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Abstract 
[bookmark: _Hlk128083553][bookmark: OLE_LINK10]For transition metal oxide materials, high Ni content is an effective method to obtain a high specific capacity. However, the theoretical capacity is determined due to the certain amount of variable charges of transition metal ions. The increased capacity in specific voltage window may attribute to the easier transport of alkali ions, instead of more active elements.  Borrowing the theory of Ni-rich materials in LIB, excess Ni elements were added into P2-type layered oxide material to form the Jahn-Teller active Ni3+ ions. About 25%-61% Ni3+ ions can effectively promote de-/intercalation of Na+ ions due to the decreased diffusion energy barrier and increased adsorption energy of Na+. The preferred “Ni-rich” material Na0.67Mn0.45Ni0.22Co0.33O2 (Ni-R1) shows a reversible specific capacity of 114 mA h g-1 in the voltage range of 2.0-4.25 V. In addition, it shows an excellent cycle stability, the capacity retention ration is 80% after 1000 cycles at a current density of 1 A g-1. The in-depth study proves that, Jahn-Teller active Ni3+ ions can effectively regulate the valence electron distribution of surrounding ions in synthesis stage. However, it will promote Jahn-Teller distortion when the Ni3+ content is increased to 74%, which makes the rate performance deteriorate dramatically. The present work provides a simple and efficient way to increase the capacity in suitable voltage range for application.
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Introduction
As the developments of wind and solar power, how to import the power into the electricity grid continuously and stably becomes a key problem which desperately needs to be solved. Large scale energy storage system can store the electrical energy, and then import it into the electricity grid on demand[1-3]. From a performance point of view, among all the energy storage systems, lithium-ion battery (LIB) is one of the best choices due to high energy density, low self-discharge, and no memory effect[4,5]. However, the scarcity of lithium resource makes it hard to apply on a large scale. As the supplement of LIB, sodium-ion battery (SIB) is well suited for large scale energy storage due to abundant resources and similar mechanism to LIB[6-8].
For energy storage system, the energy density is the most important performance indicator, so researchers are working hard to improve the capacity of electrode (hard carbon is usually used as anode material, and cathode materials include oxide materials, phosphate materials, organic materials, and so on)[9-13]. Among them, P2-type layered oxide material with stable crystal structure is one of the most promising cathode materials for SIB. P-type means that Na+ ions are in the sites of triangular prism, and these triangular prisms are connected face to face, which provides fast transport channels for Na+ ions[14-16]. However, when P2-type layered oxide material is charged into high voltage, phase transition with large volume change and irreversible side reaction both deteriorate the electrochemical performance[17-23]. On the other hand, the capacity in the low voltage requires extra Na ions to be embedded[24-26]. 
[bookmark: _Hlk135491409][bookmark: _Hlk135491650][bookmark: OLE_LINK5]When the instable high voltage capacity and unpractical low voltage capacity are eliminated, the remaining capacity is too low[27-29]. For LIB, Ni-rich material is an effective way to increase the capacity in specific voltage range[30-32]. However, the increase of Ni element will not increase the amount of charge which can be transferred due to the fixed quantity alkali metal ions. The increased capacity in Ni-rich materials is caused by the more reactive redox reaction, which is brought by the existence of Ni3+ ions. In this study, the cathodes with Ni3+ ion are called as “Ni-rich” materials. Excess Ni elements were added into the “Ni-rich” materials, and part of Ni2+ ions will be oxidized into +3 state, which benefits Na+ adsorption as well as accelerating Na+ diffusion kinetics by regulating the distribution of valence electrons. The optimum material Na0.67Mn0.45Ni0.22Co0.33O2 (Ni-R1) shows a reversible specific capacity of 114 mA h g-1 in the voltage range of 2.0-4.25 V. When the current density is increased to 1 A g-1, the specific capacity is still 100 mA h g-1, and the capacity retention ration is 80% after 1000 cycles. Significantly, too many Ni3+ ions (about 74% of Ni element) will deteriorate the rate performance due to Jahn-Teller distortion. The formation of Ni3+ ions may serve as an effective strategy to promote the application of P2-type layered oxide cathode for SIB. 
Results and discussion
[bookmark: OLE_LINK7][bookmark: _Hlk110888047]Characterization of “Ni-rich” cathode materials
Our previous study indicated that even distribution of Na+ ions can effectively suppress large volume change during the processes of charging and discharging. In addition, based on the balance of valence state, trivalent metal ion is more beneficial than divalent metal ion for even distribution of Na+ ions[33]. As shown in Fig. 1a, there should be two Na+ ions around one Ni2+ ion to balance valence state, which makes Na+ ions aggregate. Referring to Ni-rich layered oxide cathode materials for lithium-ion battery, Ni ions are used to replace Mn ions to improve capacity. In addition, when one Mn ion is replaced by one Ni ion, there must be two Ni ions show +3 state. Therefore, increase of Ni content makes the distribution of Na+ ions more even, which makes cathode material have better structural stability during charging and discharging. Moreover, trivalent Ni ions can make energy barrier for the transport of Na+ ions along Mn ions lower, which can expand the transport channels of Na+ ions and increase capacity. 
