
 

Supplementary Figure 1.  SEM images of Li1.3Nb0.3Me0.4O2 (Me = Fe3+, Mn3+, and V3+) samples 

after ball milling with 10 wt% acetylene black. 
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Supplementary Figure 2.  Discharge capacity retention of the ball-milled Li1.3-xNb0.3Me0.4O2 (Me = 

Fe3+, Mn3+, and V3+) samples in Li cells.  The cells were cycled at a rate of 10 mA g-1 at 50 oC and 

charge/discharge curves are shown in Figure 2. 
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Supplementary Figure 3.  Ex-situ synchrotron X-ray diffraction patterns (SXRD) of the Li1.3-

xNb0.3Me0.4O2 (Me = Fe3+, Mn3+, and V3+) samples.  The data of Li1.3-xNb0.3Mn0.4O2 have been 

published in our previous work1 and shown for the comparison purpose.   
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Supplementary Figure 4.  Hard/soft X-ray absorption spectroscopy (XAS) spectra of the Li1.3-

xNb0.3Me0.4O2 (Me = Fe3+, Mn3+, and V3+) samples.  The K- and L-edge spectra of Li1.3-xNb0.3Mn0.4O2 

and the K-edge spectra of Li1.3-xNb0.3V0.4O2 have been published in our previous works1, 2 and shown 

for the comparison purpose.   
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Supplementary Figure 5.  Extended X-ray absorption fine structure (EXAFS) of the Li1.3-

xNb0.3Me0.4O2 (Me = Fe3+, Mn3+, and V3+) samples. 
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Supplementary Figure 6.  Oxygen K-edge XAS spectra of the Li1.3-xNb0.3Me0.4O2 (Me = Fe3+, Mn3+, 

and V3+) samples.  The data of Li1.3-xNb0.3Mn0.4O2 have been published in our previous work1 and 

shown for the comparison purpose. 

530 535 540 545

190 mAh g
-1
 (Dis)

90 mAh g
-1
 (Dis)

210 mAh g
-1

120 mAh g
-1

N
o

rm
a

li
z
e

d
 A

b
s

o
rp

ti
o

n
  

(a
. 

u
.)

Energy  /  eV

As-prepared

525 530 535 540 545

N
o

rm
a

li
z
e

d
 A

b
s
o

rp
ti

o
n

  
(a

. 
u

.)

Discharged

280 mAh g
-1

230 mAh g
-1

120 mAh g
-1

Energy  /  eV

Li
1.3

Nb
0.3

Fe
0.4

O
2

As-prepared

525 530 535 540 545

150 mAh g
-1

320 mAh g
-1

N
o

rm
a

li
z
e

d
 A

b
s

o
rp

ti
o

n
  

(a
. 

u
.)

Energy   /   eV

Li
x
Nb

0.3
Mn

0.4
O

2

350 (at 60 
o
C)

250 mAh g
-1

80 mAh g
-1

Discharged

to 1.5 V

(260 mAh g
-1

)

As-prepared

526 528 530 532 534

150 mAh g
-1

320 mAh g
-1

Energy   /   eV

350 mAh g
-1

(at 60 
o
C)

80 mAh g
-1

As-prepared

526 528 530 532 534

 As-prepared

 120 mAh g
-1

 230 mAh g
-1

 280 mAh g
-1

 Discharged

Energy  /  eV

O
2

528 530 532 534

Energy (eV)

190 mAh g
-1
 (Dis)

90 mAh g
-1
 (Dis)

210 mAh g
-1

120 mAh g
-1

As-prepared

(b) Li1.3 – xNb0.3Mn0.4O2

(a) Li1.3 – xNb0.3Fe0.4O2

(c) Li1.3 – xNb0.3V0.4O2



 

 

Supplementary Figure 7.  Summary of structural and electronical characterization for 

Li1.3Nb0.3Me0.4O2 (Me = Fe3+, Mn3+, and V3+): (a) changes in interlayer distance observed by SXRD, 

