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Ice nucleation on nanotextured surfaces: the
influence of surface fraction, pillar height and
wetting states†

Atanu K. Metya,a Jayant K. Singh*a and Florian Müller-Platheb

In this work, we address the nucleation behavior of a supercooled monatomic cylindrical water droplet

on nanoscale textured surfaces using molecular dynamics simulations. The ice nucleation rate at 203 K

on graphite based textured surfaces with nanoscale roughness is evaluated using the mean fast-passage

time method. The simulation results show that the nucleation rate depends on the surface fraction as

well as the wetting states. The nucleation rate enhances with increasing surface fraction for water in the

Cassie–Baxter state, while contrary behavior is observed for the case of Wenzel state. Based on the

spatial histogram distribution of ice formation, we observed two pathways for ice nucleation. Hetero-

geneous nucleation is observed at a high surface fraction. However, the probability of homogeneous ice

nucleation events increases with decreasing surface fraction. We further investigate the role of the nano-

pillar height in ice nucleation. The nucleation rate is enhanced with increasing nanopillar height. This is

attributed to the enhanced contact area with increasing nanopillar height and the shift in nucleation

events towards the three-phase contact line associated with the nanotextured surface. The ice-surface

work of adhesion for the Wenzel state is found to be 1–2 times higher than that in the Cassie–Baxter

state. Furthermore, the work of adhesion of ice in the Wenzel state is found to be linearly dependent on

the contour length of the droplet, which is in line with that reported for liquid droplets.

1 Introduction

The formation and growth of ice from supercooled water are
ubiquitous1,2 and play an important role in different processes,
ranging from the Earth’s atmosphere3,4 to nanoscale processes.5

However, many fundamental aspects of ice nucleation are still
not well understood, though a large number of experimental and
theoretical studies have been conducted on the nucleation
phenomena.6–8 The ice nucleation events start from either two
or three interfaces such as liquid–solid, vapor–liquid and vapor–
liquid–solid.8 A good ice promoting surface has the ability to
form an ice-like ordered structure through surface–fluid inter-
actions and surface templating effects9–11 with water molecules.
On the other hand, surface roughness plays a vital role in the

anti-icing performance of surfaces through freezing delay or
eliminating ice formation.12–14 Thus, superhydrophobic surfaces
have been considered as one of the promising ice-repellent
materials.12,13,15

Hydrophobicity of a surface is generally characterised by
measuring the contact angle of a water droplet. The behavior of
a liquid droplet on a rough surface is typically governed by the
wetting states viz., the Cassie–Baxter state16 and the Wenzel
state.17 The Cassie–Baxter state is defined as a state where a
liquid droplet is suspended on the top of a rough surface and
air is trapped in the hollow spaces of the rough surface (Fig. 1, left).
On the other hand, in the Wenzel state, a liquid droplet completely
fills the space between the surface grooves and wets the solid
substrate (Fig. 1, right). Several studies have reported the effect
of surface roughness at the micro- and nano-scales on ice
nucleation and found that superhydrophobic surfaces have
an excellent ice repellent character with low ice adhesion
strength.14,15,18 However, there are studies on superhydrophobic
surfaces which have reported both significant freezing delay13,18

as well as promotion of ice nucleation.15,19 For example, Alizadeh
et al.18 have found that high contact angles on superhydrophobic
surfaces lead to a lower interfacial area between the water and the
surface, resulting in an enhanced free energy barrier for nuclea-
tion causing freezing delay. In contrast, Jung et al.15 have found
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significant longer freezing delays on hydrophilic surfaces
(higher wettability) with nanometer-scale roughness compared
to superhydrophobic surfaces (lower wettability) with larger
roughness values. Under subzero conditions, due to the condensa-
tion of water vapor on a superhydrophobic surface the resulting
drops prefer the Wenzel state leading to higher adhesion
strengths.20 Thus, superhydrophobic surfaces in such cases
are not suitable for anti-icing applications. Hence, many inves-
tigations have been carried out on the development of low
surface energy materials such as polymers, fluorocarbons and
silicone precursors21,22 for improving the anti-icing capability
of nanostructured materials. Nevertheless, to design a suitable
material for improving anti-icing efficiency in various industrial
processes and applications such as power transmission lines,
aircraft wings, wind turbines, ships and buildings, efforts are
required to understand the principle underlying the mechanism
of ice nucleation. Thus, it is imperative to understand the effect of
nanostructure surfaces on the nucleation behavior of super-
cooled water.