[bookmark: OLE_LINK4]Based on this theory, a series of “Ni-rich” materials (there are trivalent Ni ions in these materials) were synthesized, the chemical formulas are Na0.67Mn0.50Ni0.17Co0.33O2 (Ni-R0), Na0.67Mn0.45Ni0.22Co0.33O2 (Ni-R1), Na0.67Mn0.40Ni0.27Co0.33O2 (Ni-R2), and Na0.67Mn0.35Ni0.32Co0.33O2 (Ni-R3) respectively. The results of X-ray diffraction (XRD) are shown in Fig. 1b, in which Ni-R0, Ni-R1, and Ni-R2 all show a pure P2-type phase, while Ni-R3 shows a mixture of P2 phase and NiO. These XRD data were Rietveld refined by GSAS package incorporated with the EXPGUI interface[34] (Fig. S1), and the lattice parameters are summarized in Fig. 1c (Ni-R3 material has 23% NiO). The lattice parameters of “Ni-rich” materials are similar, it is because that, Ni3+ substitution makes lattice bigger, but the change from Ni2+ to Ni3+ makes lattice smaller (the radii of Ni2+, Ni3+, and Mn4+ are 0.69 Å, 0.6 Å, and 0.53 Å respectively). Fig. S2 shows scanning electron microscopy (SEM) images of “Ni-rich” materials, the sizes of all samples are below 5 μm, and most of particles are around 2 μm. Fig. S3 displays that, all these samples have no obvious concentration of elements including Ni-R3, which represents that NiO impurity is precipitated during cooling process. Accurate component information is obtained by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) test, as shown in Table S1, the components of materials are close to the designed values.
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[bookmark: _Hlk135417883][bookmark: _Hlk135490059]FIGURE 1. Structure and valence states of obtained samples. (a) Schematic illustration of effects of Ni3+ ions. (b) XRD patterns, and (c) refined lattice parameters of as-synthesized “Ni-rich” cathodes. XPS analysis of Ni 2p peaks of (d) Ni-R1, (e) Ni-R2, and (f) Ni-R3.

[bookmark: _Hlk135491813]Because of the higher content of Ni element, there must be Ni3+ ions to maintain balance of valence. According to the chemical formula, all Ni ions in Ni-R0 show +2 state, while there are 45% Ni3+ ions (it is 45% of total Ni ions) in Ni-R1, 74% Ni3+ ions in Ni-R2, and 94% Ni3+ ions in Ni-R3. In order to verify these, X-ray photoelectron spectroscopy (XPS) was used to characterize the valence states of samples. Fig. S4a,b show that, the Mn and Co ions in these three samples show +4 and +3 states respectively. As shown in Fig. 1d,e, there are 39% Ni3+ ions in Ni-R1, and 71% Ni3+ ions in Ni-R2. Obviously, these ratios are both slightly lower than theoretical values, which may be because that the oxidability during calcination is insufficient. In addition, there are only 16% Ni3+ ions in Ni-R3, which is because that there are many NiO impurities in it. In conclusion, “Ni-rich” layered oxide cathode materials with different contents of Ni3+ ions (Ni-R0, Ni-R1, and Ni-R2) were successfully synthesized. 
Electrochemical performance of “Ni-rich” cathode materials
Electrochemical performance of “Ni-rich” samples are examined in Na half cells at 30 oC. As shown in Fig. 2a, as the content of Ni increase from 0.17 to 0.32 (from Ni-R0 to Ni-R3), the capacity below 2.0 V (it is usually provided by Mn element) decreases gradually. In addition, all “Ni-rich” samples show multiple platforms in the voltage range of 4.0-4.5 V. In the case of Ni-R1, charge-discharge curves in different voltage windows are shown in Fig. 2b,c. The platform in 4.3-4.5 V causes an obvious voltage hysteresis, moreover, the phenomenon of voltage hysteresis is alleviated in the 2nd cycle. Especially when the upper voltage limit is below 4.3 V, there is almost no voltage hysteresis. In order to maintain high energy efficiency and eliminate difficult-to-use capacity in low voltage range at the same time, the voltage window for test is determined as 2.0-4.25 V. As shown in Fig. 2d, the increase of Ni content improves capacity except Ni-R3 with 23% NiO. Ni-R0 sample shows an initial charging capacity of 80 mA h g-1, and this value of Ni-R1 is raised to around 100 mA h g-1, which means lower barriers and more reacted TM ions. However, the trend of increasing capacity does not extend to Ni-R2, it shows an initial charging capacity of 103 mA h g-1, which is close to that of Ni-R1. On the other hand, the initial discharging capacities of samples are 88, 114, and 124 mA h g-1 respectively, which keep the trend of continuous increase in capacity due to the extra Ni3+/Ni2+ reaction. Fig. 2e shows the cycling performance of “Ni-rich” samples within 2.0-4.25 V at a current density of 50 mA g-1. Among these samples, Ni-R0 sample shows the best cycling stability with the lowest specific capacity. And Ni-R1 shows the best overall performance, the initial discharging capacity is 114 mA h g-1, and the capacity retention ratio is about 92% after 100 cycles. The corresponding charge-discharge curves are shown in Fig. S5, and these is only slight change in curves of Ni-R1 for 20 cycles. As for Ni-R2 and Ni-R3, both of them show obvious capacity fading. In summary, Ni3+ ions can increase specific capacity, and detailed mechanisms will be discussed below.
