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ABSTRACT: Atmospheric aerosols can promote the heteroge-
neous nucleation of ice, impacting the radiative properties of
clouds and Earth’s climate. The experimental investigation of
heterogeneous freezing of water droplets by carbonaceous particles
reveals widespread ice freezing temperatures. It is not known which
structural and chemical characteristics of soot account for the
variability in ice nucleation efficiency. Here we use molecular
dynamics simulations to investigate the nucleation of ice from
liquid water in contact with graphitic surfaces. We find that atomically flat carbon surfaces promote heterogeneous nucleation of
ice, while molecularly rough surfaces with the same hydrophobicity do not. Graphitic surfaces and other surfaces that promote ice
nucleation induce layering in the interfacial water, suggesting that the order imposed by the surface on liquid water may play an
important role in the heterogeneous nucleation mechanism. We investigate a large set of graphitic surfaces of various dimensions
and radii of curvature and find that variations in nanostructures alone could account for the spread in the freezing temperatures
of ice on soot in experiments. We conclude that a characterization of the nanostructure of soot is needed to predict its ice
nucleation efficiency.

■ INTRODUCTION

The radiative properties of clouds are strongly influenced by
the formation of ice particles.1 Heterogeneous nucleation of ice
on aerosols of various origins is the main mechanism of
formation of ice in the atmosphere.1−5 On a molecular level, ice
nucleation by a surface remains poorly understood. A growing
body of experimental studies of heterogeneous nucleation of ice
shows a wide range of ice nucleation ability among atmospheric
particles.2,3,5−32 The microscopic mechanisms underlying
heterogeneous ice freezing and the characteristics that make
some surfaces more effective for ice nucleation are not yet
known.2,3 It has been long assumed that good ice nucleating
surfaces have the ability to make strong bonds with water and
induce ice-like order through specific chemical interactions,
effectively templating the formation of ice.33,34 New results,
however, demonstrate that these requirements are not always
met.2,35

Carbon surfaces are a primary source of atmospheric
aerosols.36,37 Carbonaceous particles are emitted to the
atmosphere during combustion processes and account for
10% of the tropospheric particulate matter.36 Emissions are
estimated to be in the range of 12−24 Tg yr−1.2,36,38 Soot, the
fine particulate material produced by combustion, is composed
mostly by graphitic layers. Soot displays a great variability of ice
nucleation ability:18−29 freezing temperatures ranging from −18
and −34 °C have been reported.2,18,20 The origin of the great
dispersion of efficiencies among carbonaceous compounds is
not understood. Some reports indicate that oxidative aging
occurring in the atmosphere improves the ice nucleation
efficiency of soot.39−43 Oxidation also results in an increase of
curvature of graphitic lamellae,44−47 altering the nanostructure
of soot.

The chemical functionalization and nanostructure of carbon
surfaces can impact their ability to nucleate ice. Unoxidized
graphitic surfaces interact weakly with water and cannot directly
template the formation of ice. Soot can have a variable
composition of epoxy, carbonyl, hydroxyl, and carboxylate
groups (among others) depending on its origin and processing
conditions.48,49 Reports indicate that oxidation occurs prefer-
entially at the edge of the graphitic lamellae.45,50 Recent studies
conclude that the distribution of hydroxyl groups on graphite
oxide is not random.51,52 The actual spatial distribution of
functional groups in soot is not known, but there is no evidence
that they are organized in patterns that match (i.e., template)
the crystalline structure of ice.
Soot particles present great variability in nanostruc-

ture.22,49,53−55 The goal of this work is to investigate the effect
of variations in the nanostructure of graphitic lamellae on the
freezing temperatures of ice. In separate work, we address the
effect of hydroxylation and hydrophilicity of graphitic surfaces
on the nucleation of ice.56 Nanoscopic structural characteristics
of soot are controlled by three factors: source fuel, temperature,
and flow rate.54 Soot generated at low temperature from
different fuel sources exclusively has amorphous structure, at
higher temperature lower flow rate generates flat graphitic
surfaces, while higher flow rate generates curved surfaces.54 The
radius of curvature of graphitic lamellae in soot ranges from 2
to 50 nm,22 and the typical lamella dimensions range from 0.5
to 6 nm.53 The effect of changes in soot nanostructure on ice
freezing temperatures has not been previously addressed in the
literature.
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Existing experimental methods are optimum to determine
crystallization rates and freezing temperatures. Nucleation,
however, is a rare event involving the stochastic creation of an
ice nucleus of nanoscopic dimensions within the liquid. State of
the art experimental techniques do not have the spatial and
temporal resolution to investigate the microscopic process of
nucleation. Molecular simulations have the appropriate
resolution to investigate the molecular mechanisms that give
birth to the ice nuclei and its growth into a crystallite, and have
been successfully used to investigate the mechanism of
homogeneous nucleation of ice.57−67 Molecular dynamics,68,69

