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a b s t r a c t
Metallic superhydrophobic surfaces are an important class of superhydrophobic materials. We used a
simple method to fabricate micro-terrace nano-leaf hierarchical structures to realize superhydrophobicity on commercial aluminum sheets. Microscaled rough surfaces were produced by a simple etching
method using Beck’s etchant while nanoscale structures were achieved by dipping in sodium chloride
solution. Subsequently, they were fluorinated to decrease the surface free energy. The advantages of hierarchical structures were demonstrated by comparing the superhydrophobic properties in nano-leaf,
micro-terrace, and micro-terrace nano-leaf hierarchical structures; the water contact angle increased
from to 172° with transition of the surface from a micro-terrace or nano-leaf structure to a microterrace nano-leaf hierarchical structure. Sliding angles were extremely low (1°) in both cases. The fabricated aluminum surfaces were stored at very cold and very hot temperatures in air and water; they
retained their superhydrophobicity for long times under all conditions, demonstrating the high stability
and durability of the fabricated layers under severe conditions. As expected, the hierarchical structure
also showed self-cleaning properties. As the approach for producing superhydrophobic aluminum surfaces is very facile and inexpensive, the present method can be easily used to realize superhydrophobic
surfaces on other metals and alloys.
Ó 2018 Elsevier B.V. All rights reserved.

1. Introduction
Low weight and high strength (collectively known as high specific strength), outstanding ductility, good thermal conductivity,
excellent electrical conductivity, and recyclability are some of the
attractive properties of aluminum. Therefore, it is not surprising
that along with its alloys, aluminum is the most widely used nonferrous metal in building construction, automobiles, aircraft, marine
structures, defense industry, and many other applications [1–4]. In
spite of the numerous advantages and applications of aluminum,
one of the most serious problems associated with aluminum is its
poor corrosion resistance in aqueous media, which significantly
limits applications in such environments [2,5]. Modification of the
surface to a non-wetting state is one of the most efficient
approaches for enhancing the corrosion resistance of aluminum in
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the presence of aqueous solutions [6,7]. Non-wetting aluminum
surfaces are also used in anti-icing [8] and self-cleaning [9]
applications.
Aluminum is naturally hydrophilic and its surface must be
modified to a non-wetting state or superhydrophobic state [10].
Superhydrophobic surfaces show outstanding water repellency
where a water contact angle (WCA) > 150° and sliding angle < 10°
can be observed [11]. As the wetting or de-wetting properties of
the surfaces depend on both chemical composition and surface
roughness, two necessary conditions for the realization of a superhydrophobic material are a rough surface and reduction in surface
energy [12]. So far many approaches have been used for the fabrication of superhydrophobic metallic surfaces such as electroless
galvanic deposition [13], anodic oxidation [14], electrochemical
deposition [15], chemical vapor deposition [16], plasma surface
treatment [17], and sputtering [18]. However, most of the
approaches mentioned need rigorous operating conditions, expensive materials, and complex equipment and processes; thus, their
application is extensively limited [10]. Chemical etching is a facile,
inexpensive, and timesaving process to fabricate superhydrophobic surfaces. In particular, it needs no specialized equipment and
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can easily be scaled to industrial levels [5,19]. Therefore, this process can be used to realize superhydrophobic surfaces in metallic
materials.
Many superhydrophobic surfaces have been reported from metals or alloys such as Ni [20], Zn [21], Cu [21], stainless steel [22],
CuAZn [23], and aluminum alloys [8]. There are a few papers about
realization of superhydrophobic surfaces on commercially pure
aluminum in comparison with aluminum alloys. However either
the employed approach is expensive or complicated [24,25] or simpler approaches like chemical etching [26–28], have resulted in
lower WCA in comparison with the present study. Herein, we present a simple method to realize superhydrophobic hierarchical aluminum surfaces. Chemical etching was used to fabricate microterraces first, dipping in NaCl resulted in the creation of nanoleaf structure, and fluorination was applied to decrease the surface
free energy. The surfaces were fully characterized using different
characterization techniques. The excellent superhydrophobicity
of the hierarchical structure was demonstrated, where it showed
a WCA of 172° and sliding angle of 1°. In addition, stability and
durability of the fabricated surfaces under severe conditions were
studied. We believe that the procedure used is facile and costeffective, and can be extended to fabricate metallic superhydrophobic surfaces for anti-corrosion, self-cleaning, and other
superhydrophobicity-related applications.

