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ABSTRACT 

Harnessing oxygen redox reactions is an intriguing route to increasing capacity in Li -ion batteries 

(LIBs). Despite numerous experimental and theoretical attempts to unravel the mechanism of 

oxygen redox behavior, the electronic origin of oxygen activities in energy storage of Li-rich LIB 

materials remains under intense debate. In this work, the onset of oxygen activity was examined 

using a Li -rich material that has been reported to exhibit oxygen redox, namely Li 5FeO4. By 

comparing experimental measurements and first-principles Bethe-Salpeter-Equation calculations 

of oxygen K-edge X-ray absorption spectra (XAS), it was found that experimentally-observed 

changes in XAS originate from the non-bonding oxygen states in cation-disordered delithiated 

Li 5FeO4, and the spectral features of oxygen dimers were also determined. This combined 

experimental and theoretical study offers an effective approach to disentangle the intertwined 

signals in XAS, and can be further utilized in broader contexts for characterizing other energy 

storage and conversion materials. 
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Conventional Li -ion batteries (LIBs) rely on the electrochemical energy storage capacity from 

transition metal (TM) redox reactions. In recent years, however, the reversible redox of oxygen 

has been recognized as an important source of the unusually high capacity of Li-rich materials.1Ð6 

A handful of studies have been devoted to understanding the underlying mechanisms that trigger 

reversible oxygen redox7Ð10 beyond that associated with changes in hybridization, as well as the 

rational design of novel Li-rich cathode materials that further exploit oxygen capacity.11 

Several atomic-level signatures associated with oxygen redox capacity have been proposed. Luo 

et al.4 and Seo et al.12 identified a particular oxygen local bonding environment in layered Li-rich 

TM oxide materials that is enabled by the presence of Li atoms in the TM layer. This bonding 

environment features a linear Li-O-Li  bond (Figure 1a), along which the O 2p state does not 

hybridize with the TM, resulting in an isolated non-bonding oxygen state that is able to reversibly 

participate in charge compensation during Li de-/re-intercalation. Sathiya et al.1 also attempted to 

rationalize the reversible oxygen redox in Li -rich layered materials using Li2Ru0.5Sn0.5O3. From 

X-ray photoelectron spectroscopic (XPS) measurements, an additional peak in the O 1s core 

spectrum emerged as Li was removed from the structure.  This feature was attributed to O""# peroxo 

species that is characterized by shortened O-O distance. Complementary density functional theory 

(DFT) calculations showed a change in the O-O distance from 2.85 • in the pristine 

Li 2Ru0.5Sn0.5O3, to 2.42 • in the end-of-charge product, Li0.75Ru0.5Sn0.5O3. Subsequent 

transmission electron microscopy (TEM) and neutron diffraction experiments confirmed the 

shrinkage of O-O distance in the charging process of another layered model system, i.e. Li2IrO3.2 

However, as in the Li -Ru-Sn system, the observed O-O distance in delithated Li2IrO3 (~2.5 •, 

Figure 1b) is substantially larger than that in peroxides (~1.5-1.6 •). 13 While the layered TM 

oxides form an important family of materials investigated for oxygen activity, oxygen-redox-
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enhanced battery capacity was also suggested in other oxides, including the defect anti-fluoride 

Li 5FeO4
5,14 and cation-disordered rocksalt Li1.3Nb0.3Fe0.4O2.9 Recently, Zhan et al.5 performed 

combined experimental and theoretical studies of the charge compensation mechanism in Li5FeO4 

and found that the removal of the first two Li per Fe was accompanied by slight irreversible oxygen 

loss and phase transformation from anti-fluoride Li5FeO4 to cation-disordered rocksalt Li 3FeO3.5, 

in which a Li -rich Li6-O local environment (Figure 1c) was suggested by DFT calculations. Such 

Li 6-O units are an extreme case of Li-O-Li bonding shown in Figure 1a. The oxygen atoms 

encompassed in these structural units also possess non-bonding 2p states and were thus postulated 

to be the main source of reversible oxygen redox.5 

 

Figure 1. Schematic representation of the structural units accounting for reversible oxygen 

redox: (a) linear Li -O-Li bonds in Li -rich layered materials, (b) O-O peroxo-like species 

formed at the end of charge in Li-rich layered materials, (c) Li6-O units in charged Li5FeO4.  

