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A Review of Femtosecond-Laser-Induced Underwater

Superoleophobic Surfaces

Jiale Yong, Feng Chen,* Qing Yang, Zhuangde Jiang, and Xun Hou

Underwater superoleophobic surfaces have attracted increasing interest
because of their remarkable antioil ability and wide range of promising
applications. In the meantime, femtosecond laser microfabrication
becomes a rising star in the field of micro/nanomanufacturing based on
the advantages of negligible heat-affected zone, no-contact process, precise
ablation threshold, and high resolution. The collision of femtosecond laser
microfabrication and achieving underwater superoleophobicity finally
produces some colorful fireworks. In this review, the recent progress

of femtosecond-laser-induced underwater superoleophobic surfaces,
mainly including materials, fabrication, properties, multifunctions, and
applications, is summarized. The related background is first introduced to
show the principle for creating an underwater superoleophobic surface and
the unique features of femtosecond laser. Based on the principle of “from
in-air superhydrophilicity to underwater superoleophobicity,” underwater
superoleophobicity is achieved on different kinds of materials surfaces by
simple femtosecond laser ablation. Furthermore, the femtosecond-laser-
induced underwater superoleophobic surfaces can also be endowed with
some additional properties such as controllable oil adhesion, underwater
anisotropic oil wettability, good transparency, and durability, leading

to the resultant surfaces that have various practical applications. The
development of underwater superoleophobicity is still in its “toddler stage,”
so the existing challenges and future prospects of this growing field are
discussed finally.

remarkable  water  repellence.%13-18]

Inspired by the superhydrophobicity of
lotus leaf, thousands of artificial superhy-
drophobic surfaces have been fabricated,
and those surfaces are wildly applied in
self-cleaning coatings,'*!*1  microdro-
plets manipulation,?>? oil/water sepa-
ration,?%3%  anticorrosion,3!  antifog/
ice/snow,?23 drag reduction,?*3% anti-
fouling 9 cell engineering 2=} water
collection, 1 microfluidics,* %  lab
chips,?14 etc. After more than 20 years
of development, both the basic theory and
the fabrication technologies for superhy-
drophobic surfaces have reached a high
level. Thus, in recent years, the interests
of researchers are gradually shifting to
the liquid object of oil which is another
common liquid in our daily life.>6>3 Fol-
lowing the same principle of superhy-
drophobicity, superoleophobicity can be
defined as a small oil droplet showing an
oil contact angle (OCA) larger than 150° on
a substrate surface.[>6>>°% Superoleophobic
surfaces that cannot be wetted by organic
liquids are harder to be fabricated than
superhydrophobic surfaces, mainly because
the surface tensions of oils are much lower
than that of water.’’-%% In 2007, Tuteja et al.
revealed that the reentrant microstructure

1. Introduction

Wettability is one of the most basic properties of solid sur-
faces, mainly depending on the surface chemical composi-
tion and structures.l"!?l Particularly, the materials showing
superwettability are most captivating for their significance in
bionics, fundamental research, and practical applications.'=!
Superhydrophobic surface is the earliest and the most widely
studied interface in the field of superwettability because of its

is very important for preparing a superoleophobic surface in
air, beyond the sufficient roughness and the rigorous chemical
modification with ultralow surface-free-energy materials.[®3! The
reentrant surface curvature generally refers to the overhang,
mushroom-like, inverted trapezoid microstructures, and so
on.[061.63-72] Although the development of the superoleophobicity
has been accelerated by the concept of reentrant texture, the fab-
rication of in-air superoleophobic surfaces is still restricted by the
difficulty of creating reentrant microstructures until now.>>°!
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Fish can swim freely even in oil-polluted water without
any contamination on its skin. In 2009, Jiang and co-workers
revealed that such antioil-pollution ability is caused by the
unique underwater superoleophobicity of fish scales.”?l In
addition, the underwater superoleophobicity is ascribed to the
synergy between the hydrophilic chemistry and the hierar-
chical rough surface microstructures of the fish scales. This
finding has opened up an important alternative path to prepare
underwater superoleophobic surfaces. Inspired by the under-
water superoleophobicity of fish scales, various technologies
have been developed to fabricate underwater superoleophobic
surfaces following the design principle of “from in-air supe-
rhydrophilicity to underwater superoleophobicity,” such as
lithography,”>7%1 templating,”>7°77] chemical etching,”>78-82
hydrothermal method,®? self-assembly,®%8+%] electrochemical
deposition, 81 electrochemical anodization,®? and spray/
dip coating.”*®”l The same as the superhydrophobic sur-
faces, the artificial underwater superoleophobic surfaces have
also attracted much attention recently owning to their signifi-
cant applications in antioil coatings,”>#2%l oil/water separa-
tion,?3% manipulation of oil microdroplets,8+8898-101 gelf.
cleaning,”*#8 bioadhesion,'? antiblocking,”*!% guiding the
movement of oil droplets,1°%194 floating on oil,’*! and oil drop-
lets patterning.'] Underwater superoleophobic surfaces can
be successfully prepared by the above-mentioned traditional
methods, but those methods, more or less, have to face their
inherent limitations, such as complex fabrication process, tight
restriction on special materials, and lack flexibility. The fabrica-
tion of underwater superoleophobic surfaces through a versa-
tile and simple way is still the major trend in this research field.

In recent years, the technology of femtosecond laser
microfabrication has been successfully applied in the inter-
face science to control the liquid wettability of material
surfaces.[®10.65:99.103,106-110] - Gyuch  micromachining  technology
has many unique features, including negligible heat-affected
zone, no-contact process, precise ablation threshold, and high
resolution.'!'"114] Furthermore, this technology can process a very
wide range of materials, e.g., semiconductors, glasses, metals, poly-
mers, ceramics, and even biological tissues.!!*-114 Based on the
above advantages, this technology has also been a great success
in achieving basic and functional underwater superoleophobicity.

This review will focus on the recent developments in under-
water superoleophobic surfaces that are prepared by femto-
second laser micro/nanofabrication. The article starts with a
presentation of the related background including the organ-
isms with underwater superoleophobicity, the theoretical basis
of wettability, and a brief introduction of femtosecond laser
microfabrication (Section 2). Then, different femtosecond-laser-
induced underwater superoleophobic surfaces are summarized,
grouped by material categories (Section 3). The underwater
superoleophobic surfaces with additional properties (e.g., con-
trollable oil adhesion, underwater anisotropic oil wettability,
high transparency, and durability) are also introduced following
various underwater superoleophobic materials (Section 3). The
next section illustrates with some examples about the practical
applications of the artificial underwater superoleophobic sur-
faces (Section 4). Finally, the existing challenges and future
prospects of the femtosecond laser creating underwater supero-
leophobic surfaces are discussed (Section 5).
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2. Background
2.1. Underwater Superoleophobicity in Nature

After millions years of slow evolution and natural selection, the
majority of organisms have developed perfect multifunctional
surfaces to adapt to their living environment. In nature, some ani-
mals and plants have the surface with special wettability.!''>-118]
For example, lotus leaves grow in the silt but not imbrued

because of their self-cleaning property (Figure 1a);l'1120]

water strider is able to walk and jump on water (Figure 1b);[121:122]
red rose petals show high adhesive force to water droplet and
can capture droplets (Figure 1c);!12%] the raindrops and dew are
inclined to slide along the leaf vein and finally toward the root of
a rice leaf, helping the rice to survive (Figure 1d);!'?*12% butterfly
can even fly in the rain because the directional adhesion of the
butterfly wing allows it to shake raindrops off (Figure 1le);[!2¢!
mosquito eyes have antifog ability, ensuring an unimpaired
view in humid conditions where the mosquitoes usually live
(Figure 1f);3% desert beetle can harvest fog by its shell in the
arid desert (Figure 1g);1*%! and gecko feet have multifunctions
of superhydrophobicity, high adhesion, and reversible adhesion
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Figure 1. Photographs and surface microstructures of the organisms with special wettability. a) Lotus leaves. Reproduced with permission.l'?% b) Water
strider. Reproduced with permission.l2'l Copyright 2004, Nature. c) Red rose petals. Reproduced with permission.'?l Copyright 2008, American
Chemical Society. d) Rice leaves. Reproduced with permission.'?’] e) Butterfly wings. Reproduced with permission.['? Copyright 2007, Royal Society
of Chemistry. f) Mosquito eyes. Reproduced with permission.’2 g) Desert beetle. Reproduced with permission.[*l Copyright 2001, Nature. h) Gecko
foot. Reproduced with permission.l'?”l Copyright 2012, Royal Society of Chemistry.

(Figure 1h).'?”] It is found that all of these unique wettabilities
are caused by the combined effect of both different hierarchical
surface microstructures and chemical compositions, verifying
the unification and coordination of structure and performance.
Inspired by the above phenomena, a high amount of artificial
functional surfaces with special wettability has been designed
and prepared, and those surfaces have been widely used in
our lives.319-12l [n fact, the study of underwater superoleo-
phobicity was also originated from the revelation of the antioil
function of fish scales.”?!

Compared to the seabirds that are endangered by oil pollu-
tion during a spill accident, fish can keep their body clean in
the same oil-polluted water. In 2009, Jiang and co-workers
discovered the underlying mechanism of the antioil ability of
fish body, which comes from the underwater superoleopho-
bicity of the fish scales.”?! The fish body is completely covered
by well-aligned fan-like scales (Figure 2a). Fish scale is made
up of hydrophilic calcium protein, phosphate, and a thin layer
of mucus. Figure 2b-d shows the scanning electron micros-
copy (SEM) images of a fish scale. There are many oriented
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micropapillae with 100-300 um in length and 30-40 pum in
width on the fish scale surface (Figure 2b). These micropapillae
arrange in the radial direction. The surface of every micropa-
pilla also shows fine-scale roughness (Figure 2¢,d). Such mul-
tiscale hierarchical microstructure makes the fish scale have
both superhydrophilicity and superoleophilicity (Figure 2e) in
air. The contact angles to water or oil droplets on the fish scale
are close to 0°. However, when the fish scale is immersed in
water where fish generally live, it will become superoleophobic
with an OCA of 156.4 £ 3.0° to a 1,2-dichloroethane droplet
(Figure 2f). It is the surrounding water medium that results
in the wettability transition from in-air superoleophilicity to
underwater superoleophobicity for the fish scales. The rough
surface microstructures can be fully wetted when the fish scales
are immersed in water. After placing oil droplets on the fish
scale, the trapped water layer in the rough microstructures
will become an oil-repellent water cushion underneath the
oil droplet, forming a solid/water/oil three-phase system. As
a result, the fish scales are endowed with excellent superoleo-
phobicity and antioil ability in water. The fish scale inspires us
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500 pm

In water

e) In air f)

Figure 2. Underwater superoleophobicity of fish scale surface. a) Photo-
graph of well-aligned fan-like scales on a fish skin. b—d) Microstructure on
the fish scale surface. An oil droplet on fish scale €) in air and f) in water,
respectively, exhibiting in-air superoleophilicity and underwater supero-
leophobicity of the fish scales. Reproduced with permission.[?!

to fabricate underwater superoleophobic surfaces by the coop-
eration of rough microstructures and hydrophilic chemical
composition.

The underwater oil-repellent materials usually face a big
stable challenge for applications, especially in the water with
high salinity. It is found that seaweed (Saccharina japonica) can
still maintain superoleophobicity in the saturated NaCl solution
(Figure 3a).?8 Figure 3b shows the surface microstructure of
the seaweed. Abundant micropores can be observed. There are
also many reticular structures and microfibers covering on the
seaweed surface. Furthermore, seaweed is rich in natural poly-
saccharides (e.g., alginate, carrageenan, and agar). The poly-
saccharide molecules are easy to bond water molecules, even
in a high salinity solution. As far as an underwater oil droplet
on a piece of seaweed surface (Figure 3c), the measured OCA
reaches up to 160.7 + 5.0° (Figure 3d), and the oil droplet can
roll away at a small tilted angle of =2° (Figure 3e), showing
underwater superoleophobicity and ultralow oil adhesion. Sur-
prisingly, the seaweed surface still shows ultralow oil-adhesive
underwater superoleophobicity in NaCl solutions with the con-
centration increasing from 0.5 mol L' to fully saturated water,
revealing that underwater oil droplets are repelled by seaweed
even under the condition of the high ion strength and salinity.
Such salt-tolerant underwater superoleophobicity of seaweed
surface is mainly ascribed to the combined effect of the salt-
insensitive polysaccharide compositions and the porous surface
microstructures.
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Except for the underwater superoleophobicity, the skin of
filefish (Navodon septentrionalis) also exhibits anisotropic oil
wettability in water (Figure 3f)."® The filefish skin is covered
by high-surface-energy-oriented hook-like spines rather than
common fan-shaped scales (Figure 3gh). The height of each
spine is about 383.7 um and the width is about 51.6 pm. The
tips of every spine are curved toward the filefish’s tail. In a
water medium, a small oil droplet on the filefish skin shows
an OCA of 156.1 + 1.8° (Figure 3i). The oil droplet will roll off
the filefish skin along the head-to-tail (HT) direction as long
as the surface is tilted 13.4°, whereas the oil droplet can roll
until the surface is tilted 22.5° along the opposite direction
(TH direction), as shown in Figure 3j. The result indicates that
oil droplets are inclined to roll away along HT direction, but to
be pinned in the TH direction, showing an anisotropic oil wetta-
bility of the filefish skin. The close hydrophilic hook-like spines
result in the underwater superoleophobicity and antioil function
of filefish skin because of high surface roughness. Meanwhile,
the spines’ curved tips lead to the unidirectional sliding trend of
oil droplets. Such anisotropic oil repellence means that filefish
has directional self-cleaning capacity in oil-polluted seawater
because the accumulation of oils is avoided at its head.

