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Recoverable underwater superhydrophobicity
from a fully wetted state via dynamic air spreading

Yiping Zhao,1,2 Zhao Xu,1,2 Lu Gong,3 Shu Yang,4 Hongbo Zeng,3 Chunju He,1 Dengteng Ge,2 and Lili Yang1,5,*

SUMMARY

Maintaining the superhydrophobicity underwater offers drag resistance reduc-
tion, antifouling, anti-corrosion, noise reduction, and gas collection for boat hulls
and submarine vehicles. However, superhydrophobicity typically does not last
long underwater since the Cassie state is metastable. Here, we report a revers-
ible and localized recovery of superhydrophobicity from the fully wetted state
via air bubble spreading. Composed of sparse fluorinated chained nanoparticles,
the submerged surface shows super-low energy barrier for bubble attachment.
Especially the recovered plastron exhibits excellent longevity. Based on a simpli-
fied, truncated nanocone model, the dynamic spreading of bubbles is analyzed
considering two basic parameters, i.e., surface geometric structure and surface
energy (which appeared as intrinsic water contact angle). Numerical simulation
results via COMSOL confirms the effect of geometric structure on bubble
spreading. This investigation will not only offer new insights for the design of
robust recoverable superhydrophobic surfaces but also broaden the applications
of superhydrophobic coatings.

INTRODUCTION

Surfaces that can maintain superhydrophobicity underwater are of great interest for ship hulls and sub-

marine vehicles for potential applications including underwater breath (Flynn and Bush, 2008), gas collec-

tion (Yong et al., 2018), drag reduction (Srinivasan et al., 2015; Wang et al., 2014), antifouling (Wang et al.,

2019), anti-corrosion (Vilaró et al., 2017; Zhang et al., 2020), and acoustic blocking (Huang et al., 2020).

Bioinspired superhydrophobic surfaces (Feng et al., 2020; Gurumukhi et al., 2020; Li et al., 2019b) are

usually achieved by hierarchical structures with low surface energy that keep a thin layer of air (plastron)

trapped under water, named as the Cassie state (Cassie and Baxter, 1944). However, the plastron is

metastable (Duan, 2017): large fluctuations of external conditions (such as pressure and liquid flow)

can cause the superhydrophobic surface to transform from the Cassie state into the Wenzel state or fully

wetted state. Much effort has been devoted to extending the entrapment time of plastron via micro-

nano structure design (Domingues et al., 2018; Hu et al., 2017; Liu and Kim, 2014). Nevertheless, this pas-

sive strategy is not able to eliminate the hidden risk of submarine vehicles during practical applications

once plastron is disrupted. Therefore, the active replenishment of plastron from the wetted state will be

highly desired, e.g., (1) using an external field, (2) in situ gas generation, and (3) gas injection. Despite the

success of achieving temporary transition from the Wenzel state to the Cassie state using methods such

as vibration (Boreyko and Chen, 2009), electrical (Manukyan et al., 2011), temperature (Adera et al., 2013),

water pressure (Forsberg et al., 2011), or gas concentration (Ling et al., 2017; Vakarelski et al., 2013)

changes, these approaches have not been tested in practical submerged environments. Plastron could

be regenerated via in situ chemical reactions (Aebisher et al., 2013; Lee and Kim, 2011; Lee and Yong,

2015; Lloyd et al., 2017; Panchanathan et al., 2018); however, this strategy is not repeatable or localizable.

In contrast, the gas injection method (de Maleprade et al., 2016; Ma et al., 2015), viz. using injected gas

bubbles on the aerophilic surfaces to recover plastron by draining liquid film, is simple, reversible, local-

izable, and instantaneous. Dewetting transition between the Cassie and partial Wenzel states on hierar-

chically structured surface has been observed (Boreyko and Collier, 2013; Verho et al., 2012; Wu et al.,

2017) owing to the retention of nano-plastron. The effects of geometric parameters on the dewetting

on cone/pillar arrays have been theoretically discussed (Li et al., 2019a; Zhang et al., 2016). However,

two key problems remain unresolved: (1) no report is available on reversible recoverable superhydropho-

bicity from the fully wetted state and (2) no general geometric criteria are provided for air bubble pinning

and spreading to recover superhydrophobic surfaces.
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In order to achieve an underwater recoverable superhydrophobic surface from the fully wetted state via gas

injecting, two questions should be addressed. First, is superhydrophobicity in air equivalent to underwater

superaerophilicity? Various superhydrophobic surfaces have been proved to be superaerophobic in the

fully wetted state but superaerophilic when plastron remains (Pei et al., 2018; Shan et al., 2018; Yong

et al., 2019). As illustrated in Figure 1A, in air a water droplet cannot repel the gas anchored on the hierar-

chical structures. Vice versa, in an aqueous environment the air bubble cannot repel the water imbibed in

the nanostructures. Video S1 shows a non-sticking bubble on the wetted lotus leaf. Second, is underwater

aerophilicity sufficient to lead to the plastron recovery? As presented in Figure 1B, air bubble can adhere on

the wall of the hydrophobic polyethylene terephthalate (PET) bottle, revealing underwater aerophilicity.

However, the air bubble could not anchor and will disappear or run up under buoyancy (Video S1). There-

fore, a nano/micro-structure that is both superhydrophobic and aerophilic to facilitate the pinning and

spreading of air bubbles is required in order to recover the superhydrophobicity from the fully wetted state

for submarine applications.

