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Phototunable Underwater Oil Adhesion of Micro/
Nanoscale Hierarchical-Structured ZnO Mesh Films

with Switchable Contact Mode

Dongliang Tian,* Zhenyan Guo, Yiliang Wang, Wenxian Li, Xiaofang Zhang,* Jin Zhai,*

and Lei Jiang

Controllable surface adhesion of solid substrates has aroused great interest
both in air and underwater in solving many challenging interfacial science
problems such as robust antifouling, oil-repellent, and highly efficient oil/
water separation materials. Recently, responsive surface adhesion, especially
switchable adhesion, under external stimulus in air has been paid more and
more attention in fundamental research and industrial applications. However,
phototunable underwater oil adhesion is still a challenge. Here, an approach
to realize phototunable underwater oil adhesion on aligned ZnO nanorod
array-coated films is reported, via a special switchable contact mode between
an unstable liquid/gas/solid tri-phase contact mode and stable liquid/liquid/
solid tri-phase contact mode. The photo-induced wettability transition to
water and air exists (or does not) in the micro/nanoscale hierarchical struc-
ture of the mesh films, playing important role in controlling the underwater
oil adhesion behavior. This work is promising in the design of novel interfa-
cial materials and functional devices for practical applications such as photo-
induced underwater oil manipulation and release, with loss-free oil droplet

1. Introduction

Inspired from natural biological systems
with special adhesion phenomena such
as the lotus, geckos, rose petals, and fish,
many studies have focused on preparing
artificial surfaces with special functions.'™4l
Controllable surface adhesion of solid sub-
strates, e.g., solid/solid contact adhesion,
liquid/solid contact adhesion, has aroused
great interest both in air and underwater in
solving many challenging interface science
problems such as robust antifouling, oil-
repellent, and highly efficient oil/water sep-
aration materials.>®l As reported, chemical
composition and geometrical structure are
two main factors to govern surface adhe-
sion.”# Recently, responsive surface adhe-
sion, especially switchable adhesion, under
external stimulus such as light irradiation,’}
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electric field,"” magnetic field,") pH,!'2

thermal treatment!!¥] and their combination

(e.g., photoelectric cooperative fields),'*]

in air has been paid more and more atten-
tion in fundamental research and industrial application. Besides,
superoleophobic surfaces, in particular, underwater superoleo-
phobic surfaces, have been widely investigated for their resistance
to oil fouling and great potential in bio-adhesion, microfluidic
technology, industrial metal cleaning, marine antifouling coating,
et al.i#1l Recently, photoresponsive materials’ surface wettability
switching between superhydrophilicity and superhydrophobicity
with excellent intelligent controllability has been studied on the
different solid substrate surfaces.'") Based on the extreme wetta-
bility transition, the controllable water permeation and oil-water
separation films have been developed, which have significant
implications for the understanding and design of novel micro/
nanofluidic devices.l'”] Despite much progress in this field, pho-
totunable underwater oil adhesion is still a challenge.

To achieve the photo-tunable underwater oil-adhesion, the
underwater superoleophobic materials with different wetting
state, i.e., contact mode, between UV illumination and storage
in the dark are necessary. Micro/nanoscale hierarchical struc-
tured ZnO, e.g., aligned ZnO nanorod array-coated mesh film,
is a good candidate for this purpose, because the hierarchical
structured film can behave switching contact mode between
UV illumination and storage in the dark.
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Here we report an approach to realize phototunable under-
water oil adhesion on the aligned ZnO nanorod array-coated
film via special switchable contact mode between unstable
liquid/gas/solid tri-phase contact mode and stable liquid/
liquid/solid tri-phase contact mode. The photo-induced wetta-
bility transition to water and air existed or not in the micro/
nanoscale hierarchical structure of the mesh films play impor-
tant role in controlling the underwater oil adhesion behavior.
This work is promising in the design of novel interfacial mate-
rials and functional devices for practical applications such as
photo-induced underwater oil manipulation and release, and
no loss oil droplet transportation.

