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            Abstract
Lithium-ion batteries (LIBs) are widely used in applications ranging from electric vehicles to wearable devices. Before the invention of secondary LIBs, the primary lithium-thionyl chloride (Li-SOCl2) battery was developed in the 1970s using SOCl2 as the catholyte, lithium metal as the anode and amorphous carbon as the cathode1,2,3,4,5,6,7. This battery discharges by lithium oxidation and catholyte reduction to sulfur, sulfur dioxide and lithium chloride, is well known for its high energy density and is widely used in real-world applications; however, it has not been made rechargeable since its invention8,9,10,11,12,13. Here we show that with a highly microporous carbon positive electrode, a starting electrolyte composed of aluminium chloride in SOCl2 with fluoride-based additives, and either sodium or lithium as the negative electrode, we can produce a rechargeable Na/Cl2 or Li/Cl2 battery operating via redox between mainly Cl2/Clâˆ’ in the micropores of carbon and Na/Na+ or Li/Li+ redox on the sodium or lithium metal. The reversible Cl2/NaCl or Cl2/LiCl redox in the microporous carbon affords rechargeability at the positive electrodeÂ side and the thin alkali-fluoride-doped alkali-chloride solid electrolyte interfaceÂ stabilizesÂ the negative electrode, both are critical to secondary alkali-metal/Cl2 batteries.
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                    Fig. 1: A high-capacity Na/Cl2 battery through the first discharge.


Fig. 2: Rechargeable Na/Cl2 battery at different battery states through cycling.


Fig. 3: Cycling performance of Na/Cl2 battery at capacities up to the capacity of the first lower discharge plateau (1,860â€‰mAhâ€‰gâˆ’1).


Fig. 4: Importance of stable SEI on sodium anode and aCNS cathode for Na/Cl2 and Li/Cl2 batteries.



                


                
                    
                
            

            
                Data availability

              
              The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 SEM images of aCNS at different battery stages.
a, SEM images of aCNS through the first discharge (from 950â€‰mAhâ€‰gâˆ’1, to 2,100â€‰mAhâ€‰gâˆ’1, and then full discharge) of the Na/Cl2 battery and atomic percentage of C, Na and Cl at these stages measured by SEM/energy dispersive X-ray spectroscopy (EDS) mapping (right bar graph). As discharge continued, more and more NaCl was formed on the aCNS and the discharge stopped when NaCl passivated the aCNS. Some of the NaCl formed was very large in size (tens of micrometres). b, SEM images of aCNS when the Na/Cl2 battery was re-charged to different capacities (375â€‰mAhâ€‰gâˆ’1, 600â€‰mAhâ€‰gâˆ’1, 900â€‰mAhâ€‰gâˆ’1) and the atomic percentage of C, Na and Cl at these stages measured by SEM/EDS mapping (right bar graph). As charging increased, more and more NaCl was removed from the aCNS, exposing the nanospheres underlying the NaCl coating. The active sites of the battery (the sites at which oxidation reactions happened) were in the gaps in the NaCl microcrystal coating that remained intact during battery operations. c, SEM images of aCNS when the Na/Cl2 battery was charged to 900â€‰mAhâ€‰gâˆ’1 then discharged to different capacities (375â€‰mAhâ€‰gâˆ’1, 600â€‰mAhâ€‰gâˆ’1, 900â€‰mAhâ€‰gâˆ’1) and atomic percentage of C, Na and Cl at these stages measured by SEM/EDS mapping (right bar graph). As discharge increased, more and more NaCl formed on the aCNS. When the battery was fully discharged, all the nanospheres were covered and passivated by the NaCl. To take these SEM images, batteries stopping at the designated states were opened inside an argon-filled glovebox and the electrodes were first dried under vacuum, then taken out of the glovebox and transferred into an SEM instrument for the measurements. SeeÂ Methods for details.