(b) shift of the energy for the maximum intensity for transition metal K-edge X-ray absorption (XAS) 

spectra. 
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Supplementary Figure 8.  X-ray photoelectron spectroscopy (XPS) spectra of the Li1.3-

xNb0.3Me0.4O2 (Me = Fe3+, Mn3+, and V3+) composite electrodes; (a) pristine electrodes and (b) 

electrodes charged to 4.8 V. 
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Supplementary Figure 9.  Comparison of O K-edge XAS spectra for Li1.3-xNb0.3Fe0.4O2; partial 

electron yield (PEY) and partial fluorescence yield (PFY).  In general, electronic structures of each 

element can be obtained from only near the surface of particle for PEY and >100 nm from the surface 

for PFY.  The presence of Li2CO3 is found for the as-prepared electrode from the spectra collected 

by the PEY mode.  Since superoxide species is enriched after charge (120 mAh g-1), especially in the 

spectra of PFY mode, superoxide species is expected to be stabilized in the bulk of particle.  The 

superoxide species near the surface can be readily oxidized to oxygen molecules on further charging. 
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Supplementary Figure 10.  Nb LIII-edge XAS spectra of Li1.3-xNb0.3Fe0.4O2-δ on initial 

charge/discharge and 2nd charge.  Data of the as-prepared sample is shown in Figure 4D. 
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Supplementary Figure 11.  (a) Variation of total electron energies for genetic algorithm (GA) driven 

structures as a function of generation. (Li21/16Nb5/16Mn6/16O2 as an example.)  The red symbol 

indicates the lowest energy of GA generated structures among present and previous generations.  (b) 

Optimized Li/Mn/Nb arrangement for Li21/16Nb5/16Mn6/16O2.  Green, purple and orange colored 

octahedra correspond to LiO6, MnO6 and NbO6, respectively. 
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Supplementary Figure 12.  (a) Comparison of calculated total energies for various Li/Me/Nb (Me 

= Fe, Mn, V) cation configurations in rocksalt-type structure with composition of Li4/3Me1/3Nb1/3O2. 

The lowest energy for each structure is set as zero for the comparison purpose.  (b) Calculated 

formation energies for various Li/vacancy arrangements in rocksalt-type Li4/3-xMe1/3Nb1/3O2.  The 

solid red lines corresponds to the most stable ground states.  Blue cross symbols in Li4/3-xV1/3Nb1/3O2 

(Me = V) corresponds to the structure where V ions locate at the tetrahedral sites due to migration as 

indicated in experiments (see text for more details).  
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Supplementary Figure 13.  Variation of partial density of state (PDOS) around 3d transition metal, 

niobium, and oxide ions for (a) Li21/16-xNb5/16Mn6/16O2 and (b) Li21/16-xNb5/16Mn6/16O2 as a function of 

composition x.  Black, green, and red lines indicate PDOS for transition metal, niobium, and oxide 

ions, respectively.  
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Supplementary Figure 14.  (a) The shortest oxygen-oxygen bond at x = 0.75 in Li21/16-

xNb5/16Mn6/16O2 structure.  (b) PDOS and COOP profile as a function of energy for the shortest 

oxygen-oxygen bond.  (c) Visualization of charge density distribution for the bottom of the 

conduction band, consisting of the shortest oxygen-oxygen bond.  (d) Schematic figure of electronic 

configuration for superoxide ion, O2
–. 
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Supplementary Figure 15.  (a) PDOS for Li3/2-xNb1/2O2 (Li3-xNbO4) and (b) visualization of charge 

density distribution for conduction band bottom of □0.5LiNb1/2O2 (x = 0.5). 
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Supplementary Figure 16.  (Top) XRD patterns of Li1.2Ti0.4Mn0.4O2; before (as-prepared) and after 

ball-milling with 10 wt% acetylene black.  Diffraction patterns are assigned to the cation-disordered 

rocksalt-type structure with a lattice parameter of a = 4.150 Å.  (Bottom) A SEM image of the as-

prepared sample is also shown.  The neutron diffraction pattern of the as-prepared sample is also 

shown in Figure 5a. 
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Supplementary Figure 17.  Changes in Ti LII, III-edge XAS spectra for Li1.2-xTi0.4Mn0.4O2 on charge 

in Li cells. 

 

 

 

 

 

 

 



Supplementary Table 1.  The shortest bond distances between two oxide ions in Å 

 

 

Supplementary Table 2.  Results of Rietveld analysis on the neutron diffraction pattern of 

Li1.2Ti0.4Mn0.4O2.  The sample crystallizes into cation-disordered rocksalt-type structure, and the 

presence of vacancy at 4a site (one percent) is found by Rietveld analysis.  The fitting result is shown 

in Figure 5a. 

