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of robust superhydrophobic
tapered needles for collection and transportation
of underwater bubbles

Huicong Liu, a Huaxia Wang, a Liqun Zhu,a Weiping Li, a Haining Chen a

and Weitao Liang *b

The collection and transportation of underwater bubbles has attracted significant attention due to their

wide range of applications in the mining, petroleum, and chemical industries. In this study, robust

superhydrophobic tapered needles were successfully fabricated by spraying a superhydrophobic coating

prepared by an organic–inorganic hybrid method. The prepared tapered needles present excellent

surface stability and good superhydrophobicity with a contact angle (CA) of about 156°. The fabricated

tapered needles demonstrate excellent performance in collection and transportation of underwater

bubbles and the working mechanism was also thoroughly studied. The prepared robust

superhydrophobic tapered needles provide a simple, efficient and economical way for collection and

transportation of underwater bubbles.
1 Introduction

Micro-bubbles, characterized by their small diameter ranging
from 10 to 50 mm, have garnered signicant interest for their
diverse applications,1–3 including heavy medium coal prepara-
tion,4 pipeline transportation,5–9 drag reduction,5,10–14 and more.
In heavy-medium coal preparation, micro-bubbles alter the
surface properties of target minerals, facilitating efficient ne
coal separation. In pipeline transport, they increase the mass
transfer area, effectively mitigating clogging issues. Addition-
ally, when applied to the underwater surfaces of ships, micro-
bubbles reduce skin friction between the hull and water,
leading to a signicant decrease in hydrodynamic resistance.
On the other hand, micro-bubbles may also be harmful. For
example, bubbles in crude oil will seriously affect the
measurement accuracy of crude oil storage and transportation,
resulting in reduced transportation and separation
efficiency.15–17 At the same time, micro-bubbles in crude oil also
tend to absorb small solid impurities, which can cause block-
ages in pipelines and damage the transport and separation
equipment. The presence of micro-bubbles in a water-based
coating will produce micro pores, causing cavitation erosion
and seriously affecting the protective effect of coatings.15,18

Above all, it is meaningful to explore effective methods for
collection and transportation of underwater bubbles. Tradi-
tional methods are mainly divided into physical methods and
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chemical methods,19,20 such as the defoaming method,
mechanical method, heating method, ultrasonic method, and
more. However, these methods are either energy-intensive or
necessitate the installation of additional costly specialized
equipment. Furthermore, they exhibit low efficiency, particu-
larly when dealing with small-diameter micro-bubbles. Conse-
quently, there is an urgent need to develop a cost-effective and
highly efficient method for the collection and transportation of
underwater bubbles.

In recent years, super-wetting surfaces have garnered
signicant attention from researchers due to their broad
applicability and ease of fabrication. Surfaces with tailored
super-wetting properties have been engineered for a variety of
applications, including corrosion protection,21,22 water vapor
collection,23 and droplet directional movement,24,25 among
others. Some researchers have begun to explore the potential of
super-wetting surfaces as a solution for manipulating under-
water bubbles.26–33 Ma Rui et al. reported a superhydrophobic
sponge, which achieves rapid collection and stable storage of
underwater bubbles. However, the superhydrophobic sponge
did not achieve efficient control over the dynamic behavior of
underwater bubbles, such as their movement or size distribu-
tion. Pei et al. reported a Janus membrane with super-
hydrophobic and superhydrophilic surfaces on opposite sides.
It shows excellent unidirectional bubble permeability, and the
results prove its effectiveness in underwater bubble manipula-
tion. Yin et al. reported a trapezoidal platform featuring
a micro/nano – structure through femtosecond laser direct
cutting. The surface of this gradient platform exhibits super-
hydrophobicity in the air. Notably, this platform can gather
bubbles in water and achieve the directional transport of
RSC Adv., 2025, 15, 8663–8674 | 8663
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bubbles without external forces. Cao et al. reported a super-
hydrophobic copper helix capable of achieving controlled,
directional bubble transport in water. The bubble velocity can
be adjusted based on the helix distance. Yu et al. reported
a lubricant-infused slippery (LIS) surface with exceptional water
repellency, enabling efficient manipulation of bubbles in
aqueous environments. However, its poor surface strength and
high consumption signicantly limit applications.

