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Large-area ZnO nanorod arrays were synthesized successfully on the stainless steel mesh through chemical
vapor deposition route. The coated mesh shows good water permeability after ultraviolet (UV) irradiation,
while it is impermeable to water after dark storage. This repeatable process suggests that the wettability
transition of the rough surface is complete reversible. Besides, the special hierarchical nanostructures and
the suitable size of the original mesh play an important role in smart controllability of the water permeability.
The reversible transition of surface wettability has potential applications in many aspects, such as microchips,
micro-fluidic devices, and biotechnology.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the wetting/antiwetting behavior of water droplets
on solid surface has become a new research focus due to its many appli-
cations, for example, in microreactors, lab-on-chip, and small droplet
manipulations [1–9]. The surface free energy and geometric structure
are considered to be responsible for the wettability of solid surfaces
[10–14].Many researches [15–20] have reported the preparation of var-
ious highly water-repellent surfaces, which are usually achieved by
modifying hierarchical rough surfaces with low surface energy mate-
rials, or creating nanostructures on a hydrophobic surface. Recently,
with the rapid development of smart surface with controlled wetting
behavior, surface wettability switching between superhydrophobicity
and superhydrophilicity for the photoresponsive materials such as
ZnO, WO3, and TiO2 has received particular attention [21].

ZnO is an important oxide semiconductor with optical band gap of
3.37 eV [22]. ZnO nanostructures, especially nanowire and nanorod,
are frequently employed to acquire superhydrophobic and stimuli-
responsive surfaces due to their special electrical, optical, and ultravi-
olet (UV)-shielding properties. Many different approaches such as
sputter deposition [23], hydrothermal route [7], and chemical vapor
deposition route (CVD) [24] have been used to prepare kinds of ZnO
nanostructure. Among these approaches, CVD route can control the
crystal structure, surface morphology, and growth rate of ZnO. So it
is an idea method for ZnO nanostructure growth. Liu et al. [25] have
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fabricated the ZnO thin film on the sapphire substrate through CVD
route, and reversible wettability switching between superhydrophilicity
and superhydrophobicity is observed via alternation of UV irradia-
tion and dark storage. The same phenomenon is observed on the
sapphire substrate coated by ZnO nanorod [26]. However, most
studies focus on the wettability transition between superhydrophobicity
and superhydrophilicity on different solid substrate surfaces [3,8,21,27].
The corresponding research on the wettability transition and dynamic
properties for photoresponsivematerials onmicroscale pore array is lack-
ing [22,28]. The water permeation can be well realized by regulating the
pore size of the microscale pore array. As known, the water permeation
process is crucial in many aspects, such as agriculture, industry, and
daily life [29–32]. The most commonly used microscale pore array is
stainless steel mesh due to its wide application and easy obtainment.

In this study, we present the preparation of ZnO nanorod arrays on
the stainless steel mesh through the CVD route. Reversible wettability
transition between superhydrophobicity and superhydrophilicity on
the coatedmesh is observed, and intelligentmanipulation of the revers-
ible transition can be realized via alternation between UV irradiation
and dark storage. The effects of special hierarchical nanostructures
and the suitable size of the original mesh on the reversible transition
were studied. This work may have very important application in many
fields.

2. Experimental section

2.1. Sample preparation

A stainless steel mesh (2 cm × 5 cm) with a pore size of 75 μm
was used as the substrate. The mesh was cleaned with acetone for
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Fig. 2. XRD pattern of the as-grown ZnO nanorod arrays.
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20 min in ultrasonic bath, and then cleaned with deionized water be-
fore being dried at 80 °C for about 10 min. Then, a 50 nm thick Au
film was deposited on the mesh by ion sputtering. A quartz boat filled
with Zn powders (purity 99.999%) was put in the horizontal tube fur-
nace. The mesh was placed on the downstream side of the quartz boat
and the distance between the source and the mesh was about 5 cm.
Subsequently, argon was introduced into the horizontal tube furnace
with a flow of 120 sccm and the pressure was kept at 120 Pa. The
tube furnace was heated to 650 °C at a rate of 15 °C/min and then
oxygen with a flow of 80 sccm was introduced. The reaction time
lasted for 40 min. After reaction, the horizontal tube furnace was
cooled down to 30 °C. The wettability of the as-prepared film was
measured after it was stored in the dark for 2 weeks.

2.2. Sample characterization

The surface morphologies and the structures of samples were
studied by Philips Sirion 200 scanning electron microscope (SEM)
and X-ray diffraction (D/max-2200/PC, XRD), respectively. The water
contact angles were measured by contact angle meter system (JY-82)
with liquid droplets of 5 μl. The surface chemical composition of the
ZnOnanorod arrayswas performed byX-ray photoelectron spectroscopy
(Thermo ESCALAB 250, XPS).