 

 

  



Supplementary Methods 

 

Synchrotron X-ray diffraction (SXRD): To examine changes in crystal structures of Li1.3-xNb0.3Me0.4O2 

(Me = Fe3+, Mn3+, and V3+), SXRD is applied for the composite electrodes prepared in Li cells at room 

temperature.  Synchrotron X-ray diffraction (SXRD) patterns were collected at beam line BL02B2, 

SPring-8 in Japan, equipped with a large Debye–Scherrer camera.3  The Li1.3-xNb0.3Me0.4O2 (Me = 

Fe3+, Mn3+, and V3+) samples were electrochemically prepared in Li cells at a rate of 5 or 12 mA g-1 at 

room temperature.  The composite electrodes were rinsed with dimethyl carbonate to remove excess 

electrolyte and then dried at room temperature in the Ar-filled glove box.  The composites were 

separated from the aluminum current collectors, crushed into powders, and then filled into glass 

capillaries (diameter 0.5 mm).  The glass capillaries were sealed using a resin in the glove box to 

eliminate sample exposure to air.  To minimize the effect of X-ray absorption by the samples, the 

wavelength of incident X-ray beam was set to 0.5 Å using a silicon monochromator, which was 

calibrated to 0.5001(1) Å with a CeO2 standard.  Structural analysis was carried out using RIETAN-

FP.4   

The data of Li1.3-xNb0.3Mn0.4O2 has been published in our previous work1 and are shown for 

the comparison purpose.  Reversible structural changes are observed for the Mn3+ and V3+ system, as 

shown in Supplementary Figure 3.  Shrinkage of the crystal lattice (approximately 6 % by volume) 

as a function of lithium contents in the structure is observed on charge (lithium extraction) for Li1.3-



xNb0.3Mn0.4O2.  This result is consistent with the fact that transition metals (and oxide ions) are 

oxidized, and lithium ions are extracted from the crystal lattice. 

In contrast, small expansion of the crystal lattice is observed for Li1.3-xNb0.3V0.4O2.  

Additionally, the 111 diffraction line on charge disappears, and this diffraction line again appears after 

discharge.  This change suggests the formation of an antifluorite phase (its oxygen packing is the 

same as rocksalt, ccp, and cations are located at tetrahedral sites) on charge, and this phase transition 

is the reversible process.  These findings suggest the migration of vanadium ions from octahedral to 

tetrahedral sites on charge, and this result is further supported by XAS and DFT calculation as shown 

in the later section.  Such migration of vanadium ions probably causes small volume expansion 

(1.3 % by volume) on “lithium extraction”.  Changes in the d values are summarized in 

Supplementary Figure 7a. 

For Li1.3-xNb0.3Fe0.4O2, irreversible phase transition is observed in the SXRD patterns.  A 

new phase with a broad profile appears on the early stage of charge (~118 mAh g-1, x = 0.4) with a 

large unit cell (approximately 4 % larger by volume) compared with the pristine sample.  This new 

phase can correlate with the formation of superoxide-like species as discussed in the later section.  

Moreover, for the fully discharged sample to 1.5 V, the unit cell volume is larger (1.3 % by volume) 

than that of the pristine sample.  Such increase in the unit cell volume originates from the irreversible 

phase transition (oxygen loss and densification as observed for the Li2MnO3-based electrode 



materials) coupled with the reduction of Fe3+ to Fe2+ on discharge, similar to Li2MnO3-based electrode 

materials.5-8  This finding is also consistent with the results of XAS as described below. 

 

Hard and soft X-ray absorption spectroscopy (XAS): Hard and soft XAS spectra were collected for the 

Li3NbO4-based samples with different charge/discharge states (Supplementary Figure 4) at beam 

line BL-12C of the Photon Factory Synchrotron Source in Japan.  Hard X-ray absorption spectra 

were collected with a silicon monochromator in a transmission mode.  The intensity of incident and 

transmitted X-ray was measured using an ionization chamber at room temperature.  Li3NbO4-based 

composite samples were prepared using the coin cells at a rate of 12 mA·g-1.  The composite 

electrodes were rinsed with dimethyl carbonate and sealed in a water-resistant polymer film in the Ar-

filled glove box. 

