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            Abstract
Although batteries fitted with a metal negative electrode are attractive for their higher energy density and lower complexity, the latter making them more easily recyclable, the threat of cell shorting by dendrites has stalled deployment of the technology1,2. Here we disclose a bidirectional, rapidly charging aluminium–chalcogen battery operating with a molten-salt electrolyte composed of NaCl–KCl–AlCl3. Formulated with high levels of AlCl3, these chloroaluminate melts contain catenated AlnCl3n+1– species, for example, Al2Cl7–, Al3Cl10– and Al4Cl13–, which with their Al–Cl–Al linkages confer facile Al3+ desolvation kinetics resulting in high faradaic exchange currents, to form the foundation for high-rate charging of the battery. This chemistry is distinguished from other aluminium batteries in the choice of a positive elemental-chalcogen electrode as opposed to various low-capacity compound formulations3,4,5,6, and in the choice of a molten-salt electrolyte as opposed to room-temperature ionic liquids that induce high polarization7,8,9,10,11,12. We show that the multi-step conversion pathway between aluminium and chalcogen allows rapid charging at up to 200C, and the battery endures hundreds of cycles at very high charging rates without aluminium dendrite formation. Importantly for scalability, the cell-level cost of the aluminium–sulfur battery is projected to be less than one-sixth that of current lithium-ion technologies. Composed of earth-abundant elements that can be ethically sourced and operated at moderately elevated temperatures just above the boiling point of water, this chemistry has all the requisites of a low-cost, rechargeable, fire-resistant, recyclable battery.
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                    Fig. 1: Fundamentals of the molten-salt electrolyte and aluminium–chalcogen electrochemistry.[image: ]


Fig. 2: Electrochemical characterization of the Al–Se batteries.[image: ]


Fig. 3: X-ray studies revealing the reaction pathway of the Al|NaCl–AlCl3|Se battery on discharge at T = 180 °C.[image: ]


Fig. 4: Electrochemical characterization and practical projection of the Al|NaCl–KCl–AlCl3|S battery.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The fundamental electrochemical behavior of the chloroaluminate melt electrolytes.
a, b, The discharge/charge voltage-time traces and the rate capability of Al-S batteries in the widely reported EMIC-AlCl3 electrolyte at 25 °C (a) and 60 °C (b). The batteries use graphene/sulfur as the positive electrode. Ionic-liquid cells show low discharge voltage (0.5V) and very large polarization even at the low rates of D/20, C/20 at 25 °C. c, d, The Al plating/stripping coulombic efficiency measurements using an Al|Ta symmetric cell configuration in the molten NaCl-KCl-AlCl3 electrolyte at a current density of (c) 20 mA cm−2 and (d) 50 mA cm−2 at 180 °C (the insets are the expanded view). e-h, the linear-sweep voltammetry (LSV) of Al|Al symmetric cells at different temperatures in EMIC-AlCl3 (e) and NaCl-KCl-AlCl3 with varied molar ratios (f-h); i, The logarithmic plot of the temperature-dependent exchange current of Al|Al symmetric cells in NaCl-KCl-AlCl3 with varied molar ratios. It is clear that as the electrolyte becomes more basic (higher percentage of alkali chloride), the exchange current I0 decreases. In another word, even with the same type of cations, the exchange current varies with composition, i.e., with Lewis acidity. Therefore, it is not the cationic component, but rather the anionic cluster component (which is affected by the choice of cations and the instant concentration = Lewis acidity) that fixes the higher I0 observed in the NaCl-KCl-AlCl3 system. j, The logarithmic plot of ionic conductivity as a function of temperature, where the activation energy Ea is derived assuming Arrhenius behavior. k, l, The LSV curves of Al|Se cells at different temperatures in NaCl-KCl-AlCl3 (f) and EMIC-AlCl3 (g) electrolytes. In all LSV plots, the voltage is expressed as the potential vs. the open circuit voltage of the cell. For exchange current calculation, regression fitting of the linear part of the LSV curves was performed and the intercept of the fitted line with the V = 0 voltage is assigned to be the exchange current.


