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The study of ice nucleation and growth at the nanoscale is of utmost importance in geological and atmospheric sciences. 
However, existing transmission electron microscopy (TEM) approaches have been unsuccessful in imaging ice formation 
directly. Herein, we demonstrate how radical scavengers -such as TiO2- encased with water in graphene liquid cells (GLCs) 
facilitate the observation of ice nucleation phenomena at low temperatures. Atomic resolution imaging reveals the 
nucleation and growth of cubic ice phase crystals at close proximity to TiO2-water nanointerfaces at low temperatures. 
Interestingly, both heterogeneously and homogeneously nucleated ice crystals exhibited this cubic phase. Ice crystal nuclei 
were observed to be more stable at the TiO2-water nanointerface, as compared with crystals in the bulk liquid 
(homogeneous nucleation), suggesting the radical scavenging efficacy of TiO2 nanoparticles mitigating the electron beam 
by-products. The present work demonstrates that the use of radical scavengers in GLC TEM has great promise in unveiling 
the nanoscale pathways for ice nucleation and growth dynamic events.

Introduction 
Ice nucleation and growth are subjects of 
considerable interest owing to their extreme 
importance in geological, biological, and 
atmospheric sciences.1-4 Ice nucleation can follow 
two pathways, namely homogeneous and 
heterogeneous nucleation. Mineral dust aerosols 
are among the most prevalent sources of 
heterogeneous ice nucleation in clouds.5  
Aluminum oxide (Al2O3), titanium dioxide (TiO2), 
magnesium oxide (MgO), iron oxides (Fe3O4, Fe2O3), 
and silicon dioxide (SiO2) are well-known metal 
oxide atmospheric constituents of mineral dust, 
which are responsible for heterogeneous ice 
nucleation.6-8 At the metal oxide-water interface, 
primarily adsorbed water with successive 
dissociation is considered to be a crucial step for 
heterogeneous ice nucleation.9 The strong 
interaction among hydrogen bonds of the water 
molecule and metal-oxide surface oxygen results in 
extraction of hydrogen molecules and hence, 
adsorption of water-molecule oxygen on metal 
cations.10 With the defect sites increasing the 

density of adsorbed water molecules, surface 
hydroxyl groups are responsible for enhanced 
chemical affinity for ice and specific crystal lattice 
plane directions, which serve as active sites on 
metal oxide surfaces for ice nucleation.11         

 The ice-forming activity of metal oxides has been 
evaluated using different experimental bulk 
characterization techniques. Souda et al.8 used a 
reflection high-energy electron diffraction (RHEED) 
technique to evaluate the epitaxial growth of cubic 
ice crystal phase at a TiO2 nanointerface. Kiselev et 
al.11 utilized environmental scanning electron 
microscopy (ESEM) to investigate the ice forming 
activity of feldspar (rock-forming mineral) 
confirming defects acting as heterogeneous ice 
nucleation sites. Jia et al.12 investigated ultrasound-
controlled heterogeneous ice nucleation on TiO2 
nanoparticles. Even though efforts are ongoing to 
study ice nucleation on metal oxides, existing 
experimental studies are limited to the micron 
scale. At present, sub-micron level ice nucleation 
pathways and associated crystal orientation events 
at complex interfaces are predominantly studied 
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using molecular simulation theoretical models.13-15 
There exists a knowledge gap with currently 
available experimental approaches to comprehend 
ice nucleation events at nanointerfaces. 

 Transmission electron microscopy (TEM) and 
associated selected area electron diffraction (SAED) 
have shown potential to study ice crystal phases. 
Hexagonal and cubic ice crystal phases at distinct 
cryogenic temperatures were evaluated using low-
magnification TEM and SAED techniques.16, 17 
Kouchi et al.18 used TEM to demonstrate  substrate-
dependent ice nucleation and crystallization from 
water vapor deposition at 130 K. Recently, Kato et 
al.19 reported a strategy to maintain ultrathin ice 
between bilayer graphene using a cryo-TEM 
approach.  

