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Reversible Underwater Lossless Oil Droplet Transportation
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The controllable transportation of microdroplets has attracted
considerable interest because of its wide range of promising
applications in biochemical separation, bioadhesion, in situ
analysis, in situ detection, and lab-on-chip devices.'"* Most
previous efforts to control liquids have been focused on the
design of complicated micromechanical components, such
as micropumps, microchannels, microvalves, and microsen-
sors.’"1% However, the use of common solid materials in these
applications results in surface contamination and droplet
losses that are unavoidable because of droplet wetting, pinning,
and contact angle hysteresis.”l Therefore, the generation of a
functional surface for controlling microdroplet transportation
by a simple and practical approach is greatly needed. Specifi-
cally, with the fast development of superhydrophobic materials
as well as skillful wettability control techniques, it is possible to
realize two extremely superhydrophobic states: ultralow water
adhesion and ultrahigh water adhesion, which are inspired by
the lotus leaf and the rose petal, respectively.''"13] As a result,
water droplets can roll down freely from the substrate without
any liquid residues or be pinned to the surface in a controlled
fashion. From this basis, superhydrophobic surfaces are con-
sidered to be potential candidates for no-loss transportation of
water droplets.'*1%] For example, Jiang and co-workers!'®17] fab-
ricated a superhydrophobic aligned polystyrene nanotube layer
via a porous alumina membrane covering method. The fab-
ricated surface exhibited a strong adhesive force to water and
could be easily used to transfer a water droplet from a super-
hydrophobic surface to a superhydrophilic one with no volume
loss. Later, they presented an in situ control of superparamag-
netic microdroplets by manipulating the external magnetic
field, thereby achieving transportation of superparamagnetic
microdroplets.'®1% Sun and co-workers?” reported a novel cur-
vature-driven in situ switching between pinned and roll-down
superhydrophobic states on polydimethylsiloxane micropillar
arrays, that is, the water adhesion of the surface was reversibly
switched from ultralow to ultrahigh by tuning the surface cur-
vature. In this way, the surface could function as a mechanical
hand for water microdroplet “pickup” when flat and “release”
when at a certain curvature.
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In addition to the water—air—solid system that analyzes water
droplets and superhydrophobic surfaces, there has been much
recent interest in the interface of liquid oil, another important
liquid in our daily life, and solids.?'-**l Jiang and co-workers!?’]
found that fish can swim freely and keep their skin clean even
in the oil-polluted water. They revealed that this special ability
is caused by the underwater superoleophobicity of fish scales,
which is a result of the hydrophilic chemistry of fish scales and
their hierarchical rough structures. According to the modified
Cassie’s theory, water can be trapped in the hierarchical rough
structure to form a repulsive oil layer, resulting in an oil-water—
solid interface.l?>"28] The trapped water layer endows the surface
with superoleophobicity and ultralow oil-adhesion in water.
The underwater superoleophobic surfaces have some fasci-
nating practical applications in marine antifouling, bioadhe-
sion, water/oil separation, and microfluidic technologies.[8-37]
Although some strategies have been developed to manipulate
water droplets in air with superhydrophobic surface, finding a
simple route for the controllable transportation of oil microdro-
plets without mass loss in water has remained challenging.

Here, we report for the first time a simple and novel method
to in situ transfer oil droplets in water based on superoleo-
phobic surfaces and switching the density of the water solution.
Femtosecond laser-irradiated silicon surfaces show a micro/
nanoscale hierarchical structure and underwater superoleopho-
bicity with ultralow oil-adhesion. An oil droplet can be picked
up when the density of the water solution surrounding the oil
droplet is larger than that of the oil by adding sugar to water,
which causes the buoyancy acting on the oil droplet to be larger
than the gravity. The oil droplet can also be put down when the
density of water solution is lower than that of the oil droplet;
this is accomplished through dilution. Based on this unique
switching, an in situ “mechanical hand” for no-loss oil droplet
transportation was realized in a water environment.

The rough micro/nanoscale structure was formed by fem-
tosecond laser irradiation using a line-by-line and serial scan-
ning process. The details of the experimental setup and the
scanning method are described in our previous work.33#0 A
p-type silicon wafer was irradiated by a regenerative amplified
Ti:sapphire laser system (pulse duration: 50 fs; center wave-
length: 800 nm; repetition: 1 kHz). The laser beam (constant
average power of 20 mW) was focused on the sample by a
microscope objective lens (NA = 0.45). The sample was irra-
diated at scanning speed of 2 mm s7! and interval of adjacent
laser scanning lines of 2 pm.

