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Crystallization plays a fundamental role in diverse fields such as glaciology,
geology, biology, and materials science. Among various crystallizing systems,
the formation of ice remains elusive, despite decades of intensive investiga-
tion. In this study, we integrate in-situ cryogenic transmission electron
microscopy with molecular dynamics simulations to develop a molecular-
resolution mapping and thermodynamic framework for deposition freezing
under low-temperature, low-pressure conditions. Our results demonstrate
that ice formation on rapidly cooled substrates, representing far-from-
equilibrium states, proceeds via an adsorption-mediated, barrierless pathway
of heterogeneous ice nucleation, followed by progression toward thermo-
dynamic equilibrium. This process is unveiled to involve a series of distinct yet
interconnected steps, including amorphous ice adsorption, spontaneous
nucleation and growth of ice I, Ostwald ripening, Wulff construction, oriented
coalescence, and aggregation, all governed by interfacial free energy minima.
Our findings offer direct molecular-level insight into the mechanisms of het-
erogeneous ice nucleation, enrich current understanding of non-classical
nucleation pathways, and emphasize the critical role of interfacial energetics
in shaping ice crystal morphology and quality.

The assembly of water molecules on foreign substrates, forming pre- nucleation and growth process remains far from well-understood. In
cipitation such as rain and snow, is a ubiquitous phenomenon that the well-established ice phase diagram that present stable forms of ice
influences Earth’s ecosystems and environments. Despite broad and  at varied conditions, hexagonal ice, labeled as ‘ice I as the first dis-
intense research interests, the scenario of these heterogeneous covered form, exhibits a hexagonal close-packed structure with

'Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China. 2School of Physical
Sciences, University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing 100190, China. 3School of Physics, Peking University, Beijing
100871, China. *School of Materials Science and Engineering, Peking University, Beijing 100871, China. ®Songshan Lake Laboratory for Materials Science,
Dongguan 523000, China. SInterdisciplinary Institute of Light-Element Quantum Materials and Research Center for Light-Element Advanced Materials, Peking
University, Beijing 100871, China. “Tsientang Institute for Advanced Study, Zhejiang 310024, China. 8These authors contributed equally: Zibing Wang, Zifeng
Yuan, Mouyang Cheng, Xudan Huang. . e-mail: xdbai@iphy.ac.cn; limei.xu@pku.edu.cn; egwang@pku.edu.cn; wanglf@iphy.ac.cn

Nature Communications | (2025)16:7349 1


http://orcid.org/0009-0001-7014-2464
http://orcid.org/0009-0001-7014-2464
http://orcid.org/0009-0001-7014-2464
http://orcid.org/0009-0001-7014-2464
http://orcid.org/0009-0001-7014-2464
http://orcid.org/0000-0002-7640-3143
http://orcid.org/0000-0002-7640-3143
http://orcid.org/0000-0002-7640-3143
http://orcid.org/0000-0002-7640-3143
http://orcid.org/0000-0002-7640-3143
http://orcid.org/0000-0003-1603-1963
http://orcid.org/0000-0003-1603-1963
http://orcid.org/0000-0003-1603-1963
http://orcid.org/0000-0003-1603-1963
http://orcid.org/0000-0003-1603-1963
http://orcid.org/0000-0003-4390-474X
http://orcid.org/0000-0003-4390-474X
http://orcid.org/0000-0003-4390-474X
http://orcid.org/0000-0003-4390-474X
http://orcid.org/0000-0003-4390-474X
http://orcid.org/0000-0002-7226-8423
http://orcid.org/0000-0002-7226-8423
http://orcid.org/0000-0002-7226-8423
http://orcid.org/0000-0002-7226-8423
http://orcid.org/0000-0002-7226-8423
http://orcid.org/0000-0002-1403-491X
http://orcid.org/0000-0002-1403-491X
http://orcid.org/0000-0002-1403-491X
http://orcid.org/0000-0002-1403-491X
http://orcid.org/0000-0002-1403-491X
http://orcid.org/0000-0001-9368-8796
http://orcid.org/0000-0001-9368-8796
http://orcid.org/0000-0001-9368-8796
http://orcid.org/0000-0001-9368-8796
http://orcid.org/0000-0001-9368-8796
http://orcid.org/0000-0001-5624-5320
http://orcid.org/0000-0001-5624-5320
http://orcid.org/0000-0001-5624-5320
http://orcid.org/0000-0001-5624-5320
http://orcid.org/0000-0001-5624-5320
http://orcid.org/0000-0002-8468-5048
http://orcid.org/0000-0002-8468-5048
http://orcid.org/0000-0002-8468-5048
http://orcid.org/0000-0002-8468-5048
http://orcid.org/0000-0002-8468-5048
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62900-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62900-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62900-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62900-w&domain=pdf
mailto:xdbai@iphy.ac.cn
mailto:limei.xu@pku.edu.cn
mailto:egwang@pku.edu.cn
mailto:wanglf@iphy.ac.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62900-w

