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Abstract 

Harnessing anionic redox reactions is of prime importance for boosting the capacity of sodium-ion 

batteries. However, quantifying the cyclability of anionic redox reactions is still challenging. Herein, 

we conduct a qualitative and quantitative investigation of the cationic and anionic redox reactions 

of a prototype Na-rich layered oxide, namely Na3RuO4, by a combination of bulk-sensitive X-ray 

absorption spectroscopy (XAS) and full-range mapping of resonant inelastic X-ray scattering 



(mRIXS). We unequivocally reveal that both Ru cations and oxygen anions are involved in the 

charge compensation process of Na3RuO4. The Ru redox is highly reversible over extended 

electrochemical cycles; while the cyclability of lattice oxygen redox gradually decreases with the 

retention of only 36% after 30 cycles, which is mainly responsible for the capacity fading of 

Na3RuO4. Our findings provide deeper insights into the complex oxygen redox mechanism, which 

plays a decisive role for designing high-energy Na-rich electrode materials for sodium-ion batteries. 

  



1. Introduction 

Electrochemical energy storage is one of the most convenient and cost-effective energy storage 

methods.1-2 Among miscellaneous advanced energy storage devices, lithium-ion batteries (LIBs) are 

indispensable in our daily lives by enabling portable electronic and EV markets. However, the 

expected increase of the raw lithium cost has led to the search of cost–effectiveness alternative 

batterie. Sodium-ion batteries (SIBs) are considered as promising candidates for next generation 

batteries due to the similar ion storage mechanism and the abundant low-cost sodium resources.3-5 

For SIBs, the cathode materials play a vital role for determining the overall performance, e.g., power 

density, energy density, and lifetime. A broad range of compounds, such as layered oxides, Prussian 

blue analogues, and polyanionic compounds, have been extensively investigated as the possible 

cathode materials for SIBs.6-11 Nevertheless, there are still some concerns regarding the limited 

energy density and structural instability of these electrodes over extended cycling.12-15 As a 

consequence, it is highly required to develop new electrode materials for SIBs with high energy 

density and long lifetime.  

The recent discovery of Li-rich layered oxide electrodes with the involvement of both cationic 

and anionic redox activities opens up a feasible direction to boost the cathode capacity.16-19 Inspired 

by this paradigm, great efforts have also been devoted to introducing anionic redox activity into Na-

ion electrodes.20-21 Most recently, Na3RuO4 was introduced as a pure prototype Na-rich layered 

oxide for SIBs, which delivers an outstanding electrochemical performance.22-23 However, the 

charge compensation mechanism of Na3RuO4 undergoes different hypotheses: (i) Qiao et al. 

proposed that during the charge and discharge processes Ru cations are inert and merely oxygen 

anions contribute to the reversible capacity,22 and (ii) Otoyama et al. believed that both Ru and 



oxygen are involved into the charge compensation process with Ru6+ and peroxo-like species as the 

oxidation products during the first few charge cycles.23 It is clear that the understanding of the 

cationic and anionic redox reactions of Na3RuO4 is still limited, mainly because (i) there is still no 

consensus on whether Ru cations are electrochemically active or not; (ii) the charge compensation 

mechanism was investigated merely for the first cycle without quantification; and (iii) more 

importantly, despite prevailing O-K spectroscopies, particularly X-ray absorption spectroscopy 

(XPS) and X-ray absorption spectroscopy (XAS), have been popularly applied to investigate the 

anionic redox reaction mechanism, direct and reliable evidence for validating the participation of 

intrinsic oxygen redox process is still rarely reported due to the shallow probe depth of XPS 

and intricate TM-O hybrid effect in XAS.24-25  

In this work, we have investigated the cationic and anionic redox mechanism of Na3RuO4 over 

extended electrochemical cycles by using bulk-sensitive XAS and full-range mapping of resonant 

inelastic X-ray scattering (mRIXS) techniques. The combination of XAS and mRIXS offers 

quantitative analysis and unprecedented insights into intrinsic oxygen redox mechanism for Na-rich 

electrode materials. Here, we provide robust evidence that both Ru and O are involved in the redox 

process. While the Ru redox is highly reversible during the cycling process, the lattice oxygen redox 

cyclability continues decreasing with the capacity retention of only 36% after 30 cycles, which 

should be responsible for the gradual capacity fading of Na3RuO4 electrode. We believe that these 

findings should have important implications for the further design and optimization of Na-rich 

electrodes with anionic redox for SIBs.  

