Sprayable superhydrophobic coating with high processibility and rapid damage-healing nature
Cao, Chunyan; Yi, Bo; Zhang, Jianqiang; Hou, Changshun; Wang, Zhaoyue; Lu, Gang;
Huang, Xin; Yao, Xi
Published in:
Chemical Engineering Journal
Published: 15/07/2020

Document Version:
Post-print, also known as Accepted Author Manuscript, Peer-reviewed or Author Final version
License:
CC BY-NC-ND
Publication record in CityU Scholars:
Go to record
Published version (DOI):
10.1016/j.cej.2020.124834
Publication details:
Cao, C., Yi, B., Zhang, J., Hou, C., Wang, Z., Lu, G., Huang, X., & Yao, X. (2020). Sprayable superhydrophobic
coating with high processibility and rapid damage-healing nature. Chemical Engineering Journal, 392, [124834].
https://doi.org/10.1016/j.cej.2020.124834

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.
General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.
Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 03/12/2022

Sprayable Superhydrophobic Coating with High Processibility and Rapid
Damage-Healing Nature
Chunyan Cao,‡a Bo Yi,‡a Jianqiang Zhang,a Changshun Hou,a Zhaoyue Wang, a Gang Lu,a Xin Huanga
and Xi Yao*a, b
a

Department of Biomedical Sciences, City University of Hong Kong, Hong Kong 999077, P. R. China
b

Key Laboratory of Biochip Technology, Biotech and Health Centre, Shenzhen Research Institute of
City University of Hong Kong, Shenzhen 518057, P.R. China

‡

These authors contributed equally.

Corresponding Authors E-mail: xi.yao@cityu.edu.hk

1

Abstract
Superhydrophobic coatings simultaneously exhibiting high substrate binding, mechanical robustness and
damage-healing properties are of great significance for practical applications. In this work, an effective
silicone-based paint was developed to prepare superhydrophobic coating for the first time with the
abovementioned properties. The paint is formulated with supramolecular silicone polymers and silica
nanoparticles, which can be sprayed on solid substrates and assembled into porous films with enhanced
water repellency. The abundant hydrogen bonds and coordination bonds in the supramolecular silicone
polymers provided additional substrate binding and damage-healing properties. The coating can maintain
water-repellency upon a series of tests including tape peeling, sandpaper abrasion and underwater
placement. They can repeatedly heal chemical and topographical defects by simple thermal treatment due
to the dynamic intermolecular crosslinking and chemical reorganization of the supramolecular polymers.
Taking advantages of their high processibilty, multifaceted robustness and inherent healing ability, the
developed superhydrophobic coatings hold great promise for applications in liquid transportation, oilwater separation, anti-icing and drag reduction.
Keyword: Superhydrophobic, mechanical robustness, damage-healing property, high processibility,
liquid transportation
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1. Introduction
Superhydrophobic coatings are widely used in daily life and industry[1, 2], because they can
provide robust liquid-repellency and enable self-cleaning[3, 4], anti-icing[5, 6], corrosionresistance[7-9], oil-water separation[10-12], and water manipulation[13, 14]. Various fabrication
technologies have been developed to prepare superhydrophobic coatings with desired features and
functions to meet specific requirements in various applications[15-19]. However, most
superhydrophobic coatings still suffer from the lack of mechanical robustness and the loss of
liquid-repellency upon mechanical damages[20]. For example, the microstructures of the coating
can be easily destroyed by different types of mechano-chemical damages, such as tape-peeling,
knife-scratch, sandpaper abrasion, and plasma treatment[21]. These drawbacks have seriously
hindered their practical applications.
Recently, several strategies have been reported to improve the durability of superhydrophobic
coatings by using materials with high mechanical strength and robustness, such as, polymer
nanocomposite[22, 23], ceramics[24, 25], metals and metal alloys[26, 27]. Although such strategy
can reinforce the durability of superhydrophobic coatings against various destructions in harsh
environment, it cannot avoid the generation and accumulation of micro-scaled defects during the
usage, which will eventually lead to the loss of the liquid repellency. In this regard, endow
superhydrophobic surface with reliable damage-healing properties to help recover from both
chemical and mechanical defects, has been demonstrated as a promising approach. For example,
the migration of pre-stored hydrophobic molecules to the air-sold interface can help restore the
chemical defect of the superhyrdophpbic surface after plasma treatment[28-32]. However, this
strategy can rarely help repair physical or mechanical damages. Alternatively, shape memory
polymers[33], have been reported to recover structure collapse, but they are not tolerant to other
types of mechanical damage, such as scratches or abrasions. Therefore, to develop durable
superhydrophobic coatings with reliable damage-healing properties, the effect of the material
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chemistry and composition on the recovery of surface and structural integrity should be duly
considered.
Supramolecular chemistry has been extensively used for construction of various functional
polymers, especially healable materials. Among them, silicone-based polymers with healable
function have attracted tremendous attention due to their potential applications in flexible
electronics, wearable devices and soft robotics[34-37]. There are a few examples of using
supramolecular silicone for coating development, such as the damage-healable slippery or oilrepellent surface[38-41]. Recently, silicone based supramolecular nanocomposites with damagehealing and superhydrophobicity are also reported[42]. However, these supramolecular
nanocomposites are processed and evaluated as bulk materials such as foam and aerogel. Their
processibility, substrate binding, damage healing as a coating on solid substrates are elusive.
Herein, we developed a superhydrophobic coating with a combination of features that have been
rarely achieved simultaneously including high substrate binding, mechanically robustness,
reliable and rapid damage-healing on both chemical and mechanical defects. We firstly
synthesized a supramolecular silicone polymer with high mechanical stability and damagehealable property[43]. Then, an easy operational superhydrophobic paint was achieved by simply
dispersing supramolecular silicone polymer and silica nanoparticles in THF for further waterrepellent treatment of various substrates. After spraying onto the substrate, it assembled into
porous film and displayed typical superhydrophobicity with a high water contact angle of 157.2
±1.9° and a low water sliding angle of 7.8±0.8°. Due to large amount of hydrogen-bonds and
coordination bonds between the film and substrates, the coatings exhibited excellent mechanical
robustness against repeated tape peeling tests, sandpaper abrasion and long-time of underwater
placement. More importantly, topographical defects and surface chemistry can be recovered by
simple thermal treatment due to the dynamic intermolecular crosslinking and chemical
reorganization of the supramolecular polymers. Along with high processibilty, multifaceted
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robustness and inherent healing ability, the developed superhydrophobic coatings offer
tremendous possibilities for numerous applications, such as liquid transportation, oil-water
separation, anti-icing and drag reduction.

