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il pollution has drawn worldwide
attention as the leakage of crude
oil at the surface or bottom of the
sea frequently occurred in recent years."?
Besides the destruction to the environment,
the contamination of oil, especially suspended
oil' to aquatic devices, has caused non-
negligible economic losses. In addition, oil
pollution also affects and hinders the normal
operation of oil-cleaning devices and equip-
ment-repairing miniature robots. However,
these tough problem:s still remain unresolved.
It is necessary and urgent to develop aquatic
devices that can move freely in an oil/water
system with excellent oil-repellent capability,
to better face the severe oil pollution crisis.
Nature always gives us inspirations to
design functional interfaces with special
wettability.>~® For example, learning from
the self-cleaning lotus leaf, superhydropho-
bic surfaces with low hysteresis of sliding
angle have been fabricated successfully.® In
addition, the directional water-adhesive
wings of a butterfly,'® the antifogging eyes
of a mosquito,'” and the highly adhesive
foot of a gecko, '? etc. have also been studied
for developing smart interfacial materials
and functional devices. These phenomena
give us abundant clues to realize special
wettability on solid surfaces through the
cooperation between surface chemical
components and micro/nanohierarchical
structures.’® Following this principle, in-air
superoleophobic surfaces can also be cre-
ated, such as super oil-repellent aluminum
plates,™ super “amphiphobic” aligned car-
bon nanotube films'® and polymeric coat-
ings,'® superoleophobic surfaces with
re-entrant surface curvature,'’ self-healing
superoleophobic surfaces,'® superoleophobic
transparent surfaces with inverse-trapezoidal
microstructures,'® and superoleophobic coat-
ings with ultralow sliding angles.?® Although
these in-air superoleophobic surfaces show

LIU ET AL.

ABSTRACT 0il pollution
to aquatic devices, especially
to those oil-cleaning devices
and equipment-repairing ro-
bots during oil spill accidents,
has drawn great attention
and remains an urgent pro-
blem to be resolved. Devel-
oping devices that can move

freely in an oil/water system
without contamination from
oil has both scientific and practical importance. In nature, the insect water strider can float on water
by utilizing the superhydrophobic supporting force received by its legs. Inspired by this unique
floating phenomenon, in this artide, we designed a model device named “oil strider” that could
float stably at the oil/water interface without contamination by oil. The floating capability of the oil
strider originated from the huge underwater superoleophobic supporting force its “legs” received.
We prepared the micro/nanohierarchical structured copper-oxide-coated copper wires, acting as the
artificial legs of oil strider, by a simple base-corrosion process. The surface structures and hydrophilic
chemical components of the coatings on copper wires induced the huge superoleophobic force at
the oil/water interface, to support the oil strider from sinking into the oil. Experimental results and
theoretical analysis demonstrate that this supporting force is mainly composed of three parts: the
buoyancy force, the curvature force, and the deformation force. We anticipate that this artificial oil
strider will provide a guide for the design of smart aquatic devices that can move freely in an oil/
water system with excellent oil repellent capability, and be helpful in practical situations such as oil
handling and oil spill deanup.

KEYWORDS: aquatic devices - copper materials - interfaces - micro/
nanostructures - oil-repellent surfaces - superoleophobic force - underwater
superoleophobicity
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Figure 1. lllustration of the model device oil strider staying at the oil/water interface. (a) A water strider staying at the
interface of water/air. (b) The artificial oil strider staying at the interface of oil/water. The legs of the oil strider are copper-
oxide-coated copper wires. Crescent-shaped meniscuses are generated around the legs. The oil used is 1,2-dichloroethane.
Oil red is used to dye the oil pink.

developed,® showing superiority for underwater oil-
repellent surfaces. Several underwater superoleophobic
surfaces have then been fabricated for their applications
in areas such as antibiofouling® and antioil-contamination,®
as well as oil/water separation.?” But how to expand this
new kind of underwater superoleophobic surfaces to
smart aquatic devices that can move freely in oil/water
system has not been explored up to now.