Several groups have studied the effect of surface energy and
roughness of the textured surfaces on the nucleation and
adhesion behavior of supercooled water.12,15,20,22–24 Mueler
et al.12 found a linear relationship between ice-adhesion
strength and practical work of adhesion. Recent work by Singh
and Müller-Plathe20 found that the ice adhesion on the super-
hydrophilic surfaces dramatically increases for ice droplets in
the Wenzel state, which would be the case if there is a phase
transition from the Cassie–Baxter state to the Wenzel state
under supercooled conditions. Recently, Fu et al.22 studied the
ice nucleation behavior on sol–gel coatings with a wide range
of surface energies and roughness. They found that upon
increasing the amount of fluoroalkylsilane (FAS) additive,
the water droplets transform from the Wenzel state into the
Cassie–Baxter state with a two orders of magnitude higher
nucleation rate. Based on the results, the authors concluded
that heterogeneous nucleation starts at the solid–liquid interface
as well as at the three-phase contact line. Jung et al.25 experi-
mentally captured the location of nucleation at the water–air
interface of supercooled droplets on super-hydrophobic surfaces
in the presence of a gas stream. The results suggested that the
surface roughness and environmental conditions can alter the
ice nucleation and nuclei growth mechanisms.

In experiments, the accurate capture of nucleation events
as well as quantification of the freezing process is difficult due
to practical challenges in designing relevant experiments.

However, in this direction, computational simulations26,27 play
an important role in the study of nucleation processes.
The homogeneous nucleation of ice has been extensively
studied by several research groups using molecular dynamics
(MD) and Monte Carlo (MC) simulations.11,28–36 On the other
hand, relatively few works have been reported on the ice
nucleation behavior of supercooled water droplets on smooth
and rough surfaces.7,10,20,37–39 A recent study of Zhang et al.37

showed that surface morphology has a remarkable effect on ice
nucleation. The authors suggest that the enhancement in the
nucleation rate on nanostructured surfaces is mainly due to
the commensurability of the characteristic length of ice with
the groove width. However, an understanding of the effect of
surface fraction, pillar height and wetting states on the ice
nucleation is far from complete, which we have investigated in
this study. Thus, in this work our motivation is to provide
molecular insights into the ice nucleation mechanism on nano-
structured surfaces using molecular dynamics simulations.

2 Model and simulation details

A schematic of the building block (unit cell) of a textured
surface is shown in Fig. 2A (top and side views). The textured
surfaces are designed using two atomic layers of graphene
(AB stacking) as the base layer. An artificial pillar made out of
additional graphite sheets is used on top of the base layer. The
width and the gap between two pillars are varied in the range of
0.5–2.0 nm in both x and y directions. The atomic structure of
the top the pillar layer of the graphite sheet is represented in
Fig. 2B (for a few systems). In this work, we have considered
pillar heights of 4, 6, 8, 10, and 12 atomic layers of graphene
sheets, corresponding to h = 1.36, 2.04, 2.72, 3.4 and 4.08 nm,
respectively. We define surface fraction, a, as the ratio of the
projected area of the pillar to the area of the base cross-section.
In this work, a is varied from 0.089 to 0.536. The lateral
dimension of the simulation system is fixed to 3.4 nm �
15.5 nm. A typical water droplet used in this work contains
2000 water molecules in a cylindrical shape with a length of
3.4 nm. A representative snapshot of a water droplet placed on
a textured surface is shown in Fig. 2C. In order to create Wenzel
states for a cylindrical water droplet at lower a values (a r 0.223),
first, we have applied instantly a downward velocity to all the water
molecules. The downward velocity is retained until molecules
reach the bottom of the grooves. Subsequently, the downward

Fig. 1 A schematic illustration of the Cassie–Baxter state (left) and the Wenzel state (right).
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velocity is removed and the linear momentum of the water is
zeroed. A similar approach is adopted by Koishi et al.40

A coarse-grained monatomic model of water, the mW41

model, is used. The potential function of the mW model
includes two terms, a two-body term and a three-body term.
The interaction between the water molecules and the surface
atoms is modeled by the two-body term of the mW model.
In this work, all the cross-interaction parameters are adopted
from a recent parameterization of the mW model by Lupi
et al.,7 which reproduces the experimental contact angle of
water on a smooth graphite surface.

