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Self-assembly of alumina nanowires into
controllable micro-patterns by laser-assisted
solvent spreading: towards superwetting surfaces†

Meiling Lv,a Qianbin Wang,a Qing'an Meng,a Tianyi Zhao,*a Huan Liu*a

and Lei Jiangab

Self-assembly of nanowires into micro-scale patterns, especially in a controlled manner, has received

increasing research interest because of the wide variety of potential applications, including micro-optics

and electronic devices, as well as nanomaterials-based energy conversion systems. In this contribution, a

novel laser-assisted solution spreading method was developed to fabricate and self-assemble alumina

nanowires (ANWs) into large-scale 3-dimensional (3D) micro-patterned surfaces in one step. Here, sodium

hydroxide (NaOH) solution played a dual role, both chemically etching the anodic aluminum oxide tem-

plate (AAO) into ANWs and self-assembling the as-obtained ANWs into micro-patterns under capillary

force. It is notable that the micro-scale patterns can be artificially controlled by introducing laser points

before solution spreading on the AAO template, and thus the laser-etched area will act as the fixation point

during the ANW assembly process. Moreover, the as-prepared micro-patterned ANW film exhibits typical

micro-/nano-hierarchical surface topology and shows superhydrophilicity. The film can be transformed

into a superhydrophobic surface by chemical modification with 1H,1H,2H,2H-perfluorodecyltriethoxysilane

(FAS). Here, by taking advantage of wetting and dewetting processes of a solution on an AAO template, we

propose a facile method that enables the fabrication of 3D micro-patterned ANW surfaces, which have

superwetting properties. We envisage that this method could shed new light on the fabrication of func-

tional micro-patterned devices where a one-dimensional nano-material and solution phase are involved.
Introduction

Self-assembly is a fundamental principle and regularly
used technique which provides autonomous organization
of pre-existing components into well-ordered patterns or
structures.1–6 Molecular self-assembly is the most well-studied
subfield, which enables the fabrication of novel super-
molecular architectures via weak, noncovalent interactions
such as hydrogen bonds, electrostatic interactions, hydropho-
bic interactions, and van der Waals interactions.7–15 However,
utilizing a long range force (such as capillary force, surface
tension or convection) to construct well-patterned structures
via a self-assembly approach at the nano-/mesoscale level has
been little reported, and appears to be important in diverse
applications in chemical/biomolecular sensing,16,17 nanoscale
electronic circuits,18,19 optoelectronics,20–22 and novel energy
conversion systems.23,24 Recently, it has been proposed that
the capillary force is applicable to the self-assembly of micro-
meter or even millimeter scale components into patterned
structures.25–28 For example, Aizenberg and coworkers
reported an assembly strategy based on capillary force-
induced aggregation of mesoscale pillars made by soft lithog-
raphy.4 Recently, by utilizing a water spreading method, we
have realized the self-assembly of an aligned carbon nanotube
array into 3-dimensional (3D) micrometer-scale patterns
driven by the capillary force generated during the dewetting
process.25,29 So far, the capillary force has been utilized to
self-assemble various nano-materials such as carbon nano-
tubes, polymer nanopillars and inorganic nanowires into
micro-patterned structures, and some new functions were
generated as a result.30–36 However, all these techniques
suffer from the limitation of needing to prepare nanometer-
scale components before the assembly, where complicated
chemical and physical processes are often required. On
the other hand, self-assembly of nano-materials, especially
one-dimensional (1D) nanomaterials, in a controllable manner
remains a challenge, mainly because of the difficulty of
oyal Society of Chemistry 2015
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Fig. 1 Schematic illustration of the laser-assisted solution spreading
method and representative SEM images of the as-prepared micro-
patterned ANWs. (a) Directly spreading NaOH solution onto the AAO
substrate and (b) the resulting irregular micro-patterned ANWs.
(c) Spreading NaOH solution onto an AAO substrate pre-treated by a
pulse laser and (d) the resulting regular micro-patterned ANWs. (e) The
high-magnification image of one laser point after performing the solu-
tion spreading procedure, where the laser point acts as the assembly
center of the ANWs. (f) and (g) show the typical SEM images of the
AAO substrate after pre-treating by pulse laser and then after solution
spreading, respectively.
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spatially controlling the assembly center.37–39 To date, strate-
gies that can generate tunable 3D architectures from 1D nano-
structures in a controllable manner in one step remain a
challenge and are poorly understood.

