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Fabrication of Hierarchical ZnO Architectures and Their
Superhydrophobic Surfaces with Strong Adhesive Force
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Grid-structured ZnO microsphere arrays assembled by uniform ZnO nanorods were fabricated by noncatalytic chemical
vapor deposition, taking advantage of morphologies of alumina nanowire pyramid substrates and ZnO oriented
growth habits. Every ZnO microsphere (similar to the micropapilla on a lotus leaf surface) is assembled by over
200 various oriented ZnO nanorods (similar to the hairlike nanostructures on mircopapilla of a lotus leaf). This
lotus-leaf-like ZnO micro-nanostructure films reveal superhydrophobicity and ultrastrong adhesive force to liquid.
The realization of this hierarchical ZnO nanostructure film could be important for further understanding wettability
of biological surfaces with micro-nanostructure and application in microfluidic devices.

1. Introduction

The assemblies of low-dimensional building blocks (nan-
odots, nanowires, nanobelts, and nanotubes, etc.) into
hierarchical architectures on various substrates have attracted
great interest because of the demands for many practical
applications in functional devices.'™ As one of the most
important oxide semiconductor materials, ZnO has attracted
considerable attention due to its good optical, electrical, and
piezoelectrical properties and its potential applications in
diverse areas.* Various quasi-one-dimensional nanostructures
of ZnO have been grown, including nanobelts,” nanowires,®
nanotubes,’ etc. Meanwhile, various self-organized hierarchi-
cal ZnO nanostructures, such as nanorings,® nanopropellers,’
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nanobridges,'® nanonails,'® and nanocombs,''~'* have been
synthesized by vapor-phase processes. The novel functions
of these ZnO nanostructures arrays have been revealed
successfully in the nanolasings,'* piezoelectric nanogenera-
tors,'> nanoresonators,'® photonic crystals,17 photodetect-
cors,'® optical modulator waveguides,'? light-emitting di-
odes,?° field emitters,>! gas sensors,>>?* solar cells,>* and
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Fabrication of Hierarchical ZnO Architectures

Figure 1. Schematic diagram of the process for the fabrication of lotus-
leaf-like ZnO micro-nanostructures: (a) PAA films; (b) alumina nanowire
pyramids; (c) various oriented ZnO nuclei formed on the top of alumina
nanowire pyramids; (d) lotus-leaf-like ZnO micro-nanostructures on pat-
terned PAA substrate.

so on. However, it still remains a big challenge to develop
simple and reliable synthetic methods for hierarchical
architectures with controlled morphology, orientation, and
surface architectures, which strongly affect the properties of
nanostructured materials. On the other hand, nearly all of
the applications are based on its optical or electronic
properties. In recent years, the superhydrophobic surfaces
have received much attention due to their importance in
fundamental research and promising applications.?>**® Hong
et al.?” reported that the superhydrophobic surfaces with
sufficiently high adhesive force had particular advantages
to innovate design of open microfluidic devices for increasing
needs of controlled transport of small liquids in biochemical
separation, targeted drug delivery, immunoassay, etc. The
superhydrophobic surfaces with high adhesive have been
realized in aligned polystyrene nanotube films®® and methy-
loctyldimethoxysilane self-assembled films.** Such sticking
of droplets has been also reported for carbon nanotubes.*
In this paper, we reported the fabrication of superhydrophobic
lotus-leaf-like ZnO micro-nanostructure films with ultrastrong
adhesive force by noncatalytic chemical vapor deposition
(CVD), taking advantage of charged surfaces and morphol-
ogies of alumina nanowire pyramid substrates and ZnO
properties (polar surfaces and oriented growth habits).
Figure 1 displays schematically the formation process of
the lotus-leaf-like ZnO micro-nanostructures. The basic idea
comes from the unique properties of both ZnO and porous
anodic alumina (PAA) films. The variety of ZnO nanostruc-
tures benefits from the fact that ZnO has two polar surfaces
and three fast growth directions.®'* On the other hand, it
has been demonstrated that there are anion impurities (PO,
C,0,%", and OH") in the pore walls of PAA films,*' and
such localized negative charges play an important role in
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the growth of nanostructured ZnO materials.>> When the
PAA film (Figure 1a) was transformed into alumina nanowire
pyramids (Figure 1b), the top of the pyramids where the
alumina nanowires were more densely packed had higher
negative charge density and hence a stronger electric field
than other parts. Thus, it can be expected that ZnO nuclei
should preferably form on the top of the pyramids (Figure
1c). In addition, the space between each pyramid allows ZnO
nanorods to grow long in every possible direction. As a
result, three-dimension (3D) gridlike ZnO microspheres made
up of uniform ZnO nanorods were successfully realized on
the top of the alumina nanowire pyramids due to the 3D
interlaced growth of ZnO nanorods (Figure 1d). The method
used to fabricate the lotus-leaf-like ZnO micro-nanostructure
films is simple and of low cost because no metal catalyst is
needed and the patterned alumina substrate can be easily
obtained based on our previous work.>

