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ABSTRACT: Surfaces with controlled underwater oil wett-
ability would offer great promise in the design and fabrication of

novel materials for advanced applications. Herein, we propose a
new approach based on self-assembly of mixed thiols (containing
both HS(CH,),CH; and HS(CH,);;OH) on nanostructured
copper substrates for the fabrication of surfaces with controlled
underwater oil wettability. By simply changing the concentration
of HS(CH,),;OH in the solution, surfaces with controlled oil
wettability from the underwater superoleophilicity to super-

“H, OH OHCH,OH CH,OH
oleophobicity can be achieved. The tunable effect can be due to
the synergistic effect of the surface chemistry variation and the '

nanostructures on the surfaces. Noticeably, the amplified effect

of the nanostructures can provide better control of the underwater oil wettability between the two extremes: superoleophilicity
and superoleophobicity. Moreover, we also extended the strategy to the copper mesh substrates and realized the selective oil/
water separation on the as-prepared copper mesh films. This report offers a flexible approach of fabricating surfaces with
controlled oil wettability, which can be further applied to other ordinary materials, and open up new perspectives in manipulation
of the surface oil wettability in water.
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B INTRODUCTION

It is well-known that fishes can swim freely under water and
keep their scales clean even in the oil-polluted water when the
accident of oil spill was happened. Recently, Jiang et al. revealed
that the special ability of fish’s scales is ascribed to underwater
superoleophobicity of the surface, which arises from the

the realization of the controllable underwater oil/solid
wettability between the two extremes—from superoleophilicity
to superoleophobicity—is still a challenge.

Herein, we provide a new approach for the fabrication of
surfaces with tunable underwater oil wettability from super-
oleophilicity to superoleophobicity. The surfaces were prepared

combined effect of the hierarchical structures and hydrophilic
chemistry of the fish scales." Inspired by these findings, lots of
underwater superoleophobic materials have been prepared.””®
These novel materials can possibly be used in lots of
applications, such as bloadheswn,g "' microfluidic technol-
gy,12 14 and oil /water separation. 1516 On the other hand,
underwater superoleophilic materials are also important and
have also aroused much attention.'”~>* For example, Jin et al.
fabricated a novel 3D network structured organosilane surface
that can successfully be used in oil capture from water.'
Considering the different oil wettabilities would endow the
surfaces with different applications, it is anticipated that surfaces
with controlled oil wettability would offer great promise in the
design and fabrication of novel materials for real applications.
Although dramatic efforts have been exgended on the control
of the underwater oil/solid wettability, 0=37 most works can
realize only limited transition between superoleophobicity and
general oleophobicity.*® Developing a constructive strategy for
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through combining the special nanostructures on the copper
foils with modification of thiols molecules (containing
HS(CH,),CH; and HS(CH,);;OH). It is revealed that
enhanced effect of the nanostructures for both oleophilic and
oleophobic performances can provide better control of the oil
wettability on the surface. In detail, the nanostructured
Cu(OH), was prepared first on copper foils and used as
substrates, and then these substrates were modified with mixed
thiols to endow the substrates with controlled surface
chemistry. By simply increasing the concentration of HS-
(CH,);;OH in the mixed solution, surfaces with finely
controlled oil wettability from the underwater superoleophi-
licity to superoleophobicity can be achieved. The tunable effect
can be attributed to the synergistic effect of the surface
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Figure 1. SEM images of the copper substrates after being immersed in the solution containing NaOH and (NH,),S,0O; for different times: (a) 60 s,
(b) 1205, (c) 180's, (d) 300 s. It can be seen that more and more nanorods would be produced as the immersion time is increased and when the
time is about 300 s, the surface would be covered by the nanorods completed. (e) Magnified image of d, and (f) one can find that the diameters of

the nanorods are in the range 80—150 nm and the length is about 12 ym.

chemistry variation and the nanostructures on the surfaces.
Moreover, the strategy was also extended to the copper mesh
substrates, the ability of controlled oil wettability allow us
demonstrate a proof of selective oil/water separation via the
obtained copper mesh films.

