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a b s t r a c t

Regulating gas diffusion is essential for a range of natural and industrial processes, including underwater

breathing, aeration reactor and energy device. Natural organisms, e.g., water boatman, utilize their super-

aerophilic (SAL) abdomen to create a plastron underwater, enabling efficient gas exchange with dissolved

oxygen. Herein, inspired by nature, we have developed a superaerophilic stripe that can form an air film

underwater to enhance gas diffusion. Increasing the width (w) of the superaerophilic stripe and height

(h) of water, along with decreasing the distance between the bubble and the stripe (d), can improve gas

diffusion. Due to the improved dissolved gas diffusion, an efficient hydrogen evolution reaction driven

by enhanced H2 diffusion was successfully achieved, resulting in an electrode potential decrease ∼13 mV

at the same current density of 1 mA/cm2 compared to that without the SAL stripe. This research of-

fers important theoretical insights into the dynamics of gas diffusion and presents practical methods for

enhancing gas mass transfer.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Gas diffusion plays a crucial role in various natural and indus-

trial processes, including underwater breathing [1–4], aeration re-

actors [5–7], and energy devices [8–10]. For example, nature or-

ganisms like water boatmen (Agraptocorixa eurynome) have tiny

hairs on their thorax and abdomen that can capture air bubbles (or

create a plastron), contributing them to exchange gases with dis-

solved oxygen and survive underwater for extended periods [11].

The incorporation of superaerophilic interfaces in gas-liquid mem-

brane contactors effectively mitigates CO2 mass transfer resistance

by sustaining a gas film, which enhances gas diffusion and sepa-

ration efficiency, bearing critical significance in industrial carbon

capture applications [12,13]. Consequently, understanding and op-

timizing diffusion kinetics are critical for advancing energy effi-
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ciency, elevating production throughput, and enabling sustainable

manufacturing paradigms across diverse industrial sectors.

Significant accomplishments have been developed to promote

gas diffusion. Heating, pressurizing, and stirring are commonly uti-

lized in industrial processes to enhance convection and promote

gas mass transfer in gas-liquid two-phase systems [14–16]. Oxy-

gen aeration is commonly used to increase the surface area for

gas diffusion, either by generating small bubbles or utilizing mem-

brane diffusers to optimize oxygen diffusion efficiency [17,18]. In

the field of gas-involved electrochemistry, such as CO2 reduction,

oxygen reduction reaction, hydrogen evolution reaction, innovative

electrode designs have shown promising results to enhance gas dif-

fusion [19,20], including the water-spider inspired hydrophobic Cu

electrode [21], the SAL electrode [22], and the SAL/superaerophobic

(SAB) synergistic electrode [23]. Despite these advancements, the

detailed influence of superaerophilic materials on the diffusion of

dissolved gases in water is seldom investigated.

https://doi.org/10.1016/j.cclet.2025.111720

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) The plastron on the abdomen of the Water Boatman, facilitating gas exchange. Reproduced with permission [24]. Copyright 2010, Elsevier. (b) Schemes of dissolved

gas diffusion of the system with and without SAL stripe. The length of the arrows indicates the strength of gas diffusion. (c) The volume of trapped bubble decreases with

the time. The system with SAL stripe shows faster bubble shrinking, indicating faster gas diffusion. (d) Optical image of the SAL stripe. (e) SEM image of the SAL stripe. (f)

Water contact angle in air and bubble contact angle underwater on the SAL stripe. (g) Optical images of the SAL stripe and laser-etched region. LSCM images of the SAL

stripe in air (h) and underwater (i).

In this work, we have carefully investigated the dissolved gas

diffusion under the influence of partial immersed SAL stripe with

gas film through observing bubble shrinking. Three key factors,

that are the width of the SAL stripe (w), the distance between the

bubble and SAL stripe (d), and the height of the water (h), were an-

alyzed. Specifically, increasing the width (w) of the SAL stripe and

water height (h) will accelerate the diffusion of dissolved gas and

result in faster bubble shrinking, whereas increasing the distance

between the bubble and SAL stripe (d) will slow down the diffu-

sion of dissolved gas and result in slower bubble shrinking. More-

over, the incorporation of SAL stripe in the hydrogen evolution re-

action has clearly enhanced the promotion of dissolved hydrogen

diffusion. These findings establish a scientific understanding for us-

ing superaerophilic materials in gas diffusion processes and inspire

novel approaches to regulate mass transfer in gas-involved pro-

cesses.

