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Abstract 

Super alkali-rich materials (alkali: transition metal ≥ 2:1), such as Li5FeO4, exhibit the 

potential to realize anionic redox upon deep delithiation. Recently, Li5FeO4 was shown to undergo 

reversible cycling between Li4FeO3.5 and Li3FeO3.5 with a combined cation/anion redox, a 

remarkable capacity of 189 mAh/g, and no O2 release. However, the energetic impact of the phase 

transformations on the reaction thermodynamics as well as the correlation between the structural 

changes and reaction reversibility remain unclear. In this study, we use first-principles calculations 

to examine the delithiation and (re-)lithiation reactions of the Li5FeO4. We show that the 

experimentally observed charge and discharge processes go through non-equilibrium pathways. 

Upon delithiation, the compound undergoes a phase transformation from Li5FeO4, with 

tetrahedrally coordinated (Td) Fe-ions, to a delithiated disordered rocksalt structure, with 

octahedral (Oh) Fe ions.  Fe ion migration has an asymmetric kinetic barrier which makes Td → 

Oh migration facile, whereas the reverse process has a much larger barrier, explaining the 

difficulties in reaction reversibility. We further elucidate the transition metal and O redox 

sequences during the charge cycle and identify the complex electrochemistry associated with the 

dual participation of cationic redox (Fe3+/Fe4+) and anionic redox (O2−/O1−/O0). Armed with this 

knowledge, we conduct high-throughput screening of all the known alkali rich transition metal 

oxides by evaluating their potential to enable reversible anionic redox, with multiple candidates 

proposed for further experimental trials. Our work provides a useful guide on the further 

development of super-alkali-rich anionic-redox-active electrodes for high-energy-density batteries.  

  



1. Introduction 

The pursuit of electric vehicles (EVs) with extended range that can compete with 

conventional internal combustion engine automobiles coupled with efforts to incorporate 

renewable energy technologies into the national electric grid demands electrochemical energy 

storage devices with higher energy density, lower cost, and longer cycle life.1–3 Cathodes of state-

of-the-art rechargeable batteries including lithium-ion batteries (LIBs) and sodium-ion batteries 

(SIBs), are typically lithium/sodium transition metal (TM) oxides4 such as LiNi1−x−yMnxCoyO2 

(NMC)5 and Na2/3Ni1/3Mn2/3O2,6 which store (release) electrical energy via alkali ion extraction 

and re-accommodation, accompanied by redox reactions of TM cations. The specific capacity of 

the electrode is therefore limited by the number of electrons per TM cation that can participate in 

the redox reaction. To boost the capacity and energy density, anionic redox reactivity with oxygen 

ions complementarily providing the charge-compensating electrons was introduced to the 

rechargeable battery chemistry. Enhanced capacities achieved through anionic redox have been 

reported for various systems including Li4FeSbO6,7 Li3NbO4,8 Li3IrO4,9 Li4Mn2O5,10 

Li4(Mn,M)2O5 (M = transition metals),11 Li5FeO4,12 β-Li2IrO3,13 Li2Mn1−yMyO2F,14 

Na2/3Mg0.28Mn0.72O2,15 Na4/7−x[□1/7Mn6/7]O2 (□ = vacancy),16 NaLi1/3Mn2/3O2,17 and disordered 

high-entropy rocksalt (Li1.3Mn0.4Ti0.1Nb0.2O1.7F0.3 and Li1.3Mn0.2Co0.1Cr0.1Ti0.1Nb0.2O1.7F0.3).18 

Significant efforts have since been made to understand the origin of the oxygen redox with insight 

obtained on the structural and chemical features of anion-redox-active systems such as the 

formation of peroxo-like (O2)n− species,19,20 local alkali-excess environments,11,12,21,22 and O hole 

numbers per oxygen23. The local alkali-excess environments are particularly attractive as they can 

be intentionally incorporated through cationic disordering of the electrode structure.22 The 



exploration of new anionic-active chemistries to increase capacity, reduce cost, and eliminate O2 

release is continuing and has received significant attention from the battery community. 

Super alkali-rich materials such as Li2IrO3,13 Li3NbO4,8 Li5FeO4,24 Li6CoO4,24 Li8ZrO6,25 

and Na2Ru1−ySnyO3,26 Na5FeO4,27 which feature an extra high alkali content (A = alkali elements, 

A:TM ≥ 2:1), show great potential to enable the anionic redox activity during electrochemical 

cycling. Complete charge of super alkali-rich materials, if possible, would require more charge-

compensating electrons (greater than 2e− per TM) than those provided by the limited redox 

capabilities of the TM ions (generally no more than 2e− per TM), necessitating the participation of 

oxygen redox. However, initial attempts of many super alkali-rich materials as cathodes resulted 

in poor capacity with minimal alkali (de-)intercalated reversibly (such as Li5FeO4 and Li6CoO4).24 

