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A B S T R A C T

Spontaneous change of adhesion of solidifying liquid on surfaces is of significant importance in materials
technology where it finds applications such as anti-icing components operating in extreme environments like
those of seals. In this work, nitrile butadiene rubber (NBR) composites reinforced with graphene, carbon na-
notubes, and a mix of them after immersion in several fluids, experienced both a swelling and a reduction of the
cross-link density that reduces ice adhesion, being this effect more evident for graphene containing samples.
These results have been rationalized via a first principles atomistic modellization of interfaces formed by ice
water of increasing thickness and graphene and scaling laws from fracture mechanics, revealing a clear synergy
between swelling and nanocarbon phase in the icephobic nature of the composite, dictated by a competition
between elastic modulus and adsorption energy. These findings could find an upscale in component validation
readily applied to different areas where de-icing demands handling of large amount of environmental harmful
agents.

1. Introduction

Elastomers are commonly considered the workhorses of the in-
dustrial and automotive components because of their good resistance to
lubricants and greases and their relatively low cost. Nowadays, there is
a continue need to develop high performance composites for use in the
exploration and operational drilling applications in extreme locations
where the extreme conditions such icing problems become hazardous,
limiting the extraction activities unless reliable solutions are found. In
transportation, bearing seals mounted on aircraft components are
subjected to icing problems that require a solution. More in general, the
removal of accreted ice remains an expensive daily and industrially
concern across the globe [1,2].

Different chemical and physical methods have been developed to
remove ice once formed, e.g. heaters, hot water/glycol mixtures, vi-
brators, pneumatic boots on aircrafts, or to prevent the water

wettability, e.g. nanostructured ice-phobic coatings [3–9].
In general, the adhesion of ice on stiff substrate without interfacial

defects are hard be separated. However, if one of the solids is de-
formable, then they can be separated imposing a differential deforma-
tion. Kim et al. [10] found that polymeric films of low modulus and low
surface energy do promote easy release and demonstrated that the
critical shear stress of fracture decreases with the shear modulus of an
elastomeric surface. Thus, when ice adhered to a low cross-link elas-
tomer experiences a shear stress, the ice detaches from the ice-elas-
tomer interface at low applied loads [5]. For elastomers, it is known
that the modulus is related to the cross-link density that can be calcu-
lated by the well-known Flory formula [11]; durable organogel anti-
icing material via swelling cross-linked poly(dimethylsiloxane) with
liquid paraffin was reported [8] while Golovin et al. [12] recently
predicted the icephobicity of different types of polymers by filling a
polymer with oil. They optimized the polymer/plasticizer (i.e. oil)
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combinations to obtain low ice adhesion and good mechanical dur-
ability.

Recently Park et al. [13,14] demonstrated that the hybrid filler
provided significant enhancement of mechanical properties, such as
flexural strength, flexural modulus, and fracture toughness. In parti-
cular, the epoxy composite containing graphene hybrid exhibited a
stronger mechanical behaviour [13]. Here we are interested in in-
vestigating the physical properties and swelling of neat nitrile buta-
diene rubber (NBR) and respective graphene and/or carbon nanotubes
(CNTs) composites and understanding their surface adhesion properties
with specific attention to ice. Concerning graphene, its interaction with
water/ice is an extremely broad and deeply investigated topic [15] for
which no conclusive homogeneous results have been provided so far.
On the theoretical side, many aspects of the interaction mechanisms
have been investigated such as the role of the substrate [16], i.e. the
different behaviour in terms of structural and electronic properties for
water layers and ice interacting with graphene and with graphene on a
substrate. Focusing on the adsorption mechanism of water clusters and
ice dimers on graphene, Leenarts et al. [17] found a hydrophobic and
icephobic behaviour of graphene with an adsorption energy that in-
creases as the cluster size increases, with a convergence limit of
∼13meV per molecule, while ice dimers result slightly stronger bound

to graphene. As widely reported, the adsorption energy of the water and
ice water molecule is highly influenced by its orientation and not sec-
ondarily its calculation is affected by the adopted theoretical scheme to
describe the mechanism [18]. The different outcomes associated with
different experimental conditions and theoretical setup somehow in-
dicate that pairing the two approaches is mandatory in order to obtain
meaningful comparisons [15], i.e. the choice of the theoretical setup
(models and level of calculation) highly depends on the experimental
phenomena to be modelled.

