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ABSTRACT: In this study, a large-area superhydrophobic
alumina surface with a series of superior properties was
fabricated via an economical, simple, and highly effective one-
step anodization process, and subsequently modified with low-
surface-energy film. The effects of the anodization parameters
including electrochemical anodization time, current density, and
electrolyte temperature on surface morphology and surface
wettability were investigated in detail. The hierarchical alumina
pyramids-on-pores (HAPOP) rough structure which was
produced quickly through the one-step anodization process
together with a low-surface-energy film deposition [1H,1H,2H,2H-perfluorodecyltriethoxysilane (PDES) and stearic acid (STA)]
confer excellent superhydrophobicity and an extremely low sliding angle. Both the PDES-modified superhydrophobic (PDES-
MS) and the STA-modified superhydrophobic (STA-MS) surfaces present fascinating nonwetting and extremely slippery
behaviors. The chemical stability and mechanical durability of the PDES-MS and STA-MS surfaces were evaluated and discussed.
Compared with the STA-MS surface, the as-prepared PDES-MS surface possesses an amazing chemical stability which not only
can repel cool liquids (water, HCl/NaOH solutions, around 25 °C), but also can show excellent resistance to a series of hot
liquids (water, HCl/NaOH solutions, 30−100 °C) and hot beverages (coffee, milk, tea, 80 °C). Moreover, the PDES-MS surface
also presents excellent stability toward immersion in various organic solvents, high temperature, and long time period. In
particular, the PDES-MS surface achieves good mechanical durability which can withstand ultrasonication treatment, finger-
touch, multiple fold, peeling by adhesive tape, and even abrasion test treatments without losing superhydrophobicity. The
corrosion resistance and durability of the diverse-modified superhydrophobic surfaces were also examined. These fascinating
performances makes the present method suitable for large-scale industrial fabrication of chemically stable and mechanically
robust superhydrophobic surfaces.

KEYWORDS: hierarchical structures, aluminum, superhydrophobicity, electrochemical anodization, stability, mechanical durability,
surface free energy

1. INTRODUCTION

Many plants and animals such as lotus leaves (Nelumbo
nucifera), Gerris remigis, and gecko feet naturally inherit
superhydrophobic surfaces.1−3 In general, to obtain super-
hydrophobic surfaces that show water contact angle (WCA)
greater than 150° and sliding angle (SA) less than 10°,
significant surface roughness or low surface energy should be
required.4,5 Inspired from the excellent nonwetting and self-
cleaning properties of lotus leaves, researchers have developed a
large number of techniques to fabricate superhydrophobic
surfaces to achieve high WCAs and low SAs, such as layer-by-
layer deposition,6 hydrothermal synthesis,7 chemical etching,8,9

electrospinning,10,11 colloidal coating,12,13 and anodic oxida-
tion.14−16 However, although many artificial superhydrophobic
surfaces have been reported in the past years, a lot of practical
problems exist when they have been applied in daily life and
industrial areas. On one hand, from the perspective of chemical
stability, many superhydrophobic surfaces would immediately

lose the superhydrophobicity when they are exposed to
complex and rigorous conditions such as strong acid/alkali
solutions, high temperature, hot liquids, oil contamination, or
solvent contamination, showing bad chemical stability. With
hot water as an example, most of the previously reported
superhydrophobic surfaces could only repel cold water under
room temperature (around 25 °C), but show remarkably
decreased repellency to hot water (50 °C or higher). As we
know, it is not difficult to fabricate superhydrophobic surfaces
that repel cool water because of its higher surface tension of
72.8 mN m−1. However, since the surface tension of hot water
decreases with increasing temperature, many superhydrophobic
surfaces including natural lotus leaves cannot resist hot water,17

to say nothing of hot strong acid/alkali solutions or hot
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beverages (coffee, tea, milk, etc.), which confines their practical
applications to a great extent. To the best of our knowledge,
there are few previous papers reporting the repellency of
superhydrophobic surfaces to hot water and even fewer to hot
corrosive solutions or beverages.17 On the other hand, the
inability to find practical applications for most of the
superhydrophobic products is mainly ascribed to their bad
mechanical properties and abrasion resistance. For example,
when the abrasion test is applied with pressure and shear force
on the superhydrophobic surface, the microprotuberances are
easily broken and the surfaces quickly become flat, leading to
damage of superhydrophobic effects. Moreover, some super-
hydrophobic membranes are easily peeled off and removed,
presenting a weak attachment with the substrate.18,19 For the
above-mentioned reasons, it is of great significance to prepare
superhydrophobic surfaces with excellent chemical stability and
mechanical durability when considering practical applications of
superhydrophobic surfaces.
Aluminum and its alloys are important industrial materials

due to their low weight, superior electronic and thermal
conductivity, and excellent corrosion resistance. In recent years,
although a variety of synthetic techniques have been developed
to fabricate superhydrophobic surfaces on Al and its alloys,20−27

methods such as chemical vapor deposition, chemical etching,
or hydrothermal reaction could only be used in the laboratory
in small scale. In comparison, the anodization technique is a
very promising method to produce self-organized nanostruc-
tures over large surface area. Moreover, it is also one of the
most economical, simple, and efficient methods to construct
superhydrophobic surfaces on metal substrates.28−30 Recently,
although great progress has been made to fabricate
mechanically robust superhydrophobic surfaces,21,31−35 only
limited success has been achieved in fabricating chemically
stable and mechanically robust superhydrophobic Al surfa-
ces.16,21,31 For example, Bae et al. fabricated a robust
superhydrophobic Al alloy by using a wire electrical discharge
machining method.21 Barthwal et al. reported a mechanically
robust superamphiphobic aluminum surface by a combination
of simple chemical etching and anodization approach.31

