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ABSTRACT

Itis well recognized that excessive ice accumulation at low-temperature conditions can cause significant
damage to civil infrastructure. The passive anti-icing surfaces provide a promising solution to suppress
ice nucleation and enhance ice removal. However, despite extensive efforts, it remains a challenge to
design anti-icing surfaces with low ice adhesion. Using all-atom molecular dynamics (MD) simulations,
we show that surfaces with single-walled carbon nanotube array (CNTA) significantly reduce ice adhesion
due to the extremely low solid areal fraction. It was found that the CNTA surface exhibits up to a 45%
decrease in the ice adhesion strength in comparison with the atomically smooth graphene surface. The
details of the ice detachment from the CNTA surface were examined for different water-carbon interaction
energies and temperatures of the ice cube. Remarkably, the results of MD simulations demonstrate that
the ice detaching strength depends linearly on the ratio of the ice-surface interaction energy and the ice
temperature. These results open the possibility for designing novel robust surfaces with low ice adhesion

for passive anti-icing applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The issue of excessive ice accumulation at low-temperature con-
ditions poses a great challenge for infrastructure reliability and
human security. For example, icy roads can easily cause car acci-
dents and thus may raise the loss of life or personal injury [1,2]. The
accretion of ice on airplane wings may result in reduced lift force
and consequently tragic airplane crash [3]. In addition, glaze ice can
significantly increase the weight of transmission lines and power
network towers and lead to extensive damage to the infrastructure.
For instance, severe snow storms hit South China and the northeast-
ern United States, which left millions of people without power and
led to billion-dollar economic losses in both countries [4,5]. Many
other critical structures, such as buildings, bridges, wind turbines,
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and off-shore oil rigs, can also be damaged by the excessive weight
of accumulated ice and stresses caused by freeze-thaw cycles [5,6].
Up to the present, extensive efforts have been made to under-
stand the mechanism of icing and to develop efficient anti-icing
techniques [4,5,7,8].

The traditional methods that are widely used at present can be
categorized as active anti-icing methods, which include mechan-
ical ice removal, active heating treatments, and chemical deicing.
Often times, these methods are either expensive or environmen-
tally unfriendly [7,9]. Thus, new technological solutions are needed.
Recently, the passive anti-icing surfaces, or icephobic surfaces, have
drawn increasing attention because of their significant economic,
energy and safety implications in the icing proof and deicing [4,5].
The bio-inspired superhydrophobic surfaces (SHS) show promis-
ing potential to achieve the passive anti-icing properties [4,10,11].
The typical SHS combines the micro- and nanoscale structures and
hydrophobic surface properties that result in large contact angles
and small contact angle hysteresis of water droplets on SHS[12,13].
The so-called Cassie state [14] or fakir state [15] of a water droplet
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on a SHS is associated with a relatively small contact area between
the surface of the water droplet and the solid areal fraction of the
SHS.

The topographical features of the SHS minimize the interaction
between the water droplet and the solid surface leading to unusual
behavior; namely, the water droplet slides easily on the SHS[16,17]
or it rebounds after the impact with the SHS [18]. Consequently,
water droplets can be readily removed from the SHS before freez-
ing [19]. Moreover, at low-temperature conditions, the ice formed
on the SHS exhibits low adhesion, and, hence, it is also removed
more easily [20-23]. In turn, the incorporation of re-entrant [24,25]
and in some cases double re-entrant [26] curvatures into the micro-
scopic texture of SHS can significantly improve the robustness of
the repellent properties. The ability of anti-icing of SHS relies on its
water wettability, and a number of recent studies have been car-
ried out to correlate the ice adhesion and water wettability [27,28].
However, one of the major drawbacks of the SHS is lack of durabil-
ity,i.e., the microstructures of SHS tend to be permanently damaged
by ice removal and freeze-thaw cycles [29-32]. Thus, for challeng-
ing anti-icing applications, more advanced methods are required
for large-scale fabrication of robust, passive anti-icing surfaces.