Having reviewed the structural and chemical models for rationalizing oxygen redox activity, we 

note that, despite the fact that these models have been increasingly adopted as guidelines for the 

interpretation of many electrochemical systems, their foundational experimental evidence is 

ambiguous. Experimental measurements including imaging and diffraction are efficient in 

accessing the morphological or structural evolution of the LIB materials, but are insufficient to 

discern the nature of the oxygen bonds. To achieve such a goal, one must exploit techniques that 
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are element specific and able to probe subtle changes in the electronic interactions between oxygen 

atoms and TMs, such as X-ray core-level spectroscopic techniques including XPS, X-ray 

absorption near-edge spectroscopy (XANES), valence-to-core X-ray emission spectroscopy 

(XES)15Ð17 and resonant inelastic X-ray scattering (RIXS). While the application of XPS is 

intrinsically hindered by its surface sensitivity, fluorescence-mode XANES, XES and RIXS are 

bulk-sensitive and encode a wealth of chemical information, which, if properly interpreted, can 

provide fundamental insights into the oxidation states and local environments of oxygen atoms. 

However, the oxygen K-edge signals are inherently intricate because it is sensitive to myriad 

physical and chemical processes, and identifying the exact process leading to specific spectral 

features thus requires a thorough evaluation of the underlying reactions. In recent experimental 

RIXS studies of Li1.17Ni0.21Co0.08Mn0.54O2 and Li1.2Ni0.2Mn0.6O2 cathode materials, a sharp 

emission feature was observed in the charged products at the excitation energy of 530.8 eV.10,18,19 

The observation of this feature is particularly intriguing as it signifies an oxygen state that is 

remarkably distinct from the TM-O hybridization states, so it may be directly correlated to oxygen 

redox. However, previous RIXS experiments on Li2CuO2 demonstrated that the change in the 

intensities of oxygen K-edge emission peaks can also be triggered by the local spin fluctuations, 

other than oxygen electron depletion.20,21 Therefore, although utilization of RIXS presents a new 

route for studying oxygen redox in LIB, the chemical nature of the observed sharp emission feature 

needs further clarification. XANES has been widely adopted to pinpoint oxygen redox reactions 

in charged Li-rich cathodes, due to its high sensitively to electronic structures and local 

coordination, but other chemical processes such as enhanced TM-O hybridization22 and formation 

of O-O bonds23 can also alter the spectroscopic signals of oxygen K-edge XANES, rendering it 

difficult to rigorously discern the signals caused by oxygen redox. Therefore, it is imperative to 
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have a reliable scheme to deconvolve the overall experimental signals into contributions from 

individual oxygen atoms, which is made possible by the development of techniques to accurately 

compute core-level spectra.24Ð26 In the following, we use both experimental and site-dependent 

computed core-level spectra to understand how oxygen participates in the charge compensation 

processes in the Li-rich cathode material Li 5FeO4, and to identify how different oxygen electronic 

states manifest themselves in the core-level spectra. 

Li 5FeO4 possesses orthorhombic symmetry and belongs to the Pbca space group.14 The removal 

of the first two lithium ions (per Fe) from Li5FeO4 is concurrent with minor oxygen loss and 

transformation to the cation-disordered phase Li3FeO3.5.5 Figures 2a and b show the DFT-relaxed 

structures of pristine Li5FeO4 and cation-disordered Li3FeO3.5, respectively. Significant oxygen 

evolution was observed upon further delithiation of Li3FeO3.5, which may involve the formation 

of O-O dimers as the intermediate products. Ab-initio molecular dynamics (AIMD) simulations 

were thus performed to investigate the feasibility of forming O-O dimers in delithiated Li5FeO4 

(the simulation details are shown in the Supporting Information). Within a simulation time of 15 

ps, at both 300 K and 1000 K, the oxygen atoms at the center of the Li6-O units (blue polyhedral 

in Figure 2b) formed O-O dimers with bond lengths less than 1.6 • (Figure S1). Particularly, three 

O-O dimers were formed in Li 3FeO3.5 at 7 ps under 1000 K, and a closer examination suggests that 

these O-O dimers were formed exclusively by the oxygen atoms originally in the Li 6-O units in 

Li 3FeO3.5 (Figure S2). This is consistent with previous work, which states that the irreversible 

oxygen release upon further delithiation of Li3FeO3.5 is accompanied by the elimination of the Li6-

O units.5 It is also worth noting that the bond length of the O-O dimer changed as the AIMD 

simulation proceeded. Figures 2c and d present the DFT-relaxed structures of the 300 K AIMD 

snapshot at 15 ps and 20 ps, respectively. One O-O dimer was formed in each structure. At 15 ps, 



 7 

the O-O bond length of the dimer is 1.55 •  (Figure 2c), while at 20 ps, it decreases to 1.43 •  

(Figure 2d). For comparison, the DFT calculated O-O bond lengths of the peroxo dimer in Li2O2 

and superoxo dimer in LiO2 are 1.56 •  and 1.38 • , respectively (Figure S3). Therefore, the 

evolution of the O-O dimer bond length is likely to indicate the formation of peroxo and superoxo 

species in Li3FeO3.5. 