In addition to conventional TEM techniques, 
in-situ liquid TEM is an emerging approach that has 
gained traction in the scientific community to study 
the ice crystallization process. For real-time high-
resolution TEM studies, in-situ graphene liquid cell 
(GLC) TEM has exhibited tremendous potential. It is 
possible to acquire atomic resolution imaging with 
higher signal-to-noise ratio in GLC, while mitigating 
the electron-beam-induced charging effects.20 The 
properties of graphene attributing to electrical 
conductivity, high yield strength, electron 
transparency, flexibility, and impermeability gives it 
unique advantages for TEM studies.21 Graphene 
monolayers in in-situ GLC-TEM can maintain the 
aqueous environment for dynamic event 
observations at the nanoscale. 22, 23  Algara-Siller et 
al.24 evaluated the square ice crystal phase formed 
under pressure in graphene nanocapillaries via in-
situ liquid TEM, although some doubts were casted 
on the results.25, 26 Despite the recent advances in 
in-situ TEM, studying ice nucleation and growth 
remains a grand challenge due to intense radiolysis 
associated with the interaction between the 

electron beam and water molecules.23, 27 In our 
earlier work28, using electron energy loss 
spectroscopy (EELS) and GLC-TEM, we 
demonstrated the change in hydrogen bonding 
distances in water molecules (resembling ice-like 
organization of water molecules) confined in 
graphene nanocapillaries at cryogenic 
temperatures.  

In the present study, we report that radical 
scavengers -such as titanium dioxide (TiO2)- can be 
effective in mitigating radiolysis, while enabling 
studies of ice crystal nucleation at the 
nanointerface of water and metal nanoparticles in 
a cold-stage TEM holder maintained at cryogenic 
temperatures. Atomic resolution imaging reveals 
nucleation and growth of cubic-phase ice crystals at 
the surface of anatase TiO2 nanoparticles. Fast 
Fourier Transform (FFT) analysis confirms the 
predominance of characteristic (220) lattice planes 
of cubic phase ice crystals affiliated with 2.2 Å d-
spacings. The atomic resolution in-situ liquid TEM 
results also provide insights on electron beam-
induced dissolution of ice crystals. The key dynamic 
events of cubic-phase single ice crystal nucleation 
and growth and ice-crystal growth via oriented 
attachment of multiple crystallites along (22�0) 
active facets are evaluated in detail. The present 
work demonstrates that the use of radical 
scavengers can be effective for in-situ TEM studies 
of ice nucleation and growth dynamics that are 
important for climate change, agriculture and 
microbial ecology, as well as industrial cooling 
technologies.  

 

Results and discussion 
Figure 1 presents the overall approach of the 
present study which focuses on ice crystal growth 
in GLC-TEM. Figure 1a is a schematic representation 
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of ice crystal nucleation and growth events in the 
presence of TiO2 nanoparticles encapsulated in GLC 
nano-vessels at cryogenic temperatures. To study 
the ice nucleation with TEM resolution, a cold-stage 
TEM holder was utilized to achieve low 
temperatures. 

 

Figure 1. Ice crystal growth in GLC at cryogenic temperatures. (a) Schematic 
representation of ice crystal (in purple) nucleation and growth events in the 
presence of TiO2 nanoparticles (in yellow). (b) TiO2 nanoparticles in GLC 
aqueous environment at room temperature, along with FFT analysis 
confirming the tetragonal crystal structure of anatase TiO2 along the [010] 
zone axis. (c) Ice crystal growth at the TiO2-water nanointerface along with 
FFT pattern confirming the cubic phase of ice crystals along the [001] zone 
axis. The TiO2 nanoparticles, ice, and water have been false-colored in gold, 
purple, and cyan, respectively, for better visualization.  

TiO2 was selected as a strong radical 
scavenger additive and its usefulness in the study of 
heterogeneous ice nucleation on metal oxide 

interfaces. In other recent work, radical scavenging  
of Ta-TiOx nanoparticles was demonstrated.29 Carey 
et al.30 reported that anatase TiO2 can trap 
electrons at low coordinated surface Ti cation sites 
at the bottom of their conduction band. 
Additionally, active sites on a Ti surface can adsorb 
and neutralize reaction of radicals.31 Additionally, 
graphene possesses inherent radical scavenging 
capability, where sp2 carbon sites play a crucial 
role.32, 33 Radical species form adducts with sp2 
carbon sites of graphene by delocalizing electron 
spin via electron transfer, which further neutralizes 
radical species.33, 34 Results indicate that TiO2 
nanoparticles encapsulated in GLC-contained 
aqueous media may play a major role in reducing 
electron-beam-induced damage.     