In addition, complex phase transformations can occur during (de-)lithiation, and O2 release and 

reaction metastability are often involved.25 Progress was achieved by Trahey et al. with a Li5FeO4-

based Li-ion/Li–O2 hybrid cathode, in which 4 Li and 2 O (O2 releasing) were extracted and re-

accommodated during charge and discharge in a Li/Li5FeO4–O2 cell (Eq. 1); however, the hybrid 

chemistry resulted in poor cyclability.28–30  

 Li5FeO4	→	4Li++	4e-	+	O2	+	LiFeO2                                                 (1) 

i. Li5FeO4 → 2Li + 2e- + 0.25O2 + Li3FeO3.5   (2) 

ii. Li3FeO3.5	→	1Li	+	1e-	+	0.25O2	+	Li2FeO3   (3) 

iii. Li2FeO3	→	1Li	+	1e-	+	0.5O2	+	LiFeO2    (4) 

The delithiation mechanism of Li5FeO4 was examined in detail through a series of 

experimental studies.12,31,32 The first charge process of Li5FeO4 was observed to proceed through 

a three-step phase transformation: Li5FeO4 (antifluorite) → disordered rocksalt Li3FeO3.5 (DR1) 

→ disordered rocksalt Li2FeO3 (DR2) → amorphous LiFeO2, as expressed by Eq. 2–4. Recently, 



Zhan et al. discovered that the re-lithiation of Li3FeO3.5 is feasible with 1 Li accommodated and 

reversible cycling between Li4FeO3.5 and Li3FeO3.5 is achieved with a decent capacity of 189 

mAh/g and no O2 release (Eq. 5),12 which is higher than the LiCoO2 electrode (~140 mAh/g)33 and 

comparable to the renown NMC electrode (LiNi0.8Mn0.1Co0.1, ~200mAh/g).5  

iv. Li4FeO3.5	⟷	1Li	+	1e-	+	Li3FeO3.5    (5) 

Despite this breakthrough, the energetic impact of the phase transformation on the reaction 

thermodynamics as well as any correlation between the structural changes and reaction 

irreversibility remain unclear, thereby warranting further investigation. Moreover, to understand 

the origin of the improved electrochemical cyclability with the well-controlled oxygen evolution, 

a thorough investigation of the Fe/O redox mechanisms and local oxygen environments during the 

reaction is necessary, which will shed light on the potential activation and application of other 

super alkali-rich materials. 

First-principles density functional theory (DFT) calculations have accelerated the 

discovery of battery materials by enabling the determination of thermodynamic evolution and mass 

transport during electrochemical reactions,34–37 revealing the underlying mechanisms in the 

specific electrochemistry,38,39 and predicting new high-performance electrode materials.40–42 In 

this study, we first simulate the delithiation and (re-)lithiation of Li5FeO4 by constructing the Li–

Fe–O phase diagram. The experimentally observed delithiation and (re-)lithiation are predicted to 

proceed via non-equilibrium pathways, with the calculated corresponding voltage profile showing 

remarkable agreement with the experimentally obtained charging curve. We then investigate the 

origin of the “off-equilibrium” reaction pathways and the delithiation irreversibility by examining 

the TM (Fe) migration energetics. The Fe migration required for the phase transition from the 

antifluorite to disordered rocksalt structure is associated with an anisotropic kinetic barrier, with a 



small forward barrier and a much larger backward barrier, leading to difficulty for the reverse 

phase transition, thereby impairing the reaction reversibility and causing the delithiation reactions 

to proceed in a non-equilibrium manner. We further elucidate the TM and O redox sequences 

during the charge cycle and identify the complex electrochemistry involving the participation of 

cationic redox (Fe3+/Fe4+) and anionic redox (O2−/O1−/O0), validating the experimental 

observations. We were able to confirm the Li-coordinated only O configuration as the active redox 

center and these active sites can be introduced intentionally by the phase transition from a distinct 

(antifluorite) one to the disordered rocksalt phase. Finally, based on this mechanism, we conduct 

a high-throughput study on all known alkali transition metal oxides and explore their potential to 

enable the anionic redox activity with multiple candidates identified for further trials. We are able 

to identify Li2PbO3, Li2SnO3, Li3IrO4, Li3NbO4, Li2MoO3, Li2MnO3, Li2RhO3, Na2PtO3, Na3RuO4, 

Li2RuO3 as candidates for the potential synthesis of disordered rocksalt phase and Li5FeO4, 

Li4PbO4, Li2MoO4, Li4TiO4, Li3VO4, Li2CrO4, Li6CoO4, Na7Fe3O8, Na2FeO4, Na4TiO4, Na2CrO4, 

Na2MoO4, Na2MnO2 to experience potential electrochemical activation upon initial charge, to 

ultimately unlock the anionic redox activity. Our discoveries are expected to provide guidance and 

testable predictions for experimental studies of simultaneous cation/anion redox in high-energy-

density electrodes. 