2. Experimental procedure
2.1. Materials
Pure aluminum (purity; 99.00%) sheets purchased from Hyundai Company were used as substrates. Analytical grade hydrogen
chloride (HCl; 37 wt%), hydrogen fluoride (HF; 50 wt%), sodium
chloride (NaCl), and hexane (C6H14) were purchased from Daejung,
Korea and trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOS,
CF3(CF2)5CH2CH2SiCl3) was purchased from Sigma–Aldrich, USA.

2.2. Fabrication of nano-leaf structures
To create nanoscale roughness on aluminum surfaces, NaCl
solution-which is extensively used for corrosion studies of aluminum and its alloys-was used [29]. Before dipping, aluminum
sheets of dimensions 20 mm  20 mm  1 mm were ultrasonically
cleaned in deionized (DI) water and alcohol baths successively and
dried in air. The surfaces of the aluminum sheets were modified by
dipping in NaCl solutions with different concentrations (0.1 wt%
and 1 wt%) at 100 °C. The samples were taken out and dipped in
DI water and then dried in air at room temperature. The dipping
time was changed from 10 min to 6 h to investigate the effect of
dipping time on the final superhydrophobic characteristics.
Fig. 1a schematically shows the formation of nano-leaf structures
after dipping in NaCl solution.

2.3. Fabrication of micro-terrace structures
Before acid etching, the aluminum sheets were cleaned as
explained above. In a typical acid etching experiment, the cleaned
Al sheets were etched by immersing in Beck’s etchant-which is a
well-known etchant for Al [30]-in a polyethene bottle at 20° for
durations ranging from 1 to 30 s. Beck’s etchant comprised 40 mL
37 wt% HCl, 12.5 mL H2O, and 1.5 mL 50 wt% HF. Finally, the etched
samples were rinsed ultrasonically with DI water and dried in air.
Fig. 1b schematically shows the formation of micro-terrace structures by etching.

2.4. Fabrication of micro-nano hierarchical morphologies
To fabricate micro-nano hierarchical structures, two procedures
were employed: (i) etching using Beck’s etchant and (ii) dipping in
NaCl solution. The surfaces of etched aluminum sheets were modified by dipping in NaCl solution at 100 °C. Fig. 1c schematically
shows the formation of micro-terrace nano-leaf hierarchical structure by etching.
2.5. Surface fluorination
To obtain fluorinated surfaces, etched aluminum sheets were
immersed in hexane containing 10 mmol PFOS for 10 min at 20
°C; after drying in air they were heated at 100 °C for 1 h.
2.6. Characterization
The morphological features of the fabricated surfaces were
examined by field emission-scanning electron microscopy (FESEM). Atomic force microscope (AFM, Bruker Nanoscope Multimode IVa) was used to study the topology as well as the surface
roughness of fabricated surfaces. The phase and crystalline structure were examined by employing X-ray diffraction (XRD, Philips
X’Pert-MPD) using Cu-Ka radiation (k = 1.5418 Å). X-ray photoelectron spectra (XPS) were obtained with a monochromatic Al-Ka
source (1486.6 eV). The C 1s peak at binding energy of 284.8 eV
was used as reference to correct the charging effects. The CAs were
acquired using a contact angle analyzer in the static mode with 5
lL water drops. Reported CAs were average values of more than
five images of CA. By tilting the sample stage from 0° to the angle
at which the droplet rolled off, the sliding angle was measured.
3. Results and discussions
3.1. Micro-terrace and nano-leaf formation mechanisms
It is accepted that the microstructure of the metal and type of
etchant both play important roles in the corrosion behaviors of
metals. Accordingly, appropriate etchants can be used to corrode
the metal and induce roughness on the surfaces of metals [10].
In polycrystalline metals such as aluminum, high surface energy
sites like crystal boundaries, dislocations, line and point defects are
present. Owing to their high energy, such sites are dissolved first
and are easily etched and destroyed by immersion in chemical
etchants, resulting in the formation of irregular micro- and nanoscale surface roughness [30]. In this study we chose Beck’s etchant
(HCl + HF + H2O)-which is a strong etchant for aluminum-to produce micro-terraces and NaCl solution was chosen to act as a weak
etchant to produce nano-leaf structures. When aluminum is
exposed to Beck’s etchant, micro-terraces can be formed on the
surface. Etching can be performed in the directions normal and
parallel to the surface. The etching rate (with Beck’s solution) is
much higher in the direction normal to the surface than in the parallel direction; hence, micro-terraces will be formed. One possible
reason can be due to the presence of more edge dislocation, where
edge dislocations usually produce deeper etch pits than screw dislocations [31]. The relative rates of these phenomena determine
the depth and width of each terrace. Etching starts at defect sites
with high energy and proceeds through the crystalline layers; the
aluminum surface changes from an almost smooth structure to
one with a micro-terrace structure [30]. The width and depth of
the irregularities formed on the surfaces strongly depend on the
concentration of the etchant. When the etchant highly concentrated or diluted, it leads to the formation of surfaces that are
too rough or too smooth, which would not satisfy the requirements
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Fig. 1. Schematic illustration of formation of (a) nano-leafs by dipping in NaCl solution, (b) micro terraces by etching in Beck‘s etchant, and (c) micro-terrace nano-leaf
hierarchical structures by etching and subsequent dipping in NaCl solution.