All simulations are performed using the LAMMPS simulation
package42 in a canonical ensemble. The velocity-Verlet algorithm
is used for integrating the equations of motion of water mole-
cules with a time step of 10 fs in all the systems. The temperature
is controlled by a Nosé–Hoover thermostat with a relaxation time
of 1.0 ps. Periodic boundary conditions are applied in the x and y
directions, while the z direction is non-periodic and bounded
with a reflective wall. The surface atoms are kept fixed during
the simulations. The cylindrical water droplet on the textured
surface is initially equilibrated for 40 ns at a temperature of
300 K. An additional 100 ns simulations are performed to collect
a large number of independent trajectories (different configurations
are selected at 1.0 ns intervals) from the equilibrated system.
Subsequently, using individual independent trajectories as a

starting configuration, the temperature of the system is instanta-
neously quenched from 300 to 203 K, and the system is allowed to
crystallize within a timescale of 300 ns. The trajectories are collected
after every 1000 steps for estimating the nucleation rate.

In simulations of supercooled water, the bond orientational
parameters q3 and q6 are often used to identify the ice-like
molecule from supercooled water and has been used effectively
in nucleation studies.10,32,33,39,43 Among q3 and q6 order para-
meters, q6 is insufficient to differentiate cubic and hexagonal
ice.32 In the present study, we thus used q3 as a bond orientational
order parameter to identify ice-like molecules from supercooled
water. We have used the CHILL algorithm43 to identify crystalline
clusters in the nucleation study. A detailed description of the
algorithm along with other details is provided in the ESI.† In
order to evaluate the nucleation rate of supercooled water, we
adopt the mean first-passage time (MFPT) method44 in our study
(see the ESI†). The method has been used by various authors,31,37

due to its inherent ability to directly provide the nucleation time,
the size of the critical nuclei, and the location of the nucleation
barrier by fitting the MFPT curve using the following expression:44

tðnÞ ¼ tJ
2

1þ erf n� n�ð Þc½ �f g; (1)

where t(n) is the MFPT as a function of n, obtained by averaging over
several nucleation simulations with different initial configurations.

Fig. 2 (A) A schematic representation of side and top views of the unit cell of a textured surface used in the current work. Pillar and base layers are
represented by orange and gray color lines. (B) Representative atomic structures of the top (first row) and bottom (second row) layers of a graphite sheet
of textured surfaces with different surface fraction (a) values. (C) Top and side views of a simulation system used for the study. The water molecules are
represented as solid balls (ice blue color).
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tJ and n* are the nucleation time and the critical nuclei size,
respectively. The parameter c is a constant which is related to
the Zeldovich factor, Z, as c ¼ Z

ffiffiffi

p
p

. The nucleation rate J is
estimated from the volume V of the water droplet and the time
of nucleation tJ, J = 1/(tJV). The volume is calculated from the
molecular volume of ice in the mW model.11 In the present
study, we have used more than 50 independent successful
nucleation simulations for the calculation of nucleation rate.

3 Results and discussion

First, we have evaluated the freezing temperature of a cylindrical
water droplet. The freezing temperature of ice is determined by
obtaining the temperature at which a sharp change in the
potential energy is observed along with a jump in the largest ice-
like cluster. To this end, we have performed 6–8 independent
cooling temperature ramp simulations with a constant cooling
rate. The freezing temperature for the cylindrical water droplet
containing 2000 water molecules, with a cooling rate of 1 K ns�1, is
192� 3 K. Thus, the relative undercooling with respect to the bulk
melting temperature45 for a cylindrical droplet (DT = T bulk

