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            Abstract
The development of new rechargeable battery systems could fuel various energy applications, from personal electronics to grid storage1,2. Rechargeable aluminium-based batteries offer the possibilities of low cost and low flammability, together with three-electron-redox properties leading to high capacity3. However, research efforts over the past 30Â years have encountered numerous problems, such as cathode material disintegration4, low cell discharge voltage (about 0.55Â volts; ref. 5), capacitive behaviour without discharge voltage plateaus (1.1â€“0.2Â volts6 or 1.8â€“0.8Â volts7) and insufficient cycle life (less than 100 cycles) with rapid capacity decay (by 26â€“85 per cent over 100 cycles)4,5,6,7. Here we present a rechargeable aluminium battery with high-rate capability that uses an aluminium metal anode and a three-dimensional graphitic-foam cathode. The battery operates through the electrochemical deposition and dissolution of aluminium at the anode, and intercalation/de-intercalation of chloroaluminate anions in the graphite, using a non-flammable ionic liquid electrolyte. The cell exhibits well-defined discharge voltage plateaus near 2Â volts, a specific capacity of about 70Â mAÂ hÂ gâ€“1 and a Coulombic efficiency of approximately 98 per cent. The cathode was found to enable fast anion diffusion and intercalation, affording charging times of around one minute with a current density of ~4,000Â mAÂ gâ€“1 (equivalent to ~3,000Â WÂ kgâ€“1), and to withstand more than 7,500 cycles without capacity decay.
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                    Figure 1: Rechargeable Al/graphite cell.[image: ]


Figure 2: An ultrafast and stable rechargeable Al/graphite cell.[image: ]


Figure 3: Al/graphite cell reaction mechanisms.[image: ]


Figure 4: Chemical probing of a graphitic cathode by XPS and AES.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Methylation enables the use of fluorine-free ether electrolytes in high-voltage lithium metal batteries
                                        
                                    

                                    
                                        Article
                                        
                                         03 April 2024
                                    

                                

                                Ai-Min Li, Oleg Borodin, â€¦ Chunsheng Wang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Controlled large-area lithium deposition to reduce swelling of high-energy lithium metal pouch cells in liquid electrolytes
                                        
                                    

                                    
                                        Article
                                        
                                         21 March 2024
                                    

                                

                                Dianying Liu, Bingbin Wu, â€¦ Jie Xiao

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Lithium inventory tracking as a non-destructive battery evaluation and monitoring method
                                        
                                    

                                    
                                        Article
                                        
                                         29 March 2024
                                    

                                

                                Meng Li, Yulun Zhang, â€¦ Boryann Liaw

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Yang, Z. et al. Electrochemical energy storage for green grid. Chem. Rev. 111, 3577â€“3613 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Huskinson, B. et al. A metal-free organic-inorganic aqueous flow battery. Nature 505, 195â€“198 (2014)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Q. & Bjerrum, N. J. Aluminum as anode for energy storage and conversion: a review. J. Power Sources 110, 1â€“10 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gifford, P. R. & Palmisano, J. B. An aluminum/chlorine rechargeable cell employing a room temperature molten salt electrolyte. J. Electrochem. Soc. 135, 650â€“654 (1988)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jayaprakash, N., Das, S. K. & Archer, L. A. The rechargeable aluminum-ion battery. Chem. Commun. 47, 12610â€“12612 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rani, J. V., Kanakaiah, V., Dadmal, T., Rao, M. S. & Bhavanarushi, S. Fluorinated natural graphite cathode for rechargeable ionic liquid based aluminum-ion battery. J. Electrochem. Soc. 160, A1781â€“A1784 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hudak, N. S. Chloroaluminate-doped conducting polymers as positive electrodes in rechargeable aluminum batteries. J. Phys. Chem. C 118, 5203â€“5215 (2014)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Armand, M. & Tarascon, J. M. Building better batteries. Nature 451, 652â€“657 (2008)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yu, X., Lu, B. & Xu, Z. Super long-life supercapacitors based on the construction of nanohoneycomb-like strongly coupled CoMoO4â€“3D graphene hybrid electrodes. Adv. Mater. 26, 1044â€“1051 (2014)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chen, Z. et al. Three-dimensional flexible and conductive interconnected graphene networks grown by chemical vapour deposition. Nature Mater. 10, 424â€“428 (2011)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wasserscheid, P. & Keim, W. Ionic liquidsâ€”new â€œsolutionsâ€� for transition metal catalysis. Angew. Chem. Int. Edn 39, 3772â€“3789 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Auborn, J. J. & Barberio, Y. L. An ambient temperature secondary aluminum electrode: its cycling rates and its cycling efficiencies. J. Electrochem. Soc. 132, 598â€“601 (1985)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wilkes, J. S., Levisky, J. A., Wilson, R. A. & Hussey, C. L. Dialkylimidazolium chloroaluminate melts: a new class of room-temperature ionic liquids for electrochemistry, spectroscopy and synthesis. Inorg. Chem. 21, 1263â€“1264 (1982)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lai, P. K. & Skyllas-Kazacos, M. Electrodeposition of aluminium in aluminium chloride/1-methyl-3-ethylimidazolium chloride. J. Electroanal. Chem. Interfacial Electrochem. 248, 431â€“440 (1988)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jiang, T., Chollier Brym, M. J., DubÃ©, G., Lasia, A. & Brisard, G. M. Electrodeposition of aluminium from ionic liquids: Part Iâ€”electrodeposition and surface morphology of aluminium from aluminium chloride (AlCl3)â€“1-ethyl-3-methylimidazolium chloride ([EMIm]Cl) ionic liquids. Surf. Coat. Tech. 201, 1â€“9 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Borg, R. J. & Dienes, G. J. An Introduction to Solid State Diffusion (Academic, 1988)

