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ABSTRACT: In this work, we have carried out a systematic
study of nucleation of a supercooled nanofluid droplet on a
graphite substrate using molecular dynamics simulations. In
particular, the effect of nanoparticle (NP) loading (φs up to
12.0 vol %) in the supercooled liquid and the interaction
strength between water and NP (ϵNP−W) on the behavior of
ice nucleation is investigated. At lower ϵNP−W, the nucleation
rate is indifferent, while at higher ϵNP−W, the nucleation rate is
found to reduce with the addition of nanoparticles. We found
the maximum rate of ice nucleation is at φs = 1.91% and
ϵNP−W = 0.40 kcal/mol, which is approximately 45 times more than that seen in the bulk water. We present in detail the effect of
nanoparticle and nanoparticle−water interactions on the structure and composition of ice. The results demonstrate that the
number of ice-like water molecules in the nanofluid droplet decreases with increasing φs and ϵNP−W, which correlates well with
the lowering of the rate of ice nucleation at higher vol % of particle and stronger water−nanoparticle interaction. Therefore, the
hydrophilicity of the nanoparticles inhibits nucleation. We further investigate the effect of the shape of nanoparticles on ice
nucleation. The results suggest that the rate of ice nucleation is independent of particle shape of size ∼1.2 nm. Finally, we try to
draw a quantitative comparison with the water activity based ice nucleation theory.

■ INTRODUCTION

The formation of ice from supercooled water is of fundamental
interest in both science and technology because it plays a
central role in a wide variety of phenomena ranging from
atmospheric processes to biological systems.1−3 It is well-
known that heterogeneous nucleation processes occur in the
presence of foreign particles or solid substrates.2,4 Atmospheric
aerosol particles such as sea-salt, mineral dusts, volcanic dusts,
or some organics generally play a vital role in the formation of
ice particles in the atmosphere by different freezing
modes.2,5−7 There are four basic modes of heterogeneous ice
nucleation in which aerosol particles act as an ice nucleating
particle: deposition nucleation, immersion freezing, condensa-
tion freezing, and contact freezing.8 Ansmann et al.9 suggested
that the immersion freezing is of the most important freezing
modes for ice nucleation processes in mixed phase clouds. In
immersion freezing and contact freezing modes, the nucleation
behavior depends on the molecular arrangement of water at
the solid−liquid interface. Therefore, examining the relation-
ship between nucleation behavior and solid−liquid interfacial
structure is important for understanding the heterogeneous
nucleation of ice. There are a number of studies on
heterogeneous nucleation, which reports a range of nucleation
behavior and the rate of ice nucleation in the presence of
atmospheric particles.2,5,10−12 In addition, the condensable
organic molecules present in the atmosphere can significantly
affect the ice nucleation behavior.13,14 Furthermore, the
nucleation ability or freezing efficiency of mineral dust strongly

depends on its type, size, and the amount present in the
droplet.7,15−17

The ability to tune the ice crystallization of supercooled
liquid in the presence of nanometer-sized particles suspended
in liquid (also know as nanofluids) is important for both
naturally occurring and technological processes. Nanofluids are
important due to their rapidly growing demand in numerous
scientific and technological processes. These include areas such
as cloud seeding, electronic and medical applications, and
environmental chemistry.2,18−21 The use of suspended nano-
particles (NPs) as an additive to the base liquid can
significantly modify the thermo-physical and transport proper-
ties such as thermal conductivity, boiling heat transfer
coefficient, thermal diffusivity, and viscosity.20,22 The wetting
behavior of nanofluids on the solid surfaces is of particular
interest to various technological applications such as micro-
fluidics and nanoprinting devices,23,24 where the surface
tension of the nanofluids and the contact area between the
solid substrate and the nanofluid play a vital role in these
processes. The aforementioned applications are inherently
dependent on the competitive NP−NP, fluid−fluid, NP−
substrate, and NP−fluid interactions. Several theoretical and
experimental studies have been conducted on the wettability of
nanofluids on the solid surfaces.25−28 Wasan and Nikolov26

reported the enhanced spreading dynamics of nanofluid in the
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presence of nanometer-sized particles. Theoretical and
experimental investigations have suggested that the nano-
particles near the three phase contact line form a solid-like
ordering, as a result, the excess pressure at the contact line
enhances the spreading of nanofluids.26−28 Recently, the
wettability of a water nanodroplet containing nanoparticles
on a solid surface has been studied using molecular dynamics
(MD) simulation.24 The results show that the addition of NPs
to the base fluid inhibits the spreading kinetics of the nanofluid
droplet, which is dependent on the fluid−particle interaction
strength.24