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FIGURE 2. Electrochemical performance. (a) The 1st charge-discharge curves of as-synthesized “Ni-rich” samples in 1.5-4.5 V. (b) The 1st, and (c) the 2nd charge-discharge curves of Ni-R1 in different voltage windows. (d) The 1st charge-discharge curves of as-synthesized Ni-rich samples in 2.0-4.25 V. (e) Cycle performance, (f) rate performance, and (g) long cycle performance of as-synthesized Ni-rich samples in 2.0-4.25 V. (h) Long cycle performance of Ni-R1 at 0 oC. (i) Cycle performance of Ni-R1 with different mass loadings. (j) Cycle performance, (k) rate performance, and (l) long cycle performance of Ni-R1║hard carbon full cell.

[bookmark: _Hlk135493134]  To further evaluate the rate performance, “Ni-rich” samples were tested at different current densities ranging from 50 to 5000 mA g-1 (Fig. 2f). The specific discharge capacities of Ni-R1 are 115, 113, 108, 100, 93, 87, and 68 mA h g-1 at the current densities of 50, 100, 200, 500, 1000, 2000, and 5000 mA g-1 (the capacity retention ratio is 86% at 1A g-1, 80% at 2 A g-1, and 57% at 5 A g-1). However, when the content of Ni increase (Ni-R2), rate performance deteriorates dramatically. In addition, Ni-R1 also displays the best long cycling performance (Fig. 2g). After five cycles at 50 mA g-1, samples were tested within 2.0-4.25 V at a current density of 1 A g-1. Ni-R1 shows an initial discharging capacity of 100 mA h g-1 at 1 A g-1, and the capacity retention ratio is about 80% after 1000 cycles (62% after 2000 cycles). As shown in Table S2, compared to other types of cathode materials (O3-type, P2/O3-type, Prussian blue type, and so on), the performance of Ni-R1 is at the leading level for cathode materials of sodium ion batteries on the premise that the long cycle is stable. In addition, when the test temperature is reduced to 0 oC, Ni-R1 can still hold a specific capacity of 88 mA h g-1 at 1 A g-1, and the capacity retention ratio is about 75% after 1500 cycles (Fig. 2h). On the other hand, Ni-R1 can still display excellent electrochemical performance even when the loading mass of active materials is increased to 4.21 mg cm-2 (the ratio of active materials, conductive agent, and polymer binder is 70:20:10) and 12.33 mg cm-2 (the ratio of active materials, conductive agent, and polymer binder is 90:5:5) (Fig. 2i). 
[bookmark: OLE_LINK2][bookmark: OLE_LINK9]  In order to preliminarily demonstrate the practicability of Ni-R1 cathode material, full cell performances were tested in the system of Ni-R1║hard carbon. As shown in Fig. S6a, the hard carbon for full cell tests shows a high initial discharging capacity of about 450 mA h g-1, but the charging capacity is only about 240 mA h g-1. In order to assemble full cell, all the hard carbon electrodes were cycled for five cycles in half cell, then these cycled electrodes were paired with Ni-R1 electrodes. As shown in Fig. 2j, the full cell of Ni-R1║hard carbon displays a reversible specific capacity of 100 mA h g-1 at a current density of 50 mA h g-1, and it can keep stable in 100 cycles. Fig. S6b shows the corresponding charge-discharge curves, compared to those of half-cell, there are slight voltage drop in full cell. As shown in Fig. 2k, the rate performance of full cell is slight lower than that of half-cell, which may be because that hard carbon materials usually have bad rate performance. Surprisingly, Ni-R1║hard carbon full cell also shows an excellent long cycling performance, even after 2000 cycles, there is still 66% of initial capacity at a large current density of 1 A g-1 (Fig. 2l).
[bookmark: OLE_LINK8]Electrochemical characterization of Ni-R1
[bookmark: _Hlk110116799]To investigate the valence variation of transition metals and oxygen in Ni-R1 during charging and discharging. X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge structure (XANES) were measured through ex-situ and in-situ methods. As shown Fig. 3a,b, there is no obvious change in the peaks of Mn 2p and O 1s XPS spectra at different charged and discharged states, which suggests that Mn and O elements don’t provide capacity during the processes of charging and discharging. In-situ Ni and Co K-edge XANES spectra are displayed in Fig. 3c-h. Fig. 3c shows that the initial valence state of Ni element is +2.4, which corresponds to 40% Ni3+. During the process of 1st charging, the valence state of Ni element raises to +3.5, which provides a specific capacity of about 61.4 mA h g-1. As for Fig. 3d and Fig. 3e, the valence state of Ni changes from +3.5 to +2.3 in the 5th discharging, and then from +2.3 to +3.4 in the 10th charging. It suggests that, Ni element provides extra capacity in the process of discharging (the lowest valence is +2.3), and there is a slight fading in this part of capacity after multiple cycles (the highest valence is reduced from +3.5 to +3.4). Meanwhile, the same test method was used in Co elements, and the results are shown in Fig. 3f-h. The valence state of Co changes between +3.0 and +3.6 during charging and discharging, which provides a specific capacity of about 50.2 mA h g-1. Therefore, Ni and Co elements provide a total specific capacity of about 111.6 mA h g-1, which is close to the specific discharging capacity of 114 mA h g-1. In summary, in the voltage window of 2.0-4.25 V, only Ni and Co elements provide capacity during charging and discharging.