2. Experimental Section
Materials: Bis-aminopropyl-terminated polydimethylsiloxane (PDMS, Mw=870) was purchased
from Gelest, Inc. Dopamine hydrochloride (DOPA), isophoronediisocyanate (IPDI) and other
chemicals/solvents were purchased from Sigma-Aldrich. Silica nanoparticles were purchased
from Shan Yi Plastic Co. LTD. Various substrates, including glass slide, stainless steel mesh,
silicon wafer, aluminium sheet, cotton fabric, paper and filter paper, melamine sponge, were
commercially available. All chemicals were used as received. The substrates materials were
treated by ultrasonic washing in ethanol before use.
Synthesis of superhydrophobic paint: Firstly, the supramolecular polymer (PDMS-Cat-Zn) was
prepared according to our previously published method[43]. Briefly, 5 mmol PDMS, 5 mmol DOPA and
0.5 mmol IPDI were blended to synthesis PDMS-Cat, followed by coordination with Zn (II) ion (2.5
mmol) to obtain PDMS-Cat-Zn supramolecular silicone polymer. Then, superhydrophobic paint was
prepared by mixing silica nanoparticles and supramolecular silicone polymer with various weight
ratio from 0 to 40 wt% in THF (10 mL) to form a homogenous solution. After 0.5 h stirring, the
paint was ready for applying on various substrates.
Fabrication of superhydrophobic surface: Superhydrophobic nanocomposite coating can be obtained
by simply spraying supramolecular silicone polymer/silica nanoparticles suspension onto the
substrates. Besides, by adjusting the sparing volume (0.3, 0.6, 0.9 mL), nanocomposite films with
different thickness (30, 60, 90 m) could be obtained.
Shear strength test: Superhydrophobic paint with various silica nanoparticle concentration (0,
10, 20, 30, 40 wt%) was firstly deposited onto a glass slides, followed by pressing another glass
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above it to ensure uniform and firm contact after curing. Shear strength tests were performed on
Instron 5566 and the strain rate was 10 mm/min, and the shear strength was acquired by testing
break stress.
Tape-peeling test: A standard Elcometer 99 tape (adhesion to steel: 642 N/m) was used to assess
coating degradation. After applying 1 kg weight, tape was peeled off from the substrate. The water
contact angle, water sliding angle of the composite coating were measured after every 20 cycles
of abrasion.
Abrasion test: A 1 kg weight was placed on the sandpaper (grit no. 220, 2.5 cm x 2.5 cm) and
sample was underneath. Then the sandpaper was pulled in one direction at a constant speed of 0.2
cm/s (Figure 4a down). The water contact angle, water sliding angle and the weight of the
composite coating were measured after every 10 cycles of abrasion.
Mechanical damage-healing process: Notch penetrating to the underlying substrate was made on
the nanocomposite coating with different thickness (60, 90, 120 m) by using a razor blade. After
that, the surface was heated at different temperature for different times to investigate their healing
property.
General characterizations: The wetting properties of static and dynamic contact angles of the
coatings were measured with a customized system. The volumes of droplets used for static contact
angle and sliding angle measurements were 6 μL and 10 μL, respectively. The micro-nano
structures and thickness of the composite coatings on the glass slide was investigated by using a
field emission scanning electron microscope (SEM, Philips XL30CP) at 10.0 kV. An energy
dispersive X-ray spectrometer (EDS, Oxford Instruments INCA Energy 200) was used for
elemental analysis. Fourier transform infrared (FTIR) spectroscopy was performed with a Perkin
Elmer Spectrum 100 instrument. The surface chemical composition was performed by using a
Kratos Axis-Ultra HAS X-ray photoelectron spectrometer (XPS). The thermogravimetric analysis
(TGA) was examined on a TA Q600 differential thermal analyzer at a heating rate of 10°C min -1.
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The differential scanning calorimetric (DSC) curves were recorded on a TA DSC25 machine with
a temperature cycle -80°C ~ 80°C. The rheological measurements were performed on a rotational
rheometer (Malvern Kinexus Lab+). The damaged and healed process of the paint was observed
by an upright optical microscope (Nikon Eclipse Ni-U). The other optical images and videos were
taken by a SLR camera (Nikon D5500). The microindentation test was performed on a Fischer
HM2000XY Micro-Hardness Tester in a displacement-controlled mode and the load force was
controlled 100 mN.

