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This work investigates water droplet behavior on superhydrophobic (water contact angle
value of 162 ± 1°) SiO2 nanocomposite films subjected to repetitive icing/deicing treatments,
changes in SiO2 nanocomposite film surface morphology and their non-wetting characteris-
tics. During the experiment, water droplets on SiO2 nanocomposite film surface are subjected
to a series of icing and deicing cycles in a humid (~70% relative humidity) atmosphere and the
resulting morphological changes are monitored and characterized using atomic force
microscopy (AFM) and contact angle measurements. Our data show that the formation of
the frozen or thawed water droplet, with no further shape change, on superhydrophobic SiO2

nanocomposite film, is obtained faster within each cycle as the number of the icing/deicing
cycles increases. After 10 icing and deicing cycles, the superhydrophobic SiO2 nanocomposite
film had a water contact angle value of 146 ± 2° which is effectively non-superhydrophobic.
AFM analysis showed that the superhydrophobic SiO2 nanocomposite film surface area under
the water droplet undergoes gradual mechanical damage during the repetitive icing/deicing
cycles. We propose a possible mechanism of the morphological changes to the film surface
that take place during the consecutive icing/deicing experiments.
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1. Introduction

Undesired ice accumulation on surfaces can lead to signif-
icant economic losses as well as safety concerns. Conden-
sation occurs when water vapor, in contact with a cold
surface, cools and turns into water droplets. If the surface
temperature is lower than the freezing point of water, the
water droplets formed on the surface will freeze and form
ice, which will result in increase of surface weight, heat
transfer resistance and pressure loss. Commonly, anti-icing
systems rely on active deicing methods, such as application
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of heat or mechanical techniques. A more attractive ap-
proach is the use of passive methods which do not need
external energy for deicing while preventing ice accumula-
tion. These methods include surface modification tech-
niques or coating with material capable of disrupting the
structure of the ice. A recent review [1] on advanced
icephobic coatings has outlined three families of materials
best suited to achieve anti-icing functionality of the surface.
Among those, superhydrophobic surfaces have already
demonstrated non-wetting behavior, fluid friction reduc-
tion, anti-stiction and self-cleaning functionality [2] and
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have already attracted increasing attention because of their
potential applications in anti-icing [3–5]. However, it was
shown [6,7] that the anti-icing performance of super-
hydrophobic surfaces may be limited and should be studied
in detail with focus on structure–property relationship, with
emphasis on surface morphology and their mechanical
properties as well as on icing/deicing mechanisms.

Superhydrophobic properties of SiO2 nanoparticle-containing
nanocomposite films have been demonstrated previously [8–10],
but the durability of the films and their anti-icing performance
have not been adequately examined. In this study, water droplet
behavior on superhydrophobic SiO2 nanocomposite films was
examined by applying 30 surface icing/deicing cycles to evaluate
the changes in film surface morphology and non-wetting
characteristics as well as to estimate their anti-icing suitability.
substrate

modification

substrate

Fig. 1 – Process diagram for the superhydrophobic SiO2

nanocomposite film preparation.
2. Material and Methods

2.1. Preparation of Superhydrophobic SiO2 Nanocomposite
Films

Sol–gel synthesis of colloidal SiO2 nanoparticles was performed
via base catalyzed hydrolysis of tetraethyl orthosilicate (TEOS).
A detailed description of SiO2 sol preparation can be found
elsewhere [11]. Briefly, the required amounts of water and
ammonium hydroxide were added to the required volume of a
70% solution of denatured ethanol. The resulting mixture was
added to TEOS while continuously stirring at 25 °C. The final
solution was stored for 7 days at room temperature to allow
complete hydrolysis.

A commercially available lithium aluminosilicate glass-
ceramic (Alkor Technologies) of 1 mm thickness was used in
this study. Before use, it was cut into 2.5 cm × 4.5 cm slides.
Glass-ceramic surface preparation included cleaning in 0.1 N
hydrochloric acid followed by 0.1 N sodium hydroxide solu-
tion. Afterwards, the slides were rinsed with distilled water,
then with isopropyl alcohol and dried with compressed air.

