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Position- and orientation-controllable micropatterned ZnO/TiO, nanostructures with different
morphologies have been fabricated using a novel and versatile superhydrophilic/superhydrophobic
template. Scanning electron microscopy, optical microscopy, electron probe microanalysis and
X-ray diffraction were systematically used to confirm the successful fabrication of the patterns
and to characterize the structure and morphology. The selective growth of ordered ZnO
nanostructured patterns on the TiO, nanotube surface employs a simple photocatalytic
lithography technique with mild reaction conditions and in the absence of seeds and noble
metal catalysts. The photoelectrical properties of the micropatterned ZnO/TiO, nanocomposites
with unique heterojunction structure and different density and orientation of the ZnO crystals
were also investigated. It is expected that this novel micropatterned technique based on the
superhydrophilic/superhydrophobic template will become a powerful tool for fabricating

various types of micropatterned nanomaterials and devices.

1. Introduction

Wettability of solid surfaces is one of the important properties
that is governed by both the chemical composition and
geometrical structure."* Extreme wettability contrast (i.e.
superhydrophilic/superhydrophobic) is a potentially powerful
and economical approach to precisely construct nano-
structures in aqueous solution. So far, only few reports
on the fabrication and application of superhydrophilic/
superhydrophobic patterning are available.”™

The deposition of ZnO nanostructures on a variety of
substrates has attracted great attention due to its wide
applications in sensing,'®'? optoelectronics'> !> and light
emitting displays.'®'® Moreover, the controlled growth and
synthesis of ZnO nanostructures on large scale is of particular
importance in making new types of functional semiconductor
devices and constructing micro- and nano-electromechanical
systems (MEMS/NEMS).!*2! To control the resulting ZnO
properties, an appropriate choice of synthesis and processing
parameters plays a crucial role. Over the past few years,
nanostructured ZnO periodic patterns have been created
using seed layers,”>>* noble metal catalysts,>*>° patterned
photoresists?” and mold replication on smooth substrates.?**’
For example, Sun er al.** reported ZnO patterns using a
hydrothermal approach assisted by spin-coating a ZnO seed
layer. Yu and co-authors®® successfully fabricated ordered
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ZnO nanorod patterns on Si substrates through an Au catalytic
vapor-liquid-solid process. Although they could provide precise
position control, the involvement of complicated equipment and
the strict requirements of the processing steps and environment
have limited the practical usefulness in fabricating large areas of
nanostructures in a high-throughput fashion. Therefore, the
extension of a mild, low-cost bottom-up synthetic route that
does not require vacuum technologies and seed/catalyst layers
is highly desired. Recently, Song e al.**3! developed a novel
biomimetic approach for selective assembly of nanostructured
semiconductor patterned films onto flexible polymer substrates
treated with a simple UV exposure carboxylation process.

In this paper, we propose a novel seed/catalyst-free
patterning process based on an extreme wettability contrast
(superhydrophilic/superhydrophobic) template to fabricate
position- and orientation-controlled large-scale ZnO nanorod
patterns on TiO, nanotube array surfaces. Specifically, our strategy
involves the formation of enhanced wettability contrast template
first, followed by selective growth of ZnO nanostructures in the
superhydrophilic regions. In the superhydrophobic regions, the
growth is suppressed. This special template can be utilized to
generate different nanostructured ZnO patterns with clearly
defined edges. Our approach, in contrast to others, offers
several advantages including extraordinary versatility (fabrication
performed under ambient conditions), low cost, and non-reliance
on potentially harmful metal catalyst (or seeding layer). Hence, this
novel method is particularly useful and promising in fabricating
functional nanostructures on a large scale.

2. Experimental
2.1 Preparation of superhydrophilic/superhydrophobic pattern

Titanium ( > 99.5%) sheets were anodized with a Pt counter
electrode in 0.5 wt% HF electrolyte solution under 20 V for
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20 min to fabricate TiO, nanotube arrays, as reported in more
detail previously.>* ** The as-prepared amorphous TiO, nano-
tube films were calcined at 450 °C for 2 h to form the
crystalline anatase phase. The nanotube structures were then
treated in a methanolic solution of hydrolyzed 1 wt%
1H,1H,2H 2 H-perfluorooctyltriethoxysilane (PTES, Degussa
Co., Ltd.) for 1 h, and subsequently heated at 140 °C for 1 h to
remove residual solvent. Superhydrophobic patterns were
obtained by selective exposure to a 200 W high-pressure
mercury lamp (maximum intensity at 365 nm, 100 mW cm™2)
under ambient conditions for 20 min through a photomask
placed on its surface. The light irradiation photocatalytically
cleaves the hydrophobic fluoroalkyl chain of PTES,”*® turning
the rough surface from superhydrophobic to superhydrophilic.

