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Underwater Superaerophobicity/Superaerophilicity and
Unidirectional Bubble Passage Based on the Femtosecond
Laser-Structured Stainless Steel Mesh

Jinglan Huo, Qing Yang, Jiale Yong,* Peixun Fan, Yongfeng Lu, Xun Hou, and

Feng Chen*

To control the behavior of underwater bubbles, stainless steel meshes are
treated through femtosecond laser processing, and the bubble absorption,
bubble interception, and unidirectional bubble passage are realized by using
structured meshes. The surface of the mesh presents a micro—sub-micro—
nano trinary-scale structure (microscale mesh wires, sub-microripples, and
nanoparticles) after one-step laser ablation on both sides. The surface shows
superhydrophilic in air and superaerophobic once immersed in water. After
further modified with fluoroalkylsilane, the wettability of the sample surface
is switched to be superaerophilic in water with bubble being absorbed by
the sample. When a plenty of underwater bubbles arrive at the structured
stainless steel mesh surface, they can be blocked by the underwater
superaerophobic mesh but pass through the underwater superaerophilic
mesh. In addition, after the mesh being treated only one side and further
modified, it is to be Janus mesh and presents asymmetrical wettability of
aerophilicity/superaerophilicity. The Janus mesh shows the unidirectional
passage of underwater bubbles. Bubbles can only penetrate from aerophilic
side to superaerophilic side, but be blocked from the other direction. The
mesh is verified to be used to eliminate the stuck bubbles in the container.

1. Introduction

The bubbles in aqueous environment play a very important
role in our lives and productions, such as the gas evolution
reactions,®l improving the flotation recovery of fine mineral
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particles,*¥  collecting useful gas like
methane or harmful gas like toxic sulfide
gas in water”®¥ Meanwhile, the bubbles
also do harm in microfluidic field, which
increase the fluid frictional and cause cul-
tured cell death,’2 and in gas-generating
electrochemical reaction process in which
the generated bubbles stick on the elec-
trode and account for the reduction of the
reaction efficiency.'>" Hence, bubble
manipulation could foster strengths and
circumvent weaknesses of underwater
bubbles’ unbridled behaviors and have
received fevered attention.>'] The under-
water bubble manipulation in the aspect
of superwettability transition/?*?% and uni-
directional transportation relying on the
substrate with extreme wettability attracts
a plenty of researches.3%%3 Yong et al. pre-
pared Cu(OH), nanoneedles on a copper
mesh by the immersion of the copper
mesh in NaOH/(NH,)S,0s solution.?% The
nanoneedle-structured mesh is underwater
superaerophobic and has the ability of gas
interception in water. After modified with fluoroalkylsilane, the
resultant mesh exhibits underwater superaerophobicity and could
absorb underwater gas bubbles. Huo et al. realized the reversible
transition between underwater superaerophilicity and superaero-
phobicity on the femtosecond laser-induced rough polytetrafluor-
oethylene (PTFE) surface by vacuum-pumping treatment.?!l The
structured superaerophilic PTFE sheet could switch to be super-
aerophobic in water derived from its structures being wetted and
filled by the water under external pressure produced by vacuum
pumping. Yong et al. reported the superwettability transition of
underwater bubbles on the femtosecond laser-structured poly-
dimethylsiloxane (PDMS) polymer sheet through oxygen plasma
irradiation.?2 By inducing hydrophilic group, silanol radical
groups (—SiOH), onto the laser-induced rough PDMS surface,
the original underwater superaerophilicity of structured PDMS
sheet transformed into underwater superaerophobicity. Although
these reports could control the bubble behavior in water on the
chosen substrates, the controls of bubble were homogeneous
in cross-sectional direction that limits the applications of the
resulted sample. Janus substrates that described the asymmetric
bubble behavior on upper and lower surfaces made improve-
ments to those symmetrical substrates.?%-32 Jiang et al. fabricated
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an integrated Janus mesh called “bubble diode” by bonding
superaerophobic and aerophilic single-layer copper meshes.*’]
Gas bubbles could pass though the integrated Janus mesh from
the superaerophobic side but be blocked from the aerophilic side.
However, the process of preparing two single layers separately by
chemically etching and then bonding them might be complex and
not flexible. Femtosecond laser ablation has the ability to texture
almost all of the known materials and fabricate the micro/nano-
structures to construct the extreme wettability surfaces through
a simple one-step ablation processing.?'% Wu and co-workers
prepared a superhydrophobic/hydrophilic Janus aluminum and
zinc foil by femtosecond laser drilling.*32 The tapered through
micropores array produced a self-driving force on air bubbles to
let bubbles penetrate unidirectionally. However, subject to the
limited pulse energy and repetition frequency, the drilling process
to prepare through holes one by one is time consuming.