In nature, water boatmen (Agraptocorixa eurynome) can uti-

lize their SAL abdomen to form gas plastron for breathing un-

derwater (Fig. 1a) [24]. The partial pressure of oxygen within the

gas plastron is lower than that of the surrounding aqueous en-

vironment, thereby establishing a concentration gradient that fa-

cilitates unidirectional diffusion of dissolved oxygen from water

into the gas-phase interface. While, the partial pressure of car-

bon dioxide within the gas plastron is larger than that of the

surrounding aqueous environment, driving the directional diffu-

sion of carbon dioxide from the gas plastron to the water. Conse-

quently, gas plastron, i.e., gas film, can serve as an effective avenue

for gas diffusion, thereby significantly improving gas exchange

efficiency.

Inspired by water boatmen, we have proposed a strategy that

utilizing SAL stripe to construct a stable plastron underwater for

enhancing dissolved gas diffusion. Fig. 1b displays a gas container

filled with water, featuring a SAL stripe attached to the left side,

while the right side does not have a SAL stripe. A digital camera

was employed to capture the dynamic changes of bubbles, from

front-view. The SAL stripe in the left side can serve as an avenue

for accelerating the gas diffusion in the bubble. Meanwhile, the

gas in the right bubble can only diffuse into the bulk liquid. Con-

sequently, the left bubble is supposed to shrink faster than the

right one. The experimental results shown in Fig. 1c have veri-

fied our hypothesis, that the bubble in the container featuring the

SAL stripe shrinks faster than that in the container without the

SAL stripe, indicating accelerated dissolved gas diffusion. The max-

imum vertical height between gas-liquid interface and substrate

was used as an indicator of bubble volume, with greater height

corresponding to larger volume. In detail, after 1 day of diffusion,

the crown heights measured 2.20 mm (with SAL stripe) and 2.42

mm (without). By 4 days, the heights decreased to 1.48 and 1.70

mm, respectively. After 6 days, the difference became more pro-

nounced, with heights of 0.99 mm (with SAL stripe) and 1.54 mm

(without).

The SAL stripes can be obtained through roller coating method,

which is used for evenly coating superhydrophobic SiO2 nanopar-

ticles on the surface, and subsequent laser etching processes (Fig.

S1 in Supporting information). Laser etching process induces hy-

drophilicity in the region, with a measured water contact angle

of 16.0° ± 1.9° and bubble contact angle of 153.9° ± 2.2° (Fig.

S2 in Supporting information). The region without laser etching is

the SAL stripe, of which optical image can be learned in Fig. 1d.

The surface of SAL stripe is decorated with superhydrophobic SiO2

nanoparticles (Fig. 1e), enabling it with a water contact angle of

154.9° ± 2.5° and a bubble contact angle of ∼0° (Fig. 1f). When the

SAL stripe is immersed in water, a shiny silver sheen can be easily

observed on the surface of SAL region, indicating the existence of

gas plastron (Fig. 1g).

Meanwhile, laser scanning confocal microscopy (LSCM) technol-

ogy was utilized to characterize the plastron on SAL region. In air,

the LSCM image shows uneven surface (Fig. 1h), which is consis-

tent with its rough surface morphology. Underwater, a continuous

and smooth surface is observed, suggesting that a new smooth

interface is generated underwater, i.e., the gas/water interface of

plastron (Fig. 1i). Following the fabrication of the SAL stripe, an in-

vestigation was carefully conducted on three crucial factors: The

width of the SAL stripe (w), the distance between the bubble and

SAL stripe (d), and the height of water (h), in relation to the diffu-

sive shrinking rate of gas bubble. The schematic diagram and ac-

tual photos of experimental setup are shown in Fig. S3 (Supporting

information).
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Fig. 2. (a) The curve of V/V0 versus day under the influence of w variable. (b) The

curve of V/V0 versus day under the influence of d variable. (c) Scheme of the influ-

ence of w on gas diffusion (lateral-view). (d) Scheme of the influence of d on gas

diffusion (front-view).

The influence of SAL stripe width on gas diffusion was firstly

investigated. Here, h is established to be 10 cm, d is 1.0 mm, and

bubble volume is 40 μL (V0). In general, a larger SAL stripe ex-

hibits faster bubble shrinkage (Fig. S4 in Supporting information).

Bubble volume fraction (V/V0), i.e., the real-time volume to their

initial volume, is utilized to quantify the rate of bubble shrinking,

which can be statistically analyzed through optical image contour

(Experimental Section and Fig. S5 in Supporting information). As

shown in Fig. 2a, when the SAL stripe width is 0, 5, 10, 15, 20, and

25 mm, V/V0 after 20 days is ∼49.7%, ∼49.1%, ∼48.8%, ∼46.7%,

∼44.7% and 46.2% respectively. These results demonstrate that in-

creasing SAL stripe width is capable of accelerating gas diffusion,

but further widening of the SAL stripe would not substantially en-

hance the bubble diffusive shrinking rate. Consequently, 20 mm is

the optimal value of SAL stripe width. In addition, d also greatly

influenced the gas diffusion. As shown in Fig. 2b and Fig. S6 (Sup-

porting information), when the distances between the SAL stripe

and gas bubble are 1, 2, and 3 mm, the time necessary for the

bubble to reduce to half of its volume is around 12 (50.0%), 16

(50.6 %), and 20 days (49.1%) respectively.

