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Inspired by natural creatures, bubble manipulation by surface microstructures in aqueous media

has attracted great attention due to its promising applications in industrial production. Herein, a

superhydrophobic/hydrophilic Janus aluminum membrane with tapered micropore arrays was

fabricated by femtosecond laser drilling, surface fluorination, and subsequent fluorination removal.

Compared with the single interception or penetration of double-faced hydrophilic or superhydro-

phobic membranes, the Janus membrane showed a distinctive unidirectional air bubble transport

ability. In experiment, the air bubbles introduced on the lower hydrophilic surface could spontane-

ously move to the upper superhydrophobic surface, but they were prevented in the inverse direc-

tion. The dynamic process of unidirectional transport was in-situ monitored, and the physical

mechanism was systemically investigated. In addition, the concepts of air-participating chemical/

physical processes were demonstrated such as discoloration of purple litmus solution by CO2 injec-

tion, which proved the Janus membrane practicability. Published by AIP Publishing.
https://doi.org/10.1063/1.5052566

In recent years, bubble manipulation by special wettabil-

ity has attracted great attention due to its promising applica-

tions in the aeration process, water treatment, etc.1,2 Air

bubbles in the aqueous environment could bring about seri-

ous corrosion and blockage, and the high impact pressure

produced by cavitation bubbles can destroy the surface of

solid materials.3–5 It is of great significance to achieve con-

trollable bubble manipulation in the aqueous environment.

In the structures of spider silk6 and cactus spine,7 water

droplets are effectively captured and directionally trans-

ported. One of the main factors is that they contain tapered

microstructures, which lead to the self-driving Laplace pres-

sure.8 Another factor is that the gradient of the surface free

energy arising from the gradient chemical modification guar-

antees quick transport of the drops.9 Similarly, the Laplace

pressure and the gradient of the surface free energy were

expected to control the behavior of the air bubble in the

aqueous environment.10–12 Xue et al. reported the cone struc-

ture with the surface free energy gradient fabricated by gra-

dient electrochemical corrosion and achieved spontaneous

and directional underwater bubble transport.11

It is well-known that a type of Janus membrane with

asymmetrical wettability can transport water direction-

ally.13–17 On one side, its wetting is superhydrophobic while

the wetting on the other side is superhydrophilic. The droplet

can easily pass through it from the superhydrophobic side to

the superhydrophilic side; however, opposite directional

water transport is blocked. This is attributed to the genera-

tion of a wettability gradient from one side to the other. On

the basis of this design strategy, researchers have prepared

Janus membranes with unidirectional droplet transport prop-

erties for controllable water behavior.13–15,18,19 Similarly,

the Janus membrane is capable of continuously and unidirec-

tionally transporting air bubbles underwater. Chen et al. fab-

ricated a superhydrophobic/hydrophilic Janus mesh via a

facile single-face coating process with the assistance of liq-

uid surface tension and UV degradation for an underwater

air “diode.”20 However, this method is based on the commer-

cial stainless steel mesh with additional nanoparticle coating

and UV irradiation; thus, it is uncontrollable for the size and

shape of the pores and not suitable for various materials.

Femtosecond laser drilling is a powerful method which

can be widely employed to fabricate micropore arrays cov-

ered with micro/nanostructures due to its high precision,

excellent controllability, and wide compatiblity with various

materials.21 Herein, a strategy that imitates nature is pro-

posed for air bubble unidirectional transport underwater

through the employment of the superhydrophobic/hydro-

philic Janus aluminum membrane. This Janus membrane

was fabricated by femtosecond laser drilling, surface fluori-

nation, and subsequent fluorination removal. The air bubble
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showed different movements on different sides of the Janus

membrane. In addition, due to the gradient of the surface

energy, a self-driving force was produced from the hydro-

philic surface to the superhydrophobic surface. The concepts

of air-participating chemical/physical processes were dem-

onstrated such as discoloration of purple litmus solution by

CO2 injection. This study provides deep insights into the

asymmetric membrane with unique ability, which will be

beneficial for their practical applications.