Herein, we developed a facile approach using a laser-
assisted solution spreading method, which enables one-step
fabrication and self-assembly of 1D alumina nanowires (ANWs)
into 3D micro-patterns in a controlled manner starting from
the anodic aluminum oxide template (AAO), with a synergis-
tic effect of chemical etching and capillary-induced bending
of the ANWs. The as-generated micro-patterned surfaces
exhibited typical micro/nano-hierarchical topologies, where
unique superwetting phenomena were observed. This tech-
nique allows the fabrication and patterning of nanowires in
one step, and consequently enables a dual-scale structured
surface with typical wettability.

Experimental
2.1. Materials and equipment

AAO with a diameter of 200 nm was purchased from Wako
Chemicals Inc. The 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(FAS) was purchased from Sigma-Aldrich. Ethanol (CH3CH2OH)
and sodium hydroxide (NaOH) were purchased from Beijing
Chemical Works and were used without any further purification.

2.2. Preparation of 3D ANWs

The AAO was successively washed with ethanol and deionized
water several times and then dried under a nitrogen atmo-
sphere. 2 μL aqueous NaOH solution with a concentration of
2 mol L−1 was dripped onto the surface of the AAO so that
the NaOH solution would naturally permeate into the AAO.
Then, the treated AAO was rinsed with purified water ten
times and dried under a nitrogen atmosphere.

2.3. Morphology control of the micro-structure

The surface morphology of the as-prepared 3D micro-
patterns was controlled by setting the chemical etching time
to 1, 3, 4, 5, 7 and 8 min respectively. Here, 5 min was the
most suitable time to enable the fabrication and self-
assembly of ANWs in a controllable manner. A pulse laser
etching system with a wavelength of 355 nm (New Wave
Research Inc., California) was used to control the morphol-
ogy of the AAOs before the chemical etching process, where
the laser etching points were artificially designed, and the
size of the facula was 35 × 35 (2–3 μmm) with an energy of
1.8–2.9 mW. The morphology observation of the as-prepared
3D ANWs was conducted using a scanning electron micro-
scope (SEM, Hitachi S-4800, Japan).

2.4. Chemical modification of various surfaces with
fluorosilane and wettability characterization

The chemical modification of both the micro-patterned sur-
faces and the AAOs was performed by immersing the
This journal is © The Royal Society of Chemistry 2015
substrates in a 1% (volume ratio) ethanol solution of
1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS) for 48 h at
room temperature, after which they were removed and
treated in an oven at 120 °C for 1 h.

The surface wettability was characterized by measuring
the water contact angles using a OCA20 contact angle system
(Data-Physics, Germany). Water droplets of 3 μL were used as
the probe liquid for the CA measurements, and the values
reported were the average of at least five drops per sample at
different locations.