In the present paper we prepare graphene and/or CNTs based
rubber composites and measure their ice adhesion after fluid suscept-
ibility tests. First principles atomistic modellization of interfaces formed
by ice water of increasing thickness and graphene show a clear ice-
phobic nature of graphene that linearly increases with the thickness of
ice. The predictive design and behaviour of such composites in extreme
environment would be applicable to the automotive and aviation sec-
tors, where the demand for multifunctional rubbers is increasing.

2. Experimental details

An Acrylonitrile Butadiene rubber (NBR) under the trade name
Krynac 2850F (acrylonitrile content: 27.5 wt%, Mooney viscosity ML

(1 + 4) 100 °C 48 and a density of 0.97 g/cm3) was used as rubber
matrix. Multi-walled carbon nanotubes were kindly supplied by
Nanocyl S.A. under the trade name Nanocyl NC7000. Graphene nano-
platelets (GNPs) were kindly supplied by NANESA (G3Nan average
thickness of 9 nm≈ 25 layers, average lateral particle size 15 μm).

Rubber compounds were prepared in an open two-roll mill at room
temperature. The rotors operated at a speed ratio of 1:1.4. The vulca-
nization ingredients were sequentially added to the rubber before to the
incorporation of the filler and sulphur. The recipes of the compounds
are described in Table 1. Vulcanizing conditions (temperature and time)
were previously determined by a Monsanto Moving Die Rheometer
MDR 2000E. Rubber compounds were then vulcanized at 160 °C in a
thermofluid heated press. The vulcanization time of the samples cor-
responds to the optimum cure time t90 derived from the curing curves of
the MDR 2000E. The filler volume fraction was calculated from the
well-known relationship: f=(Wf/ρf)/(Wf/ρf + Wm/ρm), where Wf is the
weight fraction of the filler and Wm is the weight fraction of the matrix,
while ρf and ρm are the densities of the filler (i.e. 1.75 g/cm3 [19] for
CNTs and 1.70 g/cm3 for GNPs) and the matrix, respectively. For the
case of the hybrid filler, i.e. presenting both GNPs and CNTs, the
equation was adjusted in order to take into account the presence of both
fillers in the matrix volume.

Isopropyl alcohol and Jet A1 Total 20 were used as fluids for im-
mersion. For each fluid, according to the test procedure ASTM D 471,
five specimens have been immersed in the appropriate fluid for 70 h at
the temperatures of 50 °C and 40 °C for isopropyl alcohol and Jet A1

Table 1
Recipes of the rubber compounds (indicated in phr: parts per hundred of
rubber).

sample NBR ZnO Stearic acid MBT - (2-
Mercaptobenzothiazole)

S CNT GNPs

NBR-0 100 5 1.5 1.5 1.5 0.0 0.0
NBR-1 100 5 1.5 1.5 1.5 0.0 5.0
NBR-2 100 5 1.5 1.5 1.5 5.0 0.0
NBR-3 100 5 1.5 1.5 1.5 2.5 2.5

Fig. 1. Kraus plot after swelling test on NBR containing GNPs/CNTs fillers.

Table 2
The filler volume fraction content (f) of the respective nanocomposites reported in Table 1 and resulting hardness, elongation at break, tensile strength, modulus (at
50% strain), swelling ratios and liquid volume fraction (ΦLIQUID) before and after liquid immersion. The superscripts (*) and (**) indicate the properties after the
immersion in Jet A1 Total 20 and isopropyl alcohol, respectively.