of superhydrophobic surfaces [29]. When the micro-terraced samples are exposed to the NaCl solution, due to weaker effect of NaCl
relative to the Beck‘s solution, even though the rate of etching in
the normal direction is slightly higher than that of parallel to the
surface, etching occurs only in nano scale, leading to generation
of nano-leaves. As mentioned in Vander Voort’s book [31], because
the low-index planes are easiest to etch-pit, the etch-pit morphology strongly depends on the crystal symmetry. Accordingly,
depending on the type of etchant and metal different geometries
can be resulted after etching. Fig. 1 schematically shows the mechanism of generation of microscopic topographies on aluminum
surface by etching.
The following reactions can take place on the surface of aluminum when Beck’s etchant is used [10,32,33]:

2Al + 6Hþ + 3H2 O + 6e ! Al2 O3 + 6H2

ð1Þ

Al2 O3 + 6Cl + 6Hþ ! 2AlCl3 + 3H2 O

ð2Þ

2Al + 6Cl + 6Hþ ! 2AlCl3 + 3H2

ð3Þ

2Al + 6HF ! 2AlF3 + 3H2

ð4Þ

Al2 O3 + 6HF ! 2AlF3 + 3H2 O

ð5Þ

We used dilute NaCl solution to fabricate nano-leaf structures on
the aluminum surfaces. The following reactions show corrosion of
aluminum in the presence of NaCl solution [29]:

Al ! Alþ3 + 3e

ð6Þ

Alþ3 + 3H2 O ! Al(OH)3 + 3Hþ

ð7Þ

Alþ3 + 3Cl ! AlCl3

ð8Þ

AlCl3 + 3H2 O ! Al(OH)3 + 3Cl + 3Hþ

ð9Þ

In the presence of NaCl, two types of reactions can take place. The
aluminum can be ionized to form Al3+, which then reacts with water
and Cl. On one hand, Al3+ can react with H2O and form Al(OH)3; on
the other hand, the Al3+ ion can react with Cl, resulting in the formation of AlCl3. The AlCl3 formed can also react with H2O to form Al
(OH)3 [29]. Al(OH)3 precipitates on the aluminum surface.
As the corrosion power of diluted NaCl is much lower than that
of Beck’s solution, instead of forming micro-scaled rough structures such as micro-terraces or other related structures, nanoscale rough structures with leaf morphology can be created
because of the dissolution of aluminum. However, with increasing
dipping time, it is expected that the formed nano-leaves become
denser owing to the increased adsorption of Cl. The amount of
Cl adsorbed on the surface of aluminum (wCl), is dependent on
the concentration of chloride (Cl) and dipping time [34]:

log wCl ¼ 0:64ðlogðClÞ þ log tÞ  7:8;
2

ð10Þ
1

Here wCl is expressed in gcm , (Cl) in mol , and t in min.
Therefore, as the exposure period increases, it is expected that
more corrosion occurs, resulting in a rougher surface.
3.2. XRD and XPS studies
Fig. S1 shows an XRD pattern of the aluminum substrate used in
this study, where all peaks can be indexed to pure aluminum
(JCPDS Card No. 89-4037), in agreement with literature [29]. No
Al2O3 was detected from the XRD pattern.
For deeper study of the surface, XPS was performed and the
results are shown in Fig. 2. Before fluorination, the wide-scan
XPS spectrum of ultrasonically cleaned aluminum shows peaks
related to O 1s from the thin layer of Al2O3 on the surface of aluminum [35], C 1s (contamination from air [36]), Si 2p from possible
impurities in the original aluminum sheet, and Al 2p peaks
(Fig. 2a). The Al 2p spectrum shows a main peak around 75.08 eV
that indicates that aluminum atoms exist as Al2O3 due to oxidization of aluminum under ambient conditions [35,36]. After etching
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Fig. 2. XPS survey of aluminum substrate (a) before and after etching (b) F 1s core level, (c) O 1s core level, (d) C 1s core level, (e) Al 2p core level and (f) Si 2p core level.

and fluorination (shown in wide-scan XPS spectrum presented in
Fig. 2a), one strong additional peak can be seen. Fig. 2b shows F
1s core levels; the peak positioned at 691.08 eV might be attributed to the formation of CFn on the surface of aluminum after fluorination. Fig. 2c shows the O 1s core level where the peak located at
534.68 eV can be related to the presence of oxides (SiO2 or Al2O3)
on the surface of aluminum. Fig. 2d shows the C 1s core level
region, which exhibits peaks located at 287.67 eV (CF), 293.58 eV
(CF2), and 293.98 eV (CF3) [37]. Fig. 2e shows the Si 2p core level
with peaks located at 105.58 (AlASiO2) and 106.38 (SiO2). Fig. 2f
shows the Al 2p core level where a peak positioned at 77.08 eV
can be assigned to oxidized aluminum AlAO bonds [38].
3.3. Surface morphology
The surface structures were studied by FE-SEM to confirm the
formation of rough surfaces. Fig. 3a shows a FE-SEM image of the
surface of aluminum before etching, revealing a smooth morphology. Dipping in 0.1 wt% NaCl at 100 °C for different lengths of time
converted the flat surfaces of the commercial aluminum substrates
into rough surfaces with nano-leaf structures, as shown in Fig. 3b–
f. Dipping for 10 min. resulted in the formation of nano-leaves on
the surfaces and increase of dipping times led to the formation of
denser nano-leaf structures, which are clearly visible in the insets
of Fig. 3b–f. Fig. S2a–f also shows morphologies of aluminum surfaces after dipping in 0.1 wt% NaCl solution for times up to 6 h; all
show microstructures comprising dense nano-leaves. To study the
effects of NaCl concentration on the surface morphology of aluminum, they were dipped in 1 wt% NaCl solution for different
lengths of time ranging from 10 min to 6 h and the FE-SEM images
are shown in Fig. S3a–j. As can be seen, the morphology of the alu-

minum surface comprised nano-leaves where the density of nanoleaves increased with dipping time. Insets in Fig. S3a–j show higher
magnification images where the nano-leaf structure with different
roughness were produced after dipping in 1 wt% NaCl solution.
To fabricate a morphology different from nano-leaves on the
surface of aluminum, Beck’s solution was employed and the aluminum surfaces were etched for 1–30 s. Etching times were
shorter than for dipping in NaCl solution due to the stronger corrosion power of Beck’s solution [30]. Fig. 4 shows the morphologies
of etched aluminum surfaces evaluated by FE-SEM. As can be seen,
etching for 1–3 s cannot form rough surfaces (Fig. 4a, b and insets).
The effects of etching can be seen after 5 s, where some parts of the
surface were etched away (Fig. 4c and inset). However, the etching
was only local and the entire surface was not etched; this local
etching is owing to the fact that polycrystalline aluminum has
high-energy areas where it can be etched away faster. Etching for
10 s resulted in a rough surface with the formation of microterraces with air gaps, which is beneficial for obtaining superhydrophobicity (Fig. 4d and inset). Further increase of etching time
to 20 s resulted in the formation of larger micro-terraces (Fig. 4e
and inset). However, 30 s etching can result in the formation of a
surface with more uniform roughness that can destroy the superhydrophobicity of aluminum (Fig. 4f and inset).
3.4. The influence of etching and dipping times on WCA
Fig. 5a shows the variations of the WCA versus etching time.
After etching for 1 s, the WCA was 94°, which is due to the very
short etching time where significant reaction could not occur on
the surface. With increase of etching time to 3 s, the surface
became rougher and the WCA increased to 130°. With further
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Fig. 3. FE-SEM micrographs of aluminum surfaces after dipping in 0.1 wt% NaCl at 100 °C for (a) 0 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 50 min, and (f) 60 min. Insets
show high magnification images. Corresponding WCAs are shown beside each micrograph.