3. Results and discussions

Fig. 1(a) shows the SEM image of the large area ZnO nanorod arrays
on the stainless steel mesh. It can be seen that the ZnO nanorod arrays
have a uniform arrangement on all stainless steel wire. Fig. 1(b) and
(c) are the top surface SEM images of the ZnO nanorods at lower and
higher magnification on a stainless steel wire, respectively. It can be
seen in Fig. 1(b) and (c) that the ZnO nanorods exhibit a relatively uni-
form and densely packed distribution. Fig. 1(d) is the cross section
image of the as-prepared ZnO nanorod arrays, it can be found that the
ZnO nanorod arrays are almost perpendicular to the surface, and the
heights of ZnO nanorods are about 4 μm. Fig. 2 indicates XRD pattern
of ZnOnanorods grownon the stainless steelmesh substrate. The inten-
sity of (002) peak ismuch stronger than the (100) and (101) peaks. This
result indicates that ZnO nanorod arrays are highly c-axis oriented crys-
tallite and perpendicular to the stainless steel mesh.
Fig. 1. SEM images of the ZnO nanorod arrays coated on the stainless steel mesh. (a) Large-a
wire, (c) high magnification of the as-grown ZnO nanorods, and (d) the cross section imag
The wettability of the mesh surface which was coated by ZnO
nanorod arrays was evaluated by the contact angle (CA) measure-
ment. Fig. 3(a) depicts that the CA on this coated mesh is about
157 ± 1°. This contact angle was measured after 2 weeks of storage
in the dark. However, the coated mesh shows superhydrophilicity
and the CA became 0° (Fig. 3(b)) after UV irradiation (300 W Hg
lamp) for 3 h, and the water will drop down when more water is
added (Fig. 3(c)). The coated mesh becomes superhydrophobic after
it was put in the dark for a week. The results indicate that the water
permeation process can be conveniently manipulated through the
alternation between UV irradiation and dark storage. Fig. 4 shows
the reversible wettability switching between superhydrophilicity
and superhydrophobicity.

To acquire the information about the influence of UV irradiation on
the water CA of the coated mesh, the relationship between the UV irra-
diation time and thewater CAs of the coatedmeshwas studied, and the
results were shown in Fig. 5. The water CAs decreased sharply from
157° to 50° at the beginning of the UV irradiation time as shown in
Fig. 5. However, with the increase of UV irradiation time from 60 to
180 min, the water CAs decreased only from 50° to 0°, the wettability
of the coated mesh was turned into superhydrophilicity. In order to
prove that the feasibility of the coated mesh can be successfully used
rea view of the coated mesh, (b) top images of the ZnO nanorods on one stainless steel
e of the ZnO nanorods with height about 4 μm.

image of Fig.�2


Fig. 3. Shapes of water droplets on the coated mesh. (a) Water contact angle photo-
graphs before UV irradiation, (b) after UV irradiation, and (c) permeating process of
water droplet on the coated mesh after UV irradiation. When more water is dropped,
the water droplet can drop down.

Fig. 4. Reversible wettability switching under the alternation of UV irradiation and
dark storage.

Fig. 5. The relationship between the UV irradiation time and the water CAs of the
coated mesh.
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in practice, we design a smart device as shown in Fig. 6, a piece of coated
meshwhichwas put in the dark for a weekwas fixed to the bottom of a
plastic tube. Water (dyed black) cannot penetrate the coated mesh
(Fig. 6(a)). However, after UV irradiation, water can quickly permeate
through the coated mesh and drop into the beaker (Fig. 6(b)).

Wettability, an especially important property of solid surface, can
be regulated by adjusting the surface free energy and geometric
structure. Fig. 2 shows that the ZnO nanorod arrays are highly c-axis
oriented crystal and have preferential orientation along [001] direc-
tion. Previous research results [33,34] show densities of the surface
free energy of the low index planes are 0.209, 0.123 and 0.009 eV/Å2

for the (101), (110) and (002) planes, respectively. So the as-prepared
ZnO nanorod arrays have the lowest surface free energy compared to
other planes of ZnO nanocrystal films. In addition, there are many
spaces among the different nanorods although the ZnO nanorods are
densely packed as shown in Fig. 1. So ZnO nanorod arrays can trap suf-
ficient air among the different ZnO nanorods. According to Cassie equa-
tion [35]:

cos θ� ¼ −1þ f 1 1þ cos θð Þ ð1Þ

where θ* is contact angle of liquid droplet on the rough substrate, θ is
contact angle of liquid droplet on the native flat surface, and f1 is
the fraction of solid in contact with the water droplet. Because the air
has been trapped among the different ZnO nanorods, the proportions
of solid/water interface decrease, then the value of f1 diminishes
quickly. The contact angle increases and the coated mesh shows the
superhydrophobicity.