Many other organisms also have underwater superoleo-
phobic property, such as the shell of clam and the bottom
surface of lotus leaf.”’%? Inspired by these creatures, we can
prepare an underwater superoleophobic surface by combining
the suitable surface microstructures and the high surface-
free-energy chemistry. An effective route that can also be
concluded is “from in-air superhydrophilicity to underwater
superoleophobicity.”[60.73-75.79.80,87,129,130)

2.2. Theoretical Basis about Wettability

When a small liquid droplet is dripped onto a solid surface, a
three-phase contact line (TPCL) will form after just touch. As
the liquid further wets the surface, the TPCL expands outward
until reaches a certain diameter, resulting in a spherical crown-
shaped droplet staying on the substrate surface, as shown in
Figure 4a. At this moment, the formed angle between the
liquid/solid interface and the tangent to the air/liquid curved
surface at the TPCL is named contact angle (CA), which is usu-
ally used to assess the static wettability of the solid surface.*"!
Regarding the dynamic wettability, it can be investigated by
measuring the sliding angle (SA).''7] The sample is tilted until
the droplet on its surface can just roll away. This tilted angle
of the substrate is SA (Figure 4b). In general, the value of the
SA can reflect the degree of the adhesion between the solid
substrate and the liquid droplets.[238488131-1331 A higher liquid
adhesion usually gives rise to a larger SA value.

For the droplet on a flat substrate, its wetting state can be
described by the Young’s model (Figure 4a).2*% The CA (6) of
the droplet is expressed as

cosf =LY "5 (1)
T

where Yy, %51, and Yy are the surface free energies of solid—
vapor, solid-liquid, and liquid—vapor interfaces.
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Figure 3. Underwater superoleophobicity of seaweed surface and filefish skin. a) Photograph of seaweed. b) Surface microstructure of seaweed.
c) Picture of a piece of seaweed used in measurement. d) Underwater oil droplet on the seaweed surface. e) Underwater oil droplet rolling off the
seaweed surface. a—e) Reproduced with permission.['?] f) Picture of a filefish. SEM images of the oriented hook-like spines on the filefish skin:
g) side view and h) top view. i) Underwater oil droplet on the filefish skin. j) Anisotropic oil sliding angles on the filefish skin along the HT direction and

the TH direction, respectively. f-j) Reproduced with permission./76l

This equation is only valid for the ideal smooth substrate,
but most real surfaces are usually rough. The surface rough-
ness also has a crucial influence on the wetting behavior of a
substrate surface. To explain the impact of the surface micro-
structures on the wettability, two classical wetting models (i.e.,
the Wenzel state and the Cassie state) have been extracted from
various experimental data.[2%16:17.134135] Wenzel pointed out that
the actual surface area is larger than the apparent surface area
for a rough solid surface.'3*! Considering the surface rough-
ness, he modified the Young’s equation as bellow

cos@" =M=rcose (2)
Y

where 6% and 6 are the apparent CAs of a liquid droplet on the
rough substrate and its corresponding flat substrate, respec-
tively. The roughness factor, r, is defined as the ratio of the
actual surface area to the projected area. The liquid completely
fills the valleys of the surface microstructures (Figure 4c). It
can be deduced from this equation that rough microstructures
can amplify the intrinsic wetting nature of the surface, that is,
the surface roughness makes the hydrophilic materials become
more hydrophilic while the hydrophobic materials become
more hydrophobic.2*]

In contrast, for Cassie’s wetting state, the liquid droplet is
assumed to sit on a heterogeneous surface with air pockets
trapped between the surface microstructures and the liquid
droplet (Figure 4e).l'3” In other words, the cavities of the surface
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microstructures are difficult to be penetrated by the liquid
droplet and then are filled with air. The apparent CA, 6%, of a
small droplet on such heterogeneous surface is given as follows

cosf" = fcos @+ f—1 3)

where 0 is the Young’s contact angle and fis the area fraction of
the surface that contacts with the liquid.

In the case of Wenzel state, there is usually a very high adhe-
sion between the droplet and the substrate. By contrast, the
adhesion is relatively ultralow if the droplet is at the Cassie
state. Apart from the above-mentioned wetting states, there is
also a transition state between the Wenzel state and the Cassie
state.2134138] The droplet can partly penetrate into the rough
microstructures of the substrate surface, resulting in a transi-
tional liquid adhesion between the Wenzel state and the Cassie
state (Figure 4d). This adhesion can be controlled from low to
high according to the level of the droplet penetrating into the
rough microstructures.?>139-142]

If an in-air superhydrophilic surface is dipped into water,
the whole surface microstructures will be wetted and filled by
water, like the water being trapped by the rough microstruc-
tures. When an oil droplet is further put on such prewetted
surface, a trapped water cushion can form underneath the oil
droplet (Figure 4f). Oil droplet sitting on a solid—water com-
posite surface can only touch the top of the surface protrusions.
This underwater oil droplet is at a version of underwater Cassie
state.”3] The inherent oil repellence of the trapped water layer
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a)

Young state SA

Wenzel state Transition state
f) Water

Cassie state Underwater Cassie state

Figure 4. Wetting states of liquid droplet on various substrates. a) Droplet
on a flat substrate: Young state. b) Definition of the sliding angle: the
tilted angle for the droplet just rolling away. Droplet on a rough substrate:
c) Wenzel sate, d) transition state, and e) Cassie state. f) Underwater
Cassie state for an oil droplet on a textured substrate in water.

results in an ultrahigh OCA. For the underwater Cassie’s case,
the apparent OCA, 85y, is described by the underwater Cassie’s
equation

c0s Oow = fcos Oow + f —1 (4)

where f is the area fraction of the oil-solid interface, 8oy is
the underwater Young’s OCA which is defined as the CA of a
small oil droplet on a flat solid surface in a water medium. In
this solid/water/oil three-phase system, Oy of an oil droplet in
underwater Young state meets Equation (5)273]

cos 6y — cos 6
€08 By = Yov o — Ywv W

©)

Yow

where Yov, %wvs» and Yow are the interfacial tensions of oil—
vapor, water-vapor, and oil-water interfaces, respectively. 6 is
the intrinsic CA of an oil droplet on such flat solid surface in
air and Oy is the intrinsic CA of a water droplet on this flat
substrate.

2.3. Femtosecond Laser Microfabrication

Femtosecond laser has been proven to be an effec
tive and powerful tool in advanced microfabrication and
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nanofabrication.1=11143] Because of the unique features of
ultrashort pulse width and extremely high peak intensity, fem-
tosecond laser microfabrication has many definite advantages
against the traditional laser processing techniques that are
based on the longer pulse or continuous wave lasers, such as
a very small heat-affected zone formation around the ablated
area, noncontact manufacturing, high spatial resolution, and
versatility in terms of the materials that can be processed.[!11-114
In addition, the femtosecond laser beam can also interact with
transparent materials by a nonlinear process, such as multi-
photon absorption or tunneling ionization, because of the high
peak intensity of femtosecond laser.''1112] Thus, the femto-
second laser can ablated a wide range of materials, no matter
the opaque or the transparent materials, including semiconduc-
tors, brittle materials (e.g., glasses), metals, polymers, ceramics,
biomaterials (e.g., biotissues), and so on.111-113144-164] Taking
silicon surface as an example, when the fluence of incoming
femtosecond laser pulses is exceeded the damage threshold of
silicon material, part of the laser energy will be instantaneously
absorbed by electrons through the nonlinear effects (i.e., mul-
tiphoton and avalanche ionization).'"*] Then, some energy is
further transferred from electrons to the lattice. After reaching
thermal equilibrium of the electrons and ions, high-pressure
and high-temperature plasmas are formed above the substrate
surface. As the plasmas expand and burst out of the focal spot,
the ablated materials are removed from the surface, resulting
in a textured surface with various rough microstructures. In
general, the laser-induced microstructures are also covered with
abundant self-assembly nanometer-sized protrusions coming
from the recrystallization of ejected particles.'*’]

Femtosecond laser microfabrication has already been suc-
cessfully applied in high-quality, high-precision surface micro/
nanomachining, such as drilling, cutting, nanograting, surface
patterning and texturing, and micro/nanostructuring.'''-114
Figure 5 shows a typical setup of femtosecond laser microfabrica-
tion system.['%”] The sample is fixed on a 3D processing platform
in advance. The Gaussian laser beam coming from a femtosecond
laser is then focused on the sample surface by an objective lens.
Of course, some other lenses such as medium optical convex lens,
plane-convex lens, and cylindrical lens can also be used to focus
the laser beam. The movement of the 3D platform can be precisely
controlled by computer program. The pulse energy is adjusted by
a variable attenuator. An electromechanical shutter is used to turn
on/off the laser beam. The micromachining process is monitored
by a charge-coupled device (CCD) camera in real time. In the
experiment, the typical line-by-line (serial) scanning manner is
usually adopted, as shown in the lower right inset of Figure 5.

Femtosecond laser microfabrication has also been suc-
cessfully applied in the field of surface science to design and
change the surface wettability of solid materials in the past
decade.[8:10:65,99,103,106-110] yarious micro/nanoscale hierarchical
structures can be directly created on the surfaces of a wide range
of materials by using simple one-step femtosecond laser scan-
ning manner.[10.65.103,107.108,110,166-16% Since the laser processing
position, the scanning speed, and the scanning track are pre-
cisely controlled by computer program, different predesigned
2D patterns and 3D microstructures can easily be fabricated
without the need of expensive masks, as shown in Figure 6.117:168]
Because surface wettability is mainly determined by both the
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Figure 5. Schematic diagram of a typical experimental setup for femtosecond laser microfabrication. Reproduced with permission.[%% Copyright 2017,
Royal Society of Chemistry.

Figure 6. Various 2D patterns (the first to third lines) and 3D microstructures (the fourth line) fabricated by femtosecond laser ablation. (the first to
third lines) Reproduced with permission.”] Copyright 2015, Royal Society of Chemistry. (the fourth line) Reproduced with permission.'® Copyright
2014, Elsevier.
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surface topography and chemical composition, these patterned
microstructures usually show various unique wetting proper-
ties. Compared to the common methods that are used to pre-
pare different wetting surfaces, what is particularly special
about the femtosecond laser microfabrication is that it is more
good at achieving sophisticated and heterogeneous wettability,
and this technology can apply to most of the materials.

3. Femtosecond Laser-Induced Underwater
Superoleophobicity

Inspired by fish scales, a new strategy to fabricated superoleo-
phobic surfaces in an aqueous environment was proposed.”?!
The underwater superoleophobicity of fish scales is ascribed
to the combined effect of the inherently hydrophilic chemical
composition and the hierarchical rough surface microstructure.
It has been demonstrated that an in-air superhydrophilic sur-
face generally exhibits superoleophobicity after the immersion
of the sample surface in water. Therefore, there are two main
routes for creating underwater superoleophobic surfaces based
on the design principle of “from superhydrophilicity to under-
water superoleophobicity.” For an intrinsically hydrophilic sub-
strate, underwater superoleophobicity can be directly obtained
by building proper micro/nanoscale structure on this substrate
surface. Regarding a hydrophobic substrate, the surface needs
to be roughed first and further modified with hydrophilic
molecular layer. Since femtosecond laser is able to directly
generate various micro/nanoscale hierarchical structures on
the surfaces of a wide range of materials by simple one-step
ablation manner, femtosecond laser microfabrication has great
success in designing and achieving underwater superoleo-
phobicity on various substrates, including basic and complex
superoleophobicity.

3.1. Underwater Superoleophobic Materials
3.1.1. Silicon Surface

Microstructured silicon surface is the first example of achieving
underwater superoleophobicity by using femtosecond laser
ablation.'%! Silicon wafer is a typical intrinsically hydrophilic
material. Yong et al. easily prepared a hierarchical rough
microstructure on the silicon surface by femtosecond laser
ablation.'®! The laser pulse beam with the energy of 20 ] was
focused onto the silicon surface by an objective lens with NA
of 0.45. The used scanning speed was 2 mm s~! and the interval
of the adjacent laser scanning lines was 2 um. Figure 7a,b shows
the SEM images of the as-prepared silicon surface after femto-
second laser ablation. There is a self-organized micromountains
array on the resultant surface (Figure 7a). The micromoun-
tains are about 6 um in diameter and 2.9 um in height, and
are arranged in a square array with the period of 10 um. The
surface of every micromountain is further decorated with abun-
dant nanoscale protrusions (Figure 7b). Microscale holes form
between four adjacent micromountains. The average diameter
of the holes is 8 um and its depth reaches to 4.6 um. The surface
roughness of such micro/nanoscale hierarchical structure is
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Figure 7. Microstructure and underwater superoleophobicity of the silicon
surface after femtosecond laser ablation. a,b) SEM images of the struc-
tured silicon surface. c) Shape of a water droplet on a flat silicon surface in
air. d) Shape of a water droplet on the rough silicon surface in air. e) Shape
of an oil (1,2-dichloroethane) droplet on a flat silicon surface in water.
f) Shape of an oil droplet on the rough silicon surface in water. g) Under-
water oil droplet rolling on the 0.5° tilted rough silicon surface. Repro-
duced with permission.l'% Copyright 2014, Royal Society of Chemistry.

measured to be 2.46 um. A small water droplet on a flat silicon
surface shows a water contact angle (WCA) of =60° (Figure 7c).
The hydrophilicity of the silicon surface can be greatly enhanced
by the formation of the hierarchical microstructures. When a
water droplet is dripped onto the laser-ablated surface, it will
rapidly spread out and fully wet the structured area (Figure 7d).
The WCA is only 4 £ 1° in this case.