                    Google ScholarÂ 
                

	Zhu, Y.-J., Hansen, T. A., Ammermann, S., McBride, J. D. & Beebe, T. P. Nanometer-size monolayer and multilayer molecule corrals on HOPG: a depth-resolved mechanistic study by STM. J. Phys. Chem. B 105, 7632â€“7638 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schmuelling, G. et al. X-ray diffraction studies of the electrochemical intercalation of bis(trifluoromethanesulfonyl)imide anions into graphite for dual-ion cells. J. Power Sources 239, 563â€“571 (2013)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Takahashi, S., Koura, N., Kohara, S., Saboungi, M. L. & Curtiss, L. A. Technological and scientific issues of room-temperature molten salts. Plasmas Ions 2, 91â€“105 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hardwick, L. J. et al. An in situ Raman study of the intercalation of supercapacitor-type electrolyte into microcrystalline graphite. Electrochim. Acta 52, 675â€“680 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, B. et al. Plasmonic micro-beads for fluorescence enhanced, multiplexed protein detection with flow cytometry. Chem. Sci. 5, 4070â€“4075 (2014)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tabakman, S. M., Chen, Z., Casalongue, H. S., Wang, H. & Dai, H. A new approach to solution-phase gold seeding for SERS substrates. Small 7, 499â€“505 (2011)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lee, J. J., Bae, I. T., Scherson, D. A., Miller, B. & Wheeler, K. A. Underpotential deposition of aluminum and alloy formation on polycrystalline gold electrodes from AlCl3/EMIC roomâ€�temperature molten salts. J. Electrochem. Soc. 147, 562â€“566 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pan, S.-J., Tsai, W.-T., Chang, J.-K. & Sun, I. W. Co-deposition of Alâ€“Zn on AZ91D magnesium alloy in AlCl3â€“1-ethyl-3-methylimidazolium chloride ionic liquid. Electrochim. Acta 55, 2158â€“2162 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Endres, F., MacFarlane, D. & Abbott, A. Electrodeposition from Ionic Liquids (Wiley & Sons, 2008)
BookÂ 
    
                    Google ScholarÂ 
                

	Carlin, R. T., De Long, H. C., Fuller, J. & Trulove, P. C. Dual intercalating molten electrolyte batteries. J. Electrochem. Soc. 141, L73â€“L76 (1994)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bao, W. et al. Approaching the limits of transparency and conductivity in graphitic materials through lithium intercalation. Nature Commun. 5, 4224 (2014)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, X., Sukpirom, N. & Lerner, M. M. Graphite intercalation of bis(trifluoromethanesulfonyl) imide and other anions with perfluoroalkanesulfonyl substituents. Mater. Res. Bull. 34, 363â€“372 (1999)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ã–zmen-Monkul, B. & Lerner, M. M. The first graphite intercalation compounds containing tris(pentafluoroethyl)trifluorophosphate. Carbon 48, 3205â€“3210 (2010)
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank M. D. Fayer for discussions. We also thank Y. Cuiâ€™s group for use of an argon-filled glove box and a vacuum oven. M.-C.L thanks the Bureau of Energy, Ministry of Economic Affairs, Taiwan, for supporting international cooperation between Stanford University and ITRI. B.L. acknowledges support from the National Natural Science Foundation of China (grant no. 21303046), the China Scholarship Council (no. 201308430178), and the Hunan University Fund for Multidisciplinary Developing (no. 531107040762). We also acknowledge support from the US Department of Energy for novel carbon materials development and electrical characterization work (DOE DE-SC0008684), Stanford GCEP, the Precourt Institute of Energy, and the Global Networking Talent 3.0 plan (NTUST 104DI005) from the Ministry of Education of Taiwan.