While there are a limited number of experimental studies of
nucleation behavior of solutions or nanofluids on a solid
surface, not many theoretical or molecular simulation studies
are reported. Recently, Anim-Danso et al.29 investigated the
nucleation and freezing of salt solution on a solid surface using
infrared−visible sum frequency generation spectroscopy
(SFG). The results demonstrate that during cooling of salt
solution, the brine solution is segregated near the solid surface,
and finally, it forms salt-hydrate crystals next to the substrate.29

Despite experimental observations,29 molecular insight into the
structure of the ice cluster at the solid−liquid interface remains
poorly understood. Recently, molecular scale investigations
with direct computational simulation25,30,31 have become a
powerful tool to study the nucleation phenomena. There has
been a growing body of computational works focused on
heterogeneous ice nucleation of supercooled water in the
presence of foreign particles or substrates.32−43

Recently, equilibrium melting temperature and the kinetics
of ice nucleation of supercooled nanodroplet as well as bulk
water as a function of solute concentration have been studied
using molecular dynamics simulations.32,44 It is known that the
ice nucleation increases or decreases in the presence of various
inorganic or organic species. For example, silver iodide, clay,
and sand particles enhance the freezing point;45 however, an
addition of salts such as lithium, sodium, and potassium salts
lower the freezing temperature of the supercooled water.46

Zobrist et al.47 studied the heterogeneous nucleation of various
aqueous solutions in the presence of the different ice nuclei
(nonadecanol, silica, silver iodide, and dust particles). The
results showed that the freezing temperature reduces with
increasing solute content in the solutions.47 Thus, nanoparticle
concentrations can play a significant role in the crystallization
processes. However, the nucleation behavior in the presence of
NPs at the molecular level, particularly near a substrate, is not
well understood until date.
In this work, our aim is to elucidate the effect of

nanoparticles, NP−water interactions, and the shape of the
NP on ice crystallization of nanofluids. The role of the NPs is
mainly to affect the droplet properties (i.e., colligative or water
activity). Herein, we use the coarse-grained monatomic model
of water (mW).48 In this study, our aim is to elucidate the
effect of nanoparticles, NP−water interactions, and the shape
of the NP on ice crystallization of a supercooled droplet. Here,
we evaluate the nucleation rate and explore the ice nucleation
behavior as a function vol % of nanoparticle in the base fluid.
Further, our interest is to provide molecular insights into ice
structure at the solid−liquid interface.

■ MODEL AND SIMULATION DETAILS
The substrate is designed using two atomic layers of graphene
(AB stacking) with an interlayer distance of 0.34 nm. The
substrate is periodic in x- and y-directions with in-plane

dimensions of ∼3.41 × 20.66 nm2. The NPs are modeled as a
face center cube (FCC) crystal of 0.408 nm lattice constant.
Nanometer-sized particles are in spherical and cuboid shape
where each NP contains 43 and 40 atoms, respectively (see
Figure 1A). The effective diameter of a spherical NP is ∼1.32

nm, whereas a cuboid NP with the dimensions of ∼1.109 nm
× 0.905 nm × 0.905 nm. A typical cylindrical shape (length l =
3.4 nm) of nanodroplet used in this study has 2000 water
molecules as the base liquid. Figure 1B shows the
representative snapshots (top and side views) of nanofluid
droplet placed on a graphite substrate. The NP composition is
represented in percentage volume fraction,
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where VNP and VW are the volume of NP and water in the
nanofluid, respectively. The volume of water and nanoparticles
are calculated using the following equations:
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where ν and NW are the molecular volume of water in the mW
model and number of water molecules, respectively. R is the
radius of a spherical NP. Lx. Ly, and Lz are the length of a
cuboid NP in x-, y-, and z-directions, respectively. In the
present study, we have considered number of spherical
nanoparticles NNP = 0, 1, 3, 5, and 7, corresponding to
percentage volume fraction φs = 0, 1.91, 5.52, 8.88, and 12.00,
respectively, and number of cuboid NPs NNP = 0, 1, 3, 5, 7, and
9, corresponding to percentage volume fraction φs = 0, 1.46,
4.27, 6.91, 9.42, and 11.80, respectively.
The coarse-grained model of water, the mW model, is used