B EXPERIMENTAL SECTION

Materials. HS(CH,),CH;, HS(CH,),,OH, polydimethylsiloxane
(silicon oil) (Aldrich, Germany), (NH,),S,0s 1,2-dichloroethane,
NaOH, ethanol, chloroform, petroleum ether, n-hexane, oil red (sudan
III), methylene blue, copper mesh substrate, and copper foils, (99.9%)
were obtained from Shanghai Chemical Reagent Co., China. Ultrapure
water was used directly from the Milli-Q system (>1.82 MQ cm).

Preparation of Cu(OH), Nanorods on the Copper Sub-
strates. The Cu(OH), nanorods on the copper foil was fabricated by
a similar method as reported.’®** Briefly, the copper foils were
ultrasonically cleaned with acetone, ethanol, and deionized water and
then immersed into a solution of (NH,),S,05 (0.1M) and NaOH
(2.5M) for a certain time. After that, these copper foils were taken out,
washed with abundant deionized water, and dried under N,. The
nanostructured copper mesh films were prepared with the same
process.

Modification of the Nanostructured Copper Substrates. The
copper foils with Cu(OH), nanorods were first covered with a gold
layer using a sputter-coater (Leica EM, SCDS00), after that, these
copper foils were immersed into the ethanol solution contaning
HS(CH,),,OH and HS(CH,),CHj for about 12 h as reported.®’ The
mole fraction of the HS(CH,),;OH (Xyy) was increased from 0 to 1,
and the total concentration of the two thiols molecules in the ethanol
soultion was kept constant at 1 mmol L', At last, these substrates

were taken out from the solution, washed with abundant ethanol, and
dried under N,. The copper mesh films and flat copper surfaces were
modified through the same process.

Oil/Water Separation Experiment. The obtained copper mesh
film was fixed between two glass tubes, the oil/water mixture (about
10 mL of petroleum ether and 10 mL of water were mixed through a
shake process) were poured into the upper glass tube. The photos
were recorded on a camera (Canon HF M41).

Instrumentation and Characterization. The SEM images of the
copper surfaces were obtained from a field-emission scanning electron
microscope (HITACHI, SU8010). The oil contact angles and sliding
angles were examined using a JC 2000DS (provided by Shanghai
Zhongchen Digital Technology Apparatus Co., Ltd). Before
examination, the samples were placed in a cubic and transparent
quartzose container filled with ultrapure water. Oil droplets with
higher density than water (1, 2-dichloroethane and chloroform) were
directly placed onto the surfaces carefully. For oils with low density
than water (silicon oil and hexane), the surfaces were first fixed upside
in the container, and then an inverted needle was used to place the oil
droplet under the surface. The volume of the test oil droplet is 4 pL.
The final contact angle values were attained by averaging at least five
results at different positions on the same surface. Before the
examination of sliding angles, a 4 uL oil droplet was first dropped
on the surface, then tilted the surface until the oil droplet started to
roll. X-ray photoelectron spectroscopy (XPS) data were attained with a
K-Alpha electron spectrometer from Thermo Fisher Scientific
Company using Al Ka (1486.6 V) radiation. The binding energy
data were calibrated referenced to the Cls line at 284.8 V.

dx.doi.org/10.1021/am403595z | ACS Appl. Mater. Interfaces 2013, 5, 11363—11370



ACS Applied Materials & Interfaces

Research Article

a) Audf b)
- -
=3 =
= 3
.? ‘E} Xon=0
w w
= =
] ]
S -
= =
= = Cu(OH), / \
1400 1200 1000 800 600 400 200 O 292 290 288 286 284 282 280 278
Binding energy (eV) Binding energy (eV)
0.25
©) \ —c-crcn d)
= 0.204
= Q
- Q
2 O 04154
= =
> \ <
= \ S 0.104
= L
] \Mm Z
= .S 0.054
= =
Cu(OH), / \ = 0.00-
292 290 288 286 284 282 280 278 00 02 04 06 08 1.0
Binding energy (eV) Xon

Figure 2. (a) XPS survey spectrum of the surface prepared with Xy = 0.6, (b, c) high-resolution C 1s XPS spectra of the initial Cu(OH), and the
surfaces prepared with Xoy = 0 and Xoy = 0.6, respectively, (d) dependence of the ratio of I_o/Ic_c/c_n on the Xoy.