Extended Data Fig. 2 Experimental and computational studies of the chloroaluminate melts.
a, b, Typical snapshots from the AIMD trajectories for the two electrolytes EMIC-AlCl3 (a) and NaCl-AlCl3(b); Carbon (grey), hydrogen (white), and nitrogen (blue), and sodium (green) are displayed here to highlight the steric effects of the giant EMI+ cations in the EMIC-AlCl3 electrolyte. The Cl–, AlCl4–, Al2Cl6, Al2Cl7–, and Al3Cl10– clusters are shown in purple, dark blue, gold, cyan and red respectively. c, The diffusivity of each ion calculated based on the mean square displacement derived from the AIMD simulations over a long duration of 40 ps. d, The schematic illustration of our house-designed high-temperature Raman chamber. e,f, The 27Al NMR spectra of the two electrolytes (e) and the deconvolution of the spectrum for the MCl-AlCl3 electrolyte (f). g-j, The configuration of the clusters, and the scheme of proposed first step dissociation reaction to form Al2Cl6 for Al3+ de-solvation (equations 1–4), assuming breaking of the relatively longer Al-Cl bonds, for AlCl4– (g), Al2Cl7– (h), Al3Cl10– (i), Al4Cl13– (j). Note that two AlCl3 moieties (instead of one Al2Cl6) are shown here as the product for explicit illustration of the bond breaking scheme. QC calculations do support that one Al2Cl6 is more stable than two isolated AlCl3 molecules. k, A schematic illustration of how the counter ions (Na+ vs EMI+) can impact the coulombic pulling of the Clδ– away from the Al2Cl7– cluster which in turn affects the ease of Al-Cl bond breaking and ultimately the Al3+ de-solvation kinetics. Apparently, the smaller (thus more localized charge) and closer Na+ (as seen in the coordination plot in Fig. 1e) shows higher coulombic attraction for the Clδ− within the cluster, based on Coulomb’s law. l, The configuration of the Al2Cl6 cluster and the scheme of proposed dissociation of Al2Cl6 and eventual Al3+ de-solvation, along with the overall equations for all clusters. In the configuration panels, the Al and Cl atoms are shown as brown and purple spheres, respectively. The overall reactions for the desolvation of one Al3+ out of the clusters are shown in i. To add further experimental proof of the presence of AlnCl3n+1– species (n > 2), we performed the high-temperature Raman spectroscopy on the NaCl-KCl-AlCl3 electrolyte using a house-designed air-tight sapphire-window chamber with controlled heating capability. The measurement was performed at 180 °C and further experimental details are described in the Methods sections. We do note that owing to the intense fluorescence effect from the highly concentrated Cl ions, there is a high Raman background that compromises the signal/noise ratio; but we do clearly perceive the Raman bands of interest. We observe that in addition to the Raman bands corresponding to AlCl4− (centered at 351, 184, 122 cm−1) and Al2Cl7− (centered at 312, 160 and 110 cm−1), the electrolyte shows an additional peak at 176 cm−1, which can be ascribed to higher-order polyatomic clusters, i.e. AlnCl3n+1– (n > 2)47,48. This clearly proves the existence of AlnCl3n+1– (n≥3). Due to the temperature limit related to the detector of our NMR instrument, the measurements was performed at 90 °C, the highest temperature permitted. To specifically meet the temperature requirement, a high-entropy alkali chloroaluminate melt MCl-AlCl3 (M= Li+Na+K, M:Al = 1.31; m.p. = ~75 °C). The electrolytes were not mixed with any deuterated solvent to avoid any magnetic interference and/or chemical reactions. First, we observe that the 27Al NMR spectrum of the alkali MCl-AlCl3 shows a much broader peak, spanning from 135 ppm to 70 ppm (over 65 ppm), centered at a nominal chemical shift of 101.58 ppm, in comparison to that of the EMIC-AlCl3, centered at 103.54 ppm (nominal peak width: 1300 Hz vs. 313 Hz). For the EMIC-AlCl3, the two narrow peaks at 103.54 and 95.5 ppm can be respectively ascribed to AlCl4− and Al2Cl7−.We stress that the much grater peak broadness cannot be ascribed to any difference in the viscosity of the liquids as they are reported to be rather close: around 7.69 mPa s for a NaCl-AlCl3 (2:3) electrolyte at 90 °C59, and 5.28 mPa s for an EMIC-AlCl3 (2:3) electrolyte at 80 °C60, nor to any difference in the Al ion concentration, as the MCl:AlCl3 ratio is the same (2:3). Therefore, the much broader peak for MCl-AlCl3 electrolyte can only be accounted for by the presence of multiple Al-cluster species which are in fast chemical exchange. We attempted to deconvolve the spectrum of the alkali MCl:AlCl3 with a minimal number of peaks that show reasonable peak width (800~1250 Hz) using the linear fitting approach. The fitting clearly shows three peaks – any combination of two peak yields very large fitting residual. We note that in the literature, although there is universal agreement on the chemical shift of AlCl4– (around 103 ppm), the assignment for Al2Cl7– is still unsettled61,62,63,64,65,66, and there is no report on assignment for AlnCl3n+1– (n > 2), to the best of our knowledge. Also, these reported assignments are exclusively based on room-temperature organic chloroaluminate ionic liquids, and not on high-temperature inorganic alkali chloroaluminate molten salts. Therefore, herein we take great caution when assigning the peaks. The two peaks at 103.6 ppm are ascribed to AlCl4–, while the higher field peak at 100.3 ppm is assigned to Al2Cl7–. This assignment stands on the basis that the Al nuclei in Al2Cl7– (i.e. a longer-chain AlnCl3n+1–) are more electron-shielded, intuitively due to the replacement of one electron-attracting Cl– ligand with a less polarizable AlCl4– (see the molecular structure in Fig. 1f). Following this chemical principle, we tentatively ascribe the peak at the highest field of 94.4 ppm to AlnCl3n+1– (n > 2). Note that the difference of the chemical shifts of Al2Cl7– in the MCl-AlCl3 compared to that in the EMIC-AlCl3 is probably due to the vastly different coulombic interaction of the counter cations (M+ vs EMI+).