to describe the intermolecular interaction among the water
molecules and is developed by Moore and Molinero48 on the
basis of the modified Stillinger−Weber (SW)49 potential. The
potential model is described using the functional form of the
Stillinger−Weber (SW) potential, where the function includes
two terms, a two-body term and a three-body term. The model
exploits the structural similarity between water and the

Figure 1. (A) Spherical (top) cubic (bottom) shape of the
nanoparticles. The purple balls represent atoms of a nanoparticle.
(B) Representative cylindrical nanodroplet containing a nanoparticle
on a smooth surface from both the top view (top) and side view
(bottom) of a simulation system. The underlying graphite surfaces are
shown in gray, while the small green balls represent the liquid water
nanodroplet.
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tetrahedral semiconductors such as carbon, silicon, and
germanium where the three-body term determines the strength
of the local tetrahedral order. It was shown that in terms of
tetrahedrality of an atom, water is located between carbon and
silicon. By parametrization of two-body (the potential well
depth and the equilibrium distance) and three-body (tetrahe-
dral strength parameter) terms, the mW model reproduces the
structure of water in liquid, glass, and ice states as well as many
thermodynamic properties of ice.50−52 In particular, the mW
model predicts that the melting temperature of ice Ih, 274.6 K,
which is in good agreement with the experimental value
(273.16).48 Further, this model has shown that the cubic ice Ic
is metastable as compared to the hexagonal ice Ih.53 In the past
few years, this model has been widely used to characterize the
phase transitions and the structure of water under a variety of
relevant environmental conditions.50,51,53−57 The interactions
between substrate−water, substrate−NP, and NP−NP are
modeled by the two-body term of the Stillinger−Weber (SW)
potential. The water−carbon interaction parameters are
adopted from the model of Lupi et al.,34 which reproduces
the macroscopic contact angle value of water on the graphite
substrate surface. The NP−NP interaction is modeled by gold
like interaction.58 We have studied the effect of NP−water
interactions by varying the interaction parameter (ϵNP−W) in
the range 0.25−1.20 kcal/mol (with a fixed value of σNP−W =
0.305 nm). The NP−substrate interaction parameters are
σNP−S = 0.32 nm and ϵNP−S = 0.05 kcal/mol. A standard SW
cutoff of 1.8σ is considered.
The simulations are performed using the LAMMPS

simulation package59 under the canonical ensemble (constant
number, volume, and temperature). The velocity-Verlet
algorithm is used for integrating the equations of motion of
water molecules with a time step of 10 fs in all the simulations.
In the canonical ensemble, the temperature is controlled by a
Nose−́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 nonperiodic and bounded
with a reflective wall with sufficiently large space in order to
avoid unnecessary interaction between a water droplet and a
wall. The graphite substrate surface atoms are kept fixed during
the simulations. The cylindrical water droplet on graphite
substrate is initially equilibrated for 80 ns at a temperature of
300 K. An additional 70 ns simulations are performed to
collect a large number of independent trajectories (store the
trajectories at 1 ns interval) from the equilibrated system at
300 K. Subsequently, these stored trajectories act as a different
initial configuration for independent nucleation simulation
runs. We set our simulation at a temperature of 215 K for the
nucleation study, which is instantaneously quenched from 300
to 215 K, and allowed the system to crystallize. The trajectories
are collected after every 1000 steps for estimating the
nucleation rate. For evaluation of liquid water layering on
the graphite substrate surface, we perform separate simulations
at 10 K higher than the temperature kept for the nucleation
simulations, i.e., 225 K. This allowed us to collect sufficient
statistics in the liquid state, without the onset of nucleation,
within 20 ns simulations run for all the systems.
In this study, the CHILL algorithm53 of Moore et al. is used

to identify ice-like molecules from supercooled water. This
algorithm is based on a local bond orientational parameter with
respect to its four closest neighbors using the method of
spherical harmonics, which was first proposed by Steinhardt et
al.60 and has been applied efficiently in numerous nucleation

and crystallization studies.31,61,62 For the local orientation
around each particle i, we define a 2l+1 components of a
complex vector ql(i) that identifies the order of a particle with
respect to its four nearest neighbors. For the four closest
neighbors of a particle i, the mth component of ql(i) is defined
as
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where Yl,m(rîj) is spherical harmonic with a particular value of l
and m varies from −l to + l. The correlation dl

