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Tracking cubic ice at molecular resolution

Xudan Huang1,2,8, Lifen Wang1,3,8 ✉, Keyang Liu4,8, Lei Liao1,2, Huacong Sun1,2, Jianlin Wang1,2, 
Xuezeng Tian1, Zhi Xu1,3, Wenlong Wang1,3, Lei Liu5,6, Ying Jiang4,6, Ji Chen4,6,7 ✉, 
Enge Wang1,3,4,6 ✉ & Xuedong Bai1,2,3 ✉

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 ice—a currently undescribed phase in the phase space of ordinary 
hexagonal ice2–6. The mainstream view inferred from a collection of laboratory data 
attributes this divergence to the inability to discern cubic ice from stacking-disordered  
ice—a mixture of cubic and hexagonal sequences7–11. Using cryogenic transmission 
electron microscopy combined with low-dose imaging, we show here 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 102 K. Moreover, we identify 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.

Cubic ice (ice Ic) has a diamond- cubic structure with a repeating 
face-centred cubic array of tetrahedrally coordinated water molecules 
(Fig. 1a). Scheiner’s halo suggests the existence of ice Ic in nature3. 
Extensive laboratory research efforts have aimed to prepare ice Ic using 
complex approaches, including freezing aqueous droplets5, heating 
vitrified water12, confining water in mesopores13, thermal treatment of 
high-pressure phases of pure ice4,14,15 and disruption of gas hydrate16–18. 
But these experiments did not convincingly demonstrate a cubic phase 
in pure state and are now widely accepted to show stacking-disordered 
ice11 (ice Isd). Recently, pure ice Ic crystals were synthesized in the labo-
ratory by heating ice XVII to 160 K under vacuum19 or degassing a C2 
hydrogen hydrate at 100 K (ref. 20). With accumulating evidence, the 
demonstrated existence and metastability of the pure ice Ic may chal-
lenge the present interpretation of ice Isd that assumes that metastable 
ice Ic and stable hexagonal ice (ice Ih) can coexist.

The structural characterization of ice is usually based on diffraction 
methods that provide spatially averaged information. Scanning probe 
microscopy has enabled atomic-level structural characterization of 
ultrathin ice21, but only of the topmost one or two layers. Although 
electron microscopy is also capable of atomic-resolution structural 
imaging, its application to ice is challenging because of the difficulty 
in preparing samples stable under low-pressure imaging conditions 
and while exposed to electron beams. Moreover, some supporting 
substrates will interfere with the imaging of oxygen columns in ice. 
These challenges explain the limited use of transmission electron 
microscopy (TEM) when studying ice, with only transient imaging of 

bulk single-crystalline Ih reported because samples degrade under 
electron beam irradiation22.

To enable TEM imaging, residual water vapour present in the TEM 
columns is deposited onto cryogenic TEM grids. A low-dose imag-
ing technique was used to capture the depositions (Fig. 1b, Methods 
and Extended Data Fig. 1). Sequential TEM images and corresponding 
fast Fourier transform (FFT) showed that amorphous solid water23 
deposited first, after which the ice Ic nucleus formed, which had a 
single-crystalline lattice along the <110> zone axis (Fig. 1c). The meas-
ured lattice constant a was 6.36 Å, similar to the diffraction value of 
6.37451 Å for heavy-water ice Ic (ref. 19). Subsequently, the ice Ic nucleus 
grew to a faceted crystallite in a matter of hours (Fig. 1d). This type of ice 
Ic crystallization event represents most of the observed heterogeneous 
ice nucleation process (Extended Data Fig. 2). The collected growth 
profiles shown in Fig. 1e demonstrated that the size of the obtained 
ice Ic in each dimension was mostly in the nanometre range, with a 
lifespan longer than TEM experimental hours.

The on-site acquired electron energy loss spectroscopy (EELS) results 
showed two peaks arising over time during the cryogenic process on the 
graphene substrate, including one peak (peak I) at 8.8 eV that agrees 
well with the reported electronic gap of ice24 and an accompanying accu-
mulating peak at 532 eV for the oxygen K-edge (Fig. 1f). The K-edge for 
carbon at 284 eV gradually declined, implying an increase in carbon-free 
deposit. Consistently, the peak at 15.6 eV for the monolayer graphene 
shifted to 21 eV, which is assigned to the bulk ice plasmon, confirming 
ice adsorption.
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Given that the pure-phase single crystalline ice Ic crystallites were 
consistently spotted in nucleation and growth, the low temperature 
and low pressure were conducive to heterogeneous ice Ic nucleation. 
Our examination of ice depositions on different substrates (Fig. 2) 
further demonstrated that substrates other than graphene can also 
be effective for the heterogeneous nucleation of ice Ic.