Figure 1b shows a TEM micrograph of TiO2-
water interface in the GLC when the TEM holder 
was at room temperature (25oC) prior to cooling. 
The corresponding Fast Fourier Transform (FFT) 
analysis confirms the tetragonal crystal structure of 
the anatase TiO2 nanoparticles. At 25oC, ice crystals 
were not present at the TiO2-water interface in the 
GLC. The TiO2 nanoparticle/water interface at 25oC 
can be observed in Video S1. Figure 1c presents a 
TEM micrograph of ice crystals nucleated at the 
TiO2-water interface and at nearby locations in the 
water bulk. The corresponding FFT pattern in Fig. 1c 
confirms the cubic phase of heterogeneously grown 
ice crystals with prominent {220} family of lattice 
planes having 2.2 Å d-spacing. The homogeneously 
grown ice crystals are marked with the white 
arrows. Video S2 shows multiple homogeneously 
grown ice crystals observed in the vicinity of TiO2 
nanoparticles. Interestingly, both the 
heterogeneously and homogeneously grown ice 
crystals were consistent with the cubic phase. The 
local cryogenic temperature conditions and the 
pressure inside the GLC are possibly the driving 
factors for maintaining the cubic phase of ice 
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crystals.17 The detailed ice nucleation dynamic 
events are discussed further in the following 
sections. 

In the environment, ice nucleation is 
predominantly occurring by heterogeneous 
pathways, where active sites on ice nucleating 
particles play a crucial role in ice nucleation.11  
Kislev et al.11 showed that high free surface energy 
is an additional factor in promoting heterogeneous 
ice nucleation. Moreover, intrinsic factors, such as 
surface morphological irregularities, surface 
defects increasing localized density of adsorbed 
water molecules, surface hydroxyl groups 
improving the binding affinity of water molecules, 
and crystal lattice match promoting epitaxial 
growth of ice nuclei, drive heterogeneous ice 
nucleation.35-39  

Figure 2 shows time-sequenced TEM 
micrographs of real-time heterogeneous nucleation 
and ice crystal growth at a TiO2-water 
nanointerface when the GLC was at cryogenic 
temperature. These TEM micrographs were 
acquired from Video S3. In Figure 2a, the 
progression of nucleation and growth of a single ice 
crystal at the TiO2-water interface can be observed. 
The corresponding FFT analyses from the 
highlighted regions are presented in Figure 2b. At 
0.25 s, there are no ice nuclei present. The 
corresponding amorphous central region can be 
observed in the FFT pattern, where bright spots 
representing crystal lattice planes are absent. From 
1s to 23 s, nucleation and stable growth of an ice 
crystal can be observed. The corresponding FFT 
pattern confirmed that the cubic ice phase was 

maintained throughout the progression. Ice crystal 
growth was observed along the [22�0] direction with 
the [001] zone axis. The {220} family of planes 
corresponding to 2.2 Å d-spacing was consistently 
present. Additionally, to confirm the absence of a 
contaminant, in-situ GLC STEM-EELS was utilized to 
probe the energy range from 140 eV to 730 eV. The 
STEM-EELS high-energy loss spectrum (Figure S1) 
confirmed the presence of oxygen (associated with 
water) and carbon K-edges (associated with 
graphene) at 532 eV and 284 eV, respectively. The 
absence  of a chlorine L-edge at 200 eV suggests the 
lack of chloride salts in water. The corresponding 
STEM-EELS elemental mapping confirmed the 
presence of water in the graphene nanocapillaries. 

 FFT analysis of the growing ice crystal at 
atomic resolution confirmed the predominantly 
cubic phase of ice. There exists a possibility of a 
stacking disorder in cubic ice crystals. Lupi et al.40 
demonstrated the seamless stacking of cubic and 
hexagonal crystal phases using molecular dynamics 
simulations. Cubic ice crystal phases are likely to 
undergo stacking disorder with hexagonal ice 
layers, resulting in the growth of ice nuclei by 
stacking simultaneously in multiple directions.14, 40 
In the present study, due to the experimentation 
limitations, only the bright spots associated with 
the cubic phase of ice in the FFT patterns were 
resolved. As revealed by FFT pattern analysis, no 
prominent sub-nanometer scale hexagonal stacking 
disorder was observed in this sample. 
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Figure 2. In-situ liquid TEM heterogeneous ice nucleation at a TiO2-water nanointerface within a GLC on a TEM holder at cryogenic temperatures. (a) Time-
sequenced TEM micrographs indicate single ice crystal nucleation and growth events. (b) FFT analysis at each instance confirms the cubic phase of ice. TiO2 
nanoparticles, ice, and water have been false-colored in gold, purple, and cyan, respectively, for better visualization.

