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1 Introduction

Pitcher plant-bioinspired bubble slippery surface
fabricated by femtosecond laser for buoyancy-
driven bubble self-transport and efficient gas
capturet

Yunlong Jiao, & $ Xiaodong Lv, 1 Yiyuan Zhang,? Chuanzong Li,? Jiawen Li,*?
Hao Wu,? Yi Xiao,® Sizhu Wu,® Yanlei Hu,® Dong Wu @ *2 and Jiaru Chu®

Functional materials with specific bubble wettability play an important role in manipulating the behavior of
underwater gas bubbles. Inspired by the natural Pitcher plant, we designed a large area lubricated slippery
surface (LSS) by femtosecond laser processing for buoyancy-driven bubble self-transport and efficient
gas capture. The mechanism of bubble self-transport involves a competition between the buoyancy and
the resistance due to drag force and hysteresis. The transportation velocity of the bubbles on the LSS is
strongly associated with the surface tension of the lubricants. The lower the surface tension, the higher
the sliding velocity. On the basis of sufficient bubble adhesion, the shaped LSS tracks are fabricated to
guide the bubble movement and achieve continuous manipulation between bubble merging and detach-
ment. We demonstrate that these designable pathways on the LSS not only manipulate bubble behavior in
a two-dimensional space but also realize three-dimensional movement of bubbles on the Mobius-striped
LSS. Finally, a gas catcher decorated with large area LSS is manufactured for underwater bubble capture,
which maintains a high capture efficiency (more than 90%) with an air output of ~3.4 L min™ . This finding
reveals a meaningful interaction between the underwater bubbles and the LSS surface, accelerating the
applications of bubble slippery surfaces in underwater flammable gas collection and tail gas treatment.

bubble-capturing abilities, enabling the collection of useful
energy-rich gases from the deep sea."* The back of Namib desert