Figure 1 shows scanning electron microscopy (SEM) images
of the femtosecond laser-scanned silicon surface. The as-pre-
pared surface was constructed by periodic rough micromoun-
tain array with the period of about 10 pm. Each micromountain
has a diameter of about 6 pm and a height of about 2.9 pm. In
general, there are four holes around a single micromountain.
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Figure 1. SEM images of the femtosecond laser-irradiated silicon surface. a) 45° tilted view, b) top view, c) higher resolution 45° tilted view, and
d) large-magnification SEM image of a single micromountain decorating with nanoscale protrusions.

High-magnification SEM imaging reveals that the micromoun-
tains are randomly decorated with many irregular nanoscale
protrusions (Figure 1d). The micro/nanoscale hierarchical
rough structures are believed to develop from ablation under
laser pulses and the recrystallization of ejected particles. The
roughness (Ra) of the as-prepared surface is about 2.2 pm. This
rough micro/nanoscale binary structure is helpful to realize
superhydrophilicity in air and underwater superoleophobicity.
Previous research has demonstrated that superhydrophilicity
of a solid surface in air is important for achieving underwater
superoleophobicity.?82 For a flat silicon surface, hydrophilicity
is exhibited with a water contact angle (WCA) of about 60° in
air and ordinary oleophobicity with an intrinsic oil contact angle
(OCA) of 125.5° + 2° in water (Figure 2a). After introducing a
rough structure by femtosecond laser irradiation, the samples
change from exhibiting hydrophilicity to superhydrophilicity in
air. A water droplet will spread out quickly on the laser-induced
surface once it is placed on the surface, leading to a small WCA
of about 2.5°, as shown in Figure 2b. Figure 2c describes the
shape of an 8-uL oil droplet deposited on the laser-irradiated
surface in water. At this time, the oil droplet shows an approxi-
mately spherical shape. The OCA is measured to be 160.2° + 1°,
indicating an underwater superoleophobic character. Figure 2d
presents the process of an underwater oil droplet rolling off
on a 0.5° tilted as-prepared surface under the gravitation effect
(Movie S1, Supporting Information). This result shows that
there is ultralow oil-adhesion between the oil droplet and the
laser-irradiated surface in water. The adhesive force measured
was only about 1.3 pN. Based on the high OCA value and
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the ultralow oil-adhesion, the underwater oil droplet on the
laser-irradiated surfaces can be considered to be in the Cassie
state.[2:26]

It is generally known that a hydrophilic surface in air
becomes oleophobic in water, whereas the hierarchical
rough structure can significantly amplify the superoleopho-
bicity.?829 Silicon is an intrinsically hydrophilic material in
air. After femtosecond laser irradiation, the surface becomes
superhydrophilic in air because of the generated micro/
nanoscale binary rough structure. Once such a surface is
immersed in water, the water will immediately enter into
and occupy all of the interspaces between the microstruc-
tures. A water cushion is thus formed below the oil, causing
the oil droplet to sit on the top of the rough microstructure.
According to a generalized version of Cassie’s model, the oil
droplet resides on a composite solid-water interface, forming
an oil-water-solid three-phase system.[?>2¢l The trapped
water layer offers a strong repulsive force to the oil droplet
due to repulsive interaction between polar (water) and non-
polar (oil) molecules, endowing the as-prepared surfaces with
underwater superoleophobicity.*!l In addition, the hierar-
chical microstructure can effectively reduce the contact area
between the oil droplet and the silicon surface. As a result,
the as-prepared surface exhibits small adhesive force and
ultralow oil-adhesion.