Here, we realized the underwater superaerophobicity, under-
water superaerophilicity, and unidirectional bubble transpor-
tation on stainless steel mesh by the combination of one-step
femtosecond laser ablation and fluoroalkylsilane modification.
After the laser scanning on both sides of stainless steel mesh,
the increase of mesh surface roughness and the surface oxi-
dation endowed the stainless steel mesh with superhydrophi-
licity in air and superaerophobicity in water. Further modified
with low-surface-energy fluoroalkyl by immersing in ethanol
solution of fluoroalkylsilane, the wettability of rough mesh
changed thoroughly to be superhydrophobic in air and under-
water superaerophilic. In addition, a Janus mesh with under-
water superaerophilicity/aerophilicity was directly fabricated by
femtosecond laser treating only one side of the mesh. Under-
water bubbles penetrated from the unstructured aerophilic side
to structured superaerophilic side, but were blocked from the
opposite direction. The Janus stainless steel mesh was then
used as a “diode membrane” to eliminate the adhered bubbles
at the bottom of the tank and collect them into the small tube.

2. Results and Discussion

2.1. Surface Microstructure

The stainless steel mesh was directly ablated by focused fem-
tosecond laser beam to generate surface microstructure

(a) (b

laser
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(Figure 1a,b). Then, the structured stainless steel mesh was
immersed in fluoroalkyl silane at room temperature to reduce
the free energy of the mesh surface (Figure 1c).

The wire surface of a bare stainless steel mesh is smooth and
clean without particles covering on it (Figure 2a). In contrast,
nanostructure was created on the wire surface by femtosecond
laser processing. Figure 2b,c shows the scanning electron
microscope (SEM) images of a stainless steel mesh whose sur-
face was ablated by femtosecond laser at the scanning speed of
4 mm s7! and the scanning space of 4 um. The wire surface of
the ablated mesh is covered with typical laser-induced periodic
sub-micrometer ripples with the period of 0.7 um (Figure 2b).
The formation of periodic ripples has been accepted as a uni-
versal phenomenon caused by the interference between the
incident laser beam and the scattered one under femtosecond
laser processing. The spatial period is usually close to the laser
wavelength.0#1 Meanwhile, there are a mass of nanoparti-
cles with sizes of tens of nanometers decorating on the sur-
faces of the nanoripples (Figure 2c). They may be caused by
the spot fringe ablation with low fluence during the laser spot
moving.'¥* When irradiated by femtosecond pulses at intensi-
ties around the threshold for plasma formation, the ejection of
matter always leads to the formation of the nanoparticles of the
target material. ] As a result, a trinary-scale structures (micro-
scale mesh wires, sub-microripples, and nanoparticles) formed
on the mesh after one-step femtosecond laser ablation. When
the laser scanning speed is larger than 4 mm s and the scan-
ning space is larger than 4 pm, only plenty of nanoscale parti-
cles were induced on the entire mesh surface without ripples
structure (Figure S1, Supporting Information).