The directional transportation of underwater air bubbles has
significant applications in a wide variety of fields from science
to industries," * such as in catalytic reactions," wastewater
treatment,™ and generation of electrochemical H,.® Nature-
inspired functional surfaces with specific wettability have been
developed as useful tools for controlling the movement of
small bubbles."'™® For instance, the lotus leaf provided a
unique strategy for constructing a multiscale micro/nano-
structured surface with super-hydrophobicity, which shows
high adhesion towards air bubbles in liquids and excellent
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beetles together with the pitcher plant has inspired the design of
nanoporous lubricated surfaces for underwater on-demand
bubble transportation.””> Additionally, a large number of
researches have attempted to reveal the mechanism of controlling
the movements of underwater bubbles and directional manipu-
lation on the basis of bio-inspired surfaces."®'” In general, the
super-hydrophobic surfaces provide a strong adhesive force
towards bubbles in liquid environments,'® but the stronger
adhesion between gas and multiscale micro/nanostructures
hinders the detachment of bubbles from the substrate. When the
bubble comes into contact with the super-hydrophobic surface, it
spreads rapidly due to the interaction between the air and the
surface."”*° Additionally, the bubble ceases to move freely under
buoyancy for further directional transportation due to the high
adhesion between the gas and the super-hydrophobic surface.
Inspired by the Pitcher plant, researchers have studied
lubricated slippery surfaces that exhibit excellent ability of con-
trolling bubble motions due to buoyant force and Laplace
driven force.'>'®*' For example, Zhang et al*' designed a
tapered slippery surface on the basis of two biomimetic prin-
ciples (the cactus and the Pitcher plant) to achieve directional
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and continuous bubble transport in a liquid; however, the fab-
rication process was complex and the bubble transportation
was restricted by the size of the tapered area. Wang et al.'* fab-
ricated a lubricated surface inspired by the back of the desert
beetle, which involved intertwined hydrophilic/hydrophobic
regions. Due to the high affinity and low resistance to move-
ment between the bubbles and the lubricated surface, the
movement of the bubbles could be easily controlled in the pre-
designed tracks for further on-demand gas collection.
Moreover, Pei et al.®>® prepared an underwater unidirectional
penetration film for gas separation by modifying copper
meshes, which was named as “bubble diode”. In short, despite
great progress in the studies on bioinspired slippery surfaces,
current preparation processes of slippery surfaces are easily
susceptible to external influences and the chemical solvents
often cause environmental pollution. It is still a challenge to
find a facile way to rapidly fabricate large area slippery surface
and easily manipulate bubble behavior. In addition, further
research is needed to achieve progressive practical appli-
cations. For example, the influence of the lubricant surface
tension, viscosity and bubble volume on the sliding velocity
and bubble contact angle, the manipulation of bubbles in a
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three-dimensional space and the mechanism of bubble inter-
action with slippery surfaces should be further studied.
Herein, we prepared a grooved structure on an aluminium
surface by the femtosecond laser direct writing technology.
The LSS was then obtained through super-hydrophobic treat-
ment and lubrication process. The obtained LSS showed an
excellent ability for manipulating underwater bubbles with the
assistance of buoyancy and was suitable to be used in a variety
of liquid environments, such as acidic and alkaline. We ana-
lyzed the influence of the bubble volume on the bubble
contact angle (BCA) and the bubble sliding angle (BSA). It is
worth noting that the variations in BCA and BSA have close
relationship with the kind of lubricants used. Additionally, we
investigated the influence of lubricant surface tension, vis-
cosity and bubble volume on the bubble sliding velocity. In
order to show the excellent ability of controlling the bubble
motion, we designed different shapes of tracks on the LSS and
demonstrated the efficient control of bubble movement in
both two-dimensional and three-dimensional spaces, which
largely increases their potential applications. Finally, we fabri-
cated a detector-like gas catcher covered by a large LSS for
underwater gas capture with high capture efficiency.
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Fig. 1 Overview of LSS fabrication and its application to bubble transportation based on buoyancy. (a) The detailed LSS preparation process inspired
by the Pitcher plant, including three main steps of laser scanning, super-hydrophobic coating and lubrication. (b) The mechanical analysis of a
bubble when it slips along the inclined LSS. (c) The sliding process of the bubble on the inclined LSS from a side view. (d) The relationship between
the bubble volume and BCA. (e) The relationship between the bubble volume and BSA. (f) The influence of the groove width on the BCA under

different bubble volumes.
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2 Results and discussion

Fig. 1a shows a schematic of the LSS preparation process
inspired from the Nepenthes pitcher plants. We integrated
liquids into rough material surfaces to imitate the perform-
ance of the pitcher plant. Three engineering criteria must be
satisfied to create a stable liquid-infused surface.® First, the
lubricant liquid must be wet and stably adhere to the sub-
strate. Second, the substrate must prefer the lubricant liquid
compared to water. Third, the lubricant and the test liquid
must be immiscible. To meet the above criteria, the rough
grooved structure was processed on an aluminium alloy sheet
by femtosecond laser ablation (Fig. 1a and Fig. S1f). The
grooves were regularly distributed on the ablated surface, and
some micro/nanoparticles appeared on the grooves (Fig. S2b¥).
Then, the Glaco solvent was evenly sprayed on the surface to
reduce the surface energy to make the laser-induced sample
super-hydrophobic. Subsequently, the lubricant FC-3283 was
dripped onto the super-hydrophobic surface. It would enter
the microstructure and spread rapidly on the surface due to
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the capillary force. In order to obtain a uniform lubricant film,
the sample was processed by spin coating for 5 min. Due to
the low surface energy, the lubricant maintained its stability
under water. The prepared slippery surface was capable of
underwater bubble self-transport due to buoyancy effects
(Fig. 1b). An approximate 10 pL bubble moved 4 ¢cm on the
slippery area (5 mm wide) with a sliding angle of ~6° in 4
seconds (Fig. 1c). The mechanical model of the bubble slip-
ping upward along the slippery surface is shown in Fig. 1b.
The axis-directional component of the buoyancy gives the
bubble its main driving force. This force can be calculated as
Fariven = Fouoyaney'sin @ (6 denotes the sliding angle), where
Fiuoyaney €an be calculated using the equation Fyyoyancey = p°8-V
(p, g and V denote the water density, gravitational acceleration,
and the bubble volume, respectively). The adhesion force
ensures the bubble’s interaction with the LSS, which is
balanced by the buoyancy component perpendicular to the
axial direction."® The sliding behavior resistance (Fresist) iS
composed of the resistance of contact angle hysteresis (Foan)
and the drag force (Fgug).'® The resistance of CAH can be
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Fig. 2 Quantitative research of BCA, BSA and sliding velocity on the LSS with different lubricants. (a) (b) The influence of the lubricant type on the
BCA and BSA, respectively. (c) The relationship between the groove width and BCA on the LSS with different lubricants. (e) The influence of bubble
volume on the average velocity with the increase in the inclined angle. (f) The influence of lubricant type on the average velocity with the increase