Monte Carlo simulations,70−75 and density functional
theory76,77 have been used to study the structural modification
imposed on water by the presence of particles that are potential
ice nucleators, but only a few35,78−80 simulation studies focused
on nucleation of ice from liquid water in the presence of these
surfaces. Heterogeneous nucleation of ice has been investigated
in the presence of strong electric fields,78−80 for water confined
on nanotubes and in nanoslits81−83 and on kaolinite.35

In this work we use molecular dynamics simulations to
investigate the heterogeneous nucleation of ice in the presence
of model surfaces that correspond to the main building blocks
of soot: graphitic surfaces with the range of lamellae sizes and
radii of curvature observed in the experiments. The study of
crystallization of water through molecular simulations is
challenging because it requires very long simulations or the
use of simulation techniques to sample rare events. To
overcome this difficulty, in this work we use the coarse grained
model of water mW.84 Simulations with mW water are over 2
orders of magnitude computationally more efficient than
atomistic simulations, allowing for simulation cells much larger
than the critical ice nuclei and thus for results that are not
affected by finite size effects. The mW water model reproduces
the anomalies and structures of liquid water, ices, and
amorphous solid water and the transitions between
them.58,59,61,63−65,83−93 mW has been successfully used to
investigate the homogeneous nucleation of ice from bulk
water,58,59,61,88,92,93 solutions,63 nanodroplets,64,66 and in nano-
pores.65

To our knowledge, the present study is the first to compute
heterogeneous freezing temperatures for ice on any surface
through molecular simulations. We provide an analysis of the
ice nucleation efficiency of a surface as measured by the gap
between the temperatures of homogeneous and heterogeneous
freezing, as it is usually reported in experiments. The results of
this work indicate that variations in lamella size and curvature
within the ranges reported in the nanostructural character-
ization of soots could account for the observed dispersion in ice
freezing temperatures. Controlled experiments with particles of
well-characterized nanostructure would provide insights on the
identification of the characteristics of surfaces that are the most
relevant for the heterogeneous nucleation of ice.

■ METHODS
Systems. We investigated the nucleation of ice on atomically flat

planar and curved graphitic surfaces and compared the results with a
rough surface of comparable hydrophobicity. The graphitic surfaces
were built with VMD.94 Graphite was modeled as a single layer of
graphene with water−carbon interactions that reproduce the
experimental contact angle for water on graphite. The graphite layer
was periodic in the plane of the surface. Periodic surfaces with
dimensions 5 × 5 nm2 were embedded in bulk water (modeled with
4,096 or 10,000 water molecules) or in contact with slabs of water
(4,096 molecules). Water droplets (5,241 molecules) were studied

over periodic 8 × 8 nm2 graphitic surfaces. Graphitic lamellae
consisted of disks cut from the graphite layer, with diameters ranging
from 1.5 to 4 nm. Simulation cells containing a single of these lamellae
immersed in 4,096 water molecules were used for the crystallization
simulations. Curved graphitic surfaces with radii of curvature 27.1, 6.8,
and 2 nm were built by cutting 5 × 5 nm pieces from single-walled
carbon nanotubes with the corresponding radii of curvature. These
curved surfaces were embedded in simulation cells containing 10,000
water molecules. A rough hydrophobic surface was prepared by
immobilizing a slab of water molecules of a bulk simulation of liquid
water at 298 K following the procedures of ref 86. The width of the
interface of the rough surfaces, as measured by the t90−10, is 1.4 Å, half
the width of a water molecule.65 The surface has a contact angle
equivalent to that of water on graphite.86

Force Fields. The interaction between water molecules is
described by the monatomic water model mW.84 The mW model of
water does not have hydrogen atoms or electrostatics and represents
each water molecule as a single particle able to form tetrahedral
“hydrogen-bonded” structures through three-body nonbonded inter-
actions. The interactions between mW water molecules consist of a
sum of pairwise and three-body contributions described by the
functional form of the Stillinger−Weber (SW) potential.95 The
interaction between water and carbon in the graphitic surfaces is
described by a two-body SW potential, where the size and strength of
the water−carbon interaction parameters have been tuned in order to
obtain the experimental contact angle for graphite, 86°:96,97 σWC =
0.32 nm, εWC = 0.13 kcal/mol. The contact angle was determined
following the procedures of ref 86. The interaction of water with the
rough hydrophobic surface is also represented by a two-body SW
potential characterized by σWC = 0.32 nm, εWC = 0.3 kcal/mol.86 The
equations of motion of the atoms of the graphitic surfaces are not
integrated (i.e., they are fixed); therefore, there is no need to define
carbon−carbon interaction potentials.