Results and discussion

The strategy of the laser-assisted solution spreading method
is schematically illustrated in Fig. 1. As Fig. 1a indicates, we
first spread the NaOH solution directly onto an AAO sub-
strate to check the feasibility of the method. The NaOH solu-
tion spread and penetrated into the AAO substrate rapidly
once dropped onto the AAO (Fig. 1a), and subsequently many
nanowire structures (Fig. S1†) could be observed on the sur-
face of the AAO due to the chemical etching effect.40 Here,
the alumina chemical nature of the as-prepared nanowires
was confirmed by X-ray photoelectron spectroscopy (Fig. S1†).
It is suggested that the chemical etching could proceed in a
controllable manner by setting a suitable etching time in
order to generate nanowires with optimized length, and the
CrystEngComm, 2015, 17, 540–545 | 541
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Fig. 2 Representative SEM images of the as-prepared micro-patterned
ANWs fabricated by the laser-assisted solution spreading method. The
patterns were obtained with decreasing average distances between
the two adjacent laser lines of ca. 62 μm (a), 30 μm (c) and 19 μm (d).
(b) The magnified image of (a) showing the typical two regions of ANW
bundles: the randomly bended region (framed in red) and the regularly
bended region (framed in blue).
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details of this will be mentioned later. After a certain period
of chemical corrosion, the AAO was taken out of the NaOH
solution to terminate the chemical etching and was subse-
quently washed with water. During the whole process, the
liquid phase was trapped in the intervals between the
nanowires and replaced by a vacuum from bottom to top,
resulting in a concave structure of the nanowires because of
the constant capillary force from bottom to top. Consequently,
the ANWs were bended into bundles in a random manner
as a result of self-assembly (Fig. 1a), driven by capillary force-
induced water dilation stress.25,29 Due to the uncontrollability
of the capillary force direction, such a self-assembly process
will result in irregular 3D patterns (Fig. 1a and b). The SEM
image of the as-prepared surface (Fig. 1b) clearly shows the
formation of the patterned ANW bundles on a large scale.
This demonstrates that such a solution spreading method
can enable the fabrication and self-assembly of ANWs in
one step.

In order to control the self-assembly process – specifically,
in order to control the position where the ANWs bundles
formed – a pulse laser was used to introduce defects on the
AAO substrate before the NaOH solution spreading. As shown
schematically in Fig. 1c, the pulse laser was applied to etch
the AAO substrate in a controllable manner, in order to intro-
duce patterned defects on the surface of the AAO substrates.
In the laser-assisted procedure, because of the high energy
involved, the laser can provide a significant amount of heat
with a temperature higher than the melting point of alumina,
such that the pulse laser destroys the irradiated area of the
template surface, forming a solid point structure instead of
the original porous structure after congealing at room tem-
perature (laser-etched AAO surfaces are shown in Fig. 1f).
After laser etching, the spreading of NaOH solution on
the pre-treated AAO was carried out to generate and then
self-assemble nanowires (Fig. 1c). As a result of the laser irra-
diation, the destroyed areas (defect points) underwent a
much slower chemical etching process by the NaOH solution
compared to the non-destroyed parts. Therefore, the intact
porous structure of the non-destroyed areas is chemical
etched into ANWs (Fig. 1c and g), but the laser-etched melted
parts (the defect points) remain almost the same with stand-
ing structures. Similarly, during the solution evaporation pro-
cess, the capillary force drives the nanowires to assemble
into bundles. However, the laser-etched points are relatively
large and will not be reduced in size by the capillary effect-
induced tensile force.4,25 As a result, the nanowires tend to
flatten towards laser-etched sites, which act as centres for
ANWs to self-assemble into bundles (Fig. 1d). The typical
SEM image of the AAOs treated by the laser-assisted method
is presented in Fig. 1e. It can be observed that all the nano-
wires assembled into bundles with the laser-etched points
as centres (Fig. 1e). Taken together, we can conclude that
controllable ordered 3D micro-/nanocomposite patterns of
ANWs can be obtained by a laser-assisted solution spreading
method in one step, whereas non-laser-assisted solution
spreading results in random ANWs bundles.
542 | CrystEngComm, 2015, 17, 540–545
It has therefore been demonstrated that micro-patterned
ANWs could be programmably fabricated by a laser-assisted
solution spreading method. As presented in Fig. 2a and b,
when AAOs were pre-etched by a pulse laser with a lattice
structure and then chemically etched with an NaOH solution
for about 5 min, it can be clearly observed that ANWs
near the laser lines self-assemble into regular bundles with
the laser points as centres (region 1 in Fig. 2b), while for
the other regions, ANWs freely self-assemble into irregular
patterns with no obvious centre (region 2 in Fig. 2b) since
they are too far away from the laser line. These results clearly
indicate that laser etching is the crucial factor for generating
regular assembly of ANWs. Moreover, we found that decreas-
ing the distances between laser lines to a suitable extent
could allow well-controlled ANW patterns with laser-etched
points as centres. As shown in Fig. 2, with a decreasing
distance between laser lines from ca. 62 μm (Fig. 2a) to 30 μm
(Fig. 2c) and 19 μm (Fig. 2d), the freely assembling region
deceased and the regularly assembling region increased in
size accordingly. In particular, when the distance decreased to
ca. 19 μm (Fig. 2d), the freely assembling region disappeared
completely and all nanowires assembled into bundles with
laser points as centres. Further detailed experiments demon-
strated that if the average distances between laser lines
were controlled in the range of 18–25 μm, all ANWs would
regularly assemble with the nearest laser point as the centre.
The mechanism of the ordered assembly can be attributed
to the capillary force, which is the critical factor that
causes the nanowires to collapse into bundles as illustrated in
Fig. 1. However, during the collapsing process, the aniso-
tropic capillary force could only act on the region near
the laser etching points, as presented in Fig. 2b. According to
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Time dependence of AAOs etched using 2 mol L−1 NaOH
solvent with etching times of (a) 1 min, (b) 3 min, (c) 4 min, (d) 5 min,
(e) 7 min and (f) 8.5 min.
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the experimental results, a distance between the laser points
in the range of 18–25 μm is beneficial in order for the nano-
wires to self-assemble into regular bundles. We can therefore
conclude that the size and composition of 3D microscale
patterns can be programmably controlled by tuning the dis-
tribution of the laser etched area.

