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Abstract: Freezing of liquid water occurs in many natural phenomena and affects countless human
activities. The freezing process mainly involves ice nucleation and continuous growth, which are
determined by the energy and structure fluctuation in supercooled water. Herein, considering the
surface hydrophilicity and crystal structure differences between metal and graphene, we proposed a
kind of surface configuration design, which was realized by graphene nanosheets being alternately
anchored on a metal substrate. Ice nucleation and growth were investigated by molecular dynamics
simulations. The surface configuration could induce ice nucleation to occur preferentially on the metal
substrate where the surface hydrophilicity was higher than the lateral graphene nanosheet. However,
ice nucleation could be delayed to a certain extent under the hindering effect of the interfacial water
layer formed by the high surface hydrophilicity of the metal substrate. Furthermore, the graphene
nanosheets restricted lateral expansion of the ice nucleus at the clearance, leading to the formation of
a curved surface of the ice nucleus as it grew. As a result, ice growth was suppressed effectively due
to the Gibbs–Thomson effect, and the growth rate decreased by 71.08% compared to the pure metal
surface. Meanwhile, boundary misorientation between ice crystals was an important issue, which
also prejudiced the growth of the ice crystal. The present results reveal the microscopic details of ice
nucleation and growth inhibition of the special surface configuration and provide guidelines for the
rational design of an anti-icing surface.

Keywords: surface hydrophilicity; graphene; ice formation; clearance; molecular dynamic simulation

1. Introduction

Understanding and regulating the crystallization of supercooled water on surfaces is
essential in both basic research and engineering applications [1,2]. The freezing of water
on surfaces is, in fact, a complicated phenomenon that requires collective understanding
of nucleation, crystal growth, surface science and thermodynamics [3–5], and plenty of re-
search has been done theoretically and experimentally [6,7]. According to previous studies,
ice nucleation can be affected by many factors, including surface morphology [8,9], wetta-
bility [10,11], shear flow [12], ions and contamination particles [13–15], etc. For example,
Yue et al. and Wang et al. found that micro-hierarchical structures or patterns on a silicon
surface would delay ice nucleation due to enhanced free energy for nucleation [16,17]. He
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et al. reported the effect of counter ions on heterogeneous ice nucleation on a polyelec-
trolyte brush and discovered that a distinct efficiency of ions in turning ice a freezing
temperature follows a certain sequence [18].Their study revealed that counter ions have a
profound ion-specific effect on the relaxation of the hydrogen bond and the formation rate
of interfacial water molecules.

Over the past few years, it has been investigated that graphene and its deriva-
tives could influence ice nucleation and growth [19–21]. The two-dimensional material,
graphene, has become one of the most promising materials in recent decades due to its
potential applications in high performance electronics, sensors and energy storage de-
vices [22–27]. It can be made into fibers, membranes and can be drop-casted onto various
substrates [28–30]. Using a molecular dynamics simulation, Lupi and Molinero studied
the heterogeneous ice nucleation of liquid water in contact with graphitic surfaces of vari-
ous dimensions and curvatures, which were reported in experimental characterizations
of soot [31,32]. Their results indicated that the ordering of interfacial liquid water on a
graphene surface was the main reason for the facilitated heterogeneous nucleation [33].
Not only a promoting material, graphene and its derivatives can also restrain ice formation
under specific conditions [22,34]. The exceptional Joule’s heating effect and electrothermal
effect of graphene-based composites have received much attention in the design of anti-
icing systems [35,36]. The lightweight graphene-based material is expected to be an ideal
heater to prevent ice freezing. Specifically, there are numerous studies taking advantage of
these properties for anti-icing and de-icing applications [37,38].

Recently, graphene oxide (GO) was used to mimic antifreeze proteins (AFPs) and
considered to be an advanced icing inhibitor [39–42]. The repeated hexagonal carbon ring
structure arranges the functional groups on the basal plane of GO to match with an ice
crystal lattice, leading to the preferred adsorption of GO on existing ice in liquid water.
Thus, the growth of the ice crystal is suppressed owing to the Gibbs–Thomson effect; that
is, the curved surface lowers the freezing temperature [43,44]. The curved surface of the
ice crystal derives from the special surface configuration, which involves different surface
hydrophilicity and a crystal structure between the two materials. By using molecular
dynamics simulations, Zhang and Chen studied ice nucleation on graphene surfaces
functionalized by several kind of ions and methane molecules [45]. Their results indicated
that the ice nucleation ability of the functionalized surfaces was weakened compared with
that of the smooth graphene surface, depending on the type and the number of functional
groups. Akhtar et al. presented an anti-icing coating based on fluorinated graphene, which
could strikingly delay ice formation in a high humidity environment [46]. The anti-icing
performance of fluorinated graphene was attributed to a robust liquid layer arising from the
interface confinement effect that increases the ice-water contact angle and viscosity of water
molecules near the surface. Additionally, the coupling of surface crystallinity and surface
hydrophilicity was found to be a controlling factor for heterogeneous ice nucleation [7].
With an appropriate hydrophilicity, the arrangement of the water layer in contact with
crystalline graphene can be changed; thus, the ice nucleation rate decreases consequently.
The interplay between surface morphology and hydrophobicity on heterogeneous ice
nucleation was also studied by Martin [4]. They showed that lattice mismatch of the surface
with respect to ice is desirable for a good ice nucleating agent. Hence, it is interesting to
investigate the synergistic effect of a surface hydrophilicity discrepancy and the clearance
configuration created by an anchored graphene sheet on ice nucleation and growth.