To design such a strategy, we have sought inspiration from the sparse hairy surface structure of nature

aquatic arthropods of water bug (Ditsche-Kuru et al., 2011) or spider (Seymour and Hetz, 2011). As shown

in Figure 1C, the water bugNotonecta glauca is surrounded by a thin film of air coveringmost of body parts

with a silvery sheen appearance. Expectedly, a sparse nanostructure with low surface energy facilitates the

bubble to repel the water in the nanostructure and regenerates plastron. In our previous work (Pei et al.,

2018), an ultrathin superhydrophobic coating with two-tiered surface nanotextures assembled by chained

nanoparticles shows excellent resistance to high water pressure or impingement of small water droplets.

Figure 1. Water/air behaviors on different surfaces

(A) Optical image and SEM image of lotus leaf. Schematic for the lotus microstructures revealing superhydrophobicity in air but underwater

superaerophobicity in the fully wetted state. Images from high-speed camera showing non-sticking bubble on wetted lotus leaf.

(B) A PET bottle of water with air bubbles. Schematic illustrations exhibiting the hydrophobicity in air and underwater aerophilicity of PET. Images from high-

speed camera showing bubble running up on tilted PET sheet.

(C) A picture of water bug Notonecta and its SEM image of setae on the abdominal sternites. Schematic for a promising sparse microstructure with

superhydrophobicity, aerophilicity that facilitate the pinning and spreading of air bubbles.
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Here we demonstrate, for the first time, a reversible, localized recovery of plastron from the fully wetted

state using bubble injection. The unique sparse structure shows ultralow repulsive force of �0.4 nN to

air bubbles with radius �80 mm before the bubble-surface attachment under water. Furthermore, based

on a simplified truncated nanocone model, dynamic bubble spreading behavior is studied considering

two basic parameters, i.e., surface geometric structure and surface energy (appeared as intrinsic water con-

tact angle). We develop basic criteria of nanotextured parameters for bubble adhesion and then lateral

spreading without vertical growth. Modeling of the bubble spreading via COMSOL confirms the geometric

effect of the surface structures.

RESULTS

Underwater air bubble behavior

As illustrated in Figure S1 and our previous work (Wu et al., 2021), the fabrication of sparse microstructure

for plastron recovery includes preparation of chained silica nanoparticles (NPs), dip-coating of chained NPs

on a substrate functionalized by aminosilane, and fluorination treatment. The self-limiting deposition

owing to the electrostatic repulsion and van der Waals force between the negatively charged silica NPs

and easily percolated chain-like structures ensures a sparse fractal-like nanostructure (Figure S2A). The

roughness and low surface energy endow the surface excellent superhydrophobicity (Figure 2A) with a

water contact angle (WCA) of 170 G 0.5� and a rolling angle of 1.0 G 0.5� (Table S1) in air (Figure S2B).

When the toy submarine coated with such superhydrophobic coating was immersed in water, a silver

mirror-like reflectance could be visually observed, confirming the presence of plastron (Figure 2A-i).

When it was dipped in ethanol to replace water, followed by resubmerging in water, a fully wetted state

was achieved (Figure S2 for details), as evident by the disappearance of the mirror-like interface (Fig-

ure 2A-ii). Gas bubbles could be injected using a needle but quickly moved onto the solid surface due

to the buoyancy (Figure 2A-iii). Through the bubble pinning and spreading, the silvery sheen thus reap-

peared, indicating the plastron regeneration (Figure 2A-iv, Video S2). Therefore, the superhydrophobicity

could be recovered from the fully wetted state, which makes this surface function as a respiratory skin. Like

the plastron replenishment of aquatic insects from gas dissolved in water, as illustrated in Figure 2B, this

surface on submarine vehicles endows the plastron recovery from the fully wetted state through simple

external gas injection or submerged gas collection. This respiratory surface will enable submarine vehicles

with drag reduction, anti-fouling, and anti-corrosion.

To validate the plastron recoverability as a result of the sparse nanostructure, we also evaluated fluorinated

smooth glass substrate (denoted as Smooth in Figure S2C), multi-layered superhydrophobic surfaces (de-

noted as Multi-layered in Figure S2E). As listed in Table S1, theWCAs on three surfaces in air are 110�, 165�,
and 170� and the rolling angles are 90�, 1.5�, and 1�, respectively. Therefore, mirror-like interfaces are

clearly visible and observed for the multi-layered and sparse nanostructured surfaces when directly

immersed in water (Figure 2C-i and Video S3). In contrast, the smooth hydrophobic F-Glass was totally

transparent because there was no gas trapped on the surface (Video S3). Then ethanol was dipped on

all the three surfaces to wet them and achieve an underwater fully wetted state. When all three surfaces

were re-immersed in water, none showed mirror-like sheen on the surface (Figure 2C-ii). When the surface

was slowly pulled out and immersed in water again (Figure 2C-iii), silvery sheen reappeared only for the

sparse surface (Figure 2C-iv).

For better understanding how air bubble interacts with surfaces of different textures, we monitored dy-

namic bubble contact angles (BCAs) on three submerged surfaces through releasing a small air bubble

(50 mL) from the calibrated needle onto the pre-wetted surfaces (Figure 2D and Video S4). Once the gas

bubble contacts the pre-wetted multi-layered surface with ethanol, a BCA of 165� was observed, suggest-
ing superaerophobicity in water, and the bubble could be picked up easily with the needle. For the pre-

wetted smooth F-glass, the bubble adheres to the smooth surface with a constant BCA of 72�, indicating
the aerophilicity on the smooth hydrophobic surface but without lateral spreading. In contrast, when an air

bubble contacts the wetted sparse surface, the bubble adheres to the surface and gradually spreads later-

ally, with the BCA decreased from 122� to 75� within 10 s.