The water strider is a famous insect that can stand
effortlessly and run quickly on water in atmosphere
(Figure 1a). It has aroused increasing interest to under-
stand the physical mechanism behind its capability
of floating at the water/air interface. Physicists and
engineering scientists have done extensive research
from the hydrodynamic aspects.?® ' Caponigro and
Eriksen have systematically revealed the two kinds of
movements a water strider performs and the different
roles of its three kinds of legs in achieving these
movements.?® Hu et al. have observed the swirling
vortices that the water strider's legs created in order to
carry momentum beneath the surface of the water,?®
and demonstrated the two kinds of forces that sup-
port the legs: the curvature force and the buoyancy
force.?**! Recently, chemical scientists have dug more
deeply to show that it was the micro/nanohierarchical
structures together with hydophobic wax on the water
strider's legs that made the legs superhydrophobic.32~3*
This superhydrophobicity induced a strong super-
hydrophobic force received by the legs at the water/
air interface to support its body floating on water.*?
Taking advantage of this supporting force, several
artifical models have been developed with super-
hydrophobic “legs”, to realize smart on-water devices
with advanced functions such as drag reduction and
quick propulsion. For example, Zhang's group have
created a self-propelling model on water;*>>¢ Saunders
et al. have fabricated a metallic “pond skater”;”
Hu et al,*® Shi et al,*® and Pan et al.*® have also
designed separately aritifical water strider-like models.
Inspried by this biomimic ideology, we wonder
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whether this floating mechanism of water strider at
the water/air interface can be extended to the oil/water
interface, to help in the design of smart devices that are
supported from the oil/water interface rather than be
polluted by oil?

In this article, we have fabricated underwater super-
oleophobic copper wires by a simple base-corrosion
process. Using these as-prepared wires as the “legs”,
we have created successfully a model device named
“oil strider” (Figure 1b) to prove the feasibility of
artificial devices that can move freely at the oil/water
interface without oil contamination. The copper wires
are coated by micro/nanohierarchical structured cop-
per oxide. This surface structure together with the
hydrophilicity of copper oxide induced the huge super-
oleophobic force, to float the oil strider at the oil/water
interface. This huge superoleophobic supporting force
probably originates from three main forces: the buoy-
ancy force, the curvature force, and the deformation
force. The design of this artificial oil strider provides a
strategy to fabricate novel aquatic devices with oil-
repellent capability. It would bring promising applica-
tions in scientific research and real life, such as drag-
reducing and quick propulsion techniques.

RESULTS AND DISCUSSION

As copper is one kind of the engineering materials
that are used for aquatic devices and equipments, and
copper wires with different diameters can be gotten
more easily for the proof-of-concept study, we chose
copper to design the model device oil strider. In
addition, micro/nanoscaled structures can be easily
created on copper surfaces by a simple base-corrosion
process. The diameter of the copper wires used for the
oil strider's legs was 280 um, which approximated the
average diameter of an adult water strider's legs.*’ The
copper wires were bent to three parts, the middle part
was about 15 mm while the tip was about 4 mm.
Angles between the adjacent two parts of the wire
both were 135° (Figure 1b).33*'*2 These copper wires
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Figure 2. Typical SEM images of the as-prepared copper wires: (a) macroscopically rough surface morphology of the wire (280 um
in diameter); (b) flower-like microclusters at the surface of the wire; (c) the microclusters are composed of nanopetals.

Water

Wire

Figure 3. Underwater superoleophobicity of the as-pre-
pared copper wires. Photograph shows an oil droplet
(3 uL) on the copper wire (280 um in diameter). The contact
angle (CA) was 164.2 + 3.1°. The result was similar to that of
other copper wires with different diameters (120, 500, 800,
and 1000 um). Note that this kind of CA is measured on
the columnar wire substrate, and the contact between oil
droplet and wire is on a line.

were then immersed in aqueous ammonia (pH = 10.5)
to generate rough black coatings on them (Figure 2a).
X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD) results demonstrate that this coating
is composed of copper oxide (see Supporting Informa-
tion Figure $1).* > This copper-oxide coating was
constructed by flower-like microclusters (about 1—5 um
in diameter, Figure 2b) with nanopetals (about 100 nm
in width, Figure 2c). Underwater oleophobicity of
the as-prepared copper wires was then measured
using contact angle (CA) instrument. A droplet of oil
(1,2-dichloroethane, 3 ulL) was hung on a needle to
contact the copper wire. The CA of oil droplet on the
columnar wire substrate at the time they just contacted
was 164.2 + 3.1° (Figure 3). In this situation, the oil
droplet contacted the wire on a line. Besides, we also
measured the CA of oil droplet on the flat copper sheet,
which was 164.8 £+ 5.0°. These results demonstrate that
the copper-oxide coated wires are underwater super-
oleophobic. In addition, when the wire was moved up
to squeeze the oil droplet and then moved down to
leave, there was almost no deformation of the droplet
and no oil residual left on the wire (see Supporting
Information Figure S2). This suggests that the hyster-
esis of the contact angle is very small and the adhesion
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between oil and wire is extremely low.>* The under-
water superoleophobicity of the as-prepared copper
wires resulted from the synergistic effect of chemical
components and micro/nanohierarchical structures of
the copper-oxide coating. Hydrophilicity of copper
oxide induces water to be trapped in the interstice of
micro/nanohierarchical structures. A minimized oil/
solid contact area gives rise to superoleophobicity
and low oil adhesion of the wires. This underwater
superoleophobicity can also be achieved by combin-
ing other hydrophilic materials (such as solid oxides,
hydroxides, and other oxygenated compounds) with
surface micro/nanohierarchical structures.

