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ABSTRACT: The increasing demand to efficiently store and utilize the electricity from renewable energy resources in a sus-tainable way has boosted the request for sodium-ion battery technology due to the high abundance of sodium source world-wide. Na superionic conductor (NASICON)-structured cathodes with robust polyanionic framework have been intriguing be-cause of their open 3D structure and superior thermal stability. The ever-increasing demand for higher energy densities with NASICON-structured cathodes motivates us to activate multi-electron reactions, thus utilizing the third sodium ion toward higher voltage and larger capacity, both of which have been the bottlenecks for commercializing sodium-ion batteries. A dop-ing strategy with Cr inspired by first-principal calculations enables the activation of multi-electron redox reactions of the redox couples V2+/V3+, V3+/V4+ and V4+/V5+, resulting in remarkably improved energy density even compared to the layer structured oxides and Prussian blue analogues. This work also comprehensively clarifies the role of the Cr dopant during sodium storage and the valence electron transition process of both V and Cr. Our findings highlight the importance of broadly applicable doping strategy for achieving multi-electron reaction of NASICON-type cathodes with higher energy densities in sodium-ion batteries. 
1. Introduction The practical application of renewable energy sources such as solar and wind energy strongly has boosted a rap-idly increasing demand for high performance electrochem-ical energy storage and conversion devices.1,2 Although lith-ium-ion batteries (LIBs) have achieved tremendous success in commercially viable electric vehicles (EVs) and portable devices with its satisfactory energy densities, the limited 

lithium availability and unevenly distributed nature of lith-ium resources remain critical against the urgent demand of battery systems for large-scale, cost-effective energy stor-age systems (EESs).3,4 Sodium-ion batteries (SIBs) are con-sidered as the promising candidate for grid-scale energy storage because of their high abundance and worldwide availability.5,6 In order to achieve competitive performance of SIBs, however, tremendous efforts are still in demand for developing more robust and higher energy electrodes,7-9 



 

especially the cathodes, based on comprehensive under-standing of the sodium storage mechanisms involved.10,11 Various types of cathodes have been investigated till now, including layered sodium transition-metal oxides8,12-14 polyanions15-19 and alkali-metal hexacyanometalates.20-23 Among them, the polyanionic materials are considered as one of the most important candidates in recent years with extensive investigations for practical applications.5,24,25 The transition-metal phosphate with the sodium super ionic conductor (NASICON) structures play decisive roles in the polyanionic families since they possess robust three-dimen-sional (3D) frameworks, small volume change during cy-cling and high reversible capacity.24,26 Moreover, its open structure can provide 3D Na+ diffusion pathways,27 which is an important factor for realizing high-rate performance, and their inherently strong inductive effect between the phosphates and transition metals can supply relatively higher working potentials vs. Na+/Na than that of other cathodes with similar redox couples.28-30 Besides, most of the NASICON-type electrodes rarely undergo complex phase transition reaction during sodium storage, resulting in satisfactory cycling stability, which is an important factor for large-scale EESs.28,31-34 Among them, Na3V2(PO4)3 can be regarded as the prevalent representative material, since it possesses relatively high working voltage of around 3.4 V and a theoretical capacity of 117 mAh g-1 with excellent rate performance despite its relatively low electrical conductiv-ity.35-37 Another important parameter for EESs is the energy density, which is mainly subjected to two electrochemical properties of cathodes, the working potential and specific capacity.38 Increasing the number of participating electrons in the overall reaction is one of the effective approaches for improving the reversible specific capacity.9 Considering the benefits that the NASICON-structured Na3V2(PO4)3 pos-sesses, it is of great importance to activate more than two electrons in the overall redox reaction, since vanadium is known to have at least four stable oxidation states (2+, 3+, 4+ and 5+).39-42 This route is also related to the accessibility of the third sodium ion in the Na3V2(PO4)3 structure, which has been commonly considered to transform into a thermo-dynamically unstable phase within typically used electro-lytes.9 Interestingly, Jin et al. recently discovered that a proper amount of transition metal of Cr doped into the VO6 octahedra can activate the V4+/V5+ redox couple in a non-aqueous electrolyte.40 Their pioneering findings have shed light upon the new approach for pursuing higher energy densities. Mai et al.39 and Ceder et al.43 also have reached the three-electron reaction by using Mn as the redox centre; however, their cycling stabilities are sacrificed since the John-Teller effect of Mn seems inevitable during the whole reaction.44 Therefore, V-based NASICON-type cathodes looks most promising because of its satisfactory cycling sta-bility. It has been confirmed that proper amount of Cr dop-ing in V-based oxides is effective to activate the third so-dium ion;45 however, the real reason why the Cr dopant in VO6 octahedra can trigger higher redox potentials of vana-dium still remains elusive, and we believe this kind of strat-egy can be expanded to other structures as well. This in-spired us to undertake a deeper exploration of vanadium oxidation at higher voltage. 