In this work, a graphene nanosheet was introduced to design a special surface configu-
ration of surface hydrophilicity on a metal surface. The characteristics of ice nucleation and
growth on the surface were investigated using a molecular dynamics (MD) simulation. We
constructed a series of surface configurations with various surface hydrophilicity discrep-
ancies between a graphene nanosheet and metal substrate and explored the initiation of ice
nucleation and growth processes under specific surface conditions. Besides, we studied
the growth process of an ice nucleus and computed the growth rate of the ice nucleus. A
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different surface configuration resulted in varying levels of ice growth inhibition. We also
discussed the misorientation between grain boundaries of the ice crystal [47].

2. System and Simulations

The simulation system contained four graphene nanosheets anchored on a metal
substrate, which were cleaved in the (100) surface of a face-centred cubic (fcc) crystal. The
lattice parameter afcc was 4.0495 Å, and 6189 water molecules were covered on this surface,
as shown in Figure 1a. The simulation box had dimensions of Lx = 9.758 nm, Ly = 9.744 nm
and Lz = 10.000 nm. A void space was set in the simulation box to avoid the influence of
a periodic boundary condition in the z direction. Four graphene nanosheets with a size
of 2.85 nm × 3.27 nm were fixed atop of the metal substrate with a distance of 6 Å [33,48],
resulting in a 2-nm-wide cross-shaped clearance between the graphene nanosheets, as
shown in Figure S1.
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Figure 1. Illustrations of simulation systems. (a) Model of the metal–graphene nanosheet surface that
was covered with a box of liquid water. A typical ice nucleus formation is illustrated on the surface.
(b) Models of three other simulation systems. Pure metal, pure graphene and graphene–graphene
nanosheet surface systems.

The system described above is defined as a metal–graphene nanosheet system. Ad-
ditionally, we constructed three other simulation systems for comparison, which were
pure metal, pure graphene and graphene–graphene nanosheet surface systems. Details are
shown in Figure 1b and Table S1.

The coarse-grained monatomic water (mW) model was employed in this paper to
describe the interaction between water molecules [49]. This specific water model has
excellent structural properties and a melting point close to the experiment. The mW model
treats water molecules as a single particle that interacts through short-range two-body
and three-body interactions [50]. Since it is monatomic, it exhibits faster dynamics, which
allows for the alleviation of computational costs of our simulations for the ice freezing
process. Detailed information about the mW water model is provided in Supplementary
Note 1. The Lennard-Jones (LJ) potential was used to model the interaction between water
molecules and substrate atoms. Length and energy parameters, σw-g and εw-g, were set to
2.488 Å and 0.13 kcal/mol, respectively, for each water molecule interacting with carbon
atoms [31]. Otherwise, for interactions between water molecules and metal atoms, εw-m
was tuned from 0.13 kcal/mol to 14.0 kcal/mol in each simulation to obtain a different
surface hydrophilicity of the metal substrate, while σw-m was fixed in 2.8798 Å [51]. As a
result, the difference between εw-g and εw-m is defined as surface hydrophilicity discrepancy
Dε. There is no need to define the metal–metal and carbon–carbon interaction potentials,
because they are fixed in the simulation system. Periodic boundary conditions were applied
in three dimensions, and the integration time-step for the velocity Verlet algorithm was set
to 5 fs. After 0.2 ps of relaxation at temperature 290 K, the whole system was cooled down
to 200 K gradually with a cooling rate of 0.9 K/ns in the canonical ensemble (NVT), and the
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process of water freezing was studied during the quenching period. To obtain statistically
reasonable results, we performed 5 repetitions of each cooling simulation for every system.
All MD simulations were performed using the LAMMPS simulation package. Phase and
structure identification was carried out by the Identify Diamond Structure modifier in
OVITO software (version 3.6.0) during the freezing process of liquid water on each surface
configuration [52]. The initiation and ending times of the icing process were recorded
through the entire simulation. The initiation time of icing was identified as the moment
when the number of water molecules in the ice nucleus (Nice) started to increase rapidly.
Conversely, the ending time of icing was identified as the moment when Nice tended to be
stable, which is marked in Figure 2a.
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during the whole simulation time. The data refer to the metal–graphene nanosheet system, and εw-m
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3. Results and Discussion
3.1. Surface Hydrophilicity and Ice Nucleation

The role of surface hydrophilicity [53,54] has been a central argument to determine
whether ice nucleation and the subsequent growth process can happen [55–57]. In order
to understand the impact of surface clearance on ice formation where hydrophilicity is
different from peripheral graphene sheets, we performed a series of MD simulations using
the interaction strength εw-m as the collective variate to explore a desirable freezing delay
surface, as shown in Figure 1a.

Ice formation can be obviously observed on every metal–graphene nanosheet surface
as the system cooled down gradually, and the details are shown in Figure S3. The freezing
process of liquid water on each metal–graphene nanosheet surface configuration is shown
in Figure 2a. Curves with different colors represent various surface hydrophilicities of the
metal substrate εw-m. Generally, lower interaction strength between a solid atom and water
molecule results in later ice nucleation, which has been demonstrated in other research [54].
However, there was no simple trend for the triggering time of ice nucleation for εw-m
ranging from 1.0 to 6.0 kcal/mol, as shown in Figure 2b. Water molecules in the simulation
system could interact with substrate atoms freely when εw-m was smaller than 1.0 kcal/mol,
as shown in Figure 3a. Note that a layer of water molecules was arranged in an fcc structure
gradually with the increasing εw-m, as shown in Figure 3b. This interfacial water layer
was formed adjacent to the substrate with a distance of about 1.88 Å, and it could be
detected by the count of water molecules along the z direction, as shown in Figure 3b.
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On one hand, water molecules in this layer were closely packed in an fcc structure that
differed from the structure of an ice crystal, which is not beneficial for ice nucleation. On
the other hand, other free water molecules were separated from the metal substrate by
the interfacial water layer, which decreased the interaction between free water molecules
and the metal substrate. Therefore, the interfacial water layer acts as a barrier and hinders
the nucleation of an ice nucleus [7,58]. Meanwhile, the surrounding conditions of the
graphene nanosheets were not beneficial to ice nucleation, owing to the extremely low
surface hydrophilicity of 0.13 kcal/mol. Therefore, ice nucleation was delayed for εw-m
ranging from 1.0 to 6.0 kcal/mol because of the hindering effect of the interfacial water
layer formed on the metal substrate.
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Figure 3. The formation of an interfacial water layer on a metal–graphene nanosheet surface.
(a) Snapshot of the interface between a metal substrate and liquid water. The dense interfacial
water layer was not formed at εw-m = 0.13 kcal/mol. (b) Snapshot of the interfacial water layer
viewed from the top and the side. The right panel is the number of water molecules along the z
direction before water freezing. In all cases, the interfacial water layer is colored red for ease of
visualization.