Our group has been paying much attention to the prepara-
tion and application of super-wetting lms for a long time.34–36

Ye et al. prepared a superhydrophobic coating with excellent
mechanical durability, self-cleaning performance, and corro-
sion resistance through a novel organic synthesis and organic–
inorganic composite method. Liang et al. prepared a composite
coating for wax prevention in crude oil transportation. Yang
et al. used the hydrolysis and condensation of tetraethoxysilane
(TEOS) to form a silica sol–gel lm while achieving controllable
lm material wettability. The thiol synthesis method based on
click reaction has become a research hotspot in recent years due
to its advantages such as low oxygen resistance, commercially
accessible raw materials, few side reactions, simple operating
conditions, and no use of metal catalysts.37–45

In this study, a facile click reaction was utilized to fabricate
robust superhydrophobic coatings on tapered copper needles.
Organic–inorganic composite coatings were fabricated via thiol-
ene click reaction, leveraging its rapid kinetics and robust
bonding characteristics. The inuence of the organic-to-
inorganic ratio on hydrophobicity was investigated, revealing
that a composition of 0.4 g resin and 0.2 g SiO2 achieved a water
contact angle of 156°, indicating superior hydrophobicity. The
durability of coatings was assessed via cyclic abrasion tests. A
water contact angle of 147° persisted aer 20 friction cycles,
conrming mechanical robustness. The superhydrophobic
tapered copper needles demonstrated efficient underwater
bubble manipulation, attributed to synergistic effects of hier-
archical microstructures and surface chemistry. The super-
hydrophobic surface stabilizes an air plastron (Cassie–Baxter
state) on the tapered copper needle submerged underwater,
creating interfacial pathways for sustained directional transport
of microbubbles. Due to the tapered shape, the needles will
produce a gradient of Laplace pressure, which can derive
a directional driving force and transport droplets
directionally.46–48 The collection and transportation of bubbles
by superhydrophobic copper needles under reverse gravity was
also studied. This method will provide a simple and effective
method to collect and transport micro-bubbles.

2 Materials and methods
2.1 Materials

All reagents were obtained at the highest purity available and
used without further purication unless otherwise specied.
Pentaerythritol tetra-3-mercaptopropionate (PETMP, Shanghai
Aladdin Biochemical Technology Co., Ltd), benzoin dimethyl
ether (Adamas Reagent Co., Ltd), acetone (Beijing Chemical
Plant), dodecauoroheptyl methacrylate, 3-(trimethoxysilyl)
propyl methacrylate (Adamas Reagent Co., Ltd), tetraethoxysilane
8664 | RSC Adv., 2025, 15, 8663–8674
(TEOS, Guangzhou Xilong Chemical Co., Ltd), dibutyltin silicate
(Tianjin Jinke Fine Chemical Research Institute), hydrophobic
SiO2 nanoparticles (7–40 nm, Shanghai Aladdin Biochemical
Technology Co., Ltd), CuSO4 (West long chemical).

2.2 Preparation of organic–inorganic composite coating

According to the free radical mechanism, the synthesize process
mainly includes the following steps. At rst, a certain amount of
PETMP, benzoin dimethyl ether and acetone were added to the
bottle in N2 atmosphere and synthesized at 25 °C ± 2 °C. Aer
stirring uniformly, dodecauoroheptyl methacrylate was slowly
added into the bottle through a constant pressure dropping
funnel and reacted under UV light for 1 h. When completed, 3-
(trimethoxysilyl)propyl methacrylate was also slowly added into
the bottle and reacted under UV light for 1 h. (PETMP : dodec-
auoroheptyl methacrylate : 3-(trimethoxysilyl)propyl methac-
rylate= 1 : 2 : 2). Aer the reaction was completed, a light-yellow
liquid of uorosilicone resin is obtained. The above uo-
rosilicone resin was added to the solution containing hydro-
phobic nano-silica, and ethyl orthosilicate, dibutyltin dilaurate
and acetone were added to obtain a dispersed and uniform
mixed solution. Finally, the superhydrophobic coating of
organic–inorganic composite was obtained by spraying the
prepared solution on the glass sheet and placing it at room
temperature 25 °C for 24 h or heating it to 80 °C for 0.5 h.