2.2 ZnO nanorod patterning

The vertical ZnO nanorod arrays were prepared by an
electric field assisted deposition method.° Precursor solutions
were prepared by dissolving zinc nitrate hexahydrate
(Zn(NO3),-6H,0O, >99%) and hexamethylenetetramine
(C¢H1aNy4, =>99%) in doubly deionized water. The concen-
tration of zinc and amine were fixed at 5 mM. A piece of Pt
plate acted as the counter electrode. During ZnO deposition
the resistive voltage may drop across the cell preventing
potential-dependent deposition and thus a constant current
density of 0.25 mA cm 2 at 90 °C was used for 3 min. The
deposited sample was then picked up from the container and
thoroughly rinsed with distilled water and dried in air. For a
comparative study, ZnO nanostructured crystal patterned
samples were also investigated by direct liquid phase deposition
without the presence of electric field under identical experi-
mental conditions (the patterning surface placed upward).

2.3 Material characterizations

The morphology and composition of the patterns were
observed by a field-emission scanning electron microscope
(FESEM, LEO-1530, Germany) combined with energy
dispersive spectroscopy (EDS). The chemical element distri-
bution was measured by an electron probe microanalyzer
(EPMA, JEOL JXA-8100, Japan). The crystallinity of the
samples before and after annealing treatment was measured
using an X-ray diffractometer with Cu-Ka radiation (XRD,
Phillips X’pert-PRO PW3040). The water contact angle
was measured with an optical contact angle meter system
(Dataphysics, OCA-20) at ambient temperature. The water
droplets used for the static contact angle and sliding angle
measurements were 4 and 7 mg, respectively. The values
reported are the average of five drops per sample at different
locations. For fluorescence experiments, the obtained patterns
were stained with fluorescein sodium, and observed by a Karl
Zeiss fluorescence microscope (Axioskop2, MAT). The patterned
TiO, nanotube array samples were observed by optical
microscopy (Eclipse E600, Nikon). Atom force microscopy
(AFM) in tapping mode was performed on a Nanoscope I1la
(Digital Instrument Co., USA). For confocal microscopy, a
Leica TCS SP5 with a He/Ne laser and fluotar objective,
was used to investigate the morphology of the materials at

micrometer scale. These measurements produced three-
dimensional maps of the surfaces.

2.4 Photocurrent measurements

The photocurrent action spectra were measured in a home-
built two-electrode configuration experimental system, where
the as-synthesized ZnO/TiO, nanocomposite film served as
the working electrode with an active area of about 1 cm?’.
A platinum wire was used as the counter electrode in the
supporting electrolyte of 0.1 M aqueous Na,SO, solution.
A 150-W Xe lamp with a monochromator was used as the
light source. The generated photocurrent signal was
collected by using a lock-in amplifier synchronized with a
light chopper. All measurements were controlled automati-
cally by a microcomputer.

3. Results and discussion

The fabrication process involves three main steps, as
schematically illustrated in Fig. 1. First, a superhydrophobic
titania nanotube array surface was fabricated using an
electrochemical anodizing method and a self-assembling
monolayer (SAM) technique (step 1 in Fig. 1). Second, the
superhydrophilic/superhydrophobic micropattern was trans-
ferred to the substrate by a previously established photo-
catalytic lithography technique using a photomask. Finally,
ZnO nanostructured crystals were grown on the titania micro-
pattern in the absence or presence of an electric fields. Details
of each step are described in the Experimental section.