3. Results and discussion
The chemical structure of supramolecular silicone polymer was shown in Figure 1a. This
supramolecular polymer contained flexible PDMS backbones and crosslinked by dynamic
hydrogen bonds and coordination bonds (Figure 1b), which enabled desirable mechanical
strength, high substrate binding and thermally healable property. The superhydrophobic paint was
prepared by simply mixing supramolecular silicone polymer andsilica nanoparticles in THF
solvent, which could be applied on various substrates via simple spraying method (Figure S1).
After modification, various substrates all showed remarkable superhydrophobicity (Figure S2)
and the water droplet can bound on the coating surface (Figure 1d), demonstrating its excellent
superhydrophobic performance.
The chemical composition of the composite coating was confirmed by Fourier transform infrared
(FTIR) spectroscopy, and energy dispersive X-ray spectrometer (EDS). As displayed in Figure
S3a, superhydrophobic coating exhibited many strong absorption peaks corresponding to the
stretching vibrations of PDMS (700-1300 cm-1), uredo units (1500-1700 cm-1) and hydroxyl
functional groups (3300-3400 cm-1), which were all from supramolecular silicone polymer. There
was no distinct signal of silica nanoparticles in the composite coating because silica nanoparticles
were fully encapsulated by the polymer. Besides, EDS spectra also confirmed that the elements
7

of C, N, O, Si, Zn were uniformly distributed on the surface of superhydrophobic composite
coating, demonstrating that the coating successfully covered on the glass (Figure S3b, c).

Figure 1. Design of the healable superhydrophobic coatings. a) Chemical structure of
supramolecular silicone polymer. b) Schematic structure of the superhydrophobic nanocomposites.
Double dynamic bond containing both reversible hydrogen bond and metal-ligand constructed
hybrid dynamic networks. c) Schematic diagrams of high binding abilty of the superhydrophobic
coating with various substrates via different chemical interactions. d) The water droplet bouncing
process on a horizontally placed spray-coated glass. Time intervals are ~12 ms.

