LNTM 05
—— Obs. - Calc. —— Obs. - Calc.
- Background -~ Background

0 10 20 30 40 50 60 70 80 90
Position (20, Cu)

0 10 20 30 40 50 60 70 80 90
Position (20, Cu)

—~
(¢
~—

Intensity (a.u.)

Observed

—_
o
—

Observed

Intensity (a.u.)

— Calculated LNTM 010 —— Calculated LNTMO 15
—— Obs. - Calc. —— Obs. - Calc.
- Background -~ Background

I Peak I Peak

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Position (26, Cu)

Position (26, Cu)

(e)

Observed
—— Calculated
—— Obs. - Calc.
- Background

Intensity (a.u.)

Peak

LNTMO20

0 10 20 30 40 50 60 70 80 90
Position (20, Cu)

Figure S2. Rietveld refinements on the XRD patterns of (a) LiNiysTiys0, [LNTO], (b)
Liy.0sNiy1/24Ti1124M01/300, [LNTMOS] (c¢) Liy ;1 Nis/1,Tis;1;M04,150, [LNTMO10], (d)

Lil‘lsNi3/8Ti3/8M01/1002 [LNTMOIS], and (e) Lil‘zNi1/3Ti1/3M02/1502 [LNTMOZO]: structural
parameters from the refinements are listed in Table S1.



Li excess (%) 0 5 10 15 20

Space group : Fm-3m

Rwp . 338 6.40 3.79 3.73 2.13
| Lioccupancy , 0.497 0.5160  0.5488 0.5750 0.5985
Site 4a : Ni occupancy : 0.262 0.2269 0.2109 0.1899 0.1582
(x,y,2)=(0,0,0) | Ti occupancy i 0.254 0.2345 0.2153 0.1925 0.1708

- ' Moocoupancy ,__ 0 ____ 0.0163 _ _0.0342 _ _ 0.0507_ _ _ 0.0671 _
(x.y.2) Elz(e)‘;? 05.0.5) i Ooccupancy | 1 1 1 1 1

a(A) | 4.1426 4.1444 4.145 4.1451 4.1452
Volume (A3) L 71.094 71.186 71.216 71.22 71.226

Derived density (kg/l) : 4.39 4.32 4.27 4.22 4.11

Table S1. Structural parameters from the Rietveld refinements in Figure S2: crystallographic
information file of Fm-3m LiFeO, (ICSD collection code 51208) was used as an input file. The
atomic occupancies were initially set to the atomic ratio obtained from elemental analysis by direct
current plasma emission spectroscopy, based on which the lattice parameters were first refined.
Then, we further refined the lattice parameters and the atomic occupancies simultaneously: TM
occupancies were first refined, and then Li occupancy was refined. O occupancy did not change
after the refinement for all the compounds.
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Figure S3. The 10'cyCIe VOltage profiles of (a) Li]_()sNi]1/24Ti11/24M01/3002 (LNTMOS), (b)
Lil_1Ni5/12Ti5/12M01/1502 (LNTMOIO), (C) Lil'lsNi3/8Ti3/8M01/1002 (LNTMOIS) when cyCled between
1.5-4.5V at 20 mA/g at room temperature, and (d) the 10-cycle voltage profile of

Li; ,Ni;3Ti;3Mo0,,50, when cycled between 1.5—4.8 V at 20 mA/g at room temperature.



Computational supporting data

Computational details
First principles calculations were carried out with density functional theory (DFT) using the spin
polarized generalized gradient approximation (GGA).[1] Hubbard U parameters (GGA + U)
were used to correct the self-interaction of GGA,[2] using U values of 6.0 eV for Ni and U
values of 4.4 eV for Mo.[3] The projector-augmented wave pseudopotentials were used for all
energy calculations as implemented to the Vienna A4b initio Simulation Package (VASP).[4]
To determine the cation-disordered Li; ,Nij33T1933M0y.130; structure, a large number of
Li/Ni/Ti/Mo cation orderings were generated by using the genetic algorithm method [5,6] within
a 5 x 3 x 2 supercell containing thirty formula units of the monoclinic LiMO, primitive cell
(space group: C2/m). To model the cation-disordered structure, the large supercell was selected
and the compositions of cations were fixed to similar composition of Li; ;Nij 33Tig33M0 130, for
every layer along the ¢ direction. One hundred Li/Ni/Ti/Mo orderings with lowest electrostatic
energy were calculated with GGA+U. Among them, the most stable configuration was selected
as the cation-disordered Li; ;Nig 33T1g33M0¢ 130, structure. The cation-disordered
Lig 467Nig37T19.37M00 150, structure was also determined by same technique withina 3 x 3 x 3
supercell of the monoclinic LiMO, primitive cell. The various oxygen/oxygen-vacancy orderings
were considered within Lig 467Nig 33T 33M0¢.130,.4 (00 = 0.2) to determine the structure of
Lig.467N1933T19.33M0¢ 1301 g with same technique. The Li/Li-vacancy orderings were also
generated for Li; 5.,Nig33Ti933M00,130; and Li; 11.,Nig37Ti937M0g 150, with same methods. Thirty
Li/Li-vacancy orderings with lowest electrostatic energy were calculated within GGA+U at each
composition. The DFT energies of the most stable configurations at each composition were used
to calculate the voltage profile with following equation;
E[LileOZ] - E[LixZMOZ] — (%, - x,)E[Li]
V) =-