Simulation Settings. Molecular dynamics simulations were
evolved using LAMMPS.98 The equations of motion of water were
integrated with the velocity Verlet algorithm with a time step 5 fs in
the case of the systems with an open water/vacuum interface and 10 fs
for the bulk systems. The simulation cells with droplets or slabs were
treated with periodic boundary conditions in the dimensions
corresponding to the surface plane; the bulk systems were periodic
in the three dimensions. Simulations were performed in the NVT
ensemble in the case of the water nanodroplets and water slabs and in
the NPT ensemble for the systems without water/vacuum interfaces.
The crystallization of water was investigated through cooling ramps
and isothermal simulations. The ramps were performed with cooling
rates of 5, 2, and 1 K/ns. Only the latter resulted in crystallization of
ice. Isothermal simulations were carried out at temperatures ranging
from 210 to 300 K. The temperature and pressure in the simulations
were controlled with Nose−Hoover thermostat and barostat with
relaxation times 0.5 and 2.5 ps, respectively. To determine error bars in
the freezing temperatures, we performed 5 repetitions of each
quenching simulation for every system, for a total of 65 cooling
simulations and 29 isothermal simulations.

Analysis. Ice was identified with the order parameter q6 computed
for the individual water molecules along the simulation trajectories.99

A cutoff value of 0.58 was found to provide a clear distinction between
ice and supercooled liquid water. The largest ice cluster was identified
by clustering the water molecules with q6 > 0.58 using a cutoff distance
of 0.35 nm. The size of the critical nuclei was estimated from the
analysis of isothermal crystallization runs as the size of the largest ice
cluster, Nice, before the cluster grows irreversibly leading to the
crystallization of the whole system. The ice crystallization (or f reezing)
temperature, Tf, was determined as the onset of increase in the fraction
of ice when each system is cooled at a rate of 1 K/ns, the fastest
cooling rate that results in ice formation for mW water.59 We found
that faster cooling rates, at 2 or 5 K/ns, did not result in ice
crystallization with any of the surfaces of this study. We quantified the
layering of water at the surface calculating the density distributions of
mW molecules along the direction normal to the surface. In the case of
the droplets the layering has been computed only for the water
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molecules in a cubic box inscribed in the droplet to avoid surface
effects. Layering was determined from isothermal simulations, for
which we equilibrated at least 5 ns before the production runs.

■ RESULTS AND DISCUSSION

A. Graphite Promotes the Heterogeneous Nucleation
of Ice. We first determined the nonequilibrium freezing
temperature Tf of water in contact with flat, “infinite” graphite
surfaces. Crystallization is a stochastic process; therefore, we
performed five independent evaluations of Tf on each of the
four flat graphite surfaces. The periodic graphite surfaces
promoted heterogeneous nucleation of ice in all simulations.
The temperature of homogeneous ice nucleation for the mW
water model is Tf

homo = 201 ± 1 K.59 We report our results in
terms of the freezing efficiency of the surface, the increase of
freezing temperature with respect to the homogeneous freezing
temperature, ΔTf = Tf − Tf

homo, to facilitate the comparison
with experiments. The freezing efficiency ΔTf for ice on
graphite for the four systems we studied were indistinguishable
within their error bars: 11 ± 1 K for the droplets, 13 ± 3 K for
slabs, 11 ± 2 K for bulk with 4096 water molecules, and 13 ± 2
K for bulk with 10,000 water molecules. On average, the
simulations predict that the crystallization temperature of ice on
the graphite surface is 12 ± 3 K higher than the temperature of
homogeneous ice nucleation. These results are in excellent
agreement with experimental data, which indicates that ice
freezing temperatures on carbon surfaces occur at a maximum
of 16 K above the homogeneous crystallization limit.18,20 The
ice that resulted from nucleation on graphite was a hybrid ice I
with short stacks of hexagonal and cubic layers92,100−102

oriented with the stacking faults parallel to the graphitic
surface, in agreement with the experimental structure of ice
obtained by vapor deposition on carbon surfaces.103