In this paper, we first show that surfaces with single-walled car-
bon nanotube array (CNTA) significantly reduce ice adhesion. Using
all-atom molecular dynamics (MD) simulations, we demonstrate
that the CNTA surface exhibits up to about 45% decrease in the
ice adhesion strength in comparison with the atomically smooth
graphene (SG) surface. The process of ice detachment from the
CNTA and SG surfaces is investigated by adapting the water-carbon
interaction potential and including the effect of temperature of the
ice cube. We find that the ice detachment stress depends linearly
on the ratio of the water-carbon interaction energy and tempera-
ture of the ice cube for both the CNTA and SG surfaces. We further
comment that the CNTA surface has recently been manufactured by
Zhang et al. through growing single-walled carbon nanotubes from
the surfaces of solid carbide by controlling the symmetries of the
active catalyst surface [33]. Thus, recent experimental studies and
our atomistic simulation results open the possibility for designing
novel, robust surfaces with low ice adhesion for passive anti-icing.

The paper is organized as follows. The details of MD simula-
tions are given in the next section. The ice detachment process from
CNTA and SG surfaces is examined in Section 3.1. The correlation
between the ice adhesion strength and substrate-ice interaction
(SII) energies for different temperatures is described in Section 3.2.
The universal dependence of the ice adhesion strength on the SII
energy and temperature is presented in Section 3.3. The summary
is provided in the last section.

2. Details of MD simulations

In this section, we present the details of MD simulations used to
study the detachment process of a nanoscale ice cube from SG and
CNTA surfaces. The water model, TIP4P/Ice, was chosen to simulate
the ice cube. We used the interaction parameters from the study
by Abascal et al. [34] to simulate oxygen and hydrogen atoms and
water molecules. This model was designed to reproduce the solid-
phase properties of ice and it can predict accurately the melting
temperature of hexagonal ice (272.2K at 1bar) without affecting
the rest of the physical properties. Thus, this model is suitable
for investigation of the ice detachment from solid substrates con-
sidered in our study. The bond lengths and bond angles of water
molecules were also kept fixed using the SHAKE algorithm [35].

The ice Th phase was considered in our study due to its ubiq-
uity in nature [36]. The ice cube was constructed out of 5760 water
molecules that form a hexagonal lattice with a basal face of (000 1)
and surface area of A=7.2 x 7.0 nm? [see Fig. 1(a)]. The thickness of
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Fig. 1. Deicing models in MD simulations. (a) The ice block with the hexagonal
arrangement of water molecules and a basal face (0 0 0 1). The left and right images
are the top and side views, respectively. (b) The ice cube in contact with a smooth
graphene solid substrate (left) and a substrate with the vertical single-walled carbon
nanotube array (CNTA) (right). (c) Illustration of the detachment procedure used in
MD simulations with increasing pulling force acting on the ice cube.

the ice cube is 3.5 nm. The (000 1) face of the ice cube was placed in
contact with the substrates. In our setup, the SG surface is a single-
layer graphene that consists of 5510 atoms with a surface area of
11.4 x 12.0 nm2. The CNTA surface was constructed by introducing
an array of single-walled carbon nanotubes (SWNT) on the SG sur-
face. The SWNT has a length of 2.3 nm and chiral indices of (6, 6) and
itis constructed using 240 atoms. The separation distance between
centers of adjacent SWNTs is 1.02 nm in both x- and y-directions.
The periodic boundary conditions were imposed along the x-, y-
and z-directions. The surface areas of two substrates were chosen
to be large enough in order to allow migration of the ice cube on
substrates. The dimensions of the simulation domain were set to
ensure that atoms of the ice cube do not interact with their periodic
mirror images.