2. Methodology 

2.1 First-principles calculations 

All the first-principles DFT calculations reported in this study were conducted using the 

Vienna Ab-initio Simulation Package (VASP)43–46 with projector augmented wave (PAW) 

potentials47 and the Perdew–Burke–Ernzerhof (PBE)48 exchange-correlation functional. A plane-

wave basis with a cutoff energy of 520 eV and 𝚪-centered k-meshes with a density of 8000 k-points 



per reciprocal atom were used for all the calculations. All the calculations were spin-polarized, 

with Fe atoms initialized in a high-spin ferromagnetic configuration and relaxed to self-

consistency. The DFT + U method introduced by Dudarev et al.49 was used to treat the localized 

3d electrons of Fe with a U value of 4.0, obtained by fitting to experimental and calculated 

formation enthalpies in a previous study.50 To simulate the migration of Fe ions, climbing image 

nudged elastic band (CI-NEB)51,52 calculations were performed to determine the diffusion pathway 

geometry and transition-state energetic information. The high-throughput screening was 

conducted under the framework of the Open Quantum Materials Database (OQMD).53 

2.2 Voltage profile calculations 

The average charge/discharge voltage (relative to A/A+) can be computed using the 

negative of the reaction free energy per A added/removed, as shown in Eq. 6:54,55 

𝑉 = ∆#f
$∆%!

,                                                              (6) 

where F is the Faraday constant, ∆𝑁& is the amount of Li/Na added/removed, and ∆𝐺f is the (molar) 

change in free energy of the reaction. Considering a two-phase reaction between AxMOy and 

Ax’MOy’, AxMOy + (x’ − x) A → Ax’MOy’, ∆𝐺f can be approximated by the total internal energy 

∆E from DFT calculations,  

∆E	=	E)AxMOy* − E)Ax'MOy'* − (x− x')E(Ametal)− (y− y')E(Ogas),                        (7) 

where E)AxMOy* and E)Ax'MOy'* are the DFT energies at the respective compositions.  

3. Results and discussion 

3.1 Phase evolution and reaction thermodynamics during charge/discharge of Li5FeO4 

Electrochemical charge/discharge of super alkali-rich materials can be chemically and 

structurally complicated with the possible existence of non-equilibrium phases.25 Phase diagrams 



represent the thermodynamic phase equilibria of multicomponent systems and provide useful 

information on the electrochemical reactions between phases. To obtain a thorough understanding 

of the reaction thermodynamics during the delithiation of Li5FeO4, we constructed the Li–Fe–O T 

= 0 K phase diagram using structures with the lowest energy for each composition. All compounds 

in the Inorganic Crystal Structure Database (ICSD) in the Li–Fe–O chemical space were used.56 

The elemental reference states (Li, Fe, non-solid O2) were obtained by fitting57 to experimental 

formation energies, mainly from two major databases, the SGTE substance database (SSUB) and 

a database constructed by Nash et al.58–60 Experimentally observed disordered rocksalt phases, 

Li4FeO3.5, Li3FeO3.5, Li2FeO3, and amorphous LiFeO2, were also included, with the corresponding 

computational unit cells built using the special quasi-random structure (SQS) method.61 Starting 

from the cubic rock-salt cell, supercells containing 30 cation/30 anion sites, 56 cation/56 anion 

sites, and 27 cation/27 anion sites were created for Li4FeO3.5, Li3FeO3.5, and Li2FeO3, respectively. 

We randomly populated the cation sites with Fe and Li in ratios of 4:1, 3:1, and 2:1 for Li4FeO3.5, 

Li3FeO3.5, and Li2FeO3, respectively. Vacancies were randomly introduced to the anion sites of 

the Li4FeO3.5 and Li3FeO3.5 structures in ratios of 3:7 and 1:7 with respect to O, and all the anion 

sites of Li2FeO3 were occupied by O. All the SQSs were generated using a Monte Carlo algorithm 

implemented in the ATAT package62–64 with the constraint that the pair and triplet correlation 

functions of the SQS were identical to those of the statistically random Li/Fe population of cation 

sites and O/vacancy population of anion sites at least up to the third nearest neighbor. To create a 

supercell of amorphous LiFeO2 suitable for DFT calculations, a cell containing 96 atoms was 

melted at 2900 K in an ab initio molecular dynamics simulation. The liquid-state configuration 

was equilibrated over 2 ps under an NVT ensemble,34 followed by rapid quenching from the 

equilibration temperature to 300 K at a rate of 1 K fs−1. Then, the atomic coordinates and cell 



parameters of the configuration were relaxed in the DFT calculation until the average forces fell 

below 10−2 eV Å−1.35 

The Li–Fe–O phase diagram (T = 0 K) is presented in Fig. 1a with the ground-state stable 

compounds (i.e., the compounds with energy lower than any other linear combination of structures) 

marked by black circles. One intermediate phase is identified as stable on the convex hull between 

Li5FeO4 and LiFeO2 (Fig. 1b): Li2FeO3(C2/m) with the following equilibrium Li5FeO4 delithiation 

reaction pathway (purple, Fig. 1a): Li5FeO4(Pbca) → Li2FeO3(C2/m) → LiFeO2 (I41/amd). 