2.3 Preparation of tapered needles

A uniform-diameter copper wire (0.4 mm diameter, 8 cm length)
underwent sequential ultrasonic cleaning in 1.0 mol L−1 hydro-
chloric acid, acetone, and ethanol, each for 5 minutes. Following
deionized water rinsing, the wire was nitrogen-dried to complete
pretreatment. The prepared wire was vertically mounted in an
electrolytic cell (11 cm × 6 cm × 7 cm) using a copper–graphite
electrode. The electrolyte consisted of CuSO4 in 0.2 mol L−1

H2SO4 solution. During electrodeposition, continuous electrolyte
circulation was maintained through a syringe pump system
extracting solution at 0.5 mL s−1 for 10 extraction cycles. This
dynamic ow regime facilitated the formation of a tapered
copper needle structure. Post-processing included surface
cleaning and nitrogen-protected ambient drying. For subsequent
coating application, the tapered needle was vertically xed on
a rotation stage programmed for controlled clockwise rotation. A
spray gun maintained at 30 kPa pressure was positioned 20 cm
from the rotating substrate to ensure uniform deposition.

2.4 Characterization

The surface morphology of the fabricated coatings was charac-
terized using eld emission scanning electron microscopy
(FESEM, JSM-7500F, JEOL, Japan). Chemical composition anal-
ysis was performed through Fourier transform infrared spec-
troscopy (FT-IR) recorded on a NEXUS-470 spectrometer (Nicolet,
USA) employing the KBr-pellet method, with spectral acquisition
ranging from 4000 to 500 cm−1 at 8 cm−1 resolution. Surface
topography evaluation was conducted via atomic force micros-
copy (AFM, Veeco DI) in tapping mode under ambient condi-
tions, utilizing a scan rate of 256 Hz over a 5 mm× 5 mm imaging
© 2025 The Author(s). Published by the Royal Society of Chemistry
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area. Wettability characteristics were determined using a KRÜSS
DSA20 optical contact angle analyzer (Germany) via the sessile-
drop method at ambient temperature. Static contact angles
were measured with 5 mL droplets, while sliding angles were
determined by incrementally tilting the stage until 10 mL droplets
initiatedmovement. Mechanical durability assessments included
knife-scratch resistance and sandpaper abrasion tests, following
established protocols from previous studies. For standardized
testing, coatings were deposited on glass substrates. The scratch
resistance evaluation involved creating grid patterns on coated
surfaces using a standardized cutting tool. Abrasion resistance
was quantied by subjecting specimens (100 g loading) to linear
abrasion against 800-grit sandpaper (0.5 kPa pressure) along
orthogonal directions. Each test cycle consisted of a 10 cm linear
abrasion followed by 90° specimen rotation. Post-abrasion
hydrophobicity was monitored through sequential contact
angle measurements aer predetermined test cycles.
3 Results and discussion
3.1 Reaction mechanism and surface morphology analysis
of prepared organic–inorganic composite coating

The thiol-ene click reaction mechanism and its kinetic behavior
have garnered signicant attention from the global materials
Fig. 1 Schematic diagram of organic–inorganic composite coating pre
mechanism; (b) schematic diagram of silane hydrolysis to form a netwo

© 2025 The Author(s). Published by the Royal Society of Chemistry
science community since their discovery. This surface modi-
cation strategy enables simultaneous introduction of functional
groups and enhancement of critical material properties
including adhesion and hydrophobicity. As illustrated in
Fig. 1(a), the reaction mechanism bifurcates based on olen
conguration types. The thiol-alkene system operates through
a radical chain-transfer mechanism, where thiyl radicals (–S$)
initiate nucleophilic attack on the carbon–carbon double bond
(C]C), subsequently propagating the active site through chain
transfer processes. The radical-mediated thiol-ene addition
proceeds through iterative chain propagation, while thiol-
methacrylate systems with conjugated olens follow a Michael
addition pathway. In the latter mechanism, the nucleophilic
thiolate anion (S−) attacks the b-carbon of the electron-decient
C]C bond, forming a carbanion intermediate that regenerates
active species via proton abstraction from either –SH groups or
alkali cations. This chain-propagation mechanism signicantly
enhances reaction kinetics. Subsequent integration of –

Si(OCH3)3 low-surface-energy groups into the resin matrix,
coupled with TEOS as a curing agent and dibutyltin dilaurate
catalysis, promotes siloxane (Si–O–Si) network formation
through hydrolytic condensation. As illustrated in Fig. 1(b), this
cross-linked architecture synergistically optimizes both hydro-
phobicity and mechanical strength in the nal coating.
paration. (a) Thiol-ene click chemistry reaction based on free radical
rk structure.