(xq —xy)F

where E is the DFT energy of the structure and F is the Faraday constant.
The oxidation states were determined by comparing calculated magnetizations (average
net moments) of Ni, Ti, Mo and oxygen ions and the number of unpaired spins of Ni?* (2), Ni3*

(1), Ni** (0), Ti** (1), Ti** (0), Mo’* (1), Mo®" (0), O (0), and O (1).[7,8] The contributions of



Ni, Ti, Mo and oxygen ions to redox reaction were determined by the change of their
magnetization as follows;
AMA
AMNi + AMTi + AMMo + AMO |

contribution of A =

where AM is the change of the magnetization between x; and x,.
The oxygen loss potential of Li; ».,Nig 33Tig33M00 130,., was also calculated with
following equation;
E[lelMOZ] - E[lezMo

e g(Ec[Oz] - TSGP(300K)) - (x; - x)E[Li]

V) =-

(xq —xy)F

where E is the DFT energy, E.[O,] is the corrected DFT energy of O,[9],T is temperature

exp

(300 K), and %2 (300K) is the entropy of O, gas at 300K and 1 atm as obtained from
experiments.[10,11] We considered two possible transformed structures for the oxygen loss

potential [12] as follows;

(@) Lip 867Nig33Tig33M00 130, 20.4 Li + 0.1 O, + Lig 519Nig 37Ti937M00 1502
: Oxygen loss with lattice densification
(b) Lig g67Nig33Ti933M00 1302 20.4 Li + 0.1 O, + Lig 467Nig 33Ti933M00,1301 5

: Oxygen loss with oxygen vacancy formation

Based on the above equations, we can find that the thermodynamically more favorable
reaction will be the one with lower-energy reaction products (densified Lig 519Nig37Ti937M0g 150,
vs. Lig467Nig33Ti033M00 1301 g with oxygen vacancies). Based on our calculations, we find that
the densified Lig 519Nig37T1937M0¢ 150, structures are energetically more stable than the
Lig.467N19.33T19.33M0 1301 g structures with oxygen vacancies even though they have a same
supercell-composition of Li;4Ti;9Ni;0M040s4. The energy difference between these two
structures is 105 meV per Li,MO, formula unit (Fig. S4). Thus, the oxygen loss potential in

Figure S5 is derived from reaction (a): oxygen loss with lattice densification.
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Figure S4.The calculated energies of densified Liy s5,Nig37Ti937M04.150, structures and

