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Icephobic performance on the aluminum foil-based
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The research of superhydrophobic materials has attracted many researchers’ attention due to its application value and
prospects. In order to expand the serviceable range, people have investigated various superhydrophobic materials. The
simple and easy preparation method has become the focus for superhydrophobic materials. In this paper, we present a
program for preparing a rough surface on an aluminum foil, which possesses excellent hydrophobic properties after the
treatment with low surface energy materials at high vacuum. The resulting contact angle is larger than 160◦, and the droplet
cannot freeze on the surface above −10 ◦C. Meanwhile, the modified aluminum foil with the thickness of less than 100 µm
can be used as an ideal flexible applied material for superhydrophobicity/anti-icing.
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1. Introduction
Influenced by the lotus leaf, many researchers began to di-

vert their attention to bionic manufacturing and the secondary
structure has become the focus of the study.[1–6] Superhy-
drophobic surfaces, with water contact angle larger than 150◦,
and the sliding angle lower than 5◦, have attracted attention of
researchers due to their applications in different fields, such as
anti-icing, anti-fogging, and self-cleaning.[7–13] The reasons
for superhydrophobicity are caused by two aspects: rough
structure on multiple scales and low surface energy coatings.
The rough structure could enhance the air-trapping, leading to
the discontinuity of the three phases, which impels the droplet
to roll off the surface easily. Foreign matters on the surface
could be whirled away by the rolling droplet. Correspond-
ingly, the nanolayer coating with various microstructures, as
a classic way, has been widely used to enhance the rough de-
gree of the substrate surface.[14–17] The traditional coating ma-
terial and preparation method are metal oxide, for example,
ZnO,[18,19] and hydrothermal reaction technology.[20–22]

In recent years, many research studies have been done on
fabricating superhydrophobic surfaces, including hydrother-

mal methods, vapor deposition, magnetron sputtering, soft-
lithography, replica molding, etc.[23–28] Replica molding is
one of the most useful and easy methods for fabricating mi-
crostructure on a material’s surface. So far, this method has
been widely used in bio-fabrication for replicating the surfaces
in nature,[29–31] such as plant leaves and insects’ special struc-
ture on the surface. Also the general material used as replicat-
ing model is PDMS. But aluminum foil as a soft material has
been rarely used for replicating models, which may become a
wide range of applications.[32–36]

The research for superhydrophobic materials has attracted
many researchers’ attention because of its high application
value and good prospects. In order to expand their utiliza-
tion range, researchers began to study other functions based on
superhydrophobicity, e.g., directional moving, anti-icing, anti-
fogging, etc.[37–40] Meanwhile, the flexible device is also be-
coming a research hot-point in recent years.[41–43] Preparation
for special functional surfaces by a simple and easy method
has become the focus. This article describes a program for
fabricating rough structures on aluminum foil by machining
and crystal growth methods, which holds excellent hydropho-
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bic properties after the treatment with trimethoxysilane under
high vacuum condition. The contact angle is larger than 160◦,
and the droplet could not freeze in a short time on the sur-
face at −10 ◦C. Moreover, a droplet on the surface can be
driven off easily after melting, which is mainly caused by en-
hanced micro-/nano-structured surface. The thickness of mod-
ified aluminum foil is less than 100 µm, which will become an
ideal flexible material for engineering.

2. Materials and methods
An aluminum foil with thickness of 0.1 mm and other

chemical materials were purchased from Beijing Lan Yi prod-
ucts and chemical Co., Ltd., China. The micro structure
was prepared by a steel template using a hexamethylene
tetramine, Zn(NO3)2, as a modification solution. A steel tem-
plate (20.0 mm×10.0 mm×2 mm) was machined to form the
micro-scale sawtooth with a periodicity of 400 µm, the saw-
tooth height of 50 µm. We put the aluminum foil on the
template surface after it was folded once, and then the mi-
cro structure appeared by pressing hard on the aluminum foil
surface with a rubber hummer. The micro structure surface
was cleaned with ultrasonic cleaner in deionized water and
ethanol for 10 min, respectively, and then we dried the sam-
ple in an oven. We dipped the samples into crystal seed liq-
uid and burnt them at 300 ◦C for 3 min for coating crystal
seed. The crystal seed liquid was prepared as follows: 4-
g Zn(Ac)2·2H2O, 20-mL ethylene glycol monomethyl ether,
and 0.9-g monoethanolamine were mixed and stirred with a
magnetic stirrer for 10 min. On the other hand, the nano-
structure was produced by a simple chemical reaction, which
was exactly a corrosion reaction. The reaction solution was
prepared as follows: 0.10-g Zn(NO3)2·6H2O and 0.52-g hex-