Figure 3 shows the energy-dispersive X-ray (EDX) results
of different stainless steel mesh. In comparison to the orig-
inal stainless steel mesh (Figure 3a), after femtosecond laser
ablation, new O element at the peak of 0.525 eV appeared
(Figure 3b), indicating that oxidation occurred simultaneously
with the formation of multilevel microstructure during the
laser ablation process. As the laser-structured surface was fur-
ther lowered surface free energy by fluoroalkylsilane modifica-
tion, a monolayer of fluoroalkylsilane was successfully coated
on the sample surface. As a verification, F element at the peak
of 0.677 eV was detected on the fluoroalkylsilane-modified sur-
face (Figure 3c). Meanwhile, the laser-induced structures did
not change after modification treatment (Figure S2, Supporting

€]

Figure 1. a—c) The procedure Schematic of fabricating the superhydrophilic/underwater superaerophobic and superhydrophobic/underwater super-

aerophilic stainless steel mesh by femtosecond laser ablation.
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Figure 2. The morphology and wettability characterization of unstructured bare and laser-structured rough stainless steel meshes. a—c) SEM images of
a) bare stainless steel mesh with magnification times of 5000x and 50 000x and b,c) both-side structured stainless steel mesh with magnification times
of 5000x and 50 000x. It is obvious that after laser ablation the smooth microwire was covered with sub-microripples and nanoparticles. d—f) WCAs on
bare, structured, and structured fluorinated stainless steel meshes, respectively. g-i) Underwater BCAs on bare, structured, and structured fluorinated
stainless steel meshes, respectively. j) Water droplet rolled away easily on the structured fluorinated stainless steel mesh with a WSA of 8° £ 1°. k) An
underwater bubble rolled away easily along the structured stainless steel mesh with the BSA nearly of 0°. Scale bars in figure (a) and its inset image

and in figure (b) and c) are 10, 1, 10, and 1 um, respectively.

Information). For convenience, the laser-treated stainless steel ~ 2.2. Underwater Bubble Wettability

mesh with trinary-scale rough microstructures was defined as

“structured mesh,” and the fluorinated rough stainless steel =~ When a water droplet was placed on the original untreated stain-

mesh was defined as “F-structured mesh.”

less steel mesh, the water contact angle (WCA) was measured
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Figure 3. Surface elements of different stainless steel meshes: a) the untreated bare mesh, b) the laser-structured mesh, and c) the F-structured mesh.

The insets are corresponding EDX images with the low excitation voltage of 2 kV.
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as 124° + 1°, which presents the intrinsic hydrophobicity of the
bare mesh (Figure 2d). The hydrophobic property of the stain-
less steel mesh is caused by its original microscale porous
structure, which results in a discontinuous three-phase con-
tact line at the water—solid contact interface. As the untreated
mesh was dipped into water, a bubble exhibited quasispherical
shape with the bubble contact angle (BCA) of 138° £ 1° on the
mesh surface, so the bare mesh shows underwater aeropho-
bicity (Figure 2g). The laser-induced trinary-scale rough micro-
structures change the stainless steel mesh from hydrophobic to
superhydrophilic. When a water droplet was dripped onto the
structured mesh surface in air, it spread out quickly and looked
like being absorbed by the mesh finally. The WCA of this
droplet is nearly 0° (Figure 2e). In a water medium, the bubble
was greatly repelled by the structured mesh and could main-
tain a stable spherical shape with the BCA of 157° + 0.5° on the
mesh (Figure 2h). If the sample was slightly tilted, the bubble
would roll away easily along the sample surface (Figure 2Kk),
demonstrating excellent superaerophobicity and ultralow adhe-
sion of the structured mesh to underwater bubbles. The fluoro-
alkylsilane modification dramatically decreases the free energy
of the rough mesh surface. The F-structured mesh is superhy-
drophobic in air. A water droplet on such surface was able to
keep a spherical shape with the WCA of 151° £ 0.5° (Figure 2f)
and roll off easily with the water sliding angle (WSA) of 8° + 1°
(Figure 2j). The underwater bubble on the F-structured mesh
had a completely opposite behavior compared to that on the
structured mesh. As long as the bubble was in contact with
the F-structured mesh in water, the bubble was absorbed by
the mesh within 20 ms, resulting in a small BCA of 13° + 1.5°.
This fast absorption process reveals that the F-structured mesh
showed underwater quasi-superaerophilicity.