For simplicity, the atoms of CNTA and SG surfaces in the present
study are electrically neutral and they do not interact with each
other. Similar assumptions were also used in the previous ice
detachment study [37] and wetting studies [38,39] using MD
simulations. The interaction between the ice and substrates was
modeled using the van der Waals interactions, i.e., the Lennard-
Jones (L]) potential between water molecules and substrate atoms.
Note that the interaction parameters of the L] potential between
oxygen and carbon atoms vary in the published literature. We
addressed this problem as follows. On the one hand, following
the previous study [40], we choose the water-carbon L] potential
parameters that can reproduce experimentally observed contact
angle of water on a clean graphitic surface [41]. More specifically,
the characteristic length and energy for the L] potential between
oxygen and carbon atoms are o¢g = 3.19A and e =0.4736 kj/mol,
respectively. In our setup, there is no interaction between hydrogen
and carbon atoms. These interaction parameters between the sub-
strate and water molecules were chosen to compare the strength of
ice adhesion on the CNTA and SG surfaces. On the other hand, we
varied the characteristic energy of the L] potential between oxy-
gen and carbon atoms, £cg, to cover values of parameters of the L]
potential used in other studies [37,40,42,43]. Meanwhile, the cor-
relation between the ice adhesion strength and wettability can also
be investigated since the substrate wettability depends sensitively
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on the interaction energy, £co [42]. We leave the influence of elec-
trostatic forces of the substrate on ice to future studies due to the
highly complex situation with Coulombic interactions.

As shown in Fig. 1(b), we first placed the ice cube directly onto
the CNTA and SG surfaces as close as possible but without atomic
overlap. All simulations were carried using the open-source MD
code, LAMMPS [44]. The equilibration of the ice-substrate sys-
tems was carried out during 0.5 x 10° MD time steps. The time
step used in our simulations is 0.002 ps. The Nosé-Hoover thermo-
stat was used to maintain the ice cube at the target temperature
with the coupling time constant of 0.2 ps. After the equilibration
period, the pulling force was applied on the ice cube to study its
adhesion strength [see Fig. 1(c)]. In practice, we applied an accel-
eration field, whose magnitude increases linearly with time (t), to
all oxygen and hydrogen atoms in the +z direction. The magni-
tude of the acceleration started at zero and increased linearly with
5.734 x 1074 nm - ps~2 per MD time step. After pulling force was
applied on the ice cube, the substrate responded with an attrac-
tive force on the ice cube. We monitored this attractive force (Fp)
by collecting the force that the ice cube imposes on the substrate.
Fig. 2 shows a representative example of MD simulations with the
SG surface in order to explain how we obtained the detaching force
(Fp) on the ice cube.

It can be seen in Fig. 2 that the attractive force between the ice
cube and the substrate increases linearly with superimposed fluc-
tuations and exhibits a sudden drop at the moment when the ice
cube detaches completely from the substrate. In simulations, it is
difficult to determine accurately Fp from the fluctuating attractive
force. However, the expected attractive force was also recorded
by the applied acceleration on the ice cube. Therefore, we plotted
both the fluctuating attractive force on the substrate (the red line
in Fig. 2) and the expected attractive force (the green line in Fig. 2).
As illustrated in Fig. 2, we performed a fit of the part of the fluctu-
ating attractive force, which was significantly below the expected
attractive force, using the biphasic dose-response function [45]. We
then extrapolated the fitting function to the intersection with the
green line depicting the expected attractive force. Thus, the coor-
dinates of the intersection point in the Fp — t plot were used to
determine the detaching force and time as shown in Fig. 2(b). We
found that adjusting the size of the fitting region only slightly influ-
enced the values of the detaching force and time. Finally, the ice
adhesion strength, op, was calculated by normalizing Fp with the
ice-substrate contact area (A).

