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A B S T R A C T   

Bubbles are an important medium to increase the efficiency of gas/liquid mass transfer. Smaller and more ho
mogeneous bubbles can improve environmental treatment efficiency, microfluidic stability, and medical imaging 
capabilities. At present, it is still difficult to produce uniform micro bubbles and stably apply them into complex 
environment. Herein, a strategy of aerating micro bubbles by designing four different structures via laser ablation 
is proposed. The underwater superaerophobic polyimide (SPI) with micro volcano-like channels has been veri
fied to produce bubbles with a volume of nanoliter. It is attributed to the combination of the micro-nano rough 
structures covering the surface and the micro-volcanic structure limiting the expansion of bubbles. The SPI with 
micro volcano-like structure, as a porous aeration film, can make various gases pass, which can be applied to 
water purification and gas detection. It is also found that the designed SPI with micro volcano-like structure can 
resist the damage of complex application environments, such as extreme water environments and ultraviolet 
radiation. As indicated in all the results, the SPI is applicable and flexible. The femtosecond laser can realize high 
precision and good controllability of the superaerophobic surface, which is difficult for other traditional methods 
to fabricate micropores. This distinctive membrane provides a new inspiration to design advanced materials for 
applications in gas transport and collection, wastewater treatment, and chemical reactions. It is also helpful to 
promote the basic research and applications of micro and nano bubbles generation.   

1. Introduction 

Bubbles have attractive prospects in water environment remediation 
[1,2], biomedicine [3–5], and catalysis [6,7]. Besides, bubbles also play 
a crucial role in micro/nanofabrication [8,9], nanostructuring [10] and 
nanopatterning [11]. The reduction in bubble size is conducive to 
increasing the gas/liquid contact area, and thus promoting the reaction 
efficiency of gas/liquid [12,13]. Many scientists have paid attention to 
adjust the size of the bubbles for aeration using membranes with un
controllable porous structure [14–16]. As a result, the sizes of bubbles 
are irregular. Thus, it is of great significance to prepare a material that 
could produce bubbles with uniform size and have stable performance in 
complex environments. Apart from that, a new strategy should be 
invented to control the size of micro bubbles from the microscopic and 
theoretical perspective. 

Abundant surfaces in nature, such as fish scales and lower surfaces of 

lotus with micro/nanoscale hierarchical structure, perfectly manifest 
the repellency of air bubbles [17–19]. Dorrer introduced the concept of 
“superaerophobicity” for the first time and defined it as the surface on 
which bubbles formed a large gas contact angle and could move freely 
[20]. Owing to the excellent property of gas-repelling, underwater 
superaerophobic surfaces were also successfully prepared for bubble 
capture and manipulation [21–23], selective passage of bubbles 
[24–26], and gas/water separation [27,28]. By controlling the existence 
of the trapped air layer, Huo et al. designed a reversible switching un
derwater superaerophilic and superaerophobic PTFE surface [29]. 
Furthermore, Yang et al. fabricated a superaerophobic copper surface 
with micro/nano structures, on which the bubble could slide freely [30]. 
In addition, this property can also prevent bubbles from adhering to the 
surface and reduce the volume of the bubble [30–32]. Yang et al. re
ported a superaerophobic-hydrophobic membrane modified by poly
dopamine/polyethyleneimine to decrease the bubble size (0.5 mm) and 
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enhance the rate of gas/liquid mass transfer [14]. However, the pores of 
the materials used are randomly distributed. In addition, the location 
and size of the bubbles cannot be effectively controlled. The femto
second laser possesses some advantages of ultra-short pulse width and 
high peak intensity, inducing a minimal heat-affected zone formation 
[31,33]. Besides, the femtosecond laser is able to process versatile ma
terials [34–36]. Thus, the femtosecond laser is often used to change the 
surface structure and wettability of the material [25,37–43]. 