Figure 4 reveals the formation mechanism of the under-
water superaerophobicity of the structured mesh and the
quasi-superaerophilicity of the F-structured mesh. Whether a
trapped air layer between water and rough surface exists or not
has an important influence on the underwater bubble behavior
on different meshes.?!) Femtosecond laser processing not only
constructed the microstructure on stainless steel mesh sur-
face but also changed the chemical elements. The increase
of surface roughness and atomic proportion of O resulted in
the superhydrophilicity of structured mesh surface.?¥ When a
water droplet was dripped on the structured mesh, the droplet
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spread out promptly. The water wets the surface microstruc-
ture thoroughly at the Wenzel contact state (Figure 4a). After
the immersion of the structured mesh in water, both the
micropores and rough structures of the mesh were filled with
water, forming a water/solid composite interface (Figure 4b).
When a bubble was placed on the mesh surface in water, it
could only contact with the tips of the surface microstruc-
ture. Tiny contact area and natural bubble repellence of water
together resulted in an underwater Cassie-Baxter contact state
between the bubble and structured mesh, in which bubble
maintained a spherical shape over time (Figure 4c,d). Con-
versely, after fluoroalkylsilane modification, the wettability of
the F-structured mesh switched from superhydrophilicity to
superhydrophobicity. A water droplet on the mesh surface is
unable to wet into the space of microstructures, in agreement
with the Cassie-Baxter contact state in air (Figure 4e). As the
F-structured mesh was immersed in water, a trapped air layer
appeared surrounding the mesh and filled the microphores
and rough structures of the mesh (Figure 4f). Once a released
bubble reached to the mesh surface, pressure difference inside
and outside the bubble pushed the bubble to merge with the
pre-existed air layer (Figure 4g). The bubble spread out along
the gas/solid interface, giving rise to underwater superaerophi-
licity for the F-structured mesh (Figure 4h).

2.3. Selective Passage of Bubbles

The influence of underwater bubble wettability of mesh sur-
face on the bubbles passage was investigated (Figure 5). When
continuous bubbles were released blow the submersed struc-
tured mesh, they floated upward with buoyancy. As they first
touched the mesh surface, they bounced up and then mixed
with next rising bubble. Finally, the merged bigger bubble
rolled away from the mesh edge (Figure 5a,b). That is, the laser-
induced structured stainless steel mesh could prevent bubbles
passing through without any gas leaving in sample, revealing
its favorable antibubble capability. As for the F-structured mesh
surface, owning to its superaerophilicity in water, the contin-
uous bubbles contacted, spread out, and were absorbed by it
to form a large air pocket. With the increase of the volume of
air pocket, the mesh pores were forced by Laplace pressure dif-
ference and could not sustain this increasing pocket. Trapped

Figure 4. The internal mechanism of a—d) underwater superaerophobicity on structured mesh surface and e—h) underwater superaerophilicity on

F-structured mesh surface.
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Figure 5. Dynamic selective passage of underwater bubbles through structured rough stainless steel mesh surface without or with fluoroalkylsilane
modification. a,b) Schematic illustration and Snapshots process of underwater bubbles being intercepted by structured mesh. c,d) Schematic illustra-
tion and Snapshots process of underwater bubbles being absorbed and passed through the F-structured mesh.

gas bulged upward in a moment due to its own buoyancy, and
finally overflowed upward the surface (Figure 5c,d). In stark
contrast with the former structured mesh without fluoroalkylsi-
lane modification, the F-structured stainless steel mesh surface
could grab the bubbles and let them go, revealing its bubble-
collecting capability. The underwater bubble selective passage
of femtosecond laser-induced stainless steel with or without
reducing surface energy treatment has application prospect in
the fields of microfluidics.

2.4. Janus Mesh

In a quest to integrate the bubble selective passage property
on one same sample to realize the unidirectional passage,
the monolateral F-structured mesh (defined as MF-structured
mesh) was fabricated by combing the femtosecond laser abla-
tion and fluoroalkylsilane modification. Usually, the unidi-
rectional passage of bubble occurs on the Janus mesh, whose
wettabilities of top and bottom sides are different. The key
factor is trapping the different air layer in water environment