In order to investigate the durability of recoverable superhydrophobic surface, three kinds of tests were

carried out, i.e., the plastron monitoring with standing time, ethanol wetting-bubble injecting cycles,

and different water pressure. As illustrated in Figure 3A and Video S5, the recovered superhydrophobic sur-

face via bubble injecting can retain its superhydrophobicity for more than 24 h. The silvery sheen is
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maintained owing to the regenerated plastron from the stable visible reflectance (Figure S4). In addition,

multiple ethanol wetting-bubble injecting cycles were also performed to further evaluate the recoverability

of our superhydrophobic surface. Video S6 records the perfect plastron regeneration after many cycles.

Figure 3B shows the water repellency of sample after the bubble injecting recovering. Even though the

WCA and SA turn to 158� and 10� after 120 cycles, the plastron could be regenerated in our experiments.

It is of great importance for the practical applications of recoverable superhydrophobic surfaces underwa-

ter. Last, the recovered superhydrophobic surface stability under various water pressures was also studied

according to the laboratory-made test platform in Figure S5A. Our superhydrophobic surface was sus-

pended 3 mm beneath the water. The water pressure is changed via gas injecting. From the reflectance

monitoring (Figure S5B) andmorphology observation of the superhydrophobic surface using optical micro-

scopy (Video S7), it was found that the plastron becomes unstable when the water pressure is up to 25 kPa

(Figure 3C). The solid-vapor interface was gradually replaced by the solid-liquid interface with the increase

of water pressure. At a stronger water pressure of 40 kPa, the plastron disappeared, leading to a fully

wetted state. Based on the maximum pressure comparison with reported surfaces (Figure S5C), this value

Figure 2. Recoverable superhydrophobic surface from submerged fully wetted state

(A) Optical images of our sparse surface on submarine toy showing the superhydrophobicity in air (i) submerged plastron appearing, (ii) pre-wetting, (iii)

bubble injection, and (iv) plastron regeneration.

(B) Schematic illustrations for the applications in submarine vehicles as respiratory skin.

(C) Plastron evolution on three surfaces when samples are suspended underwater (i), after ethanol pre-wetting (ii), pulling out of water (iii), and re-entering

into water (iv).

(D) Bubble contact angles monitoring of different submerged surfaces after ethanol pre-wetting.
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in our work is much higher than that of lotus leaf (13.5 kPa), a hierarchical structure, but lower than that of SH

surface with cylindrical micropores.

Interaction force measurements

The interaction forces between air bubbles and submerged solid surfaces across the thin water film are

directly measured using an atomic force microscope (AFM) bubble probe technique as shown in Fig-

ure 4A (Shi et al., 2015b; Xie et al., 2017). When the surface is directly placed underwater (denoted

as non-wetted state), the plastron between the submerged superhydrophobic surface and water allows

the air bubbles to merge together rapidly. This phenomenon is consistent with the measured ultralow

repulsive force, 0.3 nN for the sparse nanostructured surface (Figure 4B) or 0.05 nN for the multi-

layered surface (Figure S6A) with an air bubble of radius �80 mm before bubble-surface attachment.

The force is a combination of the electrical double layer repulsion, van der Waals forces, hydrophobic

attraction, and hydrodynamic repulsion for the bubble-water-surface system. The weaker repulsive force

measured for the non-wetted multi-layered surface is probably because more gas is trapped in the

multilayered porous surface, which may lead to the stronger hydrophobic attraction. In contrast, a

very strong repulsive force (�100 nN) is measured for the non-wetted smooth F-glass due to the

absence of the hydrophilic gas layer (Figure S6B). Once the surfaces are pre-wetted using ethanol in

air, the surfaces are fully wetted when placed underwater, denoted as pre-wetted state. When sparse

surface is pre-wetted, the air bubble can be easily ‘‘divorced’’ from the cantilever by overcoming a

small repulsive force barrier of �0.4 nN (Figure 4C). The depletion of the thick continuous air layer

on the sparse surface due to the pre-wetting by ethanol resulted in the weakened hydrophobic attrac-

tion between the air bubble and the surface. Hence, a little stronger pressing force was needed for the

bubble to repel water in sparse nanostructure. As shown in Figure 4D, the air bubble can be forced to

attach to the pre-wetted F-Glass surface after overcoming a stronger repulsive force of �105 nN, which

is close to the repulsive force barrier for the non-wetted case, suggesting the negligible influence of

the pre-wetting process due to the absence of gas layer on the smooth F-glass. The bubble cannot

be picked up by the cantilever during separation (Figure 4D), consistent with the bubble contact angle

tests in Figure 2D. In contrast, the air bubble cannot spread on the pre-wetted multi-layered surface

but can be directly picked up by the cantilever with a strong adhesion of �200 nN (Figure 4E). The

Figure 3. Stability of recoverable superhydrophobic surfaces

(A) Optical images of recovered plastron after different standing time.

(B) Water repellency of superhydrophobic surfaces after various wetting-recovering cycles.

(C) Reflectance at 550 nm of recovered superhydrophobic surface at different water pressures. Scale bar: 20 mm.
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detachment behavior of the bubble from the multi-layered surface indicates that the bubble cannot

repel water trapped in the nanostructure. These results were consistent with what we observed in air

bubble contact angle measurement (Figure 4F).

Theoretical dynamic analysis

In order to develop general geometric criteria for the nanostructure design that can enable plastron recov-

ery via air injecting, we built a simplified truncated conemodel for calculation. As illustrated in Figure 5A, a,

d, D, H, and L represent the bottom angle, top diameter, bottom diameter, height, and pitch (center-to-

center distance), respectively. The dewetting transition from the fully wetted state to the Cassie state in-

volves three basic stages: (1) air bubble adhering to the top surface of nanostructure (Figure 5A-i); (2) down-

ward repelling of water, pushing water out, and completely filling the nanostructure in the local contact

region (Figure 5A-ii); (3) pushing water out of the neighboring nanostructures laterally and spreading the

air bubble without vertical outgrowth (Figure 5A-iii). Here our sparse structure could be simplified as

H = 120 nm, L = 1,000 nm, D = 350 nm, d = 150 nm, and a = 60� (Figure S7).