These results can be explained through Fick’s First Law (Eq. 1)

[25]:

J = −D
∂C

∂X
(1)

where ∂C
∂X

refers to the gas concentration gradient, D is diffusion

coefficient (25 °C, 1 atm, DN2
= 2.0 cm2/s) [26]. To simplify the

diffusion model, only two main diffusive directions around the

bubble were considered: the diffusion to the water surface (i.e., at-

mosphere) in the vertical direction, and the diffusion to the SAL

stripe in the horizontal direction. Owing to the existence of gas

plastron on SAL stripe that directly connects with atmosphere, the

gas concentration at the diffusion endpoint (water surface and SAL

surface) is equivalent to the concentration of N2 in water (25 °C,
1 atm, 6.0998×10-4 mol/L, marked as C0). While at the diffusion

starting point (water-bubble interface), N2 concentration would be

determined by local pressure at the gas-liquid interface (Eq. 2)

[27]:

CB = KH · PB (2)

where PB is the internal pressure of bubble, which can be pre-

sented as follows (Eq. 3) [28,29]:

PB = 2γ

r
+ P0 + ρgh (3)

where γ is the surface tension of water (25 °C, 1 atm, 72.021

mN/m), r is the bubble’s radius, P0 is the standard atmospheric

pressure. The SAL stripe width w directly influences the surface

area of the air/water interface (S′), which serves as the outlet for

dissolved gases. Meanwhile, the equivalent outlet height (h′) re-

mains constant under the same water height condition. The diffu-

sion rate of gas (Q) can be illustrated as follows (Eq. 4):

Q = J · S′ = −D
(KH · PB −C0)

d
·
(
w · h′) (4)

The diffusion flux J remains constant for systems with that have

the same initial volume V0, water height h, and distance between

bubble and SAL stripe d. Therefore, an increase in w will lead to

larger outlet area (S′), and higher Q, leading to faster gas diffusion

and the shrinkage of bubbles (Fig. 2c). But for width larger than

20 mm, the increased outlet is far away from bubble, showing no

further enhancement of gas diffusion. For system with same V0,

h and w, the decreasing of d will result in larger J and present

faster bubble shrinking rate (Fig. 2d), which is consistent with our

experimental results.

Water height (h) is also critical to the bubble shrinking per-

formances. Here, w is set to be 20 mm and d is 1 mm. Accord-

ing to Fig. 3a and Fig. S7 (Supporting information), increasing wa-

ter height (3, 5, 7, and 10 cm) is beneficial for bubble shrinking.

For example, at depths of 3, 5, 7, and 10 cm underwater, the vol-

ume fractions of bubbles after 20 days are approximately 83.0%,

67.2 %, 55.4 %, and 44.7 %, respectively. This phenomenon can also

be explained through Fick’s first Law. According to Eqs. 2 and 3, h

will significantly influence PB, which in turn influences CB and ul-

timately impact J as described in Eq. 1 (Fig. 3b). According to the

Ideal Gas Law, PB can be learned as follows (Eq. 5):

PBV = nRT (5)

where PB has already given in Eq. 3, T is 298.15 K, R is the ideal gas

constant, V is the bubble volume. We assume that the bubble has

a geometric shape that matches a spherical crown shape with a

radius of r and a height of L. Additionally, the bubble was attached

to a superaerophilic circular plate with a diameter of 5 mm, which

is equal to the bottom section diameter (l) of the spherical crown.

Consequently, V, S, and r can be given by following equations (Eqs.

6-8):

V = πh2

3
(3r − L) (6)

S = 2π rL (7)

r2 = l2

4
+ (r − L)

2 (8)

Notably, since r evolves dynamically with time t , any param-

eter intrinsically linked to r, such as the bubble volume V , sur-

face area S and inner pressure PB must consequently inherit this

time dependence. Thus, we explicitly express them as V (t), S(t)

and P(t) to represent how they change over time. The amount of

gas molecules diffusing through bubble interface in time interval

dt can be expressed by Eq. 9:

dn = −J · S(t)dt (9)

Combine Eq. 5 with Eq. 9 to get Eq. 10:

dV = RTdn

P(t)
(10)
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Fig. 3. (a) The curves of V/V0 versus Day under the influence of h variable. (b) Mechanism of the influence of h on gas diffusion. (c) Theoretical results calculated by Python.

Fig. 4. (a) Schematic diagram of experimental set-up for hydrogen evolution reac-

tion. (b) Chronopotentiometry measurements of hydrogen evolution reaction at 1

mA/cm2. (c) Schematic diagrams of hydrogen diffusion processes in HER with SAL

stripes. (d) Schematic diagrams of hydrogen diffusion processes in HER without SAL

stripes.