(ij) between the
nearby neighboring particles i and j is expressed by the
normalized dot product of ql(i) vectors with the same l-value,
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In simulations, l = 3 or 6 (i.e., the order parameters q3 or q6)
are utilized effectively to identify the ice-like molecule from
supercooled liquid.53,54,56,62 In this work, we have applied l = 3
to distinguish ice-like molecules. According to the CHILL
algorithm, the water molecules are classified whether they have
a local orientational order of cubic ice (Ic) or hexagonal ice
(Ih). A more detailed description of the algorithm and
discussion of the order parameters are presented in ref 53 as
well as in our previous work.41

In order to evaluate the rate of ice nucleation (J) of a
supercooled nanofluid droplet on a graphite substrate, we
adopted the mean first-passage time (MFPT) method as
proposed by Wedekind et al.63 This method has been applied
successfully in a number of nucleation studies,51,64 because of
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:63

τ
τ

= { + [ − * ]}n n n c( )
2

1 erf ( )J

(5)

where τJ and n* are the nucleation time and the size of the
critical nuclei, respectively. Parameter c is a constant related to
the Zeldovich factor, Z, as c = Z√π. The nucleation time τ(n)
is obtained for each cluster size n by averaging time over
several nucleation simulations. The nucleation rate J is
estimated from the volume V of the water and the time of
nucleation τJ, J = 1/(τJV). The volume of water (V) is
evaluated from the molecular volume of ice (0.0306 nm3) in
the mW model.52 The critical cluster size, n* is obtained
simply by fitting the MFPT using eq 5 (see Figure S1,
Supporting Information). In the present study, we have used
more than 50 independent successful nucleation simulations
for the evaluation of the rate of ice nucleation.

■ RESULTS AND DISCUSSION
We first discuss the nucleation of ice from supercooled
nanofluids on a graphite substrate with varying loading of NPs
and NP−water interaction strengths. Figure 2 illustrates the
snapshots of the nucleation and growth of ice along a typical
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crystallization trajectory of a nanofluid drop at 215 K for the
different NP−water interactions. Figure 2 (right panel) also
displays the number of ice-like molecules as a function of time.
Initially, small ice clusters are formed on the graphite substrate
(see stage a), indicating a heterogeneous nucleation. Similar
behavior has been observed for a pure water slab and droplet
on a graphitic substrate.34,35,65 Stage a (the formation of ice
cluster on the graphite substrate) is followed by a fast phase
transition (stages b and c), and finally, it enters the growth

process. For lower values of ϵNP−W, all the nanoparticles reside
at the vapor−liquid interface, as shown in Figure 2I,II. As
ϵNP−W increases, the nanoparticles diffuse and stay inside the
liquid droplets (see Figure 2III,IV). We have seen that the
nucleation initiates at the substrate−liquid interface followed
by the propagation of ice front. However, the NPs are mostly
expulsed from the crystallite and tend to form aggregates (see
Figure S2). It should be noted that we do not find the
nucleation of ice at particle−water interfaces, and nucleation is