The native supramolecular silicone polymer is moderate hydrophobic, with a water contact angle
of 91.0 ± 1.8° when it is cast on glass slide to form a flat film (Figure S4). To further enhance the
water repellency, hydrophobic silica nanoparticles were blended with the polymer to improve
surface roughness[44, 45]. As shown in Figure 2a, b and Figure S5, at lower loading amount of
silica nanoparticles (10, 20 wt%), the coating surface shows smooth morphology with a water
contact angle below 150°. When the loading amount increased to 30 and 40 wt%, hierarchical
roughness was formed, for which large quantities of polymer-warped particles were observed at
8

the coating surface (Figure 2c, d). Those coatings exhibited typical superhydrophobicity. For
example, coatings with 30 wt% silica nanoparticles exhibited a high water contact angle of
157.2±1.9° and a low water sliding angle of 7.8±0.8° (Figure 2e).
According to our results, nanocomposites with 30, 40 wt% silica nanoparticles exhibited best
water-repellency. Then, the influence of silica nanoparticles on the mechanical strength and
healing ability was systematically studied. Results of micro-indentation and shear strength tests
showed that the mechanical strength has been enhanced with increasing silica nanoparticles from
0 wt% to 30 wt% because inherent hard property of silica nanopartilces brought larger mechanical
strength (Figure 2f, g). However, when further increasing to 40 wt%, binding force between
silicone polymer and silica nanoparticles or substrates decreased, which weakened the interfacial
binding force. Therefore, nanocomposites with 30 wt% silica nanoparticles were selected for the
following researches.

Figure 2. Morphology and mechanical properties of the composite coatings. a-d) SEM images of
nanocomposites when loading different concentration of silica nanoparticle (10, 20, 30, 40 wt%).
e) Water contact angle and water sliding angle of the nanocomposite coating when loading 30
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wt% silica nanoparticle. f, g) Micro-indentation and shear strength of the nanocomposite coatings
with different concentration of silica nanoparticles. Scale bar is 2 m.

Recently, there are a few reports on supramolecular superhydrophobic composites with damage-healing
ability[42, 46], but they are mostly confined to bulk materials, and the rationale on the damage-healing
mechanism as a coating has not been well addressed. In a typical damage-healing test shown in Figure 3a,
a scratch with about 10 m width on the sample film with 60 m thickness coated on glass slide could be
fully healed in 3 minutes under heating at 120°C, which was contributed to the dynamic non-covalent
bonds in the supramolecular silicone polymer (Figure 3b). Actually, the glass transition temperature of
the pristine silicone polymer was slightly above room temperature, at 40.9°C (Figure S6). Temperature
around 60°C is needed to proceed the phase-transition and thus the damage-healing process of the
polymer[43]. After incorporation of silica nanoparticles, the rheological properties of the silicone polymer
after phase transition have been altered because silica nanoparticles will increase viscosity, retarding
migration of polymer chain to heal physical damage (Figure 3c). Indeed, self-healing ability could be
achieved only when loadings of silica nanoparticles below 40 wt% (Figure S7). Thus, a higher temperature
(around 80°C) was required to decrease viscosity of the nanocomposite coating, enabling the composite
coating with high mobility and simultaneously convert the equilibrium of dynamic non-covalent bonds to
a disassociated state. Therefore, after heating above 80°C, the silicone polymer nearby the damage region
tended to move to the void area to reconnect and reform hydrogen bonds and catechol-Zn coordination
bonds, then healing microscopic defects. As it shown in Figure 3d and Figure S8, this healing process
could be more rapidly completed under smaller damage depth. High temperature could accelerated the
healing speed due to higher mobility of supramolecular silicone polymer at elevated temperature. The
reliability of such damage-healing process was continuously tested and after 10 damage-healing cycles,
the superhydrophobicity of the film was well maintained (Figure 3e). Except for physical defects, surface
chemistry can also be recovered, which was discussed in supplementary information (Figure S9).
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Figure 3. Mechanical damage-healing test on the superhydrophobic nanocomposite films. a)
Microscopic images of the nanocomposite coating damaged by knife-cutting (left) and after
healing (right). b) Schematic diagram of damage-healing process. c) Rheological properties of
silicone polymer and nanocomposite coating. d) Healing time of nanocomposites under different
damage depth and heating temperature. e) Continuous evaluation of the water-repellency under
repeated damage-healing cycles. Scale bar is 100 m.

