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ABSTRACT: Tuning the surface wettability is of great
interest for both scientific research and practical applications.
We demonstrated reversible transition between superhydro-
phobicity and superhydrophilicity on a ZnO nanorod/epoxy
composite film. The epoxy resin serves as an adhesion and
stress relief layer. The ZnO nanorods were exposed after
oxygen reactive ion etching of the epoxy matrix. A subsequent
chemcial treatment with fluoroalkyl and alkyl silanes resulted
in a superhydrophobic surface with a water contact angle up to
158.4° and a hysteresis as low as 1.3°. Under UV irradiation,
the water contact angle decreased gradually, and the surface
eventually became superhydrophilic because of UV induced
decomposition of alkyl silanes and hydroxyl absorption on
ZnO surfaces. A reversible transition of surface wettability was
realized by alternation of UV illumination and surface
treatment. Such ZnO nanocomposite surface also showed
improved mechanical robustness.
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Bl INTRODUCTION

Suface wettability, an important property for solid materials, has
been known to be controlled by surface energy and
morphology.' ™ Modifying the surface wettability is very
important for chemical and electronic applications, such as
inkjet printing,5 microfluid channels,® etc. For those practical
applications, both superhydrophobic (water contact angle (CA)
larger than 150°) and superhydrophilic surfaces (water CA is
almost 0°) are very useful.””® Recently, materials with tunable
wettability have been developed and realized on many
inorganic oxide surfaces, such as TiO,, ZnO, WO;, V,0,, and
$n0,.'">""® Under UV irradiation, the hydrophobic/super-
hydrophobic oxide surfaces turns hydrophilic/superhydrophilic.
In the dark, the surface turns back to hydrophobic/super-
hydrophobic.'® Tunable wettability was also reported on
polymers, metal oxides, and semiconductors under UV or
visible light illumination."*~"”

With a direct wide band gap of 3.37 eV and a large exciton
binding energy of 60 meV at room temperature, ZnO has been
demonstrated to have enormous applications in electronic and
optoelectronic devices, such as ultraviolet (UV) lasers,"®"
light-emitting diodes,?® field-emission devices,*** nano gen-

- ACS Publications  © 2012 American Chemical Society 3959

erators,”>** and solar cells.”**® One-dimensional (1D) ZnO
nanostructures can be synthesized by a wide range of
techniques including vapor deposition, electrodeposition,
hydrothermal method, molecular beam epitaxy, and so on.””
Among these methods, hydrothermal method has been widely
used due to its low cost and scalability .** Many papers have
been reported about creating superhydrophobic surfaces with
1D ZnO nanostructures (nanowires, nanorods, nanofibers).”*?’
Reversed wettability has been reported on those ZnO
nanostructure films.”>">* For example, Feng et al. reported
superhydrophobic to superhydrophilic of aligned ZnO nanorod
films switched by alternation of UV irradiation and dark
storage.”> Kwak et al. grew superhydrophobic ZnO nanowire
surface modified by fatty acids, and switched to hydrophilic
under UV irradiation.*® A selective UV photopatterning of ZnO
nanowire film with different wettability was realized.

However, most previous research has been focused on
wettability investigation of ZnO nanostructure itself; until now,
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Figure 1. (a) Schematic of the fabrication process for superhydrophobic ZnO nanorod composite film and its transition to superhydrophilic film
under UV irradiation (b) PFOS and OTS silane treatment on ZnO nanorod composites.

no paper has been reported about preparing ZnO nano-
composites with tunable wettability. For most of super-
hydrohobic surfaces made of inorganic materials, the surface
micro- and nano- structures are prone to mechanical damage
under abrasion forces due to their brittle nature. Therefore a
protective polymeric material such as epoxy resin, could be
introduced as an adhesion and stress relief layer to the
substrate. The inorganic nanoparticles at the surface of the
polymeric layer generates an abrasion resistant surface layer.
The resulting nanocomposite is also easier to be applied by
various methods such as spin coating, spraying and printing
techniques. In this study, ZnO nanorods were synthesized by
hydrothermal method, and mixed with epoxy resins of different
filler loadings. After oxygen reactive ion etching (RIE), the top
epoxy was etched and ZnO-based hierarchical structure was
exposed. Superhydrophobic ZnO film could be produced after
surface modification for lowering down the surface energy. The
ZnO nanocomopposite surface showed better mechanical
robustness than the previously reported superhydrophobic
surface with inorganic silica nanoparticles. Tunable wettability
of superhydrophobicity and superhydrophilicity was realized
through UV irradiation and surface functionalization.

