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            Abstract
The use of ‘water-in-salt’ electrolytes has considerably expanded the electrochemical window of aqueous lithium-ion batteries to 3 to 4 volts, making it possible to couple high-voltage cathodes with low-potential graphite anodes1,2,3,4. However, the limited lithium intercalation capacities (less than 200 milliampere-hours per gram) of typical transition-metal-oxide cathodes5,6 preclude higher energy densities. Partial7,8 or exclusive9 anionic redox reactions may achieve higher capacity, but at the expense of reversibility. Here we report a halogen conversion–intercalation chemistry in graphite that produces composite electrodes with a capacity of 243 milliampere-hours per gram (for the total weight of the electrode) at an average potential of 4.2 volts versus Li/Li+. Experimental characterization and modelling attribute this high specific capacity to a densely packed stage-I graphite intercalation compound, C3.5[Br0.5Cl0.5], which can form reversibly in water-in-bisalt electrolyte. By coupling this cathode with a passivated graphite anode, we create a 4-volt-class aqueous Li-ion full cell with an energy density of 460 watt-hours per kilogram of total composite electrode and about 100 per cent Coulombic efficiency. This anion conversion–intercalation mechanism combines the high energy densities of the conversion reactions, the excellent reversibility of the intercalation mechanism and the improved safety of aqueous batteries.
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                    Fig. 1: Proposed conversion–intercalation chemistry.[image: ]


Fig. 2: Br and Cl conversion–intercalation mechanism.[image: ]


Fig. 3: Staging structure and in-plane configurations of halogen GICs.[image: ]


Fig. 4: High-energy-density aqueous LIBs with LBC-G cathodes.[image: ]
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Change history
	05 June 2019
In Fig. 3e of this Letter, the labels “Br-Cl1” and “Br-Cl2” should read “Br-Br1” and “Br-Br2”, respectively. In the Methods section ‘Preparation of electrodes’, the phrase “anhydrous LiBr/LiCl was replaced by LiBr·H2O (99.95%; Sigma-Aldrich) and LiCl (99.95%; Sigma-Aldrich)” should read “anhydrous LiBr/LiCl was replaced by LiBr·H2O (99.95%; Sigma-Aldrich) and LiCl·H2O (99.95%; Sigma-Aldrich)”. These errors have been corrected online.
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Extended data figures and tables

Extended Data Fig. 1 Immiscibility of LiBr and LiCl in WiBS aqueous electrolyte.
a, Hydration of anhydrous LiBr/LiCl mixed salts (20 mg, molar ratio 1:1) in 2 g (left) and 5.1 g (right) of WiBS liquid electrolyte. b, Hydration of LiBr/LiCl monohydrate mixed salts (20 mg, molar ratio 1:1) in 1.5 g (left) and 3.0 g (right) of WiBS liquid electrolyte. The solid residue is indicated by the dashed circle. c, Immiscibility (clear phase separation) of an as-prepared mixture of an aqueous solution (top) of LiBr·3H2O (0.8 g) and LiCl·3H2O (0.4 g) in WiBS liquid electrolyte (bottom; 3 g). d, MD simulation cell snapshots, showing the initial configuration (left) and the final configuration (right) after a 9-ns run for a solution of 18 mol kg−1 LiBr and 21 mol kg−1 LiTFSI in H2O at 363 K; the Br− anions are highlighted in red. e, Only trace concentrations (<35 p.p.m.) of Br− and Cl− are detected in the WiBS liquid electrolyte by anion-exchange liquid chromatography after 500 h of exposure to the LiBr/LiCl solution.


Extended Data Fig. 2 Solid states of LiBr and LiCl in an LBC-G cathode.
a–c, Scanning electron microscope (a) and energy-dispersive X-ray spectroscopy mapping (b, c) images of an LBC-G composite cathode, showing the morphology and elemental distributions of Br (b) and Cl (c) in the cathode layer after 5 full cycles. The distributions of Br and Cl are overlapping, indicating that the two salts are well mixed as a result of their close association during co-intercalation/de-intercalation. d, Ex situ XRD patterns of LBC-G cathodes collected from disassembled cells after the 5th charge and discharge. The disappearance of the LiBr and LiCl peaks and the appearance of the GIC peaks of the LBC-G cathode confirm the BrCl intercalation reaction at the fully charged state, whereas the typical patterns of crystalline LiBr and LiCl at the fully discharged state suggest that solid LiBr and LiCl are reformed after de-intercalation of halogen anions from graphite. The (002) peak of graphite, which has very high intensity, is cut off to show the other peaks. Theta, diffraction angle. e, The potential of the LBC-G cathode during discharge, open-circuit relaxation during a 40-h rest, and charging at 0.2 C. The complete recovery of the charge capacity in the next cycle shows that all of the active LiBr and LiCl material was well confined in the LBC-G cathode and there was no capacity loss during the long rest. f, The open-circuit voltage decays in the 40-h rest of the LBC-G cathode at the fully charged state of 4.5 V at 0.2 C. Self-discharge was evaluated by comparing with the Coulombic efficiency and the capacity loss after resting.