Extended Data Fig. 3 Morphological and elemental characterization of the Al plating in the chloroaluminate electrolytes.
a-d, The SEM images of Al plated on a Ta substrate at 180 °C in the NaCl-KCl-AlCl3 electrolytes (a,c) and in the EMIC-AlCl3 electrolyte (b,d) at a current density of 10 mA cm−2 (a,b) and 50 mA cm−2 (c,d) for an areal capacity of 5 mAh cm−2. e, f, The SEM images and the corresponding EDX mapping (Al, Cl), EDX spectra, and the quantified elemental compositions of plated Al (on a Ta substrate) performed in the NaCl-KCl-AlCl3 electrolyte at a current density of 10 mA cm−2 (e) and 50 mA cm−2 (f) for an areal capacity of 5 mAh cm−2. The EDX spectra and mapping show that to the resolution and detection limit of our EDX detector there is no Cl in the Al, which implies that the electrodeposit is pure Al metal containing no entrained electrolyte.


Extended Data Fig. 4 Cell design and the physical and electrochemical characterizations of Te and Se electrodes.
a, Schematic drawing of our in-house-made cell. b-e, Scanning electron microscopy image and energy-dispersive spectroscopy (EDS) (c), thermogravimetric analysis (d), X-ray diffraction pattern (e), transmission electron microscopy and EDS mapping (Se, N, C) (b) of the Se composite prepared by pyrolysis of polyacrylonitrile/selenium. The weight fraction of selenium in this composite is confirmed to be ~62.5% from both EDS and TGA analysis. The selenium composite has a uniform distribution of Se, N and C, where the N is from the residue of pyrolyzed polyacrylonitrile. f, The first-cycle voltage-time trace and rate performance (varying charging rate and constant discharge at D/10) of the Se-free carbon material, prepared in the same way except without selenium. g, h, Voltage-time traces (g) capacity retention (h) of Se in EMIC-AlCl3 at different temperatures and cycling rates, characterized by low capacity and fast fading even at very low cycling rates.