B EXPERIMENTAL SECTION

ZnO Nanorod Growth and Surfactant Treatment. The growth
solution of ZnO nanorods is composed of S mmol/L of zinc nitrate
hexahydrate and hexamethylenetetramine (HMTA) at a mole ratio of
1:1. The reaction was carried out at 80 °C for 6 h. After reaction, the
nanorods were collected using centrifugation and rinsed repeatedly by
ethanol. Then the nanorods were baked in oven at 60 °C overnight.

The solution of ethanol and water (95:5 by weight) is adjusted to
pH 4.5—5.5 with acetic acid. Aminoethylaminopropyltrimethoxysilane
is added with stirring for 5 min to yield a 2 wt % final concentration.
ZnO nanorods were silylated by stirring them in solution for S min
and then decanting the solution. The ZnO nanorods were rinsed twice
with ethanol. The silane layer was cured at 110 °C for 10 min.

ZnO Nanorods/Epoxy Resin Composites. The epoxy resin was
composed of bisphenol A epoxy resin (EPON 828) and ERL 4221
with weight ratio of 1:2. The curing agent HMPA was added with a
weight ratio of 1:0.88 to the epoxy resins. Imidazole serves as a catalyst
with 1 wt % to the total weight of epoxy resin and curing agent. Then
the ZnO nanorods were added into the epoxy resin and mixed by
unltrasonication. ZnO nanorod/epoxy composites were prepared at
different filler loadings of 17, 33, and SO wt %. After that, ZnO
nanorod film was coated on a glass slide by doctor blade with a
thickness of 70 ym. The glass slide was pretreated by UV-ozone for §
min. The film was cured at 150 °C in air for 2 h.

Plasma etching and hydrophobic treatment. The oxygen RIE
was conducted on ZnO nanorod film for 15 min. The power is 150 W
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and the pressure is 0.5 Torr. Surface modification was performed by
immersing coated glass slides in a hexane solution of 3 mM
perfluorooctyl trichlorosilane (PFOS) or octadecyltrichlorosilane
(OTS) for 30 min, followed by a heat treatment at 150 °C in air
for 1 h.

Abrasion Resistance Test. In order to evaluate the abrasion
resistance of the surfaces, the methodology was previously reported by
Xiu et al.® Polyester/cellulose Technicloth II wipes served as abrasion
surfaces, with the superhydrophobic surface to be tested facing this
abrasion material. While a pressure (~3450 Pa) was applied normal to
the superhydrophobic surface, the surface was moved in one direction.
The contact angle and hysteresis changes of the superhydrophobic
surface were then measured after abrasion (25 cm in abrasion length).

UV Irradiation and Surface Characterization. UV irradiation
was obtained from a 150W Hg arc-lamp. The arc-lamp emission was
supplied at a distance of 10 cm and wavelength between 248 and 365
nm. CA measurements were performed with a Rame-Hart goniometer
that had a CCD camera equipped for image capture. The deionized
water droplet volume was 4 pL, and the measurements were taken
under ambient atmospheric conditions. X-ray diffraction (XRD)
analysis was carried out with a Philips X-pert alpha-1 diffactometer,
using Cu Ka radiation (45 kV and 40 mA). Leo 1530 scanning
electron microscope (SEM) was used to characterize the surface
morphology of composite samples. Thermo K-Alpha X-ray photo-
electron spectroscopy (XPS) was carried out for element composition
and analysis.

B RESULTS AND DISCUSSION

Figure 1(a) shows the schematic of fabricating super-
hydrophobic ZnO nanocomposites. EPON 828 is widely used
in surface coatings, adhesives (microelectronics packaging), and
composite materials (such as carbon fiber and fiber glass
reinforced epoxy). The mixture of EPON 828 with lower
viscosity resin ERL 4221 improves the processabilty of ZnO-
epoxy composition, especially at high filler loadings. Amino-
ethylaminopropyltrimethoxysilane is added as a surfactant to
improve the interface between nanorods and epoxy matrix. The
as synthesized ZnO nanorods have a wide size distribution,
which is beneficially for generating micro/nano scale
(hierarchical) roughness. After oxygen RIE, the top epoxy
resin was etched and the embedded ZnO nanorods were
exposed. In order to further reduce the surface energy, two
different silane coatings (PFOS and OTS) were applied on the
composite surface, by introducing the long hydrocarbon and
fluorocarbon chains as shown in Figure 1b. PFOS and OTS
were chose to verify the effect of UV light on hydrocarbon and
fluorocarbon chains.

The XRD pattern of ZnO nanorods indicates that the as
synthesized nanorods are wurtzite ZnO crystals (Figure 2a).
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Figure 2. (a) X-ray diffraction of ZnO nanorods. (b—d) SEM images of ZnO nanorods composites with different filler loadings after 15 min RIE
etching: (b) 17% filler loading, (c) 33% filler loading, (d) 50% filler loading. The scale bar is 2 ym.