By designing the laser etching pattern, we can obtain
various micro-patterned ANWs in a straightforward manner
using the solution spreading method, as shown in Fig. 3. In
our experiment, we adjusted the frequency and motion speed
of the laser points to ensure that each laser point could be
separated from the others. In the procedure, we first pre-
patterned the AAO surface with lattice (Fig. 3a), parallel line
(Fig. 3b), double point (Fig. 3c) or double line (Fig. 3d) struc-
tures by laser etching, and then let the NaOH solution spread
onto these pre-patterned AAO substrates for 5 min. It can be
observed that all nanowires lodged towards the laser points
and formed a microscale volcano-like structure. Especially
when the surface was laser-etched with double points (Fig. 3c)
and double lines (Fig. 3d), the nanowires lodged toward the
nearest laser points. Therefore, we can design any pattern
by controlling the laser etching distribution and can obtain
micro-/nanocomposite structures without preparing the nano-
wires in advance.

Here, the chemical etching time was noted as a crucial
factor for building ANWs. The SEM images of ANWs prepared
with different etching times are shown in Fig. 4. It can
be concluded that the length of nanowire increased with
extended etching time as presented in Fig. 4a to e. During
the initial stage of etching (less than 4 min), AAO can be
gradually etched into short nanowires standing separately
from each other which do not show bending tendencies
(Fig. 4a–c), due to the rigidity of the nanowires.13,29 However,
if we increased the etching time to 5–7 min, the nanowires
were elongated and could be up to 50–200 nm (Fig. 4d and e).
We found that the nanowires began to bend and deform
This journal is © The Royal Society of Chemistry 2015

Fig. 3 Several representative micro-patterned ANWs prepared by the
laser-assisted solution spreading method on AAOs that were pre-
patterned by laser etching with (a) lattice, (b) parallel line, (c) double
point and (d) double line structures.
into microscale bundle structures at this stage, mainly
because the enlarged length-diameter ratio of the ANWs
make them more mechanical flexible. With the prolongation
of the etching time to 8 min, the nanowires were too long
to be broken away from the surface of the AAO (Fig. 4f).
Therefore, we considered that 5 min was the most suitable
etching time to obtain self-assembled microscale patterns of
ANWs, and thus we set the solution spreading time to 5 min
in our experiment, as mentioned above. In addition, we
found that ANWs could self-assemble into irregular patterns
on the non-treated AAO substrates (Fig. 4e), which also high-
lights the significant role of the laser.