in the inclined angle.
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expressed as follows: Foap = y-L-(cos 6, — cos 6,), where 7 is the
surface tension of the lubricant, L is the line length along the
axis-direction between the bubble and the surface, and 6, and
6, represent the advancing and receding angles of the bubble,
respectively. The drag force is mainly related to the velocity of
the bubble.>**> When the Fyyiven €xceeds the Fiesist, the bubble
freely slides along the slippery area. In aqueous environments,
the BCA increases linearly with the increase in the bubble
volume from 30 pL to 130 pL (Fig. 1d), which is mainly due to
the influence of the buoyancy during BCA measurements.
Furthermore, the relationship between the bubble volume and
sliding angle was investigated. A 2 pL bubble slid upward with
a sliding angle of 5°, and the sliding angle decreased to 3.5°
when the bubble volume increased to 60 pL (Fig. 1e). Finally,
the BCAs on the slippery area with different widths were
researched (Fig. 1f). The groove width was defined as the
boundary of the LSS so the bubble could only slide along the
laser-induced area (Fig. S2t). The results show that the BCA
apparently decreases when the groove width increases from
2 mm to 4 mm. A bubble with a certain volume tends to
spread freely on the slippery area if the LSS has no boundary
restriction. As the groove width is small, the LSS boundary
restricts the spreading of the bubble along the vertical
direction when the bubble volume increases, which contrib-
utes to the increase in the BCA; finally, the enlarged bubble
detaches from the LSS because the buoyancy exceeds the
adhesive force.

We also conducted a series of BCA and BSA experiments on
the LSS with different lubricants, such as silicone oil and
Krytox 101 (Fig. 2). The BCAs on the LSS with different lubri-
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cants increased with the increase in the bubble volume.
However, the BCA on different LSS with the same bubble
volume showed significant differences, which were mainly due
to the variation in surface tensions of the lubricants.
According to Young’s wetting theory,>®*” the liquid tends to
wet the substrate with high surface energy and shows a
smaller liquid contact angle. Similarly, when the substrate is
lubricated by oil, the solid-liquid interaction changes due to
the oil-liquid interaction. Therefore, the liquid tends to spread
on the lubricant with high surface tension. In contrast, when
the same substrate is placed in water, the gas contact angle
increases with the increase in the surface tension of the lubri-
cant, which agrees with the experimental result shown in
Fig. 2a. Additionally, the variation of BCA on different lubri-
cated surfaces is closely related to the surface tension of the
lubricants. In general, the resistance of CAH determines
whether the bubble begins to move on the surface. As the
surface tension of silicone oil is lower than that of the Krytox
101(Table S11), the CAH resistance for the same bubble
volume decreases, which contributes to a smaller BCA on the
LSS with silicone oil (Fig. 2b). To investigate the influence of
the groove width on the BCA, the BCAs were measured with
widths ranging from 2 to 4 mm (Fig. 2¢ and d). The results
show that the BCA apparently decreases when the groove width
increases from 2 mm to 4 mm at different bubble volumes. For
example, the contact angle of a 10 pL bubble gradually
decreases from 95° to 60° on the LSS with silicone oil (Fig. 2d).
When the groove width is small, the boundary of the slippery
area restricts the spreading of the bubble, which contributes to
the increase in the bubble contact angle. Finally, the bubble
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detaches from the substrate when the buoyancy exceeds the
adhesive force between the bubble and the lubricant.

