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ABSTRACT: Conventional electrochemical anodizing processes of
metals such as aluminum typically produce planar and homogeneous
nanopore structures. If hydrophobically treated, such 2D planar and
interconnected pore structures typically result in lower contact angle
and larger contact angle hysteresis than 3D disconnected pillar
structures and, hence, exhibit inferior superhydrophobic efficiency. In
this study, we demonstrate for the first time that the anodizing
parameters can be engineered to design novel pillar-on-pore (POP)
hybrid nanostructures directly in a simple one-step fabrication
process so that superior surface superhydrophobicity can also be
realized effectively from the electrochemical anodization process. On
the basis of the characteristic of forming a self-ordered porous morphology in a hexagonal array, the modulation of anodizing
voltage and duration enabled the formulation of the hybrid-type nanostructures having controlled pillar morphology on top of a
porous layer in both mild and hard anodization modes. The hybrid nanostructures of the anodized metal oxide layer initially
enhanced the surface hydrophilicity significantly (i.e., superhydrophilic). However, after a hydrophobic monolayer coating, such
hybrid nanostructures then showed superior superhydrophobic nonwetting properties not attainable by the plain nanoporous
surfaces produced by conventional anodization conditions. The well-regulated anodization process suggests that electrochemical
anodizing can expand its usefulness and efficacy to render various metallic substrates with great superhydrophilicity or
-hydrophobicity by directly realizing pillar-like structures on top of a self-ordered nanoporous array through a simple one-step
fabrication procedure.

KEYWORDS: aluminum, anodization, hybrid nanostructure, superhydrophilic, superhydrophobic

1. INTRODUCTION
Micro- or nanotextured surfaces of low surface energy (e.g.,
hydrophobic) can create a composite interface with liquid by
entraining air between the surface structures due to surface
tension effects, resulting in superior nonwetting (i.e., super-
hydrophobic) properties.1−3 The superhydrophobic surfaces
have recently received great attention due to their highly
nonwetting and nonadhesive properties for multifunctional
applications such as self-cleaning,4 low hydrodynamic fric-
tion,5,6 anticorrosion,7 anti-icing,8,9 and templates for directed
self-assembly of nanomaterials.10 In the past decade, numerous
micro- and nanofabrication techniques have been explored to
design and create effective superhydrophobic surfaces.11−14

However, each method so far developed still requires significant
advancement and innovation of the fabrication techniques for
real and practical applications of engineered superhydrophobic
surfaces. For example, lithographic techniques are excellent for
defining precise and well-ordered micro- and nanopatterns.
However, they work primarily with only planar substrates at no
greater than wafer scale, requiring complicated process steps
and expensive equipment. Granular or fibrous coating methods
using spraying, sol−gel wet chemistry, or electrospinning are
affordable, scalable, and easily applicable to most types of

substrates with good remediability. However, the structural
patterns and dimensions produced by these methods are
randomly distributed and oriented with a lack of regularity. The
additive coating methods also have adhesion issues such as
delamination and peel-off. In comparison, electrochemical
etching techniques such as anodization are considered one of
the most promising methods to generate self-ordered
nanostructures over large surface areas (even on nonplanar
geometries). This is especially the case for metallic substrates
important to many civil and military applications, wherein a
simple electrolytic passivation process is employed for growing
a natural oxide layer. It does not require complex or expensive
fabrication facilities and equipment for manufacturing. Anodic
films are generally much stronger and more adherent than most
types of paint and metal plating. This makes them less likely to
crack and peel from aging and wear. However, it should be
noted that the electrochemical anodizing process normally
forms only 2D homogeneous hexagonal porous structures,
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which is not desirable from the perspective of super-
hydrophobic efficiency.
Typically superhydrophobic nonwetting efficiency is charac-