The nanocomposite SiO2 films were prepared on lithium
aluminosilicate glass-ceramic slides by spin-coating (spin
speed ~ 3000 rpm and spinning time 30 s) using 5 ml of the
final SiO2 sol product and 4 ml of polypropylene glycol
[MW ~ 2500] mixture followed by heat-treatment at two
different temperatures, 250 and 500 °C for 30 and 60 min,
respectively. Spin-coating and heat-treatment procedures
were repeated three times. Further modification of SiO2

nanocomposite films was performed by boiling the spin
coated samples in 10% solution of hexamethyldisilazane in
toluene for 20 min. Afterwards, the samples were rinsed with
ethanol followed by distilled water and dried at 80 °C for
20 min, resulting in the final superhydrophobic film. The
process diagram for preparation of the superhydrophobic SiO2

nanocomposite films is shown in Fig. 1.

2.2. Icing/Deicing Apparatus Experimental Setup

The experimental setup consisted of a Peltier-based thermo-
electric cooler (STONECOLD, PM-30X30-36; 14.6 V; 4.3 A; 36 W)
connected to a dc voltage supply controlled by a computer. The
bottom side of the lithium aluminosilicate glass–ceramic
substrate is attached to the cold side of the thermo-electric
cooler using a heat transfer paste (Fixapart,WPS-1GRAM)which
ensures rapid heat transfer between the thermo-electric cooler
and the substrate. Similarly, a layer of heat transfer paste is
applied between the hot side of the thermo-electric cooler and a
large aluminum heat sink (82 × 70 × 25 mm3) ensuring that the
stray heat generated on the hot side of the thermo-electric
cooler is readily transferred away. A thermocouple (MASTECH,
K type) was used to monitor cold side surface temperature of
the thermo-electric cooler which was varied from 15 to −15 °C
throughout the experiments. A high-speed camera (Manhattan,
500 SX) was used tomonitor and record thewater droplet shape
transition during icing/deicing cycles.

2.3. Icing/Deicing Experimental Procedure

Superhydrophobic SiO2 surface icing/deicing experiments were
initiated at the temperature of 15 ± 1 °C and relative humidity
of 70 ± 3%. One droplet of deionized water (5 μl) was carefully
placed on top of the superhydrophobic SiO2 nanocomposite
film surface. The position of the deposited water droplet on the
sample surface was chosen to correspond to the center of the
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thermo-electric cooler cold side. Next, surface temperature was
changed at a rate of ~0.5 °C/s to −15 °C thus initiating a gradual
surface icing process. Complete freezing was considered when
no further change in droplet shape could be observed. After the
complete freezing of a frozen water droplet, temperature was
changed back to 15 °C and thus a gradual SiO2 surface deicing
process took place. Surface temperature and video recordings
were made from the moment of SiO2 surface–water droplet
contact until the formation of the thawed water droplet.
Afterwards, the water droplet was removed by manually
touching the top of the water droplet with a highly water
absorbent clean swab head. The SiO2 nanocomposite surface
was then air-dried at room temperature for 24 h. Atomic force
microscopy (AFM)measurements were then performed, as well
as analysis of captured video. The described experimental
procedure was repeated 30 times.

2.4. Contact Angle Measurements

Four images of captured video were chosen for contact angle
(CA) measurements: at the initial water droplet contact
(denoted as CA1); after the initial shape change of the water
droplet before turning fully opaque (denoted as CA2); of frozen
water droplet with no further deformation in shape (denoted
as CA3); and of the thawed water droplet with no further
shape change (denoted as CA4). The images of the water
droplets were magnified and contact angles were measured
using a method based on B-spline snakes (active contours).
This method offers the best tradeoff between the use of the
general droplet shape to guide the detection of the contour of
the drop and the use of an algorithm with local behavior to
compute contact angles with high-accuracy [12].

2.5. AFM Measurements

AFM experiments were conducted in air at room temperature
using a Microtestmachines NT-206 atomic force microscope,
while data was analyzed using SurfaceView scanning probe
microscopy data processing software. Topographical images
were collected using a V-shaped silicon cantilever (spring
constant of 3 N/m, tip curvature radius of 10.0 nm and the
cone angle of 20°) operating in the contact image mode with
4 μm × 4 μm scan size.