3. Results and discussion
3.1. Ice detaching from CNTA and SG surfaces

In our simulations, the pulling force on the ice cube is applied by
imposing an acceleration on all oxygen and hydrogen atoms in the
+z direction (perpendicular to the solid substrates). We steadily
loaded the pulling force onto the whole ice cube by increasing the
vertical acceleration at a constant rate. Eventually, the pulling force
exceeds the maximum of the adhesion force between the ice cube
and the substrate, and the ice cube will be completely detached
from the substrate. The detachment event is typically associated
with an abrupt drop of the adhesion force as shown in Fig. 3(a).

It has been demonstrated in the previous studies [37] that
MD simulations are able to capture the ice detachment process
at the atomistic level, thus providing nanoscale details of the
ice detachment dynamics. As shown in Fig. 3, we first studied
the ice detachment from the SG and CNTAs surfaces using the
water-carbon interaction potential, which reproduces experimen-
tally observed contact angle of water on a graphene surface [40].
The interaction parameters of the Lennard-Jones potential in this

case are set ocg = 3.19A and ecg = 0.4736 kJ/mol = 0.54eqo For
comparison, the results for the case with the smaller interaction
strength, eco = 0.2¢¢0, are also presented in Fig. 3(a) and (b).

Fig. 3(c) shows a sequence of four typical snapshots of the ice
cube detaching from the CNTA surface. It can be seen from Fig. 3(c)
that the pulling force first tears the ice cube at one corner from the
CNTA surface. Then, the ice cube becomes more tilted relative to
the substrate and finally gets ripped from the substrate. A similar
detaching process of the ice cube was also observed for all cases
with the CNTA and SG surfaces for different interaction energies,
which is consistent with the previous MD studies [37]. Such corner-
initiated detachment mechanism of the ice cube is consistent with
experimental observations [46]. One plausible explanation of such
detachment mechanism is that sharp edges or corners of the ice
cube possess the largest pulling stress owing to their singularity
[47]. Consequently, the thermal fluctuations of the ice molecules
are most likely to induce the ice cube detachment from the corners.

The extensive analysis of the reduced ice adhesion on SHS
[48] indicates that the low ice adhesion results from low solid/ice
interfacial energy, small solid/ice contact area, and the stress con-
centration at the top of microposts. In the case of the CNTA
surface considered in our study, the peculiar topological structure
of SWNTs is characterized by very low solid/ice contact area that
leads to stress localization. As expected, the ice adhesion strength
on the CNTA surface is much lower than that on the SG surface
[see Fig. 3(b)]. For the case ecg = 0.54¢q0, the ice adhesion strength
at the CNTA surface is 192 MPa, which is significantly lower than
the value 364 MPa measured at the SG surface. In other words, the
CNTA surface reduces ice adhesion strength by about 45% in com-
parison with the SG surface. The adhesion reduction of the CNTA
surface for weaker interaction strength is even more evident. We
obtained the ice adhesion strength of 54 MPa for the CNTA surface
for eco = 0.2ep0, which is about 50% decrease from the SG surface
in the ice adhesion strength [see as in Fig. 3(b)].

In the published experimental results on anti-icing, the typical
magnitude of the ice detaching strength is ~1 MPa or less [5], which
is two orders of magnitude smaller than in our work and other MD
simulation studies [37]. Recently, Xiao and He [37] have argued
that this overestimation follows directly from the typical loading
rates used in MD simulations, which are about 6-7 orders higher
than in experimental studies. In particular, it was shown that the
ice detaching stress increases logarithmically with the loading rate
[49]. If the same loading rate were used in MD simulations and
experiments, the magnitude of the ice detaching stress would be
comparable between the two approaches [37]. Besides the issue
with the loading rates in MD studies, the nanoscale size of the
ice cube is partially responsible for the high ice detaching stress
[37]. In the present study, the loading rate was kept the same in all
cases. Therefore, we conclude that the reduction of the ice adhesion
strength using CNTA surface is verified.

