Hierarchical ZnO films with microplate/nanohole structures induced
by precursor concentration and colloidal templates, their
superhydrophobicity, and enhanced photocatalytic performance
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A facile inexpensive route has been developed to prepare ZnO hierarchical materials with
microplate/nanohole structures based on the colloidal monolayer template by the precursor
thermal decomposition. These hierarchical structured materials demonstrated an excellent
superhydrophobicity with self-cleaning effect and an enhanced photocatalytic performance to
organic molecules, which are attributed to big roughness and large surface area of such special
hierarchical structures. The formation mechanism of such hierarchical structures was investigated
in detail by tracing morphology changing at different precursor concentrations. At high precursor
concentration, both incompletely restricted ZnO growth of colloidal templates and preferable
growth of microplates take place at the same time, and hence, ZnO hierarchical materials with
microplate/nanohole structures are formed. With increasing precursor concentration, the number
density of ZnO microplates tends to be larger. The large number density of ZnO microplates and
holes on the microplates render the sample a large surface area and surface roughness, leading to
good superhydrophobicity and photocatalytic activity. Such hierarchical ZnO micro/nanostructured

materials have important applications in environmental science, microfluidic devices, etc.

. INTRODUCTION

Nanomaterials have been recently widely studied due
to their many applications in different fields, for instance,
microelectric and photonic devices,' biotechnology,*
piezotronic devices,* and catalysts® for several decades.
However, some nanomaterials, particularly for nanopar-
ticles, have fatal flaws of unstable dispersion in the solu-
tion. They will be aggregated together in a long storing time
in the liquid media, obstructing their practical applications.
Hierarchical micro/nanostructures, complex microstruc-
tures composed of micro- and nanostructures, can not only
overcome some disadvantages of pure nanosized materials
but also offer the advantages of both microsized structures
and nanostructures and hence have many applications in
microfluidic devices, optoelectronic devices, biomedical
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science, surface science, field emission, etc.51° In general,
hierarchical structures could be created by the replication
induced by an electric ﬁeld,6 electron irradiation,” sol-
vent thermal route,lz’13 replication routes,”’15 etc.
Superhydrophobic surfaces [water contact angle (CA)
large than 150°] with self-cleaning effect have recently
received much attention owing to their applications in
preventing the adhesion of water or snow to desired sur-
faces, antioxidation coating, and microfluidic devices.'*72?
Superhydrophobicity is generally induced by low free
energy chemical composition and enough roughness on
the material surfaces, which is revealed by investigation of
morphologies and components of lotus leaves (lotus effect)
that eliminates dirt and contamination on their surfaces.'®
Lotus effect discovers that self-cleaning phenomenon might
be realized by superhydrophobicity of a surface with a
water CA larger than 150° and a sliding angle (SA) less
than 10°."” Inspired by this, different methods to prepare
superhydrophobic surfaces have been developed,'’ 2
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including a rough polymer surface by plasma etching,23 a
hierarchical micro/nanostructured film by the wet chemical
method,** rough films by chemical vapor deposition,
binary colloidal structures by self-assembly,*® a transparent
boehmite/silica film by sublimation,?’ superhydrophobic
rough surfaces by electrochemical methods,”® polymer
patterns by the polymerization on the etched silicon
substrate,” stable bionic superhydrophobic surfaces by
solution-immersion process,”” and porous films by elec-
tron irradiation or template techniques.“’33 One of the
important approaches is the colloidal template technique
to create superhydrophobic surfaces. Colloidal monolayer
is usually used as a flexible template to fabricate periodic
nanostructured arrays including nanoparticle, nanopore,
nanowire, and nanotube arrays.>>° It is composed of
regularly packed colloidal spheres and belongs to a type
of rough surface, which is very useful to design super-
hydrophobic films using it as a substrate or a template.
For example, periodic patterns based on colloidal monolayer
templates including pore arrays,®’ > hierarchical micro/nano
PS/CNT or PS/Ag nanoparticle composite atrays,“o’41
nanopillar arrays,* etc. exhibited very excellent super-
hydrophobicity. However, those routes have disadvan-
tages of high costs or complicated experimental operation.
Additionally, lotus effect also unveils that hierarchical
micro/nanostructures are propitious to realize the super-
hydrophobicity with self-cleaning effect. Therefore, it is
crucial to develop hierarchical micro/nanostructures with
self-cleaning effect by a facile inexpensive method.