Regarding the underwater oil wettability, the flat silicon sur-
face shows common oleophobicity in a water medium. Under-
water oil droplet (1,2-dichloroethane) on such surface usu-
ally has a spherical crown shape with the OCA of 124.6 £ 1°
(Figure 7e). Compared to the small oil droplet on a flat silicon
surface, it on the femtosecond laser-ablated rough surface is
approximately spherical in shape, and its OCA is increased to
159.4 £ 1° (Figure 7f). Such high OCA value indicates that the
silicon surface becomes underwater superoleophobic after fem-
tosecond laser ablation. If the needle of a syringe is inserted
into the oil droplet and drags the droplet, the underwater oil
droplet can move forward along the rough silicon surface freely,
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without any trailing adhesion behind. Similarly, the oil droplet
that is previously placed on the sample surface can roll away
easily as long as the femtosecond laser structured surface is
slightly tilted at 0.5° or shaken (Figure 7g). Such low oil sliding
angle (OSA) value of 0.5° means that the adhesion between
the oil droplet and the underwater superoleophobic substrate
is ultralow. With the scanning speed increasing from 2 to
25 mm s7! and the interval of the scanning lines increasing from
2 to 25 um during femtosecond ablation, the underwater supero-
leophobicity is still presented by the resultant surface because all
the measured OCA values of underwater oil droplets on those
structured surfaces are higher than 150°. This result reveals that
femtosecond laser can endow silicon surface with underwater
superoleophobicity over a wide range in machining parameters.

The formation mechanism of the underwater superoleo-
phobicity of the femtosecond laser-ablated silicon surface is
the same as that of fish scales.”?! The superoleophobicity and
ultralow adhesion of the hierarchical rough silicon surface to
an underwater oil droplet can be explained by the underwater
version of the Cassie wetting state (Figure 4f).273103 The
femtosecond-laser-induced rough silicon surface will be com-
pletely wetted by water owning to its in-air superhydrophilicity
if the sample is immersed in water. As a result, the valley of the
micro/nanoscale hierarchical structures is filled by water. When
a small oil droplet is further dripped onto the sample surface,
the water in the hierarchical microstructures will form a trapped
water cushion underneath the oil droplet. The trapped water
cushion is able to prevent oil droplet from
penetrating into the microstructures because
of the natural repulsive force between water
(polar molecule) and oils (nonpolar molecule).
Since the underwater oil droplet can only con-
tact with the top of the micromountains array,
the contact area between the oil droplet and
the silicon substrate is remarkably decreased,
thereby resulting in the underwater supero-
leophobicity and very low oil adhesion of the
femtosecond laser structured silicon surface.

The above-mentioned results reveal that the
in-air hydrophilicity of the flat silicon surface
will turn into oleophobicity after the immer-
sion of the sample in water, and the oleopho-
bicity can be further amplified to underwater
superoleophobicity by the femtosecond-laser-
induced hierarchical microstructures.

Li et al. obtained micro/nanostructured
silicon surfaces by liquid-assisted femto-
second laser ablation.'® When the silicon
substrate was ablated by femtosecond laser
in an ethanol solution, a kind of microcones
with the average height of 3.3 um was formed
on the silicon surface. These microcones are
regularly distributed. For the sample that was
ablated in a sucrose solution, its surface was
covered by a layer of micromolars. The height
of the micromolars reaches up to 5.9 um. Both
the above-mentioned samples were ablated
at the pulse energy of 60 L, the scanning
speed of 1 mm s7!, and the scanning space
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of 50 um. The size such as the height of the femtosecond-laser-
induced microcones and micromolars can be simply adjusted
by changing the solutions and the pulse energy. Because of the
same machining parameters, the difference of the resultant
surface microstructures prepared in ethanol and sucrose solu-
tions, respectively, are mainly caused by the different physical
properties for the two solutions. Compared to the high density
(99.3%), low boiling point (78.4 °C), and low viscosity of ethanol,
the sucrose solution has a higher boiling point of >100 °C and
a higher viscosity. The microcone/micromolar-like rough micro-
structures endow the as-prepared silicon surfaces with tunable
superhydrophilicity, superoleophilicity, and underwater supero-
leophobicity. In a water medium, the maximal OCA values of
an oil droplet on the structured surface even reach 157.76° for
the silicon surface (with microcone structure) ablated in ethanol
solution and 169.21° for the silicon surface (with micromolar
structure) ablated in sucrose solution.

3.1.2. Glass

Silica glass is a very common optical material. It is widely
applied in optical components and devices. Many microfab-
rication technologies are difficult to generate microstructures
on the silica glass surface due to its high hardness, but femto-
second laser can easily ablate the silica glass surface.!''!l Figure 8
shows the photograph and the SEM images of the silica glass

Figure 8. Microstructure and underwater superoleophobicity of the silica glass surface after
femtosecond laser ablation. a) Photography of a piece of laser-ablated silica glass with the size
of 2 x 2 cm?. b—d) SEM images of the structured silica glass surface at different magnification.
The inset shows an oil droplet on the rough silica glass surface in water. Reproduced with
permission.['%®l Copyright 2015, Royal Society of Chemistry.
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surface after femtosecond laser ablation.['%®! The used laser
pulse energy is 20 pJ, the scanning speed is 4 mm s}, and
the interval of the adjacent laser scanning lines is 4 um. There
are a large number of irregular particles with the size ranging
from several tens to several hundreds of nanometers covering
on the resultant surface (Figure 8b-d). Some particles pile
up, leading to abundant nanoholes and nanogrooves. During
the interaction between the femtosecond laser pulse and the
silica glass, the plasma with ultrahigh temperature and high
pressure forms above the sample surface.'*>1701711 At the
same time, the plasma expands and bursts out of the laser
focused area, taking the ablated materials away from the sur-
face. High temperature allows those ejected particles to keep
in a molten state in the air. Once the ejected particles fall back
to the substrate surface, they will cool down instantly. The
resolidification makes the particles firmly adhere to the silica
glass surface. Therefore, the laser-pulse-induced ablation and
the resolidification of the ejected particles jointly create such
irregular nanoscale surface structure.

Water droplet can easily spread out once it touches the fem-
tosecond-laser-ablated silica glass surface. The final WCA is as
low as near 0°. After the immersion of the rough sample in
water, its surface wettability will change from in-air superhydro-
philicity to superoleophobicity. The measured OCA of a small
oil droplet (1,2-dichloroethane) placed on the rough silica glass
surface in a water medium is 160.2 £ 1° (inset of Figure 8b).
Compared to the femtosecond-laser-ablated surface, the flat
silica glass surface before laser treatment is just weakly oleo-
phobic with the intrinsic OCA of 125.5 £ 2°. In addition to
the underwater superoleophobicity, the resultant surface also
exhibits ultralow adhesion to underwater oil droplet as the OSA
is no more than 1°. Besides the 1,2-dichloroethane droplet, the
underwater superoleophobicity and ultralow oil adhesion of the
laser-ablated silica glass surface are also valid for a wide range
of other oils, such as hexadecane, petroleum ether, paraffin
liquid, crude oil, sesame oil, chloroform, and so on (Figure 9).

The underwater superoleophobicity was also achieved on
other more common glass surfaces such as glass slide by fem-
tosecond laser ablation besides the silica glass surface.°810>172]
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3.1.3. Metals

Figure 10a—d shows the microstructure of the titanium (Ti) sur-
face after being ablated by femtosecond laser.'"”) The sample
was ablated at the laser pulse energy of 15 ], the scanning speed
of 2 mm s7!, and the interval of the scanning lines of 2 um, by
using a microscope objective lens with NA of 0.45. The formed
microstructure is very similar to that of the femtosecond-laser-
ablated silicon surface (Figure 7a). A uniform rough micro-
mountains array is created on the pure Ti surface during the
femtosecond laser ablation (Figure 10a,b). The energy dispersive
X-ray spectroscopy result reveals that the laser-treated surface is
composed of 51.81% titanium and 48.19% oxygen (by atomic
proportion). It also reveals that the microstructure formation
and the oxidization happen concurrently during femtosecond
laser ablation, forming a thin stratum of rough TiO, layer cov-
ering on the original pure Ti substrate. Although the just laser-
ablated surface shows underwater superoleophilicity with OCA
of 4° (Figure 10e), the sample can be switched to underwater
superoleophobic as long as it is irradiated by UV light for an
enough time before immersing in water (Figure 10f). In this
case, the underwater oil droplet can keep a spherical shape
on the resultant surface and can roll away freely once the sub-
strate is tilted 1°. The measured OCA can reach up to 160.5 * 2°
(Figure 10f). The underwater superoleophobicity can always be
maintained unless it is stored in dark for several days.

Similarly, Wu and co-workers fabricated a kind of three-level
cobblestone-like anatase TiO, microcones array on Ti sheets by
femtosecond laser-induced self-assembly.l'”*l The microcones
are 15-25 um in height and 20-35 um in diameter. The sur-
faces of the microscale cones are fully covered by a lot of ripple-
like features with a width of =460 nm and smaller particles with
a size of 10-500 nm. The TiO, surfaces display dual-responsive
water/oil reversible wettability between underwater superoleo-
phobicity and superoleophilicity via heat treatment and selec-
tive UV irradiation without fluorination.

Nickel is an important ferromagnetic metal and is widely
applied in electronic devices, chemical catalysts, nickel-bat-
teries, etc. Li et al. prepared self-organized hierarchical micro-
cones on a nickel surface by sucrose solution-
assisted femtosecond laser irradiation.[104
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(Figure 11b). The surface of every microcone
is completely covered by nanovillus struc-
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Figure 9. Underwater superoleophobicity and ultralow oil adhesion for a wide range of oil drop-
lets on the femtosecond-laser-ablated silica glass surface. Reproduced with permission.[1%8]

Copyright 2015, Royal Society of Chemistry.
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oi& (Figure 11c). Nickel is an inherently hydro-

o philic material with intrinsic WCA of 58.26°.
o

After the formation of rough microcone
structure by laser ablation, it becomes supe-
rhydrophilicity. The water droplet can spread
out rapidly as long as it contacts with the
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Figure 10. Microstructure and underwater superoleophobicity of the
femtosecond-laser-ablated Ti surface. a-d) SEM images of the resultant
surface at different magnification. The inset shows the photography of
a piece of the laser-ablated Ti sheet. e) QOil droplet on the just laser-
ablated surface in a water medium, showing underwater superoleo-
philicity. f) Underwater oil droplet on the resultant surface after UV
irradiation, showing underwater superoleophobicity. Reproduced with
permission.['%7] Copyright 2015, Royal Society of Chemistry.

sample surface, resulting in a WCA less than 5° (Figure 11a).
It happens because the in-air hydrophilicity is enhanced by the
femtosecond-laser-induced roughness. The resultant surface
also shows superoleophilicity in air besides the superhydro-
philicity. The oil droplet can spread out much faster than water
because the surface tension of oil is smaller than that of water.
However, when the oil droplet is dripped onto the structured
nickel surface which is put in water in advance, superoleopho-
bicity will be exhibited. The measured OCA and OSA are 166°
(Figure 11a) and 2.2°, respectively. The underwater superoleo-
phobicity and ultralow oil adhesion are ascribed to the forma-
tion of underwater Cassie wetting state between the oil droplet
and the femtosecond-laser-induced microcone structure.[73103l
Compared to the case of laser ablation in sucrose solution, if
the nickel sample is ablated by femtosecond laser in an ethanol
medium, the resultant surface microstructure is self-organized
3D porous nickel micro/nanocages (Figure 11e). The struc-
tured nickel surface shows a black color (Figure 11d). Its sur-
face wettability is very different from the sample that is ablated
in sucrose because the nickel is also oxidized apart from the
formation of rough microstructures during femtosecond laser
ablation (Figure 11f). Such surface shows hydrophobicity in air
and superoleophilicity in water (Figure 11d).
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Figure 11. Wettability, microstructure, and chemical change of the nickel
surfaces that are ablated by femtosecond laser a—c) in a sucrose solu-
tion and d—f) in an ethanol solution. a,d) Photography, in-air water wet-
tability, and underwater oil wettability of the laser-ablated nickel surfaces.
be) SEM images of the femtosecond-laser-induced microstructure.
¢,f) XRD analysis of the nickel surfaces after laser ablation. Reproduced
with permission.['% Copyright 2015, Royal Society of Chemistry.

