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Computational details

Spin-polarized calculations were performed using the VASP code!? within the density
functional theory (DFT) framework. Perdew-Burke-Ernzerhof (PBE) functional® with a
generalized gradient approximation form (GGA-PBE) was adopted to treat the exchange
correlation energy. Due to the strongly correlated d-electrons, the rotationally invariant
Dudarev method (DFT+U)? was applied for each transition metal for which different
Ug = U —J (J =1 eV) values were tested. The range-separated hybrid functional®
(HSE06) was also used for a sake of comparison with DFT+U. To obtain a good numerical
sampling of the electron densities in Brillouin zone, the Monkhorst-Pack technique® was
used. According to our tests, it was found that the total energy difference obtained by using
a (4x2x4) and a (6x4x6) Monkhorst-Pack mesh is smaller than 0.2 meV per forumula
unit. Moreover, with the application of the projector augmented wave (PAW) technique,”
the plane-wave energy cutoff was determined to be 600 eV. For structural relaxations, all
atomic coordinates and lattice parameters were fully relaxed using the conjugate-gradient
algorithm. The optimization procedure was repeated until the force acting on each atom is

less than 3.1073 eV.A1,

The validity of the layered-type model was checked with respect to the publicly available
datasets of the Materials Project initiative (MP).%? For a sake of comparison with the data
available in the MP, all Lio,MOj3 phases considered in this study (M = 3d, 4d, 5d) were re-
computed using the same numerical parameters as those used in the MP. As shown in Table
S1, all M-based oxides are stable in the layered-type structure, except for Myg = V, Cr, Nb,
Hf, Ta for which formation energies were found above the convex hull by few tens of meV/at.
Although metastable, these phases were kept in the study for a sake of comparison with the
other phases and because partial M chemical substitutions using Mg elements could lead to
stable layered-type structures. Note that the asterix stands for the layered LisMOgs phases
which are not referenced in the MP dataset and whose formation energy was found below
the convex hull of the today’s available Li-M-O phase diagrams. According to these results,
76% of the Li;MOj3 phases presently studied are stable which validates our structural model.

Table S1: List of “Stable” and “Not Stable” (NS) layered Li;MOj3 phases, in which Stable*
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stands for phases which are not referenced in the today available phase diagrams of the MPI
and found stable in the present work. The d" electron number corresponds to the electronic

configuration of the M** oxidation state in Li;MOs.

d° d! d? a3 d* d° d°
Ti,Zr,Hf V.Nb,Ta Cr,Mo,W Mn,Tc,Re Fe,Ru,Os Co,Rh,Ir Ni,Pd,Pt
3d Stable NS NS Stable  Stable Stable* Stable
4d Stable* NS Stable*  Stable Stable Stable Stable
5d NS NS Stable* Stable* Stable* Stable Stable

The reaction enthalpy associated with the formation of § oxygen vacancy in Li,MOj3
(A,H) was computed as a function of the Li content x for the series of 3d, 4d and 5d
metals using different U.g values to account for the strongly correlated d-electrons. Volume
effects (PV term) are usually small in condensed matter and can be generally neglected for
such reactions. The oxygen molecule was treated in a 20x20x20 A® periodic box and the
additional term proposed by Ceder et al.!? to correct the well-known overestimation of the
O, binding energy was added to the Oy DFT energy. Because we are seeking for trends,
it was not necessary to include temperature effects in the calculations. The entropy of the
reaction (TA,S) being dominated by the entropy of the Oy gas, it is expected that the free
energy of the reaction A, G = A, H —TA,S would even favour O, release compared to A, H.
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Figure S1: (a) Reaction enthalpies, A, H in eV/FU, computed within the conventional
DFT framework (Uss = 0) and showing no significant variation from the one computed at
Ut = 3 eV (Fig.2 in the manuscript). (b) Reaction enthalpies computed for the intermediate

lithium composition LigsMO3 and showing very similar results than for MOs.



Figure S2: Different Li configurations considered in the calculations for the LiMO3 phases
(a-d) and the LipsMOg3 phases (e-g). Our calculations show that when lithium occupies
the 2b sites in the TM layer, the energy of the system is relatively higher than for the
2c¢ and 4h sites. Previous theoretical calculations showed that the potentials required to
remove Li from the TM and Li layers respectively are about 3.20-3.27 and 2.84-2.94 V in the
Li[Li(l_gx) /3Mna_y) 302 phase.!! Experimental observations suggested that the depletion
of Lit from the Li layer is compensated by the diffusion of Li* from the octahedral sites
in the TM layer to the tetrahedral sites in Li-depleted layer.'? Our calculations are then
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consistent with previous reports, and the results discussed in the manuscript are based

on the most stable structures obtained here.