Figure 2. Isothermal crystallization of a nanofluid droplet on graphite surfaces at 215 K. Panels I−IV correspond to different nanoparticle−water
interactions, ϵNP−W = 0.25, 0.40, 0.59, 0.88 kcal/mol, respectively. Snapshots a−d show the different stages of cluster formation along a simulation
of ice crystallization. Ice crystallites are represented as green balls and sticks, while liquid water molecules in the droplet are depicted by blue dots.
The right panels show the number of ice-like molecules as a function of time and points a−d correspond to the snapshots of a simulation.
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initiated at the graphite surface for all the systems. This might
be due to the size of the critical nucleus (22−30 water
molecules), which is of the same order as that of a NP (size
∼1.2 nm). In other words, the ratio of the radius of the NP to
mean radius of the critical ice nucleus is ∼1. Thus, the effect of
such small size of NPs is evident in the nucleation mechanism,
which is seen to start from the substrate and the role of the
NPs is mainly to affect the activity of water.
We next estimate the rate of ice nucleation of supercooled

water in the presence of nanoparticles. In order to compare the
heterogeneous nucleation rates of the nanofluids, the bulk
nucleation rate calculated at the same temperature is used as a
reference. The calculated nucleation rate of bulk water is 5.2 ±
1.5 × 1031 m−3 s−1 at 215 K using the MFPT method. Figure 3

presents the nucleation rate as a function of percentage volume
fraction of nanoparticle (i.e., loading of the nanoparticle) for
different interaction strengths (ϵNP−W) between the water
molecules and the nanoparticles. At low vol % of NP, the effect
of NP on nucleation behavior found to be indifferent to NP−
water interaction strength. However, at a high volume fraction
of NP significant variation in the nucleation rate is observed.
The effect of loading of NP on ice nucleation is less for lower
NP−water interactions (ϵ = 0.25, 0.33, and 0.40 kcal/mol)
than for higher NP−water interactions (ϵ = 0.59, 0.88, and 1.2
kcal/mol).
At higher values of NP−water interactions (ϵNP−W = 0.59,

0.88, and 1.20 kcal/mol) the rate of ice nucleation reduces
with increasing NP volume fraction. However, we have
observed that at these NP−water interactions, the effect of
the NP’s volume fraction on the nucleation behavior of the
nanofluid is more pronounced at a higher volume fraction of
NP than for a lower vol % of NP (φs = 1.91%) in the water.
Interestingly, the nucleation rate is found to be highest at a
NP−water interaction of 0.40 kcal/mol. We found that the
maximum rate of ice nucleation in the presence of NPs is
approximately 45 times higher at φs = 1.91% than the value of
bulk water. At higher nanoparticle content (φs = 12.00%), for
ϵNP−W = 0.40 and 1.20 kcal/mol the nucleation rate is
approximately 32 and 5 times more than that of bulk water,
respectively. On the basis of the behavior observed for different

volume fractions and interaction strengths, we can infer that at
φs = 12.00% or higher, the nucleation rate at ϵNP−W = 0.40
kcal/mol is at least 6 times faster than that at ϵNP−W = 1.20
kcal/mol. Recently, Cox et al.37 investigated the heterogeneous
ice nucleation of water in the presence of a hexagonal surface
of a nanoparticle. The authors found that surface hydro-
philicity can modify the ice nucleation and also observed a
higher nucleation rate at an intermediate interaction strength.
Our finding thus supports the work of Cox et al.37 and
confirms the enhanced nucleation rate at an optimal
interaction strength between the NPs and water molecules in
the nanofluids. We found that the critical ice nuclei appear at
the top of the graphitic substrate. The size of the critical
nucleus varies from 22 to 30 for different φs and ϵNP−W values
considered in this work. This is in line with the previously
reported range of the size of the critical nucleus in the
literature, e.g., 10 and 50 at 205 K for crystallization of water
on nanostructured64 and smooth38 substrates, respectively.
We now attempt to understand the aforementioned

contrasting behaviors of the nucleation rate, which depends
on the NP volume fraction as well as on the interaction
strengths between the NPs and the water molecules. In order
to know the mechanisms of ice crystallization, we have
quantified different structures of the ice formed in the droplets.
Here, we have evaluated the percentage of cubic ice, hexagonal
ice, and interfacial ice (particle−liquid, substrate−liquid, and
vapor−liquid interfaces) in the crystallized droplets. Figure 4
illustrates the compositions of ice-like and liquid-like molecules
as a function of NP loading in the crystallized droplets for
different NP−water interaction strengths. The composition of
different types of ice appears to be independent with vol % of
NP for ϵ = 0.25 and 0.40 kcal/mol (see Figure 4a,b). The total
of ice-like molecules at lower NP−water interaction strength is
around 60−70% in the droplets. It is noted that at lower values
of NP−water interactions (ϵNP−W ≤ 0.40 kcal/mol), the NPs
stay at the vapor−liquid interface, as shown in Figure 5A(i−
iii),B(i−iii). Consequently, the disruption of the six-member
network structure of water molecules by the NPs is less. Thus,
the ice-like molecules form a six-member network near the
substrate, which promotes the ice crystallization. As the NP−
water strength increases, the number of ice-like molecules
reduced significantly with an increase in volume fraction of
NPs (see Figure 4c,d). It is being reported experimentally by
Maruyama et al.66 that unfrozen water is present below the
bulk freezing point. However, the amount of unfrozen water
depends on the nature of substrate and interaction strength,66