2. Results and Discussion

2.1. Surface Wettability and Underwater Oil Adhesion Character-
istics of the Fabricated Micro/Nanoscale Hierarchical-Structured
ZnO Films

In this study, the aligned ZnO nanorod array is firstly pre-
pared on the stainless steel mesh films to achieve the micro/
nanoscale hierarchical structured ZnO films using a similar
two-step solution approach reported in the literature.l'’9 The
aligned ZnO nanorod arrays are grown radically and exhib-
ited uniformly along the entire length of every wire, with the
average nanorod diameter of 68.3 £ 25.6 nm and the length
of ~2 um (see Figure S1 in the Supporting Information). As
is reported in our former work,'7? the surface wettability of
the as-prepared micro/nanoscale hierarchical structured ZnO
mesh films to water can switch between superhydrophobic
after storage in the dark and superhydrophilic under UV irra-
diation. Compared with the surface wettability to water, the
mesh film shows underwater superoleophobic to different type
of oils both after storage in the dark and under UV irradiation,
whereas the oil contact angles (OCAs) of the mesh film under
UV irradiation are 1.7~7.2° bigger than those after storage in
the dark owing to the superoleophilicity of the film in air (see
Figure S2 in the Supporting Information).

In addition to surface wettability, the underwater oil adhe-
sion force of the micro/nanoscale hierarchical structured ZnO
mesh films is greatly affected by UV irradiation and storage
in the dark. The underwater oil-adhesion force of the mesh
film after storage in the dark and under UV irradiation was
dynamically measured using our former established technique
(Figure 1a).*%] In the underwater measurement process, an oil
droplet (hexadecane, 5 uL) was contacted and squeezed with
the mesh film surface then allowed to leave. The adhesion
force between oil and surface was recorded by a highsensi-
tivity microelectromechanical balance system. The mesh films
behave special oil adhesion properties for different type of oils,
such as 1,2-dichloroethane, hexadecane, vegetable oil, diesel oil
and liquid paraffin, after storage in the dark and under UV irra-
diation. The oil adhesion force of the mesh film under UV irra-
diation are 19.0~32.6 uN smaller than those after storage in the
dark (Figure 1Db). The difference of the underwater OCAs and
oil adhesion force of the mesh film between UV irradiation and
storage in the dark is owing to the changing interfacial prop-
eries in water, i.e., the mesh film behaves superoleophilic in air
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Figure 1. Underwater oil adhesion characteristics of the micro/nanoscale
hierarchical structured ZnO mesh films. a) Underwater oil adhesion
forces were measured on the micro/nanoscale hierarchical-structured
ZnO mesh film after storage in the dark and under UV irradiation using
oil droplets (Hexadecane, 5 pL) as detecting probes. Each measurement
includes three steps: (left) before the oil droplet contacts the surface;
(middle) the oil droplet is leaving the surface; (right) after the oil droplet
leaves the surface. b) Oil adhesion characteristics of different oil droplets
on the underwater mesh after storage in the dark and under UV irradiation.

after storage in the dark, while the mesh film behaves supero-
leophobic underwater under UV irradiation.

2.2. Special Phototunable Underwater Oil Adhesion Characteris-
tics of the Micro/Nanoscale Hierarchical-Structured ZnO Films

As mentioned above, both the wettability transition between
superhydrophobicity and superhydrophilicity and underwater
superoleophobicity with high and low oil adhesion force of
the micro/nanoscale hierarchical structured ZnO films can be
obtained by UV irradiation and storage in the dark. Thus the
phototunable oil adhesion is feasible. To illustrate the phototun-
able underwater oil adhesion of the mesh films, the oil adhesion
force—distance curves of the micro/nanoscale hierarchical-
structured ZnO mesh films with the original pore size of ~120
Um were investigated. Taking the oil adhesion force of hexade-
cane oil for example, as shown in Figure 2, the force—distance
curves, recorded before and after the underwater oil micro-
droplet contacted the micro/nanoscale hierarchical-structured
ZnO mesh films surface, indicate that the oil adhesion force
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Figure 2. Special phototunable underwater oil adhesion characteristics of b Distance / cm
the micro/nanoscale hierarchical-structured ZnO mesh films. a) Force— ( )
distance curves recorded before and after the underwater oil microdro- 90+ I After dark storage

plet (hexadecane, 5 uL) contacted the as-prepared micro/nanoscale
hierarchical-structured ZnO mesh film surface after storage in the dark
and under UV irradiation. b) Underwater oil adhesion force of the micro/
nanoscale hierarchical-structured ZnO mesh films under UV irradiation
and after storage in the dark as a function of the pore size of the corre-
sponding original stainless steel mesh films.