Once the air bubble contacts the top surface of the nanostructure, it will adhere to the top if the interfacial

tension at the air/solid/water contact line points to the bottom. The resultant vertical force due to surface

tension, F1, can be described as (details in supplemental information):

F1 = gpd0 sinðq�aÞ (Equation 1)

where g and d0 represent the surface tension of water and the corresponding section diameter when bub-

ble contacts with truncated cone, respectively. Here q stands for the intrinsic water contact angle, equiva-

lent to the WCA on a smooth surface (e.g., F-Glass). Thus q = 110�. Assuming d0= d = 150 nm, it is deduced

that the air bubble could adhere to the top surface when a % 110�, but would be picked up with the gas

injection string when a > 110� (Figure 5B).

Figure 4. Interaction force measurements between an air bubble and submerged solid surfaces

(A) Schematic for the interaction force measurements using the AFM bubble probe technique.

(B–E) Measured force profiles between air bubbles of radius�80 mmof (B) submerged non-wetted sparse surface, (C) submerged pre-wetted sparse surface,

(D) submerged pre-wetted smooth surface, and (E) submerged pre-wetted multi-layered surface.

(F) Maximum repulsion measured between air bubbles and different hydrophobic surfaces.
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Once adhering to the top surface, the air bubble is also required to gradually repel the water in the

neighboring nanostructures and finally fill the whole cavity. Based on Boyle’s law of air bubble during

the dynamic vertical spreading in the cavity, there is relationship as follows (details in supplemental

information):

h

H
=

P0

PL +
8pðD +dÞcos q

16L2�pðD +dÞ2 g
�
h
2
ffiffiffi
2

p �
�
d +D

�.
L
�i

12cos 3 q

1

H=L

�
2� 3 sin q + sin 3 q

�
(Equation 2)

where P0 and PL represent the air bubble pressure and water pressure, respectively. In order to study the

filling depth of air bubble into the nanostructure, here we assume P0 = 101.3 kPa, PL = 150 kPa (depth of

15 cmwater), d = 50 nm,D = 250 nm, L= 600 nm, q = 110�. As illustrated in Figure 5C, for the nanostructures

with a specific sparsity (determined byD/L), as the height to pitch of the nanostructure (H/L) is > 1.5, the air

bubble would not reach the bottom (the inset image in Figure 5C). Thus the plastron cannot be regener-

ated from that fully wetted state.

In the third stage, the air bubble is expected to continue lateral spreading without vertical outgrowth.

Laterally, the air bubble overcomes the viscous force on air/solid interfaces to repel the water in the neigh-

boring nanostructure (Figure S12). Vertically, the internal pressure of the air bubbles should not be too

large for them to escape from the interface or too small to break. By modifying the calculations for the

post model, we give the criteria for the truncated cone model as follows (details in STAR Methods): ffiffiffi
2

p
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 4Þ=p

p !
1� sinð270� � a� qadvÞ
2 cosð270� � a� qadvÞ ＜H = L＜

�cos q sin a

2 sin q
�
1� sin a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð1� 4Þp �

4
� (Equation 3)

where 4 represents the gas fraction in Cassie state and here 4= 1� pd2

4L2
for truncated nanoconemodel. qadv

is the advancing contact angle on the truncated nanocone surface, which is 130� based on our experimental

results (Figure S14). According to the Cassie-Baxter equation, the apparent water contact angle qc,

Figure 5. Schematic and results of theoretical analysis

(A) Schematic of bubble dynamic spreading process for plastron regeneration.

(B) The relationship between bottom angle a and the surface tension of air-water interface.

(C) The relationship between heigh/pitch (H/L) and spreading depth/height (h/H).

(D) Estimated range of height/pitch ratio (H/L) and gas fraction (4) for bubble escaping, spreading, or breaking.

(E) The relationship between bottom diameter/pitch (D/L) and spreading radius ratio (R/R0). Scale bar: 1 mm.
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cos qc = ð1�4Þcos q� 4 (Equation 4)

Thus, 4 should be greater than 0.8 to achieve superhydrophobicity (qc > 150�) in air based on q = 110�.
Figure 5D shows three zones (breaking zone, spreading zone, and escaping zone) based on the geometric

boundaries of H/L 4 = 0.8�1. With the increase of 4, the window of H/L for lateral spreading of the air bub-

ble is too narrow. Therefore, nanostructures with modest sparsity are in favor of air bubble spreading

without escaping from the surface. Moreover, when a increases from 60� to 90�, the spreading zone is

widened. Moreover, if we could increase the Young’s water contact angle on a smooth surface q from

110� to 130�, the boundary of H/L would be much wider (Figure S15). Thus moderate sparsity and further

reduction of surface free energy are two effective strategies to achieve stable air bubble spreading on

nanostructures.

Last, the spreading radius of the air bubble R on the truncated nanocone surface is predicted by consid-

ering the lateral viscous forces resulting from the movement of air/solid/water contact line only. Supposing

the initial spreading radius on F-Glass is R0,

R

R0
=

�cos q
D
L

sin q
5 � cos q � D

L
cos q
5

(Equation 5)

If q = 110� and d =D/5, Figure 4E shows that smallerD/L (i.e., higher sparsity) facilitates the spreading of air

bubbles and thus plastron recovery. Thus, sparse superhydrophobic surfaces with different sparsity were

prepared through the control of dipping time in chained NPs solution. Scanning electron microscopy

(SEM) images and bubble wetting tests suggested that the experimental results (blue dots in Figure 5E)

were consistent with the theoretical prediction (red line).