Figure 1 presents snapshots along a typical crystallization
trajectory of a water droplet on graphite at 6 K above the
freezing temperature of mW water on this surface. Three
significant results can be gleaned from this figure.
i) Subcritical ice nuclei, containing less than 100 water

molecules, formed through all the droplet volume (panel A and
B of Figure 1) during the induction period. Critical nuclei,
however, formed only at the graphite surface (panel C). We do not
find evidence for preferential ice nucleation at the water/vapor
interface. The critical nuclei contained between 100 and 200
water molecules, the same as for homogeneous nucleation of
water at the homogeneous nucleation temperature.59,104

ii) There is not a premelted or disordered water layer between ice
and the graphite surface. “Wetting” of the surface by ice is
consistent with a stabilization of the ice nuclei by the surface, a
precondition for heterogeneous nucleation. It should be noted,
however, that we do not observe layer-by-layer growth of ice
from the surface in any of the simulations: the nucleation of ice
on the graphite surfaces is not barrierless. According to classical
nucleation theory a favorable contact angle between the ice
embryos and the surface can account for a favorable free energy
of nucleation. The contact angle between a crystal and a solid
surface, however, is not a well-defined property.
iii) Liquid water layers at the graphitic surface. The density

profile of water in the direction perpendicular to the surface
presents sharp oscillations, which are the most pronounced at
the distances corresponding to the first and second layer ice in
contact with the surface (Figure 2). Water layering has been
previously reported for water at 298 K in contact with graphene
plates using ab initio97,105 and atomistic106 simulations. All

features here described for a droplet of water on graphite are
confirmed by detailed analysis of the simulation trajectories of
slabs and bulk water in contact with the flat periodic carbon
surfaces.
An increase in roughness of the surface has been

hypothesized to play a role in the decrease of ice nucleation
ability of self-assembled monolayers of mixtures of aliphatic
alcohols with different chain lengths.34 To investigate whether
the roughness of the surface plays a role on the layering of
liquid water and on promoting heterogeneous nucleation of ice,
we performed cooling simulations for water in contact with an
atomically rough surface with hydrophobicity equivalent to that
of graphite. We find that the rough surface does not induce
layering of the liquid (Figure 2) and does not promote
heterogeneous nucleation of ice: crystallization in the 5

Figure 1. Isothermal crystallization of a water droplet on graphite at Tf
+ 6 K. Panels A to D show snapshots of the water droplet, which
contains ∼5500 water molecules, on the periodic graphite surface,
evolved at 218 K. Liquid water is shown with cyan dots, ice crystallites
with blue balls and sticks. Snapshots A and B show subcritical ice
nuclei at the surface and in the bulk of the droplet, respectively.
Snapshot C shows the successful nucleation event at the surface with
the formation of the critical nucleus composed of ∼150 water
molecules. Snapshot D shows the fully crystallized droplet. The lower
panel shows the size of ice nucleus (number of water molecules in the
largest ice cluster, Nice) as a function of the simulation time, points A-
B-C-D correspond to the snapshots of the upper panels.

Figure 2. Layering of liquid water at the surfaces. Density profiles of
liquid water at 230 K on top of graphite (red line) and the atomically
rough hydrophobic slab (black line) and of ice on graphite after
crystallization (cyan line); the splitting of the peaks in ice is due to the
existence of nonplanar chair conformations in ice I.
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realizations for the rough hydrophobic surface occurs at Tf
homo.

The same is observed for hydrophilic rough surfaces,56

indicating that it is the roughness and not the hydrophobicity
of the surface that hinders the heterogeneous nucleation of ice.
Interestingly, simulations indicate that other good ice nuclei,

kaolinite35 and AgI,70 also induce layering of liquid water at the
surface. A recent atomistic simulation study reported ice
nucleation in the presence of kaolinite35 and observed that
layering of water seems to be associated with the formation of
the ice nucleus. The expense of atomistic simulations limited
that study to small systems (192 and 768 water molecules), and
the authors noted that the simulations were affected by finite
size effects (crystallization was observed for the smaller system
but not the larger one, although a larger amount of water
should increase the nucleation probability).35 In the present
study, the size of the critical nucleus is much smaller than the
number of water molecules in the simulation cells. There are no
finite size effects and we find − as Cox et al. in their study with
kaolinite35− that the surface that induces layering of water
heterogeneously nucleates ice. The surface that does not induce
layering is unable to promote ice nucleation.
We quantify the degree of order induced by the surfaces on

water by the layering L which measures the deviation of the
local water density at distance z from the surface, ρ(z), from the
average bulk density, ρbulk, of water, integrated over all the
density profile