Adv. Mater. Interfaces 2020, 1902128
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on different sides in order to realize the wetting gradient on
the cross-sectional direction. Here, femtosecond laser was used
to texture one side surface based on the “line-by-line” scanning
method to form the monolateral structured mesh (defined as
M-structured mesh). Scanning speed and scanning interval
were 4000 um s and 4 pum, respectively. Straight after that,
the M-structured mesh was dipped in the mixed fluorosilane—
ethanol solution for 24 h to form an MF-structured mesh with
one side of rough/low-energy property and one side of flat/
low-energy property (Figure 6a). The rough/low-energy side
exhibited superhydrophobicity and underwater superaerophi-
licity, while the flat/low-energy side exhibited hydrophobicity
and underwater aerophilicity. The WCA and BCA on the stain-
less steel mesh that both sides were flat and low energy were
measured with 140° and 78°, respectively (Figure 6b). Once
immersed in water, the structured fluorinated side (S-F side)
trapped an air layer, while the unstructured fluorinated side
(US-F side) could not trap the air layer. The as-prepared mesh
could be regarded as the Janus mesh.

Immersing the Janus mesh into water, when the aerophilic
side (that is US-F side) was downward, the continuous supplied

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Fabrication process and bubble wettability characterization of Janus stainless steel mesh. a) Schematic illustration of Janus mesh fabrication.
b) WCA and BCA of unstructured fluorinated mesh surface (US-F surface). c,d) Schematic |||ustrat|on and Snapshots process of underwater bubbles
passing through the Janus mesh surface from US-F side to S-F side. e,f) Schematic illustration and Snapshots process of underwater bubbles being

intercepted once moving from S-F side to US-F side.

bubbles contacted the US-F surface first and then were inhaled
to top surface rapidly one by one. That is, the bubbles were
allowed to pass through the MF-structured mesh and gathered
to a bulged air pocket (Figure 6¢,d). It was just like “turning
on” a bubble switch on this direction. On the contrary, once
turn over the sample mesh in water, the bubbles contacted S-F
surface first. Because of the superaerophilicity of S-F surface,
continuous bubbles spread out along it and were intercepted
by the top water layer so that they could not pass through mesh
(Figure 6e,f). It could be regarded as “turning off” the bubble
switch on this direction.

The mechanism of unidirectional transportation is depicted
in Figure 6¢,e. For the situation of bubbles contacting US-F
surface first (Figure 6¢), the bubble suffers three forces at this
moment: upward buoyancy (Fp), upward Laplace force (F;), and
downward resistance force (Fg). The US-F surface could trap a
“thin air layer” because of its hydrophobicity. The bubble, the
“thin air layer,” and the thick air layer trapped in the S-F sur-
face make up a gas channel where bubble and as-existing air
layer are connected. According to the Young-Laplace equation,

Adv. Mater. Interfaces 2020, 1902128
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the Laplace pressure difference is large enough (for the reason
of small bubble curvature radius) to generate a Fy greatly over-
coming Fg. So the bubbles chose to pass through and spread
out on S-F surface instead of stop on the surface. In addition,
in order to verify F; further larger than Fp and Fy, the bub-
bles were operated contacting US-F surface from top, they still
penetrated downward as well (Figure S3, Supporting Informa-
tion). As for the situation of bubbles contacting S-F surface first
(Figure 6e), a bubble suffers upward Fy, downward Fg, and F;
along the lateral direction. Under such circumstances, bubbles
tended to directly spread out on S-F surface and could not con-
nect with top US-F surface, in which case Fy and Fy kept bal-
ance. As a result, bubbles chose to spread and gathered on S-F
surface instead of penetrating the mesh. To sum, bubbles could
realize unidirectional transport on the MF-structured stain-
less steel mesh. During the process, the position of trapped air
layer played the most important role. Touching the trapped air
layer first made bubbles to spread and be obstructed, whereas
the bubble penetrated the mesh rapidly while first touching the
opposite side without trapped air layer.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(a

Figure 7. The clearance and collection of underwater bubbles using the Janus stainless steel mesh. a) Schematic illustration of the bubble collection
process. b) A number of bubbles sticked on the bottom of small tank. c—g) Janus mesh with US-F surface facedown was used to absorb all the sticked

bubbles and collect them into the small tube.