of the micro/nanoscale hierarchical-structured ZnO mesh film
shows a high oil adhesion force of 43.2 + 2.5 uN after storage in
the dark and behaves a low oil adhesion force of 10.3 £ 2.1 uN
under UV irradiation. (In the experiment, the light illumina-
tion part in the testing equipment is made of quartz glass).
Moreover, the pore size of the corresponding mesh films has
great influence on the oil adhesion force and the adhesion force
difference between UV irradiation and storage in the dark.
Further study shows that the underwater oil adhesion force of
the micro/nanoscale hierarchical structured ZnO mesh films
under UV irradiation and after storage in the dark changes as
a function of the pore size of corresponding original stainless
steel mesh films. The mesh film with the original pore size of
~120 pm behaves the highest adhesion force both UV irra-
diation and storage in the dark. Accordingly, these results
indicated that the special interfacial properties of the micro/

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Special phototunable underwater air bubble adhesion charac-
teristics of the micro/nanoscale hierarchical-structured ZnO mesh films.
a) Force—distance curves recorded before and after the underwater air
bubble (5 pL) contacted the as-prepared micro/nanoscale hierarchical-
structured ZnO mesh film surface after storage in the dark and under
UV irradiation. b) Underwater air bubble adhesion force of the micro/
nanoscale hierarchical-structured ZnO mesh films under UV irradiation
and after storage in the dark as a function of the pore size of the corre-
sponding original stainless steel mesh films.
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underwater micro/nanoscale hierarchical-structured ZnO mesh
films surface, indicate that the air bubble adhesion force of the
micro/nanoscale hierarchical-structured ZnO mesh film shows
a high air bubble adhesion force of 75.4 + 2.8 uN after storage
in the dark and a low air bubble adhesion force of 13.6 £ 2.3 uN
under UV irradiation. The further study shows that the under-
water air bubble adhesion force of the micro/nanoscale hier-
archical-structured ZnO mesh films under UV irradiation and
after storage in the dark changes as a function of the pore size
of the corresponding original stainless steel mesh films, which
is consistent with the oil adhesion force mentioned above.
The results indicate that the micro/nanoscale hierarchical-
structured ZnO and UV light illumination also have important
effects on the mesh films to achieve photoresponsive air bubble
adhesion characteristics. Therefore, the special contact mode
between the oil droplet/air bubble and the micro/nanoscale
hierarchical-structured mesh film, i.e., air existed or not in the
micro/nanoscale hierarchical structure, may be critical to cause
the difference of oil/air bubble adhesion characteristics.

2.4. Mechanism of the Phototunable Underwater Oil/Air
Bubble Adhesion Characteristics of the Micro/Nanoscale
Hierarchical-Structured ZnO Films

To understand the phototunable oil adhesion mechanism of the
micro/nanoscale hierarchical structured ZnO mesh films, the
underwater contact mode between the oil droplet/air bubble
and the micro/nanoscale hierarchical-structured mesh film
were investigated after storage in the dark and under UV irra-
diation (Figure 4). In general, the micro/nanoscale hierarchical-
structured mesh films are effective at preventing the liquid
spontaneous transition from Cassie to Wenzel state due to the
intrinsic advancing angle 6, of the micro/nanoscale structure
of mesh film,['® which causes the intrusion pressure, AP, and
determines its value, as described by the following Equation,!!*)

_ 2y
"R

where 7is the interface tension, R is the radius of meniscus, |
is the circumference of the mesh pore, A is the cross-sectional
area of the pore, and 6, is the advancing contact angle of oil on
the surface in water.

From the Equation (1), for a certain kind of liquid on the
micro/nanoscale hierarchical-structured ZnO mesh film with a
certain square pore size, the advancing contact angle 0, is the
only variable and determines the AP value of the film. Thus
the positive and negative values of AP can be judged by the
advancing contact angle 6,, and the exact value of the AP can
also be obtained easily by the equation with all the exact values.
In the experiment, we take the mesh film with the square pore
size of 120 um for example. According to the Equation 1, water
(the interface tension yvalues of water at 20 °C is 72.8 mN/m)
can not immerge into the micro/nanoscale hierarchical struc-
ture of the superhydrophobic mesh film spontaneously and
remain Cassie state in air after storage in the dark owing to
AP > 0 (water advancing contact angle 6, ,, of the ZnO mesh
film after storage in the dark is ~155°). When the superhy-
drophobic mesh films are put into the water, small amount