However, with the εw-m increasement, a higher surface hydrophilicity of a metal sub-
strate forced more water molecules to arrange in an orderly manner, which was convenient
for the formation of an ice structure during the εw-m value range from 6.0 to 14.0 kcal/mol.
The competition of both effects lead to the nonlinear dependence, as shown in Figure 2b.
Therefore, a proper surface hydrophilicity discrepancy between a graphene nanosheet
and metal substrate is considered as a desirable agent for the delayed initiation of ice
nucleation. The inset shows the total potential energy of a system changed with simulation
time, together with the number of water molecules in the ice nucleus Nice [59]. As a plunge
of the potential energy Epot of the system occurred, Nice increased suddenly, indicating
the nucleation of an ice embryo. When εw-m was set to 6.0 kcal/mol, i.e., a discrepancy of
the surface hydrophilicity Dε of 5.87 kcal/mol, the ice nucleation on the metal–graphene
nanosheet surface was delayed by 5.25 ns, which was a maximum value compared to
that on a pure metal surface, as shown in Figure 2b. We noticed that a higher extent of
hydrophilicity could induce a greater thickness of the interfacial water layer. The hindering
effect of the interfacial water layer prevailed again, which well explained the jump of the
triggering time of ice nucleation for εw-m values between 6.0 to 8.0 kcal/mol.

It should be mentioned that small ice nuclei form and expand constantly under the
action of structure and energy undulations in supercooled water [60]. Additionally, these
unstable ice nuclei prefer to form at the edge of graphene sheets, where the energy barrier
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for ice nucleation is lower compared with those in other positions [19,61]. The edge of the
graphene sheet is a phase contact area where water molecules interact with carbon and
metal atoms simultaneously.

3.2. Priority of Ice Nucleation

We noticed that the position of initial ice nucleation on the metal–graphene nanosheet
surface depended on the surface hydrophilicity of the metal substrate. For εw-m lower than
1.0 kcal/mol, ice nucleation tended to happen at the top of the graphene nanosheets, as
shown in Figure 4e and Figure S4. On this condition, ice nucleation was triggered by the
repeated hexagonal carbon ring structure of the graphene nanosheet, which matched better
with an ice structure compared to the fcc crystal structure of a metal substrate. However,
ice nucleation generally happened at the clearance between the graphene nanosheets, as
shown in Figure 4a and Figure S5, when εw-m was higher than the critical value mentioned
above, i.e., 1.0 kcal/mol. In this case, a more hydrophilic metal substrate, rather than the
hexagonal structure on the basal plane of the graphene nanosheet, dominates the position
that a stable ice nucleus would form initially [60].
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top of the graphene nanosheet. Silver and black spheres represent metal and carbon atoms. White
sticks covered on them represent liquid water molecules, and blue and green sticks connect pairs of
ice molecules with hexagonal and cubic structure orders, respectively.

Therefore, in this work, we draw the conclusion that an ice nucleus tends to form at the
clearance of a surface with surface hydrophilicity discrepancy Dε larger than 0.87 kcal/mol.
On the contrary, an ice nucleus tended to form at the top of the graphene nanosheets when
the Dε was lower than 0.87 kcal/mol. Either at the clearance or at the top of the graphene
nanosheets, an ice nucleus could grow continuously as the system temperature cooled
down, as shown in Figure 4b–d or f–h. Nearly all liquid water molecules on the surface
arranged in the regular order finally to form the ice structures. In addition, the growth rate
of the ice crystal that nucleated initially at the clearance was much lower than that of the
ice crystal that nucleated at the top of the graphene sheets, and the lowest growth rate of
an ice crystal on the metal–graphene nanosheet surface could be found under the condition
of the surface hydrophilicity discrepancy Dε being set to 7.87 kcal/mol.
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3.3. Ice Growth and Stunting Effect of Boundary Misorientation

We also compared the mean growth rate of an ice nucleus under several surface con-
ditions, including metal–graphene nanosheets, pure metal, pure graphene and graphene–
graphene nanosheet systems, as shown in Figure 5. Different surface conditions and their
models are illustrated in Figure 1b. The ice growth rate was calculated by the method
described in Figure S6.
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Figure 5. Growth rate of an ice nucleus on different surface configurations. (a) Number of water
molecules in the ice nucleus, Nice, changed with simulation time on the metal–graphene nanosheet
surface. (b–d) Nice on a pure metal, pure graphene and graphene–graphene nanosheet surface,
respectively. The data refer to εw-m = 8.0 kcal/mol both in (a,b). The red line in each figure is the
linear fitting of Nice within the first 1 ns after the initiation of icing. (e) Comparison of the ice growth
rate on different surface configurations. Blue and purple bars represent the original and enlarged size
of the simulation box.