Herein, the femtosecond laser fabrication technique was used to 
propose a superaerophobic surface that could produce uniform micro 
bubbles. The micro-holes were firstly formed on the polyimide (PI) 
surface by laser drilling. Inspired by the structure of volcanos, the micro 
volcano-like structure was fabricated by taking the micro-hole as the 
center. Then, based on laser scanning, the underwater superaerophobic 
PI (SPI) was formed by treating only one side. By comparing four 
different structures, including smooth hole, rough hole, smooth volcano- 
like structure and rough volcano-like structure, it was found that the 
surface with rough volcano-like structure can produce the smallest 
bubbles due to the underwater superaerophobic characteristic and 
protuberant micro volcano structure. Beyond that, the resultant SPI with 
micro volcano-like structure showed low adhesion to bubbles, which 
eventually formed nanoliter bubbles. With the continuous injection of 
gas, the formed bubbles can break away from the surface in time and 
avoid sticking and expanding. Additionally, the SPI can allow various 
kinds of gases to pass through even oxidizing gases. At the same time, 
the potential applications in water purification and gas detection were 
demonstrated. Moreover, the SPI with micro volcano-like structure 
presented good stability after immersing in acidic/alkaline or salt so
lutions, UV irradiation, slurry impact, and hydraulic pressure test, which 
demonstrates its great capability in the gas passage and water treatment 

fields. 

2. Experimental 

2.1. Materials 

The PI used in our experiment has a thickness of 100 μm (Zhongshan 
Chenxi Technology Co., Ltd). The methyl orange (MO, Damao Chemical 
Reagent Factory) was used as a characteristic reagent in the ozone 
oxidation test. The litmus (Aladdin Co., Ltd) and the bromothymol blue 
(BTB, 500 mg/L, Aladdin Co., Ltd) were used in carbon dioxide aeration 
experiments. 

2.2. Fabrication of PI with different structures 

2.2.1. Fabrication of micro-holes 
A femtosecond laser beam (FemtoYSL-20, YSL-photonics, with a 

pulse duration of 270 fs, central wavelength of 1030 nm) was used. The 
output femtosecond pulses were 1 kHz. To form the through-micro-holes 
array, the single-point drilling process was performed to ablate the PI 
film with the laser power at 26 mW. When the hole was completed, the 
translation platform moved with a certain distance to the next position 
to continue drilling. 

2.2.2. Fabrication of micro volcano-like structure 
Due to the characteristic of the Gaussian beam and the advantages of 

femtosecond laser ablation [44], the cone-shaped hole will be formed on 
the PI surface. And the back surface far from the objective lens has a 
small diameter. Thus, the PI film with micro-hole array was turned. 
Then with the hole as the center, the volcano-like structure was 

Fig. 1. Preparation process and the principle of different polyimides (PI). (a) Schematic of SPI with micro volcano-like structure. (b) Aeration process using PI with 
micro-hole structure. (c) Aeration process using SPI with micro volcano-like structure. 
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constructed by laser ablation with preprogrammed circular route at the 
laser power of 8 mW, the scanning speed of 4 mm s− 1, and scanning lines 
interval of 4 µm. 

2.2.3. Fabrication of rough surfaces 
Finally, the power of the beam was reset to 20 mW. The line-by-line 

scanning pattern was applied on the surface at a speed of 8 mm s− 1 and 
the scanning spacing was 8 µm. The laser pulses used in 2.2.2 and 2.2.3 
is from a Ti: sapphire laser system (pulse duration = 50 fs, center 
wavelength = 800 nm, repetition rate = 1 kHz). The laser beam was 
focused on the PI film by the objective lens (10X, NA = 0.3, Nikon). 

2.3. Characterization 

The water contact angle (WCA, ~7 μL), the underwater bubble 
contact angle (BCA, ~3 μL), and the bubble sliding angle (BSA, ~3 μL) 
were measured by contact angles measuring system (JC2000D, Power
each, China). Some ultrafast dynamic processes such as bubbling are 
captured by a high-speed camera (CAMMC1362, Mikrotron, Germany). 
The microstructures were observed using a scanning electron micro
scope (FlexSEM1000, Hitachi, Japan). And the three-dimensional (3D) 
morphology of the micro volcano-like structure was characterized 
through a laser confocal microscope (LEXT-OLS4000, Olympus, Japan). 

3. Results and discussion 

3.1. Surface wettability and adhesion 

The fabrication process of SPI with micro-volcano array is shown in 
Fig. 1a. First, the flat and smooth PI film is ablated by the femtosecond 
laser to produce micro-holes. Since the diameter of the micro-holes 
formed on the back side of PI is smaller, the PI film is turned for the 
following processing. Sequentially, the volcano-like structure is formed 
by ablating the surrounding area with the micro-hole as the center. 
Finally, the surface is ablated by “line-by-line” scanning, finishing the 
superaerophobic PI (SPI). During aeration, the SPI with micro volcano- 

like structures and rough surfaces are more conducive to the formation 
of small bubbles than hole structures (Fig. 1b and 1c). 