Sample (GNPs/CNTs) f Hardness (ShA) Elongation at break (%) Tensile strength (MPa) Modulus (MPa) Swelling ΦLIQUID

0/0 0 63.5 ± 0.7 498 ± 59 1.62 ± 0.12 0.62 ± 0.02 – –
0/0(*) 59.0 ± 0.7 317 ± 40 1.26 ± 0.12 0.49 ± 0.02 1.25 ± 0.02 0.402
0/0(**) 61.0 ± 0.7 182 ± 4 0.79 ± 0.02 0.44 ± 0.02 1.24 ± 0.02 0.390
5/0 0.030 65.5 ± 0.7 724 ± 81 3.82 ± 0.41 1.18 ± 0.02 – –
5/0(*) 59.5 ± 0.7 455 ± 104 2.38 ± 0.29 0.96 ± 0.02 1.24 ± 0.02 0.413
5/0(**) 61.5 ± 0.7 354 ± 12 1.68 ± 0.25 0.79 ± 0.02 1.30 ± 0.02 0.410
0/5 0.028 69.0 ± 0.7 586 ± 25 7.08 ± 0.54 0.79 ± 0.02 – –
0/5(*) 68.5 ± 0.7 384 ± 43 4.54 ± 0.09 0.69 ± 0.02 1.24 ± 0.02 0.408
0/5(**) 64.5 ± 0.7 306 ± 14 3.74 ± 0.25 0.53 ± 0.02 1.24 ± 0.02 0.409
2.5/2.5 0.028 68.5 ± 0.7 699 ± 63 5.44 ± 0.56 1.03 ± 0.02 – –
2.5/2.5(*) 62.5 ± 0.7 494 ± 62 3.54 ± 0.24 0.79 ± 0.02 1.25 ± 0.02 0.416
2.5/2.5(**) 63.5 ± 0.7 363 ± 37 2.90 ± 0.09 0.70 ± 0.02 1.25 ± 0.02 0.421
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Total 20, respectively. At the end of the required immersion period, the
specimens were cooled down to room temperature for 30–60min, then
dipped quickly in acetone at room temperature, and blot lightly with
filter paper. Tensile stress-strain properties were measured according to
ASTM D 412 specifications, on an Instron dynamometer (Model 4301)
at 25 °C. At least three specimens of each sample were tested. The
hardness measurements were performed with a durometer according to
ASTM D 2240. At least five indentations on each sample were per-
formed.

The swelling studies were performed on a known volume and
weight of vulcanized rubber in the form of a rectangular sample that
was taken for swelling measurements in immersion liquids. After at-
taining equilibrium swelling (70 h), its weight was recorded and the
volume variation was estimated according to ASTM D 471. Five mea-
surements for each liquid were carried out. The ice adhesion strength
was measured using a custom setup, where a force transducer was fixed
to a slipping table. Prisms with the dimension of
10mm×10mm×6mm were positioned on the sample surface and
then filled with water. They were then frozen for 12 h at −20 °C. The
shear force was applied at a distance of about 1mm from the prism-
elastomer interface. The measurement was performed at−10 °C. A FTA
1000 Series instrument equipped with a CCD camera was used to
measure the ice contact angles on various substrates. Deionized water
droplets were dropped onto the rubber surfaces and the contact angle
was monitored statically as a function of time. The measurement was
carried out on top of a liquid-cooled Peltier cooling plate (TECA
Corporation, model LHP-800CP) while purging nitrogen to reduce hu-
midity and thus frost formation on the samples. The obtained values
were the average of three measurements, and the typical error in the
measurements was±4°. The morphologies of the prepared samples
were investigated by atomic force microscopy (AFM). AFM images were
obtained in tapping mode. Field emission scanning microscopy
(FESEM) was performed on the cross section of the samples by means of
Zeiss Supra 35.

3. Computational details

Density Functional Theory (DFT) based simulations have been
performed by means of a numerical atomic based approach SIESTA
code [20,21]. The vdW-DF2 (LMKLL) [22,23] non-local density func-
tional was employed along with the norm‒conserving pseudopotentials
of the Troullier–Martins (TM) [24] type for the description of the core
electrons. The plane wave cut‒off was set to 200.0 Ry. The very first
step for this kind of analysis was the optimization of graphene and ice
structure. For both systems we started from the experimentally reported
lattice. For ice in particular we considered as initial guess the hexagonal
crystal (Ih) with symmetry P6(3)/mmc (Z=4) at −66 °C [25].