Extended Data Fig. 5 Electrochemical behavior of Al-Se cells fitted with molten chloroaluminate electrolytes.
(a) The GITT discharge voltage-time traces of Se electrodes (milled bulk selenium) in the two representative electrolytes, as a function of (a) measuring time and (b) of the specific capacity; measurement was performed with 20 min discharge at a C/5 rate followed by 1 h at rest; the equilibrium voltage is shown by circles in b. c, Capacity retention (discharge capacity) of Al-Se cells at rates of D/5 and C/2. d, Cell voltage (discharge and charge) as a function of cycle number for Al-Se cell running NaCl-AlCl3 electrolyte. e, Capacity retention (discharge capacity) of an Al-Se cell using ball-milled bulk Se cathode with molten NaCl-AlCl3. f, g, Voltage-time traces (f) differential capacity plots (dQ/dV) (g) of the Al-Se cells with molten NaCl-AlCl3 at different charging rates and constant discharge at D/10. h, Voltage-time traces of an Al-Se cell in EMIC-AlCl3 at different charge rates and constant discharge at D/10. The capacity and voltage time traces are determined by both the thermodynamic and kinetic factors. The GITT measurement allows one to answer what leads to the lower discharge capacity of the EMIC-AlCl3 cell. To avoid any effect of the pyrolyzed polyacrylonitrile on the potential profile, we used a bulk selenium/carbon composite without special treatment. Extended Data Fig. 5a shows that the EMIC-AlCl3 cell exhibits about the same capacity as the NaCl-AlCl3 cell; as the GITT measurement allows a close to equilibrium reaction, it is clear that the lower discharge capacity measured in galvanostatic mode (as in Fig. 2a) is due to the kinetics. Indeed, this is further supported by the fact that the voltage difference between the end of discharge pulse and the end of equilibrium period, that is, the overpotential is larger in the EMIC-AlCl3 cell than that in the NaCl-AlCl3 cell (Extended Data Fig. 5a, b). This is particularly true at high depth of discharge. Further, the quasi-equilibrium voltage time traces of the two cells are slightly different, which indicates slightly different thermodynamic energetics of the reactions. This can be explained by the different solvation energies and/or solubility for the Al2(Sen)3 intermediates by the different ions in the two electrolytes as observed for other sulfur electrochemical systems using electrolytes with varied electron donicity67. A stronger bonding of Al2(Sen)3 to the solvent (hence more stabilized) leads to higher change of Gibbs free energy of the discharge reaction, and thus a higher voltage. Also, as governed by the Nernst equation, the concentration of the Al2(Sen)3 also impacts the potential of the redox reaction. We do note that as the two cells both show a single-plateau discharge profile, any large difference in the selenium speciation mechanism or dynamics can be excluded.


Extended Data Fig. 6 Analysis of the basic components that comprise the Se K-edge X-ray absorption spectra during operando discharge at 170 °C.
a, b, The XRD pattern (a) and SEM image (b) of the selenium composite used for XAFS measurement; the absence of diffraction peaks indicates the non-crystalline nature of Se. c, The magnified XANES spectra in a representative region that shows the isosbestic points shared by the first few but all not all spectra.d, e, The plots of logarithmic variance (d) and eigenvalue (e) of each component for the principal component analysis (PCA), showing that at least 3 components are required to capture > 99.99% of the XAFS data set. f, The plots of first five PCA-derived components (Components 3–5 magnified in the inset); while Components 1, 2, 3 show meaningful curvature, Component 4 and beyond start to lose significance. g, The k-space EXAFS k2χ(k) oscillations of three identified basic components using MCR-ALS method, with the input data being either energy (E) space or frequency (k) space data sets. Notably, the three identified components are the same, irrespective of the type of input data set, validating the utilized analysis procedure. h-j, Fitting results of the EXAFS data (top: magnitude and real-part of Fourier transforms of k3χ(k); bottom: the corresponding k3χ(k) oscillations) for the standard selenium Se0 measured at 170 °C (h) and crystalline Na2Se2 measured at 25 °C (i) and the summary of the fitting parameters (j). Na2Se2 was synthesized by reaction of Na-naphthalene with selenium (see Methods). The window in the FT panels is the fit range used and the window in the EXAFS panels is the k-space data range used for the FT. The paths used for fitting Na2Se2 are from the Se-Se and Se-Na coordinations calculated from the crystalline Na2Se2. The fitting of Se0 allows us to determine the amplitude reduction factor (S02: 0.973) which is a beam-related constant and is used for fitting all spectra collected in this study. The methodology of fitting the Na2Se2 standard validates taking multiple paths from crystalline data to fit the first (and second) Se shell of unknown spectra as will be shown below.


