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            Abstract
Ice is present everywhere on Earth and has an essential role in several areas, such as cloud physics, climate change and cryopreservation. The role of ice is determined by its formation behaviour and associated structure. However, these are not fully understood1. In particular, there is a long-standing debate about whether water can freeze to form cubic iceâ€”a currently undescribed phase in the phase space of ordinary hexagonal ice2,3,4,5,6. The mainstream view inferred from a collection of laboratory data attributes this divergence to the inability to discern cubic ice from stacking-disordered iceâ€”a mixture of cubic and hexagonal sequences7,8,9,10,11. Using cryogenic transmission electron microscopy combined with low-dose imaging, we show hereÂ the preferential nucleation of cubic ice at low-temperature interfaces, resulting in two types of separate crystallization of cubic ice and hexagonal ice from water vapour deposition at 102â€‰K. Moreover, we identifyÂ a series of cubic-ice defects, including two types of stacking disorder, revealing the structure evolution dynamics supported by molecular dynamics simulations. The realization of direct, real-space imaging of ice formation and its dynamic behaviour at the molecular level provides an opportunity for ice research at the molecular level using transmission electron microscopy, which may be extended to other hydrogen-bonding crystals.
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                    Fig. 1: Visualization of heterogeneous nucleation and growth of ice Ic using in situ low-dose cryogenic TEM.[image: ]


Fig. 2: Single-crystalline ice Ic crystallites grown on different substrates.[image: ]


Fig. 3: Defects in ice Ic crystallites.[image: ]


Fig. 4: Structural dynamics of stacking disorders in ice Ic.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Alignment and summing up of an image stack.
a, A single frame in a TEM image stack (40 frames within an irradiation time of 2â€‰s in total) obtained using single-electron counting mode via K2 camera with an electron beam dose rate of 196 eâˆ’Ã…2/s. b, Corresponding FFT of image in (a). c, Band-pass filter. d, As-filtered TEM image of (a). e, Cross-correlation between one frame with (a) as the reference frame. f, Image-drift profile determined from filtered image using cross-correlations. g, Image acquired with eight drift-corrected frames from one stack binned together. h, Image formed by directly summing up all 40 frames without cross-correlations in the same stack as in (g). i, Image acquired by summing up eight frames from the same image stack used for images in (g) and (h) with combined band-pass filter and cross-correlation.


Extended Data Fig. 2 Heterogeneous nucleation and growth of ice Ic.
a, b, Snapshots of bright-field TEM images and corresponding FFTs used for tracking nucleation and crystallization of one Ic crystallite on graphene at about 102â€‰K. Each image was obtained by summing eight aligned frames in one corresponding low-dose image stack acquired at a frame rate of 40/s with an irradiation time of 2â€‰s and a dose rate of 156 eâˆ’Ã…2/s. Bright spots in the high-resolution images indicate water dimer column positions in lattices. In-situ images showed that ice-like clusters nucleated on substrate first, exhibiting amorphous features, and then aggregated to ice Ic nucleus, which gradually crystallized to form one nanometre-sized crystallite in about 20â€‰min.


Extended Data Fig. 3 Orientation statistics of ice Ic crystallites grown from vapour deposition on graphene at about 102â€‰K.
Orientation statistics of fully-grown ice Ic crystallites on one graphene substrate based on real-space measurements, showing ice Ic crystallites with a preference for <110> orientation. A total of 92 ice Ic crystallites with different crystallographic axis orientations were observed and measured using the same conditions on one graphene substrate. The orientation and the corresponding number of the ice Ic crystallites is annotated in the chart.


Extended Data Fig. 4 Growth of ice Ic and ice XI crystallites.
aâ€“i, Snapshots of in-situ imaging showing the long-term ice deposition process. b, FFT of image in (a) demonstrated amorphous clusters formed on graphene in the initial deposition stage. Each image was obtained by summing eight aligned frames in one corresponding low-dose image stack acquired at a frame rate of 40/s and a dose rate of 108 eâˆ’Ã…2/s with an irradiation time of 0.4â€‰s. Individual crystallites were numbered based on the order of nuclei appearance. j, Corresponding FFTs for different crystallites, showing five randomly oriented ice Ic structures (1, 2, 4â€“6) and one <\(\bar{3}13\)> crystallography zone axis-oriented ice XI (3). k, Snapshots of ice XI cluster. l, High-magnification micrograph of the respective crystallites. The out-of-plane growth direction of the crystallite one deviates slightly from the <110> axis, resulting in the high-magnification TEM image and corresponding FFT with low resolution.


Extended Data Fig. 5 Real-time growth process of ice Ic from vapour deposition at 102â€‰K.
a, b, Snapshots and corresponding FFT of in-situ imaging showing the long-term ice Ic growth process from vapour deposition. High density of defects on (1\(\bar{1}\)1) plane cause streaking in the diffraction spots of ice Ic crystallite. Liquid nitrogen was refilled to the Dewar of the cryo-holder every three hours to maintain a low temperature of 102â€‰K. c, High-magnification image and corresponding FFT of defects in the ice Ic crystallite in (a) and another new ice Ic crystallite nearby showing the continuous nucleation and then crowded growth of ice Ic from prolonged vapour deposition. The crowded growth of multiple ice Ic crystallites result in multiple sets of diffraction spots to appear in the corresponding FFT of the TEM image. Each image was obtained by summing eight aligned frames in one corresponding low-dose image stack acquired at a frame rate of 40/s and a dose rate of 126 eâˆ’/Ã…2/s with an irradiation time of 0.4â€‰s. Scale bars, 20â€‰nm for (a), (b); 2â€‰nm for (c).