However, all the experimentally observed delithiated phases, Li3FeO3.5(DR1), Li2FeO3(DR2), and 

LiFeO2 (amorphous) (Fig. 1a, shown as red crosses), are predicted to have energies higher than 

the mixture of the stable phases by 75, 129, and 144 meV/atom, respectively (Fig. 1b). The 

experimentally observed delithiation pathway, Li5FeO4 (Pbca) → Li3FeO3.5 (DR1) → Li2FeO3 

(DR2) → LiFeO2 (amorphous), is therefore thermodynamically unstable or “non-equilibrium” (red, 

Fig. 1ab), unlike the equilibrium pathway. The calculated voltage profile corresponding to the 

non-equilibrium reaction pathway shows significantly improved agreement with the 

experimentally obtained charging curve compared with its equilibrium delithiation counterpart 

(Fig. 1c). In addition, the re-lithiated phase Li4FeO3.5 (DR3) is also predicted to be unstable (133 

meV/atom above the convex hull), suggesting that the reversible (re-)lithiation reactions between 

Li3FeO3.5 (DR1) and Li4FeO3.5 (DR3) are also non-equilibrium (Fig. 1ab, blue). Understanding 

the origin of the “off-equilibrium” reaction pathways is thus essential. In the following section, we 

will explore the energetic impacts of the structural changes during the phase transformation on 

both the reaction thermodynamics and reversibility. 

3.2 Structural change, reaction irreversibility, and initial O release 



At the beginning of the delithiation reaction of Li5FeO4, a phase transition from antifluorite 

Li5FeO4 to disordered rocksalt Li3FeO3.5 (DR1) occurs, as expressed in Eq. 2a, which is known to 

be irreversible. We studied the phase transition by examining the structural changes during the 

first step of delithiation. In the antifluorite Li5FeO4, O ions form an fcc array, and Fe and Li ions 

occupy 6 of the 8 tetrahedral (Td) interstitial sites (Fig. 2a). In addition, in the disordered rocksalt 

Li3FeO3.5 (DR1), O ions (vacancies) still form an fcc array, and Fe and Li ions occupy all the 

octahedral (Oh) interstitial sites (Fig. 2a). As a result, Fe ions and remaining Li ions during the 

first reaction step must migrate from the Oh sites to the Td sites with an associated activation energy, 

which is expected to become more energetically favorable with decreasing Li content because the 

phase transition takes place as charging occurs. We then start with the original antifluorite Li5FeO4 

unit cell (8 f.u.) and move one Fe ion to its nearby Oh vacancy while removing its surrounding Li 

ions. We monitor the energy difference Ediff between two Li5−xFeO4 antifluorite structures: (i) a 

structure in which one Fe ion is moved to the Oh sites and (ii) a structure in which all the Fe ions 

remain in the Td sites. Unexpectedly, although Ediff shows some decreasing trend (Fig. 2b), it 

remains positive regardless of the number of removed surrounding Li ions (x = 0–5), indicating 

that it is energetically unfavorable for Fe to sit in the Oh sites, contrary to our speculation. 

Considering that Fe is not only neighbored by Li but also O ions, O ion contributions should also 

be taken into account.  

As illustrated in Fig. 2a, the Fe migration path is surrounded by a number of different O 

ions. We examined the effect of O on the Fe migration by calculating another energy difference 

Ediff’ between two Li5FeO4−δ antifluorite structures: (i) a structure in which one Fe ion is moved to 

the Oh sites and (ii) a structure in which all the Fe ions remain in Td sites, both with one surrounding 

O ion removed. A small Ediff’ suggests the strong hindrance of the specific O ion to the Fe 



migration, making the migration more viable after removing it. We calculated the Ediff’ values 

corresponding to the removal of each O ion while recording the Fe–O distance changes upon Fe 

migration. The results (Tab. 1) indicate that it is actually the O a ion, located directly on the 

extended tie line between the Fe Oh and Td site, that causes the strongest Fe migration blockage. 

In addition, the O a ion experiences the largest Fe–O distance change upon Fe migration, and the 

Fe–O bond must thus be completely broken before the migration. We then take out the O a ion 

and recalculate all the Ediff values, which become negative after two Li ions are removed, consistent 

with the experimentally observed phase transition point x = 2, indicating that the extraction of O 

enables the Fe migration and initiates the phase transformation.  

To find the saddle point and minimum energy path during the Fe migration at the phase 

transition point (x = 2), we calculated the kinetic barrier using the NEB method.51,52 Fe migration 

from the Td site to the nearby Oh site was observed to be highly anisotropic (Fig. 2c): the forward 

barrier that enables the phase transformation from the antifluorite to disordered rocksalt structure 

is small (0.25 eV), whereas the backward barrier is large (0.90 eV), explaining the difficulty of the 

inverse phase transformation from the disordered rocksalt back to the antifluorite structure as well 

as the observed poor reversibility of Eq. 2 during discharge. With the Fe migration anisotropy in 

mind, we can now understand the origin of the “off-equilibrium” delithiation pathway of Li5FeO4. 