m � T) is
82 K. The freezing temperature obtained in this work is in line with
that of a spherical water nanodroplet with 2149 water molecules,
with a cooling rate of 0.5 K ns�1.11 However, the freezing tem-
perature for the same size of the water droplet is lower than the
melting temperature, Tm = 237� 2 K. We have also determined the
freezing temperature of the bulk water with cooling rates of 1 and
0.1 K ns�1, which are 198 � 3 K and 202 �2 K, respectively.
Moreover, the rate of nucleation of bulk water is estimated to be
4.1 � 0.12 � 1033 m�3 s�1 at 203 K using the MFT method. These
values are in good agreement with the prediction of Moore and
Molinero.31 Ice cystallization of the bulk mW water, at a tempera-
ture below 202 K, undergoes simultaneous nucleation and growth,
as shown by Moore and Molinero,31 which is reflected in the MFPT
plot having no clear plateau. In order to avoid fast crystallization
for a cylindrical droplet on the nanostructured surfaces, we have
considered the nucleation temperature at 203 K, which is more
than 10 K above the freezing temperature at which the crystal-
lization mechanism of mW water transforms from nucleation-
dominated into growth-dominated. At this temperature, we found
a sufficient number of nucleation phenomena within the time-
scale accessible in our simulation time. On the other hand, no
crystallization was observed within 400 ns for the water droplet at a
temperature of 203 K, based on 50 independent simulations.

Next, we have estimated and compared the rate of crystal-
lization of water droplets on different nanotextured surfaces.
The nucleation rate at 203 K on various nanotextured surfaces
considered in the present work as a function of a is shown in
Fig. 3, where the water droplets are in Cassie–Baxter and
Wenzel states. In the case of the Cassie–Baxter state, the rate
of nucleation slightly enhances with increasing a. On the other
hand, for the Wenzel state, the nucleation rate apparently
increases with decreasing a. The estimated nucleation rate
in this work indicates that nanostructured surfaces inhibit
ice nucleation. This is in line with the results of Cox et al.10

where the ice nucleation rate of a hydrophilic nanoparticle was
found lower than the bulk water at 205 K. Recently, Fitzner
et al.39 calculated ice nucleation of a water film on various
planes of the fcc crystal with varying lattice constants and
surface–fluid interactions. The authors found that lattice
mismatch can inhibit ice nucleation. The size of the critical
nucleus varies slightly for different nanotextured surfaces
considered in this work, with a value of 42 � 3. This value is
in line with the previously reported critical nuclei size in the
literature, e.g. 10 � 2 and 50 at 205 K for crystallization of water
on rough37 and smooth39 surfaces, respectively. First, we will
describe the nucleation behavior of a water droplet in the
Cassie–Baxter state. The enhancement of the nucleation rate
is observed at higher a values, whereas the rate remains roughly
constant for the lower range of a (a o 0.223). However, the
obtained nucleation rate is approximately 35 times slower than
the bulk homogeneous nucleation for the lower range of a.
Interestingly, higher nucleation rate is observed at a = 0.125
(higher structural roughness) compared to a = 0.223 (lower
structural roughness). This result implies that the presence of
the structural roughness of the top of the pillar promotes the
ice nucleation. To verify this conjecture, we compute the crystal-
lization temperature of water droplets on the rough surfaces at
lower values of a. We have performed 4–6 independent simula-
tions with a cooling rate of 0.5 K ns�1, each starting at a
temperature of 230 K, which is above the freezing temperature.
The crystallization temperatures obtained for a = 0.223, 0.125,
and 0.089 are 198 � 1 K, 195 � 2 K and 195 � 3 K, respectively.
Interestingly, the crystallization temperature does not reflect
any effect of the surface fraction clearly. It is surprising though
that with decreasing a, the area of contact between the water
and the nanostructured surface also decreases. Thus, we expect
less effect of the surface, which is more clearly seen in the
nucleation rate for a = 0.089 (as will be discussed in a later
section of the article).

The freezing process of a supercooled water droplet on the
surface proceeds in three sequential stages. In the first stage,

Fig. 3 The ice nucleation rate as a function of surface fraction at 203 K,
for different nanostructured surfaces with pillar height, h = 0.136 nm. The
values of the ice nucleation rate are expressed as log10(J/J0), where J0

refers to the nucleation rate of bulk water at the same temperature. The
error bars are the standard deviation of the block averages.
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ice-like water molecules form a critical nucleus. This is followed by
a very rapid phase transition and then it enters into the slow growth
process, in which the remaining liquid freezes isothermally. From a
thermodynamic perspective,8 there are three spatial preferences for
the formation of the critical nuclei, i.e. near the vapor–liquid,

liquid–substrate or vapor–liquid–substrate region. The homo-
geneous nucleation of the slab of water with two free surfaces
has been studied through atomistic simulations, and it was
found that freezing preferentially occurs at the subsurface
(i.e. a water layer away from the vapor–liquid interface), though