rippled hexagons, where water molecules construct a tetrahedral
arrangement through hydrogen bonding'>. This form of ice is
acknowledged as a final precipitation product and is commonly found
in natural environments, exhibiting hexagonal symmetry. Despite its
common occurrence, the water phase transition process, whereby
water molecules assemble from the vapor or liquid phases into the
hexagonal ice due to shifts in the environment conditions, remains a
longstanding and fugitive focus in research*®,

In particular, the intricate microscopic details of ice formation
remain elusive due to temporal and spatial challenges inherent in
experiments>**™, Most crystallographic research methods, such as
X-ray diffraction and neutron scattering, with the highest spatial
resolution, are nonetheless prone to detecting homogeneous, uniform
bulk structures due to their limited detection sensitivity. As a result,
these methods lack dynamic information about the nucleation and
growth processes that occur across length scales from microscopic to
macroscopic. Environmental scanning electron microscopy offers a
feasible approach for identifying active sites involved in hetero-
geneous ice formation”®, while water freezing assays enable direct
observation of ice nucleation behavior in micrometer-sized single
droplet and particles'*'®. However, both techniques lack the spatial
resolution required to capture the embryonic stages of ice nucleation
at the molecular scale.

To bridge this gap, molecular dynamics (MD) simulations
employing atomistic'”?® and coarse-grained water models®* have
been widely employed to probe the microscopic mechanisms of ice
formation. Among these, the monoatomic water (mW) model® has
been extensively applied due to its computational efficiency and ability
to reproduce key thermodynamic and structural properties of water,
such as the melting point and local tetrahedrality?*****, despite its
limitations in representing hydrogen atoms and electrostatic interac-
tions. Nevertheless, a comprehensive understanding of the micro-
scopic crystallization pathway throughout the entire icing process,
spanning from embryonic nucleation to the establishment of a ther-
modynamically stable phase, remains elusive. Whether the process
follows a one-step classical nucleation theory?*”, involves metastable
intermediates as proposed in non-classical nucleation mechanisms®,
or proceeds via an adsorption-mediated nucleation pathway as
recently suggested”', remains an open question.

Here, by employing in-situ cryogenic transmission electron
microscopy (cryo-TEM) with millisecond temporal resolution and
picometer spatial resolution, we demonstrate a feasible experimental
approach to directly map the microscopic crystallization pathways of
ice I from nucleation to equilibrium states. These observations are
further corroborated by MD simulations, demonstrating an amor-
phous ice adsorption-facilitated spontaneous nucleation and growth
of polymorphic ice I during the vapor deposition process.

Results
Heterogeneous ice nucleation and growth
By the in-situ cryo-TEM equipped with high-resolution real-time and
real-space imaging (see “Methods”), we investigated the micro-
dynamics of ice I formation from vapor deposition on translucent
graphene substrates under non-equilibrium conditions, with a tem-
perature of 102K and a pressure of 10 Pa. Figure 1 represents the
process of crowded nucleation and growth, where multiple nuclei
emerge within a relatively small region (Supplementary Movie 1).
During the initial stages of vapor deposition (0-1s), clusters of
amorphous solid water*>** formed on the cryogenic graphene sub-
strate, serving as an adsorption layer (Fig. 1a, b, f, g). This observation is
consistent with the hypothesized adsorption nucleation theory for
heterogeneous freezing in deposition mode™®.

Subsequently, two isolated hexagonal ice (ice Ih) nuclei, =5 nm in
size and designated as Ih; and Ih,, evidenced from the sequential TEM
images and the respective corresponding fast Fourier transform (FFT)

data (Fig. 1c-e, h—j). From FFT, the diffraction peak corresponding to
amorphous ice and estimated from the halo pattern was observed at
3.9 A. This coincides with the position of the {100} Bragg peak of ice Ih
with lattice constants of a=4.5A and c=7.3 A. Both ice nuclei Ih; and
lh; were oriented in the (001) crystallography direction without lattice
registry with the graphene substrate. The deposits during the initial
nucleation process deduced from the real-time TEM images were not
sharp-faceted and exhibited convex shapes.