With Li and O removal upon delithiation, Fe will spontaneously migrate to enable the reaction 

from Li5FeO4 (Pbca) → Li3FeO3.5 (DR1). In the equilibrium Li2FeO3 (C2/m) structure, O ions 

(vacancies) also form an fcc array while Fe and Li ions occupy all the octahedral (Oh) interstitial 

sites in an ordered manner. Possible further delithiation of Li3FeO3.5 (DR1) to the equilibrium 

Li2FeO3 (C2/m) structure therefore requires a large amount of Fe migration from one Oh site to 

another to realize ordering among Fe ions. A large portion of the migrating Fe ions may encounter 



the large backward diffusion barrier and become blocked. Then, the cationic disordering of the 

system will remain with the delithiation between two disordered phases Li3FeO3.5 (DR1) → 

Li2FeO3 (DR2) occurring via solid-solution reactions. With increasingly more Li and O vacancies 

introduced into the system, it will ultimately lose stability and becomes amorphous (x = 4, LiFeO2). 

With the understanding that the TM (Fe) migration is strongly correlated to the electrochemical 

reaction reversibility and non-equilibrium reaction pathways, a similar situation should be avoided 

when searching for other super Li-rich candidates for LIB electrodes. 

3.3 Competing TM/O redox couple, local structure, and origin of anionic activity 

The reversible re-lithiation of Li3FeO3.5 (DR1) to Li4FeO3.5 (DR3) produces a new type of 

Fe-oxide-based anionic-redox-active electrode material. Understanding the origin of the reversible 

O redox activity is thus essential for both improvement of the Li5FeO4-based electrode and the 

search for novel anionic redox active materials. We monitored the evolution of the oxidation states 

of Fe and O ions during delithiation (Eq. 2–4) and re-lithiation (Eq. 5) by comparing the calculated 

magnetizations of Fe and O ions with the number of unpaired electrons of the corresponding ions 

with known oxidation states. The numbers of unpaired electrons for Fe3+ (tetrahedrally 

coordinated), Fe4+ (octahedrally coordinated), and Fe5+ (octahedrally coordinated) are 5, 4, and 3, 

respectively, as shown in Fig. 3a. In the original Li5FeO4 phase, the magnetizations are 

approximately 4.1 for all the Fe ions, implying an overall 3+ oxidation state. After 2 Li ions and a 

small amount of O were extracted (x = 2, y = 0.5), 7/14 (total) Fe ions showed magnetizations of 

approximately 3.5 (Fig. 3a), indicating that half of the Fe ions had been oxidized to 4+. The Fe 

magnetization distribution remained almost constant after the extraction of 3 Li and 1 O per 

formula unit (x = 3, y = 1). In the final phase (x = 4, y = 2), most of the Fe ions (22 of 25) exhibited 

magnetizations of approximately 4.1, corresponding to an oxidation state of 3+ and indicating the 



reduction of most Fe4+ by additional O removal. Three Fe ions showed smaller magnetizations of 

approximately 3.5 and 3, corresponding to oxidation states of 4+ and 5+, which is expected 

considering the complex local environments for specific Fe ions in the amorphous structure. 

During the re-lithiation of Li3FeO3.5 to Li4FeO3.5 (x = 1, y = 0.5), all the Fe ions exhibited 

magnetizations of approximately 4.0, confirming the complete reduction of Fe4+ to Fe3+, as 

observed experimentally.12 For the oxygen ions, the magnetizations in the original Li5FeO4 are 

close to 0, corresponding to an overall valence state of 2− for oxygen ions. After the extraction of 

2 Li and 0.5 O per formula unit (x = 2, y = 0.5), several oxygen ions (7 of 49) exhibited increased 

magnetizations of approximately 0.5 (Fig. 3b), indicating the partial oxidation of O2− to O1−. With 

further Li and O removal (x = 3, y = 1), a similar portion of oxygen ions (4 of 27) showed increased 

magnetizations. In the final phase (x = 4, y = 2), a relatively wide distribution of the magnetizations 

of oxygen ions was observed, corresponding to the various oxygen-ion local environments in the 

amorphous structure. No oxygen ions exhibited magnetization above ~0.4, indicating an overall 

oxidation state of 2− for the oxygen ions. In the critical re-lithiated phase (Li4FeO3.5), all the 

oxygen ions exhibited magnetizations of approximately 0 again, indicating the full reduction of 

O1− to O2−. We thus have a detailed understanding of the competing Fe/O redox during the 

delithiation and confirmed the simultaneous cationic and anionic redox, as observed in a previous 

experimental study.12 About the detailed re-lithiation process of the DR Li3FeO3.5 phase, many 

mechanisms have been put forward.65,66 Yet further experimentally observations, especially the 

accurate position refinement of Li and O ions upon re-lithiation, are still demanded. 