Extended Data Fig. 2 EIS of Na/Cl2 battery with acidic 4 M AlCl3 in SOCl2 + 2 wt% NaFSI + 2 wt% NaTFSI as the electrolyte through its first discharge and re-charging and first discharge curve of Na/Cl2 battery using neutral 4 M AlCl3 + 4 M NaCl in SOCl2 as the electrolyte.
a, Impedance measurements at six points along the curve of first discharge of the battery when acidic 4â€‰M AlCl3 in SOCl2â€‰+â€‰2 wt% NaFSIâ€‰+â€‰2 wt% NaTFSI was used as the electrolyte. b, Charging curve of the Na/Cl2 battery when the charging capacity was 500â€‰mAhâ€‰gâˆ’1. Each spike along the curve was a point at which battery charging was stopped for EIS measurements and then allowed to continue to charge. c, Impedance measurements of the Na/Cl2 battery at different charging capacities tracing the charging curve in b. As charging started, the impedance of the battery rapidly decreased due to removal of NaCl in the coating layer on the positive electrode. d, First discharge curve of Na/Cl2 battery when neutral 4â€‰M AlCl3â€‰+â€‰4â€‰M NaCl in SOCl2 was used as the electrolyte. Only one discharge plateau was observed in neutral electrolyte case.


Extended Data Fig. 3 Cycling performance of Na/Cl2 battery at different capacities.
a, Cycling performance of a Na/Cl2 battery at 500â€‰mAhâ€‰gâˆ’1 (150â€‰mAâ€‰gâˆ’1). The battery was kept at open circuit in a discharged state for two weeks. We found that simply aging the battery in the discharged state for days could improve the batteryâ€™s cycle life, probably due to the slower formation of a more uniform SEI layer on the electrode. The loading of aCNS was about 4.5â€‰mgâ€‰cmâˆ’2. b, Na/Cl2 battery cycling at 1,200â€‰mAhâ€‰gâˆ’1. The electrolyte was 4â€‰M AlCl3 in SOCl2â€‰+â€‰1 wt% NaFSIâ€‰+â€‰1 wt% NaTFSI. c, Na/Cl2 battery cycling at 1,200â€‰mAhâ€‰gâˆ’1. The electrolyte was 4â€‰M AlCl3 in SOCl2â€‰+â€‰2 wt% NaFSIâ€‰+â€‰2 wt% NaTFSI. Both of the batteries in b, c were first cycling at 500â€‰mAhâ€‰gâˆ’1 (150â€‰mAâ€‰gâˆ’1) for 15 cycles and the cycling capacity was gradually increased to 1,200â€‰mAhâ€‰gâˆ’1 with 150â€‰mAâ€‰gâˆ’1 and 100â€‰mAâ€‰gâˆ’1 currents. The loading of both batteries was about 2.6â€‰mgâ€‰cmâˆ’2. d, Cycling performance of Na/Cl2 battery as the charging current increased from 0.3â€‰C (150â€‰mAâ€‰gâˆ’1) up to 3.9â€‰C (1,950â€‰mA/gâˆ’1) with 0.3â€‰C (150â€‰mAâ€‰gâˆ’1) increased for every five cycles. The discharge current was kept at 0.3â€‰C (150â€‰mAâ€‰gâˆ’1). The loading of aCNS was about 3â€‰mgâ€‰cm2. e, Cycling performance of Na/Cl2 battery at 1,200â€‰mAhâ€‰gâˆ’1 with charging current increased to 0.5â€‰C (600â€‰mAâ€‰gâˆ’1) and discharging current kept at 0.08â€‰C (100â€‰mAâ€‰gâˆ’1). Cycles 1â€“3: 0.0625â€‰C (75â€‰mAâ€‰gâˆ’1), cycles 4 and 5: 0.08â€‰C (100â€‰mAâ€‰gâˆ’1) for battery stabilization. The loading of the battery was about 3â€‰mgâ€‰cmâˆ’2. f, Typical chargeâ€“discharge curves of Na/Cl2 battery at 1,200â€‰mAhâ€‰gâˆ’1. Black curve: 0.5â€‰C (600â€‰mAâ€‰gâˆ’1) charging, 0.08â€‰C (100â€‰mAâ€‰gâˆ’1) discharging. Red curve: 0.08â€‰C (100â€‰mAâ€‰gâˆ’1) charging and discharging. Only a slight increase in overpotential (about 182â€‰mV at 0.08â€‰C versus about 298â€‰mV at 0.5â€‰C) was observed. The loading of the battery was about 3â€‰mgâ€‰cmâˆ’2.


Extended Data Fig. 4 SEM images of aCNS after charging to 1,860â€‰mAhâ€‰gâˆ’1.
Left image: the nanospheres in aCNS were readily observed as NaCl depositing on the surface of aCNS were oxidized. Middle and right images: NaCl microcrystals that were either loosely deposited on top of the nanospheres clusters (not inside the nanospheres, middle image) or deposited in the gaps between the aCNS clustersÂ (right image) were not oxidizable, and could not contribute to the batteryâ€™s rechargeable capacity.Â Middle and right images have different magnifications.