The wettability of solid surfaces is determined by the surface free
energy and geometric structure. The geometric structure will not
change after UV irradiation, which indicates that the wettability
switching is caused by the changes of the surface chemical composi-
tion. ZnO is an important photocatalyst, UV irradiation generates
electron-hole pairs according to Eq. (2). The formation of surface
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Fig. 6. Experiment process of wettability switching under the alternation of UV irradiation and dark storage. (a) Water cannot penetrate the coated mesh after dark storage, the
inset is a filter holder, and (b) water can penetrate the coated mesh and dropped into the beaker.
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oxygen vacancies is ascribed to the reaction between some holes and
lattice oxygen as shown in Eq. (3) [36–38].

ZnOþ 2hν→2hþ þ 2e− ð2Þ

O2− þ 2hþ→1
.

2
O2 þ □ surface oxygen vacancyð Þ ð3Þ

Meanwhile, water molecules in the air may be adsorbed on the
oxygen vacancy sites, which lead to dissociative adsorption of the
water molecules on the surface. To confirm the adsorption of the
water molecules on the surface, the XPS measurements of ZnO
nanorod arrays in the O1s peak level were carried out before and
after UV irradiation as shown in Fig. 7. The increase of the shoulder
and the intensity at the higher binding energy of the O1s peak
shows that the adsorption of the water molecules on the surface
was enhanced by UV irradiation. As a result, the ZnO nanorod arrays
become hydrophilic material after UV irradiation. According to Wenzel
equation [39],

cos θ� ¼ r cos θ ð6Þ
Fig. 7. X-ray photoelectron spectroscopy spectra of ZnO nanorod arrays in the O1s peak
level before and after UV irradiation. Solid line, experimental data; dotted line, fitted
curves.
where r is roughness factor and the other parameters are the same as
those in Eq. (1). The surface roughness increase owing to the hierar-
chical micro/nanostructure ZnO nanorod arrays on the mesh, and
then the surface hydrophilicity is enhanced. So the coated mesh
shows superhydrophilicity and the water can easily penetrate it,
just like the discussion in Fig. 6(b).

Compared with the oxygen absorption, the surface oxygen vacan-
cy sites are more favorable for hydroxyl absorption. However, the sur-
face will become very unstable after the hydroxyl adsorption, because
the hydroxyl groups distort the surface in both electronic and geo-
metric structure. Therefore, hydroxyl groups which are adsorbed on
the surface oxygen vacancy sites can be replaced gradually by oxygen
atoms of the air when the superhydrophilic mesh is put in the dark.
The surface wettability will evolve back to the superhydrophobicity.

Various coated mesh can be fabricated by using the original stain-
less steel meshes with different pore size as substrates. Fig. 8 illus-
trates the CAs after UV irradiation and dark storage as the function
of the pore sizes which range from 25 to 600 μm. From Fig. 8, it can
be found that all the coated meshes exhibit the superhydrophilicity
and good water permeability under UV irradiation, while the hydro-
phobicity shows a considerable dependence on pore size after dark
storage. The coated mesh has optimum superhydrophobicity when
the pore size of the mesh is about 75 μm. The distance between the
Fig. 8. The relationship between the pore sizes and the water CAs of the coated mesh.
(a) After dark storage, (b) after UV irradiation.
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stainless steel wires is so small that there is no insufficient proportion
of the water/air interface when the pore size is below 75 μm. So
the coated mesh lacks superhydrophobicity. Although at above
75 μm, the distance between the stainless steel wires is so large that
micro/nanostructured stainless steel mesh cannot provide sufficient
hydrophobic force. Hence, the CAs decrease as the pore size increases
further. Therefore, the pore size of the original stainless steel mesh is
important in achieving the reversible wettability switching of this
device.

4. Conclusions

The patterned growth of ZnO nanorod arrays has been realized on
the stainless steel mesh through the CVD route. The as-grown nanorod
arrays are uniform in dimension andwith large aspect ratios. The coated
mesh is superhydrophobic and the water cannot penetrate it after dark
storage, while it is superhydrophilic and the water can penetrate easily
after UV irradiation. In addition, the special hierarchical nanostructures
and the suitable sizes of the original mesh play an important role in
the surface wettability switching between superhydrophobicity and
superhydrophilicity. This work is of great significance for future indus-
trial applications.
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