terized by its high contact angle (e.g., greater than 150°) and
low contact angle hysteresis (difference between advancing and
receding contact angles) of a sessile droplet measured in both
static and dynamics conditions on the surface. Most surface
patterns developed and studied for superhydrophobicity have
been monolithic, being of either pillar or porous type. The
significant difference between pillar and porous structures is
that the liquid contact line on the solid surface is discontinuous
in pillar-type structures but continuous in pore-type struc-
tures.15 Compared to the continuously interconnected porous
patterns, the discontinuous pillar structures generally exhibit
superior superhydrophobic efficiency (i.e., a higher contact
angle and a lower contact angle hysteresis) because they allow
less solid fraction and contact-line boundary to liquid
droplets.16 However, pillar-like discontinuous structures have
poor dewetting stability. For example, when the nonwetting
state collapses and homogeneous wetting occurs due to the
depletion of surface air by various thermodynamic and
hydrodynamic effects, the wetting transition in the case of
pillar patterns is energetically more favorable than pore patterns
so that it propagates and spreads out easily due to the
instability.17 In contrast, porous structures can provide better
dewetting stability since the entrapped air layers are isolated
within the individual pore structures so that the wetting will be
confined within a single individual pore.15,18 Thus, it is
desirable to design and develop novel surface structures that
can provide the combined features and merits of both types of
structures for superior superhydrophobic efficiency and
dewetting stability.
In this paper, we demonstrate that the electrochemical

anodization process can be engineered to design and fabricate
such combined structures, so-called “pillar-on-pore” hybrid
nanostructures, by modulating the anodizing parameters

efficiently, so that they can provide superior superhydrophobic
efficiency like pillar structures (i.e., high contact angle and low
contact angle hysteresis) while retaining good dewetting
stability inherent to pore structures. The effects of the
nanopillar morphology hybridized on top of the nanoporous
layer will also be verified and discussed in regard to
superhydrophobic efficiency.

2. FABRICATION SCHEME

Anodization techniques have been widely used in making
porous nanostructures on metallic substrates such as aluminum
because of their efficient capability of self-ordered nanoscale
pore arrangement and the convenient controllability of the pore
parameters (e.g., pore size, interpore distance, and the growth
rate of an oxide layer) by modulating the anodizing conditions
such as voltage, time, and temperature.19−22 For example,
compared to archetypal mild anodization (MA) processes,23−26

hard anodization (HA) processes use relatively high anodizing
voltages to take advantage of an enhanced growth rate of a
porous oxide layer with improved ordering of the nanopores.27

The high voltage is also likely to result in much larger pore sizes
than those attainable in MA processes, thereby often giving rise
to irregular surface roughness such as protruding tips.28−30

While such irregularity is not desirable to obtain highly ordered
porous structures for typical applications,31 the new fabrication
scheme proposed in this study is to engineer such effects to
design and create unique “pillar-on-pore” (POP) hybrid
nanostructures for superior superhydrophobic surfaces by
modulating the anodization conditions properly.
Figure 1 represents the design and fabrication scheme for the

POP hybrid nanostructures using an electrochemical anodizing
method with aluminum substrates. Furthermore, Figure 2
schematically illustrates the basic mechanism of the formation
of pillar nanostructures directly on a pore layer. If an anodizing
voltage is well controlled in anodization processes, the sidewalls
of pore structures on a top layer get etched and thinner while a

Figure 1. Schematics of the emergence of pillar-on-pore (POP) hybrid nanostructures with the evolution of anodization processes: (a) planar pore
(PP) nanostructures; (b) pore-widened PP nanostructures; (c) single pillar-on-pore (S-POP) nanostructures; (d) S-POP nanostructures of high-
aspect-ratio sharpened tips; (e) bundled pillar-on-pore (B-POP) nanostructures; (f) B-POP nanostructures of an increased bundle size. The first row
represents three-dimensional (3-D) views of the nanostructures, while the second and the third rows represent the top and the cross-sectional views,
respectively.
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new oxide layer grows up from the bottom.32 Then, the pore
structures in the hexagonal array will eventually merge with
each other and have slender pillar-like structures emerging out
of the junction area. If the anodization process evolves further,
the high-aspect-ratio tip structures will bundle together and
form nanocarpet-like structures.33−35 Figure 1a−f illustrates
such progress and varying structural morphologies with the
increasing anodization duration, including what we call in this
study, planar pore (PP), pore-widened PP, single pillar-on-pore
(S-POP), S-POP of high-aspect-ratio sharpened tips, bundled
pillar-on-pore (B-POP), and B-POP of an increased bundle
size, respectively.