Fig. 2(a) shows a typical FESEM image of the substrate
before electrochemical anodization. The surface of the
titanium substrate was relatively smooth, with features of
polished ridges, grooves and pits at the micron scale. After
anodization, some unevenness was observed, shallow cavities
as large as several micrometers in diameter were present on the
surface of the sample (Fig. 2(b)). This is probably due to the
anisotropic oxidation of the underlying Ti grains.*” * From
the high magnification image (Fig. 2(c)), it can be seen that
vertically oriented TiO, nanotubes with inner diameter of
approximately 80 nm covered the entire surface including
the shallow polygonal micropits. The side view image shows

Step 1. Zn0 micropattern
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Fig. 1 Schematic illustration of the fabrication procedure of ZnO nano-
crystal micropatterns based on a superhydrophilic/superhydrophobic
template. First, superhydrophobic TiO, nanotube array films were
formed on the titanium substrate (step 1). Then the superhydrophilic/
superhydrophobic micropatterns were prepared by photocatalytic
lithography with a photomask (step 2). Finally, the ZnO nano-
structures were grown on the patterned template in the absence or
presence of an electric field (step 3).
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that the self-assembled layers of the TiO, nanotubes were open
at the top and closed at the bottom with thickness about
350 nm (inset of Fig. 2(c)). The inset of Fig. 2(b) shows the
intrinsic contact angle (CA) on the as-prepared vertically
aligned TiO, nanotube surface and its corresponding
PTES modified surface is nearly 0° (superhydrophilic) and
156° (superhydrophobic), respectively. Moreover, the sliding
angle of a 7 mg water droplet on the PTES modified TiO,
nanotube sample is 12.1 £+ 1.9°, indicating a medium adhesive
strength of water droplets on such vertical nanostructures due
to its typical “line-contact™ behavior.* However, the CA for
the “flat” TiO, surface and its corresponding PTES modified
sample is about 46° (hydrophilic) and 115° (hydrophobic),
respectively. From these results, we know the top surface of
the vertically aligned nanotubes has an amplification effect to
make hydrophilic and hydrophobic surfaces become super-
hydrophilic and superhydrophobic, respectively. After UV
irradiation for 30 min, the water CA on the TiO, nanotube
film and “flat” TiO, film decreased to 0° and 26°, as a
consequence of the photocatalytic activity of TiO» films.***!
Water droplets can quickly spread and wet the as-grown
vertically aligned TiO, nanotube film due to the side penetration
of liquid by capillary forces in the special tubular structure.
Moreover, after the UV irradiation, the sample showed hydro-
phobic character once again when it was treated with PTES.
Therefore the surface can be reversibly switched between
superhydrophobic and superhydrophilic by alternating SAM
and UV photocatalysis on the rough TiO, nanotube arrays
(shown in Fig. 2(d)). Compared with the large wettability
contrast on this type of rough surface (larger than 150°), the
wettability of a “flat” TiO, film can only be reversibly changed
within the small range between 26 and 115°.

The fabrication of superhydrophilic/superhydrophobic
micropatterns (Fig. 3(a)) on TiO, nanotube array films is
described in the Experimental section. To verify the resulting
micropatterns, fluorescein sodium was used as a probe to
label the patterning surface. Fig. 3(b) shows the fluorescent
micrograph of the resultant superhydrophilic/superhydrophobic
micropatterns on TiO, nanotube films. As shown, geometrically
identical bright green superhydrophilic regions (microdots
with a diameter of 50 um) and dark superhydrophobic regions
transferred well from the photomask to form a well-defined
pattern. The UV irradiated regions become superhydrophilic
owing to the photocatalytic cleavage of PTES molecules and
the enhanced roughness of the nanotube structures, while the
non-irradiated parts remain superhydrophobic without any
change. Since the difference of the water CA between the
irradiated and non-irradiated regions is larger than 150°,
liquid containing fluorescent probe selectively and uniformly
resides only on the superhydrophilic areas, not the neighboring
superhydrophobic regions. Therefore, a clearly defined
fluorescent pattern in line with the dimensions of the photo-
mask could be obtained through wettability contrast. In
addition, such a surface micropattern could potentially be
used in erasable and rewritable mode due to the efficient
photocatalytic activity of this special TiO, nanostructure.

On the basis of this patterning template, we exploited the
extremely large wettability contrast between superhydrophilic
regions and the adjacent superhydrophobic areas to precisely

induce ZnO nanostructure deposition by several techniques.
Fig. 3(c) shows the optical micrograph of the as-prepared
ZnO/TiO, micropattern (by electric field assisted deposition
for 3 min) based on superhydrophobic/superhydrophilic
micropatterns on the TiO, nanotube array surface. It can be
seen that the patterning shape of the ZnO crystals is the same
as the template used.