Fig. 4. FE-SEM micrographs of aluminum surfaces after dip etching using Beck‘s etchant at room temperature for (a) 1 s, (b) 3 s, (c) 5 s, (d) 10 s, (e) 20 s, and (f) 30 s. Insets
show high magnification images. Corresponding WCAs are shown beside each micrograph.

increase of the etching time to 5 and 10 s, the surface became
rougher and the measured WCA increased to 145 and 159°, respectively. Etching for 20 s resulted in WCA of 158°; after etching for
30 s, the WCA decreased to 142°. Based on the above results, 10 s
is the optimum etching time for obtaining the highest WCA on
an aluminum surface after etching. Fig. 5b shows variations of
WCA versus dipping time in 0.1 wt% NaCl at 100 °C. After dipping

for 10–60 min, the surfaces showed superhydrophobicity with
WCA > 160° in all cases. After dipping for 10, 20, and 60 min, the
WCAs were 166, 167, and 167°, respectively. These variations show
that dipping time has no significant effect on the measured WCA,
which may be due to the low concentration of NaCl solution.
Fig. 5c shows the variations of WCA for aluminum surfaces dipped
in 0.1 wt% NaCl for 0.5–6 h at 100 °C. In all cases, superhydropho-
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Fig. 5. (a) Variation of WCA as a function of etching time at room temperature. (b), (c) Variation of WCA as a function of dipping time in 0.1 wt% NaCl at 100 °C. (d) Variation
of WCA as a function of dipping time in 1 wt% NaCl at 100 °C.

bic states with WCA > 150° were observed. WCAs after dipping for
0.5, 3, and 6 h were 160, 164, and 168°, respectively. Based on the
above analysis, dipping for 6 h resulted in the highest WCA (168°).
However as 6 h is a long time, 20 min dipping can be chosen as the
optimal time because of the combination of short dipping time and
high WCA (167°). Fig. 5d shows variations of WCA for aluminum
surfaces dipped in 1 wt% NaCl as a function of dipping time at
100 °C. Except for 10 min dipping time (WCA = 152°), WCA 
159° for all dipping times, demonstrating good superhydrophobicity of the surfaces fabricated. However, it can be seen that prolonging the dipping time did not have a positive influence on the final
WCA. Dipping aluminum surfaces in 0.1 wt% NaCl resulted in
higher WCAs than dipping in 1 wt% NaCl.
Fig. 6a and b shows relationships between the leaf density (calculated from FE-SEM images) and WCA for the samples dipped in
0.1 wt% and 1 wt% NaCl solutions, respectively. With some exceptions, it can be seen that with increase in leaf density the WCAs
also increased, which is because the higher roughness due to the
longer dipping time decreases the WCA with the surface.
3.5. Aluminum surface with micro terrace-nano leaf hierarchical
structure
To further increase the WCAs on the aluminum surface, a twostep procedure including first etching in Beck’s solution and subsequent dipping in NaCl solution was employed to obtain microterrace nano-leaf hierarchical structures on the surface of alu-

minum. According to the results of WCA as a function of etching
time and dipping time, the optimum condition was found to be
10 s etching followed by subsequent 20 min dipping in 0.1 wt%
NaCl solution. Fig. 7 provides the FE-SEM micrograph of an aluminum surface with micro-terrace nano-leaf structures obtained
after etching in Beck’s solution for 10 s and subsequent dipping
in 0.1 wt% NaCl solution at 100 °C for 20 min. The inset in Fig. 7
shows a high magnification image where nano-leaves formed on
the micro-terraces can be clearly seen. Thus, by employing the
aforementioned procedure, micro-terrace nano-leaf structures
can be formed on the surface of aluminum. The WCA on such a surface was 172°, which was higher than either the micro-terrace
structure resulting from the etching process or the nano-leaf structure resulting from dipping in NaCl solution (see Fig. 1). Hydrophobic tests were performed on this sample with hierarchical microterrace nano-leaf structure.
3.6. Mechanism of superhydrophobicity
Two wetting models have been proposed for stable wetting
states: (i) homogeneous wetting, where the Wenzel model (the
water droplet fills up the roughness grooves completely) is applicable, and (ii) heterogeneous wetting, where the Cassie-Baxter
model (in this model heterogeneous state means the situation that
air bubbles are entrapped inside the grooves underneath the water
droplets) is applied [11,39]. According to the former model, WCA
decreases as the roughness of surfaces increases, while in the latter
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cos hc ¼ f 1 cos h1 þ f 2 cos h2 and