Surface morphology was evaluated using AFM surface
topography images. In particular, roughness parameters, root
mean square (RMS), roughness (Rq), skewness (Rsk) and kurtosis
(Rku), height distribution histograms, bearing ratio curves and
surface profiles were used. RMS roughness is the average of
measured height deviations taken within the evaluation area
and measured from the mean linear surface. Skewness param-
eter indicates surface symmetry within the evaluation area.
Negative skewness indicates a predominance of valleys and a
positive value indicates a surface havingmore peaks. Kurtosis is
a measure of the randomness of heights, as well as the
sharpness of a surface. For a Gaussian-like surface it has a
value of 3 [13]. The farther the result is from 3, the less random
and more repetitive the surface is. Height distribution histo-
grams show the share of the surface points located at a given
height relative to the total number of surface points in percent.
Bearing ratio curve is defined as the dependence of the solid
material occurrence on the feature height. To obtain more
detailed information about the morphology of the surfaces, we
defined hybrid parameters of the bearing ratio curve by dividing
it into three regions [14]. The upper region of the bearing ratio
curve indicates the portion of the surface structures (i.e. peaks)
which would be first affected during the contact with another
surface and is defined as reduced peak height, Rpk. The middle
region of the bearing ratio curve indicates the portion of the
surface structures responsible for the stiffness characteristics,
performance and life of the surface during wear and is defined
as core-roughness, Rk. The lower region of bearing ratio curves
exhibits surface structures (i.e. valleys) where water molecules
adsorbed from the atmosphere could condense or air gaps
between the contacting surfaces could emerge affecting the
surface adhesive properties, as well as their frictional perfor-
mance and is defined as reduced valley depth, Rvk.
3. Results and Discussion

Themixture of SiO2 sol and polypropylene glycol can be seen as
an inorganic/organic hybrid where phase separation does not
occur at room temperature, while it does at higher tempera-
tures. In fact, after the first heat-treatment of the sample at
250 °C for 30 min, phase separation was observed on the
surface with the apparent SiO2 spheres. With the second heat-
treatment of the sample at 500 °C, pyrolysis of polypropylene
glycol took place with the resulting formation of SiO2 nano-
composites. CA of the superhydrophobic SiO2 nanocomposite
film was equal to 153 ± 1°, while after modification with a 10%
solution of hexamethyldisilazane in toluene it increased to
162 ± 1°. An AFM topographical image of the resulting super-
hydrophobic SiO2 nanocomposite film surface is presented in
Fig. 2a. It shows that the surface of the superhydrophobic SiO2

nanocomposite film is rough (Rq: 58.6 nm) composed of
randomly distributedmicrometer-scalemorphological features
decorated with nano-sized protrusions. A positive Rsk value of
0.19 was calculated for superhydrophobic SiO2 nanocomposite
films indicating a regime where surface peaks dominate the
valleys. The SiO2 nanocomposite film was found to have
Gaussian-like surface feature distribution corresponding to Rku
valueof 2.82,which confirms the randomdistribution of surface
structures. Fig. 2b shows a height distribution histogram and
bearing ratio curve of the corresponding SiO2 nanocomposite
film surface (Fig. 2a). A closer look at Fig. 2b shows the presence
of nano-sized protrusions on the surface. The super-
hydrophobic SiO2 nanocomposite film surface had Rpk, Rk and
Rvk values equal to 66.34, 130.92 and 45.38 nm with the
corresponding surface structure height in the range of ~213–
279, ~82–213 and ~36–82 nm, respectively.

Fig. 3 (top) shows the temperature of the thermo-electric
cooler cold side versus time during the number of icing/deicing
cycles. Vertical lines indicate positions at which CA1, CA2, CA3
and CA4 were observed. It is evident that the formation of the
frozen or thawedwater dropletwithno further shape changeon
superhydrophobic SiO2 nanocomposite film is obtained faster
within each cycle as the number of the icing/deicing cycles
increases. Fig. 3 (bottom) shows the change in water contact
angle on the superhydrophobic SiO2 nanocomposite film
surface during the 1st, 10th, 20th and 30th icing/deicing cycles.
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Fig. 2 – (Top) Characteristic AFM topographical image with a
normalized z axis in nm (a) as well as (bottom) normalized
height distribution histogram and bearing ratio curve (b) of
superhydrophobic SiO2 nanocomposite film. Dashed
horizontal line in height distribution histogram indicates the
height at which surface structures are connected to each
other. The solid horizontal line indicates the mean height.
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CA1 value of water droplets placed on superhydrophobic SiO2