amethylene tetramine were mixed into 100-mL deionized wa-
ter, and stirred until the solution became transparent. The
samples were put into a Teflon reactor at 90 ◦C for 12 h to
realize the surface with nano-/micro-structure. The surface
was washed after it was removed from the reactor with deion-
ized water and ethanol respectively, and then put it into an
oven for drying. The surface was cleaned with plasma clean-
ing (PDC-32G, HARRICK PLSMA) at appropriate power for
15 min and enhanced the chemical activities. The samples
were moved into a vacuum dryer with 3–4 drops of Heptadeca
Fluorodecyltri-propoxysilane (FAS-17). We closed the valve
after creating the vacuum for 15 min, and then moved the vac-
uum dryer into an oven at 70 ◦C for 6 h. The sample obtained
an ultra-low-energy surface after it was modified by the Hep-
tadeca Fluorodecyltri-propoxysilane. Therefore, it displayed
superhydrophobic/anti-icing properties.

3. Results and discussion
3.1. Characterization of the patterns

Figure 1(a) shows the schematic diagram of the fabri-
cation process described in the experimental section. Fig-
ures 1(b)–1(e) indicate the topography of the surface com-
posed of micro-ratchets and nano-petals (MN-surface). The
micro-scale sawtooth with a periodicity of 400 µm observed
by the scanning electron microscope (SEM) test, as shown in
Figs. 1(b) and 1(c), provides much more pocketed air between
solid and liquid interface, resulting in inducing the droplet
to be in Cassie’s state. The magnified view of the surface is
shown in Figs. 1(d) and 1(e). The results show that the surface
was successfully covered with nano-petals that can effectively
enhance the roughness and lower the adhesion force between
the liquid and solid interface.

(a) (b) (c)

(d) (e)

400 mm 200 mm

20 mm 2 mm

Fig. 1. (color online) The sketch of the fabrication process and scanning electron microscope (SEM) images of the topography. (a)
Schematic diagram of the fabrication process. (b) and (c) The top view and side view of the topography with the micro-sawtooth space
of 400 µm. (d) and (e) The magnified view of the surface composed with ZnO nano-petals.
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3.2. X-ray diffraction and wettability test

To identify the element of the topography, we observe
the surface via an x-ray diffraction (XRD). Two surfaces are
used to contrast, i.e., an aluminum foil and the MN-surface.
To compare the difference between the the aluminum foil
(Fig. 2(a)) and the MN-surface (Fig. 2(b)). The XRD anal-
ysis is used to determine the phase compositions for the alu-
minum foil and the MN-surface. The results indicate that the
aluminum foil surface was coated by a layer of ZnO nano-
petals after the hydrothermal treatment. The main composition
on the aluminum foil surface is replaced by the ZnO.

20 30 40 50 60 70 80

(b)

(a)

Al
ZnO

2θ/(Ο)

Fig. 2. (color online) The x-ray diffraction (XRD) test of (a) the alu-
minum foil- and (b) the MN-surface.

The MN-surface is composed by micro-sawtooth and
nano-petal structure and possesses a superhydrophobicity not
only at room temperature but also at subzero temperature. Fig-
ure 3(a) shows the contact angles of the three surfaces, i.e., the
MN-surface, nano-structured surface (N-surface), and blank
surface (B-surface), at different temperatures ranging from
−10 ◦C to 0 ◦C. The results indicate that the droplet on MN-
surface can still keep in Cassie’s state (superhydrophobicity,
contact angle > 150◦) at −10 ◦C, while this phenomenon has
not appeared on the other two surfaces. On N-surface, the
contact angles decrease with the decline of the temperature.
On the B-surface, the state of liquid droplet changes from hy-
drophobicity to hydrophilicity, which is wetted by the liquid.
The detachment of the liquid droplet before freezing in sub-
zero environment is one of the most significant performances
on excellent superhydrophobic and anti-icing surfaces. So,
the sliding contact angle (SCA) on the surfaces were tested
in Fig. 3(b). The three surfaces were placed on the cooling
stage and declined the temperature from 0 ◦C to −10 ◦C (the
environmental temperature was about 20 ◦C and the relative
humidity was about 90%). From the experimental data, we as-
sume that the temperature induces little effect to SCA on MN-
surface. On MN-surface, 5 µL of the droplet can easily roll off
the surface at −10 ◦C (SCA < 10◦). On N-surface, the SCA of
liquid droplet increases with the decline of temperature, which
induces the difficulty to move the droplet off. The surface
was wetted by the condensed droplets and the contact angle