3. EXPERIMENTAL SECTION
3.1. Anodization Processes for the Fabrication of Hybrid

Nanostructures. For the anodization processes for the fabrication of

hybrid nanostructures, high purity (99.9995%) aluminum foils
(Goodfellow, 100 mm × 300 mm × 0.5 mm) were first prepared,
being degreased in acetone and ethanol by ultrasonication for 10 min,
and rinsed in deionized water. Subsequently, each specimen was
electropolished in a mixture of perchloric acid and ethanol (HClO4/
C2H5OH = 1:4 in volumetric ratio) under an applied potential of 20 V
for 3 min at 15 °C to remove surface irregularities. The polished
specimen was used as a working electrode (anode) in electrochemical
anodization processes, and a platinum electrode was employed as a
counter electrode (cathode). The two electrodes were separated by a
distance of 5 cm. In the anodization experiments, both the hard
anodization (HA)27 and mild anodization (MA) modes23−26 were
tested in an attempt to create pillar-on-pore hybrid nanostructures. In
HA mode, the aluminum substrate was anodized in 0.3 M oxalic acid
at 1 °C under various anodizing voltages and intervals to determine
the optimal anodizing conditions for the hybrid nanostructure
patterns. In MA mode, the aluminum substrate was anodized in 0.1
M phosphoric acid at 10 °C and the anodizing voltages and intervals
were also varied to determine the proper conditions for the hybrid-
type nanostructures. During the anodization processes, the solution
was agitated by a magnetic stirrer to help maintain the uniform
anodization process over the sample surface.

3.2. Hydrophobic Surface Treatment. For the testing of
superhydrophobic efficiency, the fabricated surface samples were
coated with a self-assembled monolayer (SAM) of FDTS
(1H,1H,2H,2H-perfluorodecyltrichlorosilane, Alfa Inc.). Before being
coated, the samples were cleaned by O2 plasma (Harrick plasma) for
15 min in order to remove organic residues and make the surfaces
hydrophilic for the effective amphiphilic monolayer coating. To
examine the initial surface hydrophilicity, a static contact angle of a
sessile droplet (∼3 μL) of deionized water was measured on each
sample at room conditions. The contact angles measured on planar
porous surfaces were 10−25° (less on pore-widened PP surface with a
larger pore size), while those on S-POP and B-POP hybrid
nanostructured surfaces were close to 0°. The water droplet spread
and permeated quickly (less than 1 s) on the S-POP and B-POP

Figure 2. Schematic (top view) of a unit cell of a hexagonally packed
pore array, at the maximum pore size (r = a/2).

Figure 3. Scanning electron microscope (SEM) images of alumina nanostructures fabricated by a hard anodization (HA) process at 130 V and 1 °C
in 0.3 M oxalic acid with varying anodization intervals (0−60 s by every 10 s): (a) PP nanostructures; (b) S-POP nanostructures of low-aspect-ratio
tips; (c−f) B-POP nanostructures with increasing bundle sizes. Each row represents titled, top, and side views, respectively. The last row shows
higher magnification images of the sidewalls of the base pore structures. Scale bars = 1 μm.
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hybrid nanostructured surface, suggesting that the 3D hybrid-type
nanostructures make the 2D planar nanostructured surfaces more
hydrophilic (i.e., superhydrophilic).36 Then, hydrophilic samples were
coated by the 1 mM FDTS in iso-octane in N2 drybox at room
temperature according to the recipe reported elsewhere,37 which
creates a uniform monolayer film thickness (e.g., ∼2 nm). Finally, the
samples were rinsed by 2-propanol and water for 5 min and then dried
in air for 1 day before the testing of surface superhydrophobicity.
3.3. Characterization of Superhydrophobic Efficiency. For

the characterization of the superhydrophobic efficiency of the
hydrophobically coated samples, the static and dynamic contact angles
of a sessile droplet (∼3 μL) of deionized water were measured on each
sample at room conditions. A goniometer system (Model 500, Rame-
hart) was used for the measurements, being capable of automatic
tilting of the sample stage for the dynamic measurement. For the
measurement of dynamic contact angles (i.e., advancing and receding
contact angles at slipping) of the water droplet and the contact angle
hysteresis (their difference), the sample stage was gradually tilted from
0 to 90° at the rate of 1° per second and the dynamic contact angles
were measured at the moment when a droplet rolled off from the
sample’s surface. The average and standard deviation values of the