Fig. 4 shows representative top-view FESEM images of the
ZnO/TiO, micropatterns by liquid-phase deposition after
different times. After growth for 30 min (Fig. 4(a) and (b)),
the nucleation and growth of ZnO crystals with various
morphologies and sizes (nanoparticles and nanorods) are
sparsely dispersed within the predefined superhydrophilic
regions. In the superhydrophobic regions, the nanotube struc-
ture is retained with its original morphology due to the indirect
contact with the solution and the effective protection by the
PTES monolayer. Upon further increase in the deposition
time to 90 min (Fig. 4(c) and (d)), it was observed that ZnO
nanorods were the predominant structural features. The
average diameter of the grown ZnO nanorods increases greatly
to about 400-800 nm in diameter and 3—5 pm in length, which
may be due to lower nucleation rate and higher growing space
for ZnO nanorods. The superhydrophilic microdots are almost
covered with randomly lying ZnO nanorods. Moreover, there
are different growth orientations and some connections into
adjacent nanorods. It is of interest to note that a two-
dimensional (2D) pattern with smaller density of randomly
packed ZnO nanorods, instead of the 3D pattern consisted of
well-aligned vertical nanorods, which were confined and
grown within the superhydrophilic regions.

For practical application of thin film devices, the position-
and orientation-control of ZnO nanorods are very important
because they directly relate to their physical and chemical
performances.*** In order to precisely control the spatial
orientation of the ZnO nanostructures, we developed a new
technique which is able to make the ZnO nanorods grow along
the vertically aligned titania nanotubes rather by disordered
deposition on the titania nanotube array surface. In this
technique, resistance discrepancy was adopted to make the
entrance of the tubes more conductive than the bottom of the
tubes, to induce the epitaxial growth with spatial organization
of uniform ZnO nanorods along the direction of the nano-
tubes. The quasi-perpendicular ZnO nanorods nucleate and
grow uniformly and selectively throughout the superhydro-
philic regions of the TiO, nanotube surface by electric field
assisted deposition at 90 °C for 3 min, while no nanorods are
observed in the superhydrophobic regions (Fig. 5(a) and (b)).
The EDS spectra also reveal that the presence of Zn, Ti and O
elements on the superhydrophilic regions, while the elemental
components in the superhydrophobic areas are only Ti and O.
The inset of Fig. 5(b) shows the hexagonal end facet of a
vertically aligned ZnO nanorod with a diameter about
100-150 nm growing on top of the TiO, nanotube array
surface. Therefore, the density, size and orientation of ZnO
nanorods are very sensitive to the presence of electric fields.

A 3D AFM profile image (Fig. 5(c)) shows that the micro-
scopic structure of the ZnO crystal deposition consisted in
dense column arrays, which are induced and directed by the
wettability template. The thickness of vertical ZnO nanorod
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Fig. 2 SEM images of the mechanically polished and cleaned titanium substrate (a), low magnification of a nanotube structured TiO, film (b),
and a higher magnification of the TiO, nanotube array film (c). Reversible surface wettability on a “flat” TiO, film and rough nanotube TiO, film
by alternating SAM and UV photocatalysis (d). The inset of (b) shows the shape of a water drop on the PTES-modified and UV-irradiated TiO,
nanotube array film. The inset of (c) shows the side view of a TiO, nanotube array film.

Fig. 3 Optical micrographs of the as-prepared superhydrophilic/superhydrophobic microtemplate (a), fluorescence microscopic image of the
fluorescein probe on the corresponding superhydrophilic/superhydrophobic microtemplate (b), and the resulting patterned microarrays of

ZnO/TiO, nanostructures (c).