As mentioned in the above formulas, the driving force and
resistance are primarily affected by the bubble volume, surface
tension and viscosity of the lubricant. The sliding velocities of
the samples with varying inclined angles were measured and
is shown in Fig. 2e and f. As the inclined angle increased from
10° to 28°, the average velocity of a 20 pL bubble increased
from 0.87 mm s to 6.43 mm s~'. A 20 uL bubble can reach
up to 56.25 mm s~ ' on the FC3283-infused surface while the
velocity of the bubble on the silicone oil-infused surface is as
low as 22 mm s~'. The results show that the bubbles slide
faster on the LSS with lower viscosity lubricants (Fig. 2f),
which is mainly caused by the variation in CAH resistance due
to the differences in the lubricant surface tensions (Table S17).
Under the same bubble volume, the resistance of CAH plays a
dominant role in determining the sliding velocity of the
bubble. A lower surface tension correlates with a decreased
CAH resistance, so the bubble slides faster on the lubricant
with a small surface tension.

In order to study the variation in surface wettability during
the LSS fabrication process, the contact angles were measured
and the physical mechanism was analyzed (Fig. 3). On the orig-

L-shaped LSS
N

Water-air interface

Lubricated area

View Article Online

Nanoscale

inal unprocessed aluminium metal (Fig. 3a), hydrophilicity
was observed with a water contact angle (WCA) of ~78° and
aerophobicity with a BCA of ~111°. After laser ablation, the
processed area was full of rough micro/nanostructures, which
showed super-hydrophilicity with a WCA of ~5° and under-
water super-aerophobicity with a BCA of ~153° (Fig. 3b). Then,
a chemical reagent of low surface energy was sprayed onto the
uneven surface in order to show super-hydrophobicity with a
WCA of ~152° and underwater super-aerophilicity with a WCA
of ~7° (Fig. 3c). Finally, the super-hydrophobic sample was
coated with a lubricant, which showed a WCA of ~97° and a
BCA of ~55° (Fig. 3d). It is worth noting that the solid-liquid
interaction was occupied by the lubricant-liquid interaction on
the LSS. When a droplet was applied to the LSS, it directly con-
tacted the infused lubricant and not the solid. As shown in
Fig. 3d, the water contact angle can be expressed as follows:

Cos O'w = (yoc — Ywo)/rwa (1)

where yog is the surface tension of the lubricant oil, ywo is the
surface tension between oil and water, and ywg is the surface
tension of water. When the same substrate is placed under

Mobius strip

Slip

v

Bubble

Fig. 4 The bubble transport on the shaped LSS tracks in both two-dimensional and three-dimensional spaces. (a) A digital photo of L-shaped and
Y-shaped LSS tracks. (b) When the L-shaped LSS is placed in water, the slippery area shines due to the existence of lubricant oil. (c) (d) Continuous
bubble transport on the L-shaped and Y-shaped LSS tracks. (e) Sketch of bubble transport on the Mobius strip-shaped LSS. (f) The detailed bubble
transport process on the Mobius strip-shaped LSS in a three-dimensional space.

1374 | Nanoscale, 2019, 11, 1370-1378

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8nr09348b

Published on 21 December 2018. Downloaded by University of Science and Technology of China on 4/15/2019 5:37:51 AM.