contact angles and contact angle hysteresis were obtained by more
than three measurements conducted at different locations of each
specimen. If the droplet was pinned and did not roll off even at a
vertical position (i.e., tilted by 90°), the maximum contact angle (at
the lower contact line) and the minimum contact angle (at the upper
contact line) were measured on behalf of the advancing and receding
contact angles,38 respectively. In the case of complete pinning, the
contact angle hysteresis was not determinate but expected to be
greater than the differential between the maximum and minimum
angles.

4. RESULTS AND DISCUSSION

In the HA mode experiments, it was found that POP hybrid
nanostructures were most effectively obtainable at 130 V.
Figure 3 shows the fabrication results for different anodizing
intervals at the determined conditions. As proposed in Figure 1,
the POP hybrid nanostructures of controlled pillar tip
morphology including S-POP (Figure 3b) and B-POP (Figure
3c−f) were achieved directly in the HA process at the regulated

Figure 4. Characterization results of superhydrophobic efficiency of the nanostructured alumina substrates shown in Figure 3, after a hydrophobic
monolayer coating. (a) Static contact angles of a water droplet. The contact angles of B-POP structures at 50 and 60 s were measured with the
dispensing needle retained in the droplet in order to hold the droplet in place. The dotted line at 162° represents the maximum contact angle
theoretically expected on a hexagonal PP array. (b) Dynamic contact angles and hysteresis. In the cases of PP, S-POP, and B-POP at 30 s, a droplet
was pinned even at the vertical position. In the completely pinned cases, the maximum and minimum angles measured at the lower and upper
contact lines of the droplet (θmax and θmin) were plotted instead of advancing and receding contact angles (θadv and θrec), respectively, and their
difference (θmax − θmin) was plotted on behalf of the contact angle hysteresis (θadv − θrec). In the case of B-POP at 40 s, the droplet rolled off at the
inclination angle of 3°. In the case of B-POP at 50 and 60 s, the fully dispensed droplet immediately rolled off even at zero inclination so that the
measurement of dynamic angles was not available, suggesting little (∼0°) contact angle hysteresis.

Table 1. Summary of the Superhydrophobic Efficiency of the Fabricated Samples

anodization
mode

structure type
(anodization time)

static CAf (deg)
(ave ± STD)

maximum or advancing CA
(deg) (ave ± STD)

minimum or receding CA (deg)
(ave ± STD)

CAHg

(deg)
rolling-off angle

(deg)

oxalic acid,
HAa

PP (10 s)c 120.8 ± 0.5 132.2 ± 0.4 111.2 ± 0.3 >21 N/Ah (pinned)
S-POP (20 s)d 127.9 ± 0.8 135.9 ± 0.8 113.4 ± 0.6 >22.5 N/A (pinned)
B-POP (30 s)e 158.0 ± 0.3 160.2 ± 0.1 116.7 ± 1 >43.5 N/A (pinned)
B-POP (40 s) 170.5 ± 0.1 172.2 ± 0.2 170.5 ± 0.5 1.7 3
B-POP (50 s) 172.0 ± 0.3 N/Ah (rolled off) N/A (rolled off) ∼0 ∼0
B-POP (60 s) 173.3 ± 0.3 N/A (rolled off) N/A (rolled off) ∼0 ∼0

phosphoric
acid, MAb

S-POP 172.3 ± 0.3 N/A (rolled off) N/A (rolled off) ∼0 ∼0

aHA: hard anodization. bMA: mild anodization. cPP: planar pore. dS-POP: single pillar-on-pore. eB-POP: bundled pillar-on-pore. fCA: contact angle.
gCAH: contact angle hysteresis. hN/A: not available.
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voltage, only by modulating the anodization time. The results
demonstrate that POP hybrid-type nanostructures can be
conveniently designed and fabricated in the undisrupted single-
step anodization process by controlling the anodization
parameters. Figure 4 shows the characterization results of the
fabricated POP nanostructured surfaces for superhydrophobic
efficiency after hydrophobic monolayer coating. The results are
also summarized in Table 1.
Figure 4a first displays the static contact angle values of a

sessile droplet of water. The results show that the static contact
angle increases as the surface evolves from PP (∼121°) to S-
POP (∼128°) to B-POP (up to ∼173°). According to the
Cassie−Baxter model,39,40 the apparent contact angle (θ) of a
sessile droplet on a composite interface of solid and gas can be
described by