∫ ρ
ρ

= | − |L
z

dz
( )

1bulk
2

(1)

where the integral spans from the surface (z = 0) to a distance
for which the density reaches the bulk average (z = 1.5 nm in
the present simulations). Previous studies show that layering of
water on graphite is evident already at room temper-
ature.97,105,106 We find that the layering of the liquid increases
significantly with undercooling (Figure 3). Layering L of deeply

supercooled liquid water on the rough surface that does not
induce heterogeneous nucleation, however, is well below, about
half, the value for graphite at 298 K. Our results for graphite,
together with those for kaolinite35 and for silver iodide,70

suggest that the layering already present in interfacial
supercooled liquid water facilitates the crystallization of ice at
the surface. Different from graphite, kaolinite is hydrophilic and
strongly binds to water through its hydroxyl-terminated face.
While layering of liquid water on kaolinite may be associated

with the water/surface hydrogen-bonding interactions, layering
of water on graphite is induced by the flatness of the surface.
Silver iodide is, as graphite, a prevalently hydrophobic
surface.107 However, it is not clear whether the ability of AgI
to nucleate ice can be attributed to crystallographic matching
between this crystal and ice.32,107,108

Aliphatic alcohols monolayers can be effective ice nucleating
surfaces.13,34,109 The ability of alcohol monolayers to nucleate
ice has been attributed to the matching of the surface areas per
alcohol with those per water in ice, modulated by the tilt of the
chains and the orientation of the hydroxyl groups at the
surface.34,109 The proposed mechanism for nucleation of ice on
the alcohol monalayers is based on templating of the ice
structure by the underlying surface. Nucleation of ice on
graphite, on the other hand, is not templated by any underlying
structure on the surface. Whether layering of liquid water is a
prerequisite for heterogeneous nucleation of ice on any surface
and how does layering of the liquid affect the free energy of
formation of the critical ice embryo are important questions
that deserve further study.
The increase in layering of liquid water on graphite upon

cooling is accompanied by an increase in the local ordering of
the first water layer in contact with the surface. Figure 4 shows

snapshots of water in contact with graphite and the rough
surface at 220 K. Panel A captures the critical ice nucleus at the
graphite surface. The small crystalline nucleus is surrounded by
a patch of bilayer hexagons, which have a crystalline order
parameter q6 close to 0.5, lower than the q6 > 0.58 that
characterizes ice. Transient patches of bilayer hexagons appear
and disappear at the surface during the induction period that
precedes the formation of the critical ice nucleus. We
conjecture that the formation of these semiordered structures
may play a role in the mechanism of heterogeneous ice

Figure 3. Layering of liquid water increases with supercooling.
Layering L of water in contact with graphite (red triangles) and an
atomically rough hydrophobic surface (black circle) as a function of
temperature. Tf

homo is 201 ± 1 K and Tf on graphite is 213 ± 3 K for
mW water.59 Layering on graphite at room temperature is already well
above the value of layering at the rough surface at 230 K.

Figure 4. Structure of interfacial water in contact with graphite and
with a molecularly rough surface. Snapshots of the simulation box at
220 K for (a) graphite and (b) a molecularly rough surface. Right
panels show a lateral view of the simulation boxes and left panels the
corresponding front views. In the front views only the first two layers
of interfacial water molecules (defined as those within 0.8 nm of the
surface, see Figure 2) are shown. Surfaces are shown with gray balls,
liquid water with blue dots, the largest ice cluster with red sticks. In the
left panels liquid water is shown with blue sticks to highlight bilayer
hexagonal patches.
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nucleation on carbon. Two-steps nucleation scenarios, in which
thermal fluctuations promote the formation of crystals
precursors, i.e. semiordered regions which facilitate the
nucleation process, have been proposed for homogeneous
nucleation in systems as disparate as ice,59,60,63,110 clathrate
hydrates,111−113 colloids,114 calcium carbonate,115 pro-
teins,116,117 and hard spheres.110,118,119 Formation of transient
domains of four-coordinated, low-density liquid water precedes
the homogeneous crystallization of water.59,60,63 It is an open
question whether the patches of bilayer hexagons play a similar
role for the heterogeneous nucleation of ice at graphite surfaces.
B. Variability in Size of Lamellae and Radius of