2. Results and discussion 

Na3RuO4 was prepared by a conventional solid-state reaction and characterized by powder X-ray 



diffraction (XRD) (Figure 1a). The XRD patterns are very similar to those reported in the literature, 

suggesting the successful synthesis of high-purity Na3RuO4.22-23 As summarized previously, 

Na3RuO4 adopts a Na-rich layered structure where the stacking of alternating Na+ and 

(Na1/2Ru1/2)O2
- layers along the c-axis, and the isolated tetramers of edge-sharing RuO6 octahedra 

was separated by sodium atoms in the (Na1/2Ru1/2)O2
- layer.22-23 The SEM images of Na3RuO4 

(Figure 1b and c) show nonuniform nanometer-sized particles induced by the solid-state reaction 

process. In addition, the corresponding energy dispersive spectra (EDS) results clearly demonstrate 

that Ru, Na and O atoms are uniformly distributed throughout the sample (Figure 1d−g). Overall, 

the above results indicate that Na3RuO4 with well-defined crystal structure has been successfully 

synthesized.  

 

Figure 1. Structure characterization of as-prepared Na3RuO4 nanoparticles. (a) XRD pattern. (b-c) 

SEM images. (d–e) EDS of Na3RuO4, showing the homogeneous distribution of Ru, Na, and O 

elements. 

The electrochemical performance of Na3RuO4 electrode was then evaluated through galvanostatic 

charge/discharge process between 1.5 and 4.0 V using 1M NaClO4 in EC/PC (1/1 wt) as the 

electrolyte, as shown in Figure S1. An initial capacity of 115 mAh/g was delivered upon charging, 

which corresponds to ~0.97 Na per formula unit. Despite suffering from a large irreversible capacity, 



partial Na ions can still be re-intercalated back to the host with a discharge capacity of 92 mAh/g. 

The irreversible capacity could be related to the inevitable electrolyte decomposition and/or 

irreversible oxygen release, as will be discussed in detail later.  

To grasp deeper insight into the charge compensation mechanism of Na3RuO4 upon Na ions 

extraction and insertion, we conducted XAS measurements using bulk-sensitive total fluorescence 

yield (TFY) mode on Na3RuO4 electrodes cycled to different states of charge (SOC) (Figure 2c). 

We first recorded Ru L-edge XAS to clarify the oxidation state evolution of Ru as a function of 

SOC. The advantage of Ru L-edge XAS is that it can directly detect the unoccupied 4d states 

through dipole-allowed 2p-4d transitions, which are the key evolving electronic states for Ru-based 

electrode materials.11, 26 Figure 2a shows the corresponding XAS results of Na3RuO4 at different 

SOC of the first cycle. For the spectrum of pristine Na3RuO4 (𝑡2𝑔
3 𝑒𝑔

0), it contains two deconvoluted 

peaks located at 2839.1 and 2841.5 eV, corresponding to 2p→ 𝑡2𝑔  and 2p→ 𝑒𝑔  transitions, 

respectively.27-28 The peak position matches well with that of Ru5+ in an ordered double perovskite 

SrY1/2Ru1/2O3,29 confirming that ruthenium mainly has a +5 oxidation state in pristine Na3RuO4. 