After we put the oil strider on the underwater-oil
surface, it could stay at the oil/water interface, as
shown in Figure 1b. The oil was 1,2-dichloroethane.
Its density is larger than water so it lies at the bottom
when mixed with water. To distinguish water with oil
and make the interface clear, we used oil red to dye the
oil pink. The oil strider could stand on the under-
water-oil surface although the density of copper is
larger than that of 1,2-dichloroethane. The crescent-
shaped meniscus generated around the legs of the oil
strider (Figure 1b) was similar to that of the water
strider. These results suggest that the underwater
superoleophobicity of copper wires draws a huge
superoleophobic force to support the body of the
oil strider staying at the oil/water interface without
sinking into oil.

The received supporting force of the as-prepared
copper wires at the oil/water interface was system-
atically studied by measuring the changes of received
force of wires with different diameters when they
passed through the oil/water interface. Copper wires
of different diameters (120, 280, 500, 800, and 1000 x«m)
were used in this experiment. To simplify the research
system, the shape of the copper wires was abstracted
to an “L" shape with a right angle. The short part of the
as-prepared “L” wire was about 2 cm and the long part
was 4 cm. The surface structures of the four kinds of
wires (with 120, 500, 800, and 1000 um in diameter)
after corrosion are shown in Supporting Information
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Figure 4. Analysis of the supporting force received by the as-prepared copper wires when they pass through the oil/water
interface. (a—d) Photographs show the limit depths of copper wires with different diameters when they pass through the
interface. The corresponding diameter of the wires is 120 (a), 280 (b), 500 (c), and 800 xm (d). (€) Graph shows the relationship
between the diameter of the wires and the limit depth, the maximum force received. (f) Schematic illustration of the cross
section view of micro/nanohierarchical structured copper wires when passing through the oil/water interface, r represents
the radius of the wire and in this scheme, it starts from the center of the wire to the point where the oil/water interface
is separated by the wire. y is the interfacial tension of oil/water interface. o is the angle between the vertical lineand r, and 0 is
the angle between the tangent line of the oil/water interface and the tangent line of the wire at the point where the oil/water
interface is separated by the wire. Micro/nanohierarchical structures on copper wires trap water and reduce the oil/wire
contact area. This results in underwater superoleophobicity of copper wires and the maximum 0, contributing to the huge F;.

Figure S3. They were all composed by micro/nanohier-
archical structures. Although the surface morphologies
of them were not completely the same, these wires
were all underwater superoleophobic. The CA of oil
was correspondingly 172.7 £+ 1.1° (for copper wire
120 um in diameter); 167.7 £+ 3.5° (for copper wire
500 um in diameter); 168.9 £+ 4.1° (for copper wire
800 um in diameter); and 168.2 + 2.3° (for copper
wire 1000 um in diameter). (Note that all these CAs were
measured on columnar wire substrates.) We used a highly
sensitive microelectromechanical balance system (Data-
Physics DCAT 11, dynamic contact angle meters and
tensiometers, Limit of Detection: 1 uN) to detect the
received force of the “L” wires. A CCD camera was used to
record the related images simultaneously. The oil/water
system was first placed in a glass container below the
balance. During the force measurement procedure, the
long part was fixed into the holder of the balance to
make the short part horizontal to the oil/water interface.
The short part was first immersed into the water layer.
Then the oil/water interface moved upward at a rate of
50 um s ' until an immersion depth of 8 mm was
reached. It then moved down at the same rate to the
original position. The short part of the wire first contacted
with the oil/water interface and then penetrated the
interface and into the oil. In this measurement cycle,
the limit depth and the maximum force that the wires got
before penetrating the interface were recorded by the
device, as the initial position and original received force of
the wires were both set to zero.

