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INTRODUCTION

     New strategies towards replacing lithium ion batteries with storage systems based on more Earth-abundant elements are needed because of limited lithium sources (1). Sodium ion batteries are promising candidates for large-scale energy storage systems owing to abundance and low cost of sodium. However, it has been difficult to find appropriate Na+ electrode materials since a large size of sodium ion leads to rather limited intercalation/extrusion into/out of active materials. In order to solve this issue, layered and tunnel-type oxides and phosphates with interstitial sites have been proposed for batteries based on Na+ ions (2). Recently, nanostructured materials were found to show higher capacity and better cyclability, which overcomes the critical issues arising from bulk materials (3). However, solid type nanomaterials, which have been generally used, still have suffered from poor performance at high rate.
     Inspired by the results obtained for Li+ ions with hollow γ-Fe2O3 nanoparticles (NPs) (4), we explored the possibility of Na+ ion intercalation into structural defects of the crystalline matrix densely populated with cation vacancies. Here we report that hollow γ-Fe2O3 NPs with extra cation vacancies can be utilized for fabrication of efficient fast rechargeable cathodes from Earth-abundant elements such as iron oxide and sodium.
EXPERIMENTAL

     Hollow γ-Fe2O3 NPs (~13.6 nm large in diameter with ~3.3 nm thick walls) were obtained by annealing of 5.8 nm / 2.8 nm Fe/Fe3O4 core/shell NPs in the presence of carbon nanotubes (CNT) (4). A free-standing, flexible, and binder-free electrode was fabricated by vacuum filtration of the solution of NPs/CNTs mixture (Scheme, Figure 1). The fabricated NP electrode was tested in a sodium half-cell system as a cathode (voltage range: 4.0 – 1.1 V) at various current rates. In situ X-ray measurements (XANES and EXAFS) was conducted on the NP electrode during the electrochemical cycling.  
RESULTS

     The hollow γ-Fe2O3 NP based cathode showed large reversible capacity (180 mAh/g) corresponding to 1.1 Na+ at the current density of 30 mA/g with 99.0 % Coulombic efficiency at high rate (blue, Figure 1). Strikingly, we observed excellent capacity retention for more than 500 cycles with fairly large capacity (88 mAh/g) at a very fast rate (3000 mA/g = 50 C) (brown, Figure 1). To best of our knowledge, this is the first Na+ cathode material showing high-rate performance with capacity maintained. As in the case of Li+ ions, TEM images of the hollow γ-Fe2O3 NPs before and after high-rate cycling revealed that the hollow morphology was preserved. Improved crystallinity of cycled hollow NPs was confirmed by XRD data, high-resolution TEM, and electron diffraction, which indicates that Na+ ions indeed intercalate through the iron oxide shell ruling out a surface reaction. Extensive cycling at high rate also led to the increased capacity (brown, Figure 1). This observation can be attributed to the ordering of vacancies into channels easily accessible for the intercalation of sodium ions (4,5).
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Figure 1: Encapsulation of nanosized active materials between two layers of carbon nanotubes allows fabrication of light-weight, binder-free, flexible, free-standing, and stable electrodes for Na+ ion batteries.
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