To identify the origin of the O redox activity, we then examined the local atomic 

environments and electronic states of active O ions in all the delithiated and re-lithiated phases: 

Li3FeO3.5 (DR1), Li2FeO3 (DR2), and Li4FeO3.5 (DR3). All the O1− ions were identified as being 



in the particular “A6–O” configuration (Fig. 3c) with only Li-ion coordination (first nearest 

neighbors), with the remaining oxygen ions remaining as O2− with at least one Fe first nearest 

neighbor (Fig. 3e). The projected DOS (pDOS) of the oxygen 2p states and Fe 3d states of these 

two configurations are shown in Figs. 3c-e. For the A6–O configuration (Fig. 3c), the contribution 

from oxygen to the valence band immediately below the Fermi level is significantly larger than 

that from Fe, indicating that electrons can be readily extracted from oxygen when the system is 

oxidized. In contrast, for the partially Fe-coordinated configurations (Fig. 3e), the Fe–O bonds 

show strong covalency, and both cationic and anionic activities can be expected during further 

charging. In addition, the cationic/ionic redox occurring during delithiation can be qualitatively 

determined from the locations of the holes generated by extracting electrons. The isosurface shown 

in the inset of Fig. 3c was constructed by visualizing the charge density in the energy range 

between 0 and −1 eV, which roughly corresponds to the removal of one electron. Apparently, the 

hole is localized around the oxygen atom in the center of A6–O, which signals the ionic redox 

behavior. This result indicates that on further delithiation, the O1− in the local Li-excess 

environment originating from this particular A6–O configuration can give out one labile electron 

(Fig. 3d) and become O0, consistent with a previous study.22 The irreversible delithiation from 

Li3FeO3.5 (DR1) to Li2FeO3 (DR2) and LiFeO2 (amorphous) proceeds via the gradual oxidation of 

O1− to O0 and the elimination of these specific A6–O configurations (Fig. 3f). Nevertheless, these 

A6–O configurations would be retained during the re-lithiation to Li4FeO3.5 (DR3), with the 

oxygen ions being reduced to O2−. As shown in Fig. 3d, the Fe contribution to the states lying 

below the Fermi level is almost negligible compared with that from oxygen, and the isosurface 

corresponding to the removal of one electron is also centered around the oxygen ion; therefore, 

significant anionic redox can be expected. The extraction of labile electrons from the A6–O 



configuration enables the reversible partial oxidation of O2− to O1−. The O2−/O1− redox couple in 

this specific configuration, along with the Fe3+/Fe4+ redox couple, thus play a key role during the 

reversible cycling between Li4FeO3.5 and Li3FeO3.5. In the original antifluorite Li5FeO4 structure, 

O ions exclusively located in the non-A6–O configurations (Fig. 3f) and all the A6–O 

configurations are generated during the first phase transition and the introduction of cationic 

disordering to the system. Thus, the first phase transition step can be seen as the “activation” 

process of the Li5FeO4 electrode system. Particular attention should be paid to searching for the 

possible existence of an activation process in the use of other types of super alkali-rich materials 

as electrode materials. 

3.4 High-throughput screening for super A-rich oxide based anionic-redox electrodes 

As described in the previous section, the local alkali excess A6–O configuration serves as 

the redox center to enable the reversible anionic redox activity upon the cycling of the super A-

rich iron oxide. To search for more super A-rich anionic-redox electrodes aiming at improved 

performance through the same mechanism, we conduct high-throughput screening on all 

experimentally reported ternary super A-rich oxides (containing single transition metal) from the 

ICSD database56 by estimating their possibility of being introduced with the A6–O configurations. 

The ternary super Li-rich materials family currently consists of more than 60 compounds with new 

members announced continuously and our screening results should also shed light on the design 

of multinary systems.56 There are known multi-transition metal compounds existing, like the 

famous Li2RuySn1-yO3;67 unfortunately, their structures are either not refined completely or not 

publicly shared. The alkali excess configuration is not observed in any ordered alkali transition 

metal oxide structures, including the A-rich oxides. Even at the highest A:TM ratio of eight (e.g., 

Li8IrO6), every oxygen atom bonds directly to the transition metal atom. The introduction of the 



A6–O “Li/Na-coordinated only” configurations necessitates the formation of disordered rocksalt 

structured super A-rich oxides via activation (like here for Li4FeO3.512) or direct synthesis.  

Synthesizing cation-disordered versions of alkali transition metal oxides has been 

suggested to be effective upon the unlocking of anionic redox such as disordered Li(1+x)Ti2xFe(1–

3x)O2,68 disordered Li1.25Nb0.25Mn0.5O2,69 cation-disordered Li3NbO4,70 and so on. Considering that 

the disordered rocksalt versions of transition metal oxides are usually higher in energy than their 

ordered equilibrium counterparts,11 corresponding synthesis demands more energetic methods like 

ball milling.8,10 Recently, an ultrafast sintering method was developed, which shows promise to 

synthesize even far-from-equilibrium phases with synthesis temperature as high as 3273K and a 

fast temperature variation speed.71 Meanwhile, the synthesizability of disordered rocksalt (DR) 

structured super A-rich oxides can be estimated by computing the free energy difference relative 

to their ordered ground state phases: ∆G = GDR − Gordered = ∆E – T∆Sconf while a ∆G less than zero 

indicates the energetic favorability of the disordered phase. We calculate the energy difference: 