In this work, we develop a simple route with low cost to
prepare hierarchical ZnO microplate/nanohole structured
materials based on the colloidal monolayer template by
the precursor thermal decomposition. These hierarchical
structured materials demonstrated an excellent super-
hydrophobicity with self-cleaning effect. Additionally,
it also displayed enhanced photocatalytic performance
to organic molecules. The superhydrophobicity and
enhanced photocatalytic property of ZnO hierarchical
micro/nanostructured materials are attributed to big rough-
ness and large surface area of such special hierarchical
structures. The formation mechanism of such hierarchical
structures was investigated in detail by tracing morphol-
ogy changing at different precursor concentrations. Such
hierarchical ZnO micro/nanostructured materials have
important applications in environmental science, micro-
fluidic devices, etc.

Il. EXPERIMENTAL

A colloidal suspension with 350-nm monodispersed
polystyrene (PS) spheres of 2.5 wt% was purchased from
the Alfa Aesar Co. (Ward Hill, MA). First, a colloidal
monolayer with PS spheres was prepared on cleaned glass
substrates by self-assembly at the interface between air
and water and subsequent formation on the substrate after

complete evaporation of the water, as Giersig et al.®
described. A droplet of 0.5 M zinc nitrate solution was
then added on the substrate with a colloidal monolayer
template and the solution would infiltrate into the space
between colloidal template and substrate through in-
terstices among PS spheres. After drying at room tem-
perature, the template-containing precursor was heated
at 100 °C for 1 h and finally annealed at 400 °C for 3 h.
The hierarchical ZnO microplate/nanohole structured
materials were thus prepared.

To reduce the surface energy on such hierarchical
micro/nanostructures, the as-prepared samples were
modified with fluoroalkylsilane by a chemical route.
The samples were immersed in an ethanol solution of
10 mM 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane
(CF5(CF,),(CH,),SiCls, Alfa Aesar Co.) for 60 min, fol-
lowed by washing the samples in ethanol to remove the
redundant fluoroalkylsilane. The samples were finally
dried in an oven at 110 °C for 30 min, introducing a thin
layer of perfluorosilane on the sample surfaces. Static water
CAs were measured on a G10 (KRUSS Gmbh, Berlin,
Germany) at room temperature. The weight of individual
water droplets used for the static CA measurements was
2 mg. CA values were achieved by averaging five mea-
surement results on different areas of the sample surface.
The SA was measured as follows: a droplet of 2 mg water
was added on the sample surface, and it began to slide
down when the sample was tilted. The angle at which the
sample was tilted was recorded as the SA.

Photocatalytic characterization of such ZnO hierar-
chical micro/nanostructures was carried out as follows.
The as-prepared samples were immersed in a 20 mM
stearic acid ethanol solution for 15 h and then taken out
and dried at room temperature. The stearic acid molecules
were adsorbed onto the sample surface. The samples with
stearic acid layer were then irradiated with UV light at
ambient atmosphere. A SLUV-6 light source supplied the
UV light with a wave length of 254 nm and a power of
90 W (or light intensity of 1.27 W/cm?). The degradation
of stearic acid under UV illumination was monitored by
measuring the decay of the infrared peaks for the symmetric
and asymmetric vibrations of CH, by a Fourier transform
infrared spectroscopy (FTIR) spectrometer (JASCO FT-1IR
420) in a diffuse reflectance mode.

The morphology of the as-prepared sample was char-
acterized with a field emission-scanning electron micro-
scope (FE-SEM, Sirion 200, FEI Company, Hillsboro,
OR). The x-ray diffraction (XRD) measurement was per-
formed to identify the crystal structure of the as-prepared
sample on a Philips X’Pert instrument (The Hague,
Netherlands) with Cu K, radiation. The x-ray photoelec-
tron spectra (XPS) were characterized by an Escalabmk?
spectrophotometer (Vg Corporation, London, UK) at a
take-off angle of 45° relative to the surface normal for the
different silver surfaces.