However, these methods have potential weaknesses such as
requiring complex equipment or time-consuming multiple steps
to obtain superhydrophobic surface, which are not simple and
convenient enough. Moreover, the comprehensive evaluation
and study of the chemical resistance (such as resistance to hot
liquids) and mechanical durability of the superhydrophobic Al
surfaces are scarcely involved in these reports. In addition, little
information is currently available about the wettability and
performance comparisons of the solid surfaces modified by
materials with diverse surface free energy.36,37

In this paper, a simple and highly efficient anodized method
was used to prepare chemically stable and mechanically durable
superhydrophobic alumina surface on an aluminum substrate.
In order to confirm the best preparation parameters to fabricate
the rough HAPOP morphology, the effects of the anodized
parameters including current density, electrochemical anodiza-
tion time, and electrolyte temperature on surface topography
and surface wettability were studied systematically. These
parameters determine the surface architectures that influence
the hydrophobicity. It is found that the hierarchical alumina
pyramids-on-pores structure, which can be formed quickly
within 10 min at a current density of 0.16 A/cm2, is
indispensible for obtaining a superhydrophobic surface. We
modified the as-prepared surfaces by using PDES and STA

materials. The chemical stability and mechanical durability of
the superhydrophobic surfaces are evaluated and studied by a
variety of methods. The obtained results indicate that the
PDES-MS surface presents an outstanding stability against
numerous harsh conditions such as hot water (30−100 °C),
hot corrosive liquids (HCl/NaOH solutions, 30−100 °C), hot
beverages (coffee, milk, tea, 80 °C), immersion in various
solvents, high temperature, and long time period. Furthermore,
it also exhibits excellent mechanical properties which could
resist ultrasonication treatment, finger touching, multiple
folding, peeling by adhesive tape, and even abrasion test
treatments. In the case of the STA-MS surface, WCA and SA of
153° and 0°, respectively, can be obtained. It presents
superoleophilicity with a hexadecane CA of 0°. The chemical
stability and mechanical durability of the STA-MS surface were
also examined, which was demonstrated to be much worse than
PDES-MS.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals were analytical grade and used as

received. The available aluminum plates (composition: Al of wt 98%,
Si of 0.3%, O of 1.7%), STA (stearic acid), and oxalic acid were all
obtained from Guangzhou QianHui materials Co., PR China; PDES
[1H,1H,2H,2H-perfluorodecyltriethoxysilane] was obtained from Alfa
Aesar Co., PR China.

2.2. Specimen Preparation. Prior to electrochemical anodization,
the Al plates (50 mm × 15 mm) were sequentially cleaned with
acetone, ethanol, and deionized water by ultrasonication. Then, one-
step electrochemical anodization was applied for preparation after the
Al samples were dried. The aluminum plate and platinum were used as
anode and cathode, respectively. The cleaned Al plates were anodized
in 0.3 M oxalic acid electrolyte at a 0.16 A/cm2 current density at
room temperature for 10 min and the targeted hierarchical alumina
surfaces could be obtained (the anodization voltage was 112 V first;
however, it decreased to 81 V after the 10 min reaction process). The
as-prepared samples were next ultrasonically rinsed with deionized
water and subsequently dried. The obtained specimens were immersed
in 1.0 wt % ethanol solution of PDES for 30 min and 5 mM ethanol
solution of STA for 4 h. Finally, the obtained samples were heated at
80 °C for 30 min.

2.3. Specimen Characterization. The surface structures of the
as-prepared samples were observed under a field emission scanning
electron microscopy (FESEM, NOVA NANOSEM 430). The surface
compositions were investigated using energy dispersive spectroscopy
(EDS) (Oxford X-Max 20, England) and X-ray photoelectron
spectroscopy (XPS) (Kratos AXis Ultra X-ray photoelectron spec-
troscopy). The water contact angles (WCAs) and sliding angles (SAs)
were obtained on OCA35 (DataPhysics, Germany) equipped with a
video camera and a tilting stage. SAs were measured by slowly tilting
the sample stage until the water droplet started moving. The static
WCA and SA values were the averages of five measurements obtained
at diverse positions by using 3−5 μL water drops. The optical pictures
were obtained by a digital camera (Canon).The electrochemical
measurements were conducted in 3.5 wt % aqueous solutions of NaCl
at room temperature using electrochemical workstation (IM6ex,
Zahner, Germany). The electrochemical corrosion tests were carried
out using a three-electrode configuration with platinum as the counter
electrode, saturated calomel as the reference electrode, and the
samples with an exposed area of 1 cm2 as the working electrode.