 

Figure 2. DFT-relaxed Structures of (a) Li5FeO4, (b) Li3FeO3.5 without O-O dimers and 

Li 3FeO3.5 with  a (c) peroxo O-O dimer (AIMD snapshot at 15 ps under 300 K) and (d) 

superoxo O-O dimer (AIMD snapshot at 20 ps under 300 K). The bond lengths of the O-O 

dimers are indicated. Green, brown, red and purple balls represent Li atoms, Fe atoms, O 

atoms and O in dimers, respectively. Brown and blue polyhedra highlight the Fe-O 

coordination in Li 5FeO4 and Li6-O units in Li 3FeO3.5, respectively. 

The nature of the O-O dimers can also be differentiated by the change in the partial density of 

states (DOS) of Li3FeO3.5 at different AIMD simulation stages. In X-ray absorption processes, the 

O 1s core hole is relatively well screened by the valence electrons and thus the ground-state O 2p 
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DOS provides useful insights into assessing experimental XANES.17,27 Accurate determination of 

the relative absorption thresholds of multiple oxygen atoms requires knowledge of the core level 

shift once a core hole is created, and this is discussed in the following sections. Figure 3a displays 

the 2p DOS of oxygen atoms in various chemical environments of Li3FeO3.5 without O-O dimers. 

The 2p states of oxygen atoms bound to Fe are hybridized with Fe 3d states (not shown), which 

would cause X-ray absorption induced by electron transition from O 1s to Fe 3d-O 2p hybridized 

states.  The oxygen atoms in Li6-O units exhibit much smaller band width than those bound to Fe, 

and induce electronic states within 1 eV above the Fermi level. This suggests additional X-ray 

absorption associated with the unoccupied states of oxygen atoms in Li6-O. The O 2p DOS of 

dimer-containing Li3FeO3.5 was also examined using the aforementioned AIMD snapshots. The 

emergence of the 1.55 •  O-O dimers, as shown in Figure 3b, induces narrow energy states 

corresponding to the bonding and anti-bonding ! and " bonds between oxygen atoms in the peroxo 

O""# configuration, with fully occupied ! * band and empty " * band.28 Therefore, in XANES 

measurements, the absorption associated with O 1s to " * transition is also expected. On the other 

hand, the 1.43 •  O-O dimer shown in Figure 3c clearly exhibits superoxo O"# feature, with the ! * 

band being partially occupied.28 In addition to the unoccupied " * band, the unoccupied ! * states 

above the Fermi level may also induce an absorption feature in XANES. The O-O dimer DOS in 

Figures 2b and c show close resemblance to the peroxo and superoxo oxygen in Li2O2 and Li2O, 

respectively, again confirming the nature of the O-O dimers, as shown in Figure S3. 
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Figure 3. Partial DOS of oxygen 2p states in Li 3FeO3.5 (a) without O-O dimers, (b) with 

peroxo O-O dimer and (c) superoxo O-O dimer. Schematic of the occupation of oxygen 2p 

orbitals in peroxo and superoxo dimers are shown on the right. The DOS of oxygen atoms in 

the same chemical environment were averaged, and different types of oxygen atoms are 

distinguished by color. 

Figure 4a shows the experimental, fluorescence-mode oxygen K-edge XANES of Li5FeO4 and 

Li 3FeO3.5, together with the simulated spectra. The experimental Li 3FeO3.5 features after 532 eV 

are likely to be partly induced by the surface phases formed during electrochemical cycling.29 The 

simulations were performed using the OCEAN code that implements the Bethe-Salpeter 

Equation,30 and the simulated spectra shown in Figure 4a were constructed by averaging all the 

spectra from individual oxygen atoms in the system.  Experimentally, a shoulder peak near 528 

eV emerges during the removal of the first two Li per Fe, and gradually diminishes with subsequent 

delithiation (Figure S4). The simulated spectra of both dimer-free and dimer-containing Li 3FeO3.5 
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also exhibit such an absorption feature (indicated by the green arrows in Figure 4a) that is absent 

in the Li5FeO4 spectrum. To understand the chemical origin of the experimental pre-edge shoulder 

around 528 eV, and to differentiate the X-ray absorption features associated with distinct oxygen 

species, the simulated spectra of individual oxygen atoms are also shown in Figures 4 so that the 

spectral features can be assigned to particular types of oxygen bonding. 