Here in this work, we have comprehensively and systemically investigated how Cr-doping in NASICON-type cathodes can fully activate the three-electron reaction of vanadium in non-aqueous electrolyte. The fast and stable electrochemical performance is achieved at various current densities with the help of uniformly coated carbon layer on micro/nano particles. In the wide voltage window of 4.2-1.0 V, the overall energy density has been successfully improved at all C-rates compared to the pristine electrode. By employing advanced characterization techniques, we have also determined that a unique solid-solution reaction occurs during sodium storage, which can render more smooth sodium diffusion process. This discovery is also verified by ab initio calculations. Cr as the electrochemically inactive dopant in the NASICON structure can contribute to a decreased forbidden band gap, and the unpaired electron of Cr in its 3d orbital is a key for successfully triggering the higher voltage reaction with the V4+/V5+ redox couple. Our findings offer unprecedented insights into the development of highly performing sodium ion systems, and we believe that this inactive dopant strategy also can be applied in other types of materials for activating potentially higher energy densities as well.  
2. Results and discussion 

A sol-gel method was adopted for synthesizing the pro-posed Na3V1.5Cr0.5(PO4)3 NASICON-type cathode by annealing the gel precursor in Ar atmosphere for 24 h with an intermedi-ate grinding. Figure 1a shows the synchrotron powder diffrac-tion pattern (  = 0.687665 Å) of Na3V1.5Cr0.5(PO4)3 with good weighted profile R factor (wRp = 6.124 %). All the observed peaks agree with the pattern of typical NASICON structure (Fig-ure 1b) with a rhombohedral R-3c space group (a = b = 8.7124(6) Å, c = 21.8147(9) Å), yielding a volume V = 1434.045(2) Å3 per unit cell. The smaller value of a is con-sistent with the smaller ionic radius of Cr3+ (0.615 Å) relative to that of V3+ (0.64 Å). No other phase was found, indicating the phase purity of Na3V1.5Cr0.5(PO4)3. The doped Cr atoms are found to be randomly distributed in the original V octahedra site by the Rietveld refinement results. In its open 3-dimen-sional (3D) framework, the PO4 tetrahedra is connected with three CrO6/VO6 octahedra by sharing the O atom, therefore suf-ficient sodium diffusion channels can be created. Detailed crys-tallographic data from the Rietveld refinement are provided in Table S1. Besides, in order to fully understand why Cr-doping can activate V4+/V5+ redox couple, we also synthesized the un-doped Na3V2(PO4)3, and its Rietveld refinement results and de-tailed crystallographic data are provided in Figure S1 and Ta-ble S2, which will be discussed in details later on. Thermograv-imetric (TG) analysis for both Na3V1.5Cr0.5(PO4)3 and its precur-sor are shown in Figure S2. Almost no weight loss can be ob-served after 600  in Ar atmosphere, and its carbon content is determined to be 5.55 % of the final product.        The surface information regarding the valence of V and Cr are preliminarily detected by X-ray photoelectron spectros-copy (XPS), which is displayed in Figure 1c and d. The 2p1/2 and 2p2/3 orbitals of both Cr and V can be observed and deconvo-luted, and their corresponding bonding energies are all close to the theoretical values for Cr3+ and V3+. The full XPS survey is shown in Figure S3a with all the identified elements, and the C 















 