3. RESULTS AND DISCUSSION

3.1. Effects of Various Experimental Parameters on
Surface Morphology and Surface Wettability. To better
understand the formation procedure of the superhydrophobic
alumina surface, the effects of anodized time, anodized current
density, and electrolyte temperature on surface morphology are
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investigated in detail. Figure 1 presents the FESEM images of
an aluminum surface electrochemically anodized for different

times ranging from 3 to 10 min in 0.3 M oxalic acid solution
under room temperature at a 0.16 A/cm2 current density,
which exhibits a dynamic evolution process of surface
topography from nanopores, nanowire arrays, and then to
congregated nanowire pyramids. Under the relatively higher
current density, the whole process was finished in a very short
time, within 10 min. During the first 3 min, the common
nanoscale porous anodic alumina oxide (AAO) structure with
the diameter of about 100 nm formed rapidly (Figure 1a).
However, owing to the higher current density and the
unpolished raw aluminum plate, the nanoporous surface was
very uneven and irregular and some obviously broken
nanoporous could be observed clearly from the surface. With
the increasing anodization time to 5 min, it was found that
large-area dense nanowire arrays formed in this stage (Figure
1b). The nanopores in the upper layer totally transformed into
nanowires. It was obvious that the nanowire arrays were short
and closely aligned with each other. However, when the
anodization time was prolonged to 10 min, a kind of protrusion
and ravine structure was formed on the surface (Figure 1c).
When viewed from the higher-magnification SEM image, we
found that large amounts of nanowires with high aspect ratio

intertwined and congregated with each other, forming the
micropyramid morphology with diameter of about 3 μm
(Figure 1d).
The typical side-view SEM images corresponding to the

structures shown in Figure 1 were demonstrated in Figure 2.
The height of the AAO nanopore structure was more than 15
μm (Figure 2a). After anodization for 5 min, the top region of
nanopores was etched into nanowires with length less than 5
μm (Figure 2b). When the anodized time was 10 min, large-
area high-aspect-ratio nanowires with height of more than 15
μm formed (Figure 2c). It also demonstrated that the nanopore
structure almost totally turned into nanowires with the
increasing anodized time, and we could clearly observe that
the nanowires tended to aggregate into bunches (Figure 2c),
thus leaving the ravine morphology among the pyramidal
structure.
The microravine and micropyramid structures form on the

surface through a self-assembly process of the nanowires, while
the bottom nanopore morphology is retained, constructing a
kind of hierarchical topography. The formation mechanisms of
anodized alumina nanowire morphology have been proposed in
previous studies.38,39 In this work, we ascribe the fast formation
of the hierarchical alumina pyramids-on-pores structure to the
following reasons. First, the electrical potential is a decisive
factor in effecting the formation speed and the diameter of the
alumina nanopores.40 The nanopore structure forms more
quickly under a higher current density. However, with the
increasing anodization time, the higher electrical potential
energy could break down the nanoporous structure instanta-
neously. Once the original nanopore morphology was
interrupted and expanded, the nanowalls would get etched
and thinned more easily. Owing to the higher acid
concentration, the structure on the top layer broke and thinned
first, finally resulting in producing nanowires in a very short
time. The second significant factor is the large quantity of heat
induced by the strong electrical potential energy. The drastic
anodized reaction phenomenon can be observed clearly during
the experimental process, thus arousing the increasing heat,
which cannot diffuse immediately. This phenomenon would
make the volume-expansion more serious and finally cause the
severe interruption and destruction of the pristine nanopore
structure, which would further accelerate the dissolution of
nanowalls. With the increasing reaction time, the nanowires
become longer and longer. Due to the gravity and stirring
effects, these longer nanowires are inclined to collapse and align
with each other from the diverse directions to form the
micropyramid structure, thus simultaneously producing the
ravine topography among the pyramids.
The FESEM images of the anodized alumina surfaces

fabricated by regulating the current densities were shown in
Figure 3. The other parameters were conducted at 0.3 M oxalic

Figure 1. FESEM images of the anodized alumina membranes
obtained at 0.16 A/cm2 processing current density at room
temperature with diverse processing time ranging from 3 to 10 min:
(a) 3 min, (b) 5 min, (c) 10 min, (d) a high-magnification picture of
(c). The inset of (a) is its high-magnification image.

Figure 2. Corresponding side-view FESEM images of the anodized alumina membranes shown in Figure 1a−c.
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acid under room temperature for 10 min. When the current
density was controlled at 0.08 A/cm2, only a small amount of
nanowires formed on the surface (Figure 3a). From the high-
magnification SEM images (Figure 3a1 and a2), it was found
that most of the nanopores and nanowalls were broken and
etched slightly and did not turn into nanowires. Anodizing for
only 10 min was not long enough to produce large-area
nanowires under the lower current density. As the current
density increased to 0.12 A/cm2, a very rough surface formed
and large-area nanowires could be seen clearly (Figure 3b). The
nanowires aggregated with each other and formed a kind of
pyramid and ravine morphology (Figure 3b1 and b2). It also

demonstrated that the current density of 0.12 A/cm2 was
sufficient to generate large-area nanowire pyramids within 10
min. With the increasing current density of 0.18 A/cm2 (Figure
3c), we found that the surface became rougher and rougher.
Meanwhile, the size of the nanowire pyramids and the ravines
also obviously became larger and larger (Figure 3c1 and c2).
Figure 4 shows the fabrication results for diverse electrolyte

temperatures (the electrolyte temperature here is controlled by
a constant temperature magnetic stirrer). The other parameters
are conducted in 0.3 M oxalic acid at 0.16 A/cm2 current
density for 10 min. As shown in Figure 4a−c, when the oxalic
acid temperature is maintained at 5−10 °C, it confirms that the

Figure 3. FESEM images of the Al plates anodized with diverse current densities under room temperature for 10 min. (a) 0.08 A/cm2; (a1) and (a2)
are the magnified images of (a). (b) 0.12 A/cm2; (b1) and (b2) are the magnified images of (b). (c) 0.18 A/cm2; (c1) and (c2) are the magnified
images of (c).