The geometry optimization has led to a structure for graphene
characterized by a= b=2.506 Å (821 k-points employed in the

Brillouin Zone, BZ), while for ice we got a geometry where
a= b=4.401 Å and c=7.164 Å (10×10×6 Γ-centred sampling of
the BZ, corresponding to 338 k-points). As a further validating test, for
ice we calculated the Bulk Modulus, finding a value of 8.92 GPa, not far
from the experimentally reported data of Mellor (∼9.0 GPa) for the
bulk modulus of pure polycrystalline ice at T ≪ 0 °C [26].

4. Results and discussion

The cross-link of the filler with the matrix can be estimated from the
well-known Kraus relationship [27] that plots (Fig. 1) the ratio of the
volume fraction of the swollen rubber (V0) and swollen filled rubber
(Vf), against f/(1-f) where the slope represents the polymer-filler in-
teraction parameter. For V0/Vf values higher than 1 this means that
during the swelling the matrix separates from the fillers indicating a
weak cross linking between the polymer and the filler [27].

The swelling is thus an equilibrium state obtained when the di-
mensions of the elastomer increase until the concentration of the liquid
is uniform throughout the component [28]. This relationship is quan-
titatively expressed by the Flory-Rehner equation [29]:

ρCL= [ln(1-Vr)+Vr+χVr
2]/V[Vr

1/3-0.5Vr] (1)

Where Vr is the volume fraction of polymer in a swollen state, χ is the
Flory-Huggins interaction parameter between the polymer and the
solvent and V is the molar volume of the solvent.

According to the Flory and Rehner theory [29] we calculate the
volume fraction of the liquid within the swollen elastomers from the
well-known relationship:

ΦLIQUID=(WLIQUID/ρLIQUID)/(WLIQUID/ρLIQUID + f + Wm/ρm), (2)

Where WLIQUID is the weight fraction of the liquid calculated from the
relative difference of the weights of the sample in its dry and swollen
state, f is the volume fraction of the filler and Wm is the weight fraction
of the matrix, while ρLIQUID and ρm are the densities of the liquid and
polymer matrix, respectively. The results were reported in Table 2. In
Fig. 2a and b, we show the decrease of the cross-link density of the three
different rubber composites after swelling in different liquids. The
mechanical properties reported in Table 2 describe also how a certain
amount of liquid reduces the cross-link density and thus, the hardness,
tensile strength, elongation at break and modulus of the prepared
composites.

In Fig. 3, we present the ice adhesion data for the three different
nanocomposites after liquid immersion, where τiceliquid is the nominal
(evaluated as shear force/interface area) adhesion strength of liquid
filled sample while τiceno liquid is the adhesion strength of the un-filled
sample. First, we observed the reduction in ice adhesion strength ratio
between the swollen and un-swollen composite with the decrease of the
cross-link density.

We then investigated the reduction in ice adhesion strength ratio

Fig. 2. Swelling and cross-link density reduction of liquid-filled GNPs/CNTs nanocomposites for (a) Jet A1 Total 20 and (b) isopropyl alcohol.
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between the swollen and un-swollen composite by means of surface
characterization of the prepared samples. The values of the contact
angle and surface roughness reported in Fig. 4a and b and Table 3,
indicate that the higher contact angle values after the fluid treatment is
not correlated to the surface topography which is within the experi-
mental error after the fluid immersion and that, in accordance with the
study of Jung et al. [30], our results suggest that the hydrophilic sur-
faces before the treatment (Fig. 4a) may become icephobics (see
Table 4).

Moreover, from a deeper investigation of the cross section of the 5/0
sample (Fig. 4c and Supplemenray Material) we observed a confine-
ment of the graphene sheets on the surface. This finding was also
confirmed by the enhancement of the surface electrical conductivity
with respect to that observed for the bulk resistance (inset of Fig. 4c).
We argue that the graphene and ice interface is comparable with that of
graphene reinforced rubber and ice. Thus, on the theoretical side it is
worth investigating the interface region of the system constituted by
graphene and ice, trying to establish a trend in the ice-philic/-phobic