Considering the concentration gradient from the gas-liquid in-

terface to the SAL stripe, Eq. 1 can be further expressed as follows

(Eq. 11):

J = D
CB −C0

d
= D

KHP(t) −C0
d

(11)

Then dV can be calculated as follows (Eq. 11):

dV = −D[KHP(t) −C0]RTS(t)

dP(t)
dt (12)

Cooperating with initial condition (V0 =40 μL), the change of

bubble volume versus diffusion time can be calculated through It-

erative Method using Python as calculating tool. The results pre-

sented in Fig. 3c align well with the experimental findings. For the

water height of 3, 5, 7, and 10 cm underwater, the bubble volume

fractions by simulation after 20 days are 80.5 %, 70.8 %, 61.9 % and

49.9% respectively, exhibiting a close agreement with the experi-

mental results (∼83.0%, ∼67.2%, ∼55.4%, and ∼44.7%). In practi-

cal applications, balancing of SAL stripe width (w), bubble-stripe

distance (d), and water height (h) within spatial constraints is re-

quired. Our approach prioritizes: (1) Minimizing d (decreases dif-

fusion distance), (2) optimal w is 20 mm, for limited space (<20

mm), maximizing w (increases gas egress area), and (3) maximiz-

ing h (enhances diffusion driving force).

Inefficient gas diffusion in electrochemical reactions causes

product accumulation, leading to gas concentration polarization

[30]. Because the SAL stripe can improve diffusion of dissolved gas,

we incorporated it into the electrocatalytic hydrogen evolution re-

action (HER) to enhance electrode performance. The experimental

setup is shown in Fig. 4a and Fig. S8 (Supporting information), on

which Pt plate was used as working electrode to generate hydro-

gen. A SAL stripe was positioned adjacent to the cathode to en-

hance hydrogen diffusion. Notably, we selected the milliampere-

range current for comparison, which can avoid the interference

of bubble behavior. Experiment results (Fig. 4b) demonstrate that

the incorporation of SAL stripe decreased electrode potential ∼13

mV at the same current density of 1 mA/cm2 in comparison to

that without SAL stripe. The decreased electrode potential can be

attributed to the existing plastron of SAL stripe, which signifi-

cantly reduces the diffusion distance, resulting in higher dissolved

H2 diffusion rate. As shown in Fig. 4c, the local concentration of

dissolved H2 near the electrode surface was reduced, which di-

rectly decrease the concentration overpotential (ηC) quantified in

Eq. 13 [31,32]:

ηC = RT

nF
ln

CH2

Csat
H2

(13)

where R is the ideal gas constant, T is the temperature, n is the

number of moles of electrons involved in electrode reaction, F is

the Faraday constant, CH2
is the concentration of dissolved H2 on

electrode surface, Csat
H2

is the saturated concentration of H2. The

decrease in dissolved H2 concentration (CH2
) directly lowers the

ηC, thereby decreases electrode potential. In contrast, the group

without SAL stripe demonstrates inefficient gas diffusion, which

leads to the accumulation of dissolved H2 on the electrode surface,

significantly raising the ηC and producing lower current output

(Fig. 4d). Finite element simulation was employed to quantify the

mass transfer improvement. As presented in Fig. S9 (Supporting

information), the peak H2 concentration at electrode interface

decreased dramatically from 103 mmol/L (without SAL stripe)

to 41.9 mmol/L (with SAL stripe) at 1 mA/cm2. This ∼59.3%

reduction demonstrates significantly accelerated hydrogen diffu-

sion away from the electrode surface. According to Eq. 13, this

concentration difference corresponds to theoretical overpotential

reduction of 11 mV at 298 K. This prediction closely matches the

experimental potential difference observed in chronopotentiome-

try measurements (∼13 mV, Fig. 4b), confirming that accelerated

diffusion through SAL stripe directly reduces electrochemical

overpotential.

In summary, we have demonstrated that the presence of SAL

stripe with gas plastron significantly accelerate the dissolved gas

diffusion, which is measured by the shrinking rate of gas bubble.

The rate of gas diffusion increases with the SAL width (w) and wa-

ter height (h), but decreases with the distance between bubbles

and SAL stripes (d). A theoretical analysis was conducted to link

the diffusion process with bubble kinetics. Moreover, we utilized

the SAL stripe to enhance the diffusion of dissolved hydrogen in

the hydrogen evolution reaction, thereby improving the catalytic

efficiency. We believe the present work could lead to further un-

derstanding of underwater gas diffusion and offer valuable insights

for applications in the fields of biomedicine, environmental man-

agement, wastewater treatment, and so on.
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