The contact pattern between bubbles and the membranes is affected 
by the wettability of the membranes [45,46]. After laser ablation, the 
treated PI shows superaerophobicity with WCA of 7.89 ± 1.38◦ and BCA 
of 155.5 ± 0.5◦ (Fig. 2a). The air bubble has low adhesion on the surface 
and can roll away easily (BSA = 4.37 ± 0.55◦). Different from the 
superaerophobic surface, the untreated PI maintains high bubble 
adhesion even vertically placed. And the WCA and BCA are measured to 
be 72.36 ± 1.32◦ and 121.08 ± 3.51◦, respectively (Fig. 2b). The surface 
of the untreated PI is very smooth without any rough structure (Fig. S1a 
and b). And the contact area between gas and surface is large (Fig. S2a). 
While, the rough micro volcano-like structure and the rough hole have a 
large number of micro and nano rough structures after ablation by laser 
processing (Fig. 2c, S1c and S1d). And both the rough micro volcano-like 
structure and the rough hole show superaerophobicity and good bubble 
rolling properties. Besides, the diameter of the hole formed by the laser 
ablation is about 15–18 μm, which is the channel for the small bubbles. 
Due to the action of capillary force, water molecules will enter the 
micro-nano structure on the surface and form a water film layer when 
the laser-ablated PI is immersed in water [20,47]. As a result, the laser- 
ablated PI surface possesses an underwater gas-repellent property, as 
shown in Fig. S2b. When the original or treated surface is placed at an 
angle (Fig. S2c), the lateral adhesion force (Fa) can be expressed as 
follows [48]: 

Fa = kωγLV(cosθmin − cosθmax) (1)  

where θmin is the contact angle on the downhill sides, θmax is the contact 
angle on the uphill sides, k is the retentive force factor, and γLV is the 
surface tension of the liquid, and ω is the contact width. From Equation 
(1), we obtain the speculation that reducing the wettability of the sur
face would result in diminished contact width and retentive force factor, 
which finally reduces the adhesive force [49–51]. Thus, bubbles in the 
rough SPI are more likely to break away from the surface. Under dy
namic conditions, the bubble is easily adhered to the membrane surface 

Fig. 2. Wettability and surface morphology of SPI and pristine PI. (a, b) The contact angle of SPI and pristine PI surface, respectively. (c) SEM of rough micro 
volcano-like structure and rough hole. (d, e) Dynamic adhesion behavior of bubbles on pristine PI and SPI, respectively. 
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when a 3 µL bubble slowly approaches the untreated PI membrane 
(Fig. 2d and Video S1). Furthermore, the bubble cannot be dragged 
down even with the assistance of microsyringe, indicating that the 
adhesion between the bubble and the untreated PI was large (Video S2). 
On the contrary, the bubbles can move freely as the microsyringe moves 
up and down and would not cling to the rough PI surface (Fig. 2e and 
Video S3). This low adhesion avoids the bubbles to adhere to the surface 
for a long time, which is conducive to the formation of micro bubbles. 

3.2. Bubbling and applications in aeration 

From the above discussion, it can be seen that the rough surface is 
beneficial to reduce the adhesion of bubbles, which makes the bubbles 
detach more quickly. While, the bubbles may expand on the surface with 
microporous structure during aeration [52]. How to further reduce the 
adhesion of bubbles to the surface? To solve this problem, we design a 
micro volcano-like structure based on micro holes. The protruding micro 
volcano-like structure can limit the range of bubble expansion. In 
addition, it is beneficial to close the liquid ring near the nozzle in time 
[53]. 