key reasons for the Cr-doped Na3V1.5Cr0.5(PO4)3 to trigger the high voltage V4+/V5+ redox couple as well as realize higher en-ergy densities even at high current densities. The NASICON structure is capable of boosting fast ion transportation and accommodating various types of transition metal cations with rich chemical space and tunable electro-chemical performance, which is very promising to be the ideal cathode candidate for SIBs. The proper amount of Cr doping can activate the higher redox couple of V4+/V5+, and we have carefully demonstrated its unique properties as above. There-fore, it is of great importance to further explore the in-depth reason of how Cr activates the V4+/5+ couple. We first employed DFT to investigate the intrinsic material properties of Na3V1.5Cr0.5(PO4)3 and Na3V2(PO4)3 based on their electronic band structures, which are shown in Figure S22. For both ma-terials, the conduction band (bottom) and the valence band louin zone. It is found that the band gap of Cr-doped sample is smaller (2.312 eV) than that of the pristine sample (2.664 eV) demonstrating the Cr doping-induced improved capability for carrying both electrons and ions. Besides, the band structure can be divided into two paired lines, which correspond to the ±1/2 spin quantum number (up and down for +1/2 and 1/2).53 The two paired lines in Na3V2(PO4)3 are well overlapped while in Na3V1.5Cr0.5(PO4)3, some lines are not. This phenomenon indicates that a weak magnetic property of Na3V1.5Cr0.5(PO4)3 is introduced by Cr doping. In addition, the calculated density of states (DOS) and the corresponding partial density of states (PDOS) diagram are il-lustrated in Figure 6a and b. The valence bands for both sam-ples consist of the hybridized V 3d, P 2p, Na 3s, and O 1p orbitals, and the Cr 3d orbital is also observed in Na3V1.5Cr0.5(PO4)3 (Fig-ure 6a). Interestingly, the forbidden band gap in Na3V1.5Cr0.5(PO4)3 decreased to 1.98 eV compared to the un-doped Na3V2(PO4)3 (2.34 eV). The decreased band/energy gaps are attributed to the hybridized Cr 3d orbitals, which can be clearly observed in Figure 6a. The Cr dopant ([Ar]3d54s1) has one more valence electron compared to V ([Ar]3d34s2), so the unpaired electron can contribute to making the electrical con-ductivity higher at various temperatures in the local structure (Figure 6c, the corresponding measuring method is illustrated in Figure S23), which can be regarded as one of the key rea-sons for the activated high voltage redox couple V4+/V5+. In or-der to verify our hypothesis, we conducted dual-mode electron paramagnetic resonance (EPR) spectroscopy on both samples. EPR is a powerful tool to precisely probe the unpaired electron in the structure.54 The results are shown in Figure 6d. It can be seen that there is no detectable signal response from 0 to 1000 mT of the pristine Na3V2(PO4)3 (VIII ions with t2g0eg0, S = 0), while a featureless differential signal is clearly observed at around 320 mT of Cr-doped Na3V1.5Cr0.5(PO4)3, and it can be as-signed to the CrIII ions with t2g1eg0 electron configuration (S = 1/2). The EPR result has provided a solid evidence for our hy-pothesis. Besides, as shown in Figure 6e, the 23Na magic angle spinning (MAS) solid-state nuclear magnetic resonance (NMR) signal of Cr-doped Na3V1.5Cr0.5(PO4)3 sample shifts downfield from 97.34 ppm to 143.95 ppm (undoped Na3V2(PO4)3). The observed signal can be assigned to Na(2) and its dipole moment is strongly affected by the surrounding VO6 or CrO6 octahedra. The downfield shift of the 23Na signal indicates a higher spin-ning polarization caused by the unpaired 3d electron.55,56 Sim-ilar tendency of upper field shift is also observed in the Raman spectra (higher vibration energy, Figure S24), and the inten-sity ratio of V-L3 edge to V-L2 edge of both samples in the EELS 

spectra (0.971 for Na3V2(PO4)3 and 1.162 for Na3V1.5Cr0.5(PO4)3) indicates an increased spinning polarization of 3d element of V after Cr doping as well (Figure S25). In addition, the electronic spin states comparison extracted from DFT calculation results (Figure 6f) further indicates that the unpaired electron of CrIII ions in Cr-doped Na3V1.5Cr0.5(PO4)3 results in asymmetric spin configurations compared to the undoped one, and the variation of spin magnetic moment in the 3d orbitals of VO6 and CrO6 oc-tahedra activates last remaining valence electron to enable to access the high voltage redox couple V4+/5+. All aforementioned characterization results indicate that the unpaired 3d orbital electrons in the electrochemically inactive transition metals can have strong influence on the adjacent sodium ion diffusion as well as the distribution of density of states. We believe that other 3d transition metal dopant such as Cu and Mo can also trigger the V4+/V5+ redox couple of other polyanionic struc-tures within the current voltage window for higher energy den-sities. 
3. Conclusions In summary, a comprehensive investigation on the struc-tural and electrochemical properties of Cr-doped Na3V1.5Cr0.5(PO4)3 has been carried out. Using the advanced characterization techniques and systematic investigations, we successfully clarified the role of Cr in the rhombohedral struc-ture with clearly activated V4+/V5+ redox couple at higher volt-age region, resulting in improved energy densities at various C-rates compared to the undoped one. Excellent cycling stability was achieved at a wide voltage window of 4.2 1.0 V (retention of 72.1% after 2650 cycles at 5 C). A reversible solid-solution sodium storage mechanism was observed by operando XRD with reduced volume change (~7.2 %), and the Cr dopant re-mains electrochemically inactive during cycling, as demon-strated by both operando XANES and ex-situ EELS spectra. Fur-thermore, the DFT calculation results indicate lowered sodium diffusion barriers in the characteristic well-connected 3D so-dium diffusion pathways of NASICON structure through Cr doping. We also disclosed that Cr doping can contribute to the decreased forbidden band gap, and the unpaired electron of Cr in the 3d orbital also can have strong influence on the diffusion of adjacent sodium ions, leading to improved ionic conductivity. Our research highlights the importance of broadly applicable doping strategy for achieving multi-electron reaction of poly-anionic cathodes in sodium-ion batteries. 
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