116 J. Mater. Res., Vol. 29, No. 1, Jan 14, 2014

http://journals.cambridge.org

Downloaded: 02 Sep 2015

IP address: 202.38.93.82


http://journals.cambridge.org

Z. Li et al.: Hierarchical ZnO films with microplate/nanohole structures

FIG. 1. FE-SEM images of the as-prepared sample obtained using a
PS colloidal monolayer as a template by precursor thermal decompo-
sition (PS sphere size: 350 nm). (a) and (b) FE-SEM images observed
from top and at tilted angle of 45°, respectively. (c) High magnification
of figure b, white frame: highlight of nanohole arrays on the plate
surface.
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lll. RESULTS AND DISCUSSION

Figure 1 presents the FE-SEM images of a sample ob-
tained using a colloidal monolayer with a PS sphere size of
350 nm as a template and 0.7 M zinc nitrate as a precursor
after drying and then annealing. From the top view of the
sample, one can find that some microsized plates are for-
med on the sample and there are some nanoholes on the
microplates, as shown in Fig. 1(a). From the image ob-
served with tilted angle [Fig. 1(b)], one can clearly see that
microplates uniformly distributed on the substrate with
random orientation and their size ranged from 1 to 3 pum.
The nanoholes on the microplate exhibited hexagonal ar-
rangement and their sizes are uniform and similar to the PS
sphere size, which templated from a colloidal monolayer.

The XPS spectra indicate that the as-prepared sample
is composed of the elements of zinc, oxygen, and carbon
(Fig. 2). Zn and O should originate from hierarchical
micro/nanostructured films and the atomic ratio of Zn
and O was about 1:1, which came from the thermal de-
composition of the precursor in the annealing process.
Carbon originating from impurities in the air is always
detected in XPS measurement. According to the XRD spec-
trum, all the observed diffraction peaks can be well assigned
to ZnO, reflecting that the as-prepared sample consists of
crystalline ZnO (Fig. 3). The XPS and XRD results indicate
that these hierarchical micro/nanostructured films are crys-
talline ZnO formed in the annealing process at 400 °C for
3 h by the thermal decomposition of the precursor.

The wettability was characterized for this ZnO hier-
archical micro/nanostructured film by measuring the
water CA Before measuring, the sample was placed in a
light-shaded chamber with clean air for 1 week. The water
droplet on the sample surface is shown in Fig. 4(a) and the
corresponding water CA is 138°. However, after the surface
chemical modification with fluoroalkylsilane, the water CA
of the sample dramatically increased to 168°, and the water
droplet on the surface was kept almost spherical [Fig. 4(b)],
reflecting that the wettability of the surface was changed
to superhydrophobicity due to the chemical treatment.
Additionally, the SA is less than 5° after modification
with low free energy materials.

The photocatalytic activity of the as-prepared hier-
archical ZnO micro/nanostructures was characterized
based on the degradation of stearic acid under UV irra-
diation by monitoring the FTIR spectra.**** The frequen-
cies of 2919 and 2849 cm ™' reflect the methylene group
asymmetric (VasymmCH») and symmetric (VsymmCH>)
stretching modes of stearic acid. These values for the
methylene group stretching mode are very close to those of
a crystalline alkane and are typically taken as evidence of
the formation of a well-ordered, dense, self-assembled
monolayer of stearic acid on the ZnO surface.*® With
increase of the UV irradiation time, the vibrational bands
of the methylene group gradually decreased and almost
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FIG. 2. XPS spectra of as-prepared samples. (a) Survey spectrum.
(b) and (c) Zn 2p and O 1s core levels, respectively.