Curvature Could Account for the Spread in Ice Freezing
Temperatures on Carbon Particles. Soot from different
sources display a wide range of ice freezing temperatures, with
freezing efficiency ΔTf ranging from 0 to 16 K.2 We have
shown in the previous section that the flat graphite surface
promotes the heterogeneous nucleation of ice with ΔTf = 12 ±
3, in excellent agreement with the largest gap between
heterogeneous and homogeneous nucleation temperatures in
experiments. It is known that the nanostructure of soot − the
radius of curvature of the graphitic particles and the size of the
lamellae that conform them − displays a strong variability
depending on the soot origin.54,120 In this section we study the
freezing of water in the presence of model graphitic lamellae of
different sizes and curvatures in order to understand how does
the nanostructure of soot modulate the temperature of
crystallization of water.
The size of lamellae in soot varies between 0.5 to 6 nm.53 For

example, diesel soot has a significant percentage of lamellaw
larger than 2 nm in length with a comparatively small
population in the range of 0.5−1.0 nm, wildfire soot has a
very narrow distribution peaked at lamella length below 1 nm,
and jet soot has an intermediate distribution that extends from
0.5 to 3 nm.53 To encompass the range of lamella sizes
observed in soot, we studied the crystallization of water in the
presence of flat graphitic disks of diameters between 1.5 and 4
nm and compared it with the 5 × 5 nm2 periodic surface of
section A. Figure 5 shows that the freezing temperature displays
three regimes as a function of the diameter of the graphitic

disks: i) Graphitic surfaces with diameter D = 4 nm freeze water
at the same temperature as the larger periodic graphite surface.
ii) Lamellae of diameter 2.5 nm promote heterogeneous
nucleation of ice (see also Figure 6) but with about half the

freezing efficiency ΔTf of the 5 × 5 nm2 periodic graphite
surfaces and the 4 nm diameter disk. iii) Nucleation of ice in
the presence of graphitic lamellae of diameters 2.25 nm and
smaller proceeds mostly through a homogeneous mechanism.
An exception to the latter was observed in one of the
simulations with the 2.15 nm disk, for which ice nucleated at
the graphitic surface at 208 K. We note that the crossover
between heterogeneous and homogeneous nucleation occurs
for lamellae with diameters comparable to the dimensions of
the critical ice nucleus, about 2 nm. When the size of the
surface is smaller than the size of the critical nucleus for
heterogeneous nucleation, the contribution of the surface to the
stabilization of the crystallite is negligible, and thus a higher
level of undercooling is needed to overcome the free energy
barrier for nucleation. Interestingly, fluctuating patches of
hexagonal bilayer water form even on the surface of lamellae
that are too small to be effective for heterogeneous ice
nucleation: these ordered patches are too small to sustain the
creation of a critical crystallite.
The radius of curvature RC of the lamellae in soot ranges

from 2 to 50 nm.22 We evaluated the freezing temperatures of
bulk water (10,000 molecules) in contact with 5 × 5 nm2

graphitic surfaces with RC ranging from infinite (i.e., planar
surface) to 2 nm. The curvature of the lamellae lowered its
effectiveness in nucleating ice (Table 1). The surface with RC =

Figure 5. Freezing efficiency of the graphitic lamellae decreases as
their diameter decreases below 4 nm. Graphitic disk diameters ranges
from 1.5 to 4 nm, and the freezing point at 5 nm corresponds to the
value for the “infinite” graphite surface of 5 nm lateral dimension. For
each system 5 independent simulations have been performed at the 1
K/ns cooling rate; the size of the symbols corresponds to the error
bars.

Figure 6. Heterogeneous nucleation of ice on a graphitic lamella.
Snapshot of the simulation box during crystallization of water in
contact with the graphitic disk of 2.5 nm of diameter. Interfacial water
molecules at the edges of the lamellae display less ice-like order than
around the center. A lateral view is shown on the right panel, and the
correspondent front view on the left. In the front view only the first
two layers of water at the surface are shown. Graphite is shown with
gray balls, liquid water with blue dots, and the largest ice cluster with
red sticks. In the left panel liquid water is shown with blue sticks to
highlight the presence of bilayer hexagonal patches in correspondence
with the graphitic disk.