Figure 4. FESEM images of the Al plates anodized in diverse electrolyte temperatures at a current density of 0.16 A/cm2. (a−c) Under the lower
temperature of 0−10 °C and the anodization time of 3, 5, and 10 min, respectively. (d) High-magnification image of (c). (e−g) Under the higher
temperature of 60−80 °C and the anodization time of 3, 5, and 10 min, respectively. (h) High-magnification image of (g).
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variation process of the morphology is similar to that in Figure
1 under room temperature. However, it can be seen that the
nanopore structure tends to form more regularly (Figure 4a)
under the lower temperature. The pore diameter anodized for 3
min is about 60 nm, which is smaller than that under room
temperature (Figure 1a). When the anodization time is 5 min,
it is found that a handful of nanowires are produced in this case,
distributing sparsely on the surface, and the bottom nanopore
structure can be observed from the top surface (Figure 4b).
With the increasing anodization time of 10 min, a kind of order
and regular pyramid and ravine structure can be seen on the top
surface (Figure 4c). From the magnified SEM images (Figure
4d), we can observe that the diameters of each pyramid and
ravine space are about 1 and 2 μm, respectively. The overall
hierarchical structure is obviously more regular than the
topography shown in Figure 1a. Actually, the lower reaction
temperature can effectively decrease the extent of nanostructure
destruction induced by heat, which also confirms that heat is
one of the main reasons for formation of large-area nanowire
structure. When the electrolyte temperature evaluated is more
than 60 °C, the size of the nanopores becomes bigger up to 100
nm after anodization for 3 min, and it can also be observed that
the top surface nanostructures are broken and etched more
severely (Figure 4e). When anodized for 5 min, large-area
nanowires densely cover the top surface (Figure 4f), and with
increasing anodization time of 10 min, the denser and larger
nanowire pyramid and ravine structure forms on the surface
(Figure 4g and h). Unlike the morphology shown in Figure 4d,
since the formation of the much higher aspect-ratio nanowire
pyramids, the nanopore structure at the bottom cannot be seen
from the top surface in Figure 4h.
We also investigate the effects of the anodization time,

current density, and electrolyte temperature on surface
wettability for water. Figure 5a presents the relationship of
anodization time with the water contact angle and sliding angle.
The other reaction conditions are controlled at 0.3 M oxalic
acid under room temperature with the processing current
density of 0.16 A/cm2. The anodizing time ranges from 2 to 18
min. As the time increased, the WCA values show an increasing
trend and the SA values have a large decreasing extent (in this
work, we define the SA of the surface which has a WCA less
than 150° but cannot repel the water droplets as 180°). Since
the surface compositions of these surfaces are the same, we
ascribe the wettability differences to the diverse surface
roughness. With the production of the nanowire structure,
the surface becomes rougher and rougher (see the surface
morphology in Figure 1), finally resulting in a super-

hydrophobic effect. Once the dual structures form on the
surface, the surface can obtain superhydrophobicity with the
WCA and SA of 155° and 0°, respectively, in 10 min. With the
increasing reaction time of more than 10 min, the WCAs and
the SAs almost have no change, indicating that the longer
anodization time would not increase superhydrophobicity.
Figure 5b shows the relationship of the current density with

the WCAs and SAs. The surface was electrochemically
anodized in 0.3 M oxalic acid at room temperature for 10
min. The current density ranged from 0.02 to 0.2 A/cm2. Due
to the inability to obtain surface roughness sufficiently in 10
min under the lower current density of less than 0.12 A/cm2,
the as-prepared surface cannot achieve superhydrophobicity. It
is found that when the current density was maintained higher
than 0.12 A/cm2, a superhydrophobic surface could be obtained
and the rolling angle could also reach as low as 0°. With the
increasing current density, the WCAs show an increasing trend.
As we proposed previously, the current density determines the
morphology of the surface. Under the higher current density of
more than 0.12 A/cm2, the hierarchical alumina pyramids-on-
pores structure could form in 10 min and the sizes of the
ravines and pyramids become larger with increasing current
density (see the surface morphology in Figure 3), which would
induce more air-pocket entrapment into the space, thus making
the surface achieve better superhydrophobicity and sliding
properties. However, we can notice that the SA values have a
little increase when the current density is larger than 0.16 A/
cm2, indicating the decreasing sliding performance of the
surface. In fact, although the size of the pyramids and ravines
becomes larger under higher current density, we still consider
that the bigger ravine structure would increase the adhesion
between the surface and the water drop to some extent by the
capillary forces, thus resulting in a little increase of SAs.
The effects of the electrolyte temperature on surface

wettability were shown in Table 1. The aluminum plates
were anodized in 0.3 M oxalic acid at a 0.16 A/cm2 current
density for 10 min. At the lower temperature region of 5−10
°C, we could learn that the surface was unable to achieve
superhydrophobicity owing to the unavailable and insufficiently

Figure 5. Corresponding WCAs and SAs of the anodized alumina membranes (the surfaces are all modified with PDES) fabricated under different
reaction parameters. (a) Anodization time and (b) current density.

