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            Abstract
Solid-state lithium (Li)–air batteries are recognized as a next-generation solution for energy storage to address the safety and electrochemical stability issues that are encountered in liquid battery systems1,2,3,4. However, conventional solid electrolytes are unsuitable for use in solid-state Li–air systems owing to their instability towards lithium metal and/or air, as well as the difficulty in constructing low-resistance interfaces5. Here we present an integrated solid-state Li–air battery that contains an ultrathin, high-ion-conductive lithium-ion-exchanged zeolite X (LiX) membrane as the sole solid electrolyte. This electrolyte is integrated with cast lithium as the anode and carbon nanotubes as the cathode using an in situ assembly strategy. Owing to the intrinsic chemical stability of the zeolite, degeneration of the electrolyte from the effects of lithium or air is effectively suppressed. The battery has a capacity of 12,020 milliamp hours per gram of carbon nanotubes, and has a cycle life of 149 cycles at a current density of 500 milliamps per gram and at a capacity of 1,000 milliamp hours per gram. This cycle life is greater than those of batteries based on lithium aluminium germanium phosphate (12 cycles) and organic electrolytes (102 cycles) under the same conditions. The electrochemical performance, flexibility and stability of zeolite-based Li–air batteries confer practical applicability that could extend to other energy-storage systems, such as Li–ion, Na–air and Na–ion batteries.
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                    Fig. 1: Schematic and characterization of the zeolite solid electrolyte.[image: ]


Fig. 2: Construction and reversibility of the integrated battery with C-LiXZM.[image: ]


Fig. 3: Properties of batteries containing C-LiXZM.[image: ]


Fig. 4: Safety, abuse tolerance and flexibility of the SSLAB with C-LiXZM.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Characterization of SC-LiX.
a, XRD patterns and SEM image (scale bar, 20 μm) of the synthesized SC-LiX. The standard XRD pattern of the simulated FAU structure is provided for comparison. The SC-LiX displays a typical octahedral morphology with a particle size of 28 μm. b, N2 adsorption–desorption isotherms and pore-size distributions of SC-LiX (total surface area = 880 m2 g−1, micropore area = 819 m2 g−1, external surface area = 61 m2 g−1, micropore volume = 0.30 cm3 g−1). c, Photograph and micrograph of the test device used for the EIS of SC-LiX. The ionic conductivity was calculated with the formula σ = d/(R × S), in which the value of the resistance R (28,656 Ω) was obtained from the fitted Nyquist plots, the value of the diameter d (2.3 × 10−3 cm) was measured from the SEM image in the inset of a, and S (3.4 × 10−6 cm2) was the adhesion area of the silver electrode for SC-LiX, with the shape of an equilateral triangle. d, EIS spectrum of the synthesized SC-LiX.


Extended Data Fig. 2 Characterization of zeolite-based solid electrolyte.
a, XRD pattern and SEM image (scale bar, 1 μm) of the crystal seeds used in the synthesis of LiXZM. Crystal seeds display a particle size of about 800 nm. b, XRD patterns of LiXZM before and after keeping for 1 year. c, SEM image of LiXZP (scale bar, 5 μm). d, XPS spectrum and Ag 3d spectra of LiXZP after the EIS experiment. After EIS, the XPS spectrum of LiXZP was conducted after scraping off the Ag current collectors from the LiXZP. No Ag could be detected in the Ag 3d spectrum, demonstrating that Ag could not participate in ion conduction as a mobile ion. The ionic conductivities of LiXZM and LiXZP were calculated using the formula σ = d/(R × S), in which the values of R (5.9 × 106 Ω for LiXZP, 11,720 Ω for LiXZM) were obtained from the fitted Nyquist plots, the values of d (1.5 × 10−2 cm for LiXZP, 5.0 × 10−4 cm for LiXZM) were from the SEM images in Fig. 1e, f, and the values of S (7.9 × 10−1 cm2 for LiXZP, 1.6 × 10−4 cm2 for LiXZM) corresponded to the adhesion area of silver electrodes for LiXZP (circle) and LiXZM (rectangle, stripped from the smooth stainless-steel substrate). Thus, the ionic conductivities were calculated to be 3.3 × 10−9 S cm−1 for LiXZP and 2.7 × 10−4 S cm−1 for LiXZM. e, f, EIS spectra (e) and the corresponding Arrhenius conductivity plots (f) of LiXZM at 25–200 °C in the frequency range of 1 MHz–10 Hz. According to the Arrhenius equation (σ = σ0exp(−Ea/kBT))34, the activation energy of conduction (Ea) is calculated to be 6.54 kJ mol−1. g, h, Current–time curves (g) and the corresponding electronic conductivity (h) of LiXZM at 25–500 °C. i, Results of scratch and Vickers hardness tests on LiXZM and LiXZP.