Zhang et al. created hierarchical rough microstructure com-
posed of many microholes and nanoparticles on the aluminum
substrate by the in-air one-step femtosecond laser ablation.l'7#!
The laser-induced rough aluminum surface shows underwater
superoleophobicity and ultralow oil adhesion. The OCA on the
structured aluminum surface reaches up to 157° while the OSA
is only 7° to an underwater 1,2-dichloroethane droplet. By using
the same processing procedure, they further demonstrates that
femtosecond laser ablation can also endow other metals such
as iron, copper, molybdenum, and stainless steel surfaces
with excellent underwater superoleophobicity with OCAs of
157 £ 1°, 155 £ 0.5°, 152 + 0.5°, and 155.5 + 0.5°, respectively.
Underwater oil droplets on these surfaces can easily roll away
by microvibration. The underwater superoleophobicity with
ultralow oil adhesion is resulted from the formation of rough
microstructures caused by femtosecond laser ablation and the
inherent high surface free energy of these metals. The above
results mean that such a method to achieve underwater supero-
leophobicity is valid for a wide range of metals.

3.1.4. Polymer

Because of the inherent hydrophobicity, most polymer materials
are deemed not suitable for obtaining underwater superoleo-
phobicity.[23106.131L167.168.175] Polymer materials owning to their
advantages such as low price, flexibility, thermal stability, fine
thermoplasticity, biocompatibility, and nontoxicity are widely

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB0|7 SUOLUWIOD BAIEBID 3ot idde U} Aq peusAo e 9oL O 88N JO S| 10} AXeIq 1 BUIIUO 481 UO (SUOIPUOD-PUE-SLLLB)/W0D" A3 1M ATe:c]1fou 1 UO//SdILY) SUORIPUOD PUe SLLLB L 83 89S *[SZ0Z/TT/60] Uo AigiTauliuo ABIIM ‘SOINVHOIIN NOISIO3¥d SO11d0 NOILNLILSNI NVIX-SVO Ad 02ETOLTOZ  IWPe/200T OT/10p/L00"A8| 1mAReiq ut|uo peoueApe//sdiy WO papeojunmod *Z ‘8TOZ ‘0SEL96TE



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

used in our daily life. Endowing the polymer surface with
antioil property in a water medium is still a difficult thing com-
pared to other kinds of substrate materials. Recently, Yong et al.
successfully achieved underwater superoleophobicity on polydi-
methylsiloxane (PDMS) surface by femtosecond laser ablation
and further oxygen plasma treatment.'®! The PDMS substrate
was first ablated by femtosecond laser to form a hierarchical
surface microstructure. The laser beam with the pulse energy
of 40 uJ was focused on the sample surface by an objective lens
with NA of 0.40. The scanning speed and the shift of scanning
lines were set at 5 mm s~! and 5 um, respectively. Figure 12a,b
shows the microstructure of the femtosecond-laser-ablated
PDMS surface. The surface is fully covered by coral-like micro-
structures with the size of several micrometers. There are
abundant nanoscale protrusions decorating on the surface of
the microscale corals. Such micro/nanoscale hierarchical rough
structure amplifies the hydrophobicity of a flat PDMS surface
to superhydrophobicity for the structured rough surface. The
measured CA is 155.5° = 1.5° (Figure 12c) and SA is 2° for a
small water droplet on the rough PDMS surface. Therefore,
the PDMS surface after laser ablation shows superhydropho-
bicity and ultralow adhesion to water droplets. After the immer-
sion of the rough superhydrophobic PDMS sample in water, a
trapped air layer will form between the surface microstructures

Before plasma treatment
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and the surrounding water according to the Cassie wetting
model.2*¥ The existence of this trapped air layer is also veri-
fied by that a silver mirror like reflectance appears.l'’®177l When
an oil droplet is placed on the rough PDMS surface in a water
medium, the oil will enter into the trapped air layer and spreads
out along this gas gap under the capillary action and pressure,
leading to a very small OCA of 6.5 £ 1.5° (Figure 12d). So, the
original femtosecond-laser-induced rough PDMS surface is
superoleophilic in water.

To switch the femtosecond-laser-ablated PDMS surface
from superhydrophobic to superhydrophilic and also from
underwater superoleophilic to underwater superoleophobic,
the rough PDMS sample just needs to be irradiated by oxygen
plasma for a short time.’476178179 Short-time oxygen plasma
irradiation is the most common method to activate PDMS
substrate, which can introduce a large number of radical
silanol groups (—SiOH) on the PDMS surface, as shown in
Figure 12h.74761781791 The original —CH; of the PDMS sub-
strate is converted into the hydrophilic group of —OH under
the plasma irradiation. When the femtosecond-laser-ablated
rough PDMS surface is further treated by oxygen plasma for
30 s (55 W), the water droplet that is placed on the resultant
surface can fully wet the structured area. The measured WCA
is only 4.5 £ 0.5°, indicating that the PDMS surface shows

After plasma treatment

" [c)
Water
.

cA=1555:15 [e) ¥ CA=4.5¢0.?‘
]
In air In air

Water

Ss

Superhydrophilicity

Superhydrophobicity
d) cA=6.5:1.5°( |f)
In water oil

CA=158+2°

In water

Underwater Superoleophobicity

700ms 1050ms 1400ms

OH
PDMS

Figure 12. Underwater superoleophobicity of the femtosecond laser and oxygen plasma treated PDMS surface. a,b) SEM images of the PDMS after
femtosecond laser ablation. ¢,d) In-air water wettability and underwater oil wettability of the original femtosecond laser structured PDMS surface.
e,f) In-air water wettability and underwater oil wettability of the PDMS surface after femtosecond laser ablation and further oxygen plasma treat-
ment. g) Underwater oil droplet rolling off on the resultant surface. a—g) Reproduced with permission.['®l Copyright 2017, Royal Society of Chemistry.
h) Chemical change of the PDMS substrate after oxygen plasma treatment. Reproduced with permission.[78l Copyright 2018, Royal Society of Chemistry.

CH,
PDMS
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superhydrophilicity at this moment (Figure 12e). Instead of the
superoleophilicity of the original laser-ablated PDMS surface,
the plasma-treated rough surface exhibits superoleophobicity
and great oil-repellent ability in water. Underwater oil droplet
can keep an approximately spherical shape on the plasma-treated
rough PDMS surface, with the OCA of 158 * 2° (Figure 12f).
Furthermore, the resultant underwater superoleophobic surface
also shows ultralow oil adhesion because the oil droplet can roll
away freely as the substrate is tilted 3° (Figure 12g).

3.2. Controllable Oil Adhesion

The superoleophobic surface like fish scales that show both a
very large OCA and an ultralow adhesion to an oil droplet gen-
erally has great antioil ability. There also exists some surfaces
that show a very large CA but very high adhesion to the liquid
droplet.[2223.25,88.118,132,139.169.180] For example, red rose petal is
superhydrophobic, whereas water the droplet can firmly adhere
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to the rose petal.l'?3l Contrary to the fish scales, if the oil adhe-
sion of a superoleophobic surface is very high rather than
ultralow, the oil droplet will be able to stick to the surface no
matter the substrate is tilted at any angle. Such high adhesive
surface can be used to transport small oil droplet without any
volume loss.[008+878898] Because of the important applications
in manipulating oil droplets on the target materials, the multi-
functional superoleophobic surfaces showing controllable adhe-
sion (from low to high) to oil droplet have attracted growing
interest among the researchers.[608488.98]

Yong et al. prepared various underwater superoleophobic
surfaces with different oil adhesion by ablating glass slide sur-
faces through femtosecond laser at different laser scanning
speed and the shift of scanning lines, as shown in Figure 13.1%!
For the sample that is ablated at scanning speed of 2 mm s
and the shift of scanning lines of 2 pum, its surface is made
up of self-organized and periodic microislands (Figure 13a).
Every microisland is further decorated with a large number of
nanoscale porous structures and protrusions (Figure 13b,c).

Underwater Cassie state

500 nm

Transition state

T
500'hm
= rews Underwater Wenzel state

Figure 13. Surface microstructures and underwater superoleophobicity of the femtosecond-laser-ablated glass slide surface. a—c) SEM images of the
surface that is ablated at the laser scanning speed of 2 mm s™' and the shift of scanning lines of 2 um. e-g) SEM images of the surface that is ablated
at the laser scanning speed of 4 mm s and the shift of scanning lines of 4 um. i—k) SEM images of the surface that is ablated at the laser scanning
speed of 6 mm s and the shift of scanning lines of 6 um. Three different wetting states of a small oil droplet on the rough surface microstructures
(in water medium): d) underwater Cassie state, h) transition state, and I) underwater Wenzel state. Insets in (a,e,i): shapes of an underwater oil droplet
on the corresponding substrate. Insets in (b,fj,k): underwater oil droplet rolling away or being pinned on the corresponding substrate. Reproduced
with permission.l®® Copyright 2015, Springer.
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This micro/nanoscale hierarchical structure is different from
the typical laser-pulse-induced microcrater-like —structures
because the adjacent areas ablated by every laser pulse overlap
strongly. The oil droplet on the as-prepared surface presents
almost spherical shape in a water medium with the OCA of
160.5 £ 2° (inset of Figure 13a). Therefore, the surface shows
underwater superoleophobicity. In addition, the adhesion
between the underwater oil droplet and the substrate is very
low. The measured OSA is only 3.5° (inset of Figure 13b). As
the laser scanning speed increases to 4 mm s~' and the shift
of the scanning lines increases to 4 um during laser ablation,
the resultant surface is characterized by a wave-like pattern
(Figure 13e,f). Such micropattern is resulted from the partly
overlap and the interconnection of the laser pulses-induced cra-
ters. Meanwhile, the whole surface is also uniformly covered
with a layer of nanoparticles with a few tens of nanometers
in diameter (Figure 13g). This surface also shows under-
water superoleophobicity with the OCA of 158 £ 2.5° (inset of
Figure 13e). However, only for the substrate that is tilted at 25.5°
the underwater oil droplet on the superoleophobic surface can
roll off, that is, the OSA is 25.5° (inset of Figure 13f). When the
scanning speed and the shift of scanning lines reach to 6 mm s
and 6 um, respectively, the obtained surface is covered by
nearly complete microcraters (Figure 13i,j). There are abundant
irregular nanoscale particles randomly decorating on the inside
and the outer rim of the microcraters (Figure 13k). The OCA of
an oil droplet on the resultant surface is as high as 154 £ 1.5° in
water (inset of Figure 13i). Regarding the dynamic aspect, the
oil droplet can tightly pin on such surface even though the
sample is vertical or turned upside down (insets of Figure 13j,k).
The result indicates that such surface in water shows not
only superoleophobicity but also ultrahigh adhesion to oil
droplet. Therefore, the oil adhesion of the femtosecond-laser-
ablated surfaces can be adjusted from ultralow to very high by
increasing the scanning speed and the shift of scanning lines.
The adhesion between the underwater oil droplet and the
solid substrate is primarily determined by the wetting state of
the droplet.[608488126.18L182 The hijerarchical periodic micro-
islands fabricated at the scanning speed of 2 mm s7! and the shift
of scanning lines of 2 um are rough enough. There are a large
number of pores and valleys on the resultant surface. These
pores and valleys can be filled with water after the immersion of
the sample in water, thereby a trapped water cushion will form
between the oil droplet and the rough microstructure once an
oil droplet is placed onto the sample surface. Such oil droplet is
at the underwater Cassie wetting state (Figure 13d). Because the
effective contact between the oil droplet and the rough substrate
is hindered by the tapped water cushion, the oil droplet only
contacts with the top of the microstructures, resulting in a dis-
crete TPCL. Both the small contact area and the discontinuous
TPCL endow the surface with ultralow underwater oil adhesion.
There is no obvious microscale structure on the surface that is
ablated at the relatively high scanning speed and the large shift
of scanning lines (e.g., 6 mm s~! and 6 um, respectively). The
interspaces between the microstructures are so limited that they
cannot trap water firmly. In water, when an oil droplet is dripped
onto the sample surface, it will tend to wet the nanoscale par-
ticles on the sample surface, forming a stable and continuous
TPCL. The wetting state of the oil droplet and the substrate
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belongs to underwater Wenzel state (Figure 131). A very high oil
adhesion is exhibited by this surface because the oil droplet can
pin the surface microstructures tightly. The wave-like patterned
microstructure is intermediate between the periodic microis-
lands and the nanoparticles coated complete microcraters. As
a result, the underwater oil droplet on such surface is also at
a transitional state between the underwater Cassie state and
Wenzel state (Figure 13h). The oil droplet partly penetrates into
the interspaces between the surface microstructures, so the sur-
face shows an adhesion to oil droplet between the Cassie state
(ultralow) and the Wenzel state (ultrahigh). The low oil-adhesive
superoleophobic surfaces have strong oil-resistance ability in
water, while the underwater superoleophobic surface with ultra-
high oil adhesion can be used to transfer small oil droplets.