 

Figure 4. (a) Experimental and calculated oxygen K-edge XANES of Li5FeO4 and Li3FeO3.5. 

The green arrows indicate the pre-edge shoulder formed during Li 5FeO4 delithiation. 

Calculated XANES of Li3FeO3.5 (b) without O-O dimers (c) with  a peroxo dimer and (d) with 

a superoxo dimer. The averaged spectra are shown in black in (b) (c) and (d).  Green, brown 

and blue arrows indicate the peaks corresponding to non-bonding oxygen, oxygen bound to 

Fe and O-O dimers, respectively. The calculated spectra are offset horizontally to align with 

experiment.  
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In the XANES simulations, the core-level shifts of oxygen atoms within the same simulation 

cell were calculated following the procedure prescribed by Vinson et al.31 Accurate calculation of 

the absolute excitation energy is currently not feasible within our computational framework, and 

an ad hoc shift was applied to the simulated spectra to align the spectra with experiment. Figure 

4b presents the simulated spectrum of dimer-free Li3FeO3.5 as well as spectra of individual oxygen 

atoms. The oxygen states contributing to the overall spectral signal can be divided into two 

categories: the non-bonding states due to oxygen atoms in the Li6-O units (green) and the O 2p 

and Fe 3d hybridized states due to Fe-O coordination (brown). It is clear that the low-energy 

spectral signals around 528 eV are induced by the non-bonding oxygen states in the Li6-O units. 

DOS analysis (Figure 3a) reveals that the unoccupied O 2p states near the Fermi level are both due 

to non-bonding oxygen and O 2p-Fe 3d hybridized states, which are anticipated to cause X-ray 

absorption at the same excitation energy. The fact that the absorption associated with non-bonding 

oxygen states occurs at lower energy, leading to the experimental pre-edge shoulder peak, is due 

to the energy shift of the 1s core levels caused by the different local chemical environments of 

these two oxygen species. The effects of O-O dimer formation on the XANES signal were also 

examined in Figures 4c and d. In Figure 4c, the peroxo dimer formation causes an additional 

absorption feature at 533-534 eV, corresponding to the unoccupied " * state in Figure 3b. On the 

other hand, two additional subtle absorptions were identified in superoxo-dimer-containing 

Li 3FeO3.5. The features in the energy range of 531-532 eV and 535-536 eV correspond to the 

partially unoccupied  ! * and fully unoccupied " * states, respectively (Figure 3c). The absorption 

peak of ! * states is higher than that of non-bonding oxygen, again due to the core level shifts of 

oxygen atoms. 
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The emergence of the low-energy oxygen K-edge pre-edge peak in the charge process was 

reported in other Li -TM oxides. For instance, in Li 1.2Ni0.2Mn0.6O2, an O K-edge XANES feature 

at 527.8 eV was observed to develop at high voltages during charge.18 Rather than the non-bonding 

oxygen states as discussed in this study, the development of such a feature in Li 1.2Ni0.2Mn0.6O2 

was assigned to the enhanced hybridization between O 2p states and 3d states of highly oxidized 

Ni.18,32 The negative energy shift of oxygen K-edge XANES concomitant with TM oxidation was 

previously confirmed both theoretically and experimentally.33,34  We note that what makes the 

spectral evolution of Li1.2Ni0.2Mn0.6O2 fundamentally different from Li5FeO4 is that the ~528 eV 

pre-edge shoulder does not appear until high charge voltages (#4.5 V), and continues to grow 

throughout the rest of charge even after oxygen release was detected. Whereas for Li 5FeO4, this 

pre-edge feature develops in the early stage of charge, and starts to diminish after two Li extraction, 

as soon as substantial O2 release is initiated. This implies the correlation between the peak 

disappearance and oxygen evolution. The gradual disappearance of the 528 eV peak after certain 

degree of delithiation during charge was previously reported in Li1.3Nb0.3Fe0.4O2, and was 

attributed to the formation of superoxo species and subsequent oxygen release.35 Based on the 

comparison between experimental and theoretical XANES, we show that the new pre-edge 

shoulder around 528 eV in delithiated Li5FeO4 is due to the non-bonding oxygen atoms formed in 

the cation-disordered phase, and the O-O dimers are likely to induce absorption features at higher 

excitation energies. AIMD simulation demonstrates the formation of O-O dimers in Li3FeO3.5, 

which is consistent with the experimental observation that oxygen evolution occurs upon further 

delithiation of Li3FeO3.5. The amount of non-bonding oxygen atoms is thus reduced in the system, 

as the O-O dimers are preferentially formed by oxygen atoms in the Li6-O units. This explains the 

gradual disappearance of the 528 eV pre-edge shoulder concurrent with oxygen evolution after 
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two Li removal in Li5FeO4 (Figure S4), and also indicates that if the newly-developed pre-edge 

shoulder is due to non-bonding oxygen states, then it is likely to disappear as oxygen evolution 

initiates. which is different from the pre-edges feature associated with TM-O hybridization.  