Nanoscale

water (Fig. 2d), the gas contact angle on the original surface
can be expressed as follows:

Cos ' = (ywo — 706)/rwa (2)

It can be calculated from eqn (1) and (2) that 0w and €'
meet the following relationship:

0'g = 180° — Oy (3)

It is worth noting that the slippery surface with lubricated
oils modified the original contact among solid, liquid and air.
The interaction between the liquid and the lubricant plays a
dominant role in determining the attachment and the move-
ment of the droplet in air or the bubble in liquid.*® According
to eqn (3), the hydrophobic substrate will be aerophilic in an
aqueous medium on the LSS, while the hydrophilic substrate
will be aerophobic.

In order to show the continuous process of bubble trans-
port on the LSS driven by buoyancy, two kinds of LSS tracks,
namely, L-shaped and Y-shaped tracks, were designed and fab-
ricated by laser ablation (Fig. 4a). When the as-prepared
sample was placed in water, the slippery area shined as it was
coated with lubricant oil (Fig. 4b). In the liquid environment,
the bubble moved upward along the smooth L-shaped path
successfully by lifting up the top left corner of the sample
(Fig. 4c and Movie S17). Bubble 1 stopped at the end of the

Gas catcher
LSS area
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track due to the strong adhesion between the bubble and the
lubricant. Then, bubble 2 slipped along the track and merged
with bubble 1 at the end of the track. Finally, the merged
bubble deviated from the track, as the buoyancy was higher
than the adhesive force. Additionally, the merging of the two
bubbles on a Y-shaped track was explored for the potential
application in a gas-mixing microfluidic device (Fig. 4d and
Movie S27). The bubbles were respectively added on the two
sides of the Y-shaped track, and they merged at the end of the
track due to buoyancy. With the continuous merging of
bubbles, the merged bubble finally escapes from the track.
Finally, a Mobius striped LSS was fabricated to display the self-
transport of bubbles in a three-dimensional space (Fig. 4e-f).
Fig. 4e shows a sketch of the bubbles slipping on the Mobius
strip. Two bubbles were released at the bottom of the strip,
and they respectively slid upward from both the sides of the
strip. Finally, they gathered at the same side of the strip and
merged into a large bubble. The detailed process is displayed
in Fig. 4f and Movie S3.7 In short, these functional LSS tracks
with specific paths show possibilities for potential
applications.

Underwater bubble capture and gas collection has been
highly desirable in recent studies. Although this has been
researched using different kinds of materials with superwett-
ability, it remains a challenge to achieve high efficiency bubble
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capture on a large-area LSS. Additionally, the multiscale-struc-
tured surfaces with superwettability are usually unstable due
to influences of the external environment, such as high temp-
erature and pressure, which seriously affect the efficiency of
capturing bubbles. Therefore, the large-area LSS was investi-
gated for rapid bubble capture (Fig. 5). The three-dimensional
model of an underwater gas catcher is shown in Fig. 5a, and it
can be seen that the detector-like gas catcher is composed of
two funnellike components coated with large-area LSS
outside. The detailed process of bubble capture and transpor-
tation is divided into three steps (Fig. 5b). The smaller bubbles
from the air source first adhere to the lower side of the catcher
(Fig. 5b,) and then slip rapidly along the LSS area due to buoy-
ancy (Fig. 5bs). During the process of the bubbles slipping
upward on the gas catcher, the velocities of the bubbles with
different volumes vary due to the differences in buoyancy.
When the bubbles with different velocities meet at some posi-
tion on the LSS, they merge into a single larger bubble formed
by the interaction between the two air bubbles. With the con-
tinuous release of bubbles from the air outlet (Fig. 5b,), many
smaller bubbles merge with each other (Fig. 5bs). Finally, a
large number of merged bubbles escape from the gas catcher
and are recollected by another gas catcher. It is worth noting
that the funnel-like gas catcher can increase the contact area
between the bubble and the surface, which improves the
capture efficiency. Fig. 5c schematically depicts the relation-
ship between the air output and the capture efficiency. The
decrease in the capture efficiency at higher air outputs is
mainly caused by an increase in the escaping bubbles. With
the increase in air output, some bubbles may escape from
other places and would not adhere to the gas catcher due to
the restriction of the LSS area, which decreases the capture
efficiency. The gas catcher maintains a capture efficiency (more
than 90%) with an increase in the air output from 0.2 L min™"
to 3.4 L min~', which shows its high stability. Additionally, the
gas catcher is suitable for different kinds of liquid environ-
ments, such as acidic and alkaline conditions (Fig. 5d). The
capture efficiency remains as high as ~98% under an air output
of ~1.5 L min~". After placing the gas catcher in air for several
days, it maintains a high capture efficiency of more than 95%,
which shows its great fatigue stability (Fig. S3t). In short, the
proposed funnel-like model with a large-area LSS shows highly
efficient bubble capture and may open a new avenue for under-
water flammable gas collection system.