RSC Adv., 2025, 15, 8663–8674 | 8665

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06971d


Fig. 2 (a) FT-IR images of FCS-SiO2 particles before and after modification; SEM micrographs of modified SiO2 particles at (b) low and (c) high
magnification; (d) EDS spectrums of modified SiO2 particles and corresponding element distribution images of F, S and Si.
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Fig. 2 characterizes the surface morphology and chemical
composition of modied SiO2 particles prepared via a photo-
initiated uorosilicone resin synthesis. FT-IR analysis in Fig. 2(a)
reveals signicant spectral changes post-modication: the
broadened and attenuated –OH stretching vibration at 3433 cm−1

conrms successful silanol group consumption through chem-
ical graing. Characteristic peruoroalkyl absorptions at
1204 cm−1 and 1149 cm−1, combined with the absence of
residual C]C (1636 cm−1) and –SH (2564 cm−1) signals,
demonstrate complete thiol-ene conversion and successful inte-
gration of uorinated moieties into the resin matrix. SEM
imaging at multiple magnications in Fig. 2(b and c) reveals
inherent micro/nanoscale hierarchical structures formed during
spray deposition. High-resolution imaging conrms the coexis-
tence ofmicron-sized aggregates and nanoscale surface asperities
from fumed SiO2, collectively establishing a porous multilevel
morphology. EDS elemental mapping in Fig. 2(d) veries uniform
8666 | RSC Adv., 2025, 15, 8663–8674
surface distribution of F (17.58 ± 0.13 wt%), S, and Si – with
uorine enrichment (vs. bulk 11%) indicating surface-segregation
of low-surface-energy uoropolymer chains. The detected sulfur
and silicon derive respectively from PETMP crosslinkers and SiO2

nanoparticles, consistent with the designed formulation.
3.2 Inuence of surface composition on hydrophobicity

Coatings featuring micro-nano-scale roughness structures oen
exhibit mechanical fragility and susceptibility to abrasion,
particularly on rigid substrates. Organic–inorganic nano-
composites have emerged as a promising strategy to address
this limitation, achieved either through polymer-graed nano-
particles or dispersion of surface-modied nanoparticles within
polymeric matrices. Crucially, the organic/inorganic mass ratio
critically determines the hydrophobic performance during
composite fabrication, necessitating systematic optimization.
Table 1 shows 9 formulations for follow-up research.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Hydrophobic coatings of different fluorosilicone and silica
resins

Group Fluor silicone/g SiO2/g Acetone/g

A 0.0 0.2 5.0
A 0.2 0.2 5.0
A 0.4 0.2 5.0
A 0.6 0.2 5.0
B 0.4 0.0 5.0
B 0.4 0.05 5.0
B 0.4 0.1 5.0
B 0.4 0.2 5.0
B 0.4 0.4 5.0
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During the preparation process, the ratio of SiO2 particles to
resin plays a great role in the hydrophobic effect. In order to
determine the most suitable ratio, two sets of samples were
prepared: the SiO2 particles of group A were xed at 0.2 g, and
the resin was 0 g, 0.2 g, 0.4 g, and 0.6 g. The resin of group B was
xed at 0.4 g, and the SiO2 particles were 0 g, 0.05 g, 0.1 g, 0.2 g,
and 0.4 g. The solvent of the two groups is 5 g of acetone, and
the curing agent is 0.2 g.

3.2.1 Effect of uorosilicone on hydrophobicity. The
hydrophobicity of coatings is principally governed by two crit-
ical factors: low surface energy characteristics and hierarchical
surface roughness. To systematically investigate the SiO2/resin
mass ratio's impact on water-repellent performance, FT-IR
Fig. 3 (a) WCAs with different resin content. (b) Hydrophobic angles o
different resin contents.

© 2025 The Author(s). Published by the Royal Society of Chemistry
analysis was conducted on component B formulations in
Fig. 3(c). Spectral analysis reveals characteristic C–F stretching
vibrations within the 1298–1162 cm−1 range, demonstrating
successful peruoroalkyl group incorporation. Notably, the
progressive intensication of these absorption bands with
increasing resin content conrms enhanced surface uorina-
tion – a critical determinant of surface energy reduction.
Concurrently, emerging hydroxyl group signals near 3000 cm−1

suggest competing hydrophilic interactions, though their rela-
tive intensity remains subordinate to dominant hydrophobic
functionalities. Optimal hydrophobicity was achieved at 0.4 g
resin loading, evidenced by water contact angles exceeding 150°
in Fig. 3(a and b). This performance maximum correlates with
the synergistic balance between uorocarbon coverage and
surface roughness preservation.