Table 1. Effects of Temperature on Surface Wettability

temperature/°C 0−10 20−40 50−70 80−100

WCA/° 95 155 153 153
SA/° 180 0 6 10
the best time/min 20 10 8 5
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rough hierarchical structure with the inadequate anodized time.
At the scope near room temperature, the surface can easily
obtain slippery superhydrophobicity. However, when the
temperature was higher than 60 °C, we found that anodization
for 10 min would lead to a slight decrease of the
superhydrophobic and slippery performance. The denser and
larger-area nanowire architecture formed under the higher
temperature would induce a decreasing amount and size of the
ravine structures, which was not beneficial for air-pocket
entrapment, hence resulting in reducing superhydrophobicity.
We also summarize the most appropriate anodization time for
achieving superhydrophobicity under each temperature scope
(Table 1). This indicates that in order to construct the best
superhydrophobic morphology, longer anodization time of 20
min is required under the lower temperature, while shorter time
of 6 min is required under the higher temperature.
3.2. Analysis of the Resultant HAPOP Films Modified

with Diverse Low Surface Energy Materials. 3.2.1. Chem-
ical Compositions of the Diverse Samples. In this paper, we
use two kinds of materials (PDES, STA) to modify the HAPOP
surface (the adopted HAPOP sample here was prepared at 0.3
M oxalic acid under room temperature with the current density
of 0.16 A/cm2 for 10 min). Figure 6a−c shows the EDS spectra
of the untreated HAPOP, PDES-MS, and STA-MS surfaces.
Compared with the unmodified HAPOP surface (Figure 6a),
the extra elements C and F in Figure 6b, C in Figure 6c can be
seen clearly, which highly corresponds to the chemical
compositions of the two modifiers. XPS survey is also used
to confirm that a layer of PDES or STA has been successfully
self-assembled onto the surface (Figure S1). The compositions
of these samples are calculated in detail and the results are
summarized in Table S1.
3.2.2. Performance of the PDES-MS Surface. The chemical

stability and mechanical durability of the PDES-MS and STA-
MS surfaces are mainly evaluated and compared in this work. It
is very delightful to find that the PDES-MS surface exhibits a
series of excellent properties. Figure 7 shows the water droplets
on the HAPOP surface before and after PDES modification.

The HAPOP surface presents superhydrophilicity before
modification (Figure 7a). The top-view and side-view pictures
of the water droplets on the PDES-MS surface present perfect
round shape (Figure 7b,c), indicating the achievement of
superhydrophobicity after modification with PDES. It can
achieve a WCA of 155° and a SA as low as 0° (the insets of
Figure 7b and c). It is very obvious that the water droplets
cannot stay at the surface due to its wonderful water-repellent
ability (Video 1) and the large-scale superhydrophobic surface
can be obtained through this method (Figure S2). The
bouncing behavior is another outstanding performance of the
PDES-MS surface. The surface cannot be wetted even when the
droplet is hugely distorted (Figure S3). When the water
droplets approach the surface from a certain height, they
bounce very highly immediately and rebounce several times
before they come to rest (Video 2). Actually, these nonwetting
and bouncing properties of the superhydrophobic surface are
very useful for waterproof fabrics that need to remain dry when
exposed to raindrops and spraying tests.
The self-cleaning effect of the PDES-MS surface is shown in

Figure 8. It can be seen clearly that the dusted carbon particles
are washed away quickly by the continuing water drops. The
surface becomes very clean in a short time, indicating an
excellent antifouling ability of the surface. This means that the
PDES-MS surface can protect the aluminum substrates from
pollution in practical applications.
Due to the versatile and complex conditions in real life, the

ability of superhydrophobic surfaces to withstand the harsh
environments outside is a very significant consideration in
practical applications. However, in the majority of the previous
reports related to superhydrophobic surfaces, people usually
use cool water (about 25 °C) to evaluate the wettability and
adhesion performance of these superhydrophobic surfaces.
There are few reports involving the repellent ability of the
superhydrophobic surfaces to hot liquids.17,41 Thus, from the
view of practical applications, it is of great importance to
examine the relationship between superhydrophobicity and hot
liquids. In this paper, we use several kinds of hot liquids to

Figure 6. EDS spectra of the (a) unmodified HAPOP surface, (b) PDES-MS surface, (c) STA-MS surface.