Author information
Author notes	Meng-Chang Lin, Ming Gong, Bingan Lu and Yingpeng Wu: These authors contributed equally to this work.


Authors and Affiliations
	Department of Chemistry, Stanford University, Stanford, 94305, California, USA
Meng-Chang Lin,Â Ming Gong,Â Bingan Lu,Â Yingpeng Wu,Â Di-Yan Wang,Â Mingyun Guan,Â Michael Angell,Â Changxin Chen,Â Jiang YangÂ &Â Hongjie Dai

	Green Energy and Environment Research Laboratories, Industrial Technology Research Institute, Hsinchu, 31040, Taiwan
Meng-Chang Lin

	School of Physics and Electronics, Hunan University, Changsha, 410082, China
Bingan Lu

	Department of Chemistry, National Taiwan Normal University, Taipei, 11677, Taiwan
Di-Yan Wang

	Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei, 10617, Taiwan
Di-Yan Wang

	Department of Chemical Engineering, National Taiwan University of Science and Technology, Taipei, 10607, Taiwan
Bing-Joe Hwang


Authors	Meng-Chang LinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ming GongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Bingan LuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yingpeng WuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Di-Yan WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mingyun GuanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael AngellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Changxin ChenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jiang YangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Bing-Joe HwangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hongjie DaiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
M.-C.L., M.G., B.L. and Y.W. contributed equally to this work. M.-C.L. and H.D. conceived the idea for the project. B.L. prepared the graphitic foam. M.-C.L., M.G., B.L., Y.W., D.-Y.W., M.A. and M. Guan performed electrochemical experiments. M.-C.L., C.C. and J.Y conducted in situ Raman spectroscopy measurements. M.-C.L., M.G., B.L. and Y.W. performed ex situ X-ray diffraction measurements. M.G., M.-C.L., B.L. and Y.W. performed X-ray photoelectron spectroscopy and Auger electron spectroscopy measurements. M.-C.L., M.G., B.L., Y.W., D.-Y.W., M.A., B.-J.H. and H.D. discussed the results, analysed the data and drafted the manuscript.
Corresponding author
Correspondence to
                Hongjie Dai.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 X-ray diffraction patterns of graphitic cathode materials.
The natural graphite, pyrolytic graphite (PG) and graphitic foam exhibited typical graphite structure, with a sharp (002) X-ray diffraction (XRD) graphite peak at 2Î¸Â â‰ˆÂ 26.55Â° (d spacing = 3.35Â Ã…).


Extended Data Figure 2 Determination of the optimal mole ratio of AlCl3/[EMIm]Cl ionic liquid electrolyte.
a, Galvanostatic charge and discharge curves of Al/PG cells at a current density of 66Â mAÂ gâˆ’1 in various mole ratios (1.1, 1.3, 1.5 and 1.8) of AlCl3/[EMIm]Cl ionic liquid electrolytes in a Swagelok-type cell. The Coulombic efficiencies of the cells are shown in parentheses. b, Raman spectrum of the ionic liquid electrolyte with a mole ratio of AlCl3/[EMIm]Cl = 1.3.


Extended Data Figure 3 Calculated discharging capacities of Al/graphite cells with different masses of graphitic materials.
a, Natural graphite foils of 50Â Î¼m and 130Â Î¼m thickness; b, PG and graphitic foam. These data suggest that the entire graphitic material (natural graphite, PG and graphitic foam) participated in the cell cathode reaction.


Extended Data Figure 4 Galvanostatic charge and discharge curves of an Al/PG cell.
The cell was constructed with one layer of glass fibre separator and 0.08Â ml of ionic liquid electrolyte, suggesting that the minimum amount of electrolyte could be 0.02Â ml per mg of PG. This electrochemical study was performed in an ionic liquid electrolyte of composition AlCl3/[EMIm]Cl = 1.3 (by mole) at a current density of 66Â mAÂ gâˆ’1 in a Swagelok-type cell.


Extended Data Figure 5 Surface observations of an Al anode.
a, b, SEM images of the Al anode obtained from two Al/PG cells after 20 (a) and 100 (b) cycles, respectively, and indicate no dendrite formation over these cycles. Scale bars, 10Â Î¼m.