film is in the range of 800-900 nm. Furthermore, the three-
dimensional confocal microscopy image (Fig. 5(d)) also shows
that the growth of the ZnO nanorod pattern is identical with
the superhydrophilic/superhydrophobic template. Moreover,
the Zn and O element distribution mappings measured by
EPMA provide convincing evidence that the ZnO nanorods
were only present in the superhydrophilic regions (Fig. 6(a)
and (b)). The reason for the success of large area fabrication of
well-defined patterns with clear boundaries is that the super-
hydrophobic regions covered by the PTES monolayers were
isolated from the aqueous solution during the deposition.
Fig. 6(c) and (d), shows the line-scan signal intensity profiles
of zinc and oxygen elements across the pattern obtained after
electric field assisted deposition for 3 min. It can be seen that
both the line profiling of zinc and oxygen signal intensity
increased greatly within the superhydrophilic regions. This

suggests that most or all of the TiO, surface areas corresponding
to the superhydrophilic regions were homogeneously covered
by ZnO nanorods, while the superhydrophobic regions
remained almost unchanged due to the suppression by the
air trapped in the nanotubes and the crevices between
nanotubes.* This image agrees well with the observed results
by FESEM. The slight deviation of the detected signal
intensity was due to analytical errors caused by the rough
nanostructures.

Fig. 7 shows the XRD patterns of the ZnO/TiO, coupled
nanocomposites, which provide further insight into the crystal
structure and orientation of the assembled ZnO nanocrystals.
The as-prepared TiO, nanotube array film on metal Ti
substrate before annealing did not show any TiO, peaks
indicating the crystal structure of the TiO, was amorphous
(Fig. 7(a)). For the TiO, nanotube films calcined at 450 °C for
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Fig.4 SEM images of the patterned ZnO nanostructured micropatterns by liquid phase deposition at 90 °C for different times: (a, b) 30 min; (c, d)

90 min.

Fig. 5 Typical SEM images of (a, b) the vertically aligned ZnO nanorods selectively grown on superhydrophilic patterning regions by the
developed electric field assisted deposition technique at 90 °C for 3 min. 3D AFM image of the ZnO/TiO, micropattern (c). Confocal microscopy
image of the perpendicular ZnO nanorod array (d). The inset in (a) shows the side view SEM image of the corresponding ZnO nanorod pattern.
(b) Shows the higher magnified SEM image of a ZnO nanorod with hexagonal end facet.

2 h the new peaks can be well indexed as phase-pure anatase
TiO, (Fig. 7(b)). The ZnO/TiO, film obtained by direct liquid
phase deposition (Fig. 7(c)) shows only a weak diffraction
peak for ZnO since the ZnO deposition rate was very low and
the quantity was not sufficient to give a strong signal. In the
case of the prepared ZnO nanorods by electric field assisted
deposition (Fig. 7(d)), three obviously characteristic peaks

(20 = 31.77, 34.42 and 36.25°), marked by their Miller indices
((100), (002) and (101)) were observed. This reveals that the
resultant ZnO nanorods were in the wurtzite phase (JCPDS
no. 36-1451). Compared to the TiO, mono-component nano-
materials, the coupled nanocomposites indeed consisted of
both anatase TiO, and wurtzite ZnO after annealing, which is
clearly shown in the XRD pattern. Furthermore, the (002)

This journal is @ The Royal Society of Chemistry [year]

fjournal], [year], [vol], 0000 | 5



ToE Townt]

(C)w-u- L

Zn

W nan nm n.m wan

nL.I.‘......l..‘..!i.‘..‘

- 0 o0 w2 om 0w

Fig. 6 The chemical composition of area-scan and line-scan signal intensity mapping of Zn (a, ¢) and O (b, d) of the vertical ZnO nanorod
micropattern on a TiO, nanotube array surface after electric field assisted deposition for 3 min.

diffraction peak of well-oriented vertical ZnO nanorods
induced and directed by the perpendicular nanotube array
structure using the electric field assisted technique exhibit
greater intensity than that of the randomly packed ZnO
nanorods by regular liquid phase deposition, indicating the
highly preferential growth of the ZnO nanorods along
the ¢ axis and perpendicularly to the substrate surface
(see the inset in Fig. 7). These XRD results agreed with the
SEM observation and demonstrate that the orientation-
controlled growth of ZnO nanostructures can be effectively
realized by use of a predefined extreme wettability contrast
template on a TiO, nanotube array surface.