Extended Data Fig. 3 Construction of the integrated SSLAB with C-LiXZM.
a, Elemental mapping (C, N, O) of CNT-SS using EDS (scale bar, 200 μm). b, SEM image of the crystal seeds wiped on the CNT-SS (scale bar, 1 μm). c, Raman spectra of CNT-SS with 300 s plasma treatment before and after LiXZM growth. The two peaks located at 1,351 and 1,580 cm−1 arise from the D and G bands of CNT-SS. The intensity ratio of the two peaks (ID/IG) remained approximately the same after the in situ growth of LiXZM, indicating that the structural integrity of the CNTs was preserved. d, XPS survey spectrum of C-LiXZM. XPS analysis of CNT-SS demonstrates the existence of C, O, and N on the surfaces of the CNTs, whereas peaks corresponding to Si 2p, Al 2p and Li 1s are observed in the XPS spectrum of C-LiXZM owing to the presence of LiX zeolite. e, XPS spectra of C-LiXZM in the C 1s region. The peaks at 284.6, 285.2, 287.3 and 289.0 eV correspond to C–C (sp3), C–N (sp3), C=O (sp2) and O–C=O (sp2), respectively. f, XPS spectra of C-LiXZM in the N 1s region. The peaks of pyridinic N at 398.6 eV, pyrrolic N at 399.7 eV and graphitic N at 401.1 eV are identified in the N 1s spectrum of C-LiXZM. g, Thermogravimetric curve of C-LiXZM after the stainless-steel mesh substrate was removed. The dehydration of zeolites (<200 °C)46 and the thermal decomposition of CNTs (500–630 °C)47 take place in sequence as the temperature increases. h, Cross-sectional SEM image of the interface between LiXZM and Li metal anode (scale bar, 100 μm).


Extended Data Fig. 4 Construction and performance of SSLABs.
a, SEM image of the 500-mesh stainless-steel mesh as the substrate (scale bar, 50 μm). b, SEM image of LiXZM grown on the 500-mesh stainless-steel mesh (scale bar, 50 μm), which serves as the solid electrolyte for non-integrated batteries with C|LiXZM. c, XRD pattern of the commercial NASICON-type solid electrolyte of LAGP, which has a rhombohedral structure with space group36 R3c. d, The first discharge–charge curves of SSLABs with C-LiXZM, C|LiXZM and C|LAGP. The curves are additionally labelled at an areal current density of 0.065 mA cm−2 with a limited areal specific capacity of 0.13 mAh cm−2. e, Rate performances of the three SSLABs.


Extended Data Fig. 5 Stability of LAGP and LiXZM.
a, b, SEM image of LAGP before cycling (scale bar, 2 μm) (a) and after 10 cycles (scale bar, 2 μm) (b). c, d, SEM image of C-LiXZM before cycling (scale bar, 500 nm) (c) and after 100 cycles (scale bar, 500 nm) (d). The original morphology of LAGP was not maintained after cycling, whereas the outline of the crystal face of LiXZM is still clear. e, f, XRD patterns of LAGP (e) and LiXZM (f) after cycling. The crystallinity of LAGP decreased considerably, indicating the poor stability of LAGP, whereas no structural change was observed in LiXZM even after 100 cycles. g, h, Ge 3d XPS spectra of LAGP before (g) and after (h) cycling. i, j, Al 2p XPS spectra of C-LiXZM before (i) and after (j) cycling. k, l, Si 2p XPS spectra of C-LiXZM before (k) and after (l) cycling. When in contact with the Li metal surface, Ge4+ in LAGP is easily reduced, whereas no structural change occurs in LiXZM even after 100 cycles. m, n, Al 2p (m) and Si 2p (n) XPS spectra of the lithium anode before and after cycling. No Al and Si species appeared on the surface of lithium metal after cycling, which further confirmed the stability of LiXZM towards lithium metal. o, Results of scratch and Vickers hardness tests of LiXZM and LAGP.