The lowest growth rate of an ice crystal was on the metal–graphene nanosheet surface
when εw-m was set to 8.0 kcal/mol, i.e., 7.87 kcal/mol surface hydrophilicity discrepancy
for the clearance configuration. Compared to the pure metal surface, this ice growth rate
was decreased by 71.08%, as shown in Figure 5e. Similarly, for the graphene–graphene
nanosheet surface, the growth rate of the ice nucleus decreased by 36.07% compared to that
on the pure graphene surface. Ice growth was suppressed on both the metal and graphene
substrate, while graphene nanosheets were anchored on them. These alternately distributed
graphene nanosheets can restrict the growth of an ice nucleus in the direction parallel to
the substrate [42]. An ice nucleus at the clearance tends to grow along the z axis, leading
to the curved surface of the ice nucleus. According to the Gibbs–Thomson effect [43,62],
the surface curvature of ice would cause additional pressure on the ice–water interface,
resulting in an external resistance for the further growth of the ice nucleus. [42,63]. Hence,
the free energy barrier for ice growth increases, and the freezing point of liquid water is
decreased. However, the suppression effect was more prominent on the metal–graphene
nanosheet surface configuration, owing to the proper surface hydrophilicity discrepancy
and the rearranged interfacial water layer existing at the clearance configuration. Addition-
ally, we found that ice nucleation occurred at a random position of the graphene–graphene
nanosheet surface. The ice growth was suppressed only when the ice nucleus was formed
at the clearance; otherwise, the ice nucleus grew on the graphene nanosheet without the
suppression effect of the clearance. These results indicate that the suppression effect of
the clearance generated by graphene nanosheets does occur both on metal and graphene
substrates, and the optimal freezing delay ability of the surface can be achieved in the
metal–graphene nanosheet surface system with a proper surface hydrophilicity discrep-
ancy. The suppression effect of these surfaces followed the sequence of metal–graphene
nanosheets > graphene–graphene nanosheets > pure graphene, as illustrated in Figure 5e.
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On the other hand, we also constructed models with an enlarged size of the simu-
lation box, which means an enlarged clearance width on these surfaces, and performed
simulations to investigate the impact of clearance width on the growth of the ice nucleus.
Details of the models are shown in Table S2. The simulation parameters of the enlarged
systems were the same to that of the systems with the original size for each surface con-
figuration. The initiation of ice nucleation on the metal–graphene nanosheet surface was
greatly advanced (10–20 ns) by merely a 1 nm increase of the clearance width, and the
ice growth rate increased noticeably by 40.02%, as shown in Figure S7 and Figure 5e. In
the enlarged metal–graphene nanosheet system, the ice embryo could still nucleate at the
enlarged clearance configuration. However, a stable ice nucleus formed before it contacted
the lateral graphene nanosheets. Ice growth would not be restricted and the curved surface
of an ice nucleus would not form. Consequently, the suppression effect of the clearance
configuration disappeared, when the clearance width was larger than 2 nm on the surface
both in metal–graphene nanosheet and graphene–graphene nanosheet systems. Therefore,
our investigation leads to the conclusion that a pronounced ice inhibition will exhibit on
the metal–graphene nanosheet surface configuration only when the clearance between
graphene nanosheets is narrow enough. Further research needs to be developed for a
critical size of the clearance configuration. In contrast, the enlarged size of the simulation
box had no obvious influence on ice growth on the pure metal and pure graphene sur-
faces. For the graphene–graphene nanosheet surface, ice nucleation occurred at a random
position on the surface in both the original and enlarged systems. When the clearance
width was enlarged, ice growth would not be restricted by the graphene nanosheets, even
if the ice nucleus was formed at the clearance. The growth rate of the ice nucleus on the
graphene–graphene nanosheet surface slightly increased by 18.46% due to the enlarged
clearance width, as shown in Figure 5e.

Figure 6a suggests that a stunting effect exists during the growth process of an ice
crystal on a metal–graphene nanosheet surface. This is due to the boundary misorientation
between ice crystals [47], as illustrated in Figure 6b. Obviously, the ice cluster marked
with a red circle has a different orientation with the ice cluster on the right side. Generally,
two growing ice nuclei contact each other, and the boundary misorientation forms. With
the decreasing entropy and potential energy of a system, ice clusters with a boundary
misorientation tended to transform into a consistent crystal, and the disorder boundary
structure disappeared gradually, which suspended the growth of the ice crystal on the
surface about 0.5–1.0 ns. This stunting effect could take a lot of time during the rapid
growth of the ice crystal, as shown in Figure 6a. We also found that the duration of the
stunting effect extended by increasing the contact area between ice clusters with different
orientations, finally slowing down the growth rate of the ice crystal.
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4. Conclusions

In summary, we carried out molecular dynamics simulations to investigate the freez-
ing delay capability of metal–graphene nanosheet surfaces and gained a microscopic
understanding of ice nucleation and growth, which were restricted at the clearance configu-
ration. The interfacial water layer would form when the surface hydrophilicity of the metal
substrate εw-m was higher than 1.0 kcal/mol, separating other free water molecules from in-
teracting with the metal substrate. This hindering effect of interfacial water layer competed
with the increasing interaction strength between water molecules and the metal substrate.
Ice nucleation was delayed when εw-m ranged from 4.0 to 14.0 kcal/mol and the delayed
time peaks to 5.25 ns with the surface hydrophilicity discrepancy Dε of 5.87 kcal/mol.