Extended Data Fig. 3 Absence of corrosion in the current collector and oxidation of graphite and water at the operation potential.
a, Linear sweep voltammetry of a pure graphite electrode (with only PTFE binder) on a Ti-mesh current collector in LiBr·3H2O, LiCl·3H2O and WiBS electrolyte with a Ag/AgCl electrode as reference at 1 mV s−1. The results show absence of side reactions, such as corrosion of the current collector and oxidation of graphite and water, before the onset of the large increase of the current density at about 4.0 V, 4.5 V and 5.0 V versus Li/Li+, in accordance with the oxidation of Br−, Cl− and water, respectively. b, c, C 1s X-ray photoelectron spectra (b) and overall spectra (c; binding energy of 0–293 eV) of the LBC-G cathode before and after 10 full cycles. LiBr and LiCl were removed to avoid interference. No carbon–oxygen or carbon–halogen bonds were observed. Only traces of Br were detected as intercalation residual.


Extended Data Fig. 4 Nyquist plot fitting, volumetric energy density and full cell configuration.
a, Equivalent circuit used for fitting the Nyquist plots in Fig. 1f, consisting of ohmic resistance R1 and a constant-phase element (CPE1) parallel to a resistor (R2) connected in series with a finite-diffusion Warburg impedance (Ws1). We note that the open Warburg impedance was not included, whereas the data at low frequencies were truncated accordingly during fitting. b, Comparison of Nyquist plots of LBC-G cathodes containing graphite hosts with different average flake sizes (KS4, about 4 μm; ‘Big graphite’, about 800 μm), showing the independence of the diffusion kinetics from the halogen diffusion length inside the graphite interlayer. c, Practical volumetric energy density of the LBC-G cathode compared with those of other representative state-of-the-art cathodes when paired with Li metal anodes. For a fair comparison, the potential of a unit stack (the smallest cell unit) comprising a 100-μm-thick cathode, a 9-μm separator and a Li metal anode (average discharge voltages referred to Li/Li+) was calculated using capacity matching. The volume fraction of the active material in each electrode was considered to be 70 vol% for intercalation materials and 60 vol% for conversion-type cathodes. The material properties in the fully expanded (lithiated) state were used to calculate the volumetric capacity and inactive volume within each electrode. The areal capacities of the anodes and cathodes were matched at 1:1 and no extra capacity was considered for formation losses. d, e, Schematic of the full cell configurations with an LBC-G composite cathode in WiBS aqueous-gel electrolyte during charging (d) and discharging (e).


Extended Data Fig. 5 Reversible halide redox chemistry enabled by intercalation in graphite.
Galvanostatic charge and discharge profiles of different composite cathodes at a current density of 80 mA g−1 in WiBS gel electrolyte. a, LiBr–graphite (mass ratio of about 1:1) cathode in the potential range 3.20–4.62 V. Without the presence of Cl−, there were no further oxidation reactions of Br0 until the potential was raised to above 4.55 V versus Li/Li+, where Br0 was further irreversibly oxidized into BrO−. b, Composite of (LiBr)0.5(LiCl)0.5 and titanium nanopowder (mass ratio 1:20), showing a charge capacity of 85% of the theoretical value for halogen anion redox reactions and negligible discharge capacity. The higher overpotential might be due to the lack of carbon catalysis for the redox reactions. c, (LiBr)0.5(LiCl)0.5/graphitized carbon black (mass ratio 1:3). d, (LiBr)0.5(LiCl)0.5/active carbon (mass ratio 1:3). e, (LiBr)0.5(LiCl)0.5/KS4 (mass ratio 6:4). f, g, N2 absorption/desorption isotherm of a graphite (KS4) electrode (f) and an active-carbon electrode (g) with 5 wt% PTFE binder. The results indicate that, unlike active carbon, the graphite host cannot provide a large surface area and small size pores to store halogens by adsorption. h, Ex situ XRD intensity of LiBr/LiCl/active-carbon cathodes at fully charged and discharged states. After adsorbing halogen (Br2 and BrCl) during charging, a relatively strong peak appears in the (002) peak area, and (100) weakens. This might imply the reformation of randomly oriented small graphitic zones with the help of halogen integration, which indicates a minor contribution of intercalation-like behaviour to halogen storage into nano-graphitized grains.