Fig. 3. (a) Measurements of adhesive strength of a glass prism frozen on swollen elastomer. The inset shows the glass prism frozen on elastomer. (b) Measured τice for
NBR nanocomposites obtained with different GNPs/CNTs combinations as a function of the liquid volume fraction.
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nature of graphene.
In order to do it, considering that (i) assembling an interface formed

by hexagonal cells may result in an unpractical procedure due to the
presence of γ angle different from 90°, that (ii) in our case a and b lattice
parameters of the two subsystems forming the final interface are no-
ticeably different, a rotation procedure in both cells in order to

transform γ angle at 90° (see Fig. 5 for what concerns graphene) will
result beneficial to obtain a final interface tetragonal, with the ad-
vantage that the so-obtained in plane lattice parameters of graphene
and ice have a very small mismatch. Importantly, as we see in the
following, such mismatch is not only negligible once the interface is
assembled along the [001] direction of ice, but it is also minimal once
the interface considered is that formed by [100]-oriented ice and gra-
phene. It is worth mentioning that the same rotation procedure has
been successfully applied in interfaces formed by graphene and TiO2

nanosheets [31].
In details, the new lattice parameters obtained for the tetragonal ice

cell are a=7.57, b=4.42, and c=7.14 Å, while those for graphene
are a=7.51 and b=4.34 Å, respectively. In this way, at first, we can
calculate the (compressive) stress that ice, oriented along the [001]
direction [25], experiences once it is deposited on graphene. From our
calculations we get ΔE=0.014 eV (corresponding to the mechanical
stress energy) and ΔA=0.866Å2, confirming the negligible stress
present at the [001]-oriented ice/graphene interface.

It is important to mention that bulk model of Ih ice has a net dipole
moment along z. Even if the calculation of its energy does not represent
a real issue [32,33], and also considering the z direction a natural initial
choice in assembling the interface – it is indeed the non-periodic di-
rection for graphene – it becomes quite problematic to assemble an
interface whose non-periodic direction contains a dipole. To overcome

Fig. 4. (a) CCD images of ice on different rubber substrates and (b) corresponding topographical scans (70 μm × 70 μm) by AFM. The superscripts (*) and (**)
indicate the properties after the immersion in Jet A1 Total 20 or isopropyl alcohol, respectively. (c) FESEM images at different magnifications of the cross section of
the 5/0 nanocomposite. The inset shows the surface and volume electrical resistance values of different rubber compounds.

Table 3
Nanocomposites reported in Table 1 and resulting contact angle and surface
roughness before and after liquid immersion. The superscripts (*) and (**) in-
dicate the properties after the immersion in Jet A1 Total 20 and isopropyl al-
cohol, respectively.

Sample (GNPs/CNTs) Contact angle (°) Surface roughness (μm)

0/0 21 ± 4 0.11 ± 0.03
0/0(*) 40 ± 4 0.12 ± 0.02
0/0(**) 45 ± 4 0.12 ± 0.02
5/0 33 ± 4 0.13 ± 0.03
5/0(*) 60 ± 4 0.16 ± 0.06
5/0(**) 73 ± 4 0.12 ± 0.01
0/5 33 ± 4 0.10 ± 0.02
0/5(*) 80 ± 4 0.10 ± 0.02
0/5(**) 78 ± 4 0.14 ± 0.02
2.5/2.5 36 ± 4 0.20 ± 0.08
2.5/2.5(*) 67 ± 4 0.16 ± 0.04
2.5/2.5(**) 73 ± 4 0.14 ± 0.03
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such issue, we then decided to consider not the [001] direction, but the
non-polar [100] one, where the surface mismatch between the tetra-
gonal ice slab and graphene is still sufficiently small not to give no-
ticeable effects (∼3%).

A three layer of such facet is reported in Fig. 6. For such slab, fol-
lowing previous literature [34–36], we similarly calculated the surface
energy. To do it we refer to the equation:

=

− ⋅

⋅

E E n E
S2surf

slab ice
(3)

where Eslab is the energy of the slab of ice considered, Eice is the che-
mical potential of ice water as obtained from the bulk, S (considered
twice, since the system is symmetric) is the area of the exposed surface
of the slab and n is the number of ice unit in the slab considered (24 in
our case). The energy of such surface is 0.54 J/m2. We tested the energy
convergence increasing up to 4 layers of ice the thickness of the slab
along x, finding a difference in energy< 0.6%.

