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            Abstract
Solid–liquid interfaces are important in a range of chemical, physical and biological processes1,2,3,4, but are often not fully understood owing to the lack of high-resolution characterization methods that are compatible with both solid and liquid components5. For example, the related processes of dendritic deposition of lithium metal and the formation of solid–electrolyte interphase layers6,7 are known to be key determinants of battery safety and performance in high-energy-density lithium-metal batteries. But exactly what is involved in these two processes, which occur at a solid–liquid interface, has long been debated8,9,10,11 because of the challenges of observing such interfaces directly. Here we adapt a technique that has enabled cryo-transmission electron microscopy (cryo-TEM) of hydrated specimens in biology—immobilization of liquids by rapid freezing, that is, vitrification12. By vitrifying the liquid electrolyte we preserve it and the structures at solid–liquid interfaces in lithium-metal batteries in their native state, and thus enable structural and chemical mapping of these interfaces by cryo-scanning transmission electron microscopy (cryo-STEM). We identify two dendrite types coexisting on the lithium anode, each with distinct structure and composition. One family of dendrites has an extended solid–electrolyte interphase layer, whereas the other unexpectedly consists of lithium hydride instead of lithium metal and may contribute disproportionately to loss of battery capacity. The insights into the formation of lithium dendrites that our work provides demonstrate the potential of cryogenic electron microscopy for probing nanoscale processes at intact solid–liquid interfaces in functional devices such as rechargeable batteries.
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                    Fig. 1: Characterization of dendrite morphologies by cryo-FIB.[image: ]


Fig. 2: Structure and elemental composition of dendrites and their interphase layers in electron-transparent lamellae.[image: ]


Fig. 3: Analysis of the carbon-bonding environment near the dendrites.[image: ]


Fig. 4: Determination and mapping of dendrite composition.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Schematic and SEM images of the cryo-FIB lift-out sample preparation process, and examples of additional final lamellae.
a, A buried structure or interface is identified for preparation, here a dendrite embedded in frozen electrolyte above the anode (indicated by the red arrow). In our coin-cell batteries, raised regions of electrolyte were used to localize buried dendrites. b, e, f, Trenches are then site-specifically milled around the site of interest, forming a vertical cross-sectional lamella containing the structure or interface. The sample is aligned in the microscope so that the electrode surface normal is parallel to the electron beam direction in e, and tilted by 52° to image the lithium anode–electrolyte interface and the electrolyte-embedded dendrite in f. c, g, A cooled nanomanipulator needle is then attached to the cryo-immobilized lamella by water vapour from a gas-injection system deposited as amorphous ice. The lamella is then cut free from the sample and lifted out. d, h, Finally, the lamella is attached to a TEM grid post with additional ice deposition, cut free from the nanomanipulator and thinned to electron transparency with the ion beam. i, j, Lamellae containing type II dendrites above lithium electrodes. The lamella in i contains a fluorine-rich structure as well. Different electrolyte thicknesses and milling parameters were used to prepare these lamellae, resulting in different final dimensions. k, A lamella produced from an uncycled electrode, used to obtain reference spectra. The increased signal of the uncycled electrode is due to different image-acquisition parameters, not a material difference.


Extended Data Fig. 2 Elemental maps of the regions near both types of dendrite surface, carbon-bonding environment maps resulting from fitting of MCR spectra back to original data, and corresponding summary schematics of both dendrite types and their SEI layers.
Carbon, oxygen and fluorine are shown in a composite map in Fig. 2. a, d, Individual elemental maps showing the full count range, excluding 0.2% of high- and low-intensity outliers, make it clear that there is a substantial concentration of oxygen in the type I dendrite and very little in the type II dendrite, and that there is increased oxygen in the type I SEI compared to the electrolyte. In addition, essentially no fluorine is present in the type I SEI, and the large fluorine-rich structure contains a higher fluorine concentration than the electrolyte. Nitrogen maps are included as well, and largely show noise with little spatial dependence. Corresponding count scale bars are shown next to each map. b, Individual maps determined by MCR corresponding to the spectra primarily located at (and labelled in Fig. 3 as) the SEI, electrolyte and fluorine-rich structure (top to bottom), displaying the original counts. c, e, Individual plasmon maps determined by MCR for LiH, lithium and the electrolyte (top to bottom), displaying the original counts. f, Top, type I dendrites consist of partially oxidized lithium metal with small LiH regions at the surface, and have an extended SEI layer consistent with lithium ethylene dicarbonate (LEDC) that contains bubbles, probably from ethylene, a by-product of the SEI formation. Large fluorine-rich structures are often found near the dendrites. Bottom, type II dendrites consist of uniform LiH and have a compact Li2O/LiOH · H2O SEI layer. Although not depicted, fluorine-rich structures were also observed near type II dendrites. Scale bars, 300 nm.