The nucleation position of an ice embryo changed from the top of graphene nanosheets
to the clearance since the surface hydrophilicity of the metal substrate εw-m surpassed
1.0 kcal/mol. The growth of the ice nucleus at the clearance was restricted by surrounding
graphene nanosheets both on metal and graphene substrates. The ice nucleus grew with
the lowest rate when εw-m was 8.0 kcal/mol. An enlarged width of the clearance weakened
the suppression effect remarkably, which is an important element in the design of anti-icing
nanomaterials. Furthermore, the boundary misorientation between ice crystals can also
suppress ice growth because of the stunting effect, which is proportional to the contact
area between ice crystals. We believe these findings provide a simple model to explore the
mechanism of nano-sized graphene and its derivatives on ice nucleation and growth, as
well as their potential application for anti-icing materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12010052/s1, Figure S1: Morphology of the simulation
system. (a) A typical metal–graphene nanosheets surface, containing four single graphene nanosheets
anchored alternately on a metal substrate. (b) Entire simulation box with a water slab covered on
the surface. Atoms of metal substrate and graphene nanosheets are colored by silver and black
respectively, hydrogen bonds between liquid water molecules are represented by white sticks with a
cut off distance of 3.2 Å, which is realized by the Create Bonds modifier in OVITO software; Figure S2:
Example of a simulation box used in ice freezing. Periodic boundary conditions (PBC) were applied
in x, y and z directions. A 7-nm-thick void region was incorporated in the simulation box to avoid
the undesired effect of metal substrate in the adjacent simulation box caused by the PBC in the z
direction; Figure S3: Ice formation on the metal–graphene nanosheets surface. (a) Stacking disordered
ice formed on the surface (εw-m = 1.0 kcal/mol), from a cross section view. Random layers of ice Ih
and ice Ic were colored in bule and green respectively. (b) Count of water molecules above the surface
along z direction, which depicts the regular order of ice; Figure S4: Ice growth at the top the graphene
nanosheets with a surface hydrophilicity of metal substrate of 0.13 kcal/mol, which is equal to the
surface hydrophilicity of graphene εw-g. (a) Ice embryo nucleating at the top the graphene nanosheets
owing to the repeated hexagonal carbon ring structure on graphene. (b–d) Growth of the ice crystal
on the graphene nanosheets; Figure S5: Ice growth at the clearance, between the peripheral graphene
nanosheets, with a surface hydrophilicity of metal substrate of 4.0 kcal/mol. (a) Ice embryo nucleated
at the clearance configuration. (b–d) Restricted growth of the ice crystal on the metal–graphene
nanosheets surface; Figure S6: Number of water molecules in ice nucleus changed with simulation
time on metal–graphene nanosheets surface with different surface hydrophilicity of metal substrate;
Figure S7: Initiation time of icing on metal–graphene nanosheets with different size of simulation
box. The clearance width is about 2.0 nm in original sized system, whereas it is 3.0 nm in enlarged
sized system; Table S1: The size of simulation box; Table S2: The interaction parameters for the Model
Systems in this work.

Author Contributions: Conceptualization, Y.S.; methodology, Y.X.; validation, B.J., Y.S., J.T., Y.X.,
H.C., and S.L.; writing—original draft preparation, B.J. and Y.S.; writing—review and editing, J.T.
and Y.S.; visualization, W.L. and X.X.; funding acquisition, J.T. and Y.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Nos.
52075246, 12002364, and U1937206), the Natural Science Foundation of Jiangsu Province (No.
BK20211568), the Project Funded by China Postdoctoral Science Foundation (No. 2019M661826), the

https://www.mdpi.com/article/10.3390/coatings12010052/s1
https://www.mdpi.com/article/10.3390/coatings12010052/s1


Coatings 2022, 12, 52 10 of 12

Open Fund of Key Laboratory of Icing and Anti/De-icing (Nos. IADL20190202, IADL20200407) and
the NUAA Innovation Program for Graduate Education (kfjj20200613, kfjj20200605).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, B.; Zhang, K.; Tao, C.; Zhao, Y.; Li, X.; Zhu, K.; Yuan, X. Strategies for anti-icing: Low surface energy or liquid-infused? RSC

Adv. 2016, 6, 70251–70260. [CrossRef]
2. Shen, Y.; Wu, X.; Tao, J.; Zhu, C.; Lai, Y.; Chen, Z. Icephobic materials: Fundamentals, performance evaluation, and applications.

Prog. Mater. Sci. 2019, 103, 509–557. [CrossRef]
3. Brini, E.; Fennell, C.J.; Fernandez-Serra, M.; Hribar-Lee, B.; Luksic, M.; Dill, K.A. How water’s properties are encoded in its

molecular structure and energies. Chem. Rev. 2017, 117, 12385–12414.
4. Fitzner, M.; Sosso, G.C.; Cox, S.J.; Michaelides, A. The many faces of heterogeneous ice nucleation: Interplay between surface

morphology and hydrophobicity. J. Am. Chem. Soc. 2015, 137, 13658–13669. [CrossRef]
5. Bayer, I.S. Mechanisms of surface icing and deicing technologies. Ice Adhes. Mech. Meas. Mitig. 2020, 325–359. [CrossRef]
6. Ma, R.; Cao, D.; Zhu, C.; Tian, Y.; Peng, J.; Guo, J.; Chen, J.; Li, X.Z.; Francisco, J.S.; Zeng, X.C.; et al. Atomic imaging of the edge

structure and growth of a two-dimensional hexagonal ice. Nature 2020, 577, 60–63. [CrossRef]
7. Bi, Y.; Cabriolu, R.; Li, T. Heterogeneous Ice Nucleation controlled by the coupling of surface crystallinity and surface hydrophilic-

ity. J. Phys. Chem. C 2016, 120, 1507–1514. [CrossRef]
8. Jiang, J.; Li, G.X.; Sheng, Q.; Tang, G.H. Microscopic mechanism of ice nucleation: The effects of surface rough structure and

wettability. Appl. Surf. Sci. 2020, 510, 145520. [CrossRef]
9. Lin, Y.; Chen, H.; Wang, G.; Liu, A. Recent progress in preparation and anti-icing applications of superhydrophobic coatings.