2. Experimental Section

The PAA films were prepared through stable high-field anod-
ization in a H3PO,—H,0—C,HsOH electrolyte system.** Round
aluminum foil (99.999% purity, 0.25 mm thickness) with a diameter
of 2 cm was used as the starting material. Before anodization, the
aluminum foil was degreased in acetone, washed in deionlized
water, and put into a tailor-made holder with a circular area of 2
cm? exposed to the electrolyte. The aluminum was electropolished
at a constant voltage in a 1:4 volume mixture of perchloric acid
and ethanol. Anodization was then carried out in a H3PO4—
H,0—C,H;s0H electrolyte system (concentration of H3PO4, 0.4 M)
at 195 V and 3000 A m~2. A large electrolytic cell (2 L), a powerful
low-constant temperature bath, and a vigorous stirrer (800 rpm)
were employed to keep the low temperature (—10 °C) required for
the high-field anodization. Figure 2a shows a field-emission
scanning electron microscopy (FESEM, Philips XL30FEG) image
of PAA films formed by stable high-field anodization. The alumina
nanowire pyramids were obtained by etching the PAA films in a
mixed solution of 1.8% chromic acid and 6% phosphoric acid at
60 °C.

The lotus-leaf-like ZnO micronanostructures were synthesized
in a horizontal tube furnace system by CVD. Pure zinc powder
(99.99%) of 0.6 g was placed in an alumina boat located at the
center of a horizontal quartz tube. The alumina nanowire pyramids
were employed as the substrates and placed at the downstream
position of the carrier gas, with the distance between Zn source
and substrate being about 10 cm. The quartz tube was evacuated
to about 2.0 Pa to remove the residual oxygen before heating. The
source material was heated to 550 °C at a rate of 10 °C/min. Pure
argon and oxygen were introduced at one end of the quartz tube at
flow rates of 240 standard cubic centimeters per minute (sccm)
and 60 sccm, respectively. The temperature was kept at 550 °C for
120 min; the work pressure was about 180 Pa. After being heated,
the tube was cooled naturally to room temperature under the above-
mentioned atmosphere, and white films were found covering the
alumina substrates.

The hydrophobicity of the lotus-leaf-like ZnO micronanostructure
films was measured by means of the water contact angle (CA) using
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Figure 2. FESEM images of (a) PAA films, (b) alumina nanowire pyramids,
(c) ZnO nuclei on the top of alumina nanowire pyramid, and (d) lotus-
leaf-like ZnO micro-nanostructures, (e) magnified view of ZnO micro-
nanostructures, and (f) TEM image of a single ZnO nanorod and
corresponding electron diffraction pattern (inset).

an OCA 20 contact angle system (Data Physics Instrument GmbH,
Germany) at ambient temperature.

3. Results and Discussion

As shown in Figure 2b, the size of each pyramid is about
4-6 um. However, the hole-to-hole distance is about 350
nm, which shows that every pyramid is formed by many
cells. Because the size of the resulting pyramids structure
(4-6 um) is the same as the size of ordered domain (Figure
2a) of the PAA films we use, we suppose the pyramid is
formed by the cells within the same ordered domain. The
self-ordering region (or ordered domain) of the PAA film
means that within the region, the arrangement of the
hexagonal cells is ordered. But between these regions (at
the boundary), the arrangement of the cells is not ordered
(Figure 2a only shows the cells within a self-ordering region).
Because of the occurrence of defects or distortion in the pore
walls at the boundaries between the ordered regions, the
alumina cells dissolved faster at the boundaries than within
the ordered regions. By choosing a proper etching time, cells
at the boundaries were totally dissolved while those within
the ordered regions were partially dissolved, forming alumina
nanowires. These nanowires bent down and leaned against
each other to form these alumina nanowire pyramids.

Figure 2d displays the FESEM image of the lotus-leaf-
like ZnO micro-nanostructure films. The magnified FESEM
image in Figure 2e reveals that every ZnO microsphere
(similar to the micropapilla on lotus leaf surface) is assembled
by over 200 various oriented ZnO nanorods (similar to the
hairlike nanostructures on mircopapilla of the lotus leaf). The
average size of these microspheres is about 7 um, and their
separation is about 10 um. The diameter and length of
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Figure 3. Room-temperature photoluminescence spectrum of the lotus-
leaf-like ZnO architectures.

individual ZnO nanorod were about 130 nm and 2-3 um,
respectively. The transmission electron microscope (TEM,
JEOL JEM-2100F) and selected area electron diffraction
(SAED) results in Figure 2f show that these ZnO nanorods
are single crystalline and grow along the [0001] direction,
which reveals good crystal quality of the nanorods.

For confirming that the 3D gridlike microspheres grew
on the top of the alumina nanowire pyramids, we observed
the morphologies of the sample when the growth time was
only 10 min. As shown in Figure 2c, dense and various
oriented short ZnO nanorods can be observed only on the
top of the alumina nanowire pyramid, which clearly dem-
onstrates the above expectation. Above results indicate that
the alumina nanowire pyramids play an important role in
successfully realizing the fabrication of lotus-leaf-like ZnO
micronanostructures films.