which is in line with our observation. At higher interaction
strength, the composition of ice is affected by vol % of NP. In
particular, the percentage of cubic and hexagonal ice decreases
with an increase in the vol % of NP, while variations of the
interfacial ice are found to be independent of NP loading. At
these interactions, the fraction of unfrozen water increases with
NP loading, while the ratio of cubic ice to hexagonal ice
reduces with increase in the NP vol %. It indicates that some
stacking disorder is present in the crystallite. The formation of
disordered cubic and hexagonal stacking sequences with
comparable fractions has been reported for the crystallization
of water in bulk, nanopores, nanodroplets and aqueous
droplets.52,53,55,67,68 This stacking disorder of ice appears to
be more at higher vol % of NP. However, with increasing
hydrophilicity of the NPs, the NPs stay inside the droplets (see
Figure 5C(i-iii),D(i-iii)). Thus, the ice nucleation is hindered,
and substantial stacking disorder ice is found mainly when the

Figure 3. Nucleation rate as a function of percentage volume fraction
of nanoparticles in the nanofluid at a temperature of 215 K for
different nanoparticle−water interaction strengths. 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 black filled
triangle symbol on the y-axis represents the rate in the absence of
nanoparticle in a supercooled droplet. The error bars are the standard
deviation of the block averages.
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NPs are present inside the droplets (i.e., for hydrophilic
particles). As a consequence, a noticeable difference in the ice
nucleation rate is found with increasing NP loading for higher
NP−water strengths as compared to lower values of NP−water
interaction.
Previous studies have reported that the layering of water at

the solid surfaces correlates well with the heterogeneous
nucleation of supercooled water.34,38,69 In order to address the
effect of nanoparticle loading on the water layering at the
graphite substrate, we perform separate simulations at 10 K
higher than the temperature kept for the nucleation
simulations (i.e., 215 K). This allowed us to collect sufficient

statistics in the liquid state, without the onset of nucleation,
within 20 ns simulation runs for all the systems. Figure 6A
represents the number density of water molecules as a function
of distance in the direction perpendicular to the substrate for
interaction strengths ϵNP−W = 0.25, 0.40, 0.59, and 0.88 kcal/
mol. There are two major distinct peaks and two less intense
peaks, which indicate the ordering of water molecules near the
substrate. The peak height progressively decreases with the
distance from the substrate, and around 1.5 nm away from the
substrate, the density of water in the droplet approaches that of
the bulk liquid. In order to quantify the degree of ordering of
interfacial water in the presence of NPs, we have evaluated the

Figure 4. Percentage of cubic ice, hexagonal ice, interfacial ice, total ice-like, and liquid-like molecules as a function of percentage volume fraction of
nanoparticles for different nanoparticle−water interactions. Panels a−d correspond to ϵNP−W = 0.25, 0.40, 0.59, and 0.88 kcal/mol, respectively.
The error bars are the standard deviation of 30 nucleation simulations.

