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a b s t r a c t

Researches have investigated the formation, transportation and spreading of bubble on solid surface with

specific wettability. However, bubble transfer on wettability-heterogeneous surfaces has been rarely re-

ported, which also plays significant role in water electrolysis, heat transfer, micro-bubble collection, etc.

In this work, we carefully investigate the behavior of bubble transfer from the aerophobic or aerophilic

region to the superaerophilic region through fabricating the wettability-heterogenous surfaces. Surface

energy was elucidated to be transformed to the kinetic energy during bubble transfer process. Theo-

retical analysis on the average velocity of bubble transfer was consistent with the experimental results.

The influence of wettability of solid substrate, bubble volume and superaerophilic stripe width on bub-

ble transfer are carefully investigated. Moreover, wettability-heterogeneous surfaces were explored to be

applied in micro-CO2 bubble collection and H2 bubble removement in water splitting.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bubble behaviors in aqueous medium play a critical role in both

biological and industrial processes, such as plastron respiration [1–

3], drag reduction [4–6], heat transfer [7–9], and gas-involved re-

action [10–13]. However, gas bubbles in liquid system could cause

serious problems. Examples include the cavitation erosion in high-

velocity flow, which would reduce lifetime of underwater equip-

ment [14–16], and serious bubble adhesion on gas evolution elec-

trode, which would block catalytic sites and thus result inefficient

electrode reaction [17–19]. Hence, deeply understanding bubble

properties on solid surface and regulating bubble behaviors with

a controllable manner in aqueous system are urgently needed in

both scientific research and industrial applications.

In 2009, Wang et al. firstly reported that the air bubble can

quickly burst within several milliseconds on superhydrophobic lo-

tus leaf [20]. Since then, wettability/superwettability of gas bubbles

has been proposed and developed, which could be regarded as the

complementary process of liquid wettability on the solid surface

[21–23]. Superhydrophobic lotus leaf immersed in water is a clas-

sic example of superaerophilic interface. Meanwhile, controllable

bubble manipulations based on gas-wettability have been widely

invented [24–26]. For example, gas bubbles tend to adhere and

spread on superhydrophobic/superaerophilic materials, which have
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been proved as promising materials for bubble delivery and col-

lection [27–29]. On the contrary, superhydrophilic materials, which

is superaerophobic in aqueous solution, show extremely low ad-

hesive force and can be applied to promote bubble detachment

[30,31]. Owing to large adhesive to gas bubble and low motion

resistance, slippery materials also show the potential capability in

bubble manipulations [32–35]. Current researches have mainly fo-

cused on understanding spreading and delivery of bubble at sur-

face with one specific wettability. For example, Quéré et al. care-

fully discussed the dynamic of complete spreading of bubble on

superaerophilic solid surface [36]. Megaridis et al. investigated later

spreading of gas bubbles on wettability-confined superaerophilic

track [37]. Droplet motions on wettability-heterogeneous surface

have been investigated and applied in ice-removing and water

condensation [38,39]. However, bubble behaviors on wettability-

heterogeneous surface, which is also important in heterogeneous

interfacial process, have been rarely investigated.

In this contribution, we carefully investigated the bub-

ble transfer process on wettability-heterogeneous surface,

i.e., the aerophilic/superaerophilic surface and the aerophobic/

superaerophilic surface, through fabricating the superaerophilic

(SAL) stripe on the aerophilic or the aerophobic solid substrate.

The bubble, initially locating at aerophilic or aerophobic substrate

region, will be immediately transferred to SAL stripe in several

milliseconds when contacts with the edge of the SAL stripe. The
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Fig. 1. (a) Schematic diagram of experimental setup for bubble transfer imaging. (b) Schematic diagram of solid substrate coated with superaerophilic (SAL) stripe, the SAL

stripe shows superaerophobicity in air and superaerophilicity under water. (c) Optical images of bubble transfer from solid substrate to SAL stripe. Schematic diagram of

bubble morphology (d) before and (e) after bubble transfer process.

wettability of substrate, bubble volume and SAL stripe width have

great influence on bubble transfer velocity. Typically, substrate

with larger bubble contact angle (BCA), bubble with smaller

volume and SAL stripe with larger width, are favorable for faster

bubble transfer. From point-view of surface energy, we theo-

retically calculated bubble transfer velocity, which is consistent

with experimental results. Benefited from fast bubble transfer on

wettability-heterogeneous surface, efficient CO2 bubble collection

in soda water and timely H2 bubble removement in water split-

ting are successfully achieved, showing potential application in

real-world.