In order to evaluate its feasibility in practical applications, mechanical robustness should also be
taken into consideration. Firstly, inner adhesion between the silica nanoparticles and silicone
polymer was evaluated by tape-peeling test (Figure 4a up). As displayed in Figure 4b-c, the
composite coating maintained superhydrophobicity and porous structure even after 40 times of
tape peeling, indicating strong interfacial binding between silica nanoparticles and silicone
polymer. We also performed a cross-hatch, a more standard adhesion test to further confirm the
robustness (Figure S10).
Besides tape-peeling test, sandpaper abrasion was also carried out to verify the mechanical
durability (Figure 4a down). As shown in Figure 4d, the surface still remained
superhydrophobicity with a high contact angle above 150° and a low sliding angle below 10° even
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after 80 cycles of abrasion. 100 cycles of abrasion would slightly crush the hierarchal structure
and weaken water-repellency with water contact angle and water sliding angle of 151.6° and 33.2° .
However, after heating at 100°C, the mobility of the supramolecular silicone polymer was
activated and restored hierarchal structure due to phase transition of silica nanoparticles and
silicone polymer (Figure 4e-f), restoring superhydrophobicity. Moreover, the coating was also
very stable underwater (Figure S11a-b). After 24 h of underwater placement, air-cushion still
formed on the surface (Figure S11c) and water still could slide off the surface easily.

Figure 4. Mechanical robustness of the composite coatings. a) Schematic diagram of tape-peeling
(up) and sandpaper abrasion (down) test. b) Changes of water contact and sliding angle with
different cycles of peeling off test. c) SEM images of the coating after 40 times of peeling off test.
d) Changes of water contact and sliding angle with different cycles of abrasion. e) SEM images
of the coating after 80 times of abrasion (up) and after heating at 100°C for 30 min (down). f)
Schematic diagrams of hierarchical structure of the coating surface after abrasion and heating.
Scale bar is 2 m.
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Due to its high processibility, superhydrophobic paint can be applied to construct special pathway
for fast water transport. As showed in Figure 5a, with the integration of mask, superhydrophobic
paint was sprayed on the exposed area for water-repellency. After removing the mask, patterned
wettability with designed hydrophilic pathways formed on the glass slide. As the shape of mask
could be flexibly changed, various kinds water-guiding pathway could be formed (Figure 5b-c).
Because the edge of the pathway was water-repellent, water was trapped in the hydrophilic area
and moved along the designed pathway. This easily obtained droplet-guiding pathway was of
great significance for programmable spatiotemporal manipulating of droplets on the surface.

Figure 5. Dynamic control of water transport on the glass slide guided by designed pathways. a)
Schematic diagram of the glass surface with patterned wettability. b, c) Oblique pathway and Sshape pathway for directional water transport.

4. Conclusion
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In summary, we developed an easy-processible superhydrophobic paint by simply mixing
supramolecular silicone polymers and silica nanoparticles in THF. Supramolecular silicone
polymer with abundant hydrogen bonds and coordination bonds provided additional substrate
binding and damage-healing properties, while silica nanoparticles contributed to enhancing
surface roughness. The paint can be sprayed on various substrates to form porous coatings with
enhanced water-repellency. This water-repellent coating exhibited remarkable mechanical
stability and damaging-healing ability. Even after repeated tape-peeling, sandpaper abrasion and
long-time underwater placement, surface still maintained superhydrophobicity with water contact
angle higher than 150° and water sliding angle below 10°. Moreover, both topographical defects
and surface chemistry can be recovered due to dynamic intermolecular crosslinking and chemical
reorganization of the supramolecular polymers. Taking advantages of their high processibilty,
multifaceted robustness and inherent healing ability, the developed superhydrophobic coatings
hold great promise for applications in liquid transport, oil-water separation, anti-icing and drag
reduction.

Conflicts of interest
The authors declare they have no conflicts interest.