No clear change for Fe K-edge X-ray absorption near edge structure (XANES) spectra is 

found on charge whereas slight shift of K-edge spectra to the lower energy region is noted on discharge.  

From the extended X-ray absorption fine structure (EXAFS) spectra (Supplementary Figure 5), 

formation of Fe4+, which is known as a Jahn-Teller ion (t2g
3 eg

1),9 is also not evidenced.  A sharp peak 

for the first coordination shell of the charged sample indicates high symmetry (Oh or D3h) around iron.  

Instead, formation of Fe2+ after discharge is more pronounced in the Fe L-edge spectrum.  This result 

is consistent with the SXRD observation, i.e., irreversible structural changes and expansion of crystal 



lattice after discharge. 

 The XANES spectra of Li1.3-xNb0.3Mn0.4O2 has been published in our previous work1 and is 

shown for the comparison purpose.  For the Mn system, from changes in profiles of XAS spectra, 

oxidation of Mn3+ to Mn4+ is found for both Mn K- and L-edges, and these changes are only observed 

for the slope region (3 – 4 V region).  The energy of maximum absorption for the Mn K-edge XANES 

spectra shifts toward a higher energy region (approximately 5 eV) on charge, but such energy shift is 

not found on the plateau region at 4.2 V, as summarized in Supplementary Figure 7b.  Similarly, 

profiles of Mn L-edge XAS spectra change on the early state of charge (~80 mAh g-1).  The Mn L-

edge XAS spectra for the pristine and charged samples (~80 mAh g-1) resemble the spectra of Mn3+ 

and Mn4+, respectively.1  However no change in the spectra is observed in the plateau region at 4.2 

V.  This observation is further supported from the EXAFS spectra, clear evidence for the presence of 

Jahn-Teller Mn3+ (t2g
3 eg

1) is noted for the as-prepared and discharged samples.  After charge to the 

plateau region, the presence of Mn4+ (t2g
3) as a non-Jahn-Teller ion is found as evidenced from the 

sharp peak for the 1st coordination shell. 

 Similar to Mn K-edge and L-edge spectra, obvious changes are found for V K-edge and L-

edge spectra.  Both spectra for K- and L-edges gradually shift to the higher energy region, and this 

result is consistent with the change in voltage of the Li/Li1-xNb0.3V0.4O2 cell.  Additionally, a clear 

change is noted for the pre-edge region of K-edge.  Peak intensity of the pre-edge region is intensified 



as increase in charge capacity, and this process is a highly reversible process.  Such phenomena are 

often observed for the transition metals with d0 configuration, which are located at tetrahedral sites.10  

This result suggests vanadium migration from octahedral to tetrahedral sites, and is consistent with 

the short interatomic distance for the first coordination shell observed for the EXAFS spectra.  The 

V-O bond length for the first coordination shell is reduced by 0.4 Å after charge to 4.8 V.  Together 

with these results and observation of SXRD (changes in intensity of the diffraction lines), it is 

concluded that vanadium ions are oxidized from the trivalent to pentavalent state, and migrate to the 

tetrahedral sites.  Moreover, this process is the highly reversible process, and vanadium ions are 

reversibly reduced to trivalent state on discharge and migrate back into octahedral sites, leading to 

excellent capacity retention based on the two-electron redox process. 

 

Changes in oxygen K-edge spectra: Oxygen K-edge XAS measurement is the effective 

characterization technique to examine changes in electronic structures of oxide ions.1, 11  

Supplementary Figure 6 displays changes in O K-edge XAS spectra for three different Li3NbO4-

based samples on charge/discharge processes.  Since oxide ions form chemical bonds with transition 

metals, oxidation of transition metal ions also affects the profile of O K-edge XAS spectra.  For the 

Mn system, a pre-edge peak centered at 530.5 eV for the as-prepared sample separates into two peaks 

at 529 and 530.5 eV (the sample charged to 80 mAh g-1).  Such change is associated with the 



oxidation of Mn3+ to Mn4+ at the slope region (3 to 4 V region).  On the further oxidation (150 – 350 

mAh g-1), clear and systematic changes in O K-edge XAS spectra are observed, and clear increase in 

the intensity for the pre-edge region is observed (Supplementary Figure 6) as reported in our previous 

work.1  The data of Li1.3-xNb0.3Mn0.4O2 has been published in our previous work1 and is shown for 