AP =— ly(cosb,)/A (1)
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of air is trapped in the micro/nanostructures and formed air
bubble on the micro/nanostructured mesh films (Figure 4a).
While water will enter into the interspace of the nanorods of
the mesh film completely under UV irradiation due to AP <
0 (water advancing contact angle 0,,, of the ZnO mesh film
under UV irradiation is ~0°), and it is trapped in the micro/
nanoscale hierarchical structures of the mesh film (Figure 4b).
As a result, no air bubbles are formed on the micro/nanostruc-
tured mesh films under UV irradiation, and the contact mode
changed from unstable liquid/gas/solid tri-phase contact mode
to stable liquid/solid two-phase contact mode. Compared with
water, hexadecane used as oil (the interface tension values
of hexadecane at 20 °C is 27.2 mN/m) will immerge into the
micro/nanoscale hierarchical structure of the film spontane-
ously in air even after storage in the dark owing to AP < 0
(oil advancing contact angle 6,, of the ZnO mesh film after
storage in the dark is ~0°),l'”! while oil can not completely
enter into the micro/nanoscale structures of the mesh film
spontaneously due to the air pressure and AP > 0 (under-
water oil advancing contact angle 6, , of the ZnO mesh film
after storage in the dark is ~155°) of the mesh film to water
(Figure 4c). Although a small portion of the oil invades into
the micro/nanostructures of the mesh film, it may cause the
mesh film to behave high oil adhesion force. When the mesh
film is irradiated by UV light, the trapped water in the micro/
nano-structures can improve the repellent force to oil, and oil
can not invade into the micro/nanostructures of the mesh film
spontaneously (Figure 4d) owing to the underwater static pres-
sure of the mesh film to oil AP > 0 (underwater oil advancing
contact angle 0, , of the ZnO mesh film under UV irradiation
is ~156°). Moreover, the trapped water in the micro/nanostruc-
tures can form the stable discontinuous liquid/liquid/solid
triple-phase contact line and largely reduce or eliminate the
oil adhesion force of the mesh film to oil. Clearly, the mesh
film behaves different oil adhesion force with different contact
mode when it is stored in the dark and irradiated under UV
light.

To illustrate the existence of air in the micro/nanostructures
of the mesh film underwater and further understand the effect
of the trapped air on the phototunable oil adhesion force, the
mechanism of the photo-tunable air bubble adhesion was also
investigated. When air bubble touches the mesh film (after
storage in the dark), it connects with the gas bubble stored in
the micro/nanostructured mesh films to form one spontane-
ously in water, resulting in the high adhesion of the mesh film
to air bubble (Figure 4e). Whereas a stable ball-like air bubble
is formed on the mesh film when it touches the mesh film
underwater under UV irradiation, because the stable discon-
tinuous liquid/gas/solid triplephase contact line formed by the
trapped water in the micro/nano-structures can largely improve
the repellent force to air bubble, resulting in the low adhe-
sion (Figure 4f). In addition, the micro/nanoscale hierarchical
structured ZnO mesh film has important effect on the photo-
responsive oil-adhesion characteristics. In general, as the mesh
pore size increases, air/water trapped in the micro/nanostruc-
tured mesh films increases and the difference of oil adhesion
between UV irradiation and storage in the dark is enhanced,
however, when the pore size is large enough, air bubble can not
be existed stably in the mesh films, as a result, the difference
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Figure 4. Schematic diagrams of the phototunable surface wettability and oil adhesion characteristics of the micro/nanoscale hierarchical-structured
ZnO mesh films. a) When the superhydrophobic micro/nanoscale hierarchical-structured ZnO mesh films were put into the water, a small amount of
air is trapped in the ZnO micro/nanostructures and forms air bubbles on the mesh films. b) When the superhydrophilic micro/nanoscale hierarchical-
structured ZnO mesh films were put into the water, water completely wet and was trapped in the nanostructures of the mesh films and no air bubbles
were formed on the mesh films. c) Oil cannot completely enter into the micro/nanoscale structures of the mesh film spontaneously due to the air
pressure and AP > 0 of the mesh film to water. d) Oil cannot invade into the micro/nanostructures of the mesh film spontaneously owing to the under-
water static pressure of the mesh film to oil AP > 0. e) When air bubble touches the mesh film in water, it connects with the gas bubble stored in the
micro/nanostructured mesh films to form one bubble (after storage in the dark) spontaneously in water. f) When air bubble touches the mesh film, it
forms stable ball on the mesh films (under UV irradiation) in water because the trapped water in the nanostructures can form the stable discontinuous
tri-phase contact line and largely improve the repellent force to air bubble.