Lig 47Nig33Tiy.33M0 1301 s structures with oxygen vacancies. It is seen that the energies of the
densified Lio.szNio‘;;7Ti0.37M00.1502 structures are lower than those of Li0.47Ni0‘33Ti0.33M00.1301'8
structures with oxygen vacancies. This indicates that oxygen loss with densification is
thermodynamically more favorable than that with oxygen vacancies in the lattice.
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Figure S5. (a) The voltage profiles of Li;,_,Nij33Ti933M0¢130,. The black curve is an experimental
profile from the galvanostatic intermittent titration test (GITT) during the first charge, and the red
line is calculated voltage profile of Li; ; .Nig33Ti933M04.130, that assumes no oxygen loss during the
first charge: the dotted red arrows specify the region of Ni oxidation and O oxidation. Finally, the
dashed blue line indicates the oxygen-loss potential of Li; ;. Niy33Ti33M001302,. (b) The calculated
contribution of Ni [black] and oxygen [red] oxidation upon delithiating Li;,.,Nij33Ti¢.33M0¢130;
when no oxygen loss is assumed (the red curve in Figure S5a).
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To further understand the behavior of Li; 5,,Nij 33T 33M0¢ 130, (LNTMO20) during cycling, we
investigated the redox mechanism of LNTMO20 with DFT calculations. Figure S5a compares
the computed first charge voltage profiles of LNTMO20 against the experimental profile. The
red curve is the computed profile assuming no oxygen loss from the crystal structure of
LNTMO20 upon first charge. The blue line is the computed voltage, which assumes that
partially-delithiated LNTMO20 (Lig g¢7Nig33Ti933M0¢.1305) loses oxygen (-0.1 O,) upon further
charge (-0.4 Li), leading to a densified disordered phase of Lij s,Nig37T137M0q 150, that is
thermodynamically more stable than a disordered phase with oxygen vacancies
(Lig.47Nig33Ti933M00 1301 g) (Fig. S4). Finally, the black curve is the experimental profile from
GITT. Figure S5b shows the contribution of Ni and oxygen oxidation upon delithiating
LNTMO20 when no oxygen loss is assumed, which results in the red profile in the Figure S5a.

In general, the experimental voltage (black) is lower than the calculated voltage without
oxygen loss (red) and higher than the calculated voltage with oxygen loss (blue). The much
lower (calculated) voltage from oxygen loss than without oxygen loss shows that there is a clear
driving force for oxygen loss from LNTMO20 after a certain level of delithiation. The calculated
voltage with oxygen loss is quite lower than the experimental profile, implying that the actual
first charge mechanism is likely to include some degree of oxygen loss based on the
thermodynamic driving force. Note that the oxygen loss mechanism in experiments can be more
complicated than what is assumed in our calculations. Therefore, there can be a discrepancy in
the oxygen loss voltage between the calculations and experiments.

Although there is a clear driving force for oxygen loss after a certain level of delithiation,
the computed voltage without oxygen loss (thus with Ni and O oxidation only) is also within an
experimental voltage window of 1.5—4.5 V (or 1.5—4.8 V). Thus, not to mention the Ni oxidation
which is experimentally confirmed by Ni XANES (Fig. 9a), oxygen oxidation can also take place
at high voltage along with oxygen loss. It is notable that the oxygen oxidation is predicted to
occur before Ni?* becomes completely oxidized to Ni** (Fig. S5b). In theory, the full NiZ*/Ni#*
capacity allows for 0.66 Li delithiation. However, oxygen oxidation already takes place after

~0.35 Li delithiation, indicating an overlap between Ni 3d and O 2p bands in LNTMO20.
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Figure S6. (a) The calculated voltage profile of Li; ;1..Nig37Tiy3,M00150;. (b) The average net
moments of Ni, Ti, Mo and oxygen ions in Li; ;;,Nij37Tiy37M0¢150, (x =0, 0.074, 0.148, 0.222, 0.296,
0.370, 0.444, 0.519, 0.593, 0.667, 0.741, 0.815, 0.889, 0.963 and 1.037) from calculations.

After oxygen loss, not only Ni**, Ni**, and O-, but also Mo®* and Ti*" can be reduced
upon discharge. To study which species (Mo®" vs. Ti*") is first reduced after oxygen loss, we
computationally studied the redox mechanism of L1, 1,.,Nig 37T1037M0¢ 150,, which models a
possible densified disordered phase of LNTMO20 after some degree of oxygen loss. Figure S6a
shows the calculated voltage profile of Li; ;;.,Nig37Ti37M0g.150, (assuming no further oxygen
loss upon charging) and Figure S6b shows the (calculated) average net moments of Ni, Ti, Mo
and oxygen ions in Li; 11.,Nig37Tip37Mo0g 150, at each composition. The average net moment of
Ni ions continuously increases from 1.06 to 1.77 as x decreases from 1.04 to 0.22, indicating
reduction of Ni-** to Ni?>* on average. Simultaneously, the average net moment of O ions
decreases from 0.17 to 0.03 as x decreases from 1.04 to 0.44, indicating reduction of O~!8- to O
on average. Although the net moments of Ti ions remain unchanged for the whole compositions
in L1y 11..Nig37Ti937Mo0g 150,, the average net moment of Mo ions rapidly increases as x
decreases from 0.22 to 0. This indicates that Mo reduction occurs before Ti reduction but after O
and Ni reduction. Thus, for the Ti reduction to occur after oxygen loss, it is likely that Mo

reduction has already taken place to some degree.
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