Table 1. Effect of Radius of Curvature RC on the Freezing
Efficiency ΔTf

RC (nm) ΔTf (K)

infinite 13 ± 2
27.1 9 ± 2
6.8 7 ± 2
2.0 0 ± 1
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27.1 nm produced heterogeneous freezing at a temperature
very close to the one of the planar surface. Heterogeneous
nucleation was never observed for the most curved lamellae, RC
= 2 nm. Also, the presence of the lamellae with RC = 2 nm
hindered the growth of the ice crystals homogeneously
nucleated in the simulation cell. Liquid water presents
pronounced layering at the surface (Figure 7, panel A) for all

the radii of curvature, even for RC = 2 nm that does not
promote heterogeneous nucleation of ice. Fluctuating patches
of bilayer hexagons on both convex and concave surfaces
occurred for lamellae with radius of curvature 27.1 and 6.8 nm
but not for graphitic surface with RC = 2 nm for which
interfacial water shows an abundance of five-member rings. The
same as for the atomically rough surface in section A, we find an
absence of ice-like order of water at surfaces that do not
promote heterogeneous nucleation of ice.
Our results demonstrate that variations in soot nanostructure

within the ranges reported in experiments are able to account
for the observed dispersion in ice freezing temperatures.2,18,20

The heterogeneous crystallization of water in the presence of
curved graphitic lamellae proceeds on both the concave and
convex surfaces. The convex surface would be representative of
the one exposed by graphitic particles in soot. While in the case
of hard sphere particles121 it has been observed preferential
crystallization at the convex surface, in our simulations the
formation of the critical nuclei is observed with similar
probability on the two sides of the graphitic surface. This
indicates that the free energy barriers for the heterogeneous
nucleation are comparable on the two sides of the surfaces.
When nucleation happens at a curved surface the dilemma of

water is to either pay the energetic cost to bend the crystal to
conform it to the surface or to pay the price to melt the surface
of the crystallite in contact with the curved surface. If the radius

of curvature is comparable to the size of the critical ice nucleus,
then the stabilization of the nucleus by the surface is expected
to be small compared to the energy cost of conforming the
crystal to the curved surface, hindering the heterogeneous
nucleation at the curved surface. That scenario has been
reported for hard spheres,121−123 a colloidal suspension,124 and
in theoretical calculations.125−128 Previous studies indicate that
the nucleation of ice in highly curved and atomically rough,
silica-like, or hydrophobic nanopores is homogeneous,65,129 and
a premelted layer of water occurs between the ice and the
surface.65,86,87,129−133 Ice crystallization within narrow carbon
nanotubes, with less than a 2 nm diameter, results in the
formation of polymorphs different from ice I and with
structures that depend on the pore size, which conform to
the surface and do not display a premelted layer.82,134,135 We
find that water crystallization on the graphitic lamellae with
radius of curvature 27.1 and 6.8 nm does not result in the
formation of a premelted layer between the critical crystallite
and the surface. The critical nucleus conforms to the curved
surface (panel B of Figure 7), although a significant amount of
defects and disordered water molecules are noticeable at the
interface between the grown crystallite and the graphitic surface
(panel D of Figure 7). We conclude that for graphitic surfaces
with radius of curvature larger than the size of the critical
nucleus melting the surface of critical crystal at the surface is
more expensive than bending it.

■ CONCLUSIONS
We studied the heterogeneous nucleation of ice from liquid
water in contact with carbon surfaces using molecular dynamics
simulations. The graphitic surfaces of this study span the range
of lamellae sizes and radii of curvature reported in experimental
characterizations of soot. The use of the efficient coarse-grained
model of water mW allowed for the study of large systems not
affected by finite size effects and at least five repetitions of the
calculation of the freezing temperatures for each of the surfaces.
In agreement with the experiments, the simulations indicate
that graphitic surfaces promote the heterogeneous nucleation of
ice. Planar graphite lamellae with diameter D ≥ 4 nm produce
the highest increase in freezing temperature: 12 ± 3 K above
the homogeneous nucleation temperature. The experimental
maximum freezing temperature for ice on carbon surfaces is 16
K above the homogeneous nucleation temperature; this
maximum increase of freezing temperature may be attributed
to planar extended graphite surfaces.
The atomic flatness of the surface is a relevant parameter in

the heterogeneous nucleation of ice. We find that planar but
molecularly rough surfaces, either with the hydrophobicity of
graphite (this work) or hydrophilic (ref 56), do not promote
heterogeneous nucleation of ice. The molecularly rough surface
does not promote layering of liquid water or the formation of
fluctuating patches of hexagonal bilayer ice at the interface
observed for graphite. The results here presented for carbon,
together with the results for kaolinite35 and AgI70 strongly
suggest that ordering of interfacial liquid water may play a role
in the mechanism of heterogeneous nucleation of ice. Whether
this is true for any surface, and what is the actual role played by
the ordering of interfacial water in the mechanism of ice
nucleation, are important questions that will be addressed in
future studies.
The decreased size of lamellae lowers the effectiveness of

graphitic surfaces in nucleating ice. The size of the critical
nucleus (100 to 200 molecules, about 2 nm diameter)