While the ice Ih, nucleus gradually diminished and eventually
disappeared, the nearby ice Ih; nucleus continued to grow (Fig. 1k, 1),
suggesting that either the larger size of the Ih; nucleus exceeds the
critical size required for sustained growth, or that larger nuclei grow at
the expense of smaller ones due to the Ostwald ripening process®.
Meanwhile, a third hexagonal ice nucleus (lhs), a cubic-ice’>* twin
nucleus (Ic;), and a single-crystalline cubic ice nucleus (Ic,) formed
around ice Ih; nucleus (Fig. 1k-t). The corresponding FFT analysis of
the sequential TEM images indicated that nucleus Ih; shared the same
orientation as Ih; along the (001) crystallographic direction. In con-
trast, both Ic; and Ic, nuclei were oriented along the (110) axis, with
{111} plane d-spacing of 2.3 A, consistent with a face-centered cubic
lattice constant of 6.4 A. The competitive heterogeneous nucleation,
growth, and aggregation of these ice deposits produced an evolving
botryoidal shape, revealing surface instability driven by the diffusion
of water molecules.

Both nuclei Ic; and Ic; first grew to a dozen nanometers in size in
tens of seconds and then dissolved or sublimed finally without a
notable solid-state phase transition (Fig. lu-ad, Suppl. Figs.1and 2). As
a corollary, we can declare that the transient ice Ic that observed
during the crowded ice nucleation and growth process acted simply as
a competitor for ice Ih. In parallel, ice Ih nuclei aggregated and grew to
tens of nanometers (see more examples in Suppl. Figs. 3 and 4). This
dynamic behavior indicated that a surface energy-minima driven
ripening process was predominant, which might explain why the
smaller-sized ice Ih, nucleus disappeared as the larger nuclei grew. In
the following growth process, the randomly spread out ice clusters
intuitively evolved towards the edge of the ice Ihisland and aggregated
(Fig. 1u-x). Finally, the initial convex ice Ih crystallite transformed into
a 50-nm-sized well-formed euhedral crystallite in about an hour after
the crowded growth, exhibiting a mature plate-like stout hexagonal
prism (Fig. 1y).

Moreover, the corresponding FFT (Fig. 1ad) of the high-resolution
TEM image of the ice crystallite clearly demonstrate the six prism
facets of ice Ih, implying that Wulff's construction® in related to sur-
face free energy was valid for the equilibrium crystal shape of ice Ih at
microscopic size, consistent with the six-sided hexagonal crystal habit
of ice | at macroscopic level.

Surface structure

The surface structure of the fully-grown ice Ih crystallite resulting from
the crowded growth process was further carefully examined. Intrigu-
ingly, the exposed prism facets of the equilibrium ice Ih crystallite were
partially coated with a thin layer of cubic ice, hinting at ice Ic nuclea-
tion occurred on this stable base (Fig. 2). Figure 2a shows the low-
magnification TEM image of the faceted ice Ih crystallite. We sorted
and numbered 12 typical ice crystallite areas in the micrograph. The
corresponding TEM images of the respective regions were magnified
and measured using the associated FFT (Fig. 2b).

Using the micro-domain lattice structure scanning analysis, we
derived the planar spatial configuration of ice Ih crystallite, indicating
that both the bulk and the upper sides of the hexagon (1-5) exhibited
the structure of ice Ih oriented along the (001) crystallographic zone
axis. Intriguingly, the other prism surfaces (6-12) featured an in-plane
lattice epitaxial shell of (111) zone axis-oriented cubic ice measuring
< 1.5nmin width, as evidenced by both micrographs and, notably, the
corresponding FFT. In the FFT, the disappearance of diffraction spots
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Fig. 1| Heterogeneous ice nucleation and growth processes under low- nucleation and growth of new nuclei (Ihz) while Ih, gradually vanished, and two
temperature and low-pressure conditions. a-j Real-time TEM images of isolated (110)-oriented cubic ice nuclei (Ic; and Ic,) nucleated and grew to tens of
embryonic stages of ice deposition in top row (a—e) and the corresponding FFT of nm in tens of seconds. u-ad Serial TEM images and the corresponding FFT of the
the image of nascent ice deposits in bottom row (f, j) showing amorphous ice crystal growth process, revealing that both cubic ice crystallites disappeared and
deposition on the cryogenic graphene substrate first, followed by (001) crystal- hexagonal ice aggregated into a faceted crystallite with habit surface exposed.
lography direction-oriented hexagonal ice nucleation in the first few seconds. Scale bars: 5 nm in TEM images; 2 nm™ (shared) in the FFTs. TEM images are con-
k-t In-situ TEM images and the corresponding FFT of the following nucleation sistently displayed in blue color.