B RESULTS AND DISCUSSION

As is known, surface wettability is controlled by both the
surface chemical composition and the microstructures.**™** To
obtain the superoleophilic and superoleophobic surfaces, it is
necessary to used substrates with a proper rough structure.”'”
In this work, copper was chosen as the substrate due to its
resistance to corrosion which is important for underwater
applications. The nanostructures on the copper substrates were
prepared through a simple solution immersion process (the
solution is composed of NaOH and (NH,),S,0y, for more
details see the Experimental Section).*** Figure 1 shows the
SEM images of the obtained surfaces after immersion in
reaction solution for different times. It can be seen that when
the immersion time is about 60 s, Cu(OH), nanorods with a
length of about 3 ym lie on the copper substrate sparsely (see
the Supporting Information, Figure S1). As the reaction time is
increased to about 120 s (Figure 1b), the nanorods begin grow
upwardly and clusters of nanorods would be formed. Increasing
the reaction time to about 180 s, more nanorods would be
produced, but some areas on the substrate are still exposed
(Figure 1c). Further increasing the reaction time to about 300 s
(Figure 1d), the whole substrate would be covered by the
nanorods completely, and the distribution of the nanorods on
the surface becomes much denser. Figure le shows the
magnified image of the surface, one can find that the diameter
of the nanorods is in the range of about 80—150 nm, and the
length is about 12 um (Figure 1f). From the above, it can be
concluded that the surface microstructures can be controlled
just through varying the immersion time.

To obtain surfaces with controlled wettability, we used two
thiols molecules (HS(CH,),CH; and HS(CH,),,;OH, see the
Supportin§ Information, Figures S2—S4) to modify the
substrates.” " Figure 2a shows the XPS result of the surface
prepared with X,y = 0.6 (Xoy is the mole fraction of

11365

HS(CH,),;;OH in the modified solution, the reaction time for
production of Cu(OH), is about 300 s). One can find the
elements S, Cu, O, Au, and C on the surface. Panels b and c in
Figure 2 are the C 1s high-resolution XPS spectra, from which
more information related to the change of surface chemistry
can be observed. Compared with the original Cu(OH),
nanorods surface, one can find that the intensity of C 1s
peak at 284.8 eV ascribed to C—C/C—H is increased on the
surface modified with single hydrophobic HS(CH,),CH; (Xoy
= 0, Figure 2b, a weak peak for the Cu(OH), film is due to a
little impuritysz). As the Xy is increased (for example Xoy =
0.6, Figure 2c), a new peak at 286.6 eV ascribed to C—0%% can
be observed, indicating that the molecule HS(CH,);;OH has
been assembled on the surface successfully. Meanwhile, it is
worth noting that as the Xy is increased, the ratio of Cls peak
intensity of C—O to that of the C—C/C—H is increased
(Figure 2d), means that more hydroxyl groups can be
assembled on the surface. From the above, it can be concluded
that the surface composition can be controlled by changing the
mole ratio of the two thiols molecules in the modified solution,
which would be an important factor for the controllability of
the underwater oil wettability on the surfaces.

Through the contact angle measurements, we examined the
underwater oil wetting properties of the surfaces. On the
surface prepared with Xoy = 0.2 (the immersion time for
fabrication of Cu(OH), is about 300 s), an oil droplet (1,2
dichloroethane, 4 L) can spread quickly and the surface is
underwater superoleophilic with a contact angle of about 0°
(Figure 3a) whereas on the surface prepared with Xoy = 0.6
(the same microstructures as the above surface), the oil droplet
can stand on the surface like a sphere and the contact angle is
about 160° (Figure 3b), indicating that the surface is
underwater superoleophobic. Furthermore, the surface also
shows low adhesion to oil droplet. The advancing/receding
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Figure 3. (a) Shape of an oil droplet (1, 2-dichloroethane, 4 yL) on
the surface prepared with Xy = 0.2 in water, the contact angle is
about 0° and the surface is superoleophilic. (b) Shape of a similar oil
droplet on the surface prepared with Xqy; = 0.6 in water, the contact
angle is about 160° and the surface is superoleophobic.

contact angles for the oil droplet on the surface in water are
about 162 and 158°, respectively. The contact hysteresis is so
small that an oil droplet can roll easily on the surface with a low
sliding angle of about 3° (see the Supporting Information,
Figure SS). Noticeably, the obtained surfaces can retain the
superoleophilicity and superoleophobicity even after 1 week
immersion in water, demonstrating the stable superoleophilicity
and superoleophobicity in water.