Figure 3 displays the room-temperature photoluminescence
(PL) spectrum of the bushlike ZnO architectures. The room-
temperature PL spectrum was measured by a Jobin Yvon
ultraviolet—visible monochromator under a 325 nm He—Cd
laser excitation. As shown in Figure 3, an intensive and sharp
peak at 378.6 nm with the full width at half-maximum of
12.1 nm (~105 meV) dominates the room-temperature PL
spectrum of the bushlike ZnO architectures. For bulk ZnO,
UV emissions were only observed at very low temperature,
and the intensity of the emissions decreased rapidly with the
increase of temperature due to the thermal quenching effect.
Bagnall et al.** demonstrated that the improvement of the
crystal quality (decrease of impurities and structure defects)
could result in detectable UV emission at room temperature.
Thus, the observation of intensive and sharp UV peak at
room temperature in our experiment indicates that the ZnO
nanorods have very little impurity and few structure defects.
This can be confirmed by the fact that a very weak green
emission band near 500 nm is observed in the PL spectrum,
because the intensity of the green emission is determined
by the concentration of the oxygen vacancies in the ZnO
crystal.*® Besides, the three-dimensionally interlaced structure
of the bushlike ZnO architectures may also contribute to the
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Figure 4. Shapes of the water droplets on the lotus-leaf-like ZnO micronanostructure films at tilt angles of (a) 0°, (b) 90°, and (c) 180°.

observation of intensive and sharp UV peak at room
temperature. The appearance of intensive and sharp UV
emission and very weak green emission in the PL spectrum
further demonstrates that the bushlike ZnO architectures have
good crystallinity.

Figure 4a shows the shape of a water droplet on the lotus-
leaf-like ZnO micronanostructure films with water contact
angle (CA) as high as 151°, which shows that the films have
superhydrophobicity. The 3D spherical gridlike ZnO micro-
nanostructures effectively increase the hydrophobicity com-
pared with that of relatively flat ZnO films (CA = 109°).%
It is also found that the water droplet does not slide when
the film is tilted vertically (Figure 4b) or even reversed
(Figure 4c). This phenomenon was also found in an aligned
polystyrene nanotube film by Jin et al.,?® of which the critical
weight of the water droplet on a tilted nanotube layer at 90°
is 8 mg. The critical weight of the water droplet on a reversed
lotus-leaf-like ZnO micro-nanostructure film is as high as
20 mg, which indicates an ultrastrong adhesive effect
between water and the film.

To explain these phenomena, Jin et al.*® proposed that
the high contact angle resulted from the large number of air
pockets present due to the nanostructure of the composite
surface, whereas the high adhesive force resulted from a large
van der Waals force between the solid surfaces and wa-
ter.>”*® However, Li and Amirfazli challenged their explana-
tions because they were not based on the same microscope
mechanism.*® Since the high nanotube density or fraction
of nanotubes which is required for a high adhesive force
will lead to a low contact angle according to Cassie—Baxter
relation, they thought they even contradicted each other.
Thus, it is necessary to explain the appearing contradiction
based on the same microscope mechanism, and that is what
we are trying to do in the following paragraph.

Generally, the apparent contact angle of a hydrophobic
surface increases with its roughness, which is usually defined
as the real surface area to the apparent surface area. However,
it is actually the local roughness at the line of contact (also
called the triple line) that determines the apparent contact
angle. Thus, we can define the local roughness as the real
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length of the line of contact to the apparent length of the
line of contact. The real length of the line of contact increases
with the increase of surface roughness, which results in the
increase of the apparent contact angle. For a surface with
high roughness, due to the trapping of air pockets under the
drop, the real length of the line of contact is largely increased,
which results in a drastic increase in the apparent contact
angle, as shown in the experiment of Johnson and Dettre.*’
The high contact angle for our sample is due to long real
length of the line of contact achieved with the trapping of
air pockets by the 3D interlaced structure. Meanwhile, the
high adhesive force is also a result of the long real length of
the line of contact. Considering that the surface is not flat
but made of many nanorods, the van der Waals force is
actually proportional to the real length of the line of contact,
not to the area of the solid/liquid interface. Suppose when a
rod is being pulled out of water, the van der Waals force
that acts on the rod is actually at the line of contact. Besides,
the capillary force acting on the line of contact will also
contribute to the adhesive force, and apparently it is
proportional to the real length of the line of contact.
Therefore, both the high contact angle and high adhesive
force resulted from the long real length of the line of contact.

4. Conclusion

In conclusion, the superhydrophobic lotus-leaf-like ZnO
micronanostructure films with ultrastrong adhesive force were
fabricated by the inducement of uniquely patterned PAA
substrates. This provides a new approach to fabricating
hierarchical architectures with special functional properties.
The TEM results and PL spectrum of the hierarchical ZnO
architectures indicate that they have very good crystallinity.
It is expected that this superhydrophobic ZnO micro-
nanostructure film with high adhesive force to liquid could
be used in the future as a “mechanical hand” to transfer small
liquid droplets for microsample analyses. Moreover, because
of the favorable surface-to-volume ratio of the multidimen-
sional ZnO nanostructures, they are expected to have
potential applications in gas sensors, etc.
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