process demonstrating that hexagonal ice (Ih) increased in size followed by
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Fig. 2 | Surface structure of hexagonal ice grown at 100 K. a TEM image of a fully-
grown hexagonal ice crystallite showing that faceted surfaces had a hexagon
morphology. b High-magnification TEM images and the corresponding FFT of
selected areas as numbered in (a), depicting hexagonal ice surface structure.
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c Illustration of the deduced hexagonal ice structure showing the (001) crystal-
lography direction-oriented ice Ih crystallite partially wrapped by a (111)-oriented
ice Ic in the habit surface. TEM images are displayed in blue color. Scale bar for
FFTs: 2nm™ (shared across panels).

exclusively corresponding to {100} planes of ice Ih indicated a devia-
tion of the structure in the shell from the bulk, leaving only spots
representing {220} planes for ice Ic, which were loosely distributed
with a d-spacing of 2.3A (Fig. 2b, Suppl. Fig. 5). Accordingly, the
observed mature crystallite displayed an intriguing in-plane Ih/Ic het-
erogeneous structure, as illustrated schematically in Fig. 2c.

Real-time images revealed the nucleation and growth of cubic ice
on the prism surface of ice Ih crystallite during its faceting process. In
contrast to the well-faceted mature ice Ih crystallite, the rounded ice Ih
formed during the early stages of growth exhibited no signs of cubic ice
on its surface (Suppl. Fig. 6). This suggests that the probabilistic
nucleation of ice Ic under current conditions does not transition to the
thermodynamically stable ice Ih, indicating that it is not an intermediate
phase in the nucleation and growth pathway of ice Ih. More intriguingly,
the region where the cubic ice shell was discovered corresponded to
the lower portion of ice Ih, where previous observations have noted the
nucleation and dissolution of ice Ic crystallites. In stark difference, the
cubic ice shell was oriented in (111) direction that is distinct from the
(110) orientation for the initial Ic crystallites. It is noteworthy that the
{112} planes of (111)-oriented ice Ic aligned with the {100} planes of
(001)-oriented ice Ih, demonstrating an unexampled in-plane coherent
heterostructure. Thus, these observed coincidences suggest that the
unusual cubic shell forming on the ice Ih structure might have resulted
from growth driven by interfacial free energy minima.

Oriented aggregation

It is evident that the interplay between nuclei polytype, interface
orientation, nuclei size, and nuclei spacing resulted in varied
growth patterns of ice crystallites in the present conditions.
Further observations suggested that when concomitant poly-
morphic ice nuclei were spaced slightly farther apart and grew

independently, cubic ice achieved sizes similar to those of equi-
librium ice Ih via a comparable process of nucleation, aggrega-
tion, and faceting (Suppl. Figs. 7 and 8). More intriguingly, when
the sizes of polymorphic ice nuclei were similar, and the distance
between them was within the nanometer range (Fig. 3), the
orientation-aligned polymorphs, albeit occasionally happening,
tended to form a coherent interface as they grew and attached.
This further supports the critical role of interfacial free energy
minima-driven oriented aggregation in dictating ice growth. Fig-
ure 3a, b shows that a (001) zone axis-oriented ice Ih nuclei first
formed in the amorphous ice matrix and then grew to several
nanometers on a graphene substrate. Later on, the growth of this
ice Ih nuclei was followed by the nucleation and growth of a (111)
zone axis-oriented ice Ic crystallite (Fig. 3c-1).

Analysis of the FFTs corresponding to sequential micrographs
showed that the two polymorphic nuclei aligned in the layer-stacking
direction orientation from the embryonic nucleation stage (Fig. 3e-h,
m-p). Moreover, the basal {110} plane of the (001) crystallography
direction-oriented ice Ih nucleus and the {220} plane for the (111)
crystallography direction-oriented ice Ic were found to be parallel.
Consequently, when the two polymorph ice nuclei grew and attached,
the resulting fused hexagons once again formed an in-plane coherent
heterojunction (Fig. 3k). It seems that this in-plane heterogeneous
configuration has been overshadowed by the out-of-plane hetero-
structures found in ice Isd, which have drawn more attention in pre-
vious discussions”*. However, the growth dynamics revealed here
suggest that it is plausible for both types of heterostructures to form
during ice growth driven by coherent interfaces.

The oriented assembly and faceting phenomena observed in
the present study are consistent with growth processes reported
in other systems, such as mesocrystals and inorganic crystals®.
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e

Fig. 3 | Concomitant polymorphic ice I nucleation and aggregation into an in-
plane heterostructure. a-h Time-lapsed TEM images and the corresponding FFT
of the embryonic stages of heterogeneous ice nucleation showing amorphous ice
first deposited on graphene, followed by ice Ih nucleation in tens of minutes, and
then by nucleation and growth of cubic ice nucleus oriented along the (111) zone

lce Ih <001>

axis, with the {220} plane aligned with the {110} crystal plane of hexagonal ice.
i-p In-situ sequential TEM images and selected area FFT of the nuclei showing
growth into an in-plane heterostructure without notable transformation. TEM
images are presented in blue color. The scale bar in a is shared across all TEM image
panels, while the scale bar in e is shared across all FFT panels.