Coatings 2018, 8, 208. [CrossRef]
10. Li, C.; Gao, X.; Li, Z. Roles of surface energy and temperature in heterogeneous ice nucleation. J. Phys. Chem. C 2017, 121,

11552–11559. [CrossRef]
11. Li, C.; Gao, X.; Li, Z. Surface energy-mediated multistep pathways for heterogeneous ice nucleation. J. Phys. Chem. C 2018, 122,

9474–9479. [CrossRef]
12. Luo, S.; Wang, J.; Li, Z. Homogeneous ice nucleation under shear. J. Phys. Chem. B 2020, 124, 3701–3708. [CrossRef] [PubMed]
13. Metya, A.K.; Singh, J.K. Ice Nucleation on a graphite surface in the presence of nanoparticles. J. Phys. Chem. C 2018, 122,

19056–19066. [CrossRef]
14. Matsuno, R.; Kokubo, Y.; Kumagai, S.; Takamatsu, S.; Hashimoto, K.; Takahara, A. Molecular design and characterization of ionic

monomers with varying ion pair interaction energies. Macromolecules 2020, 53, 1629–1637. [CrossRef]
15. Zhuo, Y.; Xiao, S.; Håkonsen, V.; He, J.; Zhang, Z. Anti-icing ionogel surfaces: Inhibiting ice nucleation, growth, and adhesion.

ACS Mater. Lett. 2020, 2, 616–623. [CrossRef]
16. Yue, X.; Liu, W.; Wang, Y. Effects of black silicon surface structures on wetting behaviors, single water droplet icing and frosting

under natural convection conditions. Surf. Coat. Technol. 2016, 307, 278–286. [CrossRef]
17. Wang, Y.; Wang, Z.-g. Sessile droplet freezing on polished and micro-micro-hierarchical silicon surfaces. Appl. Therm. Eng. 2018,

137, 66–73. [CrossRef]
18. He, Z.Y.; Xie, W.J.; Liu, Z.Q.; Liu, G.M.; Wang, Z.W.; Gao, Y.Q.; Wang, J.J. Tuning ice nucleation with counterions on polyelectrolyte

brush surfaces. Sci. Adv. 2016, 2, e1600345. [CrossRef]
19. Kyrkjebø, S.; Cassidy, A.; Akhtar, N.; Balog, R.; Scheffler, M.; Hornekær, L.; Holst, B.; Flatabø, R. Graphene and graphene oxide on

Ir(111) are transparent to wetting but not to icing. Carbon 2021, 174, 396–403. [CrossRef]
20. Joghataei, M.; Ostovari, F.; Atabakhsh, S.; Tobeiha, N. Heterogeneous ice nucleation by graphene nanoparticles. Sci. Rep. 2020, 10,

9723. [CrossRef]
21. Xue, H.; Lu, Y.; Geng, H.; Dong, B.; Wu, S.; Fan, Q.; Zhang, Z.; Li, X.; Zhou, X.; Wang, J. hydroxyl groups on the graphene surfaces

facilitate ice nucleation. J. Phys. Chem. Lett. 2019, 10, 2458–2462. [CrossRef]
22. Wang, Y.-R.; Xu, J.-Y.; Ma, C.-K.; Shi, M.-X.; Tu, Y.-B.; Sun, K.; Meng, S.; Wang, J.-Z. Ice II-like monolayer ice grown on graphite

surface. J. Phys. Chem. C 2019, 123, 20297–20303. [CrossRef]
23. Nasser, J.; Lin, J.; Zhang, L.; Sodano, H.A. Laser induced graphene printing of spatially controlled super-hydrophobic/hydrophilic

surfaces. Carbon 2020, 162, 570–578. [CrossRef]
24. Peng, W.J.; Li, H.Q.; Liu, Y.Y.; Song, S.X. A review on heavy metal ions adsorption from water by graphene oxide and its

composites. J. Mol. Liq. 2017, 230, 496–504. [CrossRef]
25. Babaahmadi, V.; Montazer, M.; Gao, W. Low temperature welding of graphene on PET with silver nanoparticles producing higher

durable electro-conductive fabric. Carbon 2017, 118, 443–451. [CrossRef]

http://doi.org/10.1039/C6RA11383D
http://doi.org/10.1016/j.pmatsci.2019.03.004
http://doi.org/10.1021/jacs.5b08748
http://doi.org/10.1002/9781119640523.ch11
http://doi.org/10.1038/s41586-019-1853-4
http://doi.org/10.1021/acs.jpcc.5b09740
http://doi.org/10.1016/j.apsusc.2020.145520
http://doi.org/10.3390/coatings8060208
http://doi.org/10.1021/acs.jpcc.7b02848
http://doi.org/10.1021/acs.jpcc.8b01358
http://doi.org/10.1021/acs.jpcb.9b11209
http://www.ncbi.nlm.nih.gov/pubmed/32180412
http://doi.org/10.1021/acs.jpcc.8b05989
http://doi.org/10.1021/acs.macromol.9b02731
http://doi.org/10.1021/acsmaterialslett.0c00094
http://doi.org/10.1016/j.surfcoat.2016.09.004
http://doi.org/10.1016/j.applthermaleng.2018.03.068
http://doi.org/10.1126/sciadv.1600345
http://doi.org/10.1016/j.carbon.2020.12.030
http://doi.org/10.1038/s41598-020-66714-2
http://doi.org/10.1021/acs.jpclett.9b01033
http://doi.org/10.1021/acs.jpcc.9b04310
http://doi.org/10.1016/j.carbon.2020.03.002
http://doi.org/10.1016/j.molliq.2017.01.064
http://doi.org/10.1016/j.carbon.2017.03.066


Coatings 2022, 12, 52 11 of 12

26. Naumis, G.G.; Barraza-Lopez, S.; Oliva-Leyva, M.; Terrones, H. Electronic and optical properties of strained graphene and other
strained 2D materials: A review. Rep. Prog. Phys. 2017, 80, 1–62. [CrossRef] [PubMed]

27. Shao, Y.Y.; Wang, J.; Wu, H.; Liu, J.; Aksay, I.A.; Lin, Y.H. Graphene based electrochemical sensors and biosensors: A review.
Electroanalysis 2010, 22, 1027–1036. [CrossRef]