3.2.2 Effect of SiO2 on hydrophobic effect. In order to
explore the inuence of SiO2 particles on wettability, the SEM
was used to characterize the coatings of component B. The
surface morphology of samples with different SiO2 particle
masses is shown in Fig. 4(a–d). When the mass of SiO2 particles
is 0.05 g, the coating surface is relatively smooth. The irregular
pattern in the gure is uorosilicone resin, and the SiO2 parti-
cles do not provide enough roughness, Fig. 3(b) shows its water
contact angle is only 73.5°, which fails to meet the requirement
of hydrophobic; when the mass of SiO2 particles is 0.1 g, the
roughness of the coating increases signicantly, but there are
f samples with different SiO2 particle masses. (c) Infrared spectra of

RSC Adv., 2025, 15, 8663–8674 | 8667
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Fig. 4 The surface macro morphology, micro morphology and roughness of samples with different SiO2 particle quality (a) 0.05 g (b) 0.1 g (c)
0.2 g (d) 0.4 g.
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obvious cavities on the surface, and the distribution of SiO2

particles is uneven, its hydrophobic angle is slightly increased
to 90.9°, barely meeting the requirement of hydrophobic; when
8668 | RSC Adv., 2025, 15, 8663–8674
the mass of SiO2 particles is 0.4 g in Fig. 4(d), even though the
hydrophobic angle is 160°, but it will be caused by too many
SiO2 particles, which can cause multi-initiated reunion and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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poor lm formation. Therefore, the effect is best when the mass
of SiO2 particles is 0.2 g. It can be seen from the Fig. 4(c1) shows
that the SiO2 particles are evenly distributed, with less
agglomeration and voids, and provide sufficient roughness to
the coating surface, and the hydrophobic coating will be more
hydrophobic and the effect is best, its water contact angle is
159.3°, which meets the requirement of superhydrophobic.

3.3 The superhydrophobic property of the prepared coating

The uorosilicone resin–SiO2 superhydrophobic composite
coating exhibits excellent superhydrophobicity, with a static
water contact angle of up to 156° on the glass substrate. To
evaluate its self-cleaning potential, dynamic tests were con-
ducted. As shown in Fig. 5(a), a 10 mL water droplet rapidly
slides off the inclined surface (tilt angle: 3°) within 273 ms,
indicating the coating's low adhesion properties, which facili-
tate bubble transportation. Fig. 5(b) further characterizes the
dynamic adhesion behavior: when a 5 mL water droplet on
a needle contacts the coating surface, a dened pressure is
applied to deform the droplet. Subsequently, the droplet
detaches without leaving any residue, conrming the coating's
exceptional superhydrophobicity.

3.4 Collect transport bubbles

Numerous studies have demonstrated that a structurally
modied conical surface generates gradients of Laplace
Fig. 5 Superhydrophobic properties (a) rolling angle (b) dynamic
adhesion behavior.

© 2025 The Author(s). Published by the Royal Society of Chemistry
pressure and surface free energy, creating a directional driving
force for droplet collection and transport. Inspired by this
mechanism, we aim to introduce analogous gradients onto
conical surfaces to enable continuous collection and directional
transport of microbubbles in aqueous media. In this work,
a superhydrophobic coating was integrated onto copper needles
to achieve efficient microbubble manipulation in deionized
water. Upon immersion, the superhydrophobicity of the coated
needle induces a stable air layer underwater, providing a low-
resistance pathway for microbubble transportation. The Lap-
lace pressure gradient arising from the conical geometry serves
as the primary driving force, directing bubbles along the needle
surface. This approach offers a simple yet effective strategy for
microbubble elimination in liquid systems.

