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Abstract The present work demonstrates a simple
method to prepare nanostructured Ni films with different
morphologies with the assistance of porous anodic
aluminum oxide (AAO) membranes. A great distinction
is observed as the Ni films deposited onto the top and
bottom sides of AAO membranes. The wetting properties
of as-prepared membranes are investigated by measuring
the contact angles of water on the surfaces. Results show
that the static water contact angle changes dramatically
from 124°+41° to 45°41° on different Ni films, implying a
change of the wettability from hydrophobicity to hydro-
philicity affected by the surface patterns. This versatile
approach can be conducted on various materials with
potential applications in a broad range of fields.
Keywords wettability, anodic aluminum oxide (AAQ),
Ni ﬁlmy_,

1 Introduction

Nanostructural materials are currently of great interest
among researchers due to their promising applications in a
large variety of fields [1-3]. Among the synthesis
approaches, ‘template method’ has been proven to be a
cheap and facile process in preparing zero-dimensional (0-
D) and one-dimensional (1-D) arrays with the confinement
of vertical aligned channels [3-11]. A commonly used
template is the porous anodic aluminum oxide (AAO),
which provides uniform nanoporous structures with
controlled diameters and film thickness under specific
conditions [12,13]. Inspired by the discovery of self-
cleaning effect of Lotus leaves [14,15], extensive efforts
have been devoted to developing superhydrophobic
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surfaces due to their potential applications in microfluidic
devices, self-cleaning materials, water proof and anti-rain
textiles, etc. [16-20]. By employing an AAO template, Pt
nanowire arrays have been demonstrated with super-
hydrophobic characteristic with the assistance of chemical
modification [8].

Although AAOs have been widely used to synthesize
various nanostructured materials, the hexagonal close-
packed protuberances at the bottom used to be neglected
and selectively removed in the template synthesis
approach. Herein, we present a simple process to fabricate
nanodot and nanoconcave membranes by employing both
sides of AAO membranes. As a demonstration, Ni, which
is widely used in mechanical, electroplating and rocketry
industries, is utilized to construct the film. The morphology
and microstructure of the obtained films are systematically
characterized by scanning electron microscopy (SEM).
The wetting properties of Ni patterns evaporated on the
two sides of AAO surfaces as well as the smooth Ni film
deposited on the Si substrate are characterized by a contact
angle meter.

2 Experiments

AAO membranes are used as templates to fabricated Ni
films with different morphologies. In brief, aluminum foils
(0.3mm thickness, 99.999% purity) are used as the
starting material after annealing treatment at 450°C for
5 h, which are first anodized in 0.3 M oxalic acid at 60V
and 7°C for 4 h. And after etching the as-formed porous
layer, the second-step anodization is carried out under
identical conditions yielding the porous film with the pore
diameter (D)) of ~50nm, interpore distance (Dj,) of
~150nm and film thickness of > 60 pum [5-7]. The
duration of the second-step anodization is typically more
than 12 h, which ensures sufficient mechanical strength for
the following process.
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Figure 1 illustrates the fabrication process of Ni
membranes with different surface morphologies. The Ni
nanodot arrays are formed in the AAO pores by electron-
beam evaporation at a rate of 0.2 nm/s for a duration of
1000's (Figs. 1(a) to 1(c)). Further deposition leads to a
uniform film on top of AAO. The height of nanodots
corresponding to the penetration length is determined by
the pore diameter and the deposition rate. To realize the
nanoconcave arrays, the AAO samples are submerged into
saturated HgCl, or SnCly aqueous solution to selectively
remove the unwanted Al foils. The exposed barrier layer
with round protuberances is now available for the
following evaporation. Around 200 nm Ni membrane is
deposited to duplicate the surface structure with the same
condition as above. After the deposition, the metal surfaces
are coated by epoxy for the following handling as
described in Ref. [7]. Chemical etching is then carried
out in 1M NaOH solution to remove the unwanted
AAO and aluminum. Metallic membranes with nanodot
(Fig. 1(c)) and nanoconcave (Fig. 1(f)) arrays are
available for the following measurements. For comparison,
a 200-nm-thick Ni film is also deposited onto a Si (100)
wafer forming a smooth membrane.
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3 Results and discussion