In order to examine the structure-specific properties of the
nanostructured ZnO/TiO, hybrid materials, measurements of
the photocurrent action spectra were performed in a home-
built photoelectrochemical measurement system. The results
of photocurrent actions for all the samples, which were
collected in the range from 250 to 500 nm are shown in
Fig. 8. As shown, the as-prepared amorphous TiO, nanotube
sample showed no photocurrent response, while the annealed
TiO, and ZnO/TiO, nanocomposites exhibited obvious
photocurrent responses with maximum wavelength at 320
and 340 nm, respectively, which were blue-shifted from the
band gap of bulk TiO, (387 nm, 3.2 eV) and ZnO (368 nm,
3.37 ¢V) due to the quantum confinement effect.** In the case
of the prepared coupled ZnO/TiO, nanocomposites, the
photocurrent was found to be largely enhanced with higher
photocurrent intensities than that of the compact TiO, film
obtained directly by thermal oxidation at 450 °C for 2 h.
Furthermore, because of the synergistic effect, the photocurrent
spectrum of the coupled ZnO/TiO, nanocomposite was slightly
blue-shifted from that of the ZnO nanorods. Interestingly, the
photoelectrodes of the ZnO/TiO, nanocomposites showed a
smaller photocurrent spectrum (300400 nm) than that of
the monocomponent TiO, nanomaterials (275400 nm).
Moreover, all the ZnO/TiO, coupled heterojunctions exhibited
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Fig. 7 XRD patterns of the as-prepared TiO, nanotube film (a), TiO,
nanotubes (b) and ZnO/TiO, nanocomposites prepared by direct
liquid phase deposition (c) and electric field assisted deposition
(d) upon sintering in air at 450 °C for 2 h. A, Z and T represent
anatase TiO,, ZnO and Ti substrate, respectively. The inset image
shows an enlarged view of the ZnO peaks.

moderate photocurrent intensity between that of the compact
TiOs film and the TiO, nanotube film. It is also found that the
photocurrent intensities of the resultant coupled ZnO/TiO,
nanocomposite decreased with an increase of the deposition
time whether an electric field was present or absent. The
beneficial influence of a lower degree of ZnO deposition agrees
with the report by Kim*® and Yoon ez al.*® Also, the generated
photocurrent of the well-oriented perpendicular ZnO nanorod
electrode prepared by electric field assisted deposition was
much higher than that of the randomly distributed ZnO
nanorod electrode. This may be attributed to that the vertical
and more even ZnO nanorod film on the TiO, nanotubes
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Fig. 8 Photocurrent spectra of (a) amorphous TiO, nanotube
electrode, (b) compact TiO, film electrode, (c) anatase TiO, nanotube
electrode, (d) vertically aligned ZnO nanorod micropattern on TiO,
nanotube surface (1.5 min), (e) vertically aligned ZnO nanorod
micropattern on TiO, nanotube surface (3 min), (f) randomly lying
ZnO nanorod micropattern on TiO, nanotube surface (30 min) and
(g) randomly lying ZnO nanorod micropattern on TiO, nanotube
surface (90 min).

allows for more efficient electron transfer and greater surface
area at the intimate ZnO/TiO, heterojunctions. Light harvesting
and charge transfer within such 3D organized junctions with
well aligned vertical ZnO morphology are enhanced. These
results demonstrate the importance of optimizing coupled
nanostructured electrodes in an orderly orientation. Indeed,
the photocurrent response of the micropatterned ZnO/TiO,
composite depends on many structural factors, which should
be further studied.

The advantages of this simple approach lie in its generality
and high selectivity for solution-based deposition without the
presence of noble metal catalyst, and it can be easily extended
to other coupled nanostructured materials of any arbitrary
shape. In addition, with such versatile assembly of functional
nanomaterials based on superhydrophilic/superhydrophobic
templates, it is possible to open a new avenue to micro- and
nanodevice fabrication and enable applications in a wide
variety of fields such as microfluidic devices,*’ biotechnology,*®*’
water harvesting surfaces,® and site-selective deposition
templates,’'*? efc.

4. Conclusion

In summary, we have demonstrated a successful application
using a superhydrophilic/superhydrophobic template for
position- and orientation-controlled growth of ZnO nanorods
on TiO, nanotube array surfaces. Spatial organization of ZnO
crystals over large areas can be achieved with excellent
selectivity. The micropatterned ZnO/TiO, nanocomposite
showed a better photocurrent response due to its unique
heterojunction structure. These novel nanostructure patterning
strategies based on wettability contrast can also be expanded
to direct the deposition of other nanostructured materials

from aqueous solution, which opens up avenues for potential
applications in nanomaterials and technologies.
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