Huo et al. proposed a simple method to obtain underwater
superoleophobic patterned glass slide surfaces with tunable adhe-
sion to oil droplet.'”? The resultant patterned microstructure
comprises two different domains: untreated flat bare circles and
the femtosecond-laser-induced rough microstructures around
the circles, as shown in Figure 14a—d. Some special areas are
ablated by femtosecond laser to generate a kind of hierarchical
rough microstructure (inset of Figure 14b). The rough surface
is made up of periodical microislands with the size of =10 um.
Abundant accumulated or sporadic nanograins are further cov-
ered on the surface of the microisland, making the microislands
look loose and porous. The rest domain which is not ablated by
laser finally forms a periodic center circles array. In water, an oil
(1,2-dichloroethane) droplet on a flat glass slide surface shows
an OCA of 100° and very high oil adhesion, which reveals an
ordinary oleophobicity. The oil droplet is completely in contact
with the glass substrate. This contact is at the underwater Young
state. By contrast, femtosecond-laser-ablated glass slide surface
is underwater superoleophobic. The OCA of an underwater oil
droplet on the laser-induced hierarchical rough microstructure
is measured to be 160 £ 1°, and its OSA is just 1°. The under-
water superoleophobicity and the ultralow oil adhesion indicate
that the oil droplet on the femtosecond-laser-ablated surface is
at the underwater Cassie wetting state. Therefore, when an oil
droplet is placed on the as-prepared patterned surface, a hybrid
contact that is composed of partial underwater Young wetting state
and partial Cassie wetting state will form at the interface between
the oil droplet and the solid substrate (Figure 14f). As the area
proportion of the untreated flat region to the laser-induced rough
region increases, all of the patterned surfaces show superoleo-
phobicity in water, while the OSA of an oil droplet on the sample
surfaces increases from below 2° to 48° and then to 90°/180° (oil
droplet can pin on the substrate firmly), as shown in Figure 14e.
The result reveals that the underwater oil adhesion of the supero-
leophobic patterned glass surface can be controlled from ultralow
to ultrahigh. The practical applications such as no-loss oil droplet
transportation, fusion of oil droplets, and oil droplet capture were
also achieved by using the as-prepared superoleophobic glass
surfaces with different oil adhesion 8172

3.3. Underwater Anisotropic Oil Wettability
Liquid droplet on a textured surface with obvious anisotropic

microstructures usually has unequal CAs and SAs along different
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Figure 14. Controllable oil adhesion of the femtosecond-laser-induced center circle array patterns. SEM images of the center circle array patterns. The
side of every unit is set at 200 um, and the diameters of the untreated flat circles are a) 40 um, b) 80 um, c) 160 um, and d) 200 um, respectively.
e) Variation of the OCA and OSA of the underwater oil droplet on the resultant surfaces with the diameter of the untreated flat center circles. f) Sche-
matic illustration of the wetting state of the underwater oil droplet on the center circle array pattern which is composed of untreated flat circles and
surrounding laser-induced hierarchical rough microstructures. Reproduced with permission.'’2 Copyright 2017, American Chemical Society.

directions, resulting in an elongated droplet.[124126.180.183-187]
This phenomenon is named anisotropic wettability. The aniso-
tropic wettability has a wide range of applications in selectively
self-cleaning, microfluidics, liquid pumps, droplet manipula-
tion, smart devices, etc.[¥/505376188] Although the in-air aniso-
tropic water wettability has been achieved on various textured
substrates, the report related to the anisotropic wettability of an
oil droplet is still limited.7¢-101.187.189]

Recently, Yong et al. achieved underwater anisotropic oil wet-
tability on a femtosecond-laser-induced microgroove-structured
surface.l'®] The microgrooves array is generated by a simple
line-by-line femtosecond laser scanning process on silicon sub-
strate. Different with the preparation of the above-mentioned
uniform microstructures, the shift of the adjacent scanning
lines in this experiment is set large enough during laser ablation
to make the microgrooves separate with each other. Figure 15a
shows the SEM image of the resultant surface. The rough
periodic microgrooves are 8 pm in width and 5 um in depth.
Every microgroove is composed of a series of microcraters, and
further decorated with abundant irregular nanoparticles on its
inner wall and outer rim (inset of Figure 15a). The period (D) of
the microgrooves array can easily be changed by the interval of
the scanning lines.

The oriented surface micropatterns have obvious influence
on the shape of the underwater oil droplet that is placed on the
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solid surface.[18+-186.190-194 T investigate the anisotropic wetting
property of groove-like surfaces, the perpendicular and parallel
CAs or SAs are usually measured.['#-186.190] For the underwater
oil droplet on the femtosecond-laser-induced microgroove-array
surface with the D of 450 um, the measured OCA perpendic-
ular to the microgrooves, OCA|, is 155.5 + 1.6° (Figure 15b),
whereas it is in the parallel direction, OCA|, is only 135.7 £ 1.5°
(Figure 15c). The degree of the wetting anisotropy (OCAx,
OCAA = OCA,| — OCA)) which is defined as the difference of
the OCA values along two directions reaches up to =20°. The
OCA| is much less than the OCA, indicating that the oil
droplet prefers to spread along the microgrooves. Figure 15d
shows the changes of the OCA; and OCA| of an underwater
oil droplet on the as-prepared surfaces with increasing the
value of D. When the microgrooves are very close (e.g., the
D is smaller than 100 um), the OCA, and OCA| have very little
difference. The anisotropy of the oil wettability is not obvious.
By contrast, there is a distinct difference between the OCA;
and OCA| for the microgroove-structured surface with D larger
than 100 pm. With the increase of D, the OCA decrease slowly
in the perpendicular direction but it shows a significant reduc-
tion in the parallel direction. The downtrend of the OCA values
with increasing D is manly ascribed to an area increase in flat
nonstructured domain of the resultant surface which causes
the decrease of the average surface roughness. Apart from
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the laser-ablated microgroove arrays with
D less than 250 um in the parallel direc-
tion and with D less than 500 um in the
perpendicular direction.

The  underwater  superoleophobicity
and the ultralow oil adhesion of the fem-
tosecond-laser-ablated rough silicon sur-
face mean that the oil droplet on the laser

Water

|

XJTU-PHY

OCA = 135.7 + 1.5°

structured area is at the underwater Cassie
state.273103]  Therefore, when the micro-
groove-structured surface is dipped into
water, the microgrooves will be wetted and
filled with water which is able to prevent the
oil droplet from effectively contacting with
the rough microstructures. The oil droplet

d) only touches the tips of the microstructures
165 o of the microgrooves, whereas it can com-
160 B pletely contact with the nonirradiated flat
% 155 g‘ domain between the adjacent mi(.:rogrooves
150 = at the un.dervs./ater Young wetting - state,
g 2 as shown in Figure 15e,{f. There exists an
v 145 « energy barrier at the boundary between two
E 140 %n domains with different wettabilities based
S 135 3 on the Gibbs' criterion.10018619] Ag far as
= B the femtosecond-laser-ablated microgrooves
= 130 Q 3 array, the energy barrier between trapped
125}, . ) A ) . water in the microgrooves and the untreated

0 100 200 300 400 500 600 domain can hinder the oil droplet from

Period (pm) spreading along the perpendicular direc-

Oil

P 1
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Figure 15. Underwater anisotropic oil wettability of the femtosecond-laser-induced silicon
microgrooves array. a) SEM image of the microgrooves array. The inset shows the high-magni-
fication SEM image of a single microgroove. Images of an oil droplet on the microgroove-array
silicon surface in a water medium: b) along the perpendicular direction and c) along the parallel
direction. d) Oil contact angles and the degree of the anisotropic oil wetting of an underwater
oil droplet on the microgroove-array-structured surface with different period. Formation mecha-
nism of the anisotropic oil wettability of the resultant textured surface: e) side view and f) top
view. The oil droplet (yellow) is restricted by the energy barrier at the boundary between the
untreated flat domains (gray) and the trapped water (blue) in the microgrooves. Reproduced

with permission.l'®% Copyright 2015, American Institute of Physics.

the similar change trend, the OCA, is always higher than the
OCA|, demonstrating that underwater anisotropic oil wetting
can be achieved in a wide parameter range. Such anisotropic
oil wetting can easily be controlled by adjusting the period
of the microgroove arrays, and the OCAA can be tuned from
0° to 20° (Figure 15d). In addition to the anisotropic oil wet-
tability, underwater superoleophobicity is also exhibited by
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tion. Because no energy barrier exists in the
parallel direction, so the small oil droplet
is more inclined to be elongated along the
microgrooves (Figure 15e,f). As a result, the
OCAs of an underwater oil droplet on the as-
prepared surfaces along the parallel direction
are smaller than that along the perpendicular
direction, showing a controllable anisotropic
oil wettability.

The anisotropic underwater oil wetting
on the microgroove-structured surface was
further verified by Wu's group.'®! They
developed a simple way to build micro-
cones or micromolars on silicon surface
by ethanol- or sucrose-assisted femto-
second laser irradiation. When the scan-
ning space (D) is large enough, there is
some untreated space appearing between
the scanning lines (Figure 16a,b). It is
found that the scanning lines prepared in
sucrose solution are wider than that pre-
pared in ethanol. Figure 16¢,d shows the
shapes of an oil droplet that is placed on
the resultant microgrooves surface with D of 200 um in a
water medium, viewing along the scanning lines (the par-
allel direction) and their perpendicular direction, respec-
tively. For the surface prepared in ethanol, the values for
OCA, and OCA| are 138.08° and 124.36°, so the OCAA for
the two directions is 13.72°, revealing a anisotropic wetting
for the two directions (Figure 16¢). Similarly, the measured
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Figure 16. Anisotropic underwater oil wetting and sliding of the line-
patterned surfaces fabricated by the liquid-assisted femtosecond laser
irradiation. Optical microscope images of the line-patterned silicon
surfaces fabricated by laser ablation a) in ethanol and b) in sources
solution with different scanning spaces. c,d) Shapes of the underwater
oil droplet on the resultant line-patterned surface in the directions of
perpendicular and parallel to the scanning lines. e,f) The snapshots of
oil droplet rolling on the resultant line-patterned surfaces, along the
parallel and perpendicular directions. The silicon surface that is ablated
by femtosecond laser in ethanol medium shows a microcone-like struc-
ture while the surface ablated in sucrose solution shows micromolar-
like structure. Reproduced with permission.'%l Copyright 2016, Royal
Society of Chemistry.

OCA,, OCAj, and OCAA are respectively 143.81°, 131.52°,
and 12.29° for the microgroove-structured surface that is
prepared in sucrose solution (Figure 16d). As the D increases,
although both the OCA and OCA| decrease, it can be noticed
that OCA, is always larger than OCAj, agreeing well with
the results reported in Yong's experiment.'®) In addition,
dynamic oil wettability of the oil droplets was also investi-
gated by measuring the OSAs perpendicular (OSA,) and
parallel (OCA|) to the scanning lines. Figure 16e,f shows the
snapshots of an underwater oil droplet rolling on the tilted
sample surface with D of 200 um. The measured OSA, and
OSA) are respectively 58.79° and 48.24° for the surface pre-
pared in ethanol solution (Figure 16e). The sliding anisotropy
(OSAa, OSAA = OSA; — OSAj) which is defined as the dif-
ference of the OSA values along two directions is 10.55°. By
contrast, the OSAA can reach up to 22.84° (OSA, = 44.29°,
OSA| = 21.45°) for the surface that is prepared in sucrose
solution (Figure 16f). The anisotropic sliding indicates that
the oil droplet on the as-prepared surface is more inclined to
roll away along the scanning-lines direction. Such anisotropic
oil sliding is ascribed to the different TPCL situation of the
underwater oil droplet rolling along the two directions.!1!
The TPCL is discontinuous and long along the perpendicular
direction, while the TPCL is continuous and relatively short
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along the microgrooves. Generally, discontinuous and long
TPCL can cause stronger hysteresis effect than the contin-
uous and short one.[126:181]

3.4. Underwater High Transparency

The formation of underwater superoleophobicity requires
building a rough microstructure on the substrate sur-
face 7374808710812 However, such rough microstructure usu-
ally leads to strong light scattering and makes the resultant
surface become completely opaque. The poor transparency
limits the applications of the as-prepared superoleophobic
surface in underwater optics, such as diving goggles, oil-proof
windows for underwater cameras, imageable substrates for bio-
logically active cells, etc.

In nature, the petals of Diphylleia grayi are white in a sunny
day, but they turn to be transparent in the rain, as shown in
Figure 17a,b.'% In fact, the white color of the petals of D. grayi
in air is not resulted from a natural white pigment. The inner
of the petal comprises a large number of lacunae and intercel-
lular spaces. Those lacunae and intercellular spaces are filled
with air on a sunny day, causing the diffuse reflection in the
interface between the colorless cytolymphs and the trapped
air. Therefore, it is the loose cell structure that gives rise to
the white color of the plant petals. However, a liquid/liquid
(water/cytolymph) interface can replace the original air/liquid
(air/cytolymph) interface in the rain because water enters the
lacunae and intercellular spaces. The diffuse reflection and
scattering is greatly weakened because the refractive indices
of cytolymph and water are much close, so the petals become
transparent. A simple strategy inspired by this interesting
phenomenon for enhancing the transparency of a rough sur-
face is to fill the interspaces of the rough microstructures with
water.