Figure 7 shows the bubble collecting process using the Janus
stainless steel mesh fixed on a both-ends-open tube. S-F surface
with superaerophilicity was toward tube, while US-F surface
with ordinary aerophilicity was back to tube. Moving the device
close to the bubbles on the bottom of the water sink, bubbles
were absorbed by US-F surface and transformed to S-F surface
gathering a gas pocket in tube. When the volume of gas on S-F
surface was large enough to make its buoyancy overcome the
adhesion force from surface, the gas escaped in the form of a
bigger bubble into tube. Bubbles could be collected by the tube
but could not run out reversely from it. Finally, all the bub-
bles in the water sink were collected in the tube (Figure 7g).
The “bubble switch” may promote the design of advanced
devices for application in pipe gas transportation and biological
engineering.

3. Conclusions

In conclusion, underwater superaerophobicity/superaerophi-
licity and unidirectional passage were realized on stainless steel
mesh by both-side and one-side femtosecond laser scanning
and farther fluoroalkylsilane modification. The laser-structured
both-side trinary-scale rough mesh was superhydrophilic in air
and superaerophobic in water. After modification with a layer
of fluoroalkylsilane by immersing into the 0.02% fluoroalkylsi-
lane/ethanol solution for 24 h, the both-side rough mesh trans-
ferred to superhydrophobic in air and superaerophilic in water.
When plenty of bubbles arrived at the surfaces, they could be
absorbed and pass through the rough surface without fluo-
rosilane treatment, while being intercepted by the rough sur-
face with fluorosilane treatment. One-side rough mesh (Janus
mesh) was fabricated by only structured one side of the stain-
less steel mesh and following fluorinated treatment. The struc-
tured side surface showed the underwater superaerophilicity
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while the unstructured side surface showed the underwater
aerophilicity. No matter which surface is facing down, the bub-
bles can only penetrated from the US-F surface to S-F surface
under the Laplace force. This unidirectional passage could be
regarded as a “diode membrane” and eliminate the adhered
bubbles at the bottom of the tank and collect them into the
small tube.

4. Experimental Section

Femtosecond Laser Treatment: An AISI1304 stainless steel mesh (300
mesh, a wire diameter of 40 um) was previously cleaned with acetone,
ethanol, and deionized water in an ultrasonic bath. The femtosecond
laser pulses produced by a regenerative amplified Ti:sapphire laser
system (CoHerent, Libra-usp 1 K-he-200) have the pulse width of 50 fs,
center wavelength of 800 nm, and repetition frequency of 1 kHz. The
laser beam was focused onto the stainless steel mesh surface by an
objective lens (numerical aperture = 0.45, 20x Nikon), with the diameter
of the focused laser beam of =10 um. The typical “line-by-line” scanning
method was adopted during femtosecond laser processing, which could
refer to the previous works.'®"] The laser power was set as constant at
27 mW. The scanning speed and the space of the scanning lines were
adjusted by control program. After that the whole upper surface of the
mesh was treated by laser, and the mesh was turned over to allow the
laser beam to ablate another unablated side (Figure 1b). Finally, the
laser-structured mesh was ultrasonically cleaned again.

Reducing the Surface Free Energy: To reduce the free energy of the
mesh surface, the structured stainless steel mesh was immersed in a
0.2% 1H,1H,2H,2H-perfluorodecyltrimethoxysilane ~ (Sigma-Aldrich)
of ethanol solution at room temperature (=20 °C) for 24 h. The
fluoroalkylsilane molecular was spontaneously deposited on the surface
of structured rough mesh. Then, the mesh was shifted to a vacuum
oven and dried at 100 °C for 2 h to make the deposited fluoroalkylsilane
layer more stable.

Characterization: The laser-induced surface microstructure of the
stainless steel mesh was observed by a Quantan 250 FEG SEM (FEI,
America). The EDX spectroscopy of the sample surfaces was obtained
using the FEI Helios FIB/SEM 660. The WCA, WSA, underwater BCA,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and underwater bubble sliding angle (BSA) were measured by a
JC2000D contact-angle measurement (Powereach, China). The volume
of the used water droplet was 7 uL and that of bubble was 3 uL. The
ultrafast processes of selective bubble passage and unidirectional
bubble penetration were captured through a CAMMCI1362 high-speed
camera (Microtron, Germany) with a frame rate of 500 fps.

Supporting Information

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