Figure 4 panels a—d show the relative positions
of the four wires with diameters of 120, 280, 500, and
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800 um recorded by the CCD camera in the cross-sectional
view just before they penetrate the oil/water interface.
Figure 4e shows the relationships between the diameter of
the copper wires and the maximum force received and the
limit depths are concluded. It is noteworthy that they are
not completely positively related. There exists a minimum
in both the limit depth and the received maximum force
when the diameter of copper wire is 280 um. The
mechanism behind this force regularity was then analyzed
and modeled according to previous studies.?®*® Figure 4f
shows the force analysis of the wire at the oil/water
interface. The total received support force F includes three
parts, as described in eq 1.

Fo = Fo+Fc+Fa (M

Fo = 7p,,gr
hsina

+ <(1 — sinoL cos oL+ 2 >(,o0 —pou)art (2

Fc = —2ycos(a.+ 60) (3)

where Fy, is the buoyancy force, F is the curvature force,
and F is the deformation force. p,, represents the density
of water, while p, represents the density of oil. r is the
radius of copper wire, and y is the interfacial tension of oil/
water interface. 6 represents the contact angle of oil
droplet on copper wire. h and a are two quantities defined
to help the calculation with no physical meanings, and are
shown more clearly in Figure 4f).

Fy is related to wire radius r and r?, and increases as
rincreases, as shown in eq 2. F. is related to interfacial
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Figure 5. The dynamic stability of the oil strider's floating at the oil/water interface. As the interface waves, the oil strider
moves up and down but never sinks into the oil layer below. When the wave goes to calm at 30 s, the oil strider still stably
stands at the interface. To distinguish the oil/water interface, the oil is dyed pink.

tension, its value will not change when the material is
the same in one system (y represents the interfacial
tension of oil/water interface), as concluded in eq 3.
The deformation force Fgq is mainly related to wr, r =,
and r—* (w s the deflection of the copper wire), which is
consistent with the report of Zhang's group.®® As r
decreases, F4 increases. When the diameter of copper
wire is 120 um, the wire is softer and is more easily bent
than wire with 280 um diameter. Fq becomes larger
and determines the value of the totally received force.
Thus, both the maximum force and the limit depth of
wire with a diameter of 120 um are larger than that of
the wire with diameter of 280 um (Figure 4a,b,e). When
the diameter of the wire is larger than 280 um, the
deformation of the wire becomes too little to be
considered. Therefore, F4 can be ignored and Fy, begins
playing the important role. The total force increases as
the diameter increases (Figure 4b—e). Thus, the mini-
mum force and limit depth in this system are reached
when the diameter is 280 um. In addition, surface
micro/nanohierarchical structures of those copper
wires are very important for reaching the huge sup-
porting forces. When the surface structures turned
from smooth to rough, both the limit depth and F;
increased (see Supporting Information, Figures S4 and S5).
This is because surface structures influence the
underwater oleophobicity of the copper wires. As
shown in eq 3, F. is related to the contact angle 6 of
the oil droplet on copper wire. When 6 increases,
F.increases. Surface micro/nanohierarchical structures
induced the underwater superoleophobicity of those
copper wires as well as the maximum 6, thus resulting
in the maximum F. and contributing to the huge
supporting force Fi.

The force analysis helps us to understand the physi-
cal mechanism behind the oil strider's capability to
float at the oil/water interface. In fact, for a model
device, gravity also influences its floating capability.
For a copper wire floating at the oil/water interface,
there exists the limit of floating when F, + F. = mg
(there is no Fq4 as the copper wire freely floats at the
interface alone). The calculation result shows that the
limit diameter of the wire is about 900—1000 um in our
system. We also demonstrated this by doing the
experiment. We chose two as-prepared copper wires,
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one was 800 um and the other was 1000 xm, and put
them at the oil/water interface. The wire with diameter
of 800 um could float at the interface while the one
with diameter of 1000 «m sank down. Similarly, for the
oil strider, only when its body gravity is smaller than the
total supporting force that its four legs received, can it
keep the free-floating capability at the interface. By a
measurement of the received supporting force of the
copper wires, the limit gravity of the oil strider can be
deduced. Therefore, it is necessary to take gravity into
consideration for device design in further practical
applications.