Figure 1(a) shows the typical fabrication process of the

Janus membrane, which can be divided into three steps.

First, high-uniformity micropore arrays were fabricated by

femtosecond laser micro-drilling.21–25 Then, the double-

faced superhydrophilic aluminum foil was modified by low

surface energy fluorosilane, and the sample turned into

double-faced superhydrophobicity. Subsequently, Janus alu-

minum foil was obtained by laser scanning to remove a part

of the PFDTES-modified material on the bottom surface.

The as-prepared aluminum foil exhibited a significant mor-

phologic difference between its two sides. The mastoids

around the pore would produce microscaled roughness on

the bottom surface [Fig. 1(b)], whereas the top surface is rel-

atively more smooth [Fig. 1(c)]. The bottom surface of the

Janus membrane is hydrophilic with a water contact angle

(WCA) of �23� [Fig. 1(d)] and aerophobic underwater with

a bubble contact angle (BCA) of �118� [Fig. 1(e)] due to the

removal of the PFDTES-modified material. On the contrary,

laser scanning would not damage the top surface, and the

modified material was facilitated with superhydrophobicity.

As shown in Fig. 1(f), the WCA on the top surface is as high

as 155�, and it demonstrates lower adhesive force to water

with a sliding angle (SA) of �5�. Underwater, the superhy-

drophobic surface is superaerophilic, where the air bubble

will rapidly spread and develop into a thin air film, and the

BCA was �0� [Fig. 1(g)]. As a comparison, we also com-

pared the water contact angles in air and bubble contact

angles underwater on each surface of the double-faced

hydrophilic and double-faced hydrophobic membranes. The

data were summarized as shown in Fig. 1(h).

The micropore morphology of the Janus membrane was

investigated. From the scanning electron microscopy pic-

tures in Figs. 2(a) and 2(b), it is seen that the bottom diame-

ter (�54.6 lm) is larger than the top diameter (�41.9 lm).

The tapered morphology of the micropores is caused by the

lens focusing characteristics of an elliptical ball-shaped

focused laser spot and Gaussian power distribution [Fig.

2(c)]. It can be seen that the cauliflower-like big protrusions

are randomly distributed on the lower area, and the protuber-

ance on the upper area is relatively small as shown in the

insets. The surface chemical compositions were further

investigated by using EDS [Figs. 2(d) and 2(e)]. The result

showed nearly no signal of and mass of fluorine on the bot-

tom and top surfaces, indicating that laser scanning has

almost damaged the PFDTES-modified material at the bot-

tom surface. The remarkable difference in the chemical com-

position and surface roughness contributes to the wettability

diversity of the Janus membrane. The phenomenon that the

air bubble would transport toward the inner-tapered pore and

transfer to the opposite surface can be explained by the wet-

tability difference.

In general, the original wetting nature of the material

surface could be amplified by the roughness, according to

Wenzel’s law

cos hbubble ¼ r cos h0bubble; (1)

where r represents the roughness, and h0bubble and hbubble are

the bubble contact angles of underwater setting on flat and

rough substrates, respectively. For the bottom surface of the

Janus membrane, it is more hydrophilic and aerophobic

underwater, whereas the top is more hydrophobic and aero-

philic underwater. Both the bottom and top surfaces are at

the Wenzel state for air bubble underwater (Fig. S1, supple-

mentary material). By comparison, the wettability inside the

tapered micropore is quite complex. There is a gradient of

the residual PFDTES-modified material caused by the differ-

ence of laser energy along the optical axis direction. It is

shown in Fig. S2 (supplementary material) that the content

of fluorine gradually decreases from the upper area to the

lower area of the inner tapered pore. In addition, the micro-

structure in the inner pore is able to amplify the wetting abil-

ity. The air bubble on tapered pores is subjected to a driving

force Fwet-force that arises from the wettability gradient. The

force analysis can be described as follows:6,7,10,22,26,27

Fwet�force ¼ cos
a
2

ðhtop

hbottom

�2pRc sin hdh; (2)

where a, c, R, hbottom, and htop are the tip angle of the tapered

micropore, water surface tension, the local radius of the

FIG. 1. Fabrication of the Janus membrane with tapered micropore arrays.