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FIGURE 3. Change of valence states of Ni-R1 during cycling. XPS analysis of (a) Mn 2p peaks, and (b) O1s peaks of Ni-R1 at different charged and discharged states. In-situ Ni K-edge XANES spectra of Ni-R1 during (c) the 1st cycle, (d) the 5th cycle, and (e) the 10th cycle. In-situ Co K-edge XANES spectra of Ni-R1 during (f) the 1st cycle, (g) the 5th cycle, and (h) the 10th cycle.

Stability characterization of Ni-R1 electrodes
Usually, stable cycling performance means stable phase structure, so in-situ XRD was performed to reveal the structural evolution of Ni-R1 during charging and discharging. As shown in Fig. 4a, there is no new peak which represents for new phase can be observed in whole the processes of charging and discharging. In addition, all the peaks of Ni-R1 display a reversible evolution, which indicates that the structural evolution is a reversible process. Specifically, due to the de-intercalation of Na+ ions, the repulsive force between two O layers becomes larger, which makes the interlayer spacing along c axis larger, and (002) and (004) peaks move to lower degree during charging process. In addition, when Ni-R1 is charged into high voltage range, enhanced repulsive and reduced support force counteract each other’s efforts, (002) and (004) peaks remain unchanged. The lattice parameters were extracted from in-situ XRD patterns, and the results are summarized in Fig. 4b. During whole the process of cycling in 2.0-4.25 V, the change of a-/b-axis is about 1.9%, while that of c-axis is about 3.2%. As a result, the volume change is about 0.6% (Fig. 4c), which is a very small value to get an excellent long cycling performance. As a comparison, the structural evolution of Ni-R2 was also discussed. As shown in Fig. S7, Ni-R2 also shows a pure P2 phase during charging and discharging, and the movement rules of XRD peaks of Ni-R2 are the same as that of Ni-R1. In addition, the volume change of Ni-R2 is about 0.7% (the change of a-/b-axis is about 2.1%, while that of c-axis is about 3.7%). 
  In our previous study[33], when Ni-R0 is charged to above 4 V, there will be a new phase called M-P2 phase, which stand for some aggregation of vacancies in lattice. However, as shown in Fig. S8, Ni-R1 shows a pure P2 phase even when it is charged into 4.25 V, which means that Ni-R1 shows a higher structural stability than the matrix material of Ni-R0. In conclusion, Ni3+ ions are beneficial to material cycle stability by making the distribution of Na+ ions more even. However, Ni-R2 with more Ni3+ ions shows a worse long cycling performance than Ni-R1, although its volume change is small enough. As shown in Fig. S9a,b, Ni-R1 always shows a pure P2 phase after not only 500 cycles, but also 1000 cycles. As for Ni-R2, there is also no new phase can be observed after 500 cycles, but after 1000 cycles, two weak peaks of M-P2 phase located at 12.5o and 25.2o are observed (Fig. S8c,d). The detailed evidences are shown in Fig. S9, Supporting Information, after 500 cycles, the surface of Ni-R1 particle is smooth (Fig. S10a), but there are many ditches on the surface after 1000 cycles (Fig. S10b), which may be because that transition metal ions on the surface dissolved in electrolyte. As for Ni-R2, there are some cracks in the particles after 500 cycles (Fig. S10c), and these cracks becomes deeper after 1000 cycles (Fig. S10d). Combined SEM images with XRD patterns, it seems that too many Ni3+ ions will cause slight changes during charging and discharging, and after a long cycle of accumulation, the structural stability of Ni-R2 is destroyed.
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[bookmark: _Hlk109762447]FIGURE 4. In-situ XRD characterizations of Ni-R1. (a) Contour plots of Ni-R1. (b) Lattice evolutions of Ni-R1 refined from in-situ XRD patterns. (c) Volume change of Ni-R1 calculated from lattice parameters.