∆E = EDR − Eordered, where EDR is the total energy of simulated DR structure obtained with the 

special quasi-random structure (SQS) method61 and Eordered is the total energy of the ordered ground 

state phase. Configurational entropy is computed as follows: ∆Sconf = ∆SDRconf − ∆Sorderedconf = 

kB(xAln(xA) + xTMln(xTM)). As an evaluation of the synthesizability upper limit of the disordered 

rocksalt phases, we set the temperature to be the new high synthesis temperature record of 3273 

K.71 Free energy differences then have been determined for all super A-rich oxides which have 

both A and TM located at the octahedral positions while O forms the fcc backbone (Fig. 4a). We 

would prefer the compounds where the disordered phase can drop down below the ground state 

for temperatures of 3273K. We assumed that synthesis of the DR version of oxides with A or TM 

preferring positions beyond octahedral would be even less feasible with extra energy required on 



potential bond breaking and mass transport. We are able to identify Li2PbO3, Li2SnO3, Li3IrO4, 

Li3NbO4, Li2MoO3, Li2MnO3, Li2RhO3, Na2PtO3, Li2RuO3 as the candidates for potential DR 

phase synthesis, which exhibit the promise for unlocking the anionic redox activity. Among them, 

cation disordered rocksalt (DR) Li3NbO470 and Li3IrO49 have been reported with anionic redox 

activity and large capacity, validating our hypothesis. Li2MnO3,72 Li2RhO3,73 Li2RuO3,74 

Li2SnO374 are well-known anionic redox layered electrodes while their DR comparts haven’t been 

tried yet and thus are worth exploring. Li2MoO375 also adopts a layered structure and was found to 

experience Mo migration from the metal layer to the lithium layer during slow and irreversible 

delithiation. Then there is a trend for it to transfer into a DR compound, which may even make its 

cycling reversible. Furthermore, Li2PbO3 and Na2PtO3 haven’t ever been tried for lithium 

delithiation study and demand further study. 

The other approach to bring alkali excess configurations to the oxides is electrochemical 

activation, as we observed during the initial Li and O removal of Li5FeO4. The geometrically and 

energetically asymmetric iron migration triggering the phase transition of the A-rich iron oxide 

from antifluorite to disordered rocksalt, creating these anionic redox active A6-O centers. 

Therefore, we hypothesize that A-rich oxides, which show notable trends to have asymmetric 

transition metal ion migrations (from tetrahedral to octahedral) upon charge, are inclined to 

experience a phase transition to the disordered rocksalt. Prediction of the migration trend using 

methods like the crystal field theory during a combined A/O removal is challenging because of the 

unclear valence variations of the metal ions (e.g., Fe3+⟶	Fe3+/Fe4+ ⟶ Fe3+ for Li5FeO4 ⟶	LiFeO2). 

Here we estimate the transition metal migration trend of oxides by examining their closest 

neighbors’ metal positions in the A-TM-O phase diagram with both A and O removed. For 

example, in the Li-Fe-O phase diagram, Li5FeO4 (space group: Pbca) with Fe located in the 



tetrahedral position has a closest neighbor of Li2FeO3 (space group: C2/m) with Fe located in the 

octahedral position (Fig. 4b). Although actual delithiation doesn’t follow the equilibrium pathway, 

the equilibrium product still gives essential information on the local coordinates. We then construct 

phase diagrams for all super A-rich oxides and search for their nearest neighbors with results 

shown in Tab. 2. Calculations to construct equilibrium Li-M-O phase diagrams were carried out 

within the Open Quantum Materials Database (OQMD) framework.53 We prefer compounds 

having TM at Td sites which also are connected on the convex hull to a phase with TM at the Oh 

sites. Among all known super A-rich oxides, we are able to identify Li5FeO4, Li4PbO4, Li2MoO4, 

Li4TiO4, Li3VO4, Li2CrO4, Li6CoO4, Na7Fe3O8, Na2FeO4, Na4TiO4, Na2CrO4, Na2MoO4, 

Na2MnO2, which are candidates to experience an electrochemical activation upon charge and 

unlocking their anionic redox activity (Fig. 4c). Li5FeO4 is the compound which we build this 

hypothesis from. Similar to Li5FeO4, Li6CoO4 also experiences an irreversible lithium removal 

during its first charge along with a phase transition to an unidentified intermediate phase, which 

then deserves a thorough investigation as we did for Li5FeO4.24 Li4PbO4, Li2MoO4, Li4TiO4, 

Li3VO4, Li2CrO4, Na7Fe3O8, Na2FeO4, Na4TiO4, Na2CrO4, Na2MoO4, Na2MnO2 haven’t been 

tested for their delithiation behavior and thus demands further experimental exploration.  

Additionally, a natural next step of this work would be exploring the potential existence of 

substituted super Li-rich compounds, such as Li2MyM’1-yO3 through DFT, validating their 

synthesizability, and measuring their performance via experiments, respectively. However, we 

believe that is out of the scope of this study. 