Extended Data Fig. 6 Cycling performance of SSLABs with C-LiXZM.
a, Cycling performance of SSLAB with C-LiXZM at 200 mA g−1 and 200 mAh g−1 (top), at 500 mA g−1 and 500 mAh g−1 (middle) and at 1,000 mA g−1 and 1,000 mAh g−1 (bottom) in ambient air. The SSLABs with C-LiXZM exhibit stable discharge–recharge reactions for 1,297 cycles at 200 mA g−1 and 200 mAh g−1, 309 cycles at 500 mA g−1 and 500 mAh g−1, and 115 cycles at 1,000 mA g−1 and 1,000 mAh g−1 in ambient air, and the battery keeps operating steadily at 200 mA g−1 and 200 mAh g−1 as of the submission of this work. To our knowledge, these are the best cycling performances reported to date in SSLABs. b, Cycling performance of SSLABs with CNT mass loadings of 0.05, 0.10 and 0.15 mg cm−2 at a current density of 500 mA g−1 with a specific capacity limited to 1,000 mAh g−1. The overpotentials of the batteries display negligible change, whereas the cycle life is affected by the CNTs mass loading. Specifically, SSLABs using C-LiXZM could operate for 465, 149 and 96 cycles with CNT mass loadings of 0.05, 0.10 and 0.15 mg cm−2, respectively. The reduced cycle life for the cathode materials with increased mass loading is common in practical battery systems, because the accumulation of active substance affects mass transfer48. In the meantime, the absolute current of the battery under the same current density would increase with increased active mass loading. c, Terminal discharge voltage of the SSLAB with C-LiXZM compared with the Li–air battery with ionic liquid electrolyte (IL). The cyclic stability of the SSLAB with C-LiXZM is better than that of the Li–air battery with ionic liquid electrolyte, which operates for only 67 cycles before failure—mainly as a result of similar problems to the organic-electrolyte-based Li–air batteries, including the decomposition of the ionic liquid and growth of Li dendrites49.


Extended Data Fig. 7 Protective effect of C-LiXZM.
Time-resolved optical images of lithium metal inserted in the test devices sealed with Celgard separator (immersed with organic electrolyte), glass fibre separator (immersed with organic electrolyte), LiXZM and C-LiXZM. The lithium metal sealed with LiXZM and C-LiXZM retains its metallic lustre after 1,000 h of ageing, which demonstrates that lithium metal can be effectively protected from the erosion of air components by zeolite membranes. Notably, lithium metal sealed with C-LiXZM is brighter than that sealed with LiXZM, because the hydrophobic carbon cathode surface can further block H2O from the air.


Extended Data Fig. 8 Characterization and properties of LiXZM.
a, XRD patterns of the discharge products of batteries with C-LiXZM and the organic electrolyte after the first discharge. b, Li 1s XPS spectra of LiXZM before and after cycling. The surface of the LiXZM adjacent to the cathode side was characterized by XPS after cycling, and no discharge products of Li2O2 were detected. c, EIS spectrum of LiXZM after discharge. The ionic conductivity after discharge is 2.71 × 10−4 S cm−1, showing no notable difference from that before discharge (2.65 × 10−4 S cm−1). d, Terminal discharge voltage of the SSLABs with C-LiXZM compared with those of the Li–air batteries with organic electrolyte at 500 mA g−1, 500 mAh g−1 in ambient air (309 versus 162 cycles), and 500 mA g−1, 1,000 mAh g−1 in dry oxygen (276 versus 169 cycles). e, FTIR spectra of the discharge products in the SSLAB with C-LiXZM after 150 cycles.


Extended Data Fig. 9 The nail test on the batteries with C-LiXZM and organic electrolyte.
a, The short-circuit battery temperature observed through an infrared camera. b, The first discharge–charge curves of the batteries with organic electrolyte and C-LiXZM after the nail test. c, Terminal discharge voltage of the batteries with organic electrolyte and C-LiXZM after the nail test at a current density of 500 mA g−1 with the specific capacity limited to 1,000 mAg−1. The nail pierced the batteries containing C-LiXZM and organic electrolyte powering a red LED (Supplementary Video 1, 2). The battery with C-LiXZM was able to light up the LED immediately after the nail was removed, whereas the battery with organic electrolyte was no longer able to function. The temperature of the battery with organic electrolyte immediately increased by 2 °C after the short circuit, whereas no temperature change was observed in the case of SSLABs with C-LiXZM. It is notable that a very small button battery with an open system produced such a temperature difference. If a battery pack that contains flammable and explosive organic electrolytes is hit or damaged when used in a vehicle, a short circuit could be very dangerous.


Extended Data Fig. 10 Potential for the practical application of zeolite membranes as solid electrolytes.
a, The performance of the SSLAB with C-LiXZM under a simulated actual application state. The integrated SSLAB with C-LiXZM was operated for 20 cycles (200 mA g−1, 2,000 mAh g−1). After an interval of 40 days, the battery with C-LiXZM was able to operate steadily for 40 cycles at a different current density and specific capacity (500 mA g−1, 1,000 mAh g−1). b, Curvature test of the integrated SSLAB with C-LiXZM. The curvature radius and curvature are 3.92 mm and 2.55 × 102 m−1, respectively. c, Stress strain curve (σ–ε) of the C-LiXZM. d, A digital photograph of large LiXZMs synthesized in the laboratory.
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Supplementary Video 1
A nail test of the battery with C-LiXZM.


Supplementary Video 2
A nail test of the battery with organic electrolyte (OE).


Supplementary Video 3
The flexibility of the SSLAB with C-LiXZM.


Supplementary Video 4
The SSLAB with C-LiXZM providing power to drive an unmanned aerial vehicle.
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