Considering the oxygen vacancies, two independent positions labeled Oy; (red spheres) and
Os; (vellow spheres) were considered (see Fig.1 in the manuscript). In nearly all studied
cases, our calculations suggest that the energies required to remove oxygen from one of these
two positions are quite similar, but usually the ones for Og; position are slightly smaller.
Recently, Okamoto have examined the effect of oxygen vacancies in Li;MnOj phase by
first-principles calculations’ and confirmed that O-vacancy in the 8j site is more stable
than that in the 4: site by 0.10 eV per formula unit. Later, synchrotron XRD and Rietveld
analysis on Lio;MnOj3_s showed that the oxygen occupancy at 8j site decreases from 1.0 to
0.9646 after a low temperature reduction with metal hydride, while that at 4 site remains
unchanged, leading to an oxygen deficiency of 0.071.1¢ Only the configurations with the

lowest energy were considered in the results presented in this work.



Table S2: Averaged change in the non-normalized oxygen-vacancy formation energy A, H
during Li-removal (eV/FU). The values for the LisMOj3 phases formed by 5d metals were

taken as the reference energy.

3d 4d 5d
Li,MOj; -0.27 -0.05 0.00
LiMO; -0.98 -0.43 -0.18
MO; ~-0.92 -0.44

Figure S3: Crystal structure of the LiNiO3 phase, as obtained after full structural relax-
ation and showing isolated O, molecules fully de-coordinated from the metallic network.
Phonon calculation performed at the I'-point of the Brillouin zone for this phase confirms
its instability with six negative frequencies at -12.6, -22.71, -25.83, -28.13, -39.69, and -42.88

cm™ L,

E layered ~ E condensed
MnO, 0.96 eV
FeO, 1.00 eV
Co0, 1.23 eV
NiO, 1.18 eV




Figure S4 : Projection view of the condensed MOj3 phases obtained after full structural
relaxation and showing the formation of short O-O dimers between the metallic layers to
compensate the Li removal. In the table are reported the relative energies of the layered vs.
condensed structures showing that the latter are much more stable than the former for the

3d series.
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Figure S5: Illustration of the electronic band structure of LiMO, and LisMOj3 layered
structures showing the occurrence of oxygen lone-pair states lying in between the bonding
(M-0O) and antibonding (M-O*) states when the O/M ratio is increased. The O?~ anion has
four lone-pairs: one coming from the low-lying 2s orbitals and represented by the dashed
black doublet and three coming from the high-lying 2p orbitals represented by the yellow
doublets). Given the interactions in the metallic layer, each oxygen ion involves 2 (LiMOs)
or 3 (LisMOg) of these doublets in the M(d)-O(2p) interactions, leaving one non-bonded
lone-pair in the Li;MOj3 phase.
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Figure S6: Density of states computed for the d° Li;TiOs, LisZrOs and LisHfOs; phases

using different Ueg values of the DFT+U formalism and the range-separated HSEOG func-

tional. As expected for such charge-transfer insulators, the level of theory impacts on the

band gap amplitude but not on the global shape of the electronic band structures.

Table S3: Shortest O-O distance observed in the fully relaxed Liy_,MOg3 phases as a func-
tion of x and for all 3d, 4d and 5d metals.

3d

r=0x=1x=2

4d

r=0x=1x=2

5d

r=0x=1x=2

Liy_,TiO3
Liy_,VOs3
Li,_,CrOs
Lis_,MnOg
Liy_,FeOs
Liy_,Co0Os3
Li_,NiO3

2.68 1.53 143

2.62
2.57
2.57
2.59
2.48
2.50

2.42
2.40
2.45
241
2.37
2.44

1.45
1.44
1.40
1.39
1.37
1.37

Lis_,ZrO5
Lis_,NbOg3
Liy_,MoOs;
Lis_,TcOs3
Li,_,RuOs
Li,_,RhOg3
Li,_,PdOs;

2.83 1.54 1.46

2.75
2.67
2.75
2.72
2.69
2.72

2.54
2.52
2.45
2.57
2.55
2.60

1.54
2.48
2.40
2.37
1.43
1.35

Li,_,HfO3
Liy_,TaOs5
Liy_,WO3
Liy_,ReO3
Liy_,0s03
Liy_,IrO;
Liy_,PtO3

2.82
2.73
2.67
2.79
2.74
2.71
2.74

1.54 1.46
2.56 1.56
2.52 245
247 241
2.60 2.40
2.50 2.37
2.58 2.51
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