the comparison purpose.  In the plateau region, no change is evidenced for Mn L- and K-edges XAS 

spectra.  Similarly, the profiles of Nb spectra were not affected by charge/discharge.1  Systematic 

studies on the O K-edge XAS spectra for Li2O2, Li2CO3, and Li2O have been conducted and these 

chemical species can be distinguished from the appearance of specific peaks.12  Li2O2 shows (and 

other peroxide compounds, like zinc peroxide, ZnO2) shows strong peak at 530 eV.  Therefore, these 

results suggest that oxide ions are oxidized and the formation of peroxide-like species or holes occurs 

at the plateau region.  However, it is noted that the formal oxidation state for the fully charged state 

(1.2 moles of Li extraction) is estimated to be □1.2Li0.1Nb0.3
5+Mn0.4

4+O2
1.6– when all excess charges are 

assumed to be compensated by the oxidation of oxide ions.  The formal oxidation state of oxygen is 

still far from “pure” peroxide ions, and therefore further increase in the capacity is anticipated. 

 For the Fe system, although a large initial charge capacity is observed, but clear changes in 

voltage profile is noted from the discharge process (Figure 2).  Similar to electrochemistry for the 

Fe system, a clear and interesting difference is found for the O K-edge XAS spectra.  On the fully 

charged state, increase in the intensity for the pre-edge region at 530 eV is not found, indicating that 



the formation of peroxide-like species or holes is not eliminated for the Fe system.  Instead, a new 

peak centered at 526.5 eV appears in the early state of charge (120 mAh g-1), and this peak is assigned 

into superoxide species, O2
–.13  This peak disappears further charge, suggesting that superoxide 

species are electrochemically oxidized and decomposed to oxygen molecules on charge.  This fact 

also suggests that oxygen loss and the densification of the crystal lattice for the Fe system, similar to 

Li2MnO3-based system (however this process is more pronounced for the Fe-Nb system, as shown in 

Figure 2).  This finding is also consistent with the observation by SXRD, XAS, and electrochemical 

data.  Continuous oxygen loss occurs in the Fe system and peroxide-like species or holes is not 

stabilized in this system. 

 O K-edge XAS spectra for the V system are also shown in Supplementary Figure 6c.  As 

described above, V3+ ions are oxidized to V5+ on charge and small V5+ ions migrate to tetrahedral sites, 

at which V5+ ions are energetically stabilized.  These processes inevitably result in the changes in the 

profiles of O K-edge XAS spectra.  Nevertheless, increase in the intensity at 529 eV is pronounced 

and a clear change at 530 eV is not observed.  Together with these results coupled with 

electrochemical data, it is concluded that oxide ions are not oxidized in the V system.  This fact can 

be explained as follows: Electrochemical redox potential of V3+/V5+ in the framework of oxide ions is 

lower than that of the oxidation of oxide ions (approximately 4 V vs. Li estimated from the Fe system).  

This fact indicates that electrochemically active vanadium ions are fully oxidized to V5+ before the 



oxidation of oxide ions is activated.  At the same time, electronic conductivity after the oxidation of 

V3+ to V5+ is inevitably reduced because of the absence of d electrons in a conduction band.  As 

shown in Figure 1, as-prepared black colored V system (with V3+) shows high electronic conductivity 

whereas V5+ without d electrons shows intrinsically low electronic conductivity.  It is reasonably 

expected that the fully charged sample, □0.8Li0.4Nb0.3
5+V0.4

5+O2, shows insufficient electronic 

conductivity to activate the oxidation of oxide ions, similar to Li3NbO4. 

 

Surface analysis by X-ray photoelectron spectroscopy (XPS): XPS is a powerful technique to examine 

a surface state of composite electrodes.  We have reported that oxygen gas released on initial charge 

of the Li2MnO3-based electrode materials results in the formation of surface deposits on discharge.7  

Oxygen gas released on charge is electrochemically reduced on discharge, like Li-Air batteries.  