Fig. 4 Snapshots of crystallization trajectory of supercooled water on different nanotextured surfaces. (A) a = 0.536 and (B) a = 0.223; a and b represent
the nucleation in heterogeneous and homogeneous manners, respectively, (C) a = 0.125, and (D) a = 0.089. The colors light red, red, green and blue
represent water molecules in cubic ice, hexagonal ice, intermediate ice (ESI†) and liquid water, respectively.
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it was also observed in the bulk region of the slab.46 On the
other hand, in a recent work on the crystallization of a mW
water nanodroplet using MD simulations,11 it was reported that
the nucleation starts randomly within the nanodroplets. The
authors did not observe any preferential location at the inter-
face of the supercooled water nanodroplets. In a heterogeneous
nucleation process, the substrate mostly promotes the crystal-
lization. According to our simulation results, at a greater than
0.223, most of the heterogeneous nucleation events start near
the top of the pillar surface as shown in Fig. 4A. At a = 0.223,
the nucleation events start either in the vicinity of the top
of the pillar surface (see Fig. 4B(a)) in a heterogeneous manner
or away from the surface in a homogeneous fashion (see Fig. 4B(b)).
At a less than 0.223, the ice nucleation events occur away from
the top of the surface and the vapor–liquid interface i.e. in the
homogeneous manner as shown in Fig. 4C and D. Recently,
Cox et al.10 also observed the homogeneous manner of nucleation
of water in the presence of a structured (hexagonal) nanoparticle
(NP) at weak water–NP interaction. Homogeneous-like nucleation
is observed at lower a values due to the decrease in the interfacial
area between the surface atoms and the water molecules, which
reduces the effective interaction. Thus, lower a does not promote
the formation of ice-like structures of water molecules near the
surface, which otherwise promotes the heterogeneous nucleation.
This is in line with the reduction of nucleation rates for lower
values of a as seen in Fig. 3.

In order to understand the favorable locations of the cluster
formation at different stages of crystallization and the struc-
tural behavior of water molecules above the various textured
surfaces, we now examine the spatial cluster distribution of the
ice nucleus and the water density profile along the z-direction
normal to the surface. Here, we have considered two spatial
regions: near the substrate and away from the surface, which
are defined as the region with height less than 1.0 nm and
greater than 1.0 nm from the top of the substrate, respectively.
In order to identify the location of cluster formation at different
stages of nucleation, we have chosen arbitrarily three different
cluster sizes: 40–45, 70–75, and 140–150. The first time appearance
of a cluster of a chosen size range is recorded in a histogram
distribution. The distribution is based on the lower boundary of an

ice cluster (minimum value of the z-coordinate) along the z-axis.
The fraction of the spatial location of the cluster formation is
plotted as a function of distance from the surface. Fig. 5 illustrates
the different sizes of the largest cluster distributions at different
stages of cluster formation. The propensity to form smaller size ice
clusters (40–45) near the surface (0–1.0 nm) reduces with a;
whereas the histogram distribution values of ice nuclei above
1.0 nm from the surface increases with decreasing a as shown in
Fig. 5a. From Fig. 5b and c, it is clear that as the ice clusters grow,
the tendency to grow from an ice nucleus is favorable near the
surface (0–1.0 nm). Furthermore, we have analysed the distribu-
tion of ice clusters at different stages of nuclei formation along the
direction normal to the surface (see the ESI,† Fig. S3). The figures
illustrate that at higher a values (a = 0.536) the tendency to form ice
nuclei is higher on the top of the surfaces as compared to the lower
a values, while the formation of large ice clusters is also favored
away from the solid–liquid interface.