Figure 2a–d shows four representative ice crystals with distinct but 
well-defined polyhedral morphologies found on different substrates, 
including hydrophobic carbon, hydrophilic carbon, graphene and hex-
agonal boron nitride (h-BN). High-magnification TEM images showed 
that these isolated crystallites were all single crystals without notable 
defects (Fig. 2e–h). The measured consistent lattice constant of 6.36 Å 
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Fig. 1 | Visualization of heterogeneous nucleation and growth of ice Ic  
using in situ low-dose cryogenic TEM. a, The ice Ic structure along different 
perspective directions. b, Experimental set-up for in situ cryogenic TEM.  
The temperature was measured and recorded while the monolayer graphene 
on one TEM grid was frozen. Simultaneously, residual water vapour in the TEM 
vacuum chamber condensed on the cryogenic graphene as ice and was then 
characterized by TEM, including imaging and EELS. c,d, A set of representative 
in situ real-time TEM images (top) and corresponding FFTs (bottom) showing 
amorphous solid water that formed on the graphene substrate first, followed 
by ice Ic nucleation and facet growth. The start time was defined as the time 
when the substrate started to cool down. Each image was obtained by summing 

eight aligned frames in one corresponding low-dose image stack acquired at a 
frame rate of 40 frames per second with a total irradiation time of 2 s and a dose 
rate of 120 e− Å−2 s−1 (Extended Data Fig. 1). e, Size growth profiles describing  
the progress of water vapour freezing to nanometre-sized ice Ic crystallites 
(Extended Data Fig. 2). f, Sequential real-time dual-EELS spectra with both  
low loss and core loss of the cooling substrate, showing a new peak I arising at 
8.8 eV ascribed to the electronic interband transition of bulk ice. The pristine 
plasmon peak at 15.6 eV belonging to monolayer graphene that gradually 
shifted to 21 eV was attributed to bulk ice plasmon. AU, arbitrary units.  
Scale bars, 2 nm (c) and 20 nm (d).
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corroborated that these faceted crystallites were ice Ic crystallites 
along the <001>, <110>, <111> and <112> crystallography orientations 
(Fig. 2i–l). The facets and diffraction spots of these crystallites were 
therefore indexed. Notably, the nanometre size of the crystallites 
caused the broadening of the diffraction spots. Furthermore, a few 
fake weak spots were generated because of the low signal-to-noise ratio 
caused by the poor scattering power of the water molecules. The atomic 
structure models were built (Fig. 2m–p) and image simulations were 
performed (Fig. 2q–t and Methods) for comparison. The models and 
simulations demonstrated results that were consistent with those of 
the experimental observations. Thus, the observed pure-phase single 
crystals fully demonstrate the heterogeneous nucleation of pure-phase 
ice Ic at the current conditions.

In addition to the dominating ice Ic crystallites, a small amount of 
ice Ih and one orthorhombic ice XI crystallite25 (due to electron beam 
charging26) were also found, revealing the polymorphic diversity of 
ice crystallization (Extended Data Figs. 3–7). Ice Ih directly nucleated 
from amorphous solid water. No phase transition from the cubic 
to hexagonal phase was observed because of the metastability of 
ice Ic under the present thermodynamic conditions. Therefore, the 
sequential diffraction intensity profile of this nucleus mixture with 
distinct structures in separate crystallization pathways showed evolv-
ing peaks (Extended Data Fig. 8). This profile is similar to the diffrac-
tion pattern obtained with a broad range of well-studied conditions, 
assuming monodispersed particles, that were previously interpreted11 
as Isd. Usually, owing to the probe size and signal-to-noise ratio 
requirements, a sample of common diffraction approaches contains  
dozens or more nanoparticles. The observed variation in the 
acquired structural composition over time, sampling and sub-
strate explains the similar, albeit not identical, diffraction patterns 
obtained in similar vapour deposition experiments2,26. The observed 

polymorphic complexity of ice nuclei emphasizes the importance of 
real-space imaging for reliable structure and crystallization pathway  
determinations.