The femtosecond-laser-ablated silica glass surface has not
only superoleophobicity (Figure 8) but also good transparency in
a water medium (Figure 17).1% It looks white in air (Figure 8a),
like the color of D. grayi petals. When a paper with black letters
is put behind the laser structured sample, the letters are pretty
hard to see (Figure 17c). The surface is easy to be contaminated
by oils. If an oil droplet (red color) is dripped onto the laser-
structured area, it will spread out quickly once after contacting
with the silica glass (Figure 17c). In contrast, when the sample
is immersed in water, the dyed oil droplet on the surface can
maintain a spherical shape due to the underwater superoleo-
phobicity of the rough silica glass surface (inset of Figure 17d).
The letters “XJTU” behind the silica glass can be clearly cap-
tured, which indicates that the transparency of the resultant
silica glass is very high in water (Figure 17d). Figure 17e shows
the UV-vis spectra of the femtosecond-laser-ablated silica glass
compared to a flat sheet. At visible wavelengths, the transmit-
tance of the rough silica glass in air is low, but the transmit-
tance in water is very close to that of an in-air bare flat silica
glass. For example, the transmittance reaches up to 91.6% for
the light at the wavelength of 633 nm. As shown in Figure 17f,
the underwater transmittance is always larger than that in air
for every femtosecond-laser-treated silica glass which is ablated
at different fabrication parameters. The transmittance of the
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Figure 17. Good transparency of the underwater superoleophobicsilica glass
surface after femtosecond laser ablation. Photos of the petals of D. grayi:
a) in a sunny day and b) in the rain. Photos of the laser-treated silica glass
sheet on a piece of paper in different environment: ) in air and d) in water.
€) UV-vis spectra of the rough silica glass in a water medium compared to
the in-air rough silica glass and the in-air flat silica glass. f) The transmit-
tance of the silica glass (both in water and in air) after being ablated by the
femtosecond laser at different parameters. The increase of AD from 1.5 to
20 um means that the scanning speed increases from 1.5 to 20 mm s~' and
the shift of the scanning lines increases from 1.5 to 20 um. Reproduced with
permission.['%%] Copyright 2015, Royal Society of Chemistry.

silica glass surfaces that are ablated with the scanning speed
larger than 4 mm s~! and the shift of the scanning lines larger
than 4 um are above 90% in water.

Such excellent transparency is inseparable from the presence
of water environment. At the interface of two different medium
with the refractive indexes of n; and n,, respectively, the reflec-
tance, R;,, can be described as('%°!

2
Rn:(’“ _”2) (6)
ni+ 1,

This equation reveals that the smaller reflectance occurs
if these two media have closer refractive indices. There are
numerous examples of this principle. For example, the ground
glass sheet will not be seen and look like “disappear” when it is
dipped into water. The femtosecond laser generated nanoscale
rough structure of the silica glass surface can be completely
wetted by water after the immersion of the sample in water,
resulting in that the glass/air interface is replaced by the
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glass/water interface. Because of the closer refractive indexes
between water (n = 1.33) and silica glass (n = 1.46) than that
between air (n = 1) and silica glass, the Mie scattering and the
reflectance decrease dramatically when the light beams pass
through the in-water laser structured silica glass, endowing the
rough surface with well transparency.”®1%7] In fact, how does the
rough superoleophobic silica glass sheet become transparent
after being immersed in water is the same as the phenomenon
that the D. grayi’s petals turn to transparent in the rain.

3.5. Durable Underwater Superoleophobicity

Most of the underwater superoleophobic materials easily lose their
superwettability in harsh environment because the surface micro-
structure or the surface chemical composition may be destroyed.
Chemical and physical durability is a crucial requirement for the
artificial underwater superoleophobic surfaces to be well applied
in harsh environments, which will endow the surfaces with many
important applications in industrial production and our daily life,
such as industrial waste oil cleanup and cell engineering [8>93.96.108]

Yong et al. found that the femtosecond-laser-ablated silica
glass surface also showed underwater superoleophobicity and
very low oil adhesion even the sample was dipped into acid or
alkaline aqueous solutions.'% In different aqueous solutions
with the pH ranging from 1 to 13, all of the measured OCAs
of the oil droplet on the structured surface are maintained
above 150°, while all the measured OSAs are no more than 10°.
Such chemical stability greatly expands the application scope
of the femtosecond-laser-induced underwater superoleophobic
surfaces.

Yin et al. generated periodic nanoripple structures on stainless
steel mesh surface by femtosecond laser ablation and obtained
a superhydrophilic and underwater superoleophobic mesh.'*®!
The sandpaper abrasion test of the rough mesh was performed
by dragging the mesh with a 100 g weight pressing on its upper
surface to move forward 10 cm along the horizontal direction and
return back on sandpaper. It is found that the femtosecond-laser-
ablated mesh maintains its ultralow oil-adhesive underwater
superoleophobicity after 15 abrasion cycles. Even after 30 cycles,
the OCA is still higher than 140°, and the OSA is smaller than
20°. Such antiabrasion property is important for the underwater
superoleophobic stainless steel mesh to achieve long-term prac-
tical service life.

4. Functions and Applications

4.1. Antioil Contamination

The antioil ability of the ultralow oil-adhesive underwater
superoleophobic microstructures can endow the sample sur-
face with excellent antioil-contamination function in a water
medium. Figure 18a shows the image of a glass sample
whose surface composes two different domains.”®! One is the
untreated flat domain and another is the femtosecond-laser-
ablated domain showing underwater superoleophobicity. A
contamination experiment was performed by Yong et al.%
The hybrid glass sheet was first immersed into water.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB0|7 SUOLUWIOD BAIEBID 3ot idde U} Aq peusAo e 9oL O 88N JO S| 10} AXeIq 1 BUIIUO 481 UO (SUOIPUOD-PUE-SLLLB)/W0D" A3 1M ATe:c]1fou 1 UO//SdILY) SUORIPUOD PUe SLLLB L 83 89S *[SZ0Z/TT/60] Uo AigiTauliuo ABIIM ‘SOINVHOIIN NOISIO3¥d SO11d0 NOILNLILSNI NVIX-SVO Ad 02ETOLTOZ  IWPe/200T OT/10p/L00"A8| 1mAReiq ut|uo peoueApe//sdiy WO papeojunmod *Z ‘8TOZ ‘0SEL96TE



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a) Flat domain

Figure 18. Underwater antioil-contamination ability of the underwater
ultralow oil-adhesive superoleophobic surface compared to ordinary
surface. a) Optical microscope photograph of the hybrid glass surface
that composes two different domains: the flat bare domain and the
femtosecond laser-induced rough domain. The laser-treated glass sur-
face shows underwater superoleophobicity and ultralow adhesion to oil
droplet. b—d) Optical microscope images of the sample surface after suf-
fered from underwater oil contamination: c) high-magnification image
of the laser-treated domain and d) high-magnification image of the flat
untreated domain. The oil was dyed with Sudan Il and showed red color
for observation. Reproduced with permission.®®l Copyright 2015, Springer.

The dyed oil (red color) was used as the pollutant and scat-
tered on the sample surface, covering both the flat and the
structured domains. Then, the glass sheet was taken out
of water. By investigating through an optical microscopy,
it is found that both the flat area and the laser structured region
are very clean before being polluted (Figure 18a). After oil con-
tamination, the nonstructured domain is seriously polluted
because a high number of red spots and patterns are observed
to adhere to this area (Figure 18b,d). By contrast, the laser
structured domain is still clean and remains its original color,
without any red imprint on it (Figure 18b,c). The comparison
result reveals that the femtosecond-laser-induced underwater
superoleophobic surfaces with low oil adhesion have great
antioil-contamination ability in water. It also should be noticed
that the antioil-contamination ability of the underwater supero-
leophobic surface only occurs in a water medium. If the glass
sample is polluted by oil in air, the whole sample (no matter
the untreated domain or the laser structured domain) will be
contaminated.

Many optical devices working in water are easily contaminated
by oils, grease, and microorganism, limiting their use. Yong et
al. have taken inspiration from fish scales and skeleton flowers
to make a transparent underwater surface that stays clean by
repelling 0il.'% By using femtosecond laser ablation to create
rough nanostructures on a silica glass surface, the resultant sur-
face combines both properties of transparent and repelling oil
when in water. Such underwater transparent superoleophobic
surface will have applications in biology and underwater optics,
including in diving goggles, oil-proof windows for underwater
cameras, and even imageable substrates for biologically active
cells or tissues.
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4.2. Oil Droplet Manipulation

The technology for manipulating small liquid droplet has a wide
range of applications such as liquid transportation, droplet-
based microreactors, in-situ analysis, lab on chips, and droplet
positioning.[?2100.199-202] However, the use of common precise
mechanical microcomponents (e.g., microchannel, micropump,
and microvalve) to control and transport microdroplets suffers
from high cost, cumbersome equipment, and much reagent
droplet loss caused by droplet wetting and pinning.®”] Based
on the superhydrophobic/superoleophobic substrate with con-
trollable liquid adhesion, some alternative ways to manipulate
microdroplets have been proposed.[23:84388:98,101,133,203]

After the formation of different hierarchical rough microstruc-
tures on glass slide surfaces by femtosecond laser ablation, the
resultant surface shows superoleophobicity in water.”® Further-
more, the adhesion of the surface to an oil droplet ranges from
very low to ultrahigh. The ability of the ultrahigh oil-adhesive
superoleophobic surface for transporting a small underwater oil
droplet from an underwater superoleophobic surface to an ordi-
nary oleophobic surface was demonstrated by Yong et al.’8l As
shown in Figure 19a, a small oil droplet was placed on an under-
water superoleophobic substrate (A-surface) with low oil adhesion
in a water medium (Step 1). By used as a “mechanical hand,” a
sheet (B-surface) showing both underwater superoleophobicity
and ultrahigh oil adhesion was lowered down until it just touched
this oil droplet (Step 2). Next, when the B-surface was lifted up, the
oil droplet would adhere to the B-surface and be picked up by the
“mechanical hand” because of the stronger adhesion between the
B-surface and the droplet (Step 3). The B-surface was further moved
above a weak oleophobic substrate (C-surface) with higher oil adhe-
sion than B-surface (Step 4). After the B-surface was lowered down
again to let the hanging oil droplet in contact with the C-surface
(Step 5) and then was lifted up, the oil droplet was detached from
B-surface and adhered to the C-surface (Step 6). As a result, the
underwater oil droplet was transferred from A-surface to C-surface
by using B-surface. In addition, there is almost no volume loss of
the oil droplet in the whole transportation process because of a
very small contact area between the oil droplet and the superoleo-
phobic “mechanical hand.” By using the above transporting pro-
cess, the fusion of two small oil droplets can be further achieved,
as shown in Figure 19b. Two different oil droplets were previ-
ously placed on A-surface and C-surface, respectively, in a water
medium. The B-surface was moved to pick the oil droplet that
was on the A-surface up. Then, the oil droplet hanging from the
B-surface was transported to touch another oil droplet that was on
the C-surface. These two droplets would coalesce to a new bigger
one as long as they contacted with each other.

Huo et al. designed a hybrid surface which is composed of
half ultralow oil-adhesive area and half ultrahigh oil-adhesive
area by selective femtosecond laser ablation.'’? When the
substrate was slightly tilted and an underwater oil droplet was
dripped onto the low oil-adhesive part, the oil droplet would roll
off freely. As shown in Figure 19c¢, the droplet would sharply
stop once it is in contact with the ultrahigh oil-adhesive part.
Finally, the oil droplet was firmly pinned on the setting area
(ultrahigh oil-adhesive part). Therefore, no-loss oil capture on
a specific location was achieved by such hybrid underwater
superoleophobic surface.
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Figure 19. Oil droplet manipulation in a water medium by using the underwater superoleophobic surfaces with different oil adhesion. a) Using an
underwater superoleophobic surface (B-surface) with ultrahigh adhesion to transport a small oil droplet from an ultralow oil-adhesive superoleophobic
surface (A-surface) to an ordinary underwater oleophobic surface (C-surface). b) Fusion of two small oil droplets by using the similar transporting
process in (a). a,b) Reproduced with permission.®®l Copyright 2015, Springer. c) No-loss oil capture based on a hybrid surface which composes half
ultralow oil-adhesive area (left part) and half ultrahigh oil-adhesive area (right part). All of the processes were performed in a water medium. Repro-

duced with permission.l'’Zl Copyright 2017, American Chemical Society.