3.2. The correlation between the ice adhesion strength and SII
energies

We next discuss the variation of the ice adhesion strength at the
SG and CNTA surfaces for different oxygen-carbon interaction ener-
gies and temperatures presented in Fig. 4. It can be clearly observed
that in the accessible range of energies and temperatures, the ice
adhesion strength at the CNTA surface is significantly smaller than
at the SG surface. Such results further confirm the reduced ice adhe-
sion on the CNTA surface.

It is important to note in Fig. 4 that the relationship between the
ice adhesion strength and the oxygen-carbon interaction energy for
both CNTA and SG surfaces at a given temperature follows the linear
dependence, o~¢&cg. Such a linear relationship can be understood
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by considering the influence of ecg on the substrate wettability,
which was shown to be directly related to the ice adhesion strength
[5,13,27]. Let’s first consider the case of SG surfaces. In general, the
wettability of an atomically flat solid surface is controlled by the

strength of interaction between the liquid and solid atoms. In our
study, the liquid-solid interaction is determined by the oxygen-
carbon interaction energy, €co. The wettability of a solid surface
is typically quantified via the contact angle (6) of a liquid droplet
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dashed lines represent the best fit to the data.

residing on the solid surface. Recently, Sendner et al. [42] deduced
the linear correlation between cos 6 and ecg for water droplets
residing on a solid substrate based on the concept of depletion layer,
which is briefly summarized below.

By assuming homogeneous solid and liquid densities ps and
pL and neglecting any electrostatic or interfacial entropy contri-
butions, Sendner et al. theoretically calculated the work Hy, per
surface area required to separate the liquid and solid slabs, which
is defined as

Ro
Hiz=Ysv + Vv — V5L = —"T,OL,OS/ dzz(z — z*u(z), M
z*

whereysy, y1v and ys are the values of surface tension between
the solid-vapor (SV), liquid-vapor (LV) and solid-liquid (SL), respec-
tively. Here, u(z) denotes the solid-liquid interaction energy, which
inour case is modeled via the L] interaction between the carbon and
oxygen atoms. In Eq. (1), Rg is the cutoff radius for the function u(z),
and z’ is the width of the depletion layer of water in contact with the
solid surface. Clearly, since the L] potential depends linearly on &g,
H1, becomes a linear function of ecg as well. Combining the above
with the Young’s equation, one can get the following expression

1+ cosf = (ysv + viv — ¥s1)/(viv = Hi2/yiv~€co- (2)

Recent experiment studies [27] have demonstrated that the ice
adhesion strength scales linearly with the cosine of the receding
angle of a water droplet on a solid surface, i.e., 6~1+c0s Orec. In
our study, the atomically flat surface, i.e., the SG surface, does not
exhibit the contact angle hysteresis [50], meaning that the receding
angle of a water droplet is the same as the equilibrium contact
angle. Therefore, the ice adhesion strength varies linearly with the
cosine of the contact angle of a water droplet on a solid surface as
follows

o~1 + cosb. (3)

Hence, it follows from Eqgs. (2) and (3) that the ice detaching
stress is a linear function of the ice-substrate interaction energy;
that is, 0~&cp, as shown in Fig. 4.

For a smooth, chemically homogeneous surface, the contact
angle, 6, is called the intrinsic contact angle. For some structured
surfaces, the water cannot fill the cavities between corrugations,
and the liquid-vapor interface becomes suspended at the tops of
the surface corrugations, thus forming the so-called Cassie state or
fakir state. In the case of the CNTA surfaces considered in our study,
the results of MD simulations indicate that water droplets always
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Fig. 5. The relationship between the ice adhesion strength and the ratio,eco/(ksT),
for the SG and CNTA systems, where &co is the interaction energy between carbon
and oxygen atoms and T is the temperature of the ice cube. kg is the Boltzmann
constant.