ð11Þ

f 1 þ f 2 ¼ 1;

ð12Þ

where hc is the macroscopic WCA on a composite surface consisting
of two phases (1 and 2), f1 and f2 are the respective fractions of the
projected planner area of two phases, and h1 and h2 are the respective equilibrium contact angles. In the case of aluminum surfaces
prepared by the procedure used in this study, f1 and f2 are the area
fractions of the aluminum surface and air on the surface, respectively, h1 = h, h2 = 180°, and f1 = fs. Therefore, Eq. (12) can be written
as Eq. (13) [10]:

cos hc ¼ 1 þ f s ðcos h þ 1Þ

ð13Þ

3.7. Durability and stability

Fig. 6. Relationship between leaf density and WCA on superhydrophobic aluminum
surfaces dipped in (a) 0.1 wt% NaCl solution (b) 1 wt% NaCl solution.

Fig. 7. FE-SEM micrograph of superhydrophobic aluminum surfaces with microterrace nano-leaf hierarchical structure after etching in Beck‘s solution for 10 s and
dipping in 0.1 wt% NaCl solution at 100 °C for 20 min.

model, the reverse is true (WCA increases with increasing roughening of surfaces) [11].
To see which model is applicable to the present study, the WCA
on a fluorinated flat aluminum surface was measured (94°). It was
revealed that with an increase in roughness, the WCA increased.
Accordingly, the wetting behavior can be explained by the
Cassie-Baxter model. According to the Cassie-Baxter equation
[10,40],

The durability, stability, and storage characteristics of superhydrophobic surfaces ultimately determine their practical applications. This is because the hierarchical structure can be
irreversibly destroyed after storage in severe conditions, which
will inevitably lead to a change from the superhydrophobic state
to a hydrophilic or superhydrophilic state, limiting the applicability of superhydrophobic surfaces [41].
Icephobicity is an important feature for devices working at low
temperatures. A necessary condition for a surface to show icephobicity is retaining the superhydrophobic state at low temperatures.
To evaluate the superhydrophobicities of the fabricated hierarchical structures at low temperatures, they were stored at 15 °C for
30 d and the WCAs and sliding angles were measured regularly
(Fig. 8a). WCAs showed only slight variations; all had WCA >
165°. Sliding angle is also important for superhydrophobic surfaces. For superhydrophobic materials with high sliding angle,
the water droplet is stocked on the surface and cannot slide easily.
Therefore the sliding angles of superhydrophobic surfaces must be
as low as possible [42]. As shown in Fig. 8a, the sliding angles were
1° on all storing days, demonstrating very good stability and
durability of the fabricated hierarchical aluminum surfaces in cold
weather.
Long-term exposure to high temperatures can result in gradual
decomposition of the fluorinated surface and decrease or loss of
superhydrophobicity [41]. Therefore, it is necessary to evaluate
the degradation behavior of superhydrophobic surfaces when
exposed to high temperatures for long durations. To evaluate high
temperature durability and stability, the aluminum surface with
hierarchical structure was stored at 150 °C and the superhydrophobic properties were studied for 30 d (Fig. 8b). On all indicated days, the WCAs were >167° with very small sliding angles
(1), demonstrating good superhydrophobicity of aluminum surfaces even after storing at 150 °C for one month. Taking 1, 15,
and 30 days as examples, the WCAs were 170, 170, and 171°,
respectively. This shows the success of the fluorination process
and the high stability and durability of the fabricated aluminum
with hierarchical surface. To study the durabilities of the fabricated
surfaces under normal conditions, they were stored in air at 20 °C
and the WCAs and sliding angles were measured over 30 d (Fig. 8c).
All sliding angles were 1° and WCAs were above 166° with slight
variations. Superhydrophobic surfaces in continuous contact with
water are rarely durable [43]. Fig. 8d shows variations of WCAs
and sliding angles during dipping in water for 30 d. All sliding
angles were 1° and WCAs were >165°, demonstrating excellent
superhydrophobicity even after continuous dipping in water.
Fig. S4 summarizes the WCAs of aluminum surfaces with hierarchical structures stored in different media and at different temperatures for one month. In all cases, WCAs were 169–171°,
demonstrating excellent superhydrophobicity.
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Fig. 8. Durability of micro-terrace nano-leaf structures during 30 d storage at (a) 15 °C, (b) 150 °C, (c) room temperature, and (d) in water.