Extended Data Fig. 7 The EXAFS fitting of the Se K-edge spectra of Principal Components A and C.
a, Component A is fit very well using Se-Se correlations, as in crystalline Se0 (P 31 2 1). b-e, The fit for component C using different models and summary of the fitting parameters (f). The top of each panel is the magnitude and real-part of Fourier transforms (FT) of k3χ(k), and the bottom is the corresponding k3χ(k) oscillation. The window in the FT panels is the fit range used and the window in the EXAFS panels is the k-space data range used for the FT. The fitting R-range is from 1.3 to 2.5 Å, except that when the longer Se-Na path is included, the R-range is increased from 1.3 to 3 Å. All fits were carried out in R-space. Evaluation of the various fits shows that the Component C is best modelled by using selenium-aluminium correlation exclusively (fit b). g-i, The attempted EXAFS fitting for component B using just one path: Se-Se (a) or Se-Al (b), and summary of the fitting parameters (c). Evaluation of all attempted fits shows that Component B is best modelled by using both Se-Al and Se-Se correlations. Importantly, we note that the R of Se-Al in Component B is different from that in Component C (2.494 vs. 2.397 Å), proving that Component B is distinguished from Component C and is thus indeed a necessary component.


Extended Data Fig. 8 Further analysis of the reaction mechanism on discharge of Al-Se cells fitted with molten NaCl-AlCl3 electrolyte.
a, The χred2 of linear combination fittings using three components (χred2best, bottom) and using only two of the three components (ratio over χred2best, top). The significantly higher χred2 using only two components proves that three components are necessary to capture the information of the entire data set; the almost constant χred2best across all scans indicates further that 3 components faithfully reproduce the entire data set, in complete agreement with the PCA analysis (Extended Data Fig. 6d, e). More importantly, the low χred2 of using Components A and B for scans 1–6 (χred2/ χred2best ~1) indicates that only A and B are present in these 6 scans, and similarly, the high χred2 of using B and C for scans 10–15 (χred2/ χred2best = 4~11) indicates that A is necessary and present in these scans. b, The operando X-ray diffraction patterns of the crystalline Se cathode during discharge at D/10 and 180 °C, featuring the Se (101) and Se (010) peaks. The Se peaks do not disappear until the end of discharge. c, d, Nyquist plots of the in-situ measured impedance data on an Al|Se cell, as a function of the state of discharge (SOD) from bottom to top (c); the evolution of charge transfer resistance (Rct) and electrolyte resistance (Rs) of the cell, as fitted from the Nyquist plots (d). For consistency amongst all impedance data, circle fitting of the Nyquist plots on the high-frequency semicircle was performed (instead of finding one equivalent circuit for all), and the first intercept (of the fitted circle with the real-axis) is regarded as Rs and the distance between the two intercepts is regarded as Rct. The error bars are the standard deviations based on three measurements at the corresponding SOD. The Rs remains constant at around 1.5 ohm cm2 for all SOD, indicating there is minimal change of the electrolyte composition and dissolution of formed species. The Rct experiences initial decrease (SOD: 0–30%, due to formation of partially soluble Al2(Sen)3 species), slight increase (SOD: 30–55%, probably due to initial formation of Al2Se3), stabilization (SOD: 55–85%), and eventual increase (SOD: 85–100%, eventual formation of Al2Se3). This is consistent with the trend in the proposed reaction mechanism in Fig. 3e. e, The picture of Al2(Se6)3 (targeted stoichiometry) and selenium in the molten NaCl-AlCl3 electrolyte placed on a hot plate (around 180 °C); partial solubility is confirmed by the darkened color. The nominal Al2(Se6)3 was prepared by mixing the targeted amount of Se and Al2Se3 in the melt; thus, it may not reflect the exact ratio and serves only as demonstration of partial solubility of such compounds. Note that elemental selenium appears to have some solubility as well. f-h, the ex-situ XAFS studies on the fast-charged selenium electrodes: the XAFS spectra of fully discharged and charged electrodes collected operando and ex-situ for comparison (f); as the fast-charging study has to be performed ex-situ due to the limited time resolution of the XAS scan (~10 min), the very similar XAFS features using two measurement approaches indicates that the chemical states of selenium species remain unchanged if we stop and cool down the warm cell at a certain SOC (the electrolyte freezes). The ex-situ Se K-edge XAFS spectra of the selenium electrodes charged at 20C (g) and 50C (h) respectively; the spectra were collected using transmission mode on the retrieved fast charged electrode, and fitted by linear combination fittings using the three principal components. By quantifying the components using linear combination fitting, we observed that the cathode recharged at 20C contains 10.5% of the Al2(Sen)3 and 89.5% of Se0, and the one recharged at 50C contains 17.3% of the Al2(Sen)3 and 82.7% of Se0. No component C was observed in both electrodes.