hysteresis increased. On the B-surface, the droplet pinned on
the N-surface at subzero temperature and could not roll off at
−4 ◦C. The droplet totally wets the surface and increases the
hysteresis between solid and liquid interface. The compared
experiments indicate that the MN-surface holds the best per-
formances in low temperature. The adhesion force of the three
surfaces was tested by micro-electronic balance system (Dat-
aphysics DCAT21, Germany), which indicates that the MN-
surface shows the lowest surface energy and the droplet can
easily detach from the surface.
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Fig. 3. (color online) The wettability test on three surfaces, i.e., MN-
surface, nano-structured surface (N-surface), and blank surface (B-
surface), at different temperatures ranging from −10 ◦C to 0 ◦C. (a)
The contact angle, (b) the sliding contact angle analysis (SCA), and c)
the adhesion force of the droplet (with size of 5 µL).

The MN-surface shows a large contact angle and a small
SCA at low temperature environment, which has potential ap-
plication in the ice-phobic field. The icing delay test was per-
formed, as shown in Fig. 4. The temperature of the cooling
stage was −10 ◦C and the relative humidity was 90%. The
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droplet with a volume of 5 µL was placed on the three sur-
faces, i.e., MN-, N-, and B-surfaces. After about 5 min, the
droplets on the B-surface froze and changed the shape from a
hemisphere to a peach shape. On the N- and MN-surfaces, the
droplets froze at about 20 min and 125 min, respectively. Gen-
erally, on MN-surface, the droplet still kept in Cassie’s state in
the freezing process and was easily blown away by the wind
with speed of 0.5 m/s after melting. On the N-surface, the
melted droplet could be driven off by wind with speed larger
3 m/s. On B-surface, the droplet pins to the surface and could
not be removed by wind with speed larger than 10 m/s. The
results indicate that the MN-surface can delay the freeze time
at subzero environment.

MN surface N surface B surface

start/-10 C

melt/10 C

5 min

20 min

125 min

driven by wind

1 mm

Fig. 4. The freezing process on three surfaces. The temperature of the
base is 10 ◦C and the relative humidity is about 90%. The droplets on
three surfaces, i.e., MN-, N-, and B-surfaces freeze at 125 min, 20 min,
and 5 min, respectively.

To analyze the state of droplets on the different surfaces,
the sketch diagram is shown in Fig. 5. At subzero and high hu-
midity environment, the condensed droplets from the air could
quickly elbow the pocketed air existing in the roughness to-
pography and wet the surface. The stage of the droplet on
the surface is changed. On the MN-surface, due to the larger
roughness topography, the condensed droplets did not fill the
gap between the solid and liquid interface. It is difficult to
change the droplet state. The droplet with volume of 5 µL
suspends on the apex region of the micro-sawtooth. With the
help of the pocketed air between the base and liquid droplet,
the tested droplet did not freeze at a short time. With the en-
ergy loss in low temperature, the droplet on the MN-surface

solidified at 125 min. Meanwhile, the droplet kept in Cassie’s
state throughout the process. On the N-surface, with the de-
cline of temperature, the condensed droplet penetrated into the
gap of nano-petal structure and wet the surface, which results
in wetting performance and induces the collapse of the droplet
on the surface. Due to the high humidity and low tempera-
ture, the condensed droplets elbowed the air pocketing in the
nano-petal and occupied the space, resulting in wetting the sur-
face and changing the droplet stage. The stage changes from
Cassie’s state to Cassie–Baxter’s state to Wenzel’s state, which
results in wetting the surface and limiting the icing delay time.
On the B-surface, the droplet keeps in Wenzel’s state and con-
tacts directly with the solid surface, which induces the fast
freeze in low temperature and a short time.

(a1) (b1) (c1)

(a2) (b2) (c2)

(a3) (b3) (c3)

Fig. 5. (color online) The sketch diagram of the freezing process on the
three surfaces. The droplet freezes on (a) MN-surface, (b) N-surface,
and (c) B-surface.

4. Conclusion
In summary, an aluminum foil-based icephobic surface

was prepared by the machining and crystal growth method,
which consists of micro-sawtooth and ZnO nano-petal, and
shows an excellent icing delay time in a low temperature envi-
ronment. This method for fabricating superhydrophobic/anti-
icing surface broadens the preparation of the functional mate-
rial and possesses a potential application in the metal protec-
tion in the exposed environment.
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