On the basis of the consistency of ice Ic and ice Ih in the water tet-
rahedron as a common constituent unit, the difference in Gibbs free 
energy that determines the thermodynamic preference among the 
two polymorphs is minor, with a slightly more favourable value for Ih 
than for Ic (refs. 7,10). Because the real-time observation showed that the 
vast majority of the nascent heterogeneous nuclei comprises ice Ic, it 
is highly probable that the interfacial free energy—which is influenced 
by polymorph-dependent interface characters27, such as the surface 
tension and interplay between the nucleus and substrate—is in favour 
of ice Ic, leading to the nucleation preference for ice Ic at small sizes. 
This preferential nucleation of ice Ic caused by the interface effects 
corroborates the previous experimental study28 in which nanopore 
condensation produced mainly ice Ic. Parallel to this, the nucleation of 
ice Ic has recently been shown to have a high degree of adaptability and 
robustness to both substrate deformations and system size changes in 
simulations29. Ice crystallization may vary widely under distinct condi-
tions, the influence that the varying conditions of supersaturation and 
supercooling may have on the outset and the evolution of polymorphic 
diversity for heterogeneous ice nucleation, requires detailed and sta-
tistical studies in the future.

While screening the crystal structure of ice crystallites, the direct, 
high-resolution imaging of ice at the molecular level further allowed us 
to investigate the microscopic defects that occur in ice Ic. The observed 
defects were categorized into two types depending on whether they 
introduce stacking-disorder domains in the ice Ic matrix (Fig. 3). Type-1 
defects (Fig. 3a–h) feature planar defects confined to a close-packed 
{111} plane, including twinning (blue line), stacking faults (yellow lines) 
and their intersections. Type-2 defects (Fig. 3i–k) are domain disorders 
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Fig. 2 | Single-crystalline ice Ic crystallites grown on different substrates. 
a–d, Low-magnification TEM images of individual crystallites, including 
hydrophobic carbon (a), hydrophilic carbon (b), graphene (c) and monolayer 
h-BN (d). A polyhedron-truncated ice Ic cube along the corresponding view 
direction is included. e–h, High-magnification micrographs of the highlighted 
areas in a–d showing single-crystalline lattice without defects. i–l, Corresponding 
FFTs of the images in a–d, indicating a single-crystalline structure as indexed 

by ice Ic along four crystallography orientations. m–p, Ice Ic lattice schematics 
corresponding to the images in e–h. q–t, Computed TEM images of ice Ic lattices 
with a thickness of 15 nm (q), 30 nm (r), 15 nm (s) and 20 nm (t) in the images 
from m–p show good agreement with the experimental images shown in e–h. 
Scale bars, 10 nm (a–d), 1 nm (e–h) and 1 nm (q–t). Electron doses, 54 e− Å−2  
(a,e), 44 e− Å−2 (b,f), 40 e− Å−2 (c,g) and 56 e− Å−2 (d,h). Electron irradiation time, 
0.4 s (a–h).
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with defects in one area, such as twinning interfacing with misfit disloca-
tions (purple lines) and hexagonal close-packed sequences—that is, the 
Ih domain (yellow colour) with accompanying interphase boundaries 
(orange lines).

We found type-1 defects embedded in an ice Ic crystallite that gave 
rise to a nanolamellar structure (Fig. 3b). The high-magnification TEM 
image (Fig. 3c) showed clearly defined type-1 defect configurations, 
in which the long-period cubic-stacking sequences were disturbed by 

planar interfaces. Moreover, water-dimer columns in the fault ice layer 
showed an indistinct and thread-like distribution, in contrast to the 
clearly defined spots that were evenly spread out on one flat plane such 
as in an ice Ic lattice. Molecular dynamics simulations showed that the 
triangular water pyramids in the fault layer adapted to distortions in the 
hydrogen bond length and angle to release the misfit stress (Fig. 3a). We 
also found that these planar defects can intersect each other, separat-
ing one crystallite into eight nanograins with four junction boundaries 
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defective ice crystallite. k, High-magnification TEM image of the area circled in 
j showing type-1 and type-2 defect configurations. Scale bars, 5 nm (b,d,j) and 
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(Fig. 3d). Figure 3e–h shows the high-magnification images of these 
junctions with junction angles of approximately 109°.