3.8. UV resistance
Fig. 9 shows the changes of WCA and sliding angles of the fabricated superhydrophobic aluminum sample under exposure to UV
light (3 mW/cm2). As it can be seen, until the 30 min, the sample
shows the superhydrophobicity and then it loses its superhydrophobicity. For example, after 1 h the WCA decreases to 145°
and the sliding angle increases to 25°. The degradation of superhydrophobicity can be related to degradation of fluorination layer on

Fig. 9. Effect of UV exposure time on the WCAs and sliding angles of the fluorinated
aluminum sample.

Fig. 10. Self-cleaning test for aluminum: (a) dirty surface of aluminum, (b) dirty
surface of superhydrophobic aluminum, (c) water droplets on the surface of
aluminum after self-cleaning test, and (d) self-cleaned surface of superhydrophobic
aluminum with micro-terrace nano-leaf hierarchical structure after self-cleaning
test.

J.-H. Kim et al. / Applied Surface Science 451 (2018) 207–217

the surface of aluminum. In fact, UV light can decompose the
organic contaminants and increase the surface energy of aluminum, thus facilitating the adsorption of water vapors, resulting
in degradation of hydrophobic properties [44].
3.9. Self-cleaning characteristics
An important property of superhydrophobic surfaces that is
critical for many practical applications is self-cleaning, which
means the cleaning of dirty surfaces by water droplets. This is a
very useful property, for example, many window glasses in
skyscrapers cannot be cleaned easily. In such cases, the use of
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self-cleaning surfaces is important as dirty glasses can be automatically cleaned by water droplets from rain and other sources. In
fact, dust on superhydrophobic surfaces roll off when contacted
by a water droplet because of the minimal contact area with the
rough structure of the superhydrophobic material. In fact, dust will
be removed from the hydrophobic surface because the adhesive
force between water droplets and dust is higher than that between
the surface and dust [20]. Fig. 10a and b shows dirty surfaces of
aluminum and superhydrophobic aluminum that were tilted 2°
above the horizontal surface. A self-cleaning test for both surfaces
was designed by dropping a few water droplets on their surfaces.
The water droplet completely stuck to the surface of aluminum