Figure 7. (a) Unmodified HAPOP surface shows superhydrophilicity with a WCA of 3°. (b) Top photograph of the water droplets on the PDES-MS
surface. The inset indicates that the surface could obtain a WCA of 155°. (c) Side-view photograph of the water droplets. The inset shows that the
surface presents a sliding behavior with an extremely low SA of 0°.
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evaluate this ability of the PDES-MS surface. Figure 9a−f is the
representative photographs of hot water, hot HCl (pH = 1)
solution, hot NaOH (pH = 14) solution, hot milk, hot coffee,

and hot tea droplets (the temperatures here of the liquids are
around 80 °C) on the surface. All these liquid droplets maintain
their round shape on the superhydrophobic surface. It can be
observed that the surface can repel these diverse hot liquid
droplets quickly without any trace (Video 3), presenting a
wonderful liquid-repellent property. These phenomena suffi-
ciently indicate that the as-prepared PDES-MS surface has an
excellent ability to resist hot liquids, which is scarcely realized in
most superhydrophobic surfaces. We then systematically study
the repellent behaviors of the PDES-MS surface to diverse
liquids (water, HCl/NaOH solutions) at different temper-
atures. As indicated in Figure 9g, the superhydrophobic surface
can repel cool liquids (around 30 °C) very quickly and the
sliding properties of the cool HCl/NaOH solution droplets are
the same as those of cool water, which could also achieve WCA
of 155° and SA of 0°. As the temperature of the liquids
increased, the WCAs and SAs of the surface to water droplets
are almost unchanged and the superhydrophobicity can also be
maintained toward hot HCl/NaOH solution droplets (even at
100 °C). However, the SA values become larger with increasing
temperature, which demonstrates that the surface becomes a
little sticky toward the liquids at higher temperature. Even so,
the relatively small changes about the WCA and SA values
further confirm that our as-prepared PDES-MS surface is highly
stable against chemical corrosion and high liquid temperature.
We also investigate the stability of the PDES-MS surface under
many other harsh conditions. As shown in Figure 9h, the
WCAs are maintaind above 150° and the SAs remain below 10°
after the PDES-MS surface is soaked in various organic solvents

Figure 8. The self-cleaning process of the dusted carbon particles on
the PDES-MS surface. (a) The surface was contaminated by mass
carbon particles. (b−d) The surface became cleaner and cleaner with
the continuing water droplets, and finally the particles were cleared up
totally.

Figure 9. Photographs of the diverse liquid droplets on the PDES-MS surface. (a−f) The liquid droplets are hot water, hot HCl solution, hot NaOH
solution, hot milk, hot coffee, and hot tea sequentially (the temperature of these liquids are around 80 °C). The variations of water repellency of the
PDES-MS surface under various harsh conditions: (g) when it was wetted by HCl (pH = 1), water (pH = 7), NaOH (pH = 14) under the various
higher liquid temperature scope of 30−100 °C, (h) immersion in diverse organic solvents, (i) after it was placed under room temperature condition
for diverse periods of time, (j) different surface temperatures of 30−250 °C.
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including dimethyl formamide (DMF), ethanol, and THF for
24 h. When the PDES-MS surface is exposed to high
temperature conditions, it seems that the surface temperature
does not induce any change of the WCAs and SAs. As indicated
in Figure 9i, the WCAs and SAs of the surface always remain at
155° and 0° even when the surface temperature is as high as
250 °C, which further demonstrates the excellent super-
hydrophobic stability of the PDES-MS surface. The surface still
presents fascinating stability during a long time period. After 7
months, the WCA and SA can still achieve 151° and 8°,
respectively (Figure 9j).
Although large numbers of artificial superhydrophobic

surfaces have been achieved, many surfaces suffer mechanical
damage or susceptibility to mechanical press. Moreover, most
superhydrophobic surfaces with high roughness tend to be
delicate and thus easily lose the superhydrophobicity when
touched. For example, when a synthetic superhydrophobic
surface is touched by a bare hand, the affected area of the
surface would be contaminated by salt and oil, which would
increase surface energy and finally result in losing super-
hydrophobicity. In short, up to now, the mechanical durability
of the superhydrophobic surface is still a seriously urgent
problem. However, we find that the PDES-MS surface prepared
in our work could effectively resist the above problems. Our
qualitative experimental results on the mechanical properties of
the as-prepared PDES-MS surface are shown in Figure S4; it
can be observed that the PDES-MS surface can still maintain
superhydrophobicity even after multiple folding or finger-
contact treatment, indicating its outstanding mechanical
durability. Unlike the uneven and unstable superhydrophobic
layer fabricated by some normally used methods (such as
solution-immersion, plasma etching, chemical vapor deposition
methods), the PDES-MS surface obtained through the
anodization technique could successfully avoid this problem.
Figure 10 displays the PDES-MS surface before (Figure 10a)

and after (Figure 10b) the cross cut tape test. The pattern on
the surface is not removed after the removal of the tape, which
confirms that the superhydrophobic membrane layer adheres to
the aluminum substrate firmly. The WCAs of the surface before
and after the cross cut tape test are almost the same. The
excellent attachment between the superhydrophobic layer and
the substrate of the PDES-MS surface can also be confirmed by
the ultrsonication test. Figure 11a is the variation of WCAs and
SAs after ultrasonication of the PDES-MS surface in ethanol for
diverse times. It is found that the WCAs and SAs vary only
slightly even after they have been ultrasonicated for 14 h,
further indicating that the adhesion between the super-
hydrophobic alumina film and the aluminum substrate is very
secure. The mechanical performance of the PDES-MS surface
was further evaluated by abrading the sample back and forth