θ = · θ − +r f fcos cos 1f SL 0 SL (1)

where θ0 is Young’s contact angle on a nonpatterned reference
surface and f SL is the fraction of a solid−liquid wet surface. rf is
the roughness of the wetted solid surface, which is typically
unity for a chemically homogeneous flat-top surface. Equation 1
suggests that a smaller value of f SL will result in a greater
contact angle on a superhydrophobic surface. For the case of
simple PP patterns, the f SL of the uniform hexagonal pore array
illustrated in Figure 2 is reduced to

= − π
f

r
a

1
2

3SL

2

2 (2)

where r is a pore radius and a is an interpore distance. At the
maximum pore size (r = a/2), the minimum f SL approaches
∼0.1 (∼10%). Then, the maximum contact angle expected
from the hexagonal PP array is ∼162°, which is marked as a
dotted line in Figure 4a. While the low-aspect-ratio S-POP
(Figure 3b) and B-POP (Figure 3c) nanostructures show the
contact angles lower than the theoretical maximum of the PP
nanostructures, the contact angles on the high-aspect-ratio B-
POP nanostructures (Figure 3d−f) surpass the theoretical limit.
This result demonstrates that the POP hybrid nanostructures
featured with high-aspect-ratio pillar-like sharp-tip structures
can lower the wetted solid-area fraction much below what is
attainable by ordinary PP patterns and consequently enhance
the surface superhydrophobicity significantly.

Figure 4b further shows the dynamic contact angles
(advancing and receding contact angles, θadv and θrec,
respectively) and their hysteresis (difference between them,
i.e., θadv − θrec).

38 On the PP nanostructures (Figure 3a) as well
as the low-aspect-ratio S-POP (Figure 3b) and B-POP (Figure
3c) nanostructures, the droplets were strongly pinned on the
surface and did not roll off even when tilted to the vertical
position. In these cases, the maximum contact angle at the
lower contact line (θmax) and the minimum contact angle at the
upper contact line (θmin) were used on behalf of the advancing
and receding contact angles, respectively. The difference
between the maximum and minimum contact angles (i.e.,
θmax − θmin) was also used on behalf of the contact angle
hysteresis for the plot in Figure 4b. In such a completely pinned
case, the advancing contact angle would be greater than the
maximum angle while the receding contact angle would be less
than the minimum angle38 so that the actual contact angle
hysteresis would be greater than their difference (θmax − θmin).
The result suggests that the low-aspect-ratio S-POP and B-POP
nanostructures were not capable of supporting the droplets by
only the tip (i.e., top of the pillar structures)41 so that the
droplet intruded and wetted the voids between them, causing
the significant pinning.15 Such pinning effects then increased
the contact angle hysteresis and adhesion because of the
increased surface contact area and the van der Waals force, as
well as capillary pressure.16,42 Although the exact values of the
dynamic contact angles and contact angle hysteresis were not
available in the pinned cases, it is still obvious that the contact
angle hysteresis on the high-aspect-ratio B-POP nanostructures
(Figure 3d−f) were significantly lower (∼0°) than those of the
PP (>21°) and the low-aspect-ratio S-POP (>22.5°) and B-
POP (>43.5°) nanostructures. The remarkably low inclination
angle (∼0°) at roll-off measured on the high-aspect-ratio B-
POP nanostructures further supports the significant reduction
of contact angle hysteresis. This clearly shows that the
hybridized porous nanostructures with high-aspect-ratio
sharpened pillar-like structures, engineered in the proposed
anodization process, significantly improve the superhydropho-
bic efficiency not only in static but also in dynamic conditions.
Meanwhile, it should be noted that S-POP nanostructures

with a high-aspect-ratio pillar morphology (similar to that
illustrated in Figure 1d) were not conveniently attainable at the
tested HA condition (e.g., the sequential anodizing progress