This reaffirms the significance of interface engineering in crystal
assembly within the context of ice formation. The concept of
oriented interface-driven aggregation might reveal why macro-
sized snowflakes consistently exhibit a sixfold rotational sym-
metrical self-similar fractal structure that aligns with their
microscopic symmetry, despite the assembly of numerous bran-
ches during the growth process.

Spontaneous nucleation

While the microscopic ice growth data supports the validity of ther-
modynamic criteria based on free energy minima, the complex poly-
morphism resulting from the probabilistic presence of metastable
cubic ice observed here is challenging to explain, warranting a detailed

study into the critical nucleation stages. The CNT indicates that the
nuclei directly enter the stable phase when they exceed the critical size
as to overcome the free energy barrier”. Recent investigations on
kinetics in biomineralizations demonstrated that the crystallization
passes through less stable states to finally reach the most stable crys-
talline state, i.e., following the Ostwald’s law of phases*’. The anomaly
of the observed ice nucleation pathway in the present study thus
suggests that ice Ic could have been only a transient intermediate
phase in previously established models based on the fact that ice Ic is
considered metastable compared to ice Ih*%. The consistently observed
ice Ic either nucleates and grows independently or nucleates over on
mature Ih crystallites, suggesting that the process for polymorphic ice
nucleation is a stochastic selection other than a thermodynamic
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preference dictated by the free-energy landscape under the current
conditions as illustrated in Fig. 4a.

To gain a deeper understanding of the nucleation process, we
conducted a statistical analysis of heterogeneous ice nucleation and
growth rates under the present conditions by tracking a large number
of individually ice nuclei as they formed. The entire process, from the
embryonic to the equilibrium state of over 100 groups of isolated
nucleated nuclei, was meticulously recorded. The corresponding
large-scale nucleation and growth processes were charted. Several
sequential TEM imaging recording examples are depicted in Suppl.
Fig. 9. Figure 4b presents scattered plots of growth rates against the
radius size of nuclei throughout the entire growth process. Instanta-
neous growth rates were calculated based on raw experimental data
because the nucleation and growth rates measured in our system
rapidly decay over time and reach various plateaus (Fig. 4c, d). In
contrast to the classical nucleation scenario where nuclei smaller than
a critical size tend to shrink, it is evident that there was a consistent
statistical increase in the sizes of ice nuclei observed in the pre-
sent study.

Additionally, the net growth probabilities for ice nuclei through-
out the overall growth process were consistently positive (Fig. 4e). This
observation suggests the absence of a critical nucleus size, r., which
lies within the range where the net probability changes from negative
to positive, as predicted by CNT. Alternatively, this implies a zero free-
energy barrier within the framework of CNT, leading to spontaneous
ice nucleation in the current conditions.

The initial average growth rate was estimated to be G=
4.7x10"2 nms~!, while the nucleation rate was N=4.6 x10’cm2s-1
(see “Methods”), surpassing previous studies in heterogeneous
nucleation for the supercooled water regime around 250K in the
atmosphere by at least three to four orders of magnitude®. Given the
significant differences between the current and atmospheric condi-
tions, the absence of empirical parameters within this gap presents
considerable challenges when extrapolating heterogeneous ice
nucleation models from the atmosphere to this extreme environment.

We extended CNT, which is based on atmospheric parameters, to
low-temperature environments for the analysis of heterogeneous
nucleation in extremely supercooled conditions, identifying free
energy barriers despite limitations such as the lack of microscopic
description and the failure of capillarity approximation in early and
strong supercooling stages (see “Methods”). Nonetheless, CNT offers
qualitative insights into thermodynamics and kinetics across various
systems, extending its applicability from gas-liquid to gas-solid tran-
sitions, including heterogeneous nucleation*’. Assessing the nuclea-
tion free energy barrier across temperatures ranging from mild to
deeply strong supercooling states relative to the melting temperature
of 269 K, the observed energy barrier in the mild supercooling state
aligned with previously reported values®, confirming the reliability of
the parameters used in the study (see “Methods”, Suppl. Fig. 10).