nanocomposite film during the 1st icing/deicing cycle is 162 ±
1°, implying that the water droplet is situated on top of the
textured surface with trapped air underneath, evident of the
Cassie–Baxterwetting regime [15]. It is clear from Fig. 3 (bottom)
that non-wetting properties of superhydrophobic SiO2 nano-
composite films gradually deteriorate with repeated droplet
exposures, which can be seen in the steadily decreasing CA1
values for 10th, 20th and 30th icing/deicing cycles. Importantly,
after having been artificially iced and deiced 10 times, the
sample demonstrated a CA value of 146 ± 2°, thus no longer
behaving in a superhydrophobic manner. The shape change of
thewater droplet during the gradual icing processwas observed
in Fig. 3 (bottom, CA1 to CA2), which could be attributed to the
thermodynamic instability of air pockets trapped under the
water droplet and the corresponding nucleation of water thus
minimizing the droplet surface energy [16], implying that
wetting transition to amixedWenzel and Cassie–Baxter regime
[17]. After the wetting transition, no further shape changes of
water droplets were observed (CA2 contact angle values in
Fig. 3) and several seconds later, water droplets turned fully
opaque. It took longer to achieve a stable shape of the water
droplet during the initial icing/deicing than during the later
steps, showing that the surface had more air pockets trapped
under the water droplet, decreasing heat transfer from the cold
side of the thermo-electric cooler.

Finally, with further surface icing process (CA2 to CA3), a
mushy freezing front [18] was observed, which moved contin-
uously from the bottom to the top of the water droplet with
corresponding shape deformation until the whole droplet was
frozen and a protrusion formed on the top. Afterwards, no
further droplet deformation was observed (CA3 contact angle
values in Fig. 3). The phase transition expanded the droplet
upwards with no sideways expansion noticeable although the
contact angle appeared to have decreased after freezing, which
is in a good agreementwith previous studies [19,20]. Similarly, it
is suggested that during the first tests, the surface hadmore air
pockets trapped under the fully opaque droplet, which de-
creased propagation of the mushy freezing front and increased
the time required to achieve full phase transition. Shape change
ofwater droplet during the gradual surface deicing process (CA3
to CA4) was observed before the steady state of the liquid
droplet was achieved. As a result, the CA4 values in Fig. 3
decreased even more compared to those of CA3.

Additional water droplet shape changes observed during
the CA3 to CA4 transition could be attributed to the SiO2

nanocomposite film surface morphological changes arising
with ice expansion during the freezing process. Analysis of
the water droplet contact angle change is further supported by
AFM data (Fig. 4a, b and c) of the superhydrophobic SiO2

nanocomposite film surface measured after the 10th, 20th
and 30th icing/deicing cycles. The RMS roughness (Rq) value of
the superhydrophobic SiO2 nanocomposite film surface in-
creased with the number of icing/deicing cycles performed,
suggesting that the Rq parameter alone is insufficient to
predict surface wetting behavior. It can be seen that as the
surface of the superhydrophobic SiO2 nanocomposite film is
subjected to repetitive icing/deicing treatments, its skewness
(Rsk) and kurtosis (Rku) decrease systematically, indicating that
the nano-sized protrusions responsible for the non-wetting
characteristics are damaged and spiky surface morphology is
evolving into a bumpy surface morphology [21]. Moreover,
after having been artificially iced and deiced 30 times, the
negative Rsk value of −0.20 was observed, indicating that
surface peaks no longer dominate over valleys. This observa-
tion is further supported by the AFM topography images and
quantified using height distribution histograms, bearing ratio
curves and Rpk values (Fig. 4). Importantly, the height
distribution after the icing/deicing experiments shown in
Fig. 4 becomes more uniform than that of the initial super-
hydrophobic SiO2 nanocomposite film shown in Fig. 2b.