Electrochemical reduction of oxygen molecules results in the formation of superoxide, which further 

reacts with carbonate-based solvents, leading to the accumulation of surface deposits.  Therefore, the 

amount of oxygen gas released on charge is indirectly estimated by XPS as reported in the literature.7, 

14, 15 

XPS spectra of the composite electrodes of Li1.3Nb0.3Me0.4O2 (Me = V3+, Mn3+, and Fe3+) 

have been collected with different conditions; pristine, charged to 4.8 V (Supplementary Figure 8), 

and discharged to 1.5 V (after charge to 4.8 V) in Figure 4E.  For the pristine electrodes, O 1s XPS 



spectra mainly consist of two components; oxide ions at 529.8 eV and surface impurities on the oxide 

particles, e.g., lithium carbonate, at ca. 532 eV.  Additionally, the presence of conjugated carbon 

originating from acetylene black in the composite electrodes is found as a major component in C 1s 

spectra at 284.6 eV.  Components of PVdF binder, –CH2– and –CF2– are also found at 286.2 and 

290.8 eV, respectively.16  

After charge to 4.8 V, some differences are observed for both O 1s and C 1s XPS spectra.  

For the C 1s XPS spectra, the peak intensity of acetylene black is relatively wakened, and increase in 

the intensity assigned to organic components (e.g., –C–O–, –C=O etc. presumably derived from the 

decomposition of carbonate-based electrolytes) at 286 – 287 eV is observed.  Decomposition of 

electrolyte on charge is also supported by the appearance of phosphate species, LixPFyOz,16 in the O 

1s XPS spectra.  In addition, the peak intensity of oxide ions is intensified after charge to 4.8 V for 

the Fe and Mn systems, but not for the V system.  Such trend for the Fe and Mn systems, increase in 

the intensity of oxide ions and decrease in the intensity of carbonate impurities on the surface is 

consistent with the literature.7  Since lithium carbonate is electrochemically oxidized and 

decomposed on charge to 4.8 V (above 4.0 V vs. Li),7 the intensity from the carbonate species is 

expected to be reduced.  For the vanadium sample, such phenomena was not observed.  This result 

also supports the fact that solid-state redox reaction of oxide ions was not activated in the V system.  

Carbonate impurities must exist on the surface of oxide particles, and not on the acetylene black.  



Therefore, similar to the activation of oxide ions, decomposition of carbonate impurities is 

significantly influenced by the electronic conductivity of samples.  Since the V system loses the 

electrical conductivity for the fully charged state, as discussed above, the decomposition of carbonate 

impurities, above 4 V, is not observed. 

After discharge to 1.5 V, clear changes are noted for three different electrodes as shown in 

Figure 4E.  No change is observed for the V system before and after discharge to 1.5 V, indicating 

that the possibility of oxygen loss on charge is eliminated in this system.  For the Fe system, a clear 

evidence of the accumulation of surface deposits is found as expected from the formation of the 

superoxide-like species.  The intensity of the peak originating from acetylene black is significantly 

weakened for the C 1s XPS spectrum.  Instead, carbonate species is enriched in the O 1s XPS 

spectrum.  Similar trend has been reported in the literature for the Li2MnO3-based electrode 

materials.7, 14, 17  This observation also supports that the significant oxygen loss occurs on charge for 

the Fe system.  For the Mn system, the peak intensity of carbonate species is slightly increased after 

discharge to 1.5 V compared with the electrode charged to 4.8 V.  This result suggests that oxygen 

loss is not completely suppressed in the Mn system, but the formation of carbonate species is clearly 

reduced compared with the conventional Li2MnO3-based electrode materials, and thus oxygen loss 

seems to be comparable to that of Li2RuO3 system.18 

 



Density functional theory calculations: First-principles calculations based on density functional theory 

(DFT) for Li3NbO4–LiMeO2 (Me = Fe, Mn, and V) system were performed using Vienna ab initio 

simulation package (VASP)18, 19 with modified Perdew-Burke-Ernzerhof generalized gradient 

approximation (PBEsol-GGA)19, 20 and with the projector-augmented wave (PAW) method.21  

Besides, the on-site Coulomb correction (GGA + U) was included for localized electronic states, and 

U value was chosen to be 4.0, 3.9, 3.1, and 1.5 eV for d states of Fe, Mn, V, and Nb, respectively, 

according to the literature.22  The molar ratio of Me and Nb was set as 1:1 for Me = V, i.e. Li4/3-

xMe1/3Nb1/3O2, and 6:5 for Me = Mn and Fe, i.e. Li21/16-xNb5/16Me6/16O2, in the present DFT 

computations for convenience sake, unless specially mentioned hereinafter.  (The experimental 

molar ratio of Me:Nb is 4:3.)   