Figure 5. (a) SEM image of high-aspect-ratio single pillar-on-pore (S-POP) nanostructures fabricated by a mild anodization (MA) process at 120 V
and 10 °C in 0.1 M phosphoric acid for 20 min. (b) A higher magnification SEM image of (a). The inset in (b) shows a static contact angle (172.3 ±
0.3°) of a water droplet measured on the surface after a hydrophobic monolayer coating. When measuring the contact angle, the dispensing needle
tip needed to remain on the top of a droplet to prevent the droplet from immediately rolling off from the surface.
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every 10 s). It was due to the high etch rate characteristic of the
HA process that it was not efficient to regulate the anodization
time and realize the S-POP of high-aspect-ratio tips effectively.
In contrast, a mild anodization (MA) mode, having a much
slower etch rate characteristic, was efficient to achieve better
regularity of the pillar nanostructures morphology and produce
the high-aspect-ratio S-POP nanostructures. In the tested MA
mode, the hybrid-type nanostructures were most effectively
obtained at 120 V, including the S-POP nanostructures of high-
aspect-ratio tips. For example, Figure 5 shows the high-aspect-
ratio S-POP nanostructures achieved in the MA mode. The
high-aspect-ratio pillar structures of the S-POP nanostructures
were not bundled but mostly retained the single tip structures.
After a hydrophobic coating, the high-aspect-ratio S-POP
nanostructures were measured to have a static contact angle of
172.3 ± 0.3° with almost zero contact angle hysteresis (see also
Table 1), demonstrating excellent superhydrophobic efficiency,
similar to the high-aspect-ratio B-POP nanostructures. This
result verifies that S-POP and B-POP nanostructures of
controlled aspect ratios of the pillar-like tip structures can
effectively be designed and created by regulating the
anodization processes not only in HA but also in MA mode.
As summarized in Table 2 for comparison, several studies

have reported the application of porous alumina nanostructures
to superhydrophobic surfaces.32,43−47 However, most structures
realized in those studies were ordinary PP types. Although a
few have observed the feasibility of forming pillar-like structures
on top of the porous layer in anodization processes, hence the
S-POP/B-POP-type nanostructures, the anodizing parameters
were not systematically studied and modulated so that they had
very limited aspect ratios of the pillar-like top structures. Thus,
their contact angles could not exceed the theoretical limit of the
simple PP surface, and their contact angle hystereses were also
relatively large. In contrast, the hybrid nanoporous structures
demonstrated in this study, such as the B-POP and S-POP
engineered to have high-aspect-ratio pillars on the top, indeed
show the superior superhydrophobic efficiency of a larger
contact angle and a lower contact angle hysteresis, which are
essential for various applications of superhydrophobic surfaces
in both static and dynamic conditions. Furthermore, the
fabrication processes adopted by others were relatively
complicated, requiring additional surface treatment such as a
separate etching step after the initial anodization process.32,46 In
contrast, our results demonstrate that the S-POP and B-POP of
high-aspect-ratio pillar nanostructures are directly attainable in
a simple one-step anodization process only by regulating the
anodizing voltage and time in both HA and MA modes.

Due to great manufacturability, anodizing processes have
been commonly and widely used in industries for surface
treatment (e.g., oxidation and dyeing) of metallic parts and
substrates including aluminum alloys, titanium, zinc, magne-
sium, niobium, and tantalum, even for ferrous metals such as
iron or carbon steel metal. In addition to aluminum material,
electrochemical anodization processes have been used to create
porous nanostructures of such various metallic materials.48,49

Therefore, our results further suggest that well-controlled
anodization processes can open a new way for creating efficient
hybrid-type superhydrophobic surfaces of various metallic
substrates in a convenient and effective way similar to that
for aluminum as demonstrated in this study. Without any
hydrophobic surface treatment, the pillar-on-pore hybrid
nanostructures of metal oxides make the surface more
hydrophilic (i.e., superhydrophilic). In addition to the super-
hydrophobic applications demonstrated in this study, such
superhydrophilic surfaces also have many potential applications
in surface and interfacial transport phenomena such as
separation membranes, adsorption, and heat transfer.36,50

Thus, the pillar-on-pore hybrid nanostructures that can tune
the surface wettability of metallic materials effectively via simple
anodizing processes will beneficially broaden the applicability of
superhydrophobic and -hydrophilic surfaces with enhanced
efficacy and nanomanufacturability.