Figure 4 shows the relationship between the underwater oil
contact angle and the immersion time for the fabrication of
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Figure 4. Dependence of oil contact angles on the immersion time for
the preparation of Cu(OH), nanorods. When the immersion time is
larger than 300 s, superoleophilic and superoleophobic performance
can be observed on surfaces prepared with Xoy = 0.2 and 0.6,
respectively.

Cu(OH), nanorods. For surfaces prepared with Xq;; = 0.2 and
0.6, the reverse trend of the variation of contact angles can be
seen as the reaction time is increased. When the immersion
time is about 300 s, the underwater superoleophilicity and
superoleophobicity can be achieved for the surface prepared
with Xoy = 0.2 and 0.6, respectively. Further increasing the
reaction time, the contact angles would level off to the values of
about 0 and 163°, respectively (see the Supporting Information,
Figure S6). The variation in the oil contact angles is in good
agreement with different densities and sizes of the Cu(OH),
nanorods formed at different immersion times (Figure 1),
further confirming that a proper rough structure is very
important for the fabrication of superoleophilic and super-
oleophobic surfaces.

As mentioned above, surface with the same microstructures
prepared with different Xoy (Xoy = 0.2 and 0.6) shows

apparently opposite wettability (Figure 3), means that variation
of surface chemical composition may also offer a way to control
oil wettability on the substrates. Figure Sa shows the
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Figure 5. Underwater oil contact angles as a function of the Xoy on
(a) rough and (b) smooth copper surfaces, respectively.

dependence of oil contact angles on the Xy for rough surfaces
(all the surfaces were obtained at the same immersion time at
about 300 s). It can be seen that the contact angle increases
from about 0° when X, < 0.2 to about 163° as the Xy > 0.6,
indicating that the oil wettability on the nanostructured surface
can be manipulated to a larger extent by controlling the surface
chemical composition. For a comparison, flat copper substrates
were modified through the same method. Nevertheless, the
variation of the contact angle on the flat surfaces is very limited:
from about 30 to 129° (Figure Sb). From the above, it can be
found that surfaces with controlled oil wettabilities from
underwater superoleophilicity to superoleophobicity can be
realized by simply controlling the surfaces chemical composi-
tion on the nanostructured substrates. Furthermore, some other
oils, such as chloroform, n-hexane and silicon oil were also used
to investigate the surface wettability. As shown in Figure 6, the
superoleophilic and superoleophobic phenomena can also be
observed on surfaces prepared with different Xy, proving that
the controllability of our surfaces is universal regardless of the
oil type.

To have a better understanding of the oil wettability on the
as-prepared surfaces, we carefully analyzed the mechanism
affecting the contact angles. In the solid/water/oil three-phase
system, the oil contact angle on a flat solid surface can be

calculated from the following equation®>>*
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Figure 6. Statistics of the contact angles for different oil droplets on
the surfaces prepared with Xoy = 0.2 and 0.6, respectively. Insets are
the shapes of a corresponding oil droplet on the surfaces. It can be
seen that obtained surfaces can show superoleophilicity and super-
oleophobicity to various oil.

¥,,€08 6, — 7, cos 6,
Tow (1)

where 6, 8,,, and 0,,, are the contact angles of water in air, oil
in air, and 011 in water, respectively. .., Vo and y,, are surface
tensions of the oil/water, water/air, and oil/air interfaces. In
this work, the increase in oil contact angle on the flat surfaces
can be ascribed to the variation of surface chemistry as the Xy
is increased (Figure Sb). The increase in X,y would increase
the amount of the surface hydroxyl groups and strengthen the
hydrophilicity of the surface, which means the 6, would be
decreased (see the Supporting Information, Figure S7). As the
Yow Ywa, and ¥, are constant and the 6, has no evident changes
(see the Supporting Information, Figure S8), thus, according to
the above equation, the oil contact angle 6,, would be
increased as the Xy is increased.””

As to rough surfaces, the change tendency of oil contact
angle is alike to that on the flat surfaces whereas a remarkable
enhanced effect can be observed (Figure Sa). For the surfaces
prepared with X,y < 0.2, the surfaces show underwater
superoleophilicity. Recently, Jin et al. reported that the air
trapped among the microstructures plays an important role in
the surface underwater superoleophilicity: the superoleophi-
licity is ascribed to the spreading of oil droplet on the air/water
interface. As the air is decreased, the surface would transform
from the underwater superoleophilicity to the superoleopho-
bicity.*® In this work, for the surfaces prepared with Xop < 0.2,
the surface are mainly composed of hydrophobic HS-
(CH,),CH; molecules and show superhydrophobicity in air
(Figure 7c, see the Supporting Information Figure S9). When
these surfaces are immersed into water, a layer of air can also be
trapped among the nanostructures (for more details, see the
Supporting Information, Figure S10a). 57-60 However, the
underwater superoleophilicity of these surfaces cannot be
ascribed to the air. Because the HS(CH,),CH; molecule is
hydrophobic/oleophilic, the air would be expelled and the oil
would enter into the nanostructures when it contact the surface
(see the Supporting Information, Figure S11). In this case, the
nanostructures on the surface would enhance the oleophlhaty,
which can be described by the Wenzel equation.>**" On the
rough surface, in addition to the Cu(OH), nanorods (Figure
1), a layer of gold nanoparticles can also be observed on the
nanorods (see Figure S2 in the Supporting Information). Such

cosf, =

HS(CHZ)UOH

<=
m

H3 "H, OH CH,CH, H H,0H CH,OH

Figure 7. Schematic illustration of underwater oil wettability on the
obtained surfaces: for surfaces prepared with Xy < 0.2, the surfaces
are mainly covered by the hydrophobic and oleophilic methyl groups
(c), thus the oil droplet can enter into the microstructures and the
surface would show underwater superoleophilicity (a). As to the
surface prepared with Xoy > 0.6, lots of hydroxyl groups (d) would
increase the hydrophilicity of the surface and water can enter into the
microstructures; the oil droplet would reside in the composite Cassie
state, and the surface would show superoleophobicity (b).

hierarchical structures can increase the surface roughness and
the surface area apparently. Thus the inhalation of oil into the
rough surfaces can happen because of the three- dimensional
capillary effect, and the surface would exhibit underwater
superoleophilicity (Figure 7a).

As the Xoy is increased, more hydrophilic hydroxyl groups
can be assembled on the surfaces. When such surfaces are
immersed into water, the hydrogen bonding between water
molecules and these hydroxyl groups can be formed® and
some water can be trapped among the nanostructures. Thus the
oil contact angle would be increased because some oil/water
interface can be formed instead of the oil/solid interface
(Figure Sa). Especially on these surfaces prepared with high
Xoy (= 0.6, Figure 7d), the amount of surfaces hydroxyl groups
is high enough that it can lead to the hydrophilicity and even
superhydrophilicity of the surfaces (see the Supporting
Information, Figure S12). When these surfaces are immersed
into water, water can enter into the microstructures easily and
occupy the whole interspaces between the nanorods on the
surfaces (for more details, see the Supporting Information
Figure S10b). As the oil droplet was placed on such surfaces,
the oil droplet would reside on a composite solid/water
interface (Figure 7b). The high oil contact angles can be
explained by the modified Cassie equation"®®

tf-1 @)

where f is the area fraction of the solid contact with oil droplet,
', is the oil contact angle on a rough solid surface in water,
and 0, is the oil contact angle on a flat solid surface in water.
Taking the surface prepared with Xy = 0.6 as an example, ¢,
= 160° 6,,, = 94° (Figure 5), and f = 0.06S, indicating that
more than 93% contact area was water/oil contact area when
the oil droplet was dropped on the rough surface. Therefore,
the underwater superoleophobic and easy rolling performance
can be observed on the surface. Similar reasons can also be
suitable to those surfaces prepared with Xy = 0.7, 0.8, 0.9, and
1.0. From the above, one can find that the hierarchical
structures composed of Cu(OH), nanorods and gold nano-
particles on the surface can enhance the surface wettability to
the extremes: underwater superoleophilicity and superoleopho-
bicity. Thus, it would be easy to understand the phenomena
displayed in Figure 4, that different oil contact angles can be