Figure 3i shows a schematic of type-2 defects. A low-magnification 
image showed a high density of defects in a nanometre-sized ice crystal-
lite (Fig. 3j). The molecular-resolution micrograph shown in Fig. 3k 
showed that the crystallite was composed of a big ice Ic lattice area with 
type-1 defects and several disordered domains. Type-2 defect configu-
rations in the disordered areas were clearly identifiable. The twinning 
of the cubic array oriented along the <110> zone axis on the {112} plane 
introduced a high density of misfit dislocations. An interphase bound-
ary between the hexagonal domain and the cubic matrix on the {112}c 
plane had another misfit dislocation. Some hexagonal and cubic layers 
were alternately stacked along the closely packed direction.

The pure hexagonal stacking domains in the TEM micrograph showed 
a plane-symmetrical stacking pattern. Although the hexagonal domain 
mostly contained only two adjoint ice layers and the uneven distribution 
in the cubic matrix was small, the domain was verified, thus identifying 
another ice I polytype, Isd. The cubicity—that is, the proportion of cubic 
sequences—was estimated to be 86% of the observed ice Isd crystallite. 
Although defective ice Ic crystallites were found with the propensity 
of grown-in twinning and stacking faults, this stacking-faulted ice Isd 
formed under the complex competitive nucleation of ice Ic and ice Ih 
raises the question of whether this unique polymorph can initiate the 
transition from Ic to Ih on energy perturbations.

We investigated the structural dynamics of stacking disorders in ice 
Ic further (Fig. 4). Figure 4a reveals a pristine ice crystallite that was 
composed of a defect-free Ic domain (area I) and a stacking-disordered 

domain (area II). In the following experiments, the illumination electron 
beam dose rate was slightly increased to accelerate the local energy 
transfer from the electron beam to the ice structure. Consequently, 
the surfaces of the crystallite peeled off layer by layer, which suggests 
sublimation (Fig. 4b–d). Area II, which initially showed a striped lattice, 
gradually showed a changing fringe distribution with increasing irradia-
tion time, suggesting the internal instability of this defect structure. 
The FFT (Fig. 4e) corresponding to Fig. 4d revealed that the evolved 
crystallite still maintained the ice Ic configuration in the matrix.

Sequential molecular-resolution TEM images further resolved the 
microscopic details of the dynamic process (Fig. 4f–j and Supple-
mentary Video 1). For instance, the ice layer denoted as A and marked 
by a yellow line in Fig. 4f initially formed a hexagonal stack with the 
top two ice layers and a cubic stack with its bottom ice layer. Under 
continuous electron beam irradiations, the originally smooth spots—
that is, the water-dimer columns in the ice layer—became distorted 
(Fig. 4g), suggesting the deformation of the triangular water pyramids 
in the layer. The distortion gradually increased (Fig. 4h), reached its 
maximum state (Fig. 4i) and then disappeared in the A layer (Fig. 4i). 
Moreover, the upper adjacent Am layer first moved slightly in the 
horizontal <112> direction, and finally showed an obvious distortion, 
indicating the climbing of the stacking fault (Fig. 4i,j). This collabora-
tive deformation process of first intralayer distortion and then inter-
layer climbing was applicable to the defect layers. The ice Ic twin 
boundary also climbed under electron beam irradiation as marked 
by the white lines (Fig. 4f–j). The structural instability of the ice Ic 
defects and a preference for a {111} slip system were thus observed.
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The stacking-disorder evolution pathway and the corresponding 
potential energy map were further evaluated using molecular dynamics 
simulations (Methods). Figure 4l shows that the collaborative distor-
tions in the interface layer and the adjoint hexagonal layer require 
30.30 meV per molecule, corresponding to the initial distortion in 
Fig. 4g. The estimated energy barrier for the maximum distortion 
in the stacking fault bilayer was 45.38 meV per molecule (Fig. 4m). 
A major distortion in the middle hexagonal close-packed layer, such 
as the stacking fault configuration in Fig. 4j, needed 39.20 meV per 
molecule (Fig. 4n). The in situ images showed continuous sublimation 
of the surface ice, confirming that the energy transferred from the 
300-kV accelerated electron beam to the water molecules exceeds the 
surface-water displacement energy of 0.5 eV (Methods). The low-energy 
barriers of the transition between different lattice defects are thus sur-
mountable, hence explaining the experimentally observed structural 
evolution pathway based on energy considerations. The examination 
of the structure and dynamics of defects in ice Ic provides a key step 
towards understanding the plasticity of ice at the molecular level.