completely disappeared after 45 min, as shown in Fig. 5.
The decrease in C—H vibrational bands indicates that the
stearic acid is gradually photodegraded by the ZnO hier-
archical micro/nanostructures under UV irradiation.
Usually, surface wettability is related to roughness of the
material surface. Two models are established to describe
the water dewetting behavior on rough films. When a water
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FIG. 3. XRD pattern of the sample shown in Fig. 1(a).
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FIG. 4. Water CA of ZnO hierarchical micro/nanostructures. (a) and
(b) Water CA before and after chemical modification with low free energy
materials. Water CA: (a) 138° and (b) 168°.
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FIG. 5. Photocatalytic activity of ZnO hierarchical micro/nanostructured
film by monitoring the photodegradation of stearic acid.

droplet can dip into the pore or grooves on material sur-
faces, Wenzel described this case as follows***7:

cosO; =rcos® (1)
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where r is the roughness factor, which is the ratio of the
total surface area to the projected area on the horizontal
plane, and 0, and 0 are the CAs on a rough film and a
native film with smooth surface, respectively. For a Wenzel
type surface, obviously, increasing roughness can enhance
both hydrophobicity of the hydrophobic surface and
hydrophilicity of the hydrophilic surface. The water CA
(0) of the relative flat ZnO film is 109°, as previously
reported. Obviously, the roughness of such hierarchical
micro/nanostructured films is much increased, therefore,
the water CA will be further enhanced according to Eq. (1)
and corresponding value is 138°. According to Eq. (1), the
roughness (7) of hierarchical ZnO micro/nanostructured
materials can be estimated to be 2.28. This rough surface is
very helpful to adsorb organic molecules on it for further
photocatalytic degradation.

When a small water droplet is added on the hierarchical
micro/nanostructured film chemically modified with low
free energy materials, air can be trapped in interstices,
grooves, or corrugations that are produced among micro-
structures or between the microstructure and the nano-
structure. In this case, another model presented by Cassie
and Baxter*® can be generally used as follows:

cosO, = ficosO — o (2)

where f| is the contact area fraction with the hierarchical
micro/nanostructure and f, = 1 — f; is that with air trapped
by interstices or grooves in the films in the contact area of
a water droplet with the film surface. Evidently, increasing
/> can lead to larger 0,; that is, the area fraction on the
surface trapped air is important to the superhydrophobicity
for Cassie and Baxter’s type surface. Since the measured
water CAs of the flat ZnO surface and the ZnO hierarchical
micro/nanostructured film modified with fluoroalkylsilane
are 109° and 168°, respectively, f> for the as-prepared sur-
face was calculated to be 0.97. This very high value of f,
reveals that the hierarchical micro/nanostructured film pos-
sesses an excellent ability to trap a large amount of air
between the microstructure and the nanostructure and that
the strong superhydrophobicity with a self-cleaning effect
of the hierarchical surface mainly originates from the unique
hierarchical micro/nanostructures and the subsequent sur-
face chemical modification. Generally, ZnO can be used to
fabricate different films with rough surfaces, i.e., nanorod
or nanowire film by solution growth,** porous films by
electrodeposition,” periodic pore arrays by template
route,’! etc. which demonstrate superhydrophobicity after
chemical modification. However, our method is relatively
facile, and the superhydrophobicity is much better than
these reported methods.

ZnO, as a wide band gap semiconductor, possesses
many technological applications and has been widely in-
vestigated. For example, it can be used as photocatalysts
to decompose organic pollutants under visible or UV light

http://journals.cambridge.org Downloaded: 02 Sep 2015

irradiation. Cui et al.>” revealed the photocatalytic reduction
performance of nanostructured ZnO and showed that the
photoexcited electrons from ZnO by visible light irradia-
tion can transform CO, into other organic molecules of
HCOOH, CH;0H, and HCHO. Zhou et al.>® found that
tetrapod-like ZnO nanowhisks demonstrated a better
photodegradation to methyl-orange than nanostructured
TiO,. Herein, we revealed that such ZnO hierarchical
micro/nanostructured films displayed a very good pho-
tocatalytic activity to stearic acid. Generally, the crystal
phase, crystal composition, material microstructures,
adsorption ability to organic molecules, and the specific
surface area significantly affect the photocatalytic
properties of ZnO. In our case, the ZnO hierarchical
micro/nanostructured film has porous structures, rough
surface, and possesses a much higher specific surface area
and better adsorption ability to stearic acid than that of a
flat ZnO film, which contribute to excellent photocatalytic
properties. Compared with recent results of photocatalytic