Consequently, the determined energy barrier was approximately
0.22 KT under the present supercooled vapor deposition conditions.
With this barrier lower than 1 kT, ice nucleation became spontaneous
as thermal perturbation aided in overcoming the barrier, consistent
with experimental statistical data. This spontaneous nucleation beha-
vior of randomly-oriented, polymorphic ice | was also observed on hBN
and amorphous carbon substrates (Suppl. Figs. 11 and 12), implying
that under deeply supercooled conditions, which are characterized by
reduced kinetic energy and dominant hydrogen-bonding interactions,
heterogeneous ice nucleation proceeds via a similar mechanism
regardless of the specific substrate. In other words, both experimental
and computational data suggest that the current state of deep super-
cooling will lead to energy-barrier-free heterogeneous nucleation of
cubic and hexagonal phases. This, in turn, results in the formation of
various polymorphs and heterojunction structures through sub-
sequent growth processes, driven by the lowest interface energy.

Non-classical growth

MD simulations were conducted to further evaluate the free energy
profile for the nuclei growth pathways observed in the experiments,
including discrete growth, oriented aggregation, and Ostwald
ripening, as shown in Fig. 5 (see “Methods”, Supplementary Fig. 13).
Specifically, we investigated the growth and ripening of three typical
ice nuclei with 1h(001), Ic(111), and Ic(110) orientations exposed to
the substrate, which are the predominant ice structures observed
experimentally and exhibit the lowest potential energy in MD simu-
lations (Suppl. Fig. 14). Figure 5a presents the MD snapshots and the
corresponding free energy profile for the growth of ice Ic and Ih
nuclei growth through monomer attachment, demonstrating a rapid
decrease in free energy that indicates a preference for discrete
growth in the initial stages. Figure 5b-e illustrates the typical mer-
ging process of nuclei during growth. Ice Ic along the (110) orienta-
tion tends to form twin boundaries on the {111} stacking planes,
resulting in varied twin crystals, while ice lh undergoes oriented
aggregation upon contact, highlighting the interfacial-driven growth
process. This behavior is also observed in the merging of poly-
morphic nuclei as shown in Fig. 5e, where larger ice Ih tend to con-
sume smaller ice Ic nuclei, indicating a ripening process.
Additionally, larger ice Ih can also consume smaller ice lh as well.
When nuclei of comparable sizes come into contact, the resulting
heterostructure of ice Ic and ice Ih with a coherent interface exhibit a
metastable state to a single-phase crystal.

The overall free energy evolution pathway for the competitive
growth of ice Ic and ice Ih nuclei was further examined. Figure 5f
presents a plausible pathway that illustrates discrete growth
through monomer attachment during the initial stages. Upon con-
tact between two or more nuclei, the interfacial-driven merging
process causes a reduction in free energy, resulting in the formation
of stable crystalline phases. It is noteworthy that the interfacial-
driven coalesce scenario demonstrates lower free energy and
greater efficient compared to discrete growth, providing mechan-
istic support for the experimentally observed post-nucleation
phenomena.

In the future, further studies on ice crystallization dynamics under
varying environmental conditions are crucial to fully reveal the
microscopic kinetic nucleation pathways underling the thermo-
dynamic phase diagram, as well as to gain a deeper understanding of
the phase transitions and critical phenomena in ice. Moreover,
experimentally examining the microscopic mechanisms serves to
furnish empirical parameters that are essential for a foundational
understanding in harmony with theoretical concepts of nucleation
kinetics and thermodynamics. This symbiotic relationship between
empirical and theoretical research facilitates a more profound under-
standing of the prevalent crystallization process, holding promise for
guiding crystal design and optimizing performance.

Methods

In-situ cryogenic TEM characterization

An ultra-low dose in-situ cryogenic TEM imaging technique® was
employed to visualize the formation and growth process of individual
ice | crystallites on monolayer graphene substrates at molecular
resolution. Residual water vapor in the high vacuum (=107 Pa) of a
TEM column served as the precursor source while the temperature
gradually cooled from room temperature to =100 K over the course of
30 min. Solid state water deposition was initiated in low-pressure
conditions when the temperature dropped to 110 K, which was con-
sistent with previous observations.

Data fitting

Individual ice nuclei were monitored in real time to observe the
nucleation and growth processes. The time-dependent behavior of ice
nucleation and growth was elucidated using the Avrami equation®,
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nucleation and growth induced formation of in-plane and out-of-plane Ih/Ic het-
erostructures, along with independent nucleation and growth of hexagonal ice and
cubicice. b Instantaneous growth rates plotted against the size of 100 individual ice

nuclei sampled across multiple time frames. ¢ Plot of net growth possibility

against the radius of 100 individual ice nuclei, revealing a consistent positive
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growth trend across all samples. Net growth possibility is defined as the difference
in probability between an ice nucleus increasing and decreasing in size. Evolution of
d nucleation number density and e nucleus size versus time. In both plots, each
dashed colored line shows fitting for an individual measurement, while the average
results are plotted using solid black lines. The shaded region indicates the 95%
confidence interval.