Video S4 shows ice crystal growth by 
oriented attachment of ice nuclei at low 
temperatures. Ice surface attachment kinetics are 
important in the understanding of the interfacial 
dynamics processes, which define how free water 
molecules attach to the ice surface lattice.41 During 
ice crystal growth, the latent heat of fusion affects 
the crystal surface temperature, while its diffusion 
limits the crystal growth.42 Cubic ice phase is a well-
known metastable phase, which can easily 
transition to a hexagonal stable phase by increasing 
temperature above -123oC.43 According to a TEM 
SAED study, the cubic phase of ice can be found 
within the temperature range -130oC to -160oC, 
whereas the stable hexagonal ice phase is formed 
between -90oC and -100oC.17 Shilling et al. showed 
that metastable cubic phase of ice exists at a 10% 
higher vapor pressure than hexagonal ice phase.44 
Figure 3 shows time-sequenced micrographs of 
oriented attachment and growth of ice crystals 
nuclei close to the TiO2-water interface. Recently, 

Zhang et al.45 showed oriented growth of single ice 
crystal lamellar platelets in polymeric aqueous 
solutions, where freezing parameters controlling 
the velocity of crystal growth were discussed. The 
present work emphasizes the behaviour of multiple 
nanoscale ice nuclei and ice crystal growth by an 
oriented attachment mechanism. Figure 3a shows 
false-colored TEM micrographs of the progression 
of ice crystal growth by oriented attachment. Figure 
3b and Figure 3c show the corresponding FFT 
analyses from regions R1 and R2, respectively. 
Region R2 highlights the homogeneously grown ice 
crystal nucleus. FFT analysis confirms that all ice 
crystals underwent a metastable cubic phase. Both 
the heterogeneously and homogeneously grown 
ice crystals were observed to have a dominant 
crystal growth by oriented attachment. In region R1 
at the TiO2-water nanointerface, ice crystals 
undergo attachment and growth events by 
maintaining the crystal zone axis along the [001] 
direction. In region R1, from 9s to 49s two adjoining 
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Figure 3. Ice crystal growth via oriented attachment in proximity to the TiO2-water interface in GLC at cryogenic temperatures. (a) Time-sequenced TEM 
micrographs indicating multiple ice nuclei growing via oriented attachment. TiO2 nanoparticles, ice, and water have been false-colored in gold, purple, and 
cyan, respectively, for better visualization. Region 1 (R1) shows ice crystal growth from oriented attachment of the existing nuclei. Region 2 (R2) indicates the 
progression from ice crystal nucleation to growth. (b) FFT analysis of ice crystals from R1, confirming the stability of cubic phase of ice nuclei over the period. 
(c) FFT analysis of ice crystals from R2, confirming the stability of cubic phase of ice nuclei over the period after oriented attachment.  

ice crystals merge along the (220) facets. In region 
R2, no ice crystal nucleus was observed in the 
imaging focal plane at 9s. From 36s to 49s, 
preferential growth of ice crystals was observed. At 
88s, both the homogeneously and heterogeneously 
nucleated ice crystals underwent coalescence to 
form a larger ice crystal. While slight reorientation 
of the ice nuclei appeared in region R2 at 88s, 
eventually the nuclei reach a stable oriented 
attachment at the TiO2-water nanointerface. This 
observation of ice crystal growth by oriented 
attachment at the TiO2-water nanointerface 
suggests the presence of Van der Waals or 
hydrogen bonding interactions between ice 
crystals.46 Nevertheless, the key events of such 
interactions need further investigation to be fully 
elucidated.  

The effectiveness of radical scavenging 
properties of TiO2 is demonstrated in Figure 4. 
Video S5 shows the electron beam-induced 
dissolution events of ice crystals at distances away 
from the TiO2 nanoparticle surface. The time-
sequenced TEM micrographs in Figure 4 represent 
the electron beam-induced degeneration events of 
ice crystals after 45 minutes of beam exposure. 
During in-situ GLC-TEM, after prolonged exposure 
to an electron beam, radiolysis by-products such as 
hydrated electrons (e-), hydrated protons (H+), 
hydroxyl radicals (OH.), and hydrogen peroxide 
(H2O2) can be produced.23 Xu et al.47 showed that 
the two major mechanisms, namely, electron 
beam-induced local heating and movement of 
water molecules can cause melting of ice crystals. 
McMullan et al.48 reported that for every incident 
electron (e-/Å2) water molecules can be displaced 
by 1 Å. In Figure 4a, TEM time-sequenced   
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Figure 4. Ice crystal dissolution events at the TiO2-water nanointerface and away from the nanointerface in GLC, observed after 45 minutes of electron beam 
exposure at cryogenic temperatures. (a) Time-sequenced TEM micrographs of ice crystal dissolution away from the TiO2 nanoparticle interface, confirming the 
gradual reduction in crystal size. (b) Corresponding FFT analysis from highlighted region shows the diffused cubic phase ice crystal planes. (c) Time-sequenced 
TEM micrographs of an ice crystal formed at the TiO2 nanoparticle surface, confirming the ice crystal’s stability. (d) Corresponding FFT analysis from white-
boxed region shows the stable cubic ice phase crystal. TiO2 nanoparticles, ice, and water have been false-colored in gold, purple, and cyan, respectively, for 
better visualization in (a) and (c). 