As shown in Fig. 6, on the surface of the horizontally placed
superhydrophobic copper needle, there are four forces acting
on the moving bubbles, namely Laplace pressure (FL), synthetic
resistance (FR) generated by the liquid and lubricating layer,
buoyancy (FB), and the adhesion of the superhydrophobic
copper needle surface to the air bubbles (FA). FL is the driving
force for the directional movement of bubbles induced by the
cone shape of a superhydrophobic copper cone.49–52

FL z 2l1l2

�
1

R1

� 1

R2

�
S sin a (1)

where R1 and R2 are the local radii on opposite sides of the
bubble, S is the area of the area surrounded by the bubble, and
a is the half-vertex angle of the cone. Since the bubble is
attached to the surface of the superhydrophobic copper cone,
there will be a difference in radius between the two opposite
sides of the bubble. Therefore, the FL directionally drives the
bubbles on the surface of the superhydrophobic copper needle
from its tip to its bottom. When air bubbles move on a smooth
surface in an aqueous environment, the resistance generated by
the liquid and the viscous layer must be considered. The
resultant resistance (FR) can be calculated as follows:53–55

FR ¼ 1

2
CDrn

2Aþ ank (2)

where CD and r are the resistance coefficient and the density of
the aqueous medium, respectively; v is the transmission speed
of the bubble; A is the cross-sectional area of the bubble; a and k
are uncertain parameters derived from the resistance of the
Fig. 6 Schematic diagram of Laplace driving force.
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Fig. 7 Microbubble collection and transportation experiment.
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lubricating layer. FB is determined by the volume of the bubble
(V), the density of the liquid (r), and the acceleration of gravity
(g), and can be expressed as follows:

FB = rgV (3)

FA can be derived as follows:56,57

FA = gl1l2
LTCL sin b (4)

where L is the length of the three-phase contact line and b is the
effective contact angle of the bubble on the smooth surface. For
Fig. 8 Superhydrophobic copper needles collect and transport air bubb

8670 | RSC Adv., 2025, 15, 8663–8674
the case where the bubble moves horizontally on the surface of
the superhydrophobic copper cone, FA can resist FB, and its
resultant force is equal to zero in the vertical direction.

The collection and transport processes of microbubbles in
water by superhydrophobic copper needles were studied. To
prevent carbonic acid interference from dissolved CO2, a closed
pipe ow system with a ow rate of 0.5 mL s−1 was utilized. The
copper needle was positioned horizontally in deionized water to
suppress buoyancy effects on bubble dynamics. As shown in
Fig. 7, microbubbles contacting the needle surface spread
rapidly, conrming its superaerophilic behavior in water. These
bubbles migrated from the needle's tip to its tail at 20.5 ±

0.5 mm s−1, merging into a single large bubble. At 97 s, buoy-
ancy exceeded the adhesive force, causing detachment of the 48
mL bubble. This cycle repeated continuously, enabling sus-
tained microbubble collection and transport. The super-
hydrophobic copper needle was taken out, stood at room
temperature for 24 h, and then immersed in water again, it still
had the ability to collect and transport bubbles. The application
of superhydrophobic copper needles in crude oil exploitation
can reduce the bubble content and improve the efficiency of
crude oil exploitation; when applied to waterborne coatings, it
can improve the lm-forming property and make the coating
more uniform.

Fig. 8 investigates bubble collection and transport by the
superhydrophobic copper needle under reverse gravity condi-
tions. At a tilt angle of 20°, the average transport velocity is 17.4
± 0.5 mm s−1 with a transport distance of 0.6 cm. When the tilt
angle increases to 90°, the velocity decreases to 6.5 ± 0.5 mm
s−1 and the distance shortens to 0.5 cm. These results conrm
that the needle can collect and transport bubbles against
gravity. Comparing these data with the 0° tilt angle case (hori-
zontal placement, Fig. 7), we observe a clear trend: as the tilt
angle increases, buoyancy increasingly opposes the adhesive
force, leading to slower transport speeds and shorter distances.
Nevertheless, the needle maintains functionality even at 90°,
les against gravity. (a) 20° (b) 90°.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrating its robustness in overcoming gravitational
effects.