Nature Communications | (2025)16:7349


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62900-w

a b
-0.46
o Cubic -0.4790
-0.480
047 @ Hexagonal — —
3 Free surf. 3 3 -0.4795
W -0.48 w
-0.4800
0491 . . . . . . -0.48051— . . .
0 1000 2000 3000 1000 2000 3000 0 10 20 30
Nice Neubic 6 (0)
d e f
F (eV)
-0.475
2000 -
-0.480
0.480 '_LE> -0.485
-0.487 -0. 3
= 1000 Coalesce -0.490
?’/-0-489 ?'1-0.482
w w Mono growth
0,
-0.491
‘ . . . -0.4841— . . . . L L .
0 1000 2000 3000 0 500 1000 1500 0 1000 2000 3000
Nhex Nhex Nhex

Fig. 5 | Free energy profiles for ice growth. a Molecular dynamics simulation
snapshots illustrate the growth evolution of cubic ice and hexagonal ice through
monomer attachment, accompanied by the corresponding free energy surface
profile, demonstrating that free energy per water molecule decreases with
increasing molecular number. b MD snapshots and the corresponding free energy
profile illustrate the aggregation of cubic ice (110) along the (111) direction, fea-
turing twin boundaries that produce a stable five-fold symmetry structure.

¢ Aggregation of hexagonal ice nuclei, showing oriented aggregation with grain
rotation, ultimately achieving a zero-degree orientation angle in the final stable

state. d Merging of ice Ih (001) and one smaller sized ice Ic (110), showing growth of
hexagonal ice nuclei. e Merging of Ih (001) and Ic (111) nucei as a function of the size
of ice Ih reveals three free energy minima and two energy barriers, indicating that
one nucleus grows at the expense of the other, with one metastable state char-
acterized by coalescence at a coherent interface between the Ih and Ic nuclei.

f Summary of the free energy evolution pathways for the cooperative growth

of Ih and Ic nuclei shows an initial discrete growth path, followed by interfacial-
driven coalescence and ripening.

which describes transition kinetics from one phase to another via
random formation of nuclei in the parent phase*. We fitted the fol-
lowing equations to the experimental nucleation density n(t) and
nuclei size r(t) data by modifying the original Avrami equation:

S =t o
% ~ Ge-(0/0)’ )

The exponential decay over £ arises from the finite volume effect
on a two-dimensional plane, while the nucleation rate N and growth
rate G represent the maximum rates at the initial time.

We first performed such fitting for each individual data curve to
smoothen the fitted results and then plotted the average smoothed
n(t) and r(¢t) over all samples. Next, we extracted the initial nucleation
and growth rates from the smoothed n(t) and r(¢t) using the finite-
difference method.

Second-order corrections included AG estimation
Second-order corrections to thermodynamic parameters were intro-
duced into the computation of Gibbs free energy to better capture the

thermodynamics of water-ice transition**. The equation for AG is given
by

_ 16NTLvE.ys  8Thv2 ACY] 3
3(AHW(ATY  3(AH,)’AT

where v, is the molecular volume of ice (3.165x10~% m3), AC is the
difference in isobaric heat capacity between water and ice
(40.1) mol™ K™) (ref. 45), AH,, is the enthalpy change from water to ice
(5.01kJmol™), and AT refers to supercooling (167 K)*°, while the
melting temperature is 269 K. Experimental data for AC suggest values
around 40.1)molK™ (ref. 45), while calculations for TIP4P/2005
yielded a value close to 41.8) mol™ K™ (ref. 47). Enthalpy data for ice
and water at various temperatures provide a value of 39.4) mol K™
(ref. 44). Surface tension is estimated at 26.2 m) mol™ (ref. 44): a value
between 30.88 mJ) mol™ for Ih/water and 23.65 m) mol™ for Ic/water*c.

The estimated barriers were in good agreement with the findings
by Niu et al.* and Wang et al.** in mild supercooling conditions. This
method also serves as a useful test for CNT in strong supercooling
conditions.

Two sets of parameters were employed to describe the nucleation
barrier from vapor to ice in strong supercooling conditions. In the
more precise set of parameters, AH,, was calculated as the sum of AH
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at 273K and AH,, at 273K, resulting in (6.017+45.064)
kJ mol™=51.081 k) mol™ (ref. 48). Additionally, a numerical fit of ice
enthalpy and vapor enthalpy in mild supercooling conditions was used
to extrapolate AH,, during strong supercooling. Specifically, the
extrapolated AH, was found to be 51.344 k) mol™ at the experimental
temperature of 102K and remained relatively stable (0.6% change)
within the range of 98-273.15K.