Interestingly, the absorption peak shifts gradually toward higher energy upon the whole charge 

process, which indicates the continuous increase of the oxidation state of Ru. Although it is 

technically difficult to identify the exact final oxidation state of Ru, we believe that Ru cannot be 

oxidized to +6 as deduced from previous reported energy/oxidation state calibration.27 On the other 

hand, the initial charge capacity is 115.7 mAh/g, which is lower than the theoretical value of 118.8 

mAh/g (assuming 1.0-electron reaction). Therefore, it is rational to assume that the Ru oxidation 

state should be between +5 and +6. During the subsequent discharge process, the absorption peak 

gradually shifts back to the initial position, indicating the reversible redox reaction of Ru during the 



initial cycle. It should be noted that the different capacity reported here compared with that of 

previous studies may be related to the cation ordering of Na-rich materials, as revealed for ordered 

Na2RuO3 and honeycomb-ordered Na2RuO3.27 Nonetheless, this should not influence the 

electrochemical activity of Ru.  

 

Figure 2. XAS of Na3RuO4 electrodes cycled in the voltage range of 1.5-4.0 V. (a) Ru L3-edge XAS 

at different SOC of the initial cycle. (b) O K-edge XAS at different SOC of the initial cycle. (c) 

Charge/discharge voltage profiles of the initial cycle. The points measured by XAS and mRIXS are 

marked with arrows. (d) Ru L3-edge XAS after different cycles. (e) O K-edge XAS after different 

cycles. (f) Enlarged view of the pre-edge area of O K-edge XAS shown in Figure (e). 

To further investigate whether Ru cations remain active over extended cycles, we next measured 

Ru L-edge XAS of Na3RuO4 upon extended cycles, as shown in Figure 2d. It is clear that the main 

absorption feature shifts toward higher energy and shift back to lower energy as Na ions are 



extracted and inserted, respectively, indicating that Ru cations are oxidized upon charge and reduced 

upon discharge. Accompanied with the fact that the energy shifts are similar for different 

electrochemical cycles, these results strongly indicate the high reversibility of Ru redox reaction 

upon extended cycling.  

This scenario is also verified by the corresponding O K-edge XAS spectra. As discussed in 

previous reports, the spectral shape change of O K-edge XAS does not represent oxygen redox but 

provides indirect evidence for transition metal (TM) redox.24, 30 Figure 2b shows the O K-edge XAS 

spectra of Na3RuO4 electrodes cycled to different SOC. For the spectrum of pristine Na3RuO4, the 

pre-edge features around 529.5 eV and 531.5 eV correspond to the unoccupied O 2p-Ru 𝑡2𝑔 and 

O 2p-Ru 𝑒𝑔  states, respectively, while the broad peak at 534.5 eV is related to the O 2p-Ru 5sp 

hybridization state.27, 31-34 The evolution of pre-edge region in O K-edge XAS spectra reflects the 

oxidation state change of Ru. With the charge of Na3RuO4 electrode, electrons are extracted from 

the system through the desodiation process, resulting in the enhancement of the pre-edge region and 

thus the oxidation state of Ru. This observation is consistent with the evolution of Ru L-edge XAS. 

Of note, a significant feature located at 534 eV, which corresponds to the π* feature of carbonate 

(𝐶𝑂3
2−), is formed during the cycling process. The formation of carbonate species could originate 

from the degradation of electrolyte at the electrode-electrolyte interface, which has also been 

frequently observed for other electrode materials for SIBs.27, 35-37 Interestingly, the spectral shape of 

Na3RuO4 electrode charged to 4.5 V is quite different from that of the remaining spectra, which may 

be related to the oxygen release from the electrode after charging to high voltage,34, 37 especially for 

the initial cycle. The high reversibility of Ru redox over prolonged cycles is also verified by O K-

edge XAS of Na3RuO4 after different cycles, as shown in Figure 2e and f, which clearly 



demonstrates the enhancement and suppression of pre-edge feature during the charge and discharge 

processes, respectively. Therefore, the capacity fading of Na3RuO4 should be not related to cation 

redox but most likely related to anion redox, as will be discussed in detail in the following section. 