Fig. 6 presents the snapshots of representative nucleation
events as well as density profiles of water molecules along the
direction normal to the surface. At a = 0.536, the in-plane
structure of the contact layer ice-like molecules forms a
hexagonal symmetry which is compatible with the basal face
of ice, as depicted in Fig. 6A (top view). We also found that
ice-like water molecules form a hexagonal arrangement on the
top of the nanostructured surface followed by rapid growth
towards the vapor–liquid interface (see the ESI,† Fig. S4). The
density profile of water molecules along the direction normal to
the surface clearly shows that a water layer is formed on the top
of the nanostructured surface. Furthermore, Fig. 6A (side view)
shows that the prism face of ice is perpendicular to the surface
which also endorses the clear peaks in the density profile.
On the other hand, at lower a values (a = 0.223 and 0.125),
the contact layer ice-like molecules not only form a hexagonal
structure of ice but also form smaller and higher membered
networks (other than the hexagon), as shown in Fig. 6B and C
(top view). This indicates that a defective crystal is formed
above the pillar surfaces, and there is a mismatch of lattice
between the top of the pillar surface and the nucleating ice
crystal. Such defects can be corroborated by the water density
profile as well as by the side view of the snapshots, which are

Fig. 5 Distribution of ice nuclei normal to the nanostructured surface as a function of different sizes of clusters: (a) 40–45, (b) 70–75, and (c) 140–150.
Distribution is based on the lower boundary along the z-axis of an ice cluster and each nucleation event considered when a cluster appears within the
spatial region for the first time. (d) Schematic illustration of the substrate (shaded part) and the upper region, which are 0.0–1.0 nm and greater than
1.0 nm above the surface respectively. The color bars black, red, blue and green indicate a = 0.536, 0.223, 0.125, and 0.089 respectively.
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depicted in Fig. 6B and C. Thus, at lower a values the structure
of the top of the pillar surface does not act to promote
nucleation. We also observed that at lower a values, the
nucleation starts either away from the top of the pillar surface
or near the vapor–liquid interfacial region and grows downward
to the solid–water interface (sec Fig. 4C and D). Therefore, at
lower values of a, the contact area between the water and
the substrate decreases resulting in the reduction of the nuclea-
tion rate. Recent experimental studies on super-hydrophobic
surfaces with different roughness factors of nanostructures
have reported that the decrease in the contact area enhances
the freezing delay time and lowers the nucleation temperature
as well as the rate of nucleation.14,47

The ice nucleation and crystallization in the bulk water, as
well as in water nanodroplets, have been studied extensively by
both experiments and simulations.11,35,36,48,49 It is well known
that ice contains several distinct polymorphs.50 The most
common ice crystals are observed as cubic (Ic) and hexagonal
(Ih) structures under ambient pressure. Various studies on ice

crystallization suggest that cubic ice is favored in the nano-
meter size water droplet in the temperature range of 160–220 K51

and has a lower energy barrier to form Ic as compared to the
hexagonal ice.34,52 In this work, we have calculated the ratio of
the cubic ice to the hexagonal ice in the cylindrical water
droplet, which is shown in Fig. 7. At a = 0.536, the average
cubic to hexagonal ratio is around 3.1, whereas at a lower a
value (a = 0.089) it is around 2.52, and is comparable to the
value of 2.5, reported for ice in a water nanodroplet at 200 K.11

Our simulation results indicate that the ratio of cubic ice to
hexagonal ice of a water droplet appears to be independent of
surface fraction of nanostructured surfaces, considering large
fluctuation in the values. This is akin to the ratio found for the
freezing of water in the bulk and in the nanodroplet.11

We also attempt to understand the nucleation behavior of water
in the Wenzel state for different a values (akin to that used for the
Cassie–Baxter state). At a = 0.223 and 0.125, the computed rate of
nucleation does not exhibit a significant difference upon change in
the wetting state (i.e. from a Cassie–Baxter state to a Wenzel state)

Fig. 6 Representative snapshots of nucleation events and calculated density profiles of water above the surface (bottom of the base and top of the pillar
are at z = 0 and 1.7 nm, respectively) for (A) a = 0.536, (B) a = 0.223, and (C) a = 0.125. In the density profile, black and red lines represent the densities of
water molecules before and after crystallization. Surface atoms are represented as solid balls (gray color), while the bonding network of water molecules
in the ice cluster is depicted by sticks (green lines).
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as shown in Fig. 3. At a = 0.223 and 0.125, the ice-like water
molecules within the grooves are unable to form a hexagonal ice
structure; thus, do not participate in further promoting the nuclea-
tion events as shown in Fig. 8A and B. Further, we have seen that
the nucleation events start either in the vicinity of the top of the
pillar in the heterogeneous pathway or start near the vapor–liquid
interface. On the other hand, at a lower a value, a = 0.089, the