form the Cassie state for all accessible values of eco. This is expected
since the diameter of the SWNT and the distance between adja-
cent SWNTs are both very small, i.e., less than 2 nm. In the Cassie
state, the surface texture leads to large values of the apparent con-
tact angle. Furthermore, the contact angles of water droplets on a
smooth surface and a structured surface relate as follows [5]

1+ cos0* = ¢s(1 + cosb), (4)

where 0* is the contact angle of a water droplet on a structured
surface and ¢s is the solid area fraction of the solid surface in contact
with the water droplet. Note that ¢s is constant in all our cases.
Thus, the ice detaching stress is also a linear function of the water-
surface interaction energy for the CNTA surface; namely, o~¢séco.
Since ¢s < 1, the slope of the linear function between o and g for
the CNTA surface is smaller than that for the SG surface, as shown
in Fig. 4.

3.3. The universal dependence of the ice adhesion strength on SII
energy and temperature

In the process of the ice cube detachment from an atomistic
substrate, the temperature of the ice cube also influences the adhe-
sion strength along with the interaction energy between ice and
substrate. Increasing temperature can enhance the mobility of
water molecules of the ice cube, thus reducing the ice adhesion
strength. Therefore, the temperature and the substrate-ice inter-
action energy have opposite effects on the ice adhesion strength.
Thus, for a given substrate-ice interaction energy, higher temper-
ature produces lower ice adhesion strength for both CNTA and SG
surfaces (see Fig. 4). Furthermore, the results presented in Fig. 4
indicate that the linear correlation between the ice detaching stress
and the wettability of the solid substrate also holds at differ-
ent temperatures. However, such linear correlation was obtained
empirically both in previous experiments and in our simulations.
The rigorous explanation of this correlation will be pursued in
our future studies. At a given value of the substrate-ice interac-
tion energy, the influence of the temperature on the ice adhesion
strength cannot be simply obtained. It can be seen from the Egs. (1)
and (2) that the temperature has influence both on the width of the
depletion layer and the water-vapor surface tension. Therefore, the
relationship between temperature and cosine of the contact angle
of a water droplet on a solid surface is expected to be nontriv-
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ial. Considering the competitive roles played by the temperature
and the water-substrate interaction energy on the ice adhesion
strength, we replotted the ice detaching stress as a function of the
ratio eco/kgT in Fig. 5. Remarkably, the correlation between the ice
detaching strength and the ratio eco/kgT can also be well described
by alinear function as shown in Fig. 5. Furthermore, the slope of the
linear dependence between o and eco/kgT for the CNTA surface is
also smaller than that for the SG surface, which is consistent with
the results presented in Fig. 4.

4. Conclusions

In this paper, the ice detachment process from CNTA and SG sur-
faces was studied using all-atom molecular dynamics simulations.
The pulling force on the ice cube was introduced by imposing an
increasing acceleration field on the ice cube. The processes of ice
detaching from the CNTA and SG surfaces are similar, i.e., the ice
cube detaches starting from one of the corners under the pulling
force. We demonstrated that the CNTA surface exhibits up to about
45% decrease in the ice adhesion strength in comparison with the
SG surface. It was also found that with decreasing substrate-ice
interaction energy, the ice adhesion strength is reduced for the
CNTA surface. We observed that the ice detaching strength depends
linearly on the substrate-ice interaction strength measured by the
oxygen-carbon interaction energy, £co, on CNTA and SG surfaces
for different temperatures of the ice cube. Combining the effects
of the oxygen-carbon interaction energy and the surface structure
on its wettability, we proved the linear correlation between the
wettability and the ice adhesion strength reported in experimen-
tal studies. Moreover, our results indicate that the MD data for the
ice adhesion strength can be collapsed onto two master curves as a
function of the ratio between the water-carbon interaction energy
and temperature of the ice cube for the CNTA and SG surfaces. With
recent advances in manufacturing CNTA surfaces, such composite
systems open prospective for designing robust surfaces with low
ice adhesion for passive anti-icing applications.
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