FIG. 6. Morphology evolution of samples at various precursor con-
centrations. Zinc nitrate concentration: (a) 0.3 M, (b) 0.4 M, (c) 0.5 M,
(d) 0.6 M, (e) 0.7 M, and (f) 0.8 M. PS sphere size in colloidal
monolayer: 350 nm. Scale bars: 5 pm.
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activity of ZnO n.amostructures,s“’56 i.e., nanoparticles,

nanowires, nanotubes by UV light, our ZnO hierarchical
micro/nano-structures showed much lower photo-
degradation time, possessing a better photocatalytic
performance.

The formation mechanism of such ZnO hierarchical
micro/nanostructured materials was investigated by observ-
ing the morphology evolution of samples using different
precursor concentrations. The periodic nanohole array
[Fig. 6(a)] was achieved at very low precursor concentra-
tion, to say, 0.3 M, these hole size agrees with PS sphere
size in the colloidal monolayer, indicating that these holes
were templated from the colloidal monolayer, as previ-
ously reported.’” With increase of precursor concentration,
some microsized plates begin to grow with tilted angle
from O to 90° on the hole array films and some nanoholes
formed from colloidal spheres existed on microplate sur-
faces [Fig. 6(b)]. With further increase of precursor con-
centration, the number density of microplate with nanoholes
also increased, as displayed from Figs. 6(b)-6(f). At very
high concentration, the microplates with nanoholes distrib-
uted over all the substrate, as shown in Figs. 6(e) and 6(f).
As we know, at low precursor concentrations, the mass of
ZnO is low after decomposition of precursor by annealing.
The growth of ZnO crystals will be completely restricted
in the interstices of the colloidal monolayer template, and
ZnO periodic hole array is formed after removal of tem-
plate by annealing, as displayed in Fig. 7(c). With increase
of precursor concentration, the mass of ZnO also increases.
In this case, the colloidal monolayer cannot absolutely
confine the growth of ZnO, the growth of ZnO gradually
dominates, and some microplates of ZnO are formed
breaking through the limitation of the colloidal tem-
plate.”’® The ZnO microplate can be easily formed under

Fabrication of colloidal monolayer by self-assembly

@ gessssesssssssssssses,
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FIG. 7. Formation process of ZnO hierarchical microplate/nanohole
structured materials. (a) Fabrication of colloidal monolayer by self-
assembly, (b) applying the precursor solution on the colloidal template,
(c) annealing the samples at 400 °C for 3 h.
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moderate conditions, as widely reported. However, a peri-
odic hole array is still partially produced on the uphill
surface of ZnO microplate due to the effect of the colloidal
monolayer, as demonstrated in Fig. 7(c). With further in-
crease of precursor concentration, the mass of ZnO also
further increases and the number density of ZnO micro-
plate becomes larger. This high number density of ZnO
microplate will produce large surface area and high surface
roughness, further resulting in the enhanced photocatalytic
activity and superhydrophobicity with self-cleaning on such
hierarchical micro/nanostructure surfaces. These hierarchi-
cal ZnO micro/nanostructured materials might have impor-
tant applications in environmental science, microfluidic
devices, etc.

IV. CONCLUSIONS

A route has been developed to prepare hierarchical ZnO
microplate/nanohole-structured materials using a colloidal
monolayer as the template by the precursor thermal de-
composition. The investigation of the formation mechanism
indicated that such special hierarchical structures were
formed by both incompletely restricted ZnO growth of
colloidal templates and preferable growth of microplates
induced by high precursor concentration. With increase
of precursor concentration, the number density of ZnO
microplates tends to be larger. The large number density of
ZnO microplates and holes on the microplates render the
sample a large surface area and surface roughness, which
is attributed to enhanced photocatalytic activity and super-
hydrophobicity with self-cleaning effect of such hierar-
chical micro/nanostructured materials.
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