28. Akinwande, D.; Brennan, C.J.; Bunch, J.S.; Egberts, P.; Felts, J.R.; Gao, H.J.; Huang, R.; Kim, J.S.; Li, T.; Li, Y.; et al. A review on
mechanics and mechanical properties of 2D materials-Graphene and beyond. Extrem. Mech. Lett. 2017, 13, 42–77. [CrossRef]

29. Papageorgiou, D.G.; Kinloch, I.A.; Young, R.J. Mechanical properties of graphene and graphene-based nanocomposites. Prog.
Mater. Sci. 2017, 90, 75–127. [CrossRef]

30. Wu, J.B.; Lin, M.L.; Cong, X.; Liu, H.N.; Tan, P.H. Raman spectroscopy of graphene-based materials and its applications in related
devices. Chem. Soc. Rev. 2018, 47, 1822–1873. [CrossRef] [PubMed]

31. Lupi, L.; Hudait, A.; Molinero, V. Heterogeneous nucleation of ice on carbon surfaces. J. Am. Chem. Soc. 2014, 136, 3156–3164.
[CrossRef] [PubMed]

32. Lupi, L.; Kastelowitz, N.; Molinero, V. Vapor deposition of water on graphitic surfaces: Formation of amorphous ice, bilayer ice,
ice I, and liquid water. J. Chem. Phys. 2014, 141, 18C508. [CrossRef] [PubMed]

33. Carrasco, J.; Hodgson, A.; Michaelides, A. A molecular perspective of water at metal interfaces. Nat. Mater. 2012, 11, 667–674.
[CrossRef] [PubMed]

34. Zokaie, M.; Foroutan, M. Confinement effects of graphene oxide nanosheets on liquid–solid phase transition of water. RSC Adv.
2015, 5, 97446–97457. [CrossRef]

35. Redondo, O.; Prolongo, S.G.; Campo, M.; Sbarufatti, C.; Giglio, M. Anti-icing and de-icing coatings based Joule’s heating of
graphene nanoplatelets. Compos. Sci. Technol. 2018, 164, 65–73. [CrossRef]

36. Vertuccio, L.; De Santis, F.; Pantani, R.; Lafdi, K.; Guadagno, L. Effective de-icing skin using graphene-based flexible heater.
Compos. Part B Eng. 2019, 162, 600–610. [CrossRef]

37. Karim, N.; Zhang, M.; Afroj, S.; Koncherry, V.; Potluri, P.; Novoselov, K.S. Graphene-based surface heater for de-icing applications.
RSC Adv. 2018, 8, 16815–16823. [CrossRef]

38. Chen, L.; Zhang, Y.; Wu, Q. Effect of graphene coating on the heat transfer performance of a composite anti-/deicing component.
Coatings 2017, 7, 158. [CrossRef]

39. Liu, K.; Wang, C.; Ma, J.; Shi, G.; Yao, X.; Fang, H.; Song, Y.; Wang, J. Janus effect of antifreeze proteins on ice nucleation. Proc.
Natl. Acad. Sci. USA 2016, 113, 14739–14744. [CrossRef]

40. He, Z.; Liu, K.; Wang, J. Bioinspired materials for controlling ice nucleation, growth, and recrystallization. Acc. Chem. Res. 2018,
51, 1082–1091. [CrossRef]

41. Hudait, A.; Odendahl, N.; Qiu, Y.; Paesani, F.; Molinero, V. Ice-nucleating and antifreeze proteins recognize ice through a diversity
of anchored clathrate and ice-like motifs. J. Am. Chem. Soc. 2018, 140, 4905–4912. [CrossRef]

42. Geng, H.; Liu, X.; Shi, G.; Bai, G.; Ma, J.; Chen, J.; Wu, Z.; Song, Y.; Fang, H.; Wang, J. Graphene oxide restricts growth and
recrystallization of ice crystals. Angew Chem. Int. Ed. Engl. 2017, 56, 997–1001. [CrossRef]

43. Knight, C.A. Structural biology—Adding to the antifreeze agenda. Nature 2000, 406, 249–251. [CrossRef]
44. Bai, G.; Gao, D.; Liu, Z.; Zhou, X.; Wang, J. Probing the critical nucleus size for ice formation with graphene oxide nanosheets.

Nature 2019, 576, 437–441. [CrossRef]
45. Zhang, X.-X.; Chen, M. Icephobicity of functionalized graphene surfaces. J. Nanomater. 2016, 2016, e1600345. [CrossRef]
46. Akhtar, N.; Anemone, G.; Farias, D.; Holst, B. Fluorinated graphene provides long lasting ice inhibition in high humidity. Carbon

2019, 141, 451–456. [CrossRef]
47. Ribeiro, I.d.A.; Koning, M.d. Grain-boundary sliding in ice ih: Tribology and rheology at the nanoscale. J. Phys. Chem. C 2021,

125, 627–634. [CrossRef]
48. Liu, X.; Geng, H.; Sheng, N.; Wang, J.; Shi, G. Suppressing ice growth by integrating the dual characteristics of antifreeze proteins

into biomimetic two-dimensional graphene derivatives. J. Mater. Chem. A 2020, 8, 23555–23562. [CrossRef]
49. Molinero, V.; Moore, E.B. Water modeled as an intermediate element between carbon and silicon. J. Phys. Chem. B 2009, 113,

4008–4016. [CrossRef] [PubMed]
50. Malkin, T.L.; Murray, B.J.; Salzmann, C.G.; Molinero, V.; Pickering, S.J.; Whale, T.F. Stacking disorder in ice I. Phys. Chem. Chem.