calculated nucleation rate increases significantly (see Fig. 3). This is
due to the different onset of nucleation behavior from that seen for
higher a values. At a = 0.089, Fig. 8C shows that the amount of
ice-like water molecules inside the groove increases resulting in
six-membered ice-structures. This leads to the decrease of the
nucleation energy barrier and thus a higher nucleation rate is
observed at a = 0.089. The nucleation event is found to start inside
the groove as well as on the top of the pillar. These observations are
indeed consistent with a previous study,37 which reported that the
ice nucleation rate gets enhanced remarkably when the groove
width matches well with the specific length of the ice crystal. This
is also in line with the prediction of rapid crystal nucleation of a
hard-sphere model53 on a surface with nanoscale rough pits with
an optimal size.

Now, we turn our attention to the investigation of the effect
of the height of nanopillar on the ice nucleation rate for the
Cassie–Baxter state. The height of the nanopillar plays a vital
role in the wetting behavior of pure fluids and mixtures on
rough surfaces.40,54 Fig. 9 shows the computed rate of nuclea-
tion for pillar heights, h = 1.36, 2.72, and 4.08 nm with different
a values (a = 0.536, 0.223 and 0.125). We found that the
nucleation rate is not very sensitive to the increasing pillar
height up to a certain height of the nanopillar (h = 2.72).
A further increase in the pillar height is found to increase the
nucleation rate. In order to ascertain the reasons behind it,

Fig. 7 The ratio of cubic to hexagonal ice in the water cylinder on
nanotextured surfaces. The average values are evaluated from 50 inde-
pendent simulations. The error bars are the standard deviations of 50
simulations.

Fig. 8 Snapshots of a supercooled water droplet on nanostructured surfaces, in the Wenzel state, at different stages of crystallization for different
surface fractions. (A) a = 0.223, (B) a = 0.125, and (C) a = 0.089. The colors light red, red, green and blue represent water molecules in cubic ice,
hexagonal ice, intermediate ice and liquid water, respectively.
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we studied the microscopic details of nucleation and growth of
ice clusters. Fig. 10 shows the distributions for different sizes of
the cluster at different stages of ice nuclei formation along the
z-axis above the surface. At a = 0.536, initially, the small size
clusters are distributed near the surface as well as away from
the surface. As the ice nuclei grow, the fraction of nucleation
events located near the substrate increases with increasing
pillar heights. Such tendency is more noticeable for a higher
a value (a = 0.536) as compared to a lower a value (a = 0.125).
Furthermore, to analyse the formation of ice nuclei at different

locations, the probability distribution of the ice cluster at
different stages of nuclei formation are plotted as a function
of distance along the z-direction from the top of the surface
(see the ESI,† Fig. S5 and S6). An increase in the pillar height
increases the propensity to form large ice clusters near the
solid–liquid interface (see Fig. S5(f) and S6(f), ESI†) which is
conspicuous by the increased nucleation rate with pillar height.
Further, we evaluated the base contact area between the water
droplets and the nanostructured surfaces for different heights.
As per nucleation theory, the nucleation rate should increase
with increasing contact area. The simulation results are found
to be in line with the expectation i.e., the contact area increases
with increasing pillar height (Fig. S7 and S8, ES†). Recent
experimental studies22 suggest that the significant enhancement
of nucleation rate on the nanotextured surface is due to ice
nucleation not at the water–substrate interface, but to some
extent at the three-phase contact line. However, we did not find
any corroboration of enhancement of the nucleation rate due to
the tendency of ice nucleation at the water–vapor interface. Our
MD study, therefore, indeed supports experimental22 observa-
tions which report the nucleation events at the substrate–water
interface as well as at the substrate–water–vapor interface.

To this end, we have performed the work required to
remove the ice droplet from nanostructured surfaces using the
phantom-wall method55,56 in order to provide a comprehensive
understanding of ice adhesion in different wetting states. We
have evaluated the difference in surface free energy DF between
an actual system where a crystallised droplet sits on a nano-
structured surface and a reference system where the crystallised

Fig. 9 The ice nucleation rate as a function of pillar height at 203 K, for
the Cassie–Baxter state with different surface fractions. The values of the
ice nucleation rate are expressed as log10(J/J0), where J0 refers to the
nucleation rate of bulk water at the same temperature. The error bars are
the standard deviation of the block averages.