[bookmark: OLE_LINK1][bookmark: OLE_LINK3]  In applications, air stability is also a key performance indicator for the storage and transportation of cathode materials. In order to measure air stability of samples, Ni-R1 and Ni-R2 powders were exposed to the air for 90 days (the average relative humidity is about 68%). Fig. S11a,d show the structural changes after storing in the air for 90 days, both of Ni-R1 and Ni-R2 displays that the main phase is P2 phase, and there is no hydrate phase, which means that H2O will not intercalate into layers of samples. In addition, for Ni-R1, the relative intensity of XRD peaks becomes lower, while that of Ni-R2 also becomes lower with the appearance of impurities. As shown in Fig. S12a,b, after storing in air for 90 days, some particles of Ni-R1 are pulverized into a lot of pellets with the size of about 10 nm. While in Ni-R2, more pulverized particles can be observed on the same scale (Fig. S12c,d), it indicates that Ni-R1 is more stable in the air. Fig. S13 shows the elements mapping images of Ni-R1 and Ni-R2 after storing in air for 90 days, both of their pulverized particles show an aggregation of Na element with few transition metal elements. In summary, when cathode materials were exposed to the air, transition metal elements will react with air and cause partial loss. Because of loss of transition metal elements, the capacity provided by transition metal elements is significantly reduced. Fig. S14a shows that Ni-R1 reduces a discharging capacity of 11 mA h g-1, while Fig. S14b shows that Ni-R2 reduces a discharging capacity of 30 mA h g-1. Fig. S15a,b display loopy charge-discharge curves of Ni-R1 and Ni-R2, the capacity fading of them is mainly concentrated in high voltage range. These results illustrate that, the surfaces of cathode materials become more sensitive to the air, and transition metal dissolution is more likely to occur. As shown in Fig. S15c, although the capacity is reduced, Ni-R1 and Ni-R2 can still maintain a stable cycling performance.
Theoretical investigation of capacity increase mechanism in “Ni-rich” cathode materials
To better explain the effects of Ni3+ ions, two cathode materials with median components (Na0.67Mn0.475Ni0.195Co0.33O2 (Ni-R0.5), and Na0.67Mn0.425Ni0.245Co0.33O2 (Ni-R1.5)) were synthesized. As shown in Fig. S16, both Ni-R0.5 and Ni-R1.5 show a pure P2 phase, and their lattice parameters are at the same level as other cathode materials. In addition, Fig. S17 shows the SEM images of Ni-R0.5 and Ni-R1.5, the particle sizes of them are also below 5 μm. In order to facilitate comparison, these two median components are added to the series of “Ni-rich” materials. Fig. S18a displays the cycle performances of “Ni-rich” materials (from Ni-R0 to Ni-R3), as the increase of Ni content, specific capacity keeps rising. Fig. S18b summarizes discharge specific capacities of “Ni-rich” materials, just a small number of Ni3+ ions can cause a large capacity increase (the capacity increase from Ni-R0 to Ni-R0.5 is about 18 mA h g-1). However, as the number of Ni3+ ions continue to increase, the capacity increase trend is slowing down (the capacity increase is 10 mA h g-1 from Ni-R0.5 to Ni-R1, 3 mA h g-1 from Ni-R1 to Ni-R1.5, and 4 mA h g-1 from Ni-R1.5 to Ni-R2). 
  To further explain the mechanism of capacity increase by Ni3+ ions, cathode materials of other systems (Mn-Ni samples, Mn-Ni-Cu samples, and Mn-Ni-Fe samples) were synthesized by the same method. In terms of materials design, the Ni ions in base materials of all systems show +2 state, and all the “Ni-rich” materials were synthesized by replacing 5% Mn with Ni. As shown in Fig. S19a-c, the main phase of each system material is P2-type phase (Mn-Ni-Cu samples and Mn-Ni-Fe samples have a small amount of impurity phase). As shown in Fig. 5a-c, when there are some Ni3+ ions in materials, some new platforms appear in the voltage range of 2.0-3.0 V. In addition, to distinguish new platform and the platforms provided by Mn elements (usually appear in low voltage range), all the samples were tested in the voltage range of 1.5-4.5 V. Fig. S19d-f show charge-discharge curves of all these samples, it can be sure that, these platforms in 2.0-3.0 V caused by Ni3+ ions are new. Moreover, new platforms mean that, some Na+ ions in different crystal structures are activated to migrate and provide capacity.
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[bookmark: OLE_LINK6][bookmark: _Hlk135416638][bookmark: _Hlk135417724]FIGURE 5. Mechanism of capacity increase. The 1st and 2nd charge-discharge curves of (a) Mn-Ni samples, (b) Mn-Ni-Cu samples, and (c) Mn-Ni-Fe samples. (d) Valence electron distributions of Ni elements in Mn-Ni samples (the smaller the value, the larger the oxidation is). (e) Adsorption energies, and (f) diffusion energy barrier of Na+ ions in Mn-Ni samples.