As shown in Fig. 3a, the prepared samples were fixed at the end of the 

bendable tube and placed 0.5–1 cm from the water surface. The bend
ability of the tube can facilitate the subsequent measurement at different 
placement angles. The other end of the tube was connected to the sy
ringe (20 mL) and sealed with glue. The syringe was placed on the 
microinjector pump and the aeration process was controlled by the 
pump. The bubble sizes were collected and analyzed at a gas injection 
rate of 1 mL min− 1 to reduce the influence of velocity of airflow 
(Fig. S3). The aeration process was captured and recorded by a camera 
connected to a computer. The sizes of the bubbles produced by four 
structures, smooth micro hole, rough micro hole, smooth micro volcano- 
like structure, and rough micro volcano-like structure, are compared. As 
shown in the Fig. S4, the bubble keeps growing in the process of aeration 
and adheres to the smooth holes surface for a long time, when it is placed 
horizontally (0◦). And the detached bubbles are irregularly round. Thus, 
the diameter of it is not counted. By measuring the diameter of the 
released regular bubbles, it can be seen that under the same experi
mental conditions, the bubbles generated by the rough hole (Fig. 3d) are 
smaller than the smooth hole (Fig. 3c), which also verifies that the rough 
surface is conducive to the generation of micro bubbles. In terms of the 
structure, the overall diameter of the bubbles produced by the micro 
volcano-like structures (Fig. 3e and 3f) is smaller and more uniform than 

Fig. 3. Schematic diagram of the bubbling process and the size of bubbles produced at different angles on different surfaces. (a) Schematic diagram of the aeration 
device. (b) Schematic diagram of bubbling process for different surfaces. (c-f) The sizes of bubbles produced on the smooth hole (c), rough hole (d), smooth micro 
volcano-like structure (e), and rough micro volcano-like structure (f) surfaces under different angles. 
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that of holes. Furthermore, the bubbles produced by the rough micro 
volcano-like structure are the smallest. To understand the force between 
the bubbles and the surface, the state is assumed to be a quasi-static 
manner [14]. The behavior of bubble mainly depends on surface adhe
sion force Fs (an axial component of surface tension) and buoyancy force 
Fb(Fig. 3b). The radial component of surface tension and bubble gravity 
can be ignored. With the injection of gas, the radius r of the bubble 
continues to become larger. Assuming that the bubble is spherical, the 
buoyancy force Fb obeys the positive correlation to ther3. Besides, the Fs 
is also related with growth of the bubbles, which can be described by the 
following Equation [54]: 

Fs = 2πγLV rcsinθ (2)  

where θ is the bubble contact angle, rc is the equal to rsinθ and stands for 
the contact radius of the bubble with the surface and γLV is the surface 
tension of the liquid. Generally, the contact radius in aerophilic surface 
tends to expand. Thus, both Fb and Fs increase with an increasing of the 
bubble size. According to the above discussion, Fb increases faster 
thanFs. The bubbles can break away from the surface when Fb is greater 
than Fs [14]. This is more likely to result in a larger volume of bubbles. 
While, in the SPI surface, its contact radius is shorter than that on the 
smooth surface. Besides, with the increase of bubble contact angle, the 
contact radius changes little and the Fs becomes smaller. At the same 
time, the Fb increases with bubble size. Thus, bubbles can leave the 
surface as soon as possible with small size. 

The sample is subjected to different forces at different tilt angles, 
which affects the size of the generated bubbles. Four types of PI films are 
also placed at different angles (45◦, 90◦, 135◦) for aeration. As illus
trated in Fig. 3c-3f, the bubble size is the smallest when PI is placed 
vertically (90◦). The diameter of bubbles is approximately 797.9 ± 15.5 
μm and the volume is 264.1 nL, as for the surface with rough micro 
volcano-like structure (Fig. 3f and Fig. S5). And the volume of bubbles is 
relatively uniform. From the 3D morphology, the volcano structure is 
higher than the surrounding surface, which reduces the contact area of 
bubbles and prevents the expansion of bubbles (Fig. S6). It can be seen 
that both surface wettability and aeration structure have an effect on the 

size of the bubbles. 
To characterize the aeration process vividly, O3 or CO2 gas is injected 

to pass through an aeration device equipped with PI with an array of 
volcano-like structures into different solutions (MO, BTB, and litmus) for 
degradation and acid-base indication, as shown in Fig. 4a. The interval 
between two volcano-like structure is 1200 μm. Since ozone is often used 
in wastewater treatment [55–57], we tested the aeration process of 
ozone gas (Fig. 4b and Video S4). Firstly, 100 mg/L MO solution is 
prepared. Then, the solutions with an equal gradient concentration (2 
mg/L) are prepared. The maximum absorption wavelength is deter
mined to be 462 nm by scanning test using a microplate reader and the 
standard working curve is plotted. The correlation coefficient R2 is 
0.99965, which means that the curve fits well (Fig. 4c). The absorbance 
of the solution under different aeration times is measured, and the 
concentration is calculated according to the standard curve. And then 
the decolorization rate and removal rate are calculated according to 
Equation (3) and (4). 