By using the ultrahigh oil-adhesive superoleophobic sheet
as a “mechanical hand,” the underwater oil droplet can only
be transport from a substrate with ultralow oil adhesion to the
target surface with higher oil adhesion. In fact, such transpor-
tation process is not reversible, that is, once the oil droplet is
picked up, it will not be put back its initial location. Yong et al.
further reported a simple way to reversibly transport a small
underwater oil droplet between two underwater superoleo-
phobic surfaces by adjusting the density of surrounding
water solution.” As shown in Figure 20a, two paralleled
femtosecond-laser-ablated silicon sheets (Figure 7) that show
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underwater superoleophobicity are put in a glass container filled
with water. The below sheet is fixed but the upper one can be
controlled to continuously move up and down. Figure 20b
depicts the whole in situ transportation process. A small oil
droplet (1,2-dichloroethane, density of 1.26 g cm™3) was placed
onto the below sheet in advance (Step 1). The underwater
superoleophobicity of the rough silicon surface leaded to a
spherical shape of this oil droplet. The upper sheet was first
lowered down to be just in contact with the top point of this oil
droplet (Step 2). Then, the density of the aqueous solution was
artificially increased by slowly adding sugar water (density of
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Figure 20. In situ transportation of small oil droplet between two paralleled underwater superoleophobic sheets by switching the density of surrounding
water solution. a) Schematic drawing of the setup. b) The process of picking an underwater oil droplet up by the upper sheet (Steps 1-4) and putting it back
to the below sheet (Steps 4-7). When the density of aqueous solution was increased to higher than that of oil, underwater oil droplet could be picked up by
the upper sheet. By contrast, the oil droplet could be put down when the density of aqueous solution was decreased to lower than that of oil again. c) Sche-
matic diagram of the in situ transportation of oil droplet. d) Repeatability of reversibly transporting an underwater oil droplet. Reproduced with permission.*l

Oil

1.52 g cm™3) into the container. This process made the density  picked up by a hand (Step 4). Compared to this “picking up”
of surrounding water solution to become higher than that of 0il  process, the oil droplet can also be put back its original location
after some time (Step 3). At this moment, the buoyancy force  through an opposite operation. The upper sheet was lowered
acting on the oil droplet was larger than its own gravity. If the ~ down again to let the hanging oil droplet just contact with the
upper sheet was lifted up, the oil droplet would leave the below  below sheet (Step 5). Next, the aqueous solution was diluted by
sheet away and rise up following the upper sheet, like being  deionized water until the density of aqueous solution switched
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to be much smaller than that of oil (Step 6). At present, the
buoyancy force was lower than the gravity of the oil droplet. If
the upper sheet was lifted up, the oil droplet would detach from
the upper sheet and finally stayed on the below sheet (Step 7).
By switching the density of surrounding water solution, the
oil droplet can even be reversibly “picked up” from the below
sheet and then “put down” in a water medium (Figure 20c).
Such in situ transportation of oil droplet can be repeated many
cycles without any oil loss (Figure 20d). The above-mentioned
methods for no-loss oil droplet transportation have many
potential applications such as droplet-based microreactor, in

situ chemical analysis, in situ detection, cell engineering, and
S0 on.[99,100,199-202]

4.3. Oil/Water Separation

The frequency of oil-spill accidents and the increasing amounts
of industrial wastewater discharges have caused severe water
pollution, not only resulting in huge economic losses but also
threatening the ecological system. Oil/water separation tech-
nology has become a global challenge to protect the environ-
ment and reduce economic loss.263%204 Recently, various
meshes or porous materials with special wettability (such as
superhydrophobicity or superoleophobicity) have been success-
fully used in oil/water separating application owning to the dif-
ferent interface effect between water and oil.[8:94129,130,188,205-215]
In 2004, Feng et al. fabricated a superhydrophobic—superoleo-
philic mesh by coating polytetrafluoroethylene (PTFE) rough
microstructures onto stainless steel mesh surface.?!l When the
mixture of water and oil was poured onto the as-prepared mesh,
oil could quickly permeate through the mesh for the supero-
leophilicity, but water was intercepted by the mesh because of
the superhydrophobicity. Therefore, the oil/water mixture was
separated by the superhydrophobic mesh. Similarly, Yong et al.
simply created rough microstructures on PTFE sheet surface by
femtosecond laser ablation.*'”] The structured surface showed
both superhydrophobicity and superoleophilicity. After the
formation of penetrating through-microholes array by a sub-
sequent mechanical drilling process, the as-prepared micropo-
rous PTFE sheet was endowed with great ability of oil/water
separation. In 2011, Xue et al. proposed a new way to achieve
oil/water separation by using underwater superoleophobic
meshes.2l After coating a porous stainless steel mesh with
nanostructured hydrogel, the mesh finally showed underwater
superoleophobicity. The prewetted resultant mesh was able to
remove water from the mixture of water and oil.

Li et al. prepared a micropore-array-structured ultrathin
aluminum foil by femtosecond laser perforating and suc-
cessfully used it to achieve oil/water separation.?!8! After the
ultrathin aluminum foil with the thickness of =25 pm being
irradiated by femtosecond laser pluses (pulse energy of 50 pJ,
4-5 pluses per ablated point) using the typical point-by-point
process, a uniform micropores array was generated on the
sample surface (Figure 21a). Every ablated point finally resulted
in a single micropore with the diameter of =2.4 um. The rim
of the micropore is also dotted with rough nanostructures
(Figure 21b). From the transmission microscope photograph,
it is demonstrated that all of the laser-induced micropores are

Adv. Mater. Interfaces 2018, 5, 1701370

1701370 (22 of 31)

INTERFACES

www.advmatinterfaces.de

through the aluminum foil because the backlight can pass
through the micropores (inset of Figure 21a). Further experi-
ment reveals that the diameter of the femtosecond-laser-induced
micropores can be simply designed by using different laser
pulse energy and pulse numbers, changing from 2.4 to 32 pm.
The untreated flat aluminum foil is inherently hydrophilic with
an intrinsic WCA of 53.9°. The sample become superhydro-
philic (WCA = 7.8°) after the formation of the microscale pores
and the surrounding nanostructures by femtosecond laser per-
forating. When the micropore-structured foil is immersed in
water, excellent underwater superoleophobicity is presented.
The measured OCAs are 153.5° to an octane droplet (Figure 21c)
and 153.1° to a 1,2-dichloroethane droplet (Figure 21d) on the
resultant substrate. The opposite wettabilities for water and oil
are able to endow the porous aluminum foil with oil/water sep-
arating function. As shown in Figure 21e, the aluminum foil
with the pore diameter of 8.2 um and the spacing of 60 pm
is used as the separating membrane and is horizontally sand-
wiched between a glass tube and a conical flask. After the mix-
ture of 10 mL water and 10 mL octane being poured into the
upper tube, the separation process starts, which is driven by just
gravity. The water can quickly permeate through the aluminum
foil for the superhydrophilicity. By contrast, the underwater
superoleophobicity of the aluminum foil do not allow octane
to pass through, achieving oil/water separation (Figure 21e,g).
This separation process can finish within 13 s. However,
this kind of separator is just able to separate the mixture of
water and light oils (their density is small than that of water).
Regarding the mixture of water and heavy oils, another sepa-
rating device is designed. A tube with a side opening is used as
the skeleton, and the side opening is covered with micropore-
structured aluminum foil. When the oil/water mixture is
poured into this tube, the water in the mixture can flow through
the side foil wall but the oil is intercepted (Figure 21fh).
As a result, the mixture of water and heavy oils is separated,
driven by just gravity effect. The separation efficiency of the
designed device is measured up to 99% for no matter the light
oils or the heavy oils.

Similar to Li et al.’s method,?!® Ye et al. prepared a micro-
holes array on titanium foil by femtosecond laser drilling pro-
cess.21 It was found that some micro/nanoscale rough struc-
tures formed surrounding the microholes and their chemical
composition was TiO, because the Ti substrate was oxidized by
laser during the formation of the microholes. Such rough porous
titanium foil shows superhydrophilicity in air and excellent
superoleophobicity in water. When an underwater oil droplet is
placed on the structured titanium foil, the OCA of the droplet is
as high as 159.6 £ 2.2°, and the oil droplet can roll off the surface
once the titanium foil is slightly tilted. By using the prewetted
microholes-structured titanium foil as separating membrane,
oil/water separation was successfully achieved, with a separation
efficiency exceeding 99%. The high separation efficiency still
kept after 40 cycles of recycling or after suffering from erosion
by corrosive solutions. Furthermore, even the femtosecond-laser-
treated titanium foil was polluted with oil, its underwater super-
oleophobicity and separating ability could be recovered by UV
illumination because the degradation of intrusive organic pol-
lutants could be catalyzed by the laser-induced TiO, layer with
UV light.[220:221]
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Figure 21. Oil/water separation based on the femtosecond-laser-induced a—h) micropore-structured aluminum foil and i-m) nanoripple-structured
stainless steel mesh. a) SEM image of the femtosecond laser-treated aluminum foil with uniform micropores array. The inset is the transmission
microscope photograph in the case of a backlight behind the micropore-structured aluminum foil. b) SEM image of a single micropore at high magni-
fication. Shapes of c) an octane droplet and d) a 1,2-dichloroethane droplet on the resultant aluminum foil surface in a water medium. e) Separating
the mixture of water and light oil (octane) by the porous aluminum foil. f) Separating the mixture of water and heavy oil (1,2-dichloroethane) by the
porous aluminum foil. g) Schematic diagram of separating the mixture of water and light oils. h) Equipment and schematic diagram of separating
the mixture of water and heavy oils. a~h) Reproduced with permission.2'® Copyright 2016, Royal Society of Chemistry. i,j) Surface microstructure of the
femtosecond laser-treated stainless steel mesh. k) In-air superhydrophobicity of the resultant mesh. I) Underwater superoleophobicity of the resultant
mesh. The insets show the shapes of the water and oil droplets. m) Process of oil/water separation by the femtosecond-laser-treated stainless steel
mesh. i-m) Reproduced with permission.l%8l Copyright 2017, Royal Society of Chemistry.

Yin et al. directly built periodic nanoripples on stainless steel
mesh (300 mesh) surface by the one-step femtosecond laser
ablation, as shown in Figure 21i,j.19 The period of the nanorip-
ples ranges from 500 and 800 nm and their height is about
130 nm. The surface of the uniform periodic nanoripples is fur-
ther covered by abundant nanoparticles with the size of tens to
hundreds nanometers (Figure 21j). Compared to the weak hydro-
phobicity of the bare mesh, the water wettability of the stainless
steel mesh turns to superhydrophilicity with a WCA of nearly
0° after femtosecond laser treatment (Figure 21k). Figure 211
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shows an oil droplet (1,2-dichloroethane) on the nanoripple-
structured mesh surface in a water medium. The droplet main-
tains an approximately spherical shape and shows underwater
superoleophobicity. The measured OCA is 157.2 % 2° (inset of
Figure 21l) while the OSA is as low as 5°. The ability of the
laser-ablated stainless steel mesh for separating oil/water mix-
tures was demonstrated, as shown in Figure 21m. The treated
mesh was previously wetted by water. Then, it was placed over
two breakers with different heights, ensuring an =25° tilted
angle of the mesh. When the mixture of water (blue color, dyed
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with methylene) and diesel (red color, dyed with Sudan III)
was poured onto the mesh, water could permeate through the
femtosecond-laser-induced rough stainless steel mesh for the
superhydrophilicity and fall into the right beaker. On the con-
trary, because of the excellent underwater superoleophobicity
and ultralow oil adhesion of the femtosecond-laser-ablated
mesh, diesel flowed over the resultant mesh and finally poured
into the left beaker by gravity. Therefore, the water and oil were
successfully separated. The surface microstructures, wetta-
bility, and separation effect of the as-prepared mesh showed no
obvious variation even though the laser induced rough mesh
suffered from repeated friction on sandpaper and the immer-
sion in corrosive solutions (1 M HCI, 1 M NaOH, and 10 wt%
NaCl). Such mechanical and chemical stability confirm that the
separating function of the laser-treated mesh is valid even in
harsh conditions.

Recently, Sun et al. reported the fabrication of a Janus wire
mesh toward its applications in efficient oil /water separation.???!
Laser-induced periodic surface structure was first formed on
both sides of a copper mesh by femtosecond laser processing.
Then, one side of the mesh was modified with fluorosilane and
another side was modified with graphene oxide, endowing the
two sides of the Janus mesh with inverse wettabilities. That is,
one side of the resultant mesh shows superhydrophobicity and
superoleophilicity in air, and the other side shows in-air supe-
rhydrophilicity and underwater superoleophobicity. This Janus
mesh can separate the mixture of water with not only light oil
but also heavy oil.

4.4. Oil Droplets Patterning

If a heterogeneous pattern composes of underwater superoleo-
phobic area and weak oleophobic or oleophilic area, the pattern
can be used to restrict oil droplets to specific area (i.e., weak
oleophobic or oleophilic area) because of the strong oil-repel-
lent ability of the superoleophobic area. Therefore, different
shapes and arrays of small oil droplets can be obtained on the
pattered structure in water.

Lens is one of the most basic optical components, which is
widely applied in light convergence and divergence, imaging,
photography, optical microscopy, and optical communica-
tion.[223-226] Femtosecond laser microfabrication has been very
successful in fabricating various microlens arrays.[170:227-236]
For example, Chen et al. develops a technology named “fem-
tosecond laser wet etching” and have prepared different
microlens structure on the silica glass, K9 glass, and silicon
surfaces.[70227-23] The sample surface is first irradiated by
femtosecond laser pulses through a point-by-point process to
generate a series of separated microholes on the surface. By
the subsequent chemical etching, the microholes are further
enlarged to smooth curved craters with the diameter of several
tens micrometers. The resultant smooth curved craters can
be acted as a concave microlens array. Wu et al. fabricated a
closed-packed, high-NA microlens array with aspheric profiles
by the technology of femtosecond-laser-induced two-photon
polymerization.[*%l Yong et al. reported a fast, low-cost strategy
for obtaining high-quality and large-area concave microlens
arrays by high-speed scanning of femtosecond laser pulses.['7%!
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Every laser pulse could generate a single concave microlens,
and over 2.78 million microlenses were formed on a PDMS
surface within 50 min. Compared to the above solid micro-
lens, liquid lens is also an important type of lenses and has
some crucial applications due to the advantages of economical
materials, simple preparation process, and easily tunable focal
length.237-241] The formation of liquid lens is based on the
surface tension of a liquid droplet (e.g., water) to form a part-
sphere shape on a solid substrate. The liquid droplet is used as
a convex lens.