(a) Schematic illustration of the preparation process of the Janus membrane

fabricated by femtosecond laser micro-drilling, surface modification with

fluorosilane, and laser scanning on the bottom surface. (b) and (c) SEM

image of the fabricated bottom and top surfaces with micropore arrays and

the inset is its magnified SEM image which shows that the fabricated surface

is facilitated with the micro/nanostructures. (d) and (e) The WCA and the

BCA on the fabricated bottom surface of the Janus membrane, which dem-

onstrate that it is hydrophilic with a water contact angle (WCA) of �23� and

aerophobic underwater with a bubble contact angle (BCA) of �118�. (f) and

(g) The WCA and the BCA on the fabricated top surface of the Janus mem-

brane, which demonstrate that it is superhydrophobic in air and superaero-

philic in underwater. (h) The water contact angles in air and bubble contact

angles underwater on each surface of the double-faced hydrophilic, double-

faced hydrophobic, and Janus membranes.
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tapered micropore, and the bubble contact angles on the bot-

tom and top of tapered micropores, respectively. The values

of c, hbottom, and htop are estimated to be 7.2� 10�2 N/m,

118�, and 0�. R is from 27.3 to 21 lm. Hence, the wetting

driving force (Fwet-force) is roughly estimated to be

�1.5759� 10�5 N when the tapered micropore is filled with

air bubbles.

The air bubble transport experiment was conducted to

analyze the air bubble unidirectional transport ability of the

Janus membrane, which was also compared with double-

faced hydrophilic and superhydrophobic ones. The air bub-

bles were continuously introduced under the membrane via

an air syringe in an aqueous environment. The air bubble

movement on the double-faced hydrophilic membrane is

illustrated in Fig. 3(a) and Movie S1, supplementary mate-

rial. When the hydrophilic membrane was dipped into water,

water can easily wet the micropores and both surfaces.

Therefore, as the air bubbles were released underneath and

contacted the membrane, all of them remained a spherical

shape and could not pass through the membrane. The reason

was that the water film between micropores blocked the

channels. For the double-faced superhydrophobic membrane

[Fig. 3(b) and Movie S2, supplementary material], a trapped

air layer can be formed at both the microstructure and the

tapered pore after the membrane was immersed into water.

From the side view, it could be observed that the air bubbles

were immediately absorbed once they contacted with the

lower surface of the membrane. Subsequently, the absorbed

air bubbles will penetrate toward the upper surface under the

effect of buoyancy. Then, they raised above the upper sur-

face and formed a convex air bulge. When more and more

air bubbles were introduced continuously, the air bulge

became bigger and bigger until the buoyancy was enough to

pull bubble out of the upper surface.

Comparatively, the air bubble demonstrated a unique

behavior on the Janus membrane in an aqueous environment.

When the superhydrophobic surface was placed upwards [Fig.

3(c) and Movie S3, supplementary material], it can be seen that

the air bubble maintained a relatively spherical shape after con-

tacting with the lower hydrophilic surface. Then, the lower air

bubble would pass through the micropores and transport

upwards which remains in an aerophobic state in the whole pro-

cess [Fig. S3, supplementary material]. The subsequent bubble

movement was the same as that in the double-faced

superhydrophobic membrane. The transported air bubble

formed a convex air bulge on the upper surface and finally left

in the form of a big bubble. On the contrary, when the hydro-

philic surface was placed upwards, the air bubble rose up and

touched the lower surface, and it would completely spread on

the superhydrophobic surface, coinciding well with the double-

faced superhydrophobic membrane. However, the air bubbles

were inclined to stop at the lower surface and spread

FIG. 2. (a) and (b) The SEM images of

the bottom and top surfaces of the

Janus membrane. (c) The cross-

sectional view of a tapered pore and

the inset is its magnified SEM image

of upper and lower areas in the inner

tapered pore. (d) and (e) the EDS ele-

mental analysis on the chemical com-

positions of the bottom and top

surfaces of the Janus membrane,

respectively.