Fig. 10 Distribution of cluster formation at different stages of ice nucleation on the nanostructured surfaces as a function of the cluster size (i) 40–45,
(ii) 70–75, and (iii) 140–150 for (A) a = 0.536 and (B) a = 0.125 for the Cassie–Baxter state. Distribution is based on the lower boundary along the z-axis of
an ice cluster and each nucleation event is considered to occur when a cluster appears in the spatial region for the first time. The regions, substrate and
upper are for 0.0–1.0 nm and greater than 1.0 nm above the surface, respectively (see inset figure). The color bars black, red, and blue represent the pillar
height, h = 1.36, 2.72, and 4.08 nm respectively.
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droplet contacts with a flat repulsive wall. Here, we have
considered a graphite-like flat surface as the reference system,
which interacts with water via a purely repulsive Weeks–Chandler–
Andersen (WCA) potential.57 A detailed description of the
phantom-wall algorithm is presented in the ESI.† Fig. 11 shows
the free energy difference DF, computed from the phantom-wall
method, as a function of a for a supercooled water droplet in
the Cassie–Baxter and Wenzel states. Here, our aim is to
provide a quantitative information on the work of ice adhesion
for different surfaces. A higher DF value indicates that a larger
amount of work is needed to detach the ice nuclei from the
nanostructured surfaces. The results clearly indicate that DF
increases with a for both the wetting states. It is clear from
Fig. 11 that the Wenzel state has higher ice adhesion compared
to the Cassie–Baxter state for a given a value. Further, it can be
observed that the smooth surface leads to the highest work
of ice adhesion. We have found that both the ice adhesion and
the rate of ice nucleation are increased with increasing a.
On the other hand, the change in DF is much higher for the
case of Wenzel state. The difference in DF values between the
two wetting states is approximately 2 times higher at a = 0.125
than at a = 0.089. The work of adhesion enhances with
increasing a, while an opposite behavior is found for the rate
of ice nucleation with a. Thus, the nucleation rate does not
correlate well with the ice adhesion, which is in line with the
earlier work of Singh and Müller-Plathe.20 In a previous work,56

it was shown that the work of adhesion is linearly related to the
contour length of a liquid droplet in the Wenzel state. However,
it is not known if such a behavior also holds for supercooled
water droplets. In order to address the above query, we have
calculated the total contour length of each contour for the
Wenzel system. We have found that DF increases with an
increase in the contour length as shown in Fig. S9 (ESI†). This
is in line with the observation of Leroy and Müller-Plathe.56 The
current work clearly suggests that the solid–liquid work of
adhesion in relation to the contour length of droplets on rough
surfaces is indeed extensible to ice on the nanostructured
surfaces, indicating generalization of such behavior.

4 Conclusions

We have investigated the ice nucleation of a supercooled
cylindrical water droplet on nanotextured surfaces at 203 K for
the Cassie–Baxter and Wenzel states using molecular dynamics
simulations. The simulation results suggest that the ice nucleation
rate is enhanced with increasing surface fraction for the Cassie–
Baxter state. On the other hand, the nucleation rate decreases for
the Wenzel state with increasing surface fraction. In the case of the
Cassie–Baxter state, at higher a values (a 4 0.223), heterogeneous
ice nucleation is observed, whereas at lower a values, there are two
different pathways of ice nucleation i.e. homogeneous and hetero-
geneous. The highest nucleation rate is found at a = 0.089 in the
case of the Wenzel state. We have observed that when the length
of the ice crystal matches the accessible width of the groove, the
nucleation rate is enhanced significantly, which is consistent
with the previous finding. In the case of the Cassie–Baxter state,
the propensity to form smaller size ice clusters (40–45) is reduced
with a within 1.0 nm from the top of the nanostructured surface;
whereas the histogram distribution values of the ice cluster
increase with an increase in a above 1.0 nm from the surface.
We also studied the effect of nanopillar height on ice nucleation
and observed that the rate enhances with increasing pillar
height. We have evaluated ice adhesion for different nanostruc-
tured surfaces. The ice adhesion is significantly higher for the
Wenzel state compared to the Cassie–Baxter state. The results
presented in this work shed light on the effect of wetting states,
surface fraction, and pillar height on the ice nucleation behavior
on nanotextured surfaces. We believe that the current work will
augment our understanding of the nucleation mechanism at the
molecular level for surface design.
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