Recently, Yong et al. put forward a new strategy to fabri-
cate a liquid lens array based on an underwater oleophobic—
superoleophobic  heterogeneous pattern.'® The design
principle is shown in Figure 22a. A circle array pattern was
previously created on a glass slide surface by femtosecond
laser selectively ablating specific area. The rest of the ablated
region forms a periodic untreated uniform circles array. As
shown in Figure 22D, the as-prepared pattern is composed of
untreated flat circles and surrounding laser-induced rough

Figure 22. Fabrication of a liquid microlens array based on the femto-
second-laser-induced underwater oleophobic—superoleophobic het-
erogeneous pattern. a) Design principle. b) Digital photograph of the
as-prepared circle array pattern. The pattern is composed of two different
areas: untreated circles and the surrounding femtosecond-laser-ablated
area. Scale bar: 5 mm. c—e) SEM image of the patterned microstructure:
c) the boundary between the flat circles and the surrounding laser-induced
rough area and d,e) the microstructure of the laser-ablated area under
high magnification. Inset in (d): shape of an underwater oil droplet on the
entire rough glass slide surface. Inset in (e): underwater oil droplet rolling
on the entire laser-ablated surface. f) Photograph of the fabricated liquid
lens array. g) Imaging ability of the as-prepared microlens array. Repro-
duced with permission.l%! Copyright 2015, Royal Society of Chemistry.
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microstructures. A sharp boundary exists between the circles
and their surrounding area (Figure 22c). The flat glass surface
shows inherent weak oleophobicity with OCA of 121 £ 3° in
water. The glass surface after femtosecond laser ablation is char-
acterized as nanoparticle-coated rough ridge-like microstruc-
ture (Figure 22d,e). Underwater superoleophobicity is exhib-
ited by the laser-generated rough microstructure. In water, oil
(chloroform) droplet on the rough glass surface has an OCA of
160.5 * 2° (inset of Figure 22d) and an OSA of 1° (inset of
Figure 22e). Therefore, the designed pattern is indeed a hetero-
geneous structure, which composes of both oleophobic circles
and surrounding underwater superoleophobic areas. When the
sample was immersed in water and oil droplets were dripped
onto every circular area, the oil droplets would be locked to
the circles, resulting in an oil droplets array. An energy barrier
exists at the boundary between the untreated circles and sur-
rounding laser-ablated domain because of their different wet-
tabilities.'%13% The oil droplets are hindered by such energy
barrier from spreading to the laser-ablated area, thereby are
restricted to the untreated circles (Figure 22a). The oil droplet
spontaneously formed a spherical crown shape by surface ten-
sion. The curved interface between the oil and water phases
can act as a liquid lens. In fact, the resultant liquid lens is a
converging lens because the refractive index of the part-sphere
oil (chloroform) droplet is larger than that of the surrounding
water medium. The optical parameters of the liquid lens

e e |
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depend on the shape of the formed oil droplets which can easily
be designed by the diameter of the untreated circles and the
used oil volume. Evaporation problem of common liquid lenses
is avoided because the oil droplet is in a water medium.?*?
In addition, the oil droplets of the lenses array can be located
very close, without worrying that they merge together. This is
because the underwater superoleophobic region has strong iso-
lation effect toward the oil droplet. Figure 22f shows the photo-
graphy of the as-prepared liquid lenses array. When a paper
with a black letter “A” is placed below the lens plane, an array
of inverted real images can be clearly observed, demonstrating
that the liquid microlens array possesses excellent imaging
ability (Figure 22g).

4.5. Guiding the Movement of Oil droplets

Femtosecond-laser-ablated silicon surface and nickel surface
shows excellent superoleophobicity in water while the bare flat
surfaces generally exhibit underwater weak oleophobicity.!10%104
By utilizing the oil wettability contrast between the laser-ablated
and untreated areas, some hollow pathways that are like a flat
canal for guiding the movement of oil droplets were designed by
Wu and co-workers, as shown in Figure 23.1001% The pathway
is composed of a bare flat middle path without any treatment
and two laser-induced rough thick lines on the two sides of the

Figure 23. Controlled movement of oil droplets along the setting path. The substrate materials in (a) and (b) is silicon wafer while in (c) is nickel
sheet. a,b) Reproduced with permission.'l Copyright 2016, Royal Society of Chemistry. c) Reproduced with permission.[' Copyright 2015, Royal

Society of Chemistry.

Adv. Mater. Interfaces 2018, 5, 1701370

1701370 (25 of 31)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB0|7 SUOLUWIOD BAIEBID 3ot idde U} Aq peusAo e 9oL O 88N JO S| 10} AXeIq 1 BUIIUO 481 UO (SUOIPUOD-PUE-SLLLB)/W0D" A3 1M ATe:c]1fou 1 UO//SdILY) SUORIPUOD PUe SLLLB L 83 89S *[SZ0Z/TT/60] Uo AigiTauliuo ABIIM ‘SOINVHOIIN NOISIO3¥d SO11d0 NOILNLILSNI NVIX-SVO Ad 02ETOLTOZ  IWPe/200T OT/10p/L00"A8| 1mAReiq ut|uo peoueApe//sdiy WO papeojunmod *Z ‘8TOZ ‘0SEL96TE



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

untreated middle path. In water, oil droplets are limited to the
middle path by the energy barrier resulted from the underwater
superoleophobicity of the two side structured lines. As a result,
the oil droplets can only move along the setting path. For an oil
droplet on a straight pathway in water, the oil droplet can move
from one end to the other without loss as long as the sample
surface is slightly tilted (Figure 23a). The oil droplet also can be
controlled to move in circles on a circular orbit (Figure 23b). In
addition, a hollow “Y”-shaped pathway is prepared. Oil droplets
are put on the both ends of the “Y”-shaped path in advance. With
the sheet inclined slightly, these two droplets will travel along the
“Y”-shaped line and finally merge together once they contact with
each other (Figure 23c).

4.6. Floating on Oil Surface

The microdevice that can float and move on liquid surfaces has
many potential applications in aquatic microrobot and liquid
environment monitoring. Zhou et al. demonstrated that the
femtosecond laser-induced underwater superoleophobic metal
thin sheet can steadily float on a water/oil (up/below) inter-
face.l'”l For the comparison, they fabricated three different
metal sheets: sample 1 has two unprocessed surface; both side
of sample 2 show in-air superhydrophilicity and underwater
superoleophobicity; and sample 3 has two superhydrophobic
sides. After the immersion of these three samples in water-oil
solution and shaking the container, the locations of the sam-
ples were carefully monitored. As shown in Figure 24a,d, it can
be seen that sample 3 could float on the water surface because
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of the enhanced buoyancy resulting from “superhydrophobic
edge/surface effect.”l'””! In contrast, sample 1 directly sank
to the bottom of the beaker due the density of metal is larger
than that of water and oil. Regarding the sample 2, when it was
put on the water surface, it would immediately sink down but
finally stop and reside at the water/oil interface for its double-
faced underwater superoleophobicity. Even when shaken
strongly, sample 2 still stably floated on the oil surface with
unchangeable position (Figure 24b,c,e-g).

4.7. Underwater Military Devices

Military submarines, amphibious aircraft, and tanks are usually
sent on a stealthy mission even in harsh environments, such as
oil-polluted water. To be on the safe side, they must avoid con-
tamination and be not discovered in shallow seas or in air by
radar. After femtosecond laser ablation, Yin et al. formed coral-
like microstructures on the stainless steel surface, as shown in
Figure 25a,b.2% There are a large number of cavities with the
diameter of 3-10 pm randomly covering on the treated surface.
The sidewalls and edges of the microcavities are also decorated
with plentiful protrusions which come from the conglomeration
of nanoparticles ejected from the ablated area.?*24% The laser-
induced rough stainless steel surface has remarkable under-
water superoleophobicity and ultralow adhesion to oil droplets.
The measured OCAs are above 150° for different oils and the
OSAs are =1°, indicating that this surface has strong antioil
ability in water environment. Figure 25c,d shows the spectral
reflectance of the bare flat stainless steel and the laser-induced

Figure 24. Double-faced underwater superoleophobic metal sheet floating on the water/oil interface. a—c) Diagram showing the process of shaking
the container. d—g) Placing the unprocessed, underwater superoleophobic and superhydrophobic metal sheets in the water/oil container, respec-
tively. It is clear to see that the three samples are located at different positions because of different wettabilities. Sample 1: Unprocessed sheet;
sample 2: double-faced superhydrophilic and underwater superoleophobic sheet; sample 3: double-faced superhydrophobic sheet. Reproduced with

permission.['73] Copyright 2017, American Institute of Physics.
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substrate surface results in a high oil adhe-
sion, thereby oil impurities can firmly adhere
to the surface of the underwater military
devices, contaminating or even corroding the
metal shell over time. When the flat metal
surface is irradiated by external light or wave,
a strong oscillation of the high free-electron
density occurs. As a result, the light will be
efficiently radiated back to the surrounding
medium. By contrast, underwater oil droplets
can maintain a spherical shape and easily roll

off on the rough underwater superoleophobic
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metal surface, that is, the oil droplets are
very difficult to stay on such metal surface
1 (Figure 25f). Meanwhile, because of the dual
effect of the laser-induced microcavities and
nanoparticles, most incident light beams will
be trapped by these microstructures, leading
to a significant decrease in reflectance.?#7-20)
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5. Conclusions and Future Outlook

The development of superoleophobic sur-
faces is an area of significant academic and
industrial interest because of the wide range
of applications. Taking advantages of negli-

gible heat-affected zone, no-contact process,
precise ablation threshold, and high resolu-
tion, femtosecond laser microfabrication has
been proven to be a powerful tool for control-

|
Y

Figure 25. Enhanced absorption over a broadband wavelength of the femtosecond-laser-ablated
stainless steel surface. a,b) SEM images of the laser-induced microstructure. ¢,d) Spectral
reflectance of the bare flat surface and the laser-induced coral-like structured stainless steel sur-
face over the broadband wavelength ranging from 0.2 to 25 um. e,f) Schematic of the potential
application of the femtosecond-laser-treated metal surface on a submarine: the effect of e) an
untreated flat metal surface and f) a laser-induced rough metal surface on the oil wettability
and light reflectance in a water medium. Reproduced with permission.?*3l Copyright 2016,

Springer Nature.

coral-like stainless steel surface over the broadband wavelength
ranging from 0.2 to 25 pm. Compared to the polished flat sur-
face (before laser treatment) with a reflectance above 80%,
the femtosecond-laser-ablated surface has a very low reflec-
tance of less than 8% in the UV-infrared range of 0.2-2.5 um
(Figure 25c) and less than 25% in the broad wavelength range
of 0.2-2.5 pm (Figure 25d), respectively. The result indi-
cates that the as-prepared stainless steel surface has strongly
enhanced absorption and great antireflective performance. The
properties of antioil and the enhanced absorption over a broad-
band wavelength allow the femtosecond-laser-induced rough
metal surfaces to become a candidate for the shell of under-
water military devices. Figure 25e depicts the oil wettability and
light reflectance performance of an untreated flat metal surface
in a water medium. Large contact area between oil and the flat

Adv. Mater. Interfaces 2018, 5, 1701370

1701370 (27 of 31)

ling the wettability of a solid surface. Spe-
cially, this technology is better at the design
of complicated and subtle wetting surfaces
compared to the traditional micromachining
methods. In this review, we systematically
summarize the application of the technology
of the femtosecond laser microfabrication
in the field of preparing underwater supero-
leophobic materials. Based on the design
principle of “from in-air superhydrophilicity
to underwater superoleophobicity,” various
underwater superoleophobic surfaces have
been fabricated by combining the femto-
second-laser-induced microstructures and a hydrophilic chem-
ical composition. The fabrication, characteristics, functions, and
important applications of these underwater superoleophobic
surfaces are introduced respectively. The underwater superoleo-
phobicity is widely achieved on the surfaces of silicon wafers,
glasses, metals, and even polymers by simple femtosecond
laser ablation. Different functional superoleophobic surfaces
with the additional properties such as controllable oil adhesion,
anisotropic oil wettability, good transparency, and durability are
also developed. In addition, some examples of the early prac-
tical applications of the femtosecond-laser-induced underwater
superoleophobic surfaces are illustrated in the last part.
Currently, as the research of femtosecond-laser-induced
underwater superoleophobicity is still at an early stage, there
still exist many development problems which worried industry.
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First and foremost, the processing efficiency is required to be
improved and perfected toward industrializing because the
current machining process is relatively time-consuming. High-
power laser system and more efficient scanning manner (e.g.,
automatic parallel processing) are eagerly awaited. Second,
since the single underwater superoleophobicity does not fully
satisfy the needs of practical application, the preparation of the
underwater superoleophobic surfaces with multiple functions
and even smart properties (respond to external stimulus) will
become the major trend in this research field. Last but not
least, the proven applications of the as-prepared underwater
superoleophobic materials are still limited since this research
direction is now at the “toddler stage” of development. More
potential applications should be developed in the next several
years. It could be expected that the combination of the advanced
features of femtosecond laser microfabrication and underwater
superoleophobicity would lead to an increasing interest in this
area. Overall, we believe that an exciting future in the synthesis
and commercialization of underwater superoleophobic surfaces
will be witnessed since an ever-increasing number of scientists
and engineers have been devoted to the design and fabrication
of such surfaces.
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