To take advantage of the ultralow oil-adhesion of underwater
superoleophobic surfaces, we propose an in situ “mechan-
ical hand” for no-loss oil droplet transportation in water by
switching the density of water solution surrounding the oil
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Figure 2. Wettable properties of the surface before and after femtosecond laser irradiation. a) The shape of an oil droplet on the untreated silicon
surface in water. b,c) The shapes of a water droplet and an oil droplet on the femtosecond Iaser irradiated surface in air and in water, respectively. The
underwater oil droplet on the as-prepared surface shows superoleophobicity with OCA of 160.2° + 1°. d) Time sequence of an oil droplet rolling on the

0.5° tilted as-prepared surface, showing an ultralow oil-adhesion.

droplet. The setup is schematically shown in Figure 3a. As
seen in Figure 3b and Movie S2 (Supporting Information), an
as-prepared sample was lowered down until it made contact
with the oil droplet on another as-prepared sample (Steps 1-3).
When the above-sample was lifted up, the oil droplet continued
to sit on the below-sample due to gravity (Steps 3-5) and the
untreated water. On the contrary, by changing the liquid sur-
rounding the oil droplet from water-to-water solution by adding
sugar, the density of water solution becomes greater than that
of oil, and the buoyancy would be able to combat the gravity.
This switching of the density of water solution may provide
the possibility for in situ transportation of oil droplet in water.
Sugar was selected to increase the density of water solution
because it has many advantages, such as nontoxicity, environ-
ment friendly, large solubility in water, and insolubility with oil.
In order to speed up the transportation process, sugar water
with a density of about 1.52 g cm™ was prepared in advance by
dissolving sugar into deionized water.

Figure 3c shows the detailed process of underwater oil
droplet transportation (Movie S3, Supporting Information).
A 15-pL oil droplet with a density of 1.26 g cm™ was initially
placed on an as-prepared superoleophobic sample (below-
sample) in water (Step 1). Then, another as-prepared sample
(above-sample) was lowered down until it made contact with
the oil droplet (Step 2). At this point, the sugar water with a
density of 1.52 g cm™ was poured into the glass container
slowly until the color of the water solution was at or near the
color of the sugar water, a pale green-yellow (Step 3). This pro-
cess switched the density of water solution from lower than
that of the oil to larger than that of the oil. Simultaneously, the
image of the underwater oil droplet became brighter because
the refractive index of sugar water is closer to that of oil droplet
than that of deionized water. By lifting the above-sample up, the
oil droplet was elevated with the above-sample and shifted from
the below-sample to the above-sample because the buoyancy
was larger than the gravity (Step 4). Surprisingly, the oil droplet
could be put back on the below-sample. The above-sample was
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lowered down again until the hanging oil droplet made contact
with the below-sample (Step 5). Next, deionized water with den-
sity of 1 g cm™ was added into the glass container. The water
solution in the container was diluted until its color changed to
very clear and transparent, indicating that the density of water
solution was close to that of deionized water (Step 6). The
image of oil droplet returned to its original brightness. At this
point, the density of water solution was much less than that of
the oil droplet. Finally, when lifting the above-sample up, the
oil droplet was detached from above-sample and stayed on the
below-sample (Step 7). In this way, the oil droplet can be in situ
transferred between the below-sample and the above-sample, as
shown in Figure 3d. Furthermore, this reversible transportation
could cycle a large number of times by switching the density
of water solution, demonstrating excellent reproducibility and
stability (Figure 3e). In general, an oil droplet usually presents a
quasi-spherical shape on superoleophobic surface, and the con-
tact area between the oil droplet and the sample is significantly
reduced. Therefore, the transportation process causes almost
no loss of microdroplet for a small contact area and ultralow
oil-adhesion. We believe that our in situ oil transportation
exhibits great potential for biomedical and microfluidic devices.

An oil droplet also can be transferred to a higher place
using the above-mentioned method, as shown in Figure 4 and
Movie S4 (Supporting Information). An oil droplet was first
put on an as-prepared superoleophobic surface (A-surface) in
water (Figure 4a). Then, another as-prepared surface (B-sur-
face) was lowered down until it made contact with the oil
droplet (Figure 4b). The sugar water was subsequently poured
into the glass container until the image of the underwater oil
droplet became brighter (Figure 4c). As seen in Figure 4d, the
oil droplet was detached from A-surface and rose with the B-sur-
face as it lifted up because the buoyancy acting on the oil droplet
was larger than the gravity. Next, the A-surface was removed
and another superoleophobic surface (C-surface) was moved
to a location below the B-surface by at a higher altitude than
the original A-surface (Figure 4e). The B-surface was lowered

wileyonlinelibrary.com

(3 of 6) 1400388

a
o
3
3
G
-
a
-
(*]
=




2
o
<
=
=
5
=
=
o
9

ADVANCED
MATERIALS

INTERFACES

www.advmatinterfaces.de

Deionized
water ——f—gm - - - - - - ---“«“===--

Mk

www.MaterialsViews.com

Glass container

add sugar

(c)

-
- Seo

.= --.