Extended Data Fig. 6 Single-crystalline ice Ic crystallites grown by vapour deposition at 102â€‰K.
aâ€“c, Low-magnification TEM image, high-magnification micrograph overlaid with atomic structure model, corresponding FFT, and computed TEM image of individual single-crystalline ice Ic crystallites oriented along <001>, <110>, and <111> zone axes, respectively. The smallest lattice spacing in real space is marked in the <110> image. The measured resolution for reciprocal space is also annotated in the FFT image. Electron beam dose: 50.8 eâˆ’/Ã…2 for (a), 47.6 eâˆ’/Ã…2 for (b); 37 eâˆ’/Ã…2 for (c). Electron beam irradiation time: 0.4â€‰s for (aâ€“c).


Extended Data Fig. 7 TEM micrographs of ice Ih crystallite formation by vapour deposition at 102â€‰K.
a, Sequential micrograph showing heterogeneous nucleation of one <001>-oriented ice Ih. Start time was defined as the time when the observation started. Each image was captured at an electron dose rate of 119 eâˆ’/Ã…2/s and a total dose of 47.6 eâˆ’/Ã…2. bâ€“d, Low-magnification image, high-magnification image overlaid with atomic structure model, corresponding FFT, and computed image of separate ice Ih crystallite with a <001>, <011>, and <121> orientation, respectively. Illumination electron beam dose and time: ice Ih <001>, 50.4 eâˆ’/Ã…2 and 0.4 s; ice Ih <011>, 45.6 eâˆ’/Ã…2 and 0.4â€‰s; ice Ih <121>, 43.2 eâˆ’/Ã…2 and 0.4â€‰s.


Extended Data Fig. 8 Polymorphic ice I growth from vapour deposition at about 102â€‰K.
aâ€“c, Low-magnification image, corresponding electron diffraction pattern, and diffraction intensity profiles of deposits from different randomly-selected micrometre-range areas at different time, showing structural variation of vapour deposition on graphene. Skewed diffuse Bragg peaks are labelled by ice Ic planes for the initial crystalline phase. Bragg peak positions for ice Ih, which also increase gradually with deposition time, are marked on the final intensity profile. The broadening and splitting of the diffraction peaks indicate the mixing of the two polymorphs. dâ€“f, Low-magnification image, corresponding electron diffraction pattern, and electron diffraction intensity profiles of ice deposition on ultrathin carbon from different randomly-selected micrometre-range areas at different time, indicating mainly amorphous solid water giving way to ice Ic during the embryonic stages. Skewed diffuse Bragg peaks indicate unmistakable contribution of ice Ih. Shoulders around Ic {111} peak position are annotated with the relevant planes of ice Ih in red colour. g, Micrograph of a region where two polymorphs coexist, the respective high-magnification image and the corresponding FFT of the two polymorphic crystallites, showing one <011>-oriented ice Ih and one <110>-oriented ice Ic formed together by vapour deposition on graphene after cooling for 8â€‰h at about 102â€‰K. h, Quantitatively calculated heterogeneous free energy profiles as a function of the cluster size r of two polymorphs, showing the experimentally observed results where the ice Ic dominates the polymorphic heterogeneous nucleation events. Electron beam dose rate: ~240 eâˆ’/Ã…2/s for (a)â€“(f). Irradiation time: 0.4â€‰s for (a)â€“(f).


Extended Data Fig. 9 Evolution of planar defects during ice Ic growth.
a, Sequential TEM images of one defective ice Ic during growth. Illumination electron beam doses are annotated in each image. All images were obtained with an electron illumination time of 0.4â€‰s. bâ€“d, Zoom-in snapshot micrographs of different regions in (a) showing first aggregation and then annihilation of typical planar defects that are intermediate states to each other through slip planes in ice Ic during crystallite growth. Different defect types, including twin boundaries (TBs), stacking faults (SFs), and phase boundaries (PBs), are marked with dashed lines of different colours.


Extended Data Fig. 10 Defective ice Ic growth. Growth of one defective ice Ic crystallite.
aâ€“d, Time-lapsed TEM images of one ice Ic crystallite (top row) and corresponding selected area FFTs (bottom row). The corresponding illumination electron beam dose of each image is 47 eâˆ’/Ã…2. Electron irradiation time for each image is 0.4â€‰s. Facets were indexed as labelled on images. Area I is the single crystalline Ic matrix along <110> zone axis. Area II shows the high density of stacking faults on (\(1\bar{1}1\)) plane based on diffractometry information. Both single-crystalline Ic matrix and the defected area grew over time with no phase transition during the observation time.





Supplementary information
Supplementary Video 1 Visualization of the defect structure dynamics in ice Ic.
Real-time molecular-resolution snapshot TEM records of defects in an <110>-oriented ice Ic crystallite illuminated by 300-kV accelerated high-energy electron beam for 10â€‰s, showing the slip and interlayer transfer behaviour of defective ice layers on close-packed planes. The bright spots in the video frame indicate the water-dimer column positions in the ice Ic lattice. With the increase in the electron-beam illumination time and dose, the defect layer and the water-dimer columns in the adjacent ice layer undergo cooperative distortion, which leads to the climbing of the defect layer along the close-packing direction.
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