Regarding AC,, a significant variation was observed in the
reported estimates of isobaric heat capacity for water, with reported
values of 75.730] mol K™ (273.15K)*’, 76.023]) mol' K™ (273.15K)*,
99 mol*K?(273.15K)*, and 117.152 ) mol™ K (235 K)*°. The values for
ice were 13.141) mol'K? (102K)*, 37.97)Jmol'K* (273.15K)*, to
59.6) mol™ K™ (273.15K)**. In addition, a value of 16.033J mol* K™ at
100K has been reported for vapor*s,

Conversely, surface tension is challenging to measure, with
reported values of 10 and 44 mjm™ at the melting temperature®.
Typically, it can only be determined indirectly using the Young'’s
equation, which involves known contact angles of liquid on solid and
known surface tensions®. In the present calculations, 59.6) mol K™
was directly utilized as AC,, and 75.7 mJ m2 as the surface tension.

The following liquid-like values were adopted in the alternate set
of parameters: 23.65 m) m™ for the surface tension*¢, 5.01kJ mol™ for
the enthalpy change*¢, 59.6 ) mol K™ for the change in isobaric heat
capacity**, and 269 K for the melting temperature*c.

Ice saturation ratio included AG estimation
Using saturation ratio* is another method to estimate AG, such that

2
_lenTy, Vi Y3

4
3(kTInS)>? @

The molecular volume of ice and surface tension remain the same
as described above. The ice saturation ratio (S) is defined as the ratio
between the vapor pressures of supercooled vapor and ice. Our
experimental vapor pressure (10 Pa) was utilized in the present study
and the parameterizations for the vapor pressure of ice were employed
according to the following equations described by Murphy and
K00p52,53:

3723.265K +3.53068In T — 0.00728332K'T

©)

In(Pice) =9.550426 —

and S= %, where T and p are in K and Pa, respectively. Numerical
differences were observed between the results obtained using the two
methods. However, the qualitative conclusion of spontaneous
nucleation was indicated by both as the barriers were smaller than 1 kT.

Molecular dynamics simulations

To model the evolution and coalesce of cubic and hexagonal ice nuclei
on graphene substrate, we perform molecular dynamics simulations
using the large-scale atomic or molecular massively parallel simulator
(LAMMPS) package®’. The water-water interaction is modeled by the
monatomic water model mW?, The graphene substrate is modeled as
either (i) a structureless flat wall interacting with water via a 9-3
Lennard-Jones (L)) potential with &,,=17 kcal mol™ and
Oqb = 0.356 nm (ref. 24), or (ii) an atomistic multilayer graphene slab,
where water-carbon interactions are described by a two body
Stillinger-Weber potential with 6=0.32nm and &=0.13 kcal mol™
consistent with previous work®. The cutoff radius was set to
r.=2.50,. These values yield water contact angles consistent with
those measured on graphitic surfaces (=80°). The carbon atoms in the
graphene slabs were kept frozen during the simulations, and therefore
no intralayer carbon-carbon potential was applied. A 10 nm vacuum
slab was added in the z direction perpendicular to the xy plane of

graphene substrate. The Nosé-Hoover thermostat is used to maintain
the temperature, with a thermostat relaxation time of 0.1ps. The
equations of motion for the water molecules were integrated with a
time step of 1fs. The initial states of cubic and hexagonal ice nuclei are
separately created by the Genlce2 software® and then fully relaxed on
the graphene substrate. The coalesce process are thus simulated by
placing two ice nuclei on one substrate at a distance of several A.

To promote the structural transformation and relaxation during
the coalesce process, a thermal cycling® is applied with repetitive
heating and cooling of the ice nuclei. Ice nuclei were thermally cycled
between 100 and 230 K, with heating and cooling durations of 0.6 ps
and 0.4 ps, respectively (see Suppl. Fig. 15 for the full temperature
protocol). Potential energy and ice configurations were monitored
during the cycles to ensure convergence of both structure and energy
for at least 10 cycles prior to the end of the simulation. The inter-
mediate and final structures during the coalesce process are extracted
at the cooling stage to compute the free energy of these structures.
The free energy of the ice nuclei configurations is computed by the
thermodynamic integration methods*” with the Frenkel-Ladd path®®,

Data availability
The data that support the findings of this study are available from
Figshare*® and from the corresponding authors upon request.
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