Extended Data Fig. 5 Na/Cl2 battery performances when 2 wt% FEC and 2 wt% NaPF6 were used as the electrolyte additives and XPS of Na metal immersing in electrolytes with different additives (2 wt% NaFSI + 2 wt% NaTFSI, 2 wt% NaPF6, and 2 wt% FEC) and after battery cycling.
a, Na/Cl2 battery cycling performance at 500â€‰mAhâ€‰gâˆ’1, 150â€‰mAâ€‰gâˆ’1 when 4â€‰M AlCl3 in SOCl2â€‰+â€‰2â€‰wt% FEC was used as the electrolyte. The battery behaved poorly and died after cycle 9. b, Na/Cl2 battery cycling performance at 1,200â€‰mAhâ€‰gâˆ’1, 100â€‰mAâ€‰gâˆ’1 when 4â€‰M AlCl3 in SOCl2â€‰+â€‰2â€‰wt% NaPF6 was used as the electrolyte. The battery showed worse cycling performance than when 2â€‰wt% NaFSIâ€‰+â€‰2â€‰wt% NaTFSI was used as the electrolyte additive. c, Atomic percentage of different elements, calculated from XPS survey spectrum, on the Na metal after immersing in 4â€‰M AlCl3 in SOCl2 with different additives (2â€‰wt% NaFSIâ€‰+â€‰2â€‰wt% NaTFSI, 2â€‰wt% NaPF6 and 2â€‰wt% FEC). d, Cl 2p spectrum of Na metal after immersing in 4â€‰M AlCl3 in SOCl2 with different additives (2â€‰wt% NaPF6 and 2â€‰wt% FEC). e, F 1s spectrum of Na metal after immersing in 4â€‰M AlCl3 in SOCl2 with different additives (2â€‰wt% NaPF6 and 2â€‰wt% FEC). f, S 2p spectrum of Na metal after immersing in 4â€‰M AlCl3 in SOCl2 with different additives (2â€‰wt% NaPF6 and 2â€‰wt% FEC). g, Atomic percentage of different elements, calculated from XPS survey spectrum, on the Na electrode after cycling in batteries using 4â€‰M AlCl3 in SOCl2 with different additives (2â€‰wt% NaFSIâ€‰+â€‰2â€‰wt% NaTFSI, 2â€‰wt% NaPF6 and 2â€‰wt% FEC) as the electrolyte. h, F 1s spectrum of Na electrode after cycling in batteries using 4â€‰M AlCl3 in SOCl2 with different additives (2â€‰wt% NaPF6 and 2â€‰wt% FEC) as the electrolyte. The batteries using 2â€‰wt% NaFSIâ€‰+â€‰2â€‰wt% NaTFSI and 2â€‰wt% NaPF6 as the electrolyte additives in g, h were stopped at cycle 21. The battery using 2â€‰wt% FEC as the electrolyte additive was stopped at cycle 9 when the battery died.


Extended Data Fig. 6 Characterizations of Na anode immersed and cycled in 4 M AlCl3 in SOCl2 with and without 2 wt% NaFSI/NaTFSI, and chargeâ€“discharge curves of the normal battery versus decayed battery.
a, Atomic percentage of different elements on the Na metal when immersed in 4â€‰M AlCl3 in SOCl2 with and without 2â€‰wt% NaFSI/NaTFSI as additives. b, F 1s spectrum of Na immersed in 4â€‰M AlCl3 in SOCl2 with/without additives. c, S 2p spectrum of Na immersed in 4â€‰M AlCl3 in SOCl2 with/without additives. d, Cl 2p spectrum of Na immersed in 4â€‰M AlCl3 in SOCl2 with/without additives. e, Atomic percentage of different elements on the Na metal after cycling for 21 cycles in Na/Cl2 battery when 4â€‰M AlCl3 in SOCl2 with and without 2â€‰wt% NaFSI/NaTFSI as additives were used as the electrolyte. f, F 1s spectrum of Na cycled in Na/Cl2 battery when 4â€‰M AlCl3 in SOCl2 with/without additives were used as the electrolyte. g, SEM images of Na anode from actual Na/Cl2 battery in charged state (top images) and when lost cycling capability (bottom images). Note that in the case of battery without fluoride additive, the Na anode surface was coated by more densely packed NaCl particles, eventually leading to the loss of re-chargeability. h, Chargeâ€“discharge curves of the battery at normal state and after the battery started to decay.