micrographs of an ice crystal dissolution in a GLC 
aqueous environment is represented. One can 
observe that the ice crystal size was significantly 
reduced after 24 s. The corresponding FFT 

reciprocal space analysis is shown in Figure 4b, 
where reduced intensity of FFT spots indicating 
lattice planes can be observed. Figure 4c represents 
the electron beam effect on an ice crystal formed at 
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the TiO2-water nanointerface. Within the same 
time frame of 24 s, the ice crystal remained 
considerably stable without undergoing dynamic 
dissolution. The confirmation of a stable cubic 
crystal phase can be observed in the corresponding 
FFT fields in Figure 4d, where the (220) family of 
lattice planes along the [001] zone axis was 
consistent. Video S6 shows the stable crystal at the 
TiO2-water nanointerface after prolonged exposure 
to the electron beam. The enhanced stability of the 
ice crystals at the TiO2-water nanointerface points 
to the scavenging effect of TiO2 nanoparticles.29 
Video S7 shows there were no ice crystals observed 
at gold (Au) nanoparticle-water nanointerface 
under the same cryogenic temperature conditions 
in the GLC. Figure S5 in the supporting information 
shows time-sequenced TEM micrographs of Au 
nanoparticles in the GLC aqueous environment, and 
reveals the absence of ice crystals. The present 
results indicate that the efficient scavenging ability 
and hydrophilic nature of TiO2 nanoparticles under 
the electron beam in comparison to the Au 
nanoparticles, with the former possibly promoting  
stable nucleation and growth of ice crystals. 

Dynamic processes associated with ice 
crystals melting govern a wide range of phenomena 
in nature and in our day-to-day life. Three primary 
mechanisms of ice melting associated with the 
global warming include reduced water heat 
capacity by solutes, strain heating, and granular 
basal sliding.49 The surface properties of ice and the 
first order phase transitions are determined by the 
quasi-liquid layers (QLLs) that appear at 
temperatures below the ice melting point.50, 51 The 
QLLs play an important role in cryo-preservation, 
regelation, slipperiness, recrystallization and 
coarsening of ice grains, glaciology, and 
atmospheric science.51 A variety of experimental 
techniques have been utilized to investigate the ice 
surface melting layers, including atomic force 

microscopy, photoelectron  spectroscopy, 
ellipsometry, etc.52-54 The present study illustrates 
the electron beam-induced nanoscale melting 
dynamics of ice crystal nuclei. These direct 
observations that confirm the stability of ice crystal 
nuclei at the radical scavenger TiO2 and water 
nanointerface may also be used to devise novel 
strategies to control ice melting. 

Conclusions 
The present work demonstrated the potential of 
radical scavengers for in-situ GLC-TEM studies of ice 
crystal formation and growth. Specifically, the work 
explored real-time nucleation of ice crystals in the 
presence of radical-scavenging TiO2 nanoparticles 
immersed in water at cryogenic temperatures. 
Interestingly, both heterogeneously and 
homogeneously grown ice crystals showcased cubic 
crystal structure. The cubic ice crystal phase was 
consistently observed during nucleation and 
growth events, where {220} family of lattice planes 
corresponding to 2.2 Å d-spacings were present. 
The heterogeneous ice nucleation at the TiO2-water 
nanointerface was observed to grow along the 
[𝟐𝟐𝟐𝟐�𝟎𝟎] direction while maintaining the [001] zone 
axis. The present results show that ice crystals 
predominantly grow via an oriented attachment 
mechanism, suggesting the presence of Van der 
Waals or hydrogen bonding interactions between 
ice crystals. Under prolonged exposure to electron 
beam, homogeneously formed ice crystals 
eventually dissolve, although ice crystals at the 
TiO2-water nanointerface remained stable. 
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