Numerical simulations

In order to verify the theoretical prediction, the bubble dynamic spreading on the submerged surface was

numerically studied based on two-phase flow and level set method via COMSOL software. By adjusting

Figure 6. Simulation results of air bubble dynamic spreading on surfaces with different geometric parameters

(A) Bubble contact angles with different bottom angles.

(B) Theoretical spreading depth/height (h/H) (blue line) and simulated results (red line) with different height/pitch (H/L).

(C) Bubble contact angles with different gas fraction and height/pitch (H/L).

(D) Spreading diameter ratio with different bottom diameter/pitch (D/L).
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different geometric parameters, the bubble contact angle and three-phase contact line were monitored.

Figure 6A and Video S8 show the bubble contact angles on the nanostructured surfaces with different a

but the same D/L or H/L. At a R 110�, the bubble contact angle is greater than 150�, causing the bubble

to easily escape the surface under buoyancy. Figure 6B presents the bubble spreading depth/height (h/H)

with varying height/pitch (H/L) of the post structured surface from theoretical results (blue line) and simu-

lated results (red dots). According to Equation 2, bubbles would not reach the posts’ bottom when H/L >

1.25. The simulation indicates that the bubble could reach the bottom of posts whenH/L = 1.2 but not when

H/L = 1.3, which is exactly consistent with the theoretical results. Figure 6C demonstrates the bubble wet-

ting behavior on post structured surface with varying 4 and H/L. When D/L = 0.25, 0.36, or 0.47, 4 = 0.95,

0.90, or 0.83, respectively. For a surface with high gas fraction (4 = 0.95), the bubble would be unstable

vertically when H/L = 1 (BCA = 135�). In contrast, the bubble is stable vertically until H/L = 1 for surface

with low gas fraction (4 = 0.83). Finally, the spreading radius ratio of bubble on post with different D/L

was also summarized from the simulated results (Figure 6D). Similar to the theoretical results, the spreading

radius of bubble decreases with the increase of diameter/pitch (D/L). The spreading radius of bubble from

theoretical results is lower than that from simulated ones, mainly because we used the maximum viscous

forces during calculation. According to the comparison, it is believed that our geometric criteria given

from theoretical calculation are highly effective for the designing of recoverable superhydrophobic

surfaces.

Conclusions

The metastable Cassie state in submerged underwater environments could severely destroy the superhydro-

phobic surfaces. Many aquatic insects and spiders with sparse, hairy surfaces can survive when submerged

by virtue of plastron replenishment fromgas dissolved inwater.MimickingNature, we create aerophilic surfaces

as a respiratory skin for submarine vehicles, which facilitates the air bubble pinning and stable spreading on the

skin, allowing for underwater recovery of the superhydrophobic surface from the fully wetted state using bubble

injection. Through the self-limited assembly of chained NPs on the surface, a super-low repulsive force barrier

(0.4 nN) is measured for bubble attachments upon being submerged in water. The durability tests demonstrate

that the recovered plastron can suffer from standing for more than 24 h, 120 cycles of ethanol wetting-bubble

injection, and highwater pressure (<25 kPa). Considering two basic parameters, i.e., surface geometric structure

and surface energy (which appeared as the intrinsic water contact angle), the dynamic process of bubbles on a

simplified truncated nanoconed surface was analyzed.We further obtained specific geometric criteria for the air

bubble pinning and lateral spreadingwithout vertical escaping, which are validated by the numerical simulation.

The study here offers new insights for the design of recoverable underwater superhydrophobic surfaces, where

the air bubble pinning and stable spreading on such surfaces are essential. In turn, it will broaden the applica-

tions of superhydrophobic coatings to underwater environments, where, for example, drag reduction, anti-

fouling, anti-corrosion, and underwater breath are important for the operation and lifetime of ship hull, subma-

rine vehicles, and equipment but have remained challenging to achieve so far because of themetastable nature

of the nonwetting Cassie state.

Limitation of the study

There are many parameters that influence the attachment behaviors of air bubbles on the surfaces under-

water, including surface roughness, surface chemical modification, temperature, electric double layer, pH,

and water pressure. However, it is difficult to consider each parameter independently in theoretical analysis

and numerical simulation. Here, the effect of pH or electric double layer or temperature is involved in the

basic parameter, i.e., the intrinsic water contact angle q. The effect of water pressure is out of consideration

owing to the great complexity for theoretical analysis and numerical simulation.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Lili Yang (liliyang@dhu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Date and code availability

This study did not generate any unique code or data sets. All data supporting the finding of this study are

available within the paper and its supplemental information files. Any additional information required to

reanalyze the data reported in this paper is available from the lead contact upon request. All software’s

used in this study are commercially available.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The experimental samples related to this study are prepared on glass slides (25 mm 325 mm).

METHODS DETAILS

Preparation of recoverable superhydrophobic surfaces

Firstly, chained NPs were synthesized frommixture of L-arginine, silica seeds (�20 nm diameter), deionized

(DI) water and tetraethyl orthosilicate with stirring at 60�C for 24 h. Secondly, glass slides were treated with

(3-aminopropyl) trimethoxysilane (APTMS) by chemical vapor deposition in a vacuum desiccator for 15 min

for the functionalization with amino groups. Excessive APTMS was removed by rinsing the slides with

ethanol for 15 s and water for 5 min. Then the treated glass slides were immersed in an aqueous solution

of well-dispersed chained NPs (0.05 wt%) at pH=6 for 2 h. After coating, the substrate was rinsed with DI

water twice to remove excessive particles. Thirdly, the deposited slides were treated with (tridecafluoro-

1,1,2,2-tetrahydrooctyl) trichlorosilane (FOTS) via vapor deposition for 30 min. At last, the slides were heat-

ed up to 65�C for 10 min, following by rinsing in acetone and water to remove excess perfluorosilane on

surface.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Glass slides Guluo Glass Co., Ltd. GL-100100-0.55