Fig. 11. Topology and the surface roughness of aluminum surfaces obtained by AFM (a) pure aluminum (b) after micro etching and (c) after micro-nano etching.
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without sliding, as shown in Fig. 10c. In sharp contrast, the water
droplets adsorbed the powders; when rolling over the rough
superhydrophobic aluminum surfaces, the paths of the water droplets were completely cleared (Fig. 10d). Therefore, the selfcleaning property of superhydrophobic aluminum surface is
demonstrated.
3.10. Comparison with other works
In present study, we reached a maximum WCA of 172° along
with a sliding angle of 1°. Here we briefly compare our work with
other researchers‘ works to demonstrate advantage of present
approach. Long et al. [24], worked on the superhydrophilicity to
superhydrophobicity transition on pure aluminum surfaces prepared by laser irradiation. They reported a WCA of 109° after 30
days storing. With a similar approach a WCA of 148° was reported
by Jagdheesh et al. [25]. Raun et al. [26], reported a WCA of 167.5°
on the superhydrophobic pure aluminum substrates prepared by
etching and subsequent modification by Lauric acid-ethanol solution. Liao and co-workers [27], using continuous CuCl2 etching
reported a WCA of 170 °C on superhydrophobic surfaces of pure
aluminum. A superhydrophobic surface on a pure aluminum was
realized by electrochemical machining method using NaCl aqueous
solution containing fluoroalkylsilane and it showed a WCA of 166°
and a sliding angle of about 1° [45]. Guo et al. [28], fabricated
superhydrophobic surfaces on pure aluminum by immersion in 1
M NaOH solution and subsequent modification with C9F20. They
reported a WCA of 168°. Qian et al. [46], reached a maximum
WCA of 156° after etching of aluminum substrate. As it can be seen,
our employed simple approach resulted in superior WCA and sliding angles over aforementioned literature. As mentioned before, a
superhydrophobic surface requires high surface roughness along
with low surface energy. Surface roughening is more important
for achieving excellent superhydrophobic surfaces than lowering
the surface energy [47]. The higher WCA obtained in this study
can be mainly related to the high surface roughness of the fabricated superhydrophobic aluminum as a result of micro-terracenano leaf structure. To further study the surface roughness of fabricated surfaces, AFM studies were conducted and the results are
shown in Fig. 11. Fig. 11a shows the topology of pure aluminum
surface without etching. It has a smooth topology with a surface
roughness of 42.707 nm. After the micro etching, as shown in
Fig. 11b, the surface roughness has increased to 0.138 lm and after
micro-nano etching it further increased to 0.289 lm (Fig. 11c). This
high surface roughness is the main reason for obtaining of a high
WCA in this study. In addition, it is reported [48] that the change
of chemical composition due to the chemical etching can decrease
the WCA on the etched aluminum substrate. Herein as shown in
XPS profiles the etching process did not change the chemical composition of aluminum surface.
Though we did not perform corrosion tests for the fabricated
superhydrophobic samples in this study, there are many papers
reporting good corrosion resistance properties of the superhydrophobic aluminum surfaces. In fact, the air is trapped in groove
of surface and the corrosive liquid forms a convex surface between
the interface of liquid and air for the capillary. The trapped air can
prevent corrosive media (e.g., chloride ions in seawater) from penetrating into the surface effectively and provides a good corrosion
protection for the superhydrophobic surface, [49,50]. In this context, Huang et al. [48], reported that the polarization resistance,
calculated from the Tafel curve of the superhydrophobic aluminum
surfaces was 137 times larger than that of the as-received aluminum substrate. Wang et al. [51] fabricated micro-nano hierarchical aluminum surfaces by combination of sand blasting and
chemical etching. In comparison with untreated sample, the

micro-nanostructure superhydrophobic surface showed good
resistance to corrosion, exhibiting a lower corrosion current density and a higher corrosion potential, as well as damage-free under
3.5 wt% NaCl salt spray environment. Feng et al. [35] showed that
the corrosion rate of aluminum alloy decreased with the increase
of the WCA. In another study it was shown that the corrosion current density reduces by about 1 order when the aluminum alloy
acquires the superhydrophobicity [52]. Zheng et al. [53] reported
fabrication of aluminum superhydrophobic surfaces with electrochemical anodization followed by surface modification. Electrochemical measurement results showed that the corrosion current
density was significantly reduced by 3 orders of magnitude for
superhydrophobic aluminum and the corrosion potential shifted
from 0.838 V to 0.403 V for superhydrophobic surface, indicating
excellent corrosion resistance of superhydrophobic aluminum in
comparison with the untreated sample. Lv et al. [4] fabricated
superhydrophobic surface on aluminum via surface roughening
by NaClO and surface passivation by hexadecyltrimethoxysilane.
Corrosion current density for the superhydrophobic sample in NaCl
solution was much smaller in comparison with that of the hydrophilic one, demonstrating better corrosion resistance properties
of superhydrophobic sample.
4. Conclusions
Superhydrophobic surfaces on commercial aluminum sheets
were successfully fabricated by etching/dipping and subsequent
fluorination. FE-SEM studies revealed the formation of nano-leaf
structures after dipping in NaCl solution and the formation of
micro-terrace structures after etching with Beck’s etchant. XPS
characterization confirmed the success of fluorination. It was
shown that even though micro-terrace and nano-leaf structures
showed superhydrophobicity, the superhydrophobicity further
increased with the formation of micro-terrace nano-leaf structures
(WCA = 172° and sliding angle 1°). The durability/stability of the
hierarchical structure fabricated was studied by storing in different
media and at different temperatures; under all conditions, they
retained their superhydrophobic properties. This procedure, with
easy manipulation, short time, inexpensive materials, and high
productivity, is a promising approach for fabricating superhydrophobic metallic surfaces for anti-corrosive, icephobic, and
self-cleaning properties.
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