The cation configuration of undoped compound, Li3NbO4, was referred to the reported 

structure,23 in which Li and Nb ions forms ordered arrangement. (s.g. I23, cubic).  On the other hand, 

we used genetic algorithm (GA) approach to explore reasonable Li/Me/Nb arrangement for 

Li21/16Nb5/16Me6/16O2 (Me = Mn, Fe).  We also used genetic algorithm (GA) approach to explore 

reasonable cation configuration efficiently.  In detail, 2 x 2 x 2 conventional rocksalt structure, i.e. 

Li21Nb5Me6O32, is used in the present GA procedure, and cation arrangement is regarded as ternary 

string, consisting of three labels, 0 (Li), 1 (Me) and 2 (Nb), and each cationic site is assigned to the 

specific index of the string.  Therefore, the number of labels “0”, “1”, and “2” corresponds to 21, 6, 



and 5, respectively.  We prepared at first 20 configurations (ternary strings), where Li, Me, and Nb 

are arranged randomly at the cation sites (1st generation), and computed total electron energies.  

Twelve low energy configurations among 20 candidates (60 %) are selected as survivors and their 

structural features are succeeded to the next generation by following four options. (1) three best 

structures are succeeded as they are, (2) 8 new structures are created by two-point crossover technique, 

(3) 8 are half uniform crossover technique, and (4) 4 are mutation techniques.  The generated 

structure was selected not to be consistent with previously calculated configuration.  The details of 

genetic algorithm are described elsewhere.24, 25  By repeating this procedure, the lowest energy 

configuration is determined heuristically.  Note that we obtained total energies during GA procedure 

by reducing energy cutoff and number of k points in the reciprocal cell to 360 eV and unity ( point 

sampling), respectively, in order to speed up each calculation, since the total energies around ~1000 

configurations are needed to evaluate. After GA cycles, obtained lowest-energy configurations are 

recalculated with sufficient size of energy cutoff (500 eV) and k point mesh (2 × 2 × 2 k-point meshes).  

Supplementary Figure 11 presents a typical example of GA cation configuration optimization and 

GA driven structures. 

On the other hand, some of DFT computations require relatively large computational time 

for Me = V during the GA approach due to strong tetrahedral site preference and migration behavior 

of V ions during structural relaxation.  Instead, the cation configuration of Li4/3V1/3Nb1/3O2 with rock-



salt structure is determined by calculating total electron energies for symmetrically distinct 

configurations with 30 Li/V/Nb arrangements using ATAT software package.26-30 

Next, electrochemical delithium process for Li3NbO4, Li4/3V1/3Nb1/3O2, and 

Li21/16Nb5/16Me6/16O2 (Me = Mn, Fe) with the lowest energy cation configurations are computed.  In 

order to determine Li/vacancy arrangement, GA approach is adopted for Li21/16-xNb5/16Me6/16O2 (Me 

= Mn, Fe), whereas survey of symmetrically distinct configurations for Li3-xNbO4 and Li4/3-

xV1/3Nb1/3O2 composition to determine Li/vacancy arrangement.  Phase stability of delithiated 

samples are evaluated by plotting formation energies, Ef .  For example, Ef for Li3-xNbO4 (0 ≤ x ≤ 

1) can be defined as 

Ef (Li3-xNbO4) = E0(Li3-xNbO4) – (1 – x) E0(Li3NbO4) – x E0(Li2NbO4) (s1) 

where E0(X) corresponds to total electron energy of composition X.31  Supplementary Figure 12 

displays calculated formation energies for various Li/vacancy configurations.  The solid red lines 

connect the most stable ground states which were found in this computations, and we used to evaluate 

the voltage as shown in Figure 3 (A-D) in the main text.  Note that the cell voltage, V, was computed 

according to the literature32 as below; 

V = –{E0(Li4/3-xMeNbO2) – E0(Li4/3-x-zMeNbO2) – zE0(Li)}zF,  (s2) 

where z and F stand for the charge in electrons transported by corresponding Li+ exchange reaction 

and the Faraday constant, respectively.  As indicated in the XANES spectra (Supplementary Figure 



4), vanadium ions seem to migrate and occupy at the tetrahedral vacancy site of the cubic close packed 

(ccp) oxygen array.  It is also calculated the configurations which allows tetrahedral site occupancies 

of V ions for Li4/3-xV1/3Nb1/3O2 as represented by blue cross symbols in Supplementary Figure 10b.  