Extended Data Fig. 3 Comparison of the type II SEI oxygen K-edge with reference spectra and an example of a bandpass-filtered spectrum.
a, The O K-edge of the type II dendrite appears to be consistent with a combination of Li2O and LiOH · H2O. Spectra are offset vertically for clarity. b, A 0.6-eV bandpass (BP) filter was applied to the O K-edge spectra acquired on the F20 to remove high-frequency noise. This preserved the main features of the edge while eliminating those below the energy resolution of the instrument.


Extended Data Fig. 4 Cryo-FIB, cryo-STEM EELS and electrochemical results comparing lithium deposition in cells using traditional and full-fluoride electrolytes.
a, b, Cryo-FIB reveals that the dendrite density is much lower for the full-fluoride fluoroethylene carbonate (FEC) electrolyte (b) than with the traditional EC:DMC electrolyte (a). In the former case, nearly no LiH dendrites are present and the lithium deposition is modified, forming broad localized depositions. c, d, Cross-sections of these deposits reveal that they are composed of many smaller ‘blocks’ in contact, separated by SEI layers. e, f, A lamella of this type of deposition was prepared by cryo-FIB lift-out (e) and cryo-STEM EELS of the Li K-edge of the material revealed that it is composed of partially oxidized lithium metal (f), as was the type I dendrite in the traditional electrolyte. g, The Coulombic efficiency measured in a lithium versus stainless steel set-up using a constant current density of 1 mA cm−2 and capacity of 1 mAh cm−2 was greatly improved for the full-fluoride electrolyte compared to the traditional electrolyte. h, Cycling of a full cell comprising a lean lithium anode (50 μm) and a nickel manganese cobalt oxide (NCM) cathode (2 mAh cm−2) with the full-fluoride electrolyte resulted in a substantial decrease in capacity fade and improved Coulombic efficiency over the traditional electrolyte. The discharge capacity is plotted on the left axis, whereas the Coulombic efficiency is on the right axis. The operating voltage range was 4.3 V to 3 V. In all figures, the red lines and symbols represent results for the EC:DMC, 1 M LiPF6 electrolyte, whereas the black lines and symbols are for FEC, 2 M LiPF6.


Extended Data Fig. 5 Full spectra recorded from the dendrites (intensities on a logarithmic scale).
The spectra show clear differences in the plasmons and Li K-edges, as well as a large difference in oxygen content between the type I and type II dendrites. The small amount of oxygen on the type II dendrite is probably due to water molecules adsorbed on the surface of the sample in the microscope vacuum, which would typically react with materials such as lithium or sodium at room temperature. No nitrogen was present in either dendrite, confirming that no reaction with nitrogen in the air or liquid N2 had occurred.


Extended Data Fig. 6 Example damage series profiles and initial/final spectra taken for lithium materials relevant to this study over a range of doses at which damage occurs, dark-field cryo-STEM images of various types of damage induced in a frozen organic electrolyte at different doses with corresponding spectra, and before and after images of the regions in which the EELS maps in the main text were taken.
All spectra were recorded at cryogenic temperatures. a, We found all oxide materials convert to Li2O under large doses. Li2O and LiH are primarily affected by mass loss, with no substantial changes in fine structure. The maps presented in the main text were acquired at doses lower than the dose indicated by the red arrows shown at the bottom of the plots, of the order of 102 e− Å−2. b, c, While some structural modification of the electrolyte material was present at low doses, probably due to liberation of hydrogen, a dose greater than 103 e− Å−2 was required for substantial mass loss and modification of spectral fine structure. At 3 × 103 e− Å−2, approximately 50% of the material remained after the map, as determined by the ADF signal. At 104 e− Å−2, the material was completely removed in some areas, but the carbonate portion of the molecule remained. Doses applied during acquisition of the maps in the main text were less than the lowest dose shown here. Spectra are offset vertically for clarity. d, e, In the maps displayed in the main text, small structural changes were observed in the organic materials, which is expected given our damage analysis. This is probably due to liberation of hydrogen from the molecules, which occurs at low dose. The fine structure is not greatly affected until approximately an order of magnitude higher dose than was applied during these maps, which was of the order of 102 e− Å−2. Scale bars, 200 nm, 30 nm and 60 nm (b, left to right), 300 nm (d, e).


Extended Data Fig. 7 Charging profile from a symmetric lithium coin cell.
A constant current of 1 mA cm−2 was applied to the cells for 24 h (bottom). The resulting voltage profile from one of the coin cells used is shown in the top panel.


Extended Data Fig. 8 Amorphous diffraction pattern of the electrolyte recorded in a cryo-lamella produced by cryo-FIB lift-out.
Cryo-TEM diffraction of the electrolyte on samples produced by cryo-FIB lift-out shows that it is frozen amorphously and does not recrystallize at any point during the preparation, storage, transfer or characterization.


Extended Data Table 1 Comparison of the properties of type I and II dendritesFull size table


Extended Data Table 2 Threshold electron doses and primary damage mechanisms observed for relevant materialsFull size table
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