L-arginine Sinopharm Chemical Reagent Co., Ltd. CAS:74-79-3

Tetraethoxy silane (TEOS) Sinopharm Chemical Reagent Co., Ltd. CAS:78-10-4

Ethanol Sinopharm Chemical Reagent Co., Ltd. CAS:64-17-5

Isopropanol Sinopharm Chemical Reagent Co., Ltd. CAS:67-63-0

HCl Sinopharm Chemical Reagent Co., Ltd. CAS: 7647-01-0

NaOH Sinopharm Chemical Reagent Co., Ltd. CAS: 1310-73-2

(tridecafluoro-1,1,2,2-tetrahydrooctyl)

trichlorosilane (FOTS)

Aladdin Co., Ltd. >97.0% purity; CAS: 78560-45-9

(heptadecafluoro-1,1,2,2-tetrahydrodecyl)

triethoxysilane (HDFTES)

Aladdin Co., Ltd. 96% purity; CAS: 101947-16-4

(3-Aminopropyl) trimethoxysilane (APTMS) Aladdin Co., Ltd. 97% purity; CAS: 13822-56-5

Software and algorithms

COMSOL Multiphysics 5.5a COMSOL https://cn.comsol.com/
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Fabrication of F-Glass and multi-layered superhydrophobic surfaces

F-Glass means the glass slides after oxygen plasma treatment for 30 min and FOTS treatment via vapor

deposition. The preparation method of multi-layered superhydrophobic surfaces could be found in our

previous work (Ge et al., 2014). Firstly, chained NPs were reacted with HDFTES and then dispersed in

the ethanol solution. Secondly, the solution was loaded into an airbrush with 0.2 mm nozzle size and

sprayed repeatedly to obtain multi-layered superhydrophobic surfaces.

Characterization

The surface morphologies were examined by a field-emission scanning electron microscope (MAIA3, TES-

CAN, Czech). The static water contact angles were measured from 5-mL water droplets by automatic con-

tact angle meter (SL200KB, Kino, USA). The static and dynamic bubble contact angles were recorded from

50-mL air bubbles by interface tension meter (OCA40Micro, Dataphysics, Germany). Digital photos and

videos were obtained by a digital camera (Nikon 1 J5, Japan). The reflectance monitoring was taken by

a USB2000 fiber optical spectrometer (Ocean Optics, USA). The morphology observation was taken by op-

tical microscopy (BX 63, Olympus, Japan).

Interaction forces between air bubbles and surfaces

The forcemeasurements between air bubbles and solid surfaces in water were conducted using anMFP-3D

AFM system (Asylum Research, Santa Barbara, CA) coupled with a Nikon Ti-U invertedmicroscope. The de-

tails of experimental setup were reported previously (Cui et al., 2018; Gong et al., 2019; Shi et al., 2015a).

Prior to the force measurements, the glass substrate of the AFM fluid cell was firstly hydrophobized by the

octadecyltrichlorosilane (OTS) to possess a water contact angle of �60�for the immobilization of air bub-

bles in the following experimental procedure. Air bubbles were generated via a custom-made glass

pipet. The air bubble-anchored AFM probe was prepared by using a rectangular AFM tipless cantilever

(4003 703 2 mm3) with a hydrophobic circular gold patch (diameter�65 mm, thickness�30 nm) to carefully

pick up an air bubble from the hydrophobized glass substrate in water. Then, the bubble probe was moved

to the desired solid substrate for surface force measurements. In a typical force measurement, the air bub-

ble-anchored AFM probe was driven by a piezo actuator to approach the solid substrate at a fixed velocity

of 1 mm/s, till bubble-surface attachment occurred, and was then retracted for separation. During this pro-

cess, the deflection of the AFM cantilever was monitored by the laser beam, which was reflected from the

backside of the AFM cantilever to a photodiode detector. The spring constant of the cantilever was cali-

brated using the Hutter and Bechhoefer method (Hutter and Bechhoefer, 1993). In the cases of the ethanol

pre-wetting, the solid substrate was firstly wetted using ethanol, followed by immersed in the fluid cell with

water immediately. A large amount of water was used to replace the water in the fluid cell to ensure the

negligible influence of dissolved ethanol in the force measurements.

Calculations for the simplifying the sparse surface from chained NPs into truncated nanocone

model

To simplify the theoretical analysis of air bubbles growth and stability on our sparse structure, here we

simplified our sparse structure into truncated nanocone model. As illustrated in Figure S7, from the AFM

profile and through average treatment, the sparse structure from chained NPs could be simplified as trun-

cated nanocone of d=150 nm,D=350 nm, H=120 nm, L=1000 nm and a=60�. Here d,D, H, L and a stand for

top width, base width, height, distance between truncated nanocones and base angle of truncated nano-

cone, respectively.

Calculations for the geometric criteria of truncated nanocone model that allows the air

bubble adhere to the top

When the air bubble contacts the top surface of the truncated nanocone structure, as illustrated in Fig-

ure S8A, the surface tension between meniscus air/water interface is:

F1 = g sin b
X

si (Equation S1)

where g is the surface tension of the gas-liquid interface. Si present the contact line length when air bubble

contacts the truncated nanocones. Thus, the sum of contact line is:X
si = pd0 (Equation S2)
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where d0 is the corresponding section diameter when bubble contacts with truncated nanocone. According

to relationship shown in Figure S8C, the angle between surface tension and horizontal direction b is:

b = q� a (Equation S3)

where q stands for the intrinsic water contact angle on smooth truncated nanocone surface, which could be

considered as water contact angle of F-Glass, thus q=110�. Thus Equation S1 turns into:

F1 = gpd0 sinðq�aÞ (Equation S4)