The bubble transfer process was investigated via a micro-bubble

imaging system (Fig. 1a). Prepared sample was fixed through a

sample holder and immersed in deionized (DI) water filled glass

vessel. A bubble holder was placed in vessel bottom and bubble

with specific volume was introduced on bubble holder through a

micro-syringe. Bubble position can be precisely controlled through

a 3D displacement platform. A high-speed camera was placed in

front of sample and could clearly observe and record the bub-

ble behaviors. The wettability-heterogeneous sample was prepared

through the successive processes of mask attachment, SAL modifi-

cation and mask removement (Fig. S1 in Supporting information).

Finally, the sample composed of solid substrate and SAL stripe can

be successfully prepared (Fig. 1b). The SAL stripe shows superhy-

drophobicity in air with water contact angle of ∼158.2°, and su-

peraerophilicity underwater with BCA of ∼0° (insets in Fig. 1b),

which is attributed to numerous superaerophilic nanoparticles on

SAL stripes (Fig. S2 in Supporting information). As shown in Fig. 1c

and Movie S1 (Supporting information), a gas bubble was firstly in-

troduced and adhered on solid substrate region. When contact SAL

stripe, the bubble immediately transferred from solid substrate to

SAL stripe in several millisecond, showing fast bubble transfer abil-

ity. The fast bubble transfer velocity is proposed to be originated

from the released surface energy of the whole transfer system. For

a given system, the total surface energy E can be expressed as fol-

lows [40]:

E = Aγwater,vapor + Bγwater,solid +Cγsolid,vapor (1)

where A, B, C are surface area of water/vapor, water/solid,

solid/vapor interfaces, respectively. γwater, vapor, γwater, solid,

γ solid, vapor are corresponding interface tensions.

The initial bubble morphology before bubble transfer can be as-

sumed as a spherical cap (Fig. 1d), of which radius Ri can be cal-

culated with follow equation:

Ri =
(

3V

2π
(
1 + 3

2
cos θ − cos3θ

2

)
) 1

3

(2)

where θ is supplementary angle of BCA, V is the bubble volume.

Assume surface area of solid substrate and SAL stripe are M, N re-

spectively and the SAL stripe is covered by a thin layer gas cushion,

of which surface area is same as SAL stripe, then:

Ai = sshperical cap + sgas cushion = 2πR2
i (1 + cos θ ) + N (3)

Ci = π(Ri sin θ )
2

(4)

Bi = M −Ci = M − π(Ri sin θ )
2

(5)

At final state, bubble transferred from solid substrate to SAL

stripe and merging into gas cushion existed on SAL stripe. Trans-

ported bubble morphology can be assumed as sum of spherical cap

and partial cylinder. Typical geometry factors D, H, L, Rf, α are pre-

sented in Fig. 1e and satisfy the following equations:

V =
πH

(
3D2 + 4H2

)
24

+
(

αR2
f −

D
(
Rf − H

)
2

)
L (6)

tan
α

2
= 2H

D
(7)

Rf cosα + H = Rf (8)

where D is width of SAL stripe, V is bubble volume, L is bubble

length after horizontal transfer which can be measured through
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Fig. 2. Optical images of bubble transfer on (a) Pt-SAL, (b) PMMA-SAL, (c) PTFE-SAL surface. (d) BCAs of various solid substrate, insets showed corresponding bubble contact

state. (e) Experimentally measured and (f) theoretically calculated bubble transfer velocity as a function of bubble volume at given wettability-heterogeneous surface.

optical image. Numerically solve Eqs. 6-8, Rf, α and H can be ob-

tained. Then Af, Bf, Cf can be calculated as follows:

Af =
(
N − π · D

2

4
− D · L

)
+ 2πRfH + 2αRf L (9)

Bf = M (10)

Cf = 0 (11)

Difference of surface energy between final state and initial state

can be expressed as follows:

�E = Ef − Ei =
(
Af − Ai

)
γwater,vapor +

(
Bf − Bi

)
γwater,solid

+
(
Cf −Ci

)
γsolid,vapor (12)

The assumed M, N go away during the calculation of Eq. 12,

and the value of �E can be exactly obtained. The resistance force

(FD) of water to hinder bubble movement during bubble transfer

process can be expressed as follows [41]:

FD = 1

2
CDρwv2Acs (13)

where CD is the drag coefficient of water, ρw is the density of wa-

ter, Acs is the cross-sectional area of gas bubble and can be esti-

mated as average sectional area of initial state and final state:

Acs = 1

2

{[
(π − θ )R2

i + 1

2
R2
i sin (2θ )

]
+

[
αR2

f − 1

2
R2
f sin (2α) + L · H

]}
(14)

During bubble transfer process, the surface energy is converted

to bubble kinetic energy. Considering the work done by FD and as-

suming a constant velocity transfer, the energy conservation for-

mula during bubble transfer process can be illustrated as follows:

1

2
(ρw + ρb)Vv2 + FD.d = −�E (15)

where ρb is the density of bubble, which can be regarded as zero. v

is average transfer velocity of gas bubble; d is bubble transfer dis-

tance and can be estimated as (Ri sin θ + 0.5D). Then the transfer

velocity can be theoretically calculated.

Wettability of solid substrate, which is related to γwater,solid and

γ solid,vapor in Eq. 12, has great influence on bubble transfer veloc-

ity. To eliminate the interference of roughness, smooth platinum

(Pt), polymethylmethacrylate (PMMA), and polytetrafluoroethylene

(PTFE) sheets were chosen as the solid substrate (Fig. S3 in Sup-

porting information). As shown in Figs. 2a-c, bubble transferred

from Pt, PMMA, PTFE surface to SAL stripe in 1.7ms, 2.0ms and

2.8ms, respectively, showing increased transfer time. Comsol sim-

ulation results in Fig. S4 showed that bubble transfer times on

Pt-SAL, PMMA-SAL, PTFE-SAL surface are increased from 2.4ms to

3.0ms, which is consistent with the tendency presented in Figs.

2a-c. The BCAs of Pt, PMMA, PTFE are 119.1°±3.9°, 107.5°±4.4°,
85.2°±1.3°, respectively (Fig. 2d), which is attributed to decreased

solid/vapor interface energy and will lower bubble transfer ve-

locity. The related interface tensions of Pt, PMMA and PTFE sub-

strate are presented in Table S1 (Supporting information) [42,43].

Both the experimental results (Fig. 2e) and theoretically calculated

results from the point view of surface energy (Fig. 2f) verified

this propose. For example, experimentally measured 1.5 μL bub-

ble transfer velocities from Pt, PMMA, PTFE to 1mm wide SAL

stripe are 437.0±17.2mm/s, 344.0±27.1mm/s, 181.7±9.1mm/s,

respectively. While theoretically calculated results are 481mm/s,

388mm/s, 205mm/s, respectively. Note, theoretically calculated

velocity is a little higher than measured velocity, which may be

caused by simplified assumption of bubble morphology and ap-

proximate treatment of resistance. From Figs. 2e and f, we also

learned that smaller bubble volume is favorable for faster transfer

velocity at a given wettability-heterogeneous surface.

These phenomena can also be explained through the point-view

of Laplace pressure. As shown in Fig. S5 and Note S1 (Supporting

information), the Laplace pressure difference between bubble on

solid substrate and gas cushion on SAL stripe can be expressed as

follows:

�p = 2γ

Rbubble

− γ
H
2

+ D2

8H

(16)

where γ is surface tension of water, H is the thickness of gas

cushion, D is the width of SAL stripe. For bubbles with a given

volume, relatively larger BCA on solid substrate will result in

smaller Rbubble, which consequently lead to larger Laplace pres-

sure difference �p and promote faster bubble transfer. For a given

wettability-heterogeneous surface, increasing bubble volume will

reduce �p, and thus result lower bubble transfer velocity.

SAL stripe width also has great influence on bubble trans-

fer. As shown in Figs. 3a-c, 1.5 μL bubble transfer time on Pt-

SAL surface with SAL width of 0.75mm, 1.00mm and 1.50mm

are 3.6ms, 2.8ms and 2.5ms, respectively, showing decreased

transfer time. Fig. 3d presented the experimental bubble trans-

fer velocity as a function of bubble volume on Pt-SAL surface
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Fig. 3. Optical images of bubble transfer on Pt-SAL surface with SAL width of (a) 0.75mm, (b) 1.00mm, (c) 1.50mm. (d) Experimentally measured bubble transfer velocity

as a function of bubble volume on Pt-SAL surface with specific SAL width. (e) Theoretically calculated surface energy change and (f) bubble transfer velocity as a function of

bubble volume at Pt-SAL surface with specific SAL width.