These preceding comparisons indicate that similar pre-edge features in the oxygen K-edge 

spectra can originate from completely distinct underlying processes, e.g. enhanced TM-O 

hybridization, or non-bonding oxygen states. Note that all the above-mentioned spectral features 

were observed by oxygen K-edge XANES, in which only the dipole-allowed transitions were 

recorded. It is thus worthwhile to explore the feasibility of differentiating the pre-edge features 

caused by TMÐO hybridized states and non-bonding oxygen states by probing the dipole-forbidden 

transitions, which can be achieved by tuning the momentum transfers using nonresonant inelastic 

X-ray scattering (NIXS). We performed NIXS simulations for dimer-containing Li3FeO3.5 with 

various momentum transfer values 𝑞 = 2	Å#), 5	Å#)and 9	Å#), and the results are shown in Figure 

S5. The simulated NIXS spectra do not show substantial changes compared with oxygen K-edge 

XANES (𝑞 ≈ 0	Å#)). The 528 eV pre-edge features are slightly enhanced at a high 𝑞 value of 

9	Å#), but the difference is almost indiscernible. These results are consistent with previous 

experimental and theoretical investigations of oxygen K-edge NIXS.29 Furthermore, it was found 

that the absorption peaks corresponding to Fe 3d-O 2p hybridization (529 ~ 530 eV) are also 

insensitive to the momentum transfer. These indicate that the O K-edge features of both non-

bonding states and hybridized states are strongly dominated by dipole transitions, and NIXS does 

not appear to give additional information beyond XANES. Using Li5FeO4 as an example, we 

demonstrate that, with the interplay between theoretical and experimental X-ray spectroscopy, the 

contribution of TM-O hybridization and pure oxygen activity can unambiguously be differentiated 

in specific XANES features. In X-ray absorption experiments, the spectral features associated with 
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peroxo and superoxo O-O dimers can be buried by other absorption processes and thus become 

unobservable. However, with the site-specific spectral signatures being resolved, one can 

selectively probe targeted oxygen species using resonant x-ray emission spectroscopy (XES), 

which records the emission signal for particular incident photon energies. For example, by aligning 

the resonant excitation energy with the pre-edge features roughly at 528 eV and 531 eV, 

respectively, information on the occupied electronic states of the non-bonding oxygen atoms and 

O-O dimers in delithiated Li5FeO4 can be obtained in the subsequent emission spectra. As 

mentioned above, in recent RIXS studies of Li 1.17Ni0.21Co0.08Mn0.54O2 and Li1.2Ni0.2Mn0.6O2, a 

emission feature significantly distinct from the TM-O hybridization states was observed in the 

charged materials, at the excitation energy of 530.8 eV.10,18,19 The excitation energy and localized 

nature of this sharp emission are consistent with the formation of O-O dimers described in this 

study; however, more relevant theoretical studies are needed to identify its exact chemical origin. 

Complicating the interpretation of oxygen K-edge spectra is the fact that experimental spectra 

contain integrated information from oxygen atoms under various chemical conditions. We showed 

that through the integration of experimental and simulated core-level spectroscopy, oxygen K-

edge spectral signals can be deconvolved into the contributions from particular atomic species, 

and the chemical origins of the oxygen redox activity in Li-rich cathode materials can thus be 

identified. It was found that in the early-stage delithiation of Li 5FeO4, the non-bonding oxygen 

states in the cation-disordered phase induce new features at the onset of the oxygen K-edge 

absorption. The formation of peroxo and superoxo dimers were simulated and the corresponding 

spectral features were identified. By using resonant excitation energies inferred from simulated 

absorption spectra, selective species can be excited and the resultant emission spectra can provide 

site-specific information on the occupied states of the excited species. This work demonstrates the 
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effectiveness of combining experimental core-level spectroscopy with first-principles simulations 

to unambiguously identify the signature of oxygen reactivity, which is significant not only for Li-

ion battery systems, but also for catalysts, e.g. for oxygen reduction and evolution reactions.36 The 

approach described in this work thus has profound implications in understanding and exploiting 

the oxygen activity for the design and characterization of novel energy storage and conversion 

materials.  
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