Acknowledgements
This work was supported by the Research Grant Council of Hong Kong (Grant No. 11305219), Innovation
and Technology Fund (ITS/442/18), City University of Hong Kong (7005109), and Shenzhen Basic
Research Program (JCYJ20180307123925200).

References
14

[1] X. Yao, Y. Song, L. Jiang, Applications of bio-inspired special wettable surfaces, Adv. Mater. 23 (2011) 719-734.
[2] S. Wang, K. Liu, X. Yao, L. Jiang, Bioinspired surfaces with superwettability: new insight on theory, design, and
applications, Chem. Rev. 115 (2015) 8230-8293.
[3] S. Li, K. Page, S. Sathasivam, F. Heale, G. He, Y. Lu, Y. Lai, G. Chen, C.J. Carmalt, I.P. Parkin, Efficiently texturing
hierarchical superhydrophobic fluoride-free translucent films by AACVD with excellent durability and self-cleaning
ability, J. Mater. Chem. A 6 (2018) 17633-17641.
[4] X. Zhang, Z. Liu, Li Y, Y. Cui, H. Wang, J.Wang, Durable superhydrophobic surface prepared by designing “microeggshell” and “web-like” structures, Chem. Eng. J. (2019) 123741.
[5] J. Lv, Y. Song, L. Jiang, J. Wang, Bio-inspired strategies for anti-icing, ACS Nano 8 (2014) 3152-3169.
[6] Y. Shen, G. Wang, J. Tao, C. Zhu, S. Liu, M. Jin, Y. Xie, Z. Chen, Anti-icing performance of superhydrophobic texture
surfaces depending on reference environments, Adv. Mater. Interfaces 4 (2017) 1700836.
[7] Z. Li, Q. Yu, C. Zhang, Y. Liu, J. Liang, D. Wang, F. Zhou, Synergistic effect of hydrophobic film and porous MAO
membrane containing alkynol inhibitor for enhanced corrosion resistance of magnesium alloy, Surf. Coat. Technol. 357
(2019) 515-525.
[8] B. Zhang, Q. Zhu, Y. Li, B. Hou, Facile fluorine-free one step fabrication of superhydrophobic aluminum surface
towards self-cleaning and marine anticorrosion, Chem. Eng. J. 352 (2018) 625-633.
[9] D. Zang, R. Zhu, W. Zhang, X. Yu, L. Lin, X. Guo, M. Liu, L. Jiang, Corrosion-resistant superhydrophobic coatings
on Mg alloy surfaces inspired by lotus seedpod, Adv. Funct. Mater. 27 (2017) 1605446.
[10] N.X. Zhu, Z.W. Wei, C.X. Chen, D. Wang, C.C. Cao, Q.F. Qiu, J.J. Jiang, H.P. Wang, C.Y. Su, Self-generation of
surface roughness by low-surface-energy alkyl chains for highly stable superhydrophobic/superoleophilic MOFs with
multiple functionalities, Angew. Chem. Int. Ed. 58 (2019) 17033-17040.
[11] Y. Liu, X. Wang, S. Feng, Nonflammable and magnetic sponge decorated with polydimethylsiloxane brush for
multitasking and highly efficient oil-water separation, Adv. Funct. Mater. 29 (2019) 1902488.
[12] F. Qiang, L.L. Hu, L.X. Gong, L. Zhao, S.N. Li, L.C. Tang, Facile synthesis of super-hydrophobic, electrically
conductive and mechanically flexible functionalized graphene nanoribbon/polyurethane sponge for efficient oil/water
separation at static and dynamic states, Chem. Eng. J. 334 (2018) 2154-2166.
[13] J. Liu, H. Guo, B. Zhang, S. Qiao, M. Shao, X. Zhang, X. Q. Feng, Q. Li, Y. Song, L. Jiang, J. Wang, Guided selfpropelled Leaping of droplets on a micro-anisotropic superhydrophobic surface, Angew. Chem. Int. Ed. 55 (201) 42654269.