Extended Data Fig. 6 Reference samples of chemically intercalated halogen GICs.
a–f, XRD patterns of chemically intercalated Br2 (a–c) and BrCl (d–f) GICs used as reference samples. These GICs were prepared by exposing the graphite flakes in high-concentration Br2 vapour and BrCl gas for 2 h (more synthesis details in Methods). The spontaneous slow de-intercalations of the XRD peaks that appear at 48 h were observed using the θ–2θ scan mode with Cu Kα radiation (1.5418 Å) in reflection geometry. g, Raman spectra (50–500 cm−1) of chemically intercalated Br2 and BrCl GICs used as reference samples.


Extended Data Fig. 7 Representative structures of stage-I [Br0.5Cl0.5]C3.5 complex obtained from DFT simulations.
All structures have intercalation voltages within 0.02 V per ion of a structure with homogenous Br–Cl–Br–Cl bond lengths of 2.45 Å (top left). The bottom right structure is simulated on the basis of the reported Br2 structure28. Quantum chemistry calculations performed on a Cl–Br∙∙∙Cl–Br cluster surrounded by conductive polarized continuum also yielded a zig-zag configuration for the Cl–Br∙∙∙Cl–Br complex with a Cl–Br∙∙∙Cl–Br angle of around 110°, which has lower energy than the linear Cl–Br∙∙∙Cl–Br configuration by 0.1 eV according to MP2/aug-cc-pvTz and PBE/aug-cc-pvTz calculations. The most stable geometry obtained from these cluster calculations is similar to that found in the stage-I complexes shown above.


Extended Data Fig. 8 Stage-I [Br0.5Cl0.5]C3.5 complex structures obtained from ab initio MD simulations.
Results from 30 ps of NVT ab initio MD simulations using the CP2K package and starting from a structure with homogenous –Br–Cl– bond lengths, as this structure was the most computationally efficient. a, Radial distribution function g(r) of stage-I [Br0.5Cl0.5]C3.5 from 30 ps of MD simulations at 333 K (left) and final snapshot of the trajectory (right). b, DFT results for stage-I [Br0.5Cl0.5]C3.5 from 30 ps of simulations at 333 K, following initial annealing at 633 K to accelerate the appearance of disorder (left) and final snapshot of the trajectory (right), with a close Br–Br contact highlighted in red. No close Cl–Cl contacts form at this voltage, as evidenced by the absence of features near the gas-phase Cl–Cl bond length in the radial distribution function. NVT simulations used the Langevin thermostat with an associated time constant of 10 fs and average box dimensions obtained from the equilibration runs performed in the NPT ensemble for 100 ps. A 1 fs timestep was used throughout. No signs of gassing and subsequent graphite exfoliation were observed over 100 ps of additional simulations under constant-pressure conditions, even after brief annealing at 633 K and relaxation back to 333 K.


Extended Data Fig. 9 Representative in-plane configurations of the cathode structure from DFT calculations.
a–d, Stage-II C7[Br] (a), stage-I C7[BrCl] (b), stage-II C8[Br] (c) and stage-I C8[BrCl] (d) cathodes obtained from DFT simulations. Only a single set of bond lengths can be obtained with this C4[X] stoichiometry (X, halogen). e–h, Comparison of scattering paths calculated using FEFF6 with different DFT structures to determine the best modes for fitting the experimental XAFS data: stage-II C7[Br] (e) and C8[Br] (f), and stage-I C3.5[Br0.5Cl0.5] (g) and C4[Br0.5Cl0.5]) (h). The nearest (black), second-nearest (red) and third-nearest (blue) scattering paths around the Br centre are shown. The absence of the second-nearest Br–Br (R ≈ 2.6 Å) and Br–Cl (R ≈ 2.6 Å) scattering paths for the C4[X] stoichiometry suggests that the stoichiometry of C3.5[X] would be the dominant one in the real materials.


Extended Data Table 1 Calculated d spacing, stage numbers and plane index of Br2 and BrCl GICsFull size table
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