4. Conclusions 

In this study, we explored the structural and electrochemical properties of Li5FeO4-based 

super alkali-rich cathode materials using first-principles DFT calculations. We simulated the 



charge and discharge of Li5FeO4 by building the Li–Fe–O phase diagram. The experimentally 

observed charge and discharge were predicted to proceed via non-equilibrium pathways. The 

origin of the “off-equilibrium” reaction pathways and the reaction irreversibility were then 

investigated by examining the TM (Fe) migration energetics. The Fe migration required by the 

phase transition from the antifluorite to disordered cubic structure, is associated with an anisotropic 

kinetic barrier, leading to difficulty for the reverse phase transition, thereby impairing the reaction 

reversibility and causing the delithiation reactions to proceed in a non-equilibrium manner. We 

further elucidated the TM and O redox sequences during the charge cycle and identified a complex 

electrochemistry with the participation of competing cationic redox (Fe3+/Fe4+) and anionic redox 

(O2−/O1−/O0). Finally, we conducted high-throughput screening on all known alkali-rich transition 

metal oxides and provide suggestions for further development of super-A-rich anionic-redox-

active electrode materials for rechargeable batteries. We are able to identify Li2PbO3, Li2SnO3, 

Li3IrO4, Li3NbO4, Li2MoO3, Li2MnO3, Li2RhO3, Na3RuO4, Na2PtO3, Li2RuO3 as the candidates 

for potential DR phase synthesis and Li5FeO4, Li4PbO4, Li2MoO4, Li4TiO4, Li3VO4, Li2CrO4, 

Li6CoO4, Na7Fe3O8, Na2FeO4, Na4TiO4, Na2CrO4, Na2MoO4, Na2MnO2 to experience potential 

electrochemical activation upon initial charge, to ultimately unlock the anionic redox activity. Our 

theoretical findings provide valuable insights on the structural and electrochemical behavior of 

alkali-rich Li5FeO4 cathode materials and will be beneficial in the design of next-generation high-

energy-density cathode materials. 
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Figure 1. | Electrochemical delithiation and (re-lithiation) of Li5FeO4. (a) Calculated Li–Fe–O (T = 0 

K) phase diagram and non-equilibrium/equilibrium delithiation pathways (red/purple) and the reversible 

(re-)lithiation reaction (blue). (b) Li5FeO4–LiFeO2 convex hulls corresponding to the equilibrium/non-

equilibrium delithiation pathways and reversible (re-)lithiation reaction with energetics from intermediate 

structures, the prototype structure, and known compounds. (c) Corresponding voltage profiles during the 

delithiation and (re-)lithiation of Li5FeO4; the non-equilibrium profile shows great agreement with the 

experimentally obtained charging curve.12   



 

Figure 2. | Irreversible Fe migration during the antifluorite → disordered rocksalt phase 

transformation along with the delithiation. (a) Local environment of Fe in antifluorite Li5FeO4 and Fe 

migration path during the phase transition from antifluorite to disordered rocksalt structure. (b) Enabling of 

Fe migration by O removal. (c) Anisotropic energetic barrier during Fe migration.  



 

Figure 3. | Competing cationic (Fe) and anionic (O) redox activity during delithiation of Li5FeO4 and 

re-lithiation of Li3FeO3.5 to Li4FeO3.5. The evolution of the magnetization and oxidation state of (a) Fe 

and (b) O ions in intermediate phases Li5−xFeO4−y (x = 0, 1, 2, 3, 4, y = 0, 0.5) during delithiation. P-DOS 

of O 2p and Fe 3d of (c) O1− and (d) O2− ions located in the Li6–O local Li-excess configurations and the 

nearest Fe ions. Insets: isosurfaces of the charge density (yellow) around the O2− and O1− ions in the energy 

range of 0 to −1.0 eV. (e) O2− ions located in the non-A6–O configurations and the nearest Fe ions. (f) 



Schematic illustration of “A6–O” local Li excess configurations enabling the combined cationic and anionic 

redox in super alkali-rich Li5FeO4-based electrode materials.  

  



 

Figure 4. | High-throughput screening for super A-rich oxide based anionic-redox electrodes. (a) 

Identified candidates for potential DR phase synthesis, which exhibit the promise for unlocking the 

anionic redox activity. (b) Li-Fe-O phase diagram. Pristine Li5FeO4 with Fe located in the tetrahedral 

position and its closest neighbor of Li2FeO3 with Fe located in the octahedral position (c). Identified 

candidates which are possible to experience an electrochemical activation upon charge and ultimately 

enable the anionic redox activity.  



Table 1. | Energetic impacts of different O on the Fe migration from the Oh to Td site and 
Fe–O distance change upon Fe migration. 
 

O removed a* b c d e f g 

Fe–O 
distance 

change (Å) 
+1.889 +0.378 −0.441 +0.369 −1.433 −1.497 −1.436 

Ediff’ (eV/Fe) 6.49 8.21 7.89 8.19 10.51 10.91 10.60 

 

  



Table 2. | Transition metal positions in known super A-rich oxides and their closest neighbors 
in corresponding phase diagrams. 
 

 