Figure 5. Representative snapshots of the crystallized nanodroplet of the nanofluids on solid surfaces. Panels A−D correspond to ϵNP−W = 0.25,
0.40, 0.59, and 0.88 kcal/mol, respectively. (Ai−Di, Aii−Dii, and Aiii−Diii) Snapshots of the corresponding system for φs = 1.91%, 8.88%, and
12.00%, respectively.
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fraction of water molecules present in different contact layers.
Here we have considered four distinct regions, i.e., the
distances 0.0−0.47, 0.47−0.81, 0.81−1.15, and 1.15−1.49 nm
for first, second, third, and fourth layers, respectively. Figure 6B
represents the fraction of water molecules in different layers
close to the substrate as a function of volume fraction of NP in
the nanofluids (φs = 1.91, 8.88, and 12.0%) for different NP−
water interaction strengths (ϵNP−W = 0.25, 0.40, 0.59, and 0.88
kcal/mol). There is an insignificant variation in the fraction of
water molecules close to the substrate (i.e., first and second
layers) with an increase in NP concentration for all NP−water
interaction strengths (see Figure 6B). At lower values of ϵNP−W,

there is no significant variation of water molecules in the third
and fourth layers because NPs reside at the vapor−liquid
interface. However, as the NP−water interaction strength
increases (cases for which NPs are present inside the water
droplet), the effective number of water molecules in the third
and fourth layers decrease with an increase in volume fraction
of the NP in the nanofluids (see Figure 6B(c,d)), and as a
consequence, the NPs inhibit nucleation of ice.
In order to further understand the structure of interfacial

water near an NP surface, we analyze the number of ice-like
and liquid molecules around an NP. Figure 7A presents the
ice-like and liquid water molecules as a function of distance

Figure 6. (A) Number density of liquid water in the nanofluids for various NPs loading at 225 K as a function of distance along the direction
normal to the surface. Panels a−d correspond to ϵNP−W = 0.25, 0.40, 0.59, and 0.88 kcal/mol, respectively. (B) Fraction of water molecules in each
layer as a function of the volume fraction of NPs in the nanodroplets. The layers 0.0−0.47, 0.47−0.81, 0.81−1.15, and 1.15−1.49 nm above the
surface corresponds to R1, R2, R3, and R4, respectively.
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from the center of mass of an NP for φs = 1.91%. With
increasing NP−water interaction strengths, water molecules
tend to adsorb on the surface of NP. Thus, the intensity of
liquid-like water molecules enhances with increasing NP−
water strengths (see Figure 7A (bottom)). Figure 7B displays
the structure of the first water layer that forms on an NP
surface for different ϵNP−W values (snapshots are randomly
selected from nucleation trajectories). At low values of ϵNP−W,
Figure 7B(i,ii) shows that the water molecules in the contact
layer form mainly six-membered rings, with some presence of
higher membered ring structures. However, at high values of
ϵNP−W, water molecules form five- and six-membered networks,
with a pronounced presence of the five-membered ring. This
indicates that the implicit surface structure of NP is not
commensurate with the underlying structure of the ice, which
leads to inhibition of ice nucleation. Thus, at high values of
ϵNP−W, the loading of NP plays a significant role in ice
nucleation, and consequently, the nucleation rate of ice
decreases with increasing φs.
As the size of the critical nucleus (using the molecular

volume of ice) obtained in this study is of a size similar to that
of the NP, the formation of ice embryo on such a small particle
is negligible as per Fletcher,70 which is in line with our
observation. Therefore, the role of the NPs is mainly to affect
the activity of water. Koop et al.71,72 introduced the water
activity-based approach to describe homogeneous ice nuclea-
tion and to determine the freezing temperature and nucleation
rate for pure water and the aqueous solution of various solutes.
We have calculated the activity of water (aW = pv/pv

0) in
nanofluids at 298 K using grand canonical molecular dynamics
simulations, following the procedure of Sirkin et al.73 The
detailed procedure for calculation of the water activity is
included in the Supporting Information. The activity of water
in nanofluids is found to be indifferent to NP loading for lower
values of ϵNP−W, whereas the water activity decreases with an

increase in NP concentration (see inset Figure 8). The rate of
ice nucleation reduces with the decrease in water activity, as

shown in Figure 8. At high values of NP−water interactions
the rate decreases with an increase in NP loading, which is
attributed to the lowering of the activity of water as clearly
evident from Figure 8. Due to the higher interfacial interaction
of water with NP, a lower amount of free water is available for
crystallization at the graphite substrate. Thus, effectively, the
NPs role is to reduce the water activity, particularly with
increasing NP−water interaction. Therefore, our simulated
results are consistent with the existing literature on the water−
activity based ice nucleation theory.71,72,74