 

Figure 3. O-K mRIXS and sPFY of Na3RuO4 electrodes of the first cycle. (a-c) The mRIXS images 

at different SOCs during the charge process. The red arrows represent the key oxygen redox 

characteristics at electrochemical processes. (d) sPFY spectra extracted from mRIXS by integrating 

the signals around the characteristic 523.7 eV emission energy range, as marked by the red dashed 

box. (e-f) The mRIXS images of Na3RuO4 electrodes at different SOCs during the discharge process. 

As an effective probe of the intrinsic lattice oxygen activity, mRIXS has been applied to 

investigate the oxygen redox reaction of electrode materials for both SIBs and LIBs.25, 38-39 The 

advantage of mRIXS compared with XAS is that it can provide new dimensional information on 

emission energy.40-41 For instance, the specific RIXS feature emerged at 523.7 eV emission and 

531.0 eV excitation energies for charged electrode materials distinguishes the oxidized oxygen that 

is involved in the oxygen redox reaction from that of TM-O hybridization feature located at 525 eV 

emission energy.24, 38-39 Hence, mRIXS can decipher the diverse oxygen states concealed in the pre-

edge region of O-K XAS. 



Figure 3 shows the O K-edge mRIXS of Na3RuO4 electrodes obtained throughout the first cycle 

along with the super-partial fluorescence yield (sPFY) in Figure 3d. The mRIXS results are plotted 

against the excitation energy (x axis) and emission energy (y axis). For the pristine Na3RuO4 

electrode, the weak but discernable emission features with the excitation energies of 528-532 eV 

correspond to the Ru 4d-O 2p hybridization states, while the broad emission features above 535 eV 

excitation energies are related to the Ru 5sp-O 2p hybridization states. Interestingly, for Na3RuO4 

charged to 3.7 V, a striking RIXS feature at excitation and emission energies of 531.0 eV and 523.7 

eV (marked by red arrow in Figure 3b) appears, and during the following discharge this feature 

gradually gets weakened and almost disappears after discharge to 1.5 V. This observation clearly 

implies the involvement of reversible lattice oxygen redox reaction for Na3RuO4.25 This conclusion 

is further verified by sPFY spectra at different SOC of Na3RuO4 (Figure 3d). The advantage of sPFY 

is that it displays the distinct lattice oxygen redox feature, in contrast to the conventional XAS 

dominated by TM-O hybridization states and other oxygen-related species (e.g., 𝐶𝑂3
2− shown in 

Figure 2b and e). The sPFY spectra apparently demonstrate the increase and decrease of the 

characteristic oxidized oxygen feature at ~531 eV during the charge and discharge processes, 

respectively, highlighting the involvement and reversibility of the lattice oxygen redox reaction. 

Interestingly, this fingerprint feature shows a noticeable decrease when charging from 3.7 V to 4.0 

V. This abnormal behavior may be related to the O2 release at high charge voltage, which has been 

frequently observed for electrode materials of LIBs and SIBs.34, 37-38 The release of O2 is possibly 

accompanied by the migration of metal cations and creation of structural disorder,18, 42 leading to 

the decrease of oxidized oxygen feature and change of total spectral shape.      

The presence of reversible lattice oxygen redox for Na3RuO4 is likely to be correlated to the 



following factors: (1) the optimal Na/Ru ratio in Na3RuO4. Recent studies disclosed that the local 

atomic coordination around oxygen atoms in layered oxides could be affected via increasing the Na 

(Li) content, which can improve the lattice oxygen redox upon electrochemical cycling.21, 43-45 

Therefore, it is reasonable to assume that the high Na/Ru ratio in Na-rich layered oxide Na3RuO4 

could facilitate the oxygen redox process. (2) The highly covalent nature of Ru 4d-O 2p 

hybridization orbitals. Compared to previously reported oxygen redox in 3d-based Na/Li-rich 

layered oxides, oxygen redox appears to be boosted in the 4d/5d-based Na/Li-rich layered oxide.21, 

46-48 In contrast to the relatively weak TM 3d-O 2p covalent bond, the strong TM 4d/5d-O 2p 

covalent bond is beneficial for the reversible oxygen redox process, which can effectively suppress 

the oxygen gas release.26 Consequently, the highly-covalent Ru-O bond should also be responsible 

for the reversible oxygen redox reaction of Na3RuO4.  