Nickel or nickel-based alloy is a hydrophilic material,
whose smooth surface has a water contact angle less than
90° as the following represented. However, the rough
topography has been proved to be a prerequisite in tuning
wetting properties [16]. Figure 2(a) displays a smooth Ni
film prepared by evaporating nickel directly onto a clean
silicon wafer for the purpose of comparing the roughness
effect. Figures 2(b) and 2(c) show the SEM images of the
nickel membranes deposited on the top and bottom sides of
the AAO membranes, respectively. The surface morphol-
ogies of Ni films show great distinction between the
evaporations on different sides of AAQs. Highly ordered
Ni dot patterns with uniform dot size of ~50 nm can be
observed in the enlarged image (inset of Fig. 2(b)), which
is accordant with the pore diameter of AAO. The inset of
Fig. 2(c) depicts the bottom morphology of as-obtained
AAQ. The electron-beam evaporation carried out on the
bottom side of AAQO leads to dense arrayed concave
patterns as shown in Fig. 2(c). The inter-concave distance
(~150nm) is identical to the size of the interpore distance
of AAO.
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Fig. 2 SEM images of nickel membranes. (a) Deposited on a clean silicon wafer; (b) deposited on top surface of AAQ (inset is a
close-view image); (c) deposited on bottom surfaces of AAO (inset is a SEM image of AAO bottom before metal coating)
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The wettabilities of these membranes are evaluated by
static contact angle measurements. Figures 3(a) to 3(c)
demonstrate the profiles of water droplets on the
corresponding surfaces shown in Figs. 2(a) to 2(c). The
smooth Ni film shows hydrophilicity with a static water
contact angle of 82°41°. Interestingly, the nanodot film
yields an increased contact angle of 124°41°, while the
contact angle is significantly reduced to 45°41° on the
nanoconcave film. This implies that the surface patterns

cause an opposite effect in the wettability, i.e., the nanodots

lead to a hydrophobic behavior while nanoconcaves result
in a more hydrophilic film.

The experimental results can be explained by Wenzel’s
law [21]:

)

which was first derived to describe the contact angle for a
liquid droplet at a rough solid surface. In Eq. (1), 8, and @
are the water contact angles on a rough surface and on a
smooth surface made of the same material, respectively; r
is the roughness factor. We can deduce from the above
equation that the actual water contact angle decreases for
hydrophilic materials (9 < 90°) and increases for hydro-
phobic materials (§ > 90°) with the increase of surface
roughness. Owing to the hydrophilic property of Ni
membrane (f <90°) as shown in Fig. 3(a), it can be
understood that the contact angle decreases to be about 45°
for nanoconcave films (Fig. 3(c)).

Compared with these membranes deposited on the
smooth silicon wafer and the bottom surface of AAQ, the
membrane obtained from the top AAO surface shows
favorable hydrophobicity. The water contact angle in this
case reaches as high as 124° as shown in Fig. 3(b). The
morphology of highly ordered Ni nanodots is similar to the
protrusions of the subtle surface features of Lotus leaf
which provides the prerequisite roughness on the surface
[16]. This kind of structure can trap a large amount of air
which prevents the penetration of the water droplet into the
surface, yielding a hydrophobic property upon the
surfaces. The transformation of wettability from

cosf, = rcosb,
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hydrophilicity to hydrophobicity as a result of the surface
patterns can be explained in terms of the Cassie-Baxter
equation [22], as

cosd, = ficosf—1,

)

where f| and f, are the fractions of the liquid-solid interface
area and the liquid-air interface area, where f; +/, = 1. It
can be deduced from the above equation that an increase of

J> would increase the actual contact angle of the Ni film

(b)

(6,). In the case of Ni nanodot film, we adopt 82° and 124°
as the water contact angle on the smooth (#) and rough (6,)
surfaces, respectively. Thus, f, is estimated to be 0.61,
indicating that the formation of the nanodot pattern
promotes large roughness. And a high proportion (~61%)
of the air occupation in the contact area is responsible for
the favorable hydrophobic propetty.

Similarly, Qu et al. [8] have reported such transforma-
tion from hydrophilicity to superhydrophobicity on the
surface of Pt nanowire arrays. However, fluoroalkylsilane
or other modification materials were used as hydrophobic
coatings to impart the surface with low free energy in that
case. The method of evaporation on the AAO template
used in this study is more facile and cost-effective
compared with other top-down approaches, such as deep
silicon dry etching [23], anisotropic plasma etching [24]
and X-ray lithography [25], which are usually employed in
mimicking superhydrophobic biosurfaces. It is also
reasonable to expect that the morphology of Ni pattern
can be adjusted by regulating the geometries of AAO
which could further tailor the water contact angle. Besides
metallic films, the versatile process can be conducted on a
variety of functional polymers, e.g., polydimethylsiloxane
(PDMS), to construct flexible films with tunable wett-
ability for practical applications.

4 Conclusions

In summary, nanostructured Ni films with different
morphologies have been successfully prepared on AAO

(©)

Fig. 3 Wettability of Ni films. (a) Smooth surface; (b) surfaces patterned with nanodot; (c) surfaces patterned with nanoconcave arrays
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membranes by utilizing e-beam evaporation. The results
show that the wettability of membranes strongly depends
on the structure and subtle pattern of the film surface. The
nanoconcaved Ni film shows a hydrophilic characteristic
with the static water contact angle of 45°4+1°. On the
contrary, the contact angle reaches as high as 124°41° on
nanodot Ni film without any chemical modification,
showing a favorable hydrophobicity. The Ni dot patterns
provide a large roughness and a high proportion (~61%) of
the air occupation in the droplet/film interface, which is
responsible for the hydrophobic property.
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