not in the micro/nanostructure of the mesh films are critical
to achieve this.

of oil adhesion between UV irradiation and storage in the dark
is decreased again. These results strongly indicated whether
air is trapped or not and the amount of the air in the micro/
nanostructures determines the contact mode of oil on the ZnO

540 wileyonlinelibrary.com

mesh and also the adhesion force between oil and the ZnO
mesh. Accordingly, the phototunable underwater air bubble/oil
adhesion can be realized on the aligned ZnO nanorod array-
coated mesh film with special switchable contact mode between
unstable liquid/gas/solid tri-phase contact mode and stable
liquid/liquid/solid tri-phase contact mode, and air existed or

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Conclusions

This work has demonstrated an approach to realize phototun-
able underwater oil adhesion on the aligned ZnO nanorod
array-coated film via special switchable contact mode between
unstable liquid/gas/solid tri-phase contact mode and stable

Adv. Funct. Mater. 2014, 24, 536-542
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liquid/liquid/solid tri-phase contact mode. The photo-induced
wettability transition to water and air existed or not in the
micro/nanoscale hierarchical structure of the mesh films play
an important role in controlling the oil-adhesion behavior of
underwater superoleophobic mesh films, and the phototun-
able underwater oil adhesion of the mesh films shows excellent
controllability. This work is promising in the design of novel
interfacial materials and functional devices for practical applica-
tions such as photo-induced underwater oil manipulation and
release, and no loss oil droplet transportation.

4. Experimental Section

Preparation of the Aligned ZnO Nanorod Array-Coated Mesh Films: The
preparation of the ZnO-coated mesh films used a similar procedure
to that reported in the literature.l'’d In brief, the aligned ZnO nanorod
array-coated mesh films were prepared via a two-step solution approach.
First, ZnO sol was dip-coated onto the clean stainless steel mesh
substrates and annealed at 420° to form the crystal seeds layer. Then
the as-prepared substrates were suspended in an aqueous solution of
zinc nitrate hydrate (0.025 M) and methenamine (0.025 M) at 85° for
15 h. Finally, they were removed from the solution, rinsed with deionized
water, dried, and stored in the dark for two weeks before they were
measured.

Wettability and Adhesion Force Switching of the Aligned ZnO Nanorod
Array-Coated Mesh Films: All of the UV irradiation on every one of the
ZnO-coated mesh films is ~0.5 h (a 500 W Hg lamp with a filter centered
at 365 £ 10 nm) under the distance between UV light source and
sample of ~15 cm to realize the superhydrophilicity and low adhesion
of the film. After the UV irradiation, the ZnO-coated mesh films were
placed in the dark for 7 days (or under atmosphere of O, for 2 days) to
obtain a new superhydrophobicity and high adhesion of the films again
for each sample. The wettability and adhesion force switching process
can be repeated many times, and the time constants for adhesion
force switching of the aligned ZnO nanorod array coated mesh films
is consistent with the wettability switching of the same film in both
directions, i.e., UV irradiation and storage in the dark. The switching
adhesion force between UV irradiation and dark storage is promising in
the design of the functional devices such as photo-induced underwater
oil manipulation and release, and no loss oil droplet transportation.

Instruments and Characterization: The oil adhesion forces were
measured using a high-sensitivity microelectromechanical balance
system (Data-Physics DCAT 11, Germany) underwater. An 5 plL
hexadecane droplet as oil droplet was suspended with a metal loop
and controlled to contact with the surface to the aligned ZnO nanorod
array coated mesh films at a constant speed of 0.005 mm s™' and then
to leave. The forces were recorded during the entire time. Hexadecane
was taken as an example of detecting oils. The error bars in Figures 2
and 3 are calculated by the Standard Error of five measured results at the
different positions of the same sample under the same condition. The
adhesion experiments can be repeated accompany with the wettability
switching between UV irradiation and storage in the dark.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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