FIG. 3. In situ observation of air bubbles passing through the micropore

array membrane. (a) The transport process of air bubbles from the lower to

the upper surfaces of double-faced hydrophilic membrane is unfavorable.

The air bubbles will cease at the lower surface of the hydrophilic membrane

when they contacted the surface. (b) The air bubbles could pass through the

double-faced superhydrophobic membrane. (c) The air bubbles could be

transported from the hydrophilic surface to the superhydrophobic surface of

the Janus membrane on the condition that the superhydrophobic surface was

placed upwards. (d) The transport process of the air bubble from the super-

hydrophobic surface to the hydrophilic surface of the Janus membrane is

unfavorable. The air bubble will cease at the superhydrophobic surface of

the Janus membrane and spread horizontally on the condition that the hydro-

philic surface was placed upwards.
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horizontally [Fig. 3(d) and Movie S4, supplementary material].

In the opposite introducing direction, that is, from the superhy-

drophobic side to the hydrophilic side, the air bubble was inter-

cepted by the same Janus membrane, indicating the air bubble

unidirectional transport of the Janus membrane.

Furthermore, the properties of time-evolution of passing

volume of air bubbles affected by the double-faced superhy-

drophobic membrane and the Janus membrane were also dis-

cussed, as shown in Fig. 4(a). The average passing rates of

two types of membranes were 0.0259 and 0.0134 ml

s�1 cm�2. It can be observed that the Janus membrane has a

relatively low passing rate compared with the double-faced

superhydrophobic membrane. This was because air bubbles

spread out completely when they contacted the lower surface

of double-faced superhydrophobic membrane, and air bub-

bles transported only in a small part of the contact area due

to its aerophobicity of the lower surface when the superhy-

drophobic surface was placed upwards.

The underlying mechanism resulting in these two differ-

ent phenomena of the Janus membrane is shown in Figs. 4(b)

and 4(c). The Laplace pressure difference of the air bubble

between the upper and lower surfaces can be considered to

be the basis for successful transport of the air bubble. When

the superhydrophobic surface of the Janus membrane was

placed upwards [Fig. 4(b)], a trapped air film would be

formed between the upper superhydrophobic surface micro-

structure and water after the immersion. However, water can

enter and completely wet the interspaces between the micro-

structures of the lower surface. The air bubble will remain in

a spherical state while being located the lower hydrophilic

surface. Then, air channels were produced through

micropores from the spherical bubble to the upper air film.

This is due to the difference in the radius of the air bubble

(R1) and the radius of the air film (R2), which will produce a

difference of Laplace pressure. The differential Laplace pres-

sure (DFL) can be expressed as the following equation:7,28–31

DFL ¼ cwater

1

R1

� 1

R2

� �
; (3)

where cwater is the surface tension of water, R1 is the radius

of curvature of the bubble, and R2 is the radius of curvature

of the air film, cwater is 7.20� 10�2 N/m, R1 is about 840 lm,

and R2 is approaching infinity, respectively. The differential

Laplace pressure (DFL) is roughly estimated to be �85.7 Pa.

Due to the Laplace pressure difference between the upper air

film and the lower air bubble, the air bubble will be immedi-

ately transported upwards, being coalescing with the upper

air film. On the contrary, the air bubble was stopped at the

lower surface instead of passing through when the hydro-

philic surface was placed upwards [Fig. 4(c)]. Owing to the

air film trapped on the lower superhydrophobic surface, the

air bubbles can coalesce with the lower air film and then

spread horizontally. Therefore, the asymmetric wettability

arising from the upper and lower surfaces contributes to the

unidirectional transport of the air bubble.