15

[14] H. Dai, C. Gao, J. Sun, C. Li, N. Li, L. Wu, Z. Dong, L. Jiang, Controllable high-speed electrostatic manipulation
of water droplets on a superhydrophobic surface, Adv. Mater. 31 (2019) e1905449.
[15] X. Dong, S. Gao, J. Huang, S. Li, T. Zhu, Y. Cheng, Y. Zhao, Z. Chen, Y. Lai, A self-roughened and biodegradable
superhydrophobic coating with UV shielding, solar-induced self-healing and versatile oil-water separation ability, J.
Mater. Chem. A. 7 (2019) 2122-2128.
[16] Y. Yang, X. Li, X. Zheng, Z. Chen, Q. Zhou, Y. Chen, 3D-printed biomimetic super-hydrophobic structure for
microdroplet manipulation and oil/water separation, Adv. Mater. 30 (2018) 1704912.
[17] L. Lin, L. Wang, B. Li, J. Luo, X. Huang, Q. Gao, Dual conductive network enabled superhydrophobic and high
performance strain sensors with outstanding electro-thermal performance and extremely high gauge factors, Chem. Eng.
J. 385 (2019) 123391.
[18] J. Song, F. Guan, W. Pan, Z. Liu, J. Sun, S. Ling, X. Deng, Y. Sun, Droplet‐based self‐propelled miniboat, Adv.
Funct. Mater. (2020) 1910778.
[19] J. Song, L. Huang, C. Zhao, S. Wu, H. Liu, Y. Lu, X. Deng, C.J. Carmalt, I.P. Parkin, Y. Sun, Robust
superhydrophobic conical pillars from syringe needle shape to straight conical pillar shape for droplet pancake bouncing,
ACS Appl. Mater. Interfaces 11 (2019) 45345-45353.
[20] X. Tian, T. Verho, R.H.A. Ras, Moving superhydrophobic surfaces toward real-world applications, Science 352
(2016) 142-143.
[21] H. Zhou, H. Wang, H. Niu, A. Gestos, T. Lin, Self-healing superamphiphobic fabrics prepared by two-step coating
of fluoro-containing polymer, fluoroalkyl silane, and modified silica nanoparticles, Adv. Funct. Mater. 23 (2013) 16641670.
[22] C. Peng, Z. Chen, M.K. Tiwari, All-organic superhydrophobic coatings with mechanochemical robustness and liquid
impalement resistance, Nat. Mater. 17 (2018) 355-360.
[23] W. He, P. Liu, J. Jiang, M. Liu, H. Li, J. Zhang, Y. Luo, H.Y. Cheung, X. Yao, Development of multifunctional liquidinfused materials by printing assisted functionalization on porous nanocomposites, J. Mater. Chem. A 6 (2018) 41994208.
[24] G. Azimi, R. Dhiman, H. M. Kwon, A. T. Paxson, K.K. Varanasi, Hydrophobicity of rare-earth oxide ceramics. Nat.
Mater. 12 (2013) 315-320.
[25] Y. Li, J. Gu, J. Wang, X. Xu, L. Winnubst, C. Chen, Robust super‐hydrophobic ceramic coating on alumina with water
and dirt repelling properties, J. Am. Ceram. Soc. 102 (2019) 6267-6274.