Fig. 4. (a) Schematic diagram of experimental setup for bubble collection. Pt substrate with SAL stripes (Pt-SALs) was immersed into soda water to collect CO2 bubbles. (b)

In-situ observations of bubble transfer process. The generated CO2 bubbles on Pt substrate can be transferred through SAL stripes. (c) Schematic diagram of experimental

setup for water splitting. Pt-SALs were set as cathode to produce H2 bubbles. (d) In-situ observations of bubble generation and transfer on Pt-SALs electrode.

with various SAL stripe width. At a given bubble volume, the

bubble transfer velocity is increased with the enlarging of SAL

stripe width. For instance, when SAL stripe widths are 0.75mm,

1.00mm, 1.50mm, the 1.5 μL bubble transfer velocities are

190.5±26.3mm/s, 327.8±23.4mm/s, 456.2±43.2mm/s, respec-

tively. Increasing bubble volume, the bubble transfer velocities

gradually decreased. For example, when bubble volumes are 0.5

μL, 1.0 μL, 1.5 μL, 2.0 μL, 2.5 μL, the bubble transfer velocities from

Pt to 0.75mm SAL stripe are 493.4±28.0mm/s, 390.2±24.3mm/s,

327.8±23.4mm/s, 285.4±13.4mm/s, 243.5±19.0mm/s, respec-

tively. The difference of surface energy during bubble transfer is

theoretically calculated and presented in Fig. 3e. For bubble with

same volume, larger SAL stripe width will result larger surface en-

ergy change. At a given SAL stripe width, the surface energy change

is gradually increased with bubble volume. Considering resistance

of water and energy conversion formula (Eq. 15), average bubble

transfer velocity can be successfully obtained (Fig. 3f), which is

consistent with the velocity change trend of experimental results

in Fig. 3d. Also, learned from Eq. 16, large SAL stripe width D can

increase Laplace pressure difference �p and promote bubble trans-

fer.

Microbubbles in aqueous solution could cause serious corrosion

of underwater metal equipment because of its long residence time

in water [44,45]. Owing to best bubble transfer performance, the

Pt-SALs surface was applied to collect and remove micro-bubbles

in aqueous solution. Experimental setup is presented in Fig. 4a.

Soda water, as an efficient solution to generate CO2 microbubbles,

was selected as test solution. The prepared sample was immersed

in soda water to test the bubble collection ability. As shown in Fig.

S6 and Movie S2 (Supporting information), numerous tiny bubbles

generated and were transferred to bubble collector and then be re-

leased in another vessel via a plastic tube, which shows the ability

of collecting and removing microbubbles in aqueous solution. Fig.

4b shows detailed observations of bubble transfer on wettability-

heterogeneous surface in soda water. Micro bubble firstly gener-

ated at solid substrate. With growing up, bubble contacts the SAL

4
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stripe and can be immediately transferred. Single bubble transfer

process takes only several milliseconds, which shows great poten-

tial applications in micro-bubble removing and collection. Besides,

this design can also be applied in water splitting to timely re-

move adhered bubbles on hydrogen evolution electrode (Fig. 4c).

As shown in Fig. 4d and Movie S3 (Supporting information), pre-

pared Pt-SALs was immersed in 0.5mol/L H2SO4 and applied with

negative potential of −2V to produce H2: (i) H2 bubbles generated

at Pt region and coalesced with adjacent bubble into bigger bubble.

(ii) With bubble grew up, the adhered H2 bubble contact with SAL

stripe and be transferred immediately. (iii) After bubble transfer,

fresh electrode surface exposed and (iv) hydrogen evolution pro-

ceeded. The fast bubble transfer ability on Pt-SALs electrode en-

dows the electrode with enough fresh surface to continuously pro-

duce hydrogen.

In conclusion, both experimental and theoretical investigation

of bubble transfer behaviors on wettability-heterogeneous surface

were carefully discussed. Bubble on aerophobic substrate, i.e., Pt

and PMMA, or aerophilic substrate, i.e., PTFE, can be transferred

to SAL stripes in several milliseconds, which can be attributed to

surface energy change during bubble transfer. Wettability of sub-

strate, bubble volume and SAL stripe width have great influence on

bubble transfer velocity. The study provides a theoretical model to

predict bubble behaviors on wettability-heterogeneous surface and

supplies potential applications of wettability-heterogeneous sur-

face in real world, including micro-bubbles collection and water

splitting.
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