3.5 Stability

The limited mechanical durability of superhydrophobic
surfaces poses a signicant challenge for their real-world
applications. To address this, we systematically evaluated the
robustness of an organic–inorganic composite coating through
standardized sandpaper abrasion tests and knife scratch
experiments.58,59 As illustrated in Fig. 9(a), the abrasion protocol
involved cyclically moving the coating (under a 100 g load)
across 800# SiC sandpaper—10 cm laterally, followed by a 90°
rotation and another 10 cm longitudinal movement—to simu-
late severe mechanical wear. Remarkably, aer 20 such cycles,
the coating retained a water contact angle of 147° in Fig. 9(b),
indicating robust mechanical resistance. This durability stems
from the coating's “bulk superhydrophobicity”, a structural
design where hydrophobic SiO2 nanoparticles and inter-
connected cavities are distributed not only on the surface but
also throughout the interior. Consequently, even if the top layer
is abraded, the underlying hydrophobic network maintains
non-wettability. Comparative analysis with the DMS/ODA-
PDA@PI nanobrous membrane reported by Wenjing Ma
et al.,58 revealed that our coating achieved a higher post-
abrasion water contact angle (147° vs. 135° aer 20 cycles),
underscoring its superior mechanical resilience. Furthermore,
Fig. 9 (a) Wear diagram (b) the relationship between the number of sand
scratch test (d) the static contact angle of water droplets with different

© 2025 The Author(s). Published by the Royal Society of Chemistry
the coating's ability to repel impacting droplets—causing them
to retract or rebound—signicantly reduces ice nucleation sites,
suggesting strong potential for anti-icing applications in harsh
environments. These results collectively demonstrate that the
synergy of structural design and material composition can
effectively mitigate the mechanical fragility of super-
hydrophobic coatings.

As shown in Fig. 9(c), in the blade scratch test,60 aer the
blade is scratched according to the preset route, the coating still
maintains superhydrophobic properties. Aer the test, when
the dyed water droplets were dropped onto the surface of the
scribed coating, they rolled off quickly without any adhesion,
indicating the excellent anti-scratch stability of the composite
coating.

In the actual application process, the coating may come into
contact with robust acid or alkaline substances. In order to
evaluate the chemical stability of the composite coating in an
acid-base environment, this section adopts two methods, using
aqueous solutions of different pH values to test the static
contact angle of the coating surface and immersing the coating
in aqueous solutions of different pH values. Aer a certain
period of time, take out the coating and measure the static
contact angle for evaluation. Fig. 9(d) shows the static contact
angles of aqueous solutions with different pH values on the
coating surface. It can be seen from the gure that solutions
with different acidity and alkalinity all exhibit excellent
paper abrasion test cycles and the wettability of the coating surface (c)
pH values on the surface of the composite coating.
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superhydrophobicity on the surface of the composite coating.
The contact angle of acidic droplets is generally higher and
more stable than that of alkaline droplets. By comparing with
the DMS/ODA-PDA@PI nanobrous membrane prepared by
Wenjing Ma et al.,58 the performance of this coating is better in
acidic environment, and the hydrophobic angle is more than
154°. However, in alkaline environment, it is slightly insuffi-
cient and uctuates greatly. This may be due to the high affinity
of the nanoparticles on the surface of the coating with the
sodium hydroxide solution, which allows the alkaline aqueous
solution to diffuse into the porous micro–nano structure with
air hidden on the surface of the coating. Further, the composite
coating is immersed in a solution of hydrochloric acid and
sodium hydroxide with pH of 1 and 14. The experimental results
show that aer immersing in a hydrochloric acid solution with
a pH of 1 for 10 hours, there is no change on the surface of the
coating, and the surface remains dry. Aer removal from the
solution, the surface of the coating remains dry and does not
stick to the solution. These results indicate that the super-
hydrophobic composite coating has outstanding stability in
a robust acid environment. However, for a robust alkaline
sodium hydroxide solution with a pH of 14, the surface of the
coating was partially wetted and lost its mirror effect aer 1
hour of soaking. Aer soaking for 10 hours, the surface of the
composite coating was completely wetted. This indicates that
the composite coating has poor resistance to robust alkaline
environments.
4 Conclusions

In this article, a fast and simple method for preparing super-
hydrophobic coating by spraying peruoro thiol/acrylate resin
containing hydrophilic silica nanoparticles was introduced. The
hydrophobic angle reaches 156°, and it has excellent mechan-
ical properties and acid resistance. The spray deposition
method of the nanoparticle-loaded resin provides the coating
with a layered rough morphology on a wide range of substrates.
Combined with copper cones, it can be used for gas collection
and transportation in gas–water–solid three-phase systems. The
superhydrophobic copper cone continuously collects micro-
bubbles from the carbonated water, and then directionally
transport them to the bottom surface driven by the gradient of
Laplace pressure and surface free energy. The transport direc-
tion of the microbubbles can be controlled by the super-
hydrophobic copper cone.
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44 I. Šaríc, M. Kolympadi Markovic, R. Peter, P. Linić,
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