[bookmark: _Hlk135492183][bookmark: _Hlk135493800][bookmark: _Hlk135493867][bookmark: _Hlk121420228]Density functional theory (DFT) were carried out to give further insight into Ni3+ formation. The results of XANES show that the capacity is provided by Co and Ni elements, and the electrochemical performances of different systems show that the change of capacity is about Ni element. To make the DFT simple and reliable, the Mn-Ni system was taken as the simplified model to explore the intrinsic mechanism of Ni3+ formation and impacts on the capacity. As shown in Fig. S20a,b, high throughput calculations were performed to screen the ground-state structures of Mn-Ni systems. In Na0.67Mn0.67Ni0.33O2, all the Ni atoms show clearly +2 valence state according to our experiment and DFT calculations as illustrated in Fig. 5d. By replacing one Ni at the Mn site with the compound formula referring to as Na0.67Mn0.62Ni0.38O2, the valence electrons of two nearest neighboring Ni decrease, indicating the oxidation of those two Ni ions. After the second Ni doped at the Mn site, namely Mn concentration reducing to 0.58, another two Ni ions and in total four Ni ions have been oxidized in Na0.67Mn0.58Ni0.42O2, which is consistent with experiment that two Ni2+ ions must be oxidized to Ni3+ in the system to neutralize the charge when one Mn4+ replaced by one Ni2+. Moreover, as shown in Fig. S21, there is one Na migrated to the vacancy site in between two Ni2+ site due to substitution of one Ni2+ at the Mn4+ site beneath the Na+. It is worth noting that generation of Ni3+ also has significant impacts on Na+ adsorption and diffusion. As shown in Fig. 5e, the adsorption energy of Na+ near the Ni site is -2.83 eV in Na0.67Mn0.67Ni0.33O2, while it becomes -3.03 eV in Na0.67Mn0.62Ni0.38O2. More important, the diffusion energy barrier of Na+ decreases from 0.99 (Na0.67Mn0.67Ni0.33O2) to 0.50 eV (Na0.67Mn0.62Ni0.38O2), demonstrating Na+ achieving the higher mobility in Na0.67Mn0.62Ni0.38O2 (Fig. 5f). Therefore, the emergence of Ni3+ could benefit Na+ adsorption as well as accelerating Na+ diffusion kinetics which might considerably contribute to the boosting of specific capacity of Na0.67Mn0.62Ni0.38O2 related to Na0.67Mn0.67Ni0.33O2.
[image: ]
FIGURE 6. Effects of Jahn-Teller active Ni3+ ions. (a) Schematic orbital in Ni2+O6 octahedron, (b) projected crystal orbital Hamilton population (pCOHP) of Na-O and Ni-O in Na0.67Mn0.67Ni0.33O2, (c) the corresponding model of Ni2+O6 octahedron. (d) Schematic orbital in Ni3+O6 octahedron, (e) projected crystal orbital Hamilton population (pCOHP) of Na-O and Ni-O in Na0.67Mn0.62Ni0.38O2, (f) the corresponding model of Ni3+O6 octahedron.

  Further electronic structure analysis was conducted to understand Na intercalation behaviour. As shown in Fig. 6a, in Ni2+O6 octahedra  and  orbitals each possesses one electron, which both participate the chemical bonding between Ni2+ and O with types of +π*(O) and +π*(O). When Ni2+ ion was oxidated to Ni3+ state, there is only one electron filled in  orbital. That unsymmetrical occupation in degenerate eg orbitals lower the stability of Ni3+O6 octahedra and induces the Jahn-Teller effect, where the Ni3+O6 octahedra becomes distorted (Fig. 6d). The projected Crystal Orbital Hamilton Population (pCOHP) was also performed as shown in Fig. 6b and e. It clearly demonstrates the antibonding component in Ni3+-O bond decreases in contrast to Ni2+-O bond. In contrary, the bonding states of Na-O in Ni3+ system was significantly increased at more negative energy level about -7 eV, implying the strengthened Na-O σ bonds relative to those in Ni2+ system. Fig. 6c and f illustrate the geometries of Ni-O octahedra as well the Ni-O bond length. In comparison to the bond lengths of Ni2+-O in dxy, dxz and dyz orbital directions around 1.96 ~ 1.98 Å, the Ni3+-O bond lengths in the same directions shorten to 1.84 ~ 1.89 Å, while the Ni3+-O bond lengths in   and  elongate to 2.09 ~ 2.11 Å, evidencing the Jahn-Teller distortion in Ni3+O6. The lattice distortion and oxidation of Ni2+ to Ni3+ weaken the Ni3+-O interaction, indicated by two less negative charges (-1.12 e and -1.17 e) obtained for lattice-oxygens neighboring at Na site in Ni3+O6 where they possess more negative -1.21 e in Ni2+O6. Therefore, the formation of Ni3+ in Na0.67Mn0.62Ni0.38O2 weakens Ni-O bond and reduces the covalent composition of Ni3+-O which conversely reinforces the Na-O chemical bonding, thereby enhancing Na adsorption as well as diffusion which finally contributes to the specific capacity boosting. 
Influence of Jahn-Teller active Ni3+ ion on rate performance
[bookmark: _Hlk121852133]However, when the content of Jahn-Teller active Ni3+ ions is increased to 74%, it is harmful to the electrochemical performance. The rate performances of “Ni-rich” materials are summarized in Fig. S22, Ni-R0.5, Ni-R1, and Ni-R1.5 all show an excellent rate performance, but when Ni content is raised to Ni-R2, the rate performance deteriorates sharply. Generally speaking, the rate performance is related to the diffusion of Na+ ions, galvanostatic intermittent titration technique (GITT) test was carried to calculate the Na+ ions diffusion coefficients of Ni-R1 and Ni-R2. Ni-R1 and Ni-R2 samples were charged or discharged at a current density of 50 mA g-1 for 9 minutes, and then let them stand for 90 minutes, repeating this step until charging and discharging processes are completed. As shown in Fig. S23, the Na+ ions diffusion coefficients of Ni-R1 and Ni-R2 are at the same level. As GITT test is done at a low current density, it suggests that, Ni-R1 and Ni-R2 show some difference only at a high current density. To locate this difference, CV tests at different sweep rates were carried out. When the sweep rate becomes faster, the positions of oxidation/reduction peaks will shift, which represents the polarization of electrochemical reaction. As shown in Fig. S24, all the peaks of Ni-R1 and Ni-R2 are similar expect the reduction peak between 2.0-2.5 V. When the sweep rate increases from 0.1 mV s-1 to 5.0 mV s-1, this reduction peak of Ni-R2 is shifted more than that of Ni-R1. It suggests that, the deteriorating rate performance may be associated with this electrochemical reaction taking in 2.0-2.5 V. Combined with the results of previous tests, Mn element don’t react in the voltage range of 2.0-2.5 V, and there is no obvious phase transition during charging and discharging. There is speculation that, in low voltage state, a large percentage of Ni3+ ions in Ni-R2 may cause Jahn-Teller distortion[35-37], and they further cause severe polarization.