Calculations for the geometric criteria of truncated nanocone model that allows the air

bubble fill the closest microstructure

Once adhering to the top surface, the air bubble is expected to repel the water in the cavity beneath and

finally fill the whole cavity. According to the Boyle’s law, the gas pressure of air bubble is inversely to volume

during the vertical spreading:

P0V0 = P1V1 (Equation S5)

As illustrated in Figure S10, the ‘‘0’’ and ‘‘1’’ states present the air bubble doesn’t reach the bottom of

microstructure and the air bubble fully fills the cavity, respectively. Thus,

V1 = pRg
2H (Equation S6)

where Rg represents the geometric diameter of truncated nanocone. Here Rg varies with the filling depth.

then:

Rg =

ffiffiffi
2

p
L� d0

2
(Equation S7)

where d0 represents the corresponding section diameter when bubble contacts with truncated nanocone.

While the volume of air bubble when the filling depth is h is:

V0 = pRg
2h+

pRg
3

3cos 3 q

�
2� 3 sin q + sin 3 q

�
(Equation S8)

According to the Boyle’s law, the gas pressure of air bubble P0 when the filling depth is h could be:

P0 =
P1

½2 ffiffi2p
�ðd +DÞ=LÞ�
12cos 3 q

1
H=L

�
2� 3 sin q+ sin 3 q

�
+ h=H

(Equation S9)

According to the Young-Laplace formula, the relationship between the gas pressure and liquid pressure:

PL �P0 = � 2 cos q

Rc
g (Equation S10)

where Rc represents the capillary radius

Rc =
2A

C
(Equation S11)

Here A and C stand for the horizontal projection area and three-phase contact line length, respectively.

There is,

A = L2 � pd02

4
(Equation S12)

while the contact line length is:

C = pd0 (Equation S13)

Thus,

Rc =
4L2 � pd02

2pd0 (Equation S14)

Here d0 varies with the filling depth. For simplify the calculation here, it is treated approximately as the

diameter of truncated nanocone in the middle,
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d0 =
D +d

2
(Equation S15)

Thus, Equation S10 could be transformed into:

PL � P1

½2 ffiffi2p
�ðd +DÞ=LÞ�
12cos 3 q

1
H=L

�
2� 3 sin q+ sin 3 q

�
+ h=H

= � 2 cos q

Rc
g (Equation S16)

Then we could finally obtain the equation as:

h

H
=

P1

PL +
8pðD +dÞcos q

16L2�pðD +dÞ2 g
�
h
2
ffiffiffi
2

p � ðd +DÞ=L
i�

12cos 3 q

1

H=L

�
2� 3 sin q + sin 3 q

�
(Equation S17)

Calculations for the geometric criteria of truncated nanocone model that allows the air

bubble continue lateral spreading without vertical outgrowth

After the air bubbles expand into the gaps of truncated nanocones, the bubbles are limited by the surface

tension F2 of the meniscus in the vertical direction, as shown in Figure S12. Thus the air bubble pressure Pb
should be smaller than the pressure causing from F2, or the air bubble will escape from the surface:

Pb<
F2

A2
(Equation S18)

where A2 stands for the vertical projection area of the meniscus. Here the resultant force F2 could be ex-

pressed as:

F2 = g sin q
X

si (Equation S19)

where
P

si presents the sum arc length of contact line and,X
si = pd (Equation S20)

The projected area A2 could be expressed as:

A2 = L24 (Equation S21)

Thus Equation S18 could be expressed as:

Pb<
gpd sin q

L24
(Equation S22)

Laterally, the air bubble will contact the convex structure and the bottom surface of the surface, so the bub-

ble will also be limited by the viscous forces from three-phase contact, as shown in F3 and F4 in Figure S11.

In order to achieve the lateral spreading, the air bubble pressure Pb should be greater than the pressure

from (F3+F4), thus,

Pb>
F3 + F4

A3
(Equation S23)

where A3 stands for the lateral projection area of the meniscus.

F3 = gS3 sin q (Equation S24)

F4 = gS4 cos q (Equation S25)

where S3 and S4 are the corresponding sum length and,

S3 =
2H

sin a
(Equation S26)

S4 = L (Equation S27)

Here the lateral projection area of the meniscus:

A3 = HL (Equation S28)

Thus Equation S23 could be expressed as:

Pb<
gð2H sin q + L cos q sin aÞ

HL sin a
(Equation S29)
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According to the Equations S22 and S29, then

gð2H sin q + L cos q sin aÞ
HL sin a

<
gpd sin q

L24
(Equation S30)

which could be transformed as:

H

,
L＜

�cos q sin a

2 sin q
�
1� sin a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð1� 4Þp �

4
� (Equation S31)

During the continuous repelling in the cavity of air bubble, the meniscus should not reach the bottom of

microstructure, as illustrated in Figure S13. Thus the height of truncated nanocone H should be greater

than the maximum depth of meniscus:

H＞h (Equation S32)

According to Figure S13B,

h =
� ffiffiffi

2
p

L�d
� 1� sin ε

2 cos ε
(Equation S33)

where ε is the angle between the curvature radius of meniscus and horizontal direction. It has a relationship

with the advancing angle of water on the truncated nanocone surface,

ε = 270� � a� qadv (Equation S34)

Then Equation S33 turns into:

h =
� ffiffiffi

2
p

L�d
�1� sinð270� � a� qadvÞ

2 cosð270� � a� qadvÞ (Equation S35)

From Equation S32, it could be deduced:

H = L＞
� ffiffiffi

2
p

� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 4Þ=p

p �1� sinð270� � a� qadvÞ
2 cosð270� � a� qadvÞ (Equation S36)

Combining Equations S31 and S36, the geometric criterion of H/L could be given by: ffiffiffi
2

p
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 4Þ=p

p !
1� sinð270� � a� qadvÞ
2 cosð270� � a� qadvÞ ＜H = L＜

�cos q sin a

2 sin q
�
1� sin a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð1� 4Þp �

4
�

(Equation S37)

Calculations of spreading radius of air bubble on truncated nanoconemicrostructured surface

The spreading radius of air bubble on truncated nanocone microstructured surface is calculated by the

spreading radius ratio with the spreading radius of air bubble on smooth fluorinated surface (F-Glass).