Figure 7. Isothermal crystallization of water in the presence of a
curved graphitic surface. The graphitic surface has a radius of curvature
RC = 6.8 nm and is immersed in a periodic simulation cell with 10,000
water molecules. The temperature of the system was 210 K. The
graphitic surface is shown with gray balls, liquid water with blue dots,
and the largest ice cluster with red sticks. Blue balls are used to
highlight the first two layers of water at the surface, irrespective of
whether they are crystalline or liquid.
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determines the crossover from the heterogeneous to homoge-
neous ice nucleation mechanism. The free energy of
stabilization of the critical nucleus by the surface decreases
sharply when the dimensions of the nucleus and the surface are
comparable, resulting in a higher level of supercooling needed
to stabilize a critical nucleus. Lamellae with diameter 2.5 nm
have a nucleation efficiency ΔTf = Tf −Tf

homo that is is 50% of
the one for the extended graphite surface. It is important to
note that the crossover occurs within the range of dimensions
that are relevant for soot. The ice nucleating efficiency of soot
lamellae also decreases with the decrease in their radii of
curvature because the curved surface increases the free energy
of the crystalline nucleus. Nucleation of ice is heterogeneous for
graphitic surfaces with radius of curvature down to at least 6.8
nm and already homogeneous when RC = 2 nm. The crossover
from heterogeneous to homogeneous freezing temperatures is,
again, within the range of curvatures observed for soot. We
conclude that the dispersion in the size and radius of curvature
of the lamellae alone could account for the wide range of the
experimental freezing temperatures reported for soot.2,18,20

The sensitivity of the ice freezing temperatures to the
dimensions of the graphitic surfaces calls for a nanostructural
characterization of soot. Changes in the chemistry of the
surface may also affect soot’s ability to promote nucleation of
ice.39−43 In separate work, we found that hydroxylation of
graphitic surfaces decreases their ice nucleation efficiency.56 It
should be noted that templating by the surface is not involved
in the heterogeneous nucleation of ice on bare and uniformly
hydroxylated model graphitic surfaces. As the spatial distribu-
tion of functional groups in soot is not yet known, uniform
distributions of hydroxyl groups were considered in ref 56. An
experimental characterization of the amount and distribution of
functional groups on soot is needed to further the under-
standing of their impact in the mechanisms and temperature of
crystallization of ice. Statistical models that integrate the
experimental characterization of soot nanostructure and spatial
distribution of functional groups, with the results of the
simulations on model graphitic systems, may be built to predict
the ice freezing temperatures in complex soot particles.
The critical ice nuclei for heterogeneous nucleation on

graphite and for homogeneous nucleation59 have comparable
sizes. The freezing temperatures Tf were determined in the two
cases at the same cooling rate; therefore, the crystallization rates
at these distinct Tf should also be similar. Within the framework
of classical nucleation theory (CNT), the nucleation rate is a
product of a pre-exponential term that depends on the rate of
attachment of new monomers to the ice surface and a term that
decreases exponentially with the nucleation barrier, exp(−ΔG#/
RT).136 If the pre-exponential factor does not have a steep
dependence on temperature, then comparable crystallization
rates for homogeneous and heterogeneous nucleation would
imply that the free energy barriers for the two processes are
essentially the same. As the size of the nucleation barrier
determines the size of the critical crystallite that can successfully
grow ice, this may be the explanation for our finding of similar
sizes of critical nuclei for homogeneous and heterogeneous
nucleation measured at the same crystallization rate. Based on
these results, we conjecture that the size of the ice critical
nucleus depends mostly on the crystallization rate and not so
much on the freezing temperature if the rates are fixed. This
would have important consequences for the quest of the active
nucleating sites in complex particles, such as bacteria or
aerosols, which can have overall dimensions above micro-

meters. The active nucleating surfaces of these large particles
may have dimensions as small as a few nanometers, posing
significant challenges for their finding and characterization in
experiments.
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