[image: ]
FIGURE 7. Mechanism of degradation of rate performance. (a) TEM image of Ni-R1, (b) larger version of blue range, and (c) corresponding model of transition metal layers. (d) TEM image of Ni-R2, (e) larger version of blue range, and (f) corresponding model of transition metal layers. (g) Schematic illustration of Jahn-Teller distortion of Ni3+O6 octahedron. Schematic illustration of transport of Na ions at (h) low rate, and (i) high rate.

  To test this conjecture, Ni-R1 and Ni-R2 were discharged into 2.0 V after 10 cycles, and then they were made as sheets for TEM test by FIB. Fig. S25 shows the low magnification TEM images of Ni-R1 and Ni-R2 sheets. After 10 cycles, the [100] plane of Ni-R1 still keeps smooth due to high structural stability (Fig. S25a). However, there are one large ravine and many small ravines in the [100] plane of Ni-R2 (Fig. S25b), which suggests that some small changes will occur and cause lattice destruction during the process of discharging. In addition, these sheet samples were cut from the middle of particles, all these ravines exist inside the particle.
[bookmark: _Hlk135492785]  As shown in Fig. 7a,b, the lattice fringes of Ni-R1 are arranged regularly, which show a long range ordered crystal structure. Theoretically speaking, the Ni3+O6 octahedra will distort spontaneously due to the unsymmetrical distribution of electrons on the degenerate orbitals. However, the surrounding stable octahedron will limit the distortion of Ni3+O6 octahedra. As a result, a small number of Ni3+ will not cause the distortion of lattice fringes. Fig. 7c is the transition metal layers model of Ni-R1, all the layers are laid out flat, and provide straight Na+ ion transport channels. As for Ni-R2 with bad rate performance, TEM image shows that there are some lattice distortion regions (Fig. 7d), and the partial enlargement of green box is shown in Fig. 7e, many transition metal ions deviate from their original position in this region. It is because that, the tendency to distortion of Ni3+O6 octahedron overcome the limit of surrounding stable octahedron due to the increased Jahn-Teller active Ni3+ions. As shown in Fig. 7f, because of the shift of transition metal ions, the Na+ ion transport channels become bumpy, and the interplanar spacings of some nodes are significantly reduced. Fig. 7g shows the schematic illustration of Jahn-Teller distortion, the Ni3+-O octahedron becomes elongated, which causes the shift of transition metal ions and lattice distortion. Because of the small interplanar spacings of some nodes, it is hard for Na+ ions to transport through these nodes. When the current density is low, Na+ ions can transport in the form of detour (Fig. 7h), so the electrochemical performances of Ni-R1 and Ni-R2 at low rate are similar. However, when the current density is high, Na+ ions must transport very fast, the detour mechanism is hard to implement in this case (Fig. 7i). As a result, many Na+ ions are stuck at these nodes, and it further causes a part of Na ions don’t provide capacity. So the electrochemical performance of Ni-R2 deteriorate rapidly at high rate, but it is unaffected at low rate. 
Conclusions
For Ni-rich materials, most researchers believe that more Ni elements can provide more specific capacities. However, on the premise that the number of alkali metal ions is certain, the theoretical capacity is also determined. The higher capacity in specific voltage range means that, the extraction and insertion of Na+ ions become easier with the increase of Ni composition. The above results clearly demonstrate that, Ni3+ ions effectively improve the Na+ extraction/insertion kinetics, so “Ni-rich” cathode materials can show higher capacity in the voltage window of 2.0-4.25 V. Moreover, DFT calculations confirm that, Ni3+ ions can affect the valence electron distribution of the surrounding ions due to the asymmetric distribution of electrons in degenerate orbitals. The redistribution of valence electrons reduces the attraction of Na sites to Na+, and it increases the attraction of vacancies to Na+, which make more Na+ ions and transmission channels involved in the electrochemical reaction.