It is important to clarify that the evolution of the defects in defec-
tive ice Ic, either during growth (Extended Data Figs. 9 and 10) or 
under electron beam irradiation, does not drive the solid-sate phase 
transition from ice Ic to ice Ih. Such robust stability of ice Ic is highly 
consistent with its high competitiveness, which has been demon-
strated in heterogeneous nucleation and crystallization processes. 
This further corroborates that ice Ic formed by preferential nucleation 
at low-temperature interfaces has a sound thermodynamic stability.  
As a possible extension, heterogeneous ice Ic may be omnipresent at 
low temperatures because of the abundance and ubiquity of interfaces. 
Future in-depth examination of ice I formation behaviour related to 
polymorphic competition associated with the interface effect would 
greatly enhance our understanding of ice I, thus warranting further 
experimental and theoretical investigations.
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Methods

In situ low-dose cryogenic TEM imaging
Using the in situ liquid-nitrogen-cooled cryo-TEM holder (ZEPTOOLS,  
PicoFemto JN02), water vapour deposition was studied using aberration- 
corrected TEM. The microscope ( JEOL, Grand ARM 300) was equipped 
with a pixel-detector-based ultralow-dose electron imaging camera 
(Gatan, K2) operated at an accelerating voltage of 300 kV. The tem-
perature of the ultrathin substrate suspended on a TEM grid was set 
up with a resistive heater and measured using a thermocouple ther-
mometer. For a normal column vacuum of around 4 × 10−8 torr with 
an ambient humidity of approximately 18%, ice started to form when 
supersaturation was reached at approximately 110 K. The spherical 
aberration was corrected to around 1 μm. The twofold astigmatism 
was corrected to roughly 0 nm. The coma and three-fold astigmatism 
were corrected to several nanometres. The TEM bright-field image 
was obtained at an overfocus of around 10 nm for a negative spheri-
cal aberration, which facilitates real-time imaging of atoms with low 
electron-scattering power as observed previously30. The measured 
high-resolution TEM resolution was 1.6 Å for real-space imaging and 
1.1 Å for reciprocal space imaging.

Elastic and inelastic collisions of high-energy incident electrons with 
atom columns inherent in TEM electron diffraction imaging transfer an 
amount of energy E (in eV) given by the following equation31:

E E θ= sin ( /2)max
2

E E E A= (1.02 + /10 )/(465.7 )max 0 0
6

where E0 is the incident electron energy, A is the atomic mass number 
and θ is the electron deflection angle. For light-element atoms such 
as hydrogen and oxygen, the maximum transferred energy from the 
300-kV incident electron is about 850 eV and 47 eV, respectively. This 
energy transfer increases the temperature of the well-dispersed crystal-
lites on the TEM grid by a few degrees. For specimens with poor conduc-
tivity, electron beam irradiation can also cause charge accumulation, 
which in turn results in mass transport because of the movement of 
ions in the electric field and the accompanying image blurring and 
distortion. When the transferred energy exceeds the displacement 
energy (Ed), which is estimated32 to be 0.5 eV per molecule for water on 
the surface and 2.4 eV per molecule for water molecules in the lattice, 
the molecules are displaced from the initial sites. Furthermore, the 
radiation damage of the displacement effect further causes mass loss, 
which hinders microscopy characterization. The dose rate and the total 
dose of the electron beam are the main factors of the irradiation effects. 
For example, previous TEM studies have confirmed that at 200 kV and 
approximately 100 K, a typical imaging dose such as 1 × 105 e− Å−2 will 
cause mass loss32, whereas a higher dose of around 4 × 106 e− Å−2 results 
in simultaneous mass loss and structural transition26. The current study 
measurements were performed with a safe dose of approximately 
240 e− Å−2 for ice imaging in the current conditions.

A typical electron dose rate used for in situ TEM imaging was around 
120 e− Å−2 s−1 to minimize the radiation effect on water. Each image stack 
was obtained at 40 frames per second and then aligned and summed 
up to improve the signal-to-noise ratio. Furthermore, a band-pass filter 
was used in the images as aquired. Notably, the deposited ice remained 
in an amorphous state after continuous low-dose electron beam illu-
mination from the initial stage, indicating the inhibitory effect of the 
electron beam on the nucleation of crystalline ice. When the shutter 
used for blocking the beam was turned on for most of the time before 
imaging, chain-like disordered clusters randomly spread across the 
substrate in the initial stage, followed by regular ice Ic lattice nuclea-
tion and aggregation. For the EELS background deconvolution, the 
Fourier ratio method was used to remove the plural scattering in the 
low- and high-loss spectra.