Now, we turn our attention to study the effect of the shape
of the NPs on the ice nucleation rate. It is well-known that
geometry affects the surface to volume ratio, and thus it may
affect the ice nucleation. Figure 9 presents the nucleation rate

Figure 7. (A) Average number of ice-like and liquid water molecules as a function of distance from the center of mass of a NP with different NP−
water interaction strengths for the volume fraction of NP, φs = 1.91%, in the nanodroplet. (B) The structures of water molecules near to the
nanoparticle surface at 215 K. The NP is shown as a big gray ball and the ice-like and water molecules in green and purple color balls. Panels i−iv
correspond to ϵNP−W = 0.33, 0.40, 0.59, and 0.88 kcal/mol, respectively. Left and right columns represent the side views.

Figure 8. Nucleation rate as a function of water activity (aW) in
nanofluids at a temperature of 215 K. The activity of water in
nanofluid is calculated at 298 K. The inset shows the activity of water
as a function of the volume percentage of NP for the different
interaction strengths between NP and water. The error in water
activity is of less than 1%.
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as a function of the volume fraction of NP for cuboid (square
symbol) and spherical (circle symbol) shapes of the NP and
different NP−water interaction strengths (ϵNP−W = 0.40 (open
symbol) and 0.59 (filled symbol) kcal/mol). For these small
sizes of nanoparticles, we found that the rate of nucleation is
independent of particle shape, considering large fluctuation
and overlap of the error bars. Thus, on the basis of the
extensive molecular dynamics simulations, we expect that
control over ice nucleation might be achieved by varying the
NP content and water−NP interaction. Further, we believe
that the present work can help in understanding processes
related to condensation and crystallization of water in the
presence of natural or model aerosol particles.

■ CONCLUSIONS
Herein, we report the tuning of nucleation behavior through
systematic analysis of both the volume fraction of NP in the
base fluids and NP−water interaction strength, which is
achieved via increasing the number of NP in the base fluids
and varying NP−water interaction strengths using molecular
dynamics simulations. Furthermore, we investigated the effect
of geometry of the NPs on ice crystallization of nanofluids. In
the present study, the central results are evaluation of
nucleation rate and internal structure of the nanodroplets.
The present study provides the role of nanoparticle loading
and the hydrophobicity/hydrophilicity of nanoparticle on the
heterogeneous nucleation of ice. The results of our simulations
suggest that the rate of the ice nucleation reduces with the
increasing vol % of particles in the base fluid. We have seen
that at higher NP−water interaction strength, the rate of ice
nucleation of the nanofluid droplets decreases with increasing
volume fraction of nanoparticle in the base fluid. We found
that a maximum rate of ice nucleation is 45 times higher at φs
= 1.91% with a NP−water interaction of 0.40 kcal/mol than
for the bulk water. On the basis of our simulation results, at
12.00% volume fraction of NP in the droplet, the rate in the
presence of the hydrophobic NPs is at least 3 times faster than
that with the hydrophilic NPs. We evaluate that at lower values
of NP−water interactions (ϵNP−W ≤ 0.40 kcal/mol) total ice-
like molecules are 60−70% for all vol % of NP. However, this
value reduced significantly with an increase in volume fraction

of NPs for the strong NP−water interactions. This indicates
that the ice crystallization efficiency is reduced, if the
interaction strength is high, because of the large number of
molecules adsorbed on the nanoparticle surface. Therefore,
this simulation study demonstrates that nanoparticles may act
as inhibitors with increasing vol % of NP when they are present
inside water droplets. Thus, in principle, the presence of
different natures of particles with increasing volume fraction in
the nanofluid might influence the rate of nucleation to a certain
extent. Finally, we considered the effect of the shape of the
NPs on ice crystallization. The results suggest that the
nucleation rate is independent of particle shape of size ∼1.2
nm.
This systematic analysis of heterogeneous nucleation opens

a new platform for understanding and modulating ice
nucleation with varying NP−water interactions and particle
loading. Thus, the findings of our present study is of
significance for many fields of science and engineering
from the interactions of liquid drops in complex fluids to the
nucleation of nanofluids or salt solutions on the substratesas
well as for applications such as cloud seeding, cryopreservation
of cells, and the survival of living cells.2,75,76
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