 

Figure 4. O-K mRIXS of Na3RuO4 over extended cycles. (a) 2nd charge. (b) 10th charge. (c) 30th 

charge. (d) 2nd discharge. (e) 10th discharge. (f) 30th discharge. 

To further quantify the cyclability of oxygen redox, which is still rarely assessed for Na-rich 

electrode materials, we measured O K-edge mRIXS of Na3RuO4 upon extended electrochemical 

cycles by use of the characteristic oxygen redox feature in mRIXS and the quantitative analysis of 

oxygen redox peak in sPFY. As shown in Figure 4, the oxygen redox feature shows a decent 



cyclability over 30 cycles, with an emergence at charged state (red arrows in top row) and 

disappearance at discharged state (bottom row). The quantification of oxygen redox cyclability is 

realized from sPFY results by integrating the same energy window shown in Figure 3d. The intensity 

of the 531 eV peak varies significantly under different electrochemical conditions, as shown in 

Figure 5a. We quantify the amounts of oxygen redox at different cycles by the intensity difference 

of the sPFY 531-eV peak area between fully charged and discharged states for the 2nd, 10th and 

30th cycles (denoted as ai, i represents the cycle number), and the cyclability is calculated by ai/a1, 

as shown in Figure 5b.25 The data show that the oxygen redox cyclability is 76.3%, 72.9%, and 

36.1%, for the 2nd, 10th, and 30th cycles, respectively. These results explicitly suggest that the 

oxygen redox cyclability decreases gradually with the increase of cycle number, which should be 

the main reason for the continuous capacity fading of Na3RuO4 electrodes. 

 

Figure 5. (a) O-K sPFY of Na3RuO4 over extended cycles, as derived from Figure 4 by integrating 

the mRIXS area around 523.7 eV emission energy. (b) Quantification of the oxygen redox 

cyclability derived from Figure 5a.  

There are several possibilities for the decrease of oxygen redox cyclability over cycling. It has 

been found that there exists a continuous lattice distortion in Na-excess layered materials during the 

sodiation-desodiation processes, which can lead to the irreversible phase transition, the emergence 

of primary grain cracks, and therefore the less oxygen redox cyclability and capacity fading.49-50 In 



addition, the formation and accumulation of electrolyte decomposition compounds (e.g., carbonate  

species) at the electrode surface possibly makes the oxygen redox reaction kinetically sluggish, 

which can further affect the cyclability of the oxygen redox.13  

3. Conclusions 

In summary, we have thoroughly investigated the charge compensation mechanism of Na3RuO4 

qualitatively and quantitatively by a combination of XAS and mRIXS. We reveal that Ru cations 

also participate in the charge compensation mechanism of Na3RuO4 with a high reversibility over 

prolonged cycles, clarifying the previous debate about the electrochemical activity of Ru in 

Na3RuO4. In addition, we directly prove that the oxygen redox process remains over extended 

cycling by the virtue of mRIXS. The highly-covalent Ru-O bond and the optimal Na/Ru ratio in 

Na3RuO4 are likely to be responsible for the observed reversible lattice oxygen redox behavior. More 

importantly, we provide a solid evidence that the lattice oxygen redox cyclability continues 

decreasing with the retention of only 36% after 30 cycles, which is the main reason for the capacity 

fading of Na3RuO4. We believe this study is of great significance for deeper understanding and 

assessing the cation and anion redox of prototype Na-rich layered oxide Na3RuO4, which should be 

beneficial for the further development of high-performance Na-rich electrodes for SIBs.  
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