Sample preparation
Monolayer graphene or h-BN used as cryogenic substrate for water 
vapour deposition was grown using chemical vapour deposition and 
then transferred onto a lacey carbon-covered quantifoil gold TEM grid 
using a direct-transfer method as described previously33,34. Suspended 
ultrathin carbon with a thickness of 2 nm on a quantifoil gold grid dem-
onstrated hydrophobic features. Some of the grids were etched by 
hydrogen plasma for 30 s to obtain a hydrophilic surface.

TEM image simulations
TEM image simulations were calculated with a multi-slice algorithm 
using the QSTEM35 software with the following TEM image parameters: 
spherical aberration coefficient, approximately 1 μm; specimen thick-
ness, 10 nm; overfocus, around 10 nm; semi-angle of beam conver-
gence, 3.7 mrad; defocus spread, 2.5 nm.

Molecular dynamics set-up
To model the local structure of ice and its changes on electron 
annealing, molecular dynamics simulations were done using the 
coarse-grained mW water model10,11,36,37. All simulations were per-
formed with the large-scale atomic or molecular massively parallel 
simulator code38. The canonical ensemble was sampled using a Nosé–
Hoover thermostat with a relaxation time of 1 ps. The motion equations 
were integrated with a time step of 10 fs to obtain the structure of ice. 
Constant pressure and temperature ensembles were performed using 
an additional Nosé–Hoover barostat with a relaxation time of 2.5 ps 
to simulate the structural evolution. More than 100 ps equilibration 
simulations were carried out for all set-ups before the production run. 
Modelled systems contained 700–6,000 water molecules. They were 
finite-sized in the xy plane and periodic in the experimental imaging z 
direction. Size effects were considered using test systems of double/
quadruple thickness and systems of double length in the xy direc-
tion. The temperature during the simulation was set to 100 K. For 
constant-pressure simulations, the pressure was computed by averag-
ing the three diagonal components of the external stress tensor. In the 
local structure transition processes, the temperature was increased 
to around 300 K and then lowered to 100 K over a period of 1 ns.  
In a separate test, the heating rate was increased and the temperature 
was raised to 600 K. The result was consistent with the 300-K anneal-
ing run.

Data availability
The data generated and analysed in this study are included with the 
paper. 
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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 
2 s in total) obtained using single-electron counting mode via K2 camera with 
an electron beam dose rate of 196 e−Å2/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 102 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 2 s and a dose rate of 156 e−Å2/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 20 min.
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Extended Data Fig. 3 | Orientation statistics of ice Ic crystallites grown 
from vapour deposition on graphene at about 102 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. a–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 e−Å2/s with an irradiation time of 0.4 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, 4–6) and one <313> 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.
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Extended Data Fig. 5 | Real-time growth process of ice Ic from vapour 
deposition at 102 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 (111) 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 102 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 e−/Å2/s with an irradiation 
time of 0.4 s. Scale bars, 20 nm for (a), (b); 2 nm for (c).



Extended Data Fig. 6 | Single-crystalline ice Ic crystallites grown by vapour 
deposition at 102 K. a–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 e−/Å2 for (a), 47.6 e−/Å2 for (b); 37 e−/Å2 for (c). Electron beam irradiation 
time: 0.4 s for (a–c).
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Extended Data Fig. 7 | TEM micrographs of ice Ih crystallite formation  
by vapour deposition at 102 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 e−/Å2/s and a total dose of 47.6 e−/Å2. b–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 e−/Å2 and 0.4 s; ice Ih <011>, 45.6 e−/Å2 
and 0.4 s; ice Ih <121>, 43.2 e−/Å2 and 0.4 s.



Extended Data Fig. 8 | Polymorphic ice I growth from vapour deposition at 
about 102 K. a–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. d–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 8 h at about 102 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 e−/Å2/s for (a)–(f). Irradiation time: 0.4 s for (a)–(f).
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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 0.4 s. b–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. a–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 e−/Å2. Electron irradiation 
time for each image is 0.4 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 (111) 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.
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