Extended Data Fig. 7 SEM images of Na electrodes after cycling in batteries using 4 M AlCl3 in SOCl2 with different additives (2 wt% NaFSI + 2 wt% NaTFSI, 2 wt% NaPF6, and 2 wt% FEC) as the electrolytes.
Top row: SEM images of Na electrode after cycling in battery using 4â€‰M AlCl3 in SOCl2â€‰+â€‰2â€‰wt% NaFSIâ€‰+â€‰2â€‰wt% NaTFSI as the electrolyte. The SEI layer contained loosely packed, square-shaped NaCl crystals and abundant voids still present in the SEI (indicated by circles). Middle row: SEM images of Na electrode after cycling in battery using 4â€‰M AlCl3 in SOCl2â€‰+â€‰2â€‰wt% NaPF6 as the electrolyte. The SEI layer contained closely packed, square-shaped NaCl crystals that were grown on top of a uniform layer of NaCl crystals. Such morphology made ions penetrations much less efficient. Bottom row: SEM images of Na electrode after cycling in battery using 4â€‰M AlCl3 in SOCl2â€‰+â€‰2â€‰wt% FEC as the electrolyte. The SEI layer was made of very large NaCl crystals (tens of micrometres in size) packed together. Such morphology made ions penetrations only possible via the small cracks between these crystals and the least efficient. The batteries using 2â€‰wt% NaFSIâ€‰+â€‰2â€‰wt% NaTFSI and 2â€‰wt% NaPF6 as the electrolyte additives were both stopped at cycle 21. The battery using 2â€‰wt% FEC as the electrolyte additive was stopped at cycle 9 when the battery died.


Extended Data Fig. 8 Na/Cl2 battery cycling performance using less electrolyte (4 M AlCl3 in SOCl2 + 2 wt% NaFSI + 2 wt% NaTFSI) and thinner separators down to 60 Î¼m.
a, Na/Cl2 battery cycling performance at 500â€‰mAhâ€‰gâˆ’1 using 100â€‰Î¼l electrolyte with one layer of QR-100 separator. The loading of the battery was about 5â€‰mgâ€‰cmâˆ’2. b, Na/Cl2 battery cycling performance at 500â€‰mAhâ€‰gâˆ’1 using 75â€‰Î¼l electrolyte with one layer of QR-100 separator. The loading of the battery was about 5â€‰mgâ€‰cmâˆ’2. c, Na/Cl2 battery cycling performance at 500â€‰mAhâ€‰gâˆ’1 using 50â€‰Î¼l electrolyte with one layer of 60-Î¼m glass fibre separator. The loading of the battery was about 5â€‰mgâ€‰cmâˆ’2. d, Chargeâ€“discharge curve of Na/Cl2 battery at 500â€‰mAhâ€‰gâˆ’1 using 50â€‰Î¼l electrolyte. e, Na/Cl2 battery cycling performance at 1,200â€‰mAhâ€‰gâˆ’1 using 100â€‰Î¼l electrolyte with one layer of QR-100 separator. The loading of the battery was about 3.6â€‰mgâ€‰cmâˆ’2. f, Chargeâ€“discharge curve of Na/Cl2 battery at 1,200â€‰mAhâ€‰gâˆ’1 using 100â€‰Î¼l electrolyte.


Extended Data Fig. 9 Li/Cl2 battery cycling at 500 mAh gâˆ’1 with 4 M AlCl3 in SOCl2 + 2 wt% LiFSI + 2 wt% LiTFSI as the electrolyte.
a, Cycling performance of Li/Cl2 battery at 500â€‰mAhâ€‰gâˆ’1 with 150â€‰mAâ€‰gâˆ’1 and 100â€‰mAâ€‰gâˆ’1 currents (the first five cycles were cycling at 150â€‰mAâ€‰gâˆ’1 and starting from cycle 6 the current was 100â€‰mAâ€‰gâˆ’1). The loading of the battery was about 4.5â€‰mgâ€‰cmâˆ’2. b, Typical chargeâ€“discharge curve of Li/Cl2 battery at 500â€‰mAhâ€‰gâˆ’1 cycling capacity. The loading of the battery was about 4.5â€‰mgâ€‰cmâˆ’2.


Extended Data Table 1 Average surface area, pore volume (micropores and mesopores) of different carbon materials, and the first discharge capacity of Na/Cl2 battery using AB, KJ and aCNS as the positive electrodeFull size table
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