The as-prepared micro-patterned ANW surfaces exhibited
a typical micro-/nano-hierarchical topological nature, where
the laser points contribute to the microscale patterns and the
ANWs from chemical etching by NaOH solution are the nano-
scale components. Micro-/nano-hierarchical topology is a
widely shared property of many biological surfaces, such as
lotus leaf, the leg of a water strider and animal hairs, which
normally enables unique surface wettability.41–44 Here, the
micro-patterned ANWs show superwetting behaviour. We
estimated the water contact angle (CA) of these surfaces by
comparison with that of the original intact AAO. The results
indicated that the CA of the micro-patterned ANWs is nearly
0° (Fig. 5a), exhibiting superhydrophilicity where water drop-
lets spread immediately upon contact with the surface, while
the original intact AAO substrate had a water CA of 20.9°
(Fig. 5b). Moreover, after modification with FAS, the CA of
the micro-patterned ANWs changed dramatically to 164.4°
(Fig. 5a), showing a typical superhydrophobicity where the
water droplet can maintain its spherical shape steadily. By
comparison, the original intact AAO substrate gave a water
CA of only 132° after chemical modification with FAS
(Fig. 5b). The results suggested that the micro-patterned
ANW surface can exhibit superwetting behaviour where
both superhydrophilicity and superhydrophobicity can be
observed.

Schematic illustrations of wetting on the micro-patterned
ANWs are proposed in Fig. 5a. The 3D micro-/nanocomposite
structure enables a Cassie state contact with a water droplet,
where large amounts of air can be trapped at the interface of
CrystEngComm, 2015, 17, 540–545 | 543
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Fig. 5 (a) Superwetting properties of the micro-patterned ANWs and
schematic illustrations indicating the inherent superhydrophilicity and the
superhydrophobicity after surface modification with FAS. (b) Wettability
properties of the original intact AAO suggested its normal hydrophilicity
and hydrophobicity after surface modification with FAS.
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water and a rough surface after surface modification of a low
surface energy material with FAS.45–48 Thus, a typical solid–
air–water composite interface was formed on contact with a
water droplet, giving a high water CA. Meanwhile, the typical
surface roughness of micro-patterned ANWs is also favourable
for the spreading of water under the assistance of the capillary
effect, since the naked ANWs are inherently a high surface
energy material.49 However, for the original intact AAO only
nanometer-scale structure was observed, and so the contact
between water and the substrate should be in a Wenzel state
(Fig. 1b), exhibiting weakened hydrophilicity and hydrophobicity
before and after the FAS surface modification, respectively.
Such superwetting performance on the micro-patterned ANW
surface might lead to new functions.

Conclusions

In summary, we developed a novel laser-assisted solution
spreading method, which enables the fabrication and self-
assembly of ANWs into large-scale 3D micro-patterned sur-
faces in one step. The laser-etched points on the AAO surface
acted as the fixation points to guide the self-assembly of the
ANWs, while the NaOH solution has two functions, one being
the chemical etching of the AAO substrate into ANWs and
the other being the generation of the capillary effect that
bends the ANWs into bundles. Moreover, the as-prepared
micro-patterned ANW film exhibits superwetting properties,
with inherent superhydrophilicity that can be turned into
superhydrophobicity by chemical modification with FAS. We
envisage that this method could shed new light on the fabri-
cation of functional micro-patterned devices where a one-
dimensional nano-material and solution phase are involved.
544 | CrystEngComm, 2015, 17, 540–545
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