To assemble the ice/graphene heterostructure, we have considered
three units of ice along the non-periodic direction x, [100], further
adding ∼20 Å of vacuum on top of ice in order to avoid any possible
spurious interactions between replicas of the interface along x.
Importantly, the lattice parameters of the interface are the same (op-
timized) of graphene, since the model here aims to mimic the growth of
ice on graphene layers.

Furthermore, due to the asymmetric nature of the interface, we have
corrected the dipole present along the [100] direction. We are aware
that thicker layers should be used for a more realistic description of
such systems: we are similarly aware that for our purpose, i.e. to get an
atomistic description of phenomena that take place at the very inter-
face, three layers are a sufficient and computationally accessible
amount.

The stress energy contribution is mainly mechanical (no chemical)
since ice is “one-legged” [37] physisorbed on graphene as shown in
Fig. 7, where the optimized structure of the most stable interface ice/
graphene is reported.

In details, the closest distance between atoms of the graphene layer
and those of ice (H, in this case) is ∼2.37 Å, with such atoms lying at
the midpoint of a C=C bond (See Fig. 8).

We thus calculate the adsorption energy for the interface corrected
for the Basis Set Superposition Error (BSSE) [38]. To do it we have used
the equation:

Eads= (Eice + Egraphene) – Einterface (4)

From such equation it is clear that the more positive is the ad-
sorption energy, the more stable is the interface.

Recent theoretical and experimental results have shown that ac-
cording to its dimensionality, 3D bulk or 2D layered ice is characterized
by different structures [39–42]. Even if this kind of analysis is out-of-
scope of the present paper, it is worth mentioning the small variations
in terms of adsorption energy, reported in the following, that appear
once we treat ice as bulk (3D) or as a nanosheet (NS) in the formation of
the heterostructure with graphene.

In the case of bulk ice interfaced with graphene we have to add a
term in Eq. (4) to take into account the energy difference between the
three layers (3L) keeping ice bulk lattice parameters (7.14×4.42Å2)
and three layers keeping the interface (i.e. those of graphene,
7.51×4.34Å2) lattice parameters. In this way we obtain an
Eads=0.141 eV. To test the effect of ice thickness vs adsorption energy
we have reduced the ice amount to two layers (2L) at first and finally to
one layer (1L). The adsorption energies in this case result
Eads=0.192 eV (2L) and 0.247 eV (1L), respectively. Such results are in
agreement with a power law scaling predicted by fracture mechanics in
the form Eads(n)= Eads(1)/nx, where n is the number of ice layer and
theoretically x=0.5 [43] whereas experimentally here x≅ 0.47.

Moreover, to consider the layers of ice as NSs we have to add a term
in Eq. (4) to take into account the energy difference between the three
layers whose in-plane lattice parameters are fully optimized and the
three layers keeping the interface (i.e. those of graphene, vide supra)
lattice parameters. As in the previous case we tested the same proce-
dure for three different thicknesses of ice, i.e. n=1,2,3. As expected,
we obtain values of Eads close for the two approaches but still noticeably
different, mainly for thinner layers. In particular, for n=3 we get
Eads=0.140 eV, for n=2 Eads=0.185 eV, and for n=1 we get
Eads=0.235 eV. Again, such results are in agreement with the previous
scaling with x≅ 0.51.

Table 4
Adsorption energy per molecule of H2O (eV/molecule) vs. number of
H2O layers (n=1–3).