Based on our experimental results, in Fig. 5 we propose a
mechanism of the superhydrophobic SiO2 nanocomposite film
surfacemorphological changes taking place over a number of the
icing/deicing experiments. When a water droplet on the
superhydrophobic SiO2 nanocomposite film begins to solidify
and turn to ice, some portions of the nano-sized protrusions
indent the forming ice and are mechanically damaged
(i.e. cracked or spalled) due to the compressive stress generated
during ice expansion. After the formation of the thawed water
droplet, the damaged part of the nano-sized protrusions is
removed together with the water droplet. Water is then able to
get into contact withmicrometer-scale surface features observed
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in topographical AFM images when the surface is subjected to a
number of icing/deicing treatments. A certain amount of force is
generated and thus stress concentrations in the areas of the
contact with micrometer-scale structures appear during ice
expansion. As a result, micrometer-scale structures undergo
deformation which induces stress concentrations in the part of
the surfacewhere themicrometer-scale structures are connected
to one another, causing the initial crack front formation.Water is
then able to nucleate even deeper within the damaged surface
which explains the shape change during the formation of the
thawed water droplet and the decrease of the corresponding CA
values (CA4 values in Fig. 3). As additional surface icing/deicing
cycles occur, the crack front propagates. It increases the surface
area and performs the change in surface height distribution as
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well as the quantitative behavior of the surface morphological
parameters. The model presented in Fig. 5 is consistent with the
behavior of both measured CA values and observed surface
morphological changes.

Our data indicate that superhydrophobic SiO2 nano-
composite films alone are not sufficiently durable to be used
for anti-icing applications in humid environments. The surface
undergoes gradual mechanical damage and looses its non-
wetting characteristics during repetitive icing/deicing cycles,
thus ice adhesion strength is expected to increase as water
repellency constantly deteriorates.
Despite the economic significance of having effective ice-
repellent materials, state-of-the-art anti-icing films/surfaces
are still far from optimal, as frost and ice can easily build up
even under moderate icing conditions (e.g., <5 °C with relative
humidity > 50%) [22]. In a recent study by L. Mishchenko et al.
it was demonstrated in detail that under low humidity
conditions superhydrophobic surfaces can indeed be effective
as ice-repellent materials [23]. However, it was also shown in
[24] that superhydrophobic surfaces, typically having nano- or
micro-scale roughness, may induce ice nucleation at an even
faster rate than smooth surfaces of the equivalent materials
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at high-humidity conditions. As a result, the adhesion force to
ice grown from water vapor on such surfaces is expected to
exceed the ice adhesion to smooth surfaces made of the same
materials [25]. Additionally, superhydrophobic film/surface
exposed to natural environment would quickly accumulate a
thin layer of organic contaminants that would overcoat the
original superhydrophobic surface altering its properties.
However, with emerging new technologies in the area of
surface modification, a very substantial part of ice adhesion
and the corresponding van derWaals interactions can already
be bypassed. For instance, in a recent study by P. Kim et al. it
was shown that SLIPS-coated aluminum surfaces not only
significantly reduce ice accumulation by allowing the con-
densed water droplets to slide off before they freeze but also
enable the easy removal of the accumulated ice and melted
water by gravity at low tilt angles [22].
4. Conclusions

Superhydrophobic SiO2 nanocomposite films have been pre-
pared on lithium aluminosilicate glass–ceramic substrates via
modification with HMDS. Water droplet behavior on super-
hydrophobic films with water contact angle value of 162 ± 1°
were examined during 30 surface icing/deicing cycles and
changes in surfacemorphology andnon-wetting characteristics
were investigated. It has been demonstrated that the formation
of the frozen water droplets with no further deformation and
thawed water droplets with no further shape changes on
superhydrophobic SiO2 nanocomposite film is obtained faster
as the number of icing/deicing cycles increases. After having
been artificially iced and deiced 10 times, the superhydrophobic
SiO2 nanocomposite films demonstrated a water contact
angle value of 146 ± 2° which effectively constitutes a non-
superhydrophobic value. As the surface of superhydrophobic
SiO2 nanocomposite film is subjected to repetitive icing/deicing
treatments, its surface skewness and kurtosis decrease indicat-
ing that nano-sized protrusions responsible for thenon-wetting
characteristics are damaged and spiky surface morphology is
evolving into a bumpy one. The present work also suggests a
mechanism for the superhydrophobic SiO2 nanocomposite film
surface morphological changes proceeding during the icing/
deicing experiments.
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