Extended Data Figure 6 Electrochemical stability of the AlCl3/[EMIm]Cl ionic liquid electrolyte.
a, Galvanostatic curves of Al/PG cells with different cut-off charge voltages obtained at 66Â mAÂ gâˆ’1 in a Swagelok-type cell. b, Cyclic voltammetry curve of a Al/glassy carbon (GC) cell at 10Â mVÂ sâˆ’1 in a Swagelok-type cell. c, d, Stability test of Al/natural graphite pouch cell at 66Â mAÂ gâˆ’1 in electrolytes containing water at 7,500â€“10,000Â p.p.m. (c) and 500â€“700Â p.p.m. (d). The Coulombic efficiencies are respectively 95.2% and 98.6%, and the discharge capacities are respectively 54.9 and 61.8Â mAÂ hÂ gâˆ’1 at the 15 cycle. e, Gas chromatography spectrum of gaseous samples withdrawn from Al/graphite cells after 30 cycles using electrolyte with 7,500â€“10,000Â p.p.m. H2O content. The peak found in the retention time at ~0.5Â min corresponds to hydrogen gas and matches the retention time of pure hydrogen gas used for calibration.


Extended Data Figure 7 Rate capability of an Al/PG cell.
a, Capacity retention of an Al/PG cell cycled at various current densities, showing good cycling stability at different chargeâ€“discharge current densities. b, Coulombic efficiency versus current density data of Al/PG cells, indicating the Coulombic efficiency is ~95â€“97% at current densities of 66â€“132Â mAÂ gâˆ’1. Error bars, standard deviation from the Coulombic efficiency for each current density. All electrochemical studies were performed in an ionic liquid electrolyte of composition AlCl3/[EMIm]Cl = 1.3 (by mole) in a Swagelok-type cell.


Extended Data Figure 8 Advantages of PG as the cathode for an Al/graphite cell.
a, b, Right: photographs of natural graphite (a) and pyrolytic graphite (PG; b) before and after being fully charged in an AlCl3/[EMIm]Cl = 1.3 (by mole) ionic liquid electrolyte. Scale bars, 1Â cm. Left: the schematic plots indicate the chemical bonds between the graphene sheets of natural graphite (Vander Waals bonding) and of PG (covalent bonding). c, Galvanostatic charge and discharge curves of an Al/PG cell (at 66Â mAÂ gâˆ’1) and an Al/natural graphite cell (at 33Â mAÂ gâˆ’1) in an ionic liquid electrolyte of composition AlCl3/[EMIm]Cl = 1.3 (by mole) in a Swagelok-type cell.


Extended Data Figure 9 Rate capability of an Al/graphitic-foam cell.
a, Capacity retention of an Al/graphitic-foam cell cycled at various current densities, showing cycling stability at different chargeâ€“discharge current densities. All electrochemical studies were performed in an AlCl3/[EMIm]Cl = 1.3 (by mole) ionic liquid electrolyte in a pouch cell. b, Galvanostatic charge and discharge curves of Al/graphitic-foam cells charging at 5,000Â mAÂ gâˆ’1 and discharging at various current densities ranging from 100 to 5,000Â mAÂ gâˆ’1. Same electrolyte and cell type as a.


Extended Data Figure 10 Reaction mechanism of graphitic cathodes.
a, In situ Raman spectra recorded for the graphitic-foam cathode through a charge/discharge cycle showing chloroaluminate anion intercalation/de-intercalation into graphite. b, Ex situ XRD patterns of the pristine and fully charged (62Â mAÂ hÂ gâˆ’1) graphitic foam. c, EDS spectrum of as-calcined fully charged (62Â mAÂ hÂ gâˆ’1) PG at 850Â Â°C in air. d, Cyclic voltammetry curves of Al foil and PG at a scan rate of 10Â mVÂ sâˆ’1 against an Al reference electrode.





Supplementary information
Supplementary Text
This file contains Supplementary Text, which relates to Supplementary Videos 1 and 2. (PDF 112 kb)


A flexible Al/pyrolytic graphite cell continuously powers a red LED under a continuous bending and non-bending condition. 
A flexible Al/pyrolytic graphite cell continuously powers a red LED (operating voltage ~1.7V) under a continuous bending and non-bending condition. (MP4 27476 kb)


An Al/prolytic graphite cell was drilled through without causing safety hazard due to the high stability of ionic liquid electrolyte without flammability in air.
An Al/prolytic graphite cell was drilled through without causing safety hazard (only slight temperature variation, see temperature meter on the left) due to the high stability of ionic liquid electrolyte without flammability in air. Also, the cell operation continued (see voltage meter on the right) to light a red LED. (MPG 17200 kb)
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        Editorial Summary
A better Al-ion battery
The low cost and useful electrical properties of aluminium suggest that rechargeable Al-ion batteries could offer viable and safe battery technology, but problems with cathode materials, poor cycling performance and other complications have persisted. Here Hongjie Dai and colleagues describe an Al-ion battery that can charge within one minute and offers substantially improved cycle life with little decay in capacity compared to previous devices reported in the literature. The battery operates through the electrochemical deposition and dissolution of Al and intercalation/de-intercalation of chloroaluminate anions into a novel 3D graphitic foam cathode using a non-flammable ionic liquid electrolyte.
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