onto sandpaper at a rate of 5 cm s−1 under 200 g of force for
various repeated cycles (Figure S5). The results were concluded
in Figure 11b. Although the SA obviously increased to 40° after
the sample was rubbed 50 times, the WCA still remained above
150°, which indicated that the surface had excellent mechanical
damage resistance. Figure 11c−shows the SEM images of the
PDES-MS surface that had been rubbed for 10, 30, and 50
cycles. The results demonstrated that although some of the top
nanobumps were damaged, the nanoscaled tanglesome nano-
wires of the surface were still retained (the inset in Figure
11e,f), which were responsible for the maintained super-
hydrophobicity of the PDES-MS surface even when it was
rubbed for 50 cycles. The abrasion resistance of the
superhydrophobic surface could also be confirmed by Video
4, when the surface was abraded by the sandpaper, water
droplets still slide easily from the surface. It was also found that
the surface could regain its lost superhydrophobicity quickly
after it was modified with PDES monolayer again (Figure S6).
Furthermore, as shown by the XPS and EDS composition
analysis of the surface after abrasion (Figure S7 and Table S2),
we found that the amount of fluorine after 5, 10, and 20 cycles
of abrasion test decreased slightly compared to that before the
abrasion test. These results indicate that the PDES molecules
have a relatively strong combination with the HAPOP surface
and the consumption of the PDES molecules in each abrasion
treatment is only a small part of the total molecule
concentration preserved in the surface. The small loss of the
low surface energy hydrophobic layer contents, when combined
with the maintained rough textures, gives rise to the durable
superhydrophobicity of the PDES-MS surface.
All of the above results demonstrate that our as-prepared

PDES-MS surface is highly stable and robust, which could find
significantly practical applications in industrial areas under
rigorous conditions.

3.2.3. Performances of the STA-MS Surface. Compared
with fluorocarbon-terminated modifier, stearic acid (STA, alkyl-
terminated molecular) is much cheaper and is also used to coat
the rough structure to achieve superhydrophobicity. The shapes
of water CA, water SA, and hexadecane CA on STA-MS surface
are displayed in Figure 12. It shows that the STA-MS surface
can achieve superhydrophobicity with the WCA and SA of 153°
and 0° (Figure 12a and b), respectively. The hexadecane CA on
PDES-MS surface can reach 85°; however, when the
hexadecane droplet approaches the STA-MS surface, it spreads
and infiltrates into the surface quickly, presenting a super-
oleophilic property with a hexadecane CA of 0° (Figure 12c).
The STA-MS surface is also proven to possess extremely
slippery and nonwetting performance; the water droplets also
bounce immediately when they approach STA-MS surfaces.
These results demonstrate that the finely constructed
hierarchical nanowire pyramids-on-pores structure is the more
prevailing factor than surface energy in making the super-
hydrophobic surface achieve excellent nonwetting and slippery
performance. Moreover, as shown in Figure 13, when the STA-
MS surface was wetted by mass hexadecane, the water droplets
can still slide easily. Next, we then evaluate the stability of the
STA-MS surface by using the same methods as with the PDES-
MS surface. The results are displayed in Table S3. It is found
that the STA-MS surface cannot resist hot water droplets with
the temperature higher than 40 °C, to say nothing of the hot
acid/alkali solution. Previous study has proposed that the ability
of the surface to repel hot liquids is more related with surface
energy than surface roughness.17 Since the STA has a higher

Figure 10. Photograph of the PDES-MS surface (a) before and (b)
after the cross cut tape test.
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surface free energy than PDES, the ability of the STA-MS
surface to resist hot liquids is much worse than that of the
PDES-MS surface. When we study the mechanical durability of
the STA-MS surfaces, it is found that the STA-MS surface
could only support 10 abrasion cycles at maximum (Table S3),

which is far less than the PDES-MS surface. This may be due to
the bonding between the STA layer and the alumina substrate
being much weaker than PDES-MS surface, resulting in greater
STA loss after each abrasion test. These results further
demonstrate that the surface energy of the modifier and the
bonding between the modifier molecules and the substrate
significantly affect the chemical stability and mechanical
durability of the superhydrophobic surfaces. Compared with
the STA-MS surface, the superior chemical stability and
mechanical durability shown by the PDES-MS surface are
attributed to its lower surface energy and its relatively strong
molecular bonding with the alumina substrate.

3.2.4. Corrosion Resistance of the PDES (STA)-MS
Surfaces. In order to investigate the effects of the super-
hydrophobic films on the corrosion resistance of the aluminum
substrate, the potentiodynamic polarization curves of the
unmodified and PDES (STA)-MS surfaces in the 3.5 wt %
NaCl aqueous solution are obtained using the Tafel
extrapolation method and are presented in Figure 14. A close
inspection of the data reveals that the corrosion potentials

Figure 11. The mechanical stability of the PDES-MS surface was evaluated by various tests, such as (a) ultrasonication treatment in ethanol solvent
and (b) abrasion of the PDES-MS surface with sandpaper. SEM images of the original PDES-MS surface (c) and after it had been rubbed for 10 (d),
30 (e), and 50 (f) cycles with sandpaper.