The surface morphologies of composites generated with
different filler loadings are shown in Figures 2b—d, where it
is evident that the surface roughness increased continuously
with the increase of filler loading. Such change yields an
increase in water CA and a decrease of CA hysteresis after
surface hydrophobic modification by PFOS (Figure 3 and
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Figure 3. Contact angle and contact angle hysteresis of ZnO nanorods
composites with different filler loadings (see Table 1).

Table 1). The contact angle of epoxy is 88.4°. After surface
treatment of PFOS and OTS respectively, the contact angles
became 120.0 and 105.1°. When the filler loading is low (17%),
the surface roughness generated is insufficient to construct a
superhydrophobic surface. The water CA is only 131.6° + 1.5°.
This low CA could be attributed to the fact that the water
droplet makes a wetted contact with the composites, and fills in
the grooves on the composite surface. As the filler loading
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Table 1. Contact Angle and Contact Angle Hysteresis of
Superhydrophobic Nanocomposites with Different ZnO NR
Filler Loadings

ZnO NRs filler loading (%) cntact angles contact angle hysteresis

17 131.6 + 1.5
33 1578 + 1.8 41 + 1.0
S0 1584 + 1.3 132 £ 0.2

increases to 33%, surface becomes rougher and CA increases to
157.8° + 1.8°. However CA hysteresis shows a high value of
41° + 1.0°. When increase the filler loading to 50%, the CA
further increase to 158.4° & 1.3° and CA hysteresis reduced to
1.3° + 0.2°. The reduced CA hysteresis with increased filler
loadings can be explained by the two hydrophobic states on
rough solid surfaces, Wenzel and Cassie state. The Wenzel
equation,”” eq 1, describes the effect of surface roughness on
the water droplet CA

cos 0, = rcos Oy

(1)

where 6, is the apparent CA on the rough surface, r is the ratio
of the actual solid/liquid contact area to its vertical projected
area, and 6y is the CA on a flat surface defined by Young’s
equation. As the roughness () increases, the CA also increases
reflecting an increase in relative hydrophobicity. So when the
filler loading changes from 17 to 33%, surface roughness
increases, and apparent CA also increases. However, such
surface roughness is difficult to trap air between the interface of
water droplet and the film surface, and water can easily fill the
grooves on the surface, resulting in a large CA hysteresis.

The Cassie equation for a porous or composite surface,*® eq
2, indicates that the apparent CA increases when the solid
surface fraction f decreases. The CA hysteresis in a Cassie state
is normally less than 10°
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cos Oy = —1 + f(cos Oy + 1) (2)

When further increase the filler loading to 50%, ZnO nanorods
formed a densely packed layer and enhanced surface roughness
significantly. Solid surface fraction decreases, and more air
could be trapped at the water and composite interface. The
composite surface is composed of both sub micro and
nanostructures, such hierarchical structure results in a much
reduced CA hysteresis of 1.3°. Air may become trapped
between ZnO nanostructures underneath a water droplet,
which would further enhance the surface hydrophobicity and
reduce the CA hysteresis.

Similarly, we used OTS solution for hydrophobic treatment
on 50% loading ZnO nanocomposites. Superhydrophobicity
was achieved with a water CA of 152.3° + 12° and CA
hysteresis of 2.3° + 0.6°.

The UV induced wettability change of ZnO nanocomposites
is studied by CA measurements and XPS. Under UV
irradiation, the water CA of ZnO nanocomposite film by
both silane treatments decreased gradually with exposure time,
as shown in Figure 4. The CA is reduced abruptly at the
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Figure 4. Water contact angle of ZnO nanocomposite modified by
PFOS and OTS as a function of UV irradiation time.

beginning, because of the high speed yielding of electron—hole
pairs at the initial stage under UV irradiation as reported by Liu
et al.>® After 90 min, the change slowed down. After 9 h, the
water droplet spread out the film, and CA reaches a low value
of ~0° for OTS-treated samples and 12.4° for PFOS-treated
samples, indicating the wettability change from superhydro-
phobicity to superhydrophilicity/highly hydrophilicity. For the
PFOS-treated samples, the water CA is higher (12.4°) than the
OTS-treated samples after UV irradiation, which may due to
the remaining fluorocarbons on the film surface.