Phys. 2015, 17, 60–76. [CrossRef]
51. Huang, H.S.; Roy, A.K.; Varshney, V.; Wohlwend, J.L.; Putnam, S.A. Temperature dependence of thermal conductance between

aluminum and water. Int. J. Therm. Sci. 2012, 59, 17–20. [CrossRef]
52. Maras, E.; Trushin, O.; Stukowski, A.; Ala-Nissila, T.; Jónsson, H. Global transition path search for dislocation formation in Ge on

Si(001). Comput. Phys. Commun. 2016, 205, 13–21. [CrossRef]
53. Metya, A.K.; Singh, J.K.; Muller-Plathe, F. Ice nucleation on nanotextured surfaces: The influence of surface fraction, pillar height

and wetting states. Phys. Chem. Chem. Phys. 2016, 18, 26796–26806. [CrossRef] [PubMed]
54. Qiu, H.; Guo, W. phase diagram of nanoscale water on solid surfaces with various wettabilities. J. Phys. Chem. Lett. 2019, 10,

6316–6323. [CrossRef]
55. Kreder, M.J.; Alvarenga, J.; Kim, P.; Aizenberg, J. Design of anti-icing surfaces: Smooth, textured or slippery? Nat. Rev. Mater.

2016, 1, 15003. [CrossRef]

http://doi.org/10.1088/1361-6633/aa74ef
http://www.ncbi.nlm.nih.gov/pubmed/28540862
http://doi.org/10.1002/elan.200900571
http://doi.org/10.1016/j.eml.2017.01.008
http://doi.org/10.1016/j.pmatsci.2017.07.004
http://doi.org/10.1039/C6CS00915H
http://www.ncbi.nlm.nih.gov/pubmed/29368764
http://doi.org/10.1021/ja411507a
http://www.ncbi.nlm.nih.gov/pubmed/24495074
http://doi.org/10.1063/1.4895543
http://www.ncbi.nlm.nih.gov/pubmed/25399173
http://doi.org/10.1038/nmat3354
http://www.ncbi.nlm.nih.gov/pubmed/22825022
http://doi.org/10.1039/C5RA21480G
http://doi.org/10.1016/j.compscitech.2018.05.031
http://doi.org/10.1016/j.compositesb.2019.01.045
http://doi.org/10.1039/C8RA02567C
http://doi.org/10.3390/coatings7100158
http://doi.org/10.1073/pnas.1614379114
http://doi.org/10.1021/acs.accounts.7b00528
http://doi.org/10.1021/jacs.8b01246
http://doi.org/10.1002/anie.201609230
http://doi.org/10.1038/35018671
http://doi.org/10.1038/s41586-019-1827-6
http://doi.org/10.1155/2016/6731840
http://doi.org/10.1016/j.carbon.2018.09.008
http://doi.org/10.1021/acs.jpcc.0c10032
http://doi.org/10.1039/D0TA06421A
http://doi.org/10.1021/jp805227c
http://www.ncbi.nlm.nih.gov/pubmed/18956896
http://doi.org/10.1039/C4CP02893G
http://doi.org/10.1016/j.ijthermalsci.2012.04.016
http://doi.org/10.1016/j.cpc.2016.04.001
http://doi.org/10.1039/C6CP04382H
http://www.ncbi.nlm.nih.gov/pubmed/27711467
http://doi.org/10.1021/acs.jpclett.9b02512
http://doi.org/10.1038/natrevmats.2015.3


Coatings 2022, 12, 52 12 of 12

56. Guo, P.; Zheng, Y.M.; Wen, M.X.; Song, C.; Lin, Y.C.; Jiang, L. Icephobic/anti-icing properties of micro/nanostructured surfaces.
Adv. Mater. 2012, 24, 2642–2648. [CrossRef] [PubMed]

57. Liu, J.; Zhu, C.; Liu, K.; Jiang, Y.; Song, Y.; Francisco, J.S.; Zeng, X.C.; Wang, J. Distinct ice patterns on solid surfaces with various
wettabilities. Proc. Natl. Acad. Sci. USA 2017, 114, 11285–11290. [CrossRef]

58. Cox, S.J.; Kathmann, S.M.; Slater, B.; Michaelides, A. Molecular simulations of heterogeneous ice nucleation. II. Peeling back the
layers. J. Chem. Phys. 2015, 142, 184705. [PubMed]

59. Matsumoto, M.; Saito, S.; Ohmine, I. Molecular dynamics simulation of the ice nucleation and growth process leading to water
freezing. Nature 2002, 416, 409–413. [CrossRef]

60. Moore, E.B.; Molinero, V. Structural transformation in supercooled water controls the crystallization rate of ice. Nature 2011, 479,
506–508. [CrossRef]

61. Lu, N.; Yin, D.; Li, Z.; Yang, J. Structure of graphene oxide: Thermodynamics versus kinetics. J. Phys. Chem. C 2011, 115,
11991–11995. [CrossRef]

62. Perez, M. Gibbs-Thomson effects in phase transformations. Scr. Mater. 2005, 52, 709–712. [CrossRef]
63. Wu, T.; Chen, Y.Z. Analytical studies of Gibbs-Thomson effect on the diffusion controlled spherical phase growth in a subcooled

medium. Heat Mass Transf. 2003, 39, 665–674. [CrossRef]

http://doi.org/10.1002/adma.201104412
http://www.ncbi.nlm.nih.gov/pubmed/22488894
http://doi.org/10.1073/pnas.1712829114
http://www.ncbi.nlm.nih.gov/pubmed/25978903
http://doi.org/10.1038/416409a
http://doi.org/10.1038/nature10586
http://doi.org/10.1021/jp204476q
http://doi.org/10.1016/j.scriptamat.2004.12.026
http://doi.org/10.1007/s00231-002-0322-y

	Introduction 
	System and Simulations 
	Results and Discussion 
	Surface Hydrophilicity and Ice Nucleation 
	Priority of Ice Nucleation 
	Ice Growth and Stunting Effect of Boundary Misorientation 

	Conclusions 
	References