Figure 12. The shape, the sliding behavior of water droplets, and the
shape of the hexadecane droplet on the STA-MS surface, presenting a
WCA and a SA of 153° (a) and 0° (b), respectively, and achieving
superoleophilicity with a hexadecane CA of 0° (c).

Figure 13. The rolling process of the water droplets on the
hexadecane oil-wetting STA-MS surface. (a,b) The surface was
superoleophilic and the hexadecane droplets immersed into the
surface. (c,d) the water droplets can still slide from the hexadecane oil-
contaminated surface.

Figure 14. Potentiodynamic polarization curves of the unmodified
HAPOP surface and PDES (STA)-MS surfaces in 3.5 wt % NaCl
aqueous solution.
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(Ecorr) of both the PDES-MS and STA-MS surfaces are more
positive than that of the unmodified HAPOP surface,
suggesting good protection for aluminum substrate through
the superhydrophobic films. The corrosion current density
(Icorr) of the unmodified surface is 9.70 × 10−8 A/cm2, whereas
those of STA-MS and PDES-MS surfaces are 5.13 × 10−10 and
1.31 × 10−11 A/cm2, respectively. It is worth noting that the
corrosion densities are reduced by more than 2 orders for STA-
MS surface and 3 orders for PDES-MS surface in comparison
with the unmodified surface. Such low current density
demonstrates an excellent corrosion resistance of the two
superhydrophobic surfaces. However, when viewed from the
data, the value of the Ecorr of the PDES-MS surface is more
positive than the STA-MS surface, while that of the Icorr value is
smaller, which indicates that the corrosion resistance of PDES-
MS surface is more superb than that of the STA-MS surface. In
fact, we find that the WCA and SA values of the tested area of
the PDES-MS surface have almost no change, further indicating
its marvelous stability.
3.2.5. Surface Free Energy of the Different Surfaces. The

above results demonstrate that the chemical stability and
mechanical durability of the PDES-MS surface are much more
superior than that of the STA-MS surface. We then measure the
surface free energy of the PDES-MS and STA-MS surfaces and
summarize them in Table 2. When compared with the flat

aluminum surface, the surface free energy values of the two
kinds of samples decrease greatly after the modification
treatment. The STA-MS has the value of 16.08 mJ/m2, while
that of the PDES-MS surface can reach as low as 0.78 mJ/m2,
which is far smaller than 16.08 mJ/m2. These results can be
used to further demonstrate and account for the huge
performance differences between the PDES-MS and STA-MS
surfaces.

4. CONCLUSIONS
We have introduced a highly effective and easy-to-implement
method to fabricate chemically stable and mechanically robust
superhydrophobic alumina surface on Al substrate. The effects
of the processing parameters including the anodization time,
the current density, and the electrolyte temperature on surface
morphology and surface wettability have been investigated in
detail. These parameters hugely affect the surface architectures
that influence the surface hydrophobicity significantly. It is
demonstrated that the hierarchical alumina pyramids-on-
nanopores (HAPOP) morphology is necessary to attain
superhydrophobicity. The rough HAPOP surface which can
be obtained quickly at 0.3 M oxalic aicd under room
temperature with a current density of 0.16 A/cm2 within 10
min, together with two kinds of modifier (PDES, STA)
deposition could result in the achievement of excellent
nonwetting and extremely slippery behaviors.

The chemical stability and mechanical durability of the
PDES-MS and STA-MS surfaces are evaluated and investigated.
Compared with the STA-MS surface, the resulting PDES-MS
surface achieves a WCA of 155° and a SA as low as 0°. What is
most important is that it exhibits amazing and fascinating
superhydrophobic stability and mechanical durability. It has an
excellent resistance toward a series of harsh conditions such as
hot liquids including hot water (30−100 °C), hot corrosive
liquids (HCl/NaOH solutions, 30−100 °C), hot beverages
(coffee, milk, tea, 80 °C), various solvent immersion, high
temperature, and long time period. It also shows outstanding
mechanical properties which could resist ultrasonication
treatment, finger-touch, multiple fold, peeling by adhesive
tape, and even abrasion test treatments for 50 cycles under 200
g of force. The STA-MS surface obtains a WCA of 153° and SA
of 0°. It shows superoleophobicity with a hexadecane CA of 0°.
However, the STA-MS surface is demonstrated to show much
worse resistance to hot liquids or abrasion treatment than
PDES-MS surface. The corrosion resistance of the PDES
(STA)-MS surfaces was measured in 3.5 wt % NaCl solution.
The results proved that the superhydrophobic deposition layer
could effectively protect the aluminum substrate from corrosive
solution in comparison with the bare aluminum foil. However,
the PDES-MS surface still exhibits more excellent corrosion
resistance than the STA-MS surface. The superior chemical
stability and mechanical durability shown by the PDES-MS
surface are believed to attribute to its lower surface energy and
its relatively stronger molecular bonding with the alumina
substrate. Our fabrication process is simple, highly efficient, and
cost-effective. Hence, the present method must be very suitable
and highly effective for preparing a large-area superhydrophobic
alumina surface with high chemical stability and excellent
mechanical durability.
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