5. CONCLUSIONS

In this paper, we have successfully demonstrated pillar-on-pore
hybrid-type nanostructured surfaces with regulated aspect ratios
of the top pillar structures by developing a simple one-step
anodization process engineered for aluminum substrates. The
initial pillar-on-pore hybrid nanostructures of metal oxides
created by anodization significantly enhanced the surface
hydrophilicity, making them superhydrophilic. Then, after a
monolayer hydrophobic coating, the novel hybrid-type porous
nanostructures reinforced with high-aspect-ratio sharp-tip
pillar-like nanostructures on the top exhibited superior
superhydrophobic efficiency with a high contact angle
(>173°) and a low contact angle hysteresis (∼0°), overcoming
the theoretical limit of the maximum contact angle attainable
on a conventional planar hexagonal porous surface (∼162°).
The hybrid-type pillar-on-pore nanostructures possess the
advantages of both pillar and pore arrays for superhydropho-
bicity such that the pillar-like tip structures are disconnected so
as to allow a high contact angle with a low hysteresis, while the
bottom porous surface isolates the retained air layer through
the cell walls so as to enhance the dewetting stability. Such

Table 2. Comparison of Superhydrophobic Efficiency of Porous Alumina Nanostructures

references anodizing condition (additional treatment)
hydrophobic

coating
pattern
type

contact
angle

contact angle
hysteresis

C. Ran (2008)43 phosphoric acid (etching: 5 wt % phosphoric) none PP 132.2° no data
D. Brevnov (2004)44 0.4 M phosphoric acid, 25 °C, 80 V FCa PP 150° no data
M. Kemell (2006)45 0.3 M sulfuric acid, 10 °C, 25 V (etching: 10 wt % phosphoric

acid)
8 × ODSb PP 153° 30°

D. H. Kim (2011)46 0.3 M oxalic acid, 10 °C, 45 V (etching: 5 wt % phosphoric acid) PPFCc B-POP 154° 5.7°
H. Wang (2008)47 0.5 M phosphoric acid, 10−20 °C TODSd PP 157.8° no data
W. Lee (2009)32 0.3 M oxalic acid, 15 °C, 40 V (etching: 5 wt % phosphoric acid) HDFSe S-POP 166.6° 9°

this work 0.1 M phosphoric acid, 10 °C, 120 V FDTSf S-POP 172.3° ∼0°
this work 0.3 M oxalic acid, 1 °C, 130 V FDTS B-POP 173.4° ∼0°

aFC: fluoro carbon. bODS: n-octa-decyltrimethoxy-silane. cPPFC: plasma polymerized fluoro carbon. dTODS: trichloro-octa-decyl-silane. eHDFS:
hepta-deca-fluoro-1,1,2,2-tetrahydrodecyl-trichloro-silane. fFDTS: 1H,1H,2H,2H-perfluoro-decyl-trichloros-silane.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am201514n | ACS Appl. Mater. Interfaces 2012, 4, 842−848847



hybrid-type nanostructures with enhanced surface super-
hydrophobicity will be of great benefit for many engineering
systems requiring sustainable and robust superhydrophobic
efficiency and dewetting stability for multifunctional applica-
tions such as hydrodynamic drag reduction, anticorrosion,
antibiofouling, and anti-icing. The enhanced superhydrophi-
licity of the pillar-on-pore hybrid nanostructures of metal
oxides, with no hydrophobic surface treatment applied, will also
be useful for many applications associated with surface and
interfacial phenomena of materials. The simple and efficient
electrochemical anodization technique demonstrated in this
study has great potential for the design and fabrication of
efficient hybrid-type superhydrophobic and −hydrophilic
surfaces on various metallic substrates. Its low cost and
scalability makes the anodization technique readily transferrable
to manufacturing industries and material processing for
immediate impact.
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