Indeed, several configurations including vanadium ions sitting at tetrahedral sites form the ground 

states.  Examples are x = 2/3 and 4/3, in which 170 and 70 meV per Li4/3-xV1/3Nb1/3O2 lower than the 

structures that contain vanadium ions occupying only at octahedral sites whereas no tetrahedral 

occupancy is indicated for the pristine composition of Li4/3V1/3Nb1/3O2.  These results agree well with 

the experimental observations (Supplementary Figures 3-5). 

 DFT results suggests that topotactic reaction occurs for the Fe system as shown in Figure 

3a.  However, structural instability and oxygen loss are experimentally proposed.  Phase stability of 

□2/3Li2/3Fe1/3Nb1/3O2 is, therefore, computationally evaluated.  Thus, the decomposition reaction is 

assumed as shown below and the reaction energy was calculated based on this equation (s3). 

□2/3Li2/3Fe1/3Nb1/3O2  1/3 LiFeO2 + 1/3 LiNbO3+ 1/6 O2   (s3) 

For comparison purpose, the reaction energy for the decomposition process in □2/3Li2/3Mn1/3Nb1/3O2 

is also evaluated by the corresponding equation (s4). 

□2/3Li2/3Mn1/3Nb1/3O2  1/3 LiMnO2 + 1/3 LiNbO3+ 1/6 O2   (s4) 

Calculated reaction energy for decomposition of the half delithiated samples, Me = Fe and Mn, are –

280 and +350 meV / □2/3Li2/3Me1/3Nb1/3O2, respectively.  Negative reaction energy for Fe indicates 



the decomposition reaction proceeds thermodynamically, and vice versa.  This result agrees with the 

experimental indication that electrochemical delithiation for Li1.3-xNb0.3Fe0.4O2 lead to the 

decomposition with oxygen loss whereas Li1.3-xNb0.3Mn0.4O2 compounds are stable during 

electrochemical charge and discharge.  The total energy of Li2/3Me1/3Nb1/3O2 (Me = Mn, Fe) is also 

calculated along with the procedure of Li2/3V1/3Nb1/3O2.  Note that total energy of an oxygen 

molecule is corrected along with the literature 33 in order to take into account discrepancy related to 

factors such as over-binding of the GGA.33-35 

 

COOP analysis and the formation of superoxide: Table S1 displays calculated the shortest bond 

distances between neighboring oxide ions during electrochemical delithiation for Li21/16–

xMe6/16Nb5/16O2 (M = Mn and Fe).  The O-O bond distance is gradually shortened due to oxidation 

of transition metals (Me3+  Me4+) and oxide ions (O2–  O–) at the early stage of delithiation.  

Further Li removal from x = 0.56 to 0.75 in the Fe system makes the shortest O-O bond distance 

decreased largely from ~ 2.4 to ~ 1.35 Å.  Supplementary Figure 14(a) displays configuration 

around the shortest O-O bond at x = 0.75 of the Fe system. (Two oxygen atoms are labeled as O1 and 

O2.)  Panel (b) shows PDOS and crystal orbital overlap population (COOP)36 for the O1 and O2 

atoms.  The COOPs were computed by lobster program.37-39  Note that positive and negative COOP 

indicate bonding and antibonding orbital, respectively.  Around the top of valence band (from > – 2.5 



eV to Fermi level), both up (majority) and down (minority) spin electrons occupies antibonding orbital, 

whereas down spin states appears at the bottom of conduction band (~0.5 eV versus Fermi level) as 

antibonding orbital.  Partial charge density distribution at the corresponding energy range is 

visualized as shown in panel (c).  The figure clearly indicates the formation of antibonding * type 

orbital, since O 2p-like robes are perpendicular to the shortest O-O bonds.  Therefore, the shortest 

O-O bonds are ascribed to the superoxide ion, O2-, according to its electronic configuration (panel 

(d)).  Note that all * orbital are filled with electrons for the case of peroxide ion, O2
2-.  Similar 

behavior is also observed at the later stage of delithiation, x = 1.13, for the Mn system.  This fact 

indicates that the formation of superoxide ion is easier for the Fe system than that of the Mn system, 

which is consistent with experimental findings. 
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