In conclusion, a simple and effective strategy of increasing capacity in specific voltage range by forming Jahn-Teller active Ni3+ ions for P2-type layered oxide cathode has been successfully developing. Excess Ni will make part of Ni2+ ions oxidized to +3 state, and the presence of Ni3+ ions can make the distribution of Na+ ions evener to obtain better structural stability. On the other hand, the Jahn-Teller active Ni3+ ions can regulate the valence electron distribution of the surrounding ions. As a result, the energy barriers of Na+ ion embedding and transport are both reduced, so that more Na+ ions can be extracted and inserted. However, to many Ni3+ ions (about 74% of Ni element) will promote Jahn-Teller distortion, and then it causes a sharp deterioration of rate performance. This work explains the effects of Ni3+ ions on P2-type layered oxide cathode materials in detail, and it provides a new idea to achieve promising cathode materials with high and practical capacity for SIB.
Experimental Section
Preparation of layered oxide materials 
All the samples in this paper were synthesized by a simple solid phase method. The precursors were obtained by mixing the metallic oxide (MnO2, NiO, and Co3O4 were used for Mn-Ni-Co samples, MnO2 and NiO were used for Mn-Ni samples, MnO2, NiO, and CuO were used for Mn-Ni-Cu samples, MnO2, NiO, and Fe2O3 were used for Mn-Ni-Fe samples) and Na2CO3 with the stoichiometric amounts, then the precursors were ball-milled for 6 h at 300 rpm. The mixed powders were pressed into a pill, and the pill was calcinated in a flowing O2 gas at 850 oC for 12 h, followed by 12 h at 700 oC. After air-cooling to room temperature, the final products were obtained.
Materials characterization
[bookmark: _Hlk110116778][bookmark: _Hlk110116757][bookmark: _Hlk110116734]Morphology and structure characterization were taken by a GAIA3 model 2016 UHR scanning electron microscopy (SEM). X-ray diffraction (XRD) patterns were recorded on a Rigaku D/Max-2200/PC diffractometer with Cu Kα radiation flux at a scanning rate of 10o min-1. The element ratio of the as-synthesized materials was determined by a Varian 720-ES inductively coupled plasma-atomic emission spectroscopy (ICP-AES). X-ray photoelectron spectroscopy (XPS) was performed on PHI X-tool instrument (Ulvac-Phi). 
Electrochemical measurements 
[bookmark: _Hlk110195478]Electrochemical performances of samples were carried out via stainless-steel coin cell (CR2025). The slurry was prepared by mixing the 70 wt% cathode powders, 20 wt% carbon black (Super-p), and 10 wt% polymer binder (polyvinylidene fluoride, PVDF), and then spread onto an aluminium foil current collector. Then the aluminium foil with slurry was dried at 100 °C in a vacuum oven for 12 h. The loading density of active powers was in the range of 2.0-3.0 mg cm-2. A solution of 1 M NaClO4 in ethylene carbonate/propylene carbonate (EC/PC, 1:1 v/v) with 5% fluoroethylene carbonate (FEC) was used as the electrolyte, the Na metal foil was used as the counter electrode, and a glass fiber (Whatman GF/D) used as separator. The galvanostatic charge/discharge tests and cycling performance were performed by a battery test system (CT2001A, LAND).
In-situ XRD measurement 
In-situ XRD was tested by Rigaku D/Max-2200/PC diffractometer with Cu Kα radiation flux. The testing range is 10o -70o, and the scanning rate is 10o min-1. And there is an interval of eight minutes between two tests. The in-situ cells were cycled at a current density of 50 mA g-1 between 2.0 V and 4.25 V vs. Na+/Na. 
[bookmark: _Hlk110199505]In-situ X-ray absorption near edge structure (XANES) measurement 
In-situ XANES spectroscopy was performed using the synchrotron radiation of 20BM beamline at Advanced Photon Source (APS), Argonne National Laboratory (ANL). The spectra of Ni and Co K-edges were recorded alternately through transmission mode with a 10 min data collection, so the interval between two spectra was around 20 min. The raw data were normalized and analyzed on the basis of the ATHENA software package[38]. The half-height method was used for calculating the shifts of Ni, Co K-edges as there is no obvious shape change in the XANES spectra during charging and discharging. In detail, the linear ship between the Ni, Co K-edges and their oxidation state takes Luo’s work as references[39,40].
Ex-situ transmission electron microscopy (TEM) measurement 
The samples were discharged into 2.0 V after 10 cycles, and after washing and drying, these cathode particles was cut into thin slices alone the [010] axis by the focused ion beam (FIB) in GAIA3 model 2016 UHR SEM. Transmission electron microscopy images were tested by a Thermo Fisher Talos F200x microscopy.
[bookmark: _Hlk135415290]Computational details
The Vienna ab initio Simulation Package (VASP) and projector augmented-wave (PAW) pseudopotentials were employed to conducting density functional theory (DFT) calculations[41]. To address the self-interaction error of transition metals, the generalized gradient approximation (GGA) with the Pedrew-Burke-Ernzerhof (PBE) functional and SCAN exchange-correlation functional were introduced[42,43]. The convergence criteria were set to 10-4 eV for electronic loops and -0.035 eV/Å for ionic loops, with an energy cutoff of 450 eV and a Γ-center k-point mesh. For structure optimization, a (3×3×4) k-point mesh was used. Finally, LOBSTER was used to perform the Projected crystal orbital Hamilton population (pCOHP)[44,45]. To account for the Van der Waals interaction, the DFT-D3 method was utilized and Becke-Johnson (BJ) damping was applied[46,47]. 
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