It is well known that the introduction of CO2 into the

water generates carbonic acid and makes the purple litmus

solution red. This remarkable phenomenon was used to ver-

ify the ability of air bubble unidirectional transport of differ-

ent membranes. The experimental details were designed as

shown in Fig. 5 and Movie S5 (supplementary material), and

the membrane was fixed between the litmus solution and the

air outlet. For the double-faced hydrophilic membrane [Fig.

5(a)], the purple litmus solution failed to discolor after CO2

injection, and the liquid environment was still neutral. For

FIG. 4. (a) The passing volume (ml) with respect to the time (t) of air bub-

bles on the double-faced superhydrophobic membrane and the Janus mem-

brane. (b) and (c) Schematic analysis of the transport process of the air

bubble on the Janus membrane. (b) When the superhydrophobic surface was

placed upwards, the air bubble can be transported from the hydrophilic sur-

face to the superhydrophobic surface of the Janus membrane driven by the

Laplace pressure difference. (c) The air bubbles were intercepted and spread

horizontally owe to the air film on the lower superhydrophobic surface on

the condition that the hydrophilic surface was placed upwards.

FIG. 5. Optical images of the purple litmus solution above the micropore

arrays membrane discoloring after CO2 injection. (a) The purple litmus solu-

tion above the double-faced hydrophilic membrane failed to discolor after

CO2 injection. (b) The purple litmus solution above the double-faced super-

hydrophobic membrane turned into red after CO2 injection, which illustrates

that the double-faced superhydrophobic membrane could realize the passage

of CO2 bubbles. (c) and (d) The purple litmus solution (c) turned into red

when the superhydrophobic surface was placed upwards and (d) failed to

discolor when the hydrophilic surface was placed upwards of the Janus

membrane.
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the double-faced superhydrophobic membrane [Fig. 5(b)],

the purple litmus solution turned into red after CO2 injection.

As the convex air bulge from the white arrow, CO2 bubbles

can pass through the membrane. For the Janus membrane,

when the superhydrophobic surface was placed upwards

[Fig. 5(c)], CO2 bubbles introduced into the lower surface

could be transported upwards driven by the driving force and

made the purple litmus solution red. It can also be observed

that convex air bulge appears on upper superhydrophobic

surface from the white arrow. In contrast, when the hydro-

philic surface was placed upwards, the solution color did not

change [Fig. 5(d)]. The litmus solutions used in experiment

are shown in Figs. 5(a)(III)–5(d)(III).

A similar verification experiment was designed with

chemical precipitation, as shown in Figs. S4 and S5, supple-

mentary material. In the experiment, the purple litmus solu-

tion was replaced by Ca(OH)2 and Ba(OH)2 solution. The

same as the former result, the turbid precipitation can be pro-

duced only in the situation of the double-faced superhydro-

phobic membrane and the Janus membrane with the upward

superhydrophobic surface. Those series of experiment veri-

fied the unique ability of unidirectional transport and inter-

cept, which should shed light on the development of air-

involved applications.

In this paper, a superhydrophobic/hydrophilic Janus alu-

minum foil membrane with tapered micropores was fabri-

cated by femtosecond laser drilling, surface fluorination, and

subsequent fluorination removal. This membrane possesses

the gradient of surface energy which can produce a self-

driving force on the air bubble in the aqueous medium.

Compared with the single interception or penetration of the

double-faced hydrophilic or superhydrophobic membrane,

the Janus membrane showed a distinctive unidirectional air

bubble transport ability in aqueous media. In experiment, the

air bubble introduced on the lower hydrophilic surface could

be driven to the upper superhydrophobic surface continu-

ously. On the opposite surface, the air bubbles were blocked.

In addition, the air-participating chemical/physical processes

were designed to verify the unique ability of the Janus mem-

brane. We believe that the current finding should contribute

to air-participating application underwater and can stimulate

thinking in the promotion of interface science and

technology.

See supplementary material for the experimental sec-

tion, the dynamic process where the air bubble penetrates the

Janus membrane from the hydrophilic surface to the super-

hydrophobic surface, the EDS elemental analysis on the

chemical compositions, and air-involved applications.
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