Nolronueifiel

-

O

~---—'

dilute
Water T
0Oil
Down{s ® ® = & & & = &8 &8 =%
(d) P o™ P warer ponpww (e) A “Cysclgs7 8 9 10

Figure 3. In situ transportation of an oil droplet in water based on superoleophobic surfaces with ultralow oil-adhesion and the switching of the density
of the water solution. a) Schematic illustration of the setup. b) An as-prepared sample making contact with and leaving the oil droplet on another as-
prepared sample when the water in the glass container was untreated. c) Detailed working process of no-loss oil droplet transportation in water (see text
for detailed explanation). d) Schematic illustration and e) reversibility test of the oil droplet being switched between “put down” and “pick up” states.
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down again until the hanging oil droplet made contact with the
C-surface (Figure 4f). Then, the water solution was diluted by
adding deionized water into the glass container until the den-
sity of the water solution was close to that of deionized water
(Figure 4g). Finally, the oil droplet was detached from B-surface
and shifted to the C-surface by lifting the B-surface up as seen
in Figure 4h. In this way, the water droplet was moved from
A-surface to a higher C-surface simply by switching the density
of water solution.

In conclusion, simple in situ transportation of oil drop-
lets in water based on superoleophobic surfaces with ultralow
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oil-adhesion and the switching of the density of the water
solution has been demonstrated for the first time. Silicon sur-
faces with micro/nanoscale hierarchical structures were fabri-
cated by femtosecond laser irradiation. The as-prepared surfaces
show underwater superoleophobicity with ultralow oil-adhesion.
The density of water solution surrounding the oil droplet can be
made larger than or lower than the oil by adding sugar to water
or diluting the solution with pure deionized water, respectively.
At the same time, the buoyancy acting on the oil droplet will
be larger than or smaller than the gravity of oil droplet. This
reversible switching endows the superoleophobic surface with

Adv. Mater. Interfaces 2015, 2, 1400388
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Figure 4. Transportation process of an oil droplet from the A-surface to the higher C-surface via the B-surface.

the ability of “pick up” and “put down” the oil droplet in water.
As a result, an in situ mechanical hand for no-loss oil droplet
transportation was realized. This subtle control of underwater
oil droplet mobility provides a new insight into smart supero-
leophobic surfaces, and we believe that potential applications
will emerge in the biological and microfluidic fields.

Experimental Section

Materials: Single crystal p-type Si (100) wafer was mounted on a
motorized stage controlled by computer. A regenerative-amplified
Ti:sapphire laser system (CoHerent, Libra-usp-1K-he-200) with pulse
duration of 50 fs, center wavelength of 800 nm, and repetition of 1 kHz
was utilized. The laser beam (constant average power of 20 mW) was
focused on the sample using a microscope objective lens (20x, NA =
0.45, Nikon). A line-by-line and serial scanning process was adopted.
The sample was irradiated at the scanning speed of 2 mm s™' and
the interval of adjacent laser scanning lines of 2 pm. After laser
irradiation, the samples were successively cleaned by acetone, alcohol,
and deionized water in ultrasonic bath for 10 min, respectively.

Characterization: The surface morphology of the samples was
analyzed by a JSM-7000F scanning electron microscope (JEOL, Japan).
The static contact angles of an 8-pL water or oil droplet were carried
out using a JC2000D4 contact-angle system (POWEREACH, China), and
average values were measured five different points on the same surface.

Adv. Mater. Interfaces 2015, 2, 1400388
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(3)

1,2-dichloroethane (C,H,Cl,) was used as the detecting oil. The sliding
behavior, as well as the oil droplet transportation, was investigated by
the contact-angle system and a charge-coupled device camera system.
For the process of underwater oil microdroplet transportation, the
density of the water solution could be increased by adding sugar water
into the glass container slowly or be diluted by adding deionized water.
In order to speed up the transportation process, sugar water with a
density of about 1.52 g cm™ was prepared in advance by dissolving
sugar into deionized water.

Supporting Information

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