Decolorization rate =
A0 − At

A0
*100% (3)  

Removal rate =
C0 − Ct

C0
*100% (4)  

where A0 and C0 in the Equations are the absorbance and concentration 
of MO before treatment, and At and Ct are the absorbance and concen
tration of MO after aeration. From Fig. 4d, the concentration of MO is 
reduced from 100 mg/L to 0.8 mg/L after 12 min of aeration. It shows 
that the SPI has good permeability to oxidizing gas. The results of this 
experiment show that the SPI has a promising application in wastewater 
purification. Besides, this material can achieve the detection and iden
tification of specific gases by color change experiments. With the 
continuous supply of CO2, a large number of fine bubbles emerge, 
generating the carbonic acid and reducing the pH of the solution. The 
color of the BTB solution changes from blue to yellow in 6 s (Fig. 4e and 
Video S5). For the litmus solvent, the solution changes from purple to 
red quickly after the supply of CO2 (Fig. 4f and Video S6). The above 

Fig. 4. Aeration experiment for water purification and gas detection. (a) Diagram of aeration device and process. (b) Ozone degradation experiment of MO. (c) 
Standard curve of MO used in the experiment. (d) Decolorization and degradation rate of MO. (e) Discoloration experiment of BTB. (f) Discoloration experiment 
of litmus. 
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results show that this membrane is suitable for a wide range of gases for 
water purification and gas detection field. 

3.3. Stability of SPI in potential application environments 

In real-world applications, aeration may occur in various water en
vironments as well as atmospheric environments. Herein, different en
vironments are simulated to evaluate the stability of the prepared 
materials. As depicted in Fig. 5a and 5b, the SPI retains good super
aerophobicity after being immersed in acidic/alkaline solutions (0.1 M 
H2SO4 or 0.1 M NaOH) solutions for 7 days, demonstrating its good long- 
term stability. In addition, the BCA can maintain above 150◦ even after 
7 days of immersion in 3.5 wt% salt solution, or under 30 m water 
pressure environment (Fig. 5c and 5d). In addition, the sand smaller 
than 40 mesh is sifted out by a metal mesh and configured into 2 % 
mixture of sand and water. The mixture is stirred at 500 rpm. The SPI is 
suspended in the center of the water stream and is continuously 
impacted. From the result, the SPI could still exhibit excellent air 
repellency after being scoured for 24 h (Fig. 5e). Besides, the UV irra
diation experiment is performed by putting the SPI at a distance of 10 cm 
under the UV lamp (360–365 nm) at a power of 60 W for irradiation. The 
SPI is exposed for 24 h and can still keep its superaerophobicity (Fig. 5f). 
These tests in extreme conditions demonstrate the suitability and flexi
bility of SPI surfaces for practical applications. 

4. Conclusions 

In summary, a strategy to design the superaerophobic surface was 
developed based on the femtosecond laser treatment. Four materials 
with different surface structures were tested. The SPI with micro 
volcano-like structure has a WCA of 7.89 ± 1.38◦, BCA of 155.5 ± 0.5◦, 
and BSA of 4.37 ± 0.55◦. Under certain pressure, bubbles will not stick 
to the surface and are prone to roll easily, showing excellent low- 
adhesive superaerophobicity. The designed surface can be used as a 
microporous membrane for aeration, which can lead to uniform micro 
bubbles. Such a membrane material can also allow the passage of 
various gases, even those with strong oxidizing properties, which can be 
used in water treatment and the gas inspection. The SPI shows excellent 

resistance to complex application conditions, including UV irradiation, 
slurry impact, hydraulic test, and corrosive solutions. This designed 
surface is expected to have great significance for various applications in 
gas transport and collection, wastewater treatment, and chemical 
reactions. 
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Fig. 5. The stability of SPI in different environments. (a) In 0.1 M H2SO4 solution. (b) In 0.1 M NaOH solution. (c) In 3.5 wt% NaCl solution. (d) Immersed under 30 
m water pressure. (e) Slurry impact. (f) UV irradiation. 
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