3 Conclusion

In summary, inspired by the unique lubricant features of
Pitcher plants, we fabricated a multiscale grooved surface by
direct femtosecond laser scanning, and the lubricated slippery
surface was obtained by super-hydrophobic and lubrication
treatments. The LSS shows an excellent ability for manipulat-
ing underwater bubbles with assistance of buoyancy and is
suitable in a variety of liquid environments, such as acidic and
alkaline. The type of lubricant strongly affects the BCA, BSA
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and the bubble sliding velocity, mainly due to the variation in
the surface tensions of the lubricants. The solid-liquid inter-
action is impacted by the lubricant-liquid interaction on the
LSS, which affects the bubble movement. Additionally, we
designed different shapes of tracks on the LSS and showed the
efficient control on the movement of the bubbles in both two-
dimensional and three-dimensional spaces, which largely
increases their potential applications. Finally, we manufac-
tured a detector-like gas catcher covered by a large area LSS for
underwater bubble capture, which demonstrates high capture
efficiency (more than 95%) after placing in air for several days.
The gas catcher could serve as a part of gas collection system
with broad potential applications.

4 Experimental details
Materials

6061 alloy sheets (0.2 mm thick) and aluminium foil (20 pm
thick) were purchased from New Metal Material Tech. Co., Ltd,
Beijing, China. A kind of silane hydrophobic agent (Glaco) was
used for the super-hydrophobic treatment, which is an alcohol
based dispersion with silica nanoparticles (~40 nm). Three
lubricants, including fluorinert (FC-3283), silicone oil and
DuPont oil (Krytox 101), were used for the preparation of LSS.
The distilled water and NPT (normal pressure and tempera-
ture) air were used for contact angle measurements.

Femtosecond laser fabrication

The grooved structure on the sample was achieved by line-by-
line laser ablation. The laser beam (104 fs, 1 kHz, 800 nm)
from a regenerative amplified Ti: sapphire femtosecond laser
system (Legend Elite-1K-HE, Coherent, USA) was employed for
ablation. The laser power, scanning spacing and speed were
set at 300 mW, 100 pm and 1 mm s ', respectively.
Additionally, the differently shaped LSS tracks were achieved
by joining the fabricated area.

Characterization

The micro/nanostructure ablated by laser was characterized
using a field-emission scanning electron microscope
(JSM-6700F, Japan). The contact angle of the water and bubbles
were measured under 10% humidity and 20 °C temperature.

Self-transport of bubbles on the LSS

The as-prepared samples were placed under liquid in a rectangu-
lar transparent box. We used an injector to add bubbles onto the
LSS. By controlling the inclined angle of the samples, the
bubbles slid along the designed shaped tracks due to buoyancy.
The detailed movements were recorded by a digital camera.
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