n Bulk NSs

1 0.0309 0.0294
2 0.0120 0.0116
3 0.0058 0.0058

Fig. 5. (a) Unit cell of graphene; (b) 2× 2 supercell of graphene and (in the red
rectangle) the used 4-atoms unit cell (Reproduced with permission from Ref.
[31] Copyright © 2014 by John Wiley & Sons, Inc.). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 6. Optimized structure of a 3-layers slab of ice [100] oriented.
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The overall trend for the two approaches analysed is then shown in
Fig. 9, where the relationship between number of ice layers (thickness)
and adsorption energy is reported. We are aware of the limits of our
modellization, mainly of the fact that we are considering just one ice
surface facet and also that the maximum number of ice layers here
investigated is three, an amount clearly largely smaller than that of
experiments and thus further facets and thickness should be in-
vestigated. However such a limitation has been mitigated considering
the reported scaling law, thus for better connecting simulations and
experiments. Also note that the interface shear strength is predicted to

scale as τ = K*(E*Eads)y where E is the modulus, the absorption energy
Eads is considered to be proportional to the fracture energy of the
rubber-ice interface, K is a dimensional constant of proportionality (a
function of the structural size, here fixed, see Ref. [44]) and theoreti-
cally -according to fracture mechanics- y= 0.5 [44]. This equation
shows a competition between E and Eads for reducing the adhesive shear
strength of ice on rubber: the swelling reduces E (see Table 1) whereas
the nanocarbon phase increases E (see Table 1) but can reduce Eads and
moreover when both swelling and nanocarbon phase are present the
competition is not trivial and a clear synergy between these two phases
is experimentally emerging. This is summarized in Table 5, where the
experiments are compared with the numerical/theoretical predictions,
showing a good agreement with y=0.39.

At the same time, consistent with experiments, we observe that the
thicker the ice slab the more icephobic graphene will result.
Interestingly, as stated, increasing the thickness of ice leads to a con-
vergence between the two approaches (bulk & NSs) stressing the main
role in the formation of the graphene/ice heterostructure played by the
very first layers of ice.

On the other hand, to better investigate the icephobicity of gra-
phene we have focused on the binding energy (BE) of ice once forming
the interface with graphene. In particular, we have calculated the BE by
removing one ice unit (H2O) from the one- or three-layers of ice and
obtained a BE of 0.852 or 0.805 eV, respectively (see Fig. 10). Keeping
in mind the fact that the ratio between BE and Eads previously calcu-
lated is between 3 (1L) and 6 (3L), we confirm previous theoretical data
about the icephobicity of graphene [15] further adding that such ice-
phobicity increases with the thickness of ice.

We want to conclude this section stressing that our modellization
does not include the interface formed by ice and CNTs. The reason for
such choice is twofold: the first is technical, that is modelling large
radius CNTs including their curvatures would imply a sensitive en-
largement of the simulation cells, the second motivation stems from
previous literature which clearly demonstrated the suitability of gra-
phene layers as precursors of CNTs used in absorption analysis [45].

Considering only the exterior surface of CNTs and regardless their
radius, other systems, like molecular hydrogen [46] and oxygen [47],
have been found to be quite insensitive in the adsorption process to the
layered or tubular nature of such carbonaceous systems, further sup-
porting our choice.

5. Conclusions

Overall, in this work, we report swelling and cross-link density,
which can affect the ice adhesion for graphene/carbon nanotubes based
elastomeric surfaces. It was found that swollen nanocomposites (i.e.
lower cross-link density) have an icephobic surface. Materials with
graphene filler show a low level for the interfacial strength. We ratio-
nalized such results by means of an atomistic and continuum mod-
ellization supporting the observation of a synergy between swelling and

Fig. 7. Lateral views of the supercell of the most stable interface optimized. (a) Unit cell. (b) 5× 5 supercell (Red: O atoms, white: H atoms, brown: C atoms. Dashed
bonds: H-bonds among water molecules). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Bottom view of the (2×2) supercell interface ice/graphene. (Red: O
atoms, white: H atoms, brown: C atoms. Yellow: H atoms closest to the gra-
phene layer). (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the Web version of this article.)

Fig. 9. Relationship between ice thickness (n) and adsorption energy (Eads, eV).
Eads(n)= Eads(1)/nx, where x≅ 0.47 or 0.51 vs the theoretical value of 0.5.
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nanocarbon phase in the icephobic nature of the composite. We pave
the exploitation of such results for the realization of rubber nano-
composites that may have applications in rubber based components
that need to survive in extreme cold environments.
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Figure S1. FESEM images at different magnifications of the cross section of the (a) 0/5 and (b) 2.5/2.5 

nanocomposites. 
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