The mechanism for superhydrophobicity to superhydrophi-
licity transition involves the UV effect on both ZnO and silane
hydrophobic coatings. Under UV irradiation, the electrons and
holes are generated on the ZnO surface. Some of the holes can
react with lattice oxygen and form oxygen vacancies. When a
surface defective site is generated, water and oxygen may
compete to dissociatively adsorb on it. The defective site tends
to be kinetically more favorable for hydroxyl absorption than
oxygen absorption. This mechansim is supported by XPS
results. The Zn 2p;,, spectra of ZnO nanocomposites before
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and after UV irradiation are shown in Figure S. The Zn 2p;,
peaks for ZnO nanocomposites can be deconvoluted into two
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Figure S. XPS spectra of Zn 2p;/, of ZnO nanocomposites modified
by (a) PFOS, (b) OTS before and after UV irradiation.

compoents at 1021.7 (£0.1) eV and 1022.7 (£0.1) eV,
corresponding to to ZnO and Zn(OH), respectively. After the
UV irradiation for Zn 2p;,, spectra, the Zn(OH), ratio of
PFOS treated composites increases from 22.98% to 45.03%,
and Zn(OH), ratio of OTS treated samples increases from
7.52% to 18.22%. These indicate Zn(OH),, which are more
hydrophilic, are formed after UV irradiation. As a result, the
water CA decresaes, indicating an enhaced surface hydro-
philicity. Moreover, the alkylsioxane layer from the OTS based
silane coating can be decomposed by active oxygen radicals.*”
First, the reactive oxidizing species (e.g, -OH, O,”, and
OOH) generated on the ZnO surface through UV irradiation
abstract hydrogen atoms from alkyl chains. Then alkoxy radicals
and carbonyls are produced by continuously attacking of
oxidizing specie to alkyl radicals, and they are further
decomposed by photocatalysis. As a result, shorter alkyl chains
are formed with loss of carbon.

One of the limitations in the application of super-
hydrophobic surface coatings is the poor abrasion resistance
of surfaces. For example, from the previous work of our group
(Table 2), the superhydrophobic silica surface was generated by
sol gel method using tetramethoxysilane and isobutyltrimethox-
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Table 2. Abrasion Test of Superhydrophobic Surfaces

initial contact angles initial contact angle hysteresis contact angles after abrasion  contact angle hysteresis after abrasion
superhydrophobic surfaces (deg) (deg§ (deg) (deg)
silica® 1654 + 1§ 2-3 1243 + 5.0 >60
ZnO/epoxy 1584+ 1.3 1.3 1509+ 1.0 25
nanocomposites
Weight=225 g
Techniclothwipe
|[Force B |
Sample<--- - ey A
:;:::;:‘J::.‘::-".;;IZ‘.;,'.‘.I;H::‘.U.J;.:‘.;:1:;:‘4::.‘::"‘.;:2:;,;:‘.1::1::‘.‘.:..1;.‘.‘.::::;: Pt
< 8
L=25cm
Sample
a=254cm
Figure 6. Schematic of the abrasion test employed to evaluate robustness on a superhydrophobic surface.
ysilane.*® After abrasion test, the silica surface superhydropho- between superhydrophobicity and superhydrophilicity after
bicity was lost as contact angles decreased to 124.3° and repeating for five cycles. Such coating can be applied to many
hysteresis increased to more than 60°, and the self-cleaning surfaces to realize tunable wettability for biological, chemical
effect vanished. The robustness of ZnO nanocomposite was and electrical applications.

tested under a similar condition, which is schematically shown

in Figure 6. It is found that the surface superhydrophobicity B CONCLUSIONS

remained after abrasion with a contact angle of 150.9°. The In summary, ZnO nanorod/epoxy composite films with tunable
possible reason is that the polymeric materials serves as stress wettability from superhydrophobicity to superhydrophilicity
relief layer, therefore most of the roughness was maintained in were realized in our study. The composite surface exhibits
the valleys between the sub micro and nanorods. The increased hierarchical structure with both submicro and nano sized ZnO
contact angle hysteresis is due to the flattened top ZnO rods exposed after RIE. The surface showed superhydropho-
nanostructure surface. A similar mechanism was reported in our bicity by hydrophobic treatment in silane solution, and it can be
previous work about robust superhydrophobic silica epoxy transferred to superhydrophilicity by UV induced photo-
nanocomposites.*! catalytic effect. A good reversability of wettability was achieved

The reversibility of surface wettability was also realized on through cycling between UV irradiation and silane treatment.

the ZnO nanocomposite film surface. After surface treatment of The ZnO nanocomopposite surface showed improved

OTS, the CA recovered to 150° with CA hysteresis of ~5° and mechanical robustness. Such coating can be applied to many
surfaces for wettability modifications, which have great

superhydrophobic surface was generated. After UV irradiation - ; ) ]
potential for functional materials and devices.

for 9 h, the surface returned to superhydrophilicity with a CA of
~0°. As shown in Figure 7, a good reversability was achived B AUTHOR INFORMATION
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