Extended Data Fig. 9 The electrochemical behaviour of Al-S cells fitted with molten chloroaluminate electrolytes.
a, The TGA plot and the representative TEM image of the S/graphene composite, which contains 50 wt% of sulfur. b, c The first-cycle voltage-time trace (b) and capacity retention (c) of the graphene that is used to prepare the sulfur composite. Capacity retention was measured at various charging rates and at constant discharge rate of D/2. d, the differential capacity plot (dQ/dV) of the Al-S cell in molten NaCl-KCl-AlCl3 at different rates at 110 °C. e, Voltage-time traces of an Al-S cell in EMIC-AlCl3 at different rates at 110 °C. f, g, Capacity retention (discharge capacity, f) and the corresponding voltage-time traces (g) of an Al-S cell using KB/S composite in NaCl-KCl-AlCl3 at 110 °C, at constant discharge rate of D/2. h, i, The discharge voltage-time traces of Al-S cells in NaCl-KCl-AlCl3 (h) and EMIC-AlCl3 (i), at various discharge rates (D/5 to 20D) and at constant charge rate of C/2. j, k, Two representative surface SEM images of the Al negative electrode in Al-S cells after the charging rate-capability measurement. The electrode was thouroughly washed by acetonitrile in the glovebox before imaging.


Extended Data Fig. 10 The practical attributes of Al-S batteries fitted with molten alkali chloroaluminate electrolyte.
a, The discharge capacity retention (specific capacity and areal capacity) of an Al-S cell using sulfur elecctrodes with 12.0 mg cm−2 areal loading in molten NaCl-KCl-ACl3 at a D/5 and C/5 rate. b-e, The representative SEM images of the prepared 3D interconnected reduced graphene oxide/sulfur composite (rGO/S) (b-c), and the voltage-time traces (d) and charging rate capability at constant discharge rate of D/2 (e) using rGO-S electrode with an areal sulfur loading of 7.1 mg cm−2. f, A schematic illustration of the proposed tri-layer structure of a large-scale Al-S battery that is modified from the architecture of the liquid metal battery. g-j, the cost breakdown of the representative cell chemistry (Al-S battery, Li-S, graphite-NMC622 and graphite-LiFePO4); the cost of electrodes includes the associated carbon and binder where applicable; the percentage is rounded up to integral digit (the details of calculation is shown in Extended Data Table 1). k, The fast-charge performance of an Al-S battery fitted with a low-grade (food packaging foil) Al-foil negative electrode, foretelling major cost reduction. Our current use of Mo current collector is for proof-of-concept demonstration of the Al-S battery using alkali chloroaluminate melt, and Mo foil is not an ideal positive current collector for a practical battery. Modifications can be Mo coated Al foil (Mo coating by vapor deposition: 300~550 nm thick)68, TiN coated Al foil (TiN coating by pulsed DC plasma enhanced CVD)69,70, or non-graphitic carbon foil. In our estimate calculation, the model of Mo coated Al foil (Mo: 0.5 μm thick) was used. Therefore, on the package level, our Al-S battery is expected to cost about 1/4 and 1/5 that of the graphite-LiFePO4 and graphite-NMC622 battery (20.8 vs 80.3 and 94.7 USD$ kWh−1; unit price of each material/component is based on the latest market and as accurate as possible). As the price is the latest market price or the projected price when market price is unavailable, the cost may fluctuate and contain errors, and we do expect further modifications when it comes to the manufacturing. Nevertheless, we believe that this chemistry offers a great economical advantage.


Extended Data Table 1 The data for the calculation of cell-level energy density and cost for the Al-chalcogen batteries in comparison with other cutting-edge and commercial battery systems by assuming a 065070 pouch cell geometry, mainly collected from the literature and/or based on market price71,72,73,74Full size table
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