As illustrated in Figure S17, we assume that the viscous forces from the surface tension during the

spreading on microstructured surface Fr or smooth surface Ff is equal. Thus:

Fr = Ff (Equation S38)

For the smooth fluorinated surface, the viscous force has a relationship with the intrinsic water contact

angle q:

Ff = � g2pR0 cos q (Equation S39)

As illustrated in Figure S18, during the air bubble spreading, the liquid-air-solid contact line extends along

the sides, bottom surfaces and top surfaces of truncated nanocones. First, the bubble extends up along the

truncated nanocone and around the bottom of the truncated nanocone. An elliptical gas-liquid-solid con-

tact line begins to form. Secondly, the bubble moves around the bottom to the other side of the truncated

nanocone and a complete elliptical gas-liquid-solid contact line on the surface of the truncated nanocone

forms. Then, the bubble extends upward along the truncated nanocone, and the elliptical gas-liquid-solid

contact line moves along the direction of the bubble until the left side of the gas-liquid-solid interface con-

tact line reaches the highest point of the truncated nanocone. Fourthly, the elliptical three-phase contact

line moves upward and gets shorter gradually and then bubble contacts with the top surface of the trun-

cated nanocone and moves along the direction of the bubble spreading until it is completely separated

from the top surface of the truncated nanocone. Here these three parts of viscous forces are set as Fa,
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Fb and Fc. a, b and c represent the three-phase contact line length when bubble spreads along the sides,

bottom surfaces and top surfaces, respectively. Thus,

Fr = NðFa + Fb + FcÞ (Equation S40)

Here N is the number of truncated nanocones which contact with air bubble when spreading. And, N has

relationship with the spreading radius R:

N =
2pR

L
(Equation S41)

According to the analysis of Fa when the bubble moves around the truncated nanocone side, as illustrated

in Figure S19, the surface tension of three-phase contact line in the first stage is advance force for the

spreading of air bubble. While the Fa offsets each other when the air bubble in the second stage. There-

fore, it is believed that the greatest viscous force for the spreading of air bubble appears when the air bub-

ble move to the middle of top surface truncated nanocone.

In order to predict the viscous force Fa when the air bubble moves to the middle of top surface, as illus-

trated in Figure S21, v, a1 and a2 stand for the air bubble movement speed, the water height difference be-

tween two sides of truncated nanocone and themovement distance of air bubble along the bottom of trun-

cated nanocone. Let’s assume that the movement speed along all directions is the same. Here Fa could be

expressed as:

Fa = Fx

Zp
0

k sin bdb=g sin q

Zp
0

k sin bdb (Equation S42)

where Fx, k and b stand for the viscous force of any point on the ellipse, distance between the point in the

ellipse and the center of ellipse, and the angle between Fx. In order to simplify the integral calculation, it is

assumed that the ellipse line on the truncated nanocone model is equivalent to the ellipse line on the post

model with diameter of d. Thus,

Faz2l3g sin q (Equation S43)

here l3 is the major semiaxes of ellipse lengths. Equation S43 will be transformed into if l3 = d
2:

Fazgd sin q (Equation S44)

According to the schematic in Figure S22, the viscous force from the three-phase interface along the bot-

tom could be calculated as:

Fb = � gb cos q (Equation S45)

while b is the three-phase contact line length when contacting with the bottom. During the spreading of air

bubble, length b varies. And,

bmax = L (Equation S46)

Thus,

Fb % � g L cos q (Equation S47)

As illustrated in Figure S23, the viscous force along the top surface of truncated nanocone during the air

bubble spreading Fc reaches the maximum when the line is in the middle of top surface, Thus, the

maximum of Fc is:

Fc % � gd cos q (Equation S48)

According to Equations S40, S41, S44, S47, and S48, then the maximum viscous forces during air bubble

lateral spreading,

Fr = 2gpR
d,sin q

L
� 2gpR cos q� 2gpR cos qd

L
(Equation S49)

Then Equation S38 could be expressed as:

�g2pR1 cos q= 2gpR
d,sin q

L
� 2gpR cos q� 2gpR cos qd

L
(Equation S50)

ll
OPEN ACCESS

18 iScience 24, 103427, December 17, 2021

iScience
Article



If D=5d, then Equation S50 could be transformed into:

R

R0
=

�cos q
D
L

sin q
5 � cos q � D

L
cos q
5

(Equation S51)

Dynamic simulation

The numerical simulations of dynamic bubble spreading in submarine was based on laminar flowmodel via

COMSOL Multiphysics 5.5a. There are three assumptions: (i) the wall temperature is constant, and no heat

transfer occurs at the gas-liquid interface, (ii) the two phases composed of bubbles and liquid film on the

wall were incompressible Newtonian fluids, and (iii) the numerical calculation was for the two-dimensional

flow situation and the flow process was laminar flow. The Gas-liquid two-phase distribution was calculated

by the solid two-phase flow and level set (transient) physics field. The water contact angle on the wetted

solid surface was 72�. The remaining boundaries were non-slip walls. Under the gravitational field, the

result of bubbles floating up and interacting with the micro-nano structure within 0.01 s was calculated

and analyzed based on the built-in transient Navier-Stokes equations.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical results of contact angles were from 3 different samples.
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