/ —
cos@' , = fcos,
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Figure 8. (3, b) SEM images of nanostructured copper mesh film at low and high magnifications; (c) optical photograph of the oil/water separation
device; (d) using the film prepared with Xoy; = 0 as the separating membrane, oil can permeate the film and water can be retained, (e) whereas when
the film prepared with Xy = 1 was used, only water can pass through the film, indicating that selective oil/water separation can be realized.

observed as the immersion time is increased. This can be
ascribed to the different sizes and densities of nanorods on the
surfaces, which may contribute different roughness and
ultimately different enhanced effect would be observed.

The strategy reported here is versatile and can be easily
extended to some other substrates, for example, copper mesh
substrate. Images a and b in Figure 8 show the SEM images of
the copper mesh substrate; it can be seen that after immersion
into the solution of NaOH and (NH,),S,0s, nanorods can also
be produced on the substrates. After modification with different
mixed thiol solution, copper mesh films with similar controlled
underwater oil wettability can be prepared. Importantly, such
copper mesh films can be used in the oil/water separation,
which has aroused much attention in recent years for lots of oil
spillage and chemical leakage accidents.***> As shown in Figure
8¢, the copper mesh film can be fixed between two glass tubes
as the separating membrane. By simply controlling the
HS(CH,),;OH in the modified solution, the obtained copper
mesh films have different oil wettabilities. Accordingly, different
oil/water separation phenomena can be observed. For films
prepared with low Xgy, for example, Xoy = 0, the film is
superhydrophobic and superoleophilic (see the Supporting
Information, Figure S13a—c). When the mixture of water and
oil (petroleum ether) was poured into the glass tube above the
film, only oil can pass through the film and water is retained
(Figure 8d, the blue and red color of water and oil for the
presence of methylene blue and oil red, respectively). Using the
film prepared with high Xqp, for example, Xoyy = 1 (see the
Supporting Information, Figure S13d, e), the phenomenon
would be just opposite (before the oil/water separation, the
film was first wetted by water). Water can permeate the film
and oil would be retained (Figure 8¢). From the above, it can
be found that by simply controlling the HS(CH,),;OH in the
modified solution, oil or water could be selectively separated
from the mixture according to one’s requirement. We believe
such selectively separating membranes can be used in a lot of
applications, such as waste water treatment and microfluidic
device.

Bl CONCLUSIONS

In summary, a facile approach based on self-assembly of mixed
thiols (containing both HS(CH,),CH, and HS(CH,),,OH) on
the nanostructured copper substrates was reported for
fabrication of surfaces with controlled oil wettability in water
media. By simply changing the concentration of HS(CH,),;OH
in the modified solution, surfaces with controlled oil wettability
from the underwater superoleophilicity to superoleophobicity
can be achieved. The tunable effect is resulted from the
combined effect of the change of surface chemical composition
and the microstructures on the surfaces, especially the
nanostructures can offer better control of surfaces wettability
between the two extremes. Furthermore, the simple concept
presented here was also extended to the copper mesh
substrates, and selective oil/water separation can be realized
on the copper mesh films. We believe that the method reported
here may start some new perspectives in manipulating the oil
wettability on solid surfaces and have widely applications in, for
instance, antipollution, bioadhesive materials, and microfluidic
devices.

B ASSOCIATED CONTENT

© Supporting Information

XRD of Cu(OH),; SEM images of the surfaces before and after
coating with Au; SEM images of surfaces with and without of a
layer of Au after reaction with thiol soluction; shape of an oil
droplet sliding on the surface prepared with Xoy = 0.6 in water;
High-resolution Cu 2p XPS spectra of the surfaces; SEM
images of surfaces obtained after immersion in reaction
soluction for longer time than 300 s; dependence of the
water and oil contact angles on the Xoy on flat and rough
surfaces; optical images of surfaces prepared with Xy = 0.2 and
0.6 underwater before and after contact with oil droplet; shapes
of water droplet and oil droplet on copper mesh films prepared
with Xop = 0 and 1 in air and water. This material is available
free of charge via the Internet at http://pubs.acs.org.
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