16

[26] H. Wang, M. He, H. Liu, Y. Guan, One-step fabrication of robust superhydrophobic steel surfaces with mechanical
durability, thermal stability, and anti-icing function, ACS Appl. Mater. Interfaces 11 (2019) 25586-25594.
[27] A.B. Tesler, P. Kim, S. Kolle, C. Howell, O. Ahanotu, J. Aizenberg, Extremely durable biofouling-resistant metallic
surfaces based on electrodeposited nanoporous tungstite films on steel, Nat. Commun. 6 (2015) 8649.
[28] Y. Li, L. Li, J. Sun, Bioinspired self-healing superhydrophobic coatings. Angew. Chem. Int. Ed. 49 (2010) 6129-6133.
[29] G. Wu, J. An, X.Z. Tang, Y. Xiang, J. Yang, A versatile approach towards multifunctional robust microcapsules with
tunable, restorable, and solvent-proof superhydrophobicity for self-healing and self-cleaning coatings, Adv. Funct. Mater.
24 (2014) 6751-6761.
[30] T. Dikić, W. Ming, R.A.T.M. van Benthem, A.C.C. Esteves, G.de With, Self-replenishing surfaces, Adv. Mater. 24
(2012) 3701-3704.
[31] M. Ge, C. Cao, F. Liang, R. Liu, Y. Zhang, W. Zhang, T. Zhu, B. Yi, Y. Tang, Y. Lai, A “PDMS-in-water” emulsion
enables mechanochemically robust superhydrophobic surfaces with self-healing nature, Nanoscale Horiz. 5 (2020) 6573.
[32] B. Li, J. Zhang, Durable and self-healing superamphiphobic coatings repellent even to hot liquids, Chem. Commun.
52 (2016) 2744-2747.
[33] T. Lv, Z. Cheng, E. Zhang, H. Kang, Y. Liu, L. Jiang, Self-restoration of superhydrophobicity on shape memory
polymer arrays with both crushed microstructure and damaged surface chemistry, Small 13 (2017) 1503402.
[34] K. Liu, Y. Jiang, Z. Bao, X. Yan, Skin-inspired electronics enabled by supramolecular polymeric materials, CCS
Chem. 1 (2019) 431-447.
[35] J. Kang, D. Son, G. N. Wang, Y. Liu, J. Lopez, Y. Kim, J.Y. Oh, T. Katsumata, J. Mun, Y. Lee, L. Jin, J.B. Tok, Z. Bao,
Tough and water-insensitive self-healing elastomer for robust electronic skin, Adv. Mater. 30 (2018) e1706846.
[36] P. Liu, H. Zhang, W. He, H. Li, J. Jiang, M. Liu, H. Sun, M. He, J. Cui, L. Jiang, X. Yao, Development of "liquidlike" copolymer nanocoatings for reactive oil-repellent surface, ACS Nano 11 (2017) 2248-2256.
[37] P. Liu, W. He, H. Zhang, Z. Wang, X. Yao, Condensation-assisted micro-patterning of low-surface-tension liquids
on reactive oil-repellent surfaces, J. Mater. Chem. A 5 (2017) 16344-16351.
[38] M. Liu, Z. Wang, P. Liu, Z. Wang, H. Yao, X. Yao, Supramolecular silicone coating capable of strong substrate bonding,
readily damage healing, and easy oil sliding, Sci. Adv. 5 (2019) eaaw5643.
[39] M. Liu, P. Liu, G. Lu, Z. Xu, X. Yao, Multiphase-assembly of siloxane oligomers with improved mechanical strength
and water-enhanced healing, Angew. Chem. Int. Ed. 57 (2018) 11242-11246.

17

[40] J. Zhou, P. Han, M. Liu, H. Zhou, Y. Zhang, J. Jiang, P. Liu, Y. Wei, Y. Song, X. Yao, Self-healable organogel
nanocomposite with angle-independent structural colors, Angew. Chem. Int. Ed. (56) 2017 10462-10466.
[41] P. Han, X. He, Y. Zhang, H. Zhou, M. Liu, N. Wu, J. Jiang, Y. Wei, X. Yao, J. Zhou, Y. Song, Cascade-microphaseseparation-induced hierarchical photonic structures in supramolecular organogel for deformation-insensitive structural
colors, Adv. Optical Mater. 7 (2019) 1801749.
[42] Y. Fu, F. Xu, D. Weng, X. Li, Y. Li, J. Sun, Superhydrophobic foams with chemical- and mechanical-damage-healing
abilities enabled by self-healing polymers, ACS Appl. Mater. Interfaces 11 (2019) 37285-37294.
[43] B. Yi, P. Liu, C. Hou, C. Cao, J. Zhang, H. Sun, X. Yao, Dual-crosslinked supramolecular polysiloxanes for
mechanically tunable, damage healable and oil-repellent polymeric coatings. ACS Appl. Mater. Interfaces 11 (2019)
47382-47389.

[44] Y. Lu, S. Sathasivam, J. Song, C.R. Crick, C.J. Carmalt, I.P. Parkin, Robust self-cleaning surfaces that function when
exposed to either air or oil, Science 347 (2015) 1132-1135.
[45] Z. Li, M. Cao, P. Li, Y. Zhao, H. Bai, Y. Wu, L. Jiang, Surface-embedding of functional micro-/nanoparticles for
achieving versatile superhydrophobic interfaces, Matter. 1 (2019) 661-673.
[46] L. Qin, Y. Chu, X. Zhou, Q. Pan, Fast Healable superhydrophobic material, ACS Appl. Mater. Interfaces 11 (2019)
29388-29395.

18