The stability of the oil strider floating at the oil/water
interface was also tested in our experiment. After the
oil strider was put on the underwater-oil surface, we
rocked the container to wave the oil/water interface. As
the interface waved, the oil strider rose and fell, as
shown in Figure 5. In the whole process from the start
to the calm of waves in 30 s, the oil strider floated
up and down but never penetrated the interface
into the oil layer. Finally at the end of the time,
the oil strider still stably stood on the oil surface. In
the experiment, the oil strider could stay at the inter-
face for at least 3 h. After the experiment, the oil strider
was taken out from the oil/water system, without
any oil residual adhered on its legs. After about
three month's storage, this oil strider still kept the
stably free-floating capability. These results further
indicate that the artificial legs have stable underwater
superoleophobicity.

CONCLUSIONS

In summary, inspired by the unique floating cap-
ability of a water strider, we successfully fabricated a
model device, an oil strider capable of free floating at
the oil/water interface, supported by the huge under-
water superoleophobic force its artificial copper-wire
legs received. Micro/nanohierarchical structures and
hydrophilic components of the copper-oxide coatings
on the as-prepared copper-wire legs resulted in this
huge and stable underwater superoleophobic force at
the oil/water interface. This oil strider could stably float
at the oil/water interface without contamination by oil.
The concept of this model device can also be applied
to other engineering metal materials such as Fe, Al,
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and alloys. We anticipate that this research can give
enlightenment to the development of drag-reducing
materials, underwater-oil vent devices, underwater

MATERIALS AND METHODS

Fabrication and Characterization of Rough Copper-Oxide Coatings on
Copper Wires. In brief, copper wires were sequentially cleaned in
acetone, ethanol, and deionized water by ultrasonic means,
each for 10 min, to get rid of contaminants and the insulating
barrier on wires. The wires were then soaked in 0.1 M HCl (aq) to
remove the outside oxidation layer. After being rinsed with
deionized water three times, the wires were immersed in
aqueous ammonia at pH 10.5 for about 36 h at ambient
temperature to get the black copper-oxide-coated surfaces,
and finally rinsed and stored in dry containers.

A field-emission scanning electron microscope (JSM-6700F,
Japan) was used for characterizing the morphology of the
as-prepared copper wire surfaces. X-ray photoelectron spec-
troscopy (XPS) and X-ray diffraction pattern (XRD) data were
collected using aqueous ammonia corroded copper sheets
prepared at the same experiment parameters as copper wires,
to facilitate the analysis. XPS data were obtained with an
ESCALab220i-XL electron spectrometer from VG Scientific using
300 W MgKa radiation. The base pressure was about 3 x
10~° mbar. XRD patterns were collected with a Mac Science
MXP-AHF18 X-ray diffractometer using Cu Ko radiation. Contact
angles were measured by an OCA20 contact angle system
(DataPhysics, Germany).

Measurement of the Received Supporting Force and the Limit Depth of
the As-Prepared Copper Wires. The corresponding copper wires
were first bent to an “L” shape before the corrosion step to
avoid the probable damage of the surface structures during the
subsequent measurement process. The long part of the “L”
shape wire was about 4 cm, and the short part was about 2 cm.
During the measurement, the long part was fixed to the
holder on the high-sensitivity micro-electromechanical balance
(Data-Physics DCAT 11, dynamic contact angle meters and
tensiometers, Limit of Detection: 1 uN), to make the short
part parallel to the oil/water interface. The oil/water system
was placed within a glass container put right below the holder.
The water was Mill-Q grade, and the oil was 1,2-dichloroethane.
The density of the oil is larger than water so that it lies below
the water phase, as they are immiscible. After the wire was
immersed in the water phase, the oil/water interface moved
upward at a rate of 50 um s~ until a preinstalled immersion
depth of 8 mm was reached, and then moved down at the same
rate to the original position. The start received force and
immersion depth of the wire in the water phase were all set
to zero before the interface began to move. The wire first
contacted with the interface, then reached a limit and pene-
trated the interface, and finally went into the oil phase.
The received force and the relative immersion position of the
copper wire were collected by the balance system and the
entire process was also recorded by the CCD camera.
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safeguard robots, underwater-oil-cleaning devices,
and other aquatic smart devices with superior oil-
repellent capability.

influence of surface morphology to the received supporting
force and limit depth